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Preparation of the c-, E-, and y’-iron nitride phases was confirmed by Miissbauer spectroscopy, 
X-ray diffraction, and quantitative mass spectrometry of NH1 evolved during decomposition. 
Computer fitting of the s-nitride Miissbauer spectra with a distribution of hyperfine fields shows the 
conversion of iron with two nitrogen nearest neighbors (Fe 2nn) to Fe 3nn as the nitrogen content 
increases. The dynamic response of the nitrides to HJCO mixtures at reaction temperatures was 
followed by constant-velocity Miissbauer spectroscopy and transient mass spectrometry. The 
rapid decomposition of the iron nitrides in H, at 523 K occurs with surface reaction as the 
rate-limiting step, initially. At lower temperatures or after significant nitride decomposition, the 
data are best fit with a shrinking core model. For reaction at 473 K, the MBssbauer effect identified 
an a-Fe shell, a {-Fe2N core, and an .s-Fe,N transition region. Surprisingly, loss of the pure nitride 
phase is barely retarded for HjICO mixtures compared to Hz alone at 523 K. Mass spectrometric 
studies show that the freshly prepared nitride has a substantial hydrogen inventory, equivalent to a 
monolayer of NH, for <-FeZN. On exposure to synthesis gas, the nitride catalysts produce no 
methane until one to two monolayers of N have been removed, but carbon is deposited on the 
catalyst by the Boudouard reaction. Mass spectral measurements show no evidence for active 
nitrogen on the surface after the synthesis reaction has been established. Both M(issbauer 
spectroscopy and mass spectral measurements confirm, however, that following the initial loss of 
nitrogen, bulk carbonitrides form which lose their nitrogen very slowly as the reaction proceeds. 
These data suggest that differences in the performance of iron and iron nitride catalysts may be 
strongly influenced by the way surface carbon is deposited during reactor startup. 0 1988 Academic 

Press, lnc 

INTRODUCTION 

Iron nitride Fischer-Tropsch catalysts 
have been found by Anderson and co-work- 
ers at the Bureau of Mines (1-3) to provide 
higher activity, long life, somewhat shorter 
product chain lengths, and significantly 
higher alcohol production rates than pro- 
moted fused iron catalysts. Studies by Yeh 
et al. (4, 5) indicate somewhat different 
selectivities at lower conversion but con- 
firm the higher activities for a promoted 
catalyst at 7.8 and 14 atm pressure for a 1 : 1 
Hz: CO mixture. Most significant in both 
studies, however, is the extremely long life 
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of bulk nitrogen during exposure to Hz/CO 
mixtures, whereas in pure Hz nitrided cata- 
lysts are extremely unstable. The stability 
of these catalysts in various gas-phase at- 
mospheres is, therefore, a central issue in 
their performance. In this paper, we exam- 
ine the preparation and stability of the 
different unsupported nitride phases, 
y’-Fe4N, &-Fe,N (2 < x < 3), and t;-FezN as 
Fischer-Tropsch catalysts. 

Preparation of the three major phases of 
iron nitride can be accomplished by varying 
the NHj/H2 nitriding compositions and/or 
temperature, as reported by numerous au- 
thors (I, 6-8). The different nitride stoi- 
chiometries are easily identified by their 
characteristic Mijssbauer spectra (4, 9). 
Stoichiometries and phase identification 
can also be confirmed by X-ray diffraction 
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(7) and mass spectrometric measurement of 
the ammonia evolved during decomposition 
in hydrogen. 

In this work, both steady-state and dy- 
namic Mossbauer results indicate that the 
pure nitride phases are highly unstable in 
both hydrogen and synthesis gas. The bulk 
nitrides are completely lost to ammonia and 
cr-Fe in hydrogen, whereas they form stable 
carbonitrides in synthesis gas. Results from 
transient mass spectrometric investigation 
of the surface chemistry during the hydro- 
carbon synthesis reaction illustrate an im- 
portant factor in the stability of nitrogen in 
the steady-state carbonitride form of these 
catalysts. They suggest that carbon, result- 
ing from the dissociation of carbon monox- 
ide, effectively blocks the surface sites nec- 
essary for hydrogenation of bulk nitrogen. 
Apparently, no active surface nitrogen is 
present during Fischer-Tropsch synthesis. 

EXPERIMENTAL 

The unsupported iron oxide catalyst pre- 
cursors used for this study were prepared 
by precipitation of iron hydroxide from a 
mixture of NH40H and a 0.17 M Fe(NO& 
solution. The filter cake was dried in air at 
370 K, pulverized, and then oxidized at 573 
K to form Fez03. For a second batch of 
catalyst prepared for the Mossbauer stud- 
ies, the oxidation was carried out at 500 K. 
For the Mossbauer experiments, 25 mg of 
iron oxide precursor and 200 mg of Cab-O- 
Sil EH-5 silica, mixed in as a diluent, were 
mechanically pressed into a self-supporting 
I .5-cm-diameter wafer, approximately 1.5- 
2.0 mm in thickness. For the transient mass 
spectrometry experiments, 100 mg of pre- 
cursor was packed between Pyrex wool 
plugs in a 6-mm-o.d. Pyrex reactor tube. 
Individual samples of catalyst precursor 
were reduced in flowing Hz for at least 4 h 
at 673 K before nitriding. The surface area 
of the reduced catalysts was determined by 
flowing BET measurements (10). The cata- 
lyst used for the Mossbauer experiments, 
without the silica diluent, gave a nitrogen 
uptake at 77 K corresponding to a surface 

area of 1.6 ? 0.1 m’ig of reduced Fe. The 
samples calcined at 573 K and used for 
transient mass spectrometry had a surface 
area of 4.3 t 0.1 m’ig. 

Both constant-acceleration and constant- 
velocity in situ Mossbauer spectra were 
obtained with an Austin Science S-600 
spectrometer controller. Data were ac- 
quired in 256 channels of a Nuclear Data 
Model 62 multichannel analyzer. The 70- 
mCi gamma ray source, 57Co diffused into a 
Rh matrix, was obtained from New En- 
gland Nuclear. Zero isomer shift was refer- 
enced to the center of a 25-pm NBS Fe foil 
spectrum. Room-temperature spectra were 
obtained after the sample had cooled to 
ambient temperature in the appropriate gas 
mixture. The stability of the individual ni- 
tride phases was investigated under reac- 
tion conditions using the constant-velocity 
(transient) mode which monitors the count 
rate at a particular velocity rather than 
scanning over all velocities as in the more 
familiar constant-acceleration mode (11). 

The constant-acceleration spectra were 
computer fit with a routine developed by 
Niemantsverdriet (12, 13) and modified by 
Gregg Howsmon of our laboratory. The 
program fits optionally fixed or variable 
isomer shift, quadrupole splitting, hyper- 
fine field, and linewidth for each spectral 
species. The individual spectral lines cor- 
responding to each species are calculated 
from component parameters so that they 
conform to the physics of the Mossbauer 
effect. The program employs a Levenberg- 
Marquardt nonlinear regression formula to 
converge on the least-squares optimum fit. 
In addition, the program contains a compu- 
tational procedure for evaluation of the 
probability density of a distribution of hy- 
perfine fields (14, 15). A distribution may be 
fit independently or in conjunction with 
additional singlet, doublet, or six-line com- 
ponents. 

The transient kinetic apparatus consists 
of a glass tube reactor within brass sheath- 
ing heated by a Research Incorporated IR 
oven and controlled by a Micristar tem- 
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Frc. 1. Temperature and percentage NH3 in Hz 
required to form the nitride phases indicated in 3-4 h. 
(Y = Fe, y’ = Fe4N, E = Fe,N (2 < x < 3), 5 = Fe2N. 

perature controller. The reactor can be fed 
with gas from any of three manifolds or a 
pulse loop for introduction of isotopically 
labeled components. Products, or reactants 
passed through a reactor bypass, are ana- 
lyzed by an Extrel Corp. EMBA II modu- 
lated beam quadrupole mass spectrometer 
interfaced to a Digital Equipment Corp. 
MINC-11 minicomputer for data acqui- 
sition. The modulated beam design allows 
for detection of inlet components and dis- 
crimination against background gases 
within the mass spectrometer chamber and 
gives significant improvement in transient 
monitoring of strongly absorbing gases 
such as NH3 or H20. 

X-ray diffraction (XRD) was performed 
on a Siemens Kristalloflex 4 spectrometer 
using CuKcr X-rays. The three major nitride 
phases are easily differentiated !via their 
unique diffraction patterns. 

All gases used for these experiments 
were Matheson UHP grade. Molecular 
sieve and Scott oxygen traps further puri- 
fied helium and hydrogen. Metal carbonyls 
in CO were removed in a molecular sieve 
trap at dry ice-methanol temperature 
(216 K). 

RESULTS AND DISCUSSION 

Preparation of the individual bulk nitride 

phases can be accomplished at atmospheric 
pressure in different NH3/H2 mixtures and 
at different temperatures. Figure 1 shows 
the conditions necessary to produce each of 
the phases after 3-4 h of nitriding. Our 
results are in general agreement with those 
of Lehrer (6) and Bouchard et al. (8). Both 
the c-FezN (or, in some cases, e-Fe,N with 
2 < x < 2.1) and the y’-Fe4N phases are 
easily formed over a variety of tempera- 
tures and ammonia/hydrogen gas-phase 
compositions, whereas the e-Fe,N (2.1 < x 
< 3) phase is produced only in a narrow 
composition range (90 + 5% NH3). 

Characterization of each of the pure 
phases was accomplished by Mossbauer 
spectroscopy and, for a few specific 
samples, by X-ray diffraction. Figure 2 
shows the room-temperature Mossbauer 
spectra of the different nitrides. The solid 
lines in the spectra are the result of careful 
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FIG. 2. Room-temperature Mossbauer spectra of 
iron and the single-phase nitrides. (a) a-Fe, (b) 
y’-Fe4N, (c) E-Fe2.52N, (d) <-FezN. The interior sub- 
spectra are for the iron species used in curve fitting 
(see Table 1). 
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TABLE 1 

Room-Temperature Miissbauer Parameters for Single-Phase Nitrides in Fig. 2 

Figure Species 1,s. 
(mm/s) 

Q.S. 
(mm/s) 

H Width % area 
We) (mm/s) 

2a wFe 

2b y’-Fe,N 
Fe-I 
Fe-II 
Fe-Q 

2c .z-Fe2.52N 
Fe-II 
Fe-III 
Fe-Q 

2d <-FezN 

0.0 

0.23 0.00 339.5 0.32 21.4 
0.30 0.00 217.4 0.52 76.3 
0.30 1.26 - 0.27 2.2 

0.34 -0.01 210.1 0.73 60.6 
0.40 0.00 111.8 0.68 33.2 
0.32 1.11 - 0.38 6.2 

0.44 0.29 - 0.35 

0.00 330.7 0.33 100 

100 

computer fitting, with parameters summa- 
rized in Table 1. In these fits, all the values 
of linewidth, isomer shift, quadrupole split- 
ting and hyperfine field for a given iron 
species are fitted and not independently 
fixed. XRD of the separate phases distin- 
guished among the fee, hcp, and ortho- 
rhombic structures of the y ’ , E, and 5 
phases, respectively, confirming the syn- 
thesis of a <-Fe2N sample from 100% NH, 
at 673 K, an E phase from 85% NH3 at 
673 K, and a y’ phase from 75% NH3 at 
598 K (7). 

The y’-nitride (Fig. 2b) is identified by 
a characteristic eight-line pattern arising 
from a partial overlap of the hyperfine fields 
of Fe-I atoms, which occupy the corner 
sites and have no nitrogen nearest neigh- 
bors (Onn) and Fe-II atoms, which are at the 
face-centered sites and have two nitrogen 
nearest neighbors (2nn). The most positive 
velocity peak (5.71 mm/s), which is the 
outermost peak of the 340-kOe field lines 
corresponding to Fe-I, does not overlap 
with either iron or the other nitrides and 
serves to indicate the presence of y’-Fe4N 
in complex, multiphase spectra. The y’-ni- 
tride can also be fit with three different 
sextets (Fe-I, Fe-IIA, and Fe-IIB), as dem- 
onstrated by Clauser (16) and Nozik et al. 

(17, IS). The Fe-IIA and Fe-IIB sextets 
both have the same hyperfine field and 
small, but different, quadrupole shifts. The 
y’-Fe4N spectra shown in this work were 
not of sufficient resolution to resolve the 
Fe-IIA and Fe-IIB sites. 

The fitting of Fig. 2b was done with two 
sextets and a small central doublet, as 
reported in Table 1. The Fe-Q doublet, 
necessary to achieve a close fit, appears in 
all the fits of the nitrides and usually has a 
small area (with the exception of certain 
&-nitrides). This component may arise from 
the existence of a paramagnetic phase 
(Fe-III), amorphous Fe3+ (4), or alterna- 
tively, microcrystals, of an iron phase con- 
tained within a larger particle (19). This last 
case is best described by relaxation phe- 
nomena (20) resulting when the particle 
volume is so small that its magnetization 
vector is no longer fixed in space over the 
Larmor precession time of the nucleus (21). 
In Table 1, we have neglected any distribu- 
tions of hyperfine fields that may exist for 
one particular iron site. This complication 
will be considered in the discussion of the E 
nitrides. 

Spectra of the hexagonal close-packed 
nitrides, &-Fe,N (2 < x < 3), are shown in 
Figs. 2c and 3. The spectra in Fig. 3 repre- 



240 HUMMEL, WILSON, AND DELGASS 

I 1 I I I I 1 

-6 -3 0 3 6 

velocity (mm/set) 

FIG. 3. Room-temperature Mossbauer spectra of 
e-Fe,N prepared by 6-h exposure under the conditions 
listed. (a) FezX2N, nitrided in 90% NH3 at 598 K; (b) 
FezssN, nitrided in 91% NH, at 523 K, (c) Fe,,,N, 
nitrided in 91% NH3 at 5.53 K, (d) Fez 2JN, nitrided in 
91% NH3 at 598 K, (e) FeZ.14N, nitrided in 91% NH3 at 
673 K. The interior subspectra are for Fe (2nn), Fe 
(3nn), and Fe-Q (see Table 2). 

sent a range of stoichiometries presented 
from top to bottom in order of increasing 
nitrogen content. As the stoichiometry ap- 
proaches Fe*N, the magnetic field collapses 
to form a broad doublet (Fig. 3e). Spectra 
of the s-nitride can be fit with a combination 
of 3nn and 2nn sites (Table 2), such that 
H 3nn < HZnn, and an additional nonmag- 
netic, quadrupole split component, Fe-Q. 
An increase in covalent bonding character 
and a decrease in Curie temperature, T,, 
occur as the composition changes from 
Fe3N to Fe2N (9). Therefore, as the nitro- 
gen content increases, the magnetic mo- 
ment and hyperfine field measured at room 
temperature decrease. Note that the Fe-Q 
component increases from 6% of the spec- 
tral area (Fig. 3a) to 50% (Fig. 3e) as the 

nitrogen content increases, and thus be- 
haves as a paramagnetic 3nn site that ap- 
proaches the iron environment of the {-ni- 
tride. Yeh et al. have accurately assigned a 
wide doublet (with QS > 1) to amorphous 
Fe3+ (4). The increasing amount of Fe-Q 
with increasing NH3 partial pressure in our 
experiments, however, indicates that Fe-Q 
should be assigned to Fe(3nn) in E-nitride in 
this case. 

The average stoichiometry of the s-ni- 
trides is estimated from the spectral areas 
of each of the three components, assuming 
equal recoil free fractions and three nitro- 
gen nearest neighbors for the Fe-Q compo- 
sition (22). The composition range in Fig. 3 
is then from Fe2,52N to Fe2,i4N, as indicated 
in Table 2. 

In these fits, we have assumed that the 
electric field gradient and hyperfine field are 
unique for a particular iron site. However, 
the environment of an iron nucleus in a 
particular e-nitride site may vary as a result 
of the wide range of stoichiometries and 
configurations of nearest and next nearest 
neighbor nitrogen placements possible for 
this phase (9, 23). Accordingly, a distribu- 
tion of hyperfine fields is expected from the 
random distribution of nitrogen surround- 
ing each iron site. One method of approxi- 
mating this distribution is given by Chen ef 
al. (9) and Yeh et al. (4) who have used 
sextets with linewidths that are an increas- 
ing function of velocity to fit iron nitride 
spectra. A sextet with a slightly different 
hyperfine field but the same isomer shift 
would overlap a given six-line spectrum 
most at velocities close to zero and overlap 
least for the outer peaks. Thus, when the 
components are combined, the spectral en- 
velope shows peaks with greater linewidths 
as the absolute value of the velocity in- 
creases. 

Alternatively, distributions of hyperfine 
field can be fit directly with a distribution of 
discrete hyperflne fields equally spaced 
over the hyperfine field range (14, 15). The 
method includes a parameter for smoothing 
the distribution and zero factors at the 
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TABLE 2 

Room-Temperature Mdssbauer Parameters for c-Fe,N in Fig. 3 

Figure 

3a 

3b 

Species 

c-Fe2 s2 N 
Fe-II 
Fe-111 
Fe-Q 

c-Fe2.d 
Fe-II 
Fe-III 
Fe-Q 

1.S. Q.S. 
(mm/s) (mm/s) 

0.34 -0.01 
0.40 0.00 
0.32 1.11 

0.34 -0.01 
0.43 -0.02 
0.35 1.01 

H 
We) 

210.1 
111.8 

196.7 
101.1 

Width 
(mm/s) 

0.73 
0.68 
0.38 

0.69 
0.75 
0.82 

% area 

60.6 
33.2 
6.2 

48.1 
37.2 
14.7 

3c 

3d 

c-Fe2.33N 
Fe-II 
Fe-III 
Fe-Q 

E-%,N 
Fe-II 
Fe-III 
Fe-Q 

0.34 -0.01 190.2 0.70 41.0 
0.42 -0.01 96.3 0.80 36.7 
0.33 0.92 0.73 22.2 

0.34 -0.01 172.3 0.87 32.1 
0.45 -0.03 85.7 0.89 35.2 
0.36 0.87 0.84 32.7 

3e s-Fel.,,,N 
Fe-II 
Fe-III 
Fe-Q 

0.26 0.03 162.7 0.98 20.3 
0.48 -0.03 81.8 0.97 28.6 
0.37 0.69 0.96 51.1 

endpoints to avoid physically unrealistic 
fluctuations in the distribution. We have fit 
the series of E-nitrides with distributions 
over the entire hyperfine field range and 
show the distributions in Fig. 4. Since the 
program uses the same quadrupole splitting 
and isomer shift for the entire distribution, 

Hyperfine Field (kOe) 

FIG. 4. .+Fe,N Mossbauer fits using a distribution of 
hyperfine fields. The letter next to each curve indicates 
the spectrum in Fig. 3. 

the results are approximate. Nevertheless, 
Fig. 4 graphically demonstrates the two 
separate fields and the decay of the amount 
of the high hyperfine field species and the 
corresponding growth of the lower hyper- 
fine field species as nitrogen content in- 
creases. Note also the increasing density 
near zero field. This represents the growth 
of the wide Fe-Q doublet, which may be 
due to the onset of paramagnetism at room 
temperature for iron sites with three nitro- 
gen nearest neighbors. This effect is only 
markedly significant in the highest nitrogen 
concentration e-nitride. We note that the 
field is collapsing as the NeCl temperature 
of the s-nitrides nears room temperature 
(23), a phenomenon that has been simu- 
lated for iron carbides empirically by Lin 
and Phillips (24). The distribution fit is, 
therefore, only an approximation of the 
physics in this case. 
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The last nitride considered is the nitro- 
gen-rich phase, [-Fe2N. This orthorhombic, 
nonmagnetic phase is characterized by a 
central doublet, as shown in Figs. 2d and 
5b. In this phase, all iron atoms have three 
nitrogen nearest neighbors. The spectrum 
does not split out even at 4.2 K (25). The 
room-temperature spectrum, Fig. 2d, has 
an isomer shift of 0.43 mm/s and a quadru- 
pole splitting of 0.28 mm/s. Similar spectra 
displayed by Chen et al. (9) and Yeh et al. 
(4) for e-Fe,N indicate that the onset of 
paramagnetism at room temperature occurs 
approximately at e-Fe,N with x < 2.2 and 
results in a sharp doublet indistinguishable 
from the {-nitride spectrum at room tem- 
perature. The phase assignment for the 
<-nitride has been confirmed, however, by 
XRD. 

Iron Nitride Stability 

The collection of a Mossbauer spectrum 
can take between 4 and 24 h depending on 
the strength of the source and the amount 
of j’Fe in the sample. The usual constant 
acceleration mode of data accumulation is, 
therefore, much too slow for transient ex- 
periments. If, however, one measures the 
count rate at a carefully chosen single ve- 
locity, one can follow spectral changes on a 
time scale of minutes (II ). Application of 
this technique to the denitriding and reni- 
triding of <-Fe2N is shown in Fig. 5. Choice 
of the constant velocity point at the mini- 
mum in the c-nitride doublet, spectrum 5b, 
allows good sensitivity to changes in the 
amount of the nitride phase because this 
happens to be a region of the iron metal 
spectrum (Fig. 5c) where the transmission 
is nearly 100% (no peak). Curve 5a shows 
the loss of {-nitride (rise in transmission) in 
hydrogen and growth of the t-nitride in 
ammonia and indicates very fast removal of 
nitrogen in the presence of pure hydrogen. 
In a matter of minutes, Fe2N has become 
iron metal, as confirmed in spectrum 5c. 
Renitriding is slower because the nitrogen 
must penetrate the hexagonal close-packed 
nitride lattice rather than the more open bee 

I I I I I I 
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FIG. 5. In situ analysis of c-Fe*N denitriding in HZ 
and nitriding in NH3 at 523 K. (a) Constant-velocity 
MBssbauer spectrum of denitriding and nitriding at the 
velocity indicated in the constant-acceleration spectra 
for <-FezN (b) and a-Fe (c), obtained after a S-min Hz 
reduction of <-FezN. 

structure of a-Fe. The rapid nitride loss 
shown in Fig. 5a is not surprising since the 
nitrides are known to be unstable in hydro- 
gen (1-3, 25-27). 

Figure 6 displays the constant-velocity 
spectra that indicate the stability of the 
pure [-nitride phase in different atmo- 
spheres at 523 K. Figure 6a, which shows 
the denitriding process in pure hydrogen, 
reproduces the results of Fig. 5 and con- 
trasts with the extremely slow rate of deni- 
triding observed in a helium atmosphere 
(Fig. 6~). Surprisingly, comparison of Figs. 
6b and 6a shows that the time required for 
complete loss of the <-Fe2N phase is barely 
retarded by the change from hydrogen to 
synthesis gas at 523 K. In this case, 
however, constant-acceleration spectra 
after varying times of exposure show that 
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FIG. 6. Constant-velocity analysis of c-Fe?N deni- 
triding at 523 K in the gas atmospheres indicated. 

the nitride is not converted into the metal, 
but first, as also reported by Chen et ul. (9), 
into the e-nitride (see Fig. 11) and then into 
a 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. Figure 5d 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. 

We have studied the nitrogen removal 
process in some detail. Using computer- 
controlled transient mass spectrometry, we 
have monitored the decomposition prod- 
ucts in the effluent of a differential plug flow 
reactor as a function of time. Heating an 
iron nitride sample in flowing helium and 
monitoring the gas-phase effluent for N2 
produces a temperature-programmed de- 
composition spectrum of the nitride. Such 
experiments confirm the Mossbauer find- 

ings that at temperatures below 600 K, the 
nitrides are stable in helium. When a 
freshly prepared nitride is flushed with a 
short pulse of He to remove the NH3/H2 
synthesis mixture and then exposed to Hz 
at 523 K, the ammonia concentration in the 
effluent is a measure of the nitride decom- 
position rate. Figure 7 displays the results 
of two separate experiments, the decom- 
position of an &-FeZ.,N nitride and of a 
y’-Fe4N nitride in H2 at 523 K. The com- 
plete removal of nitrogen after about 5 min 
is consistent with the instability of the 
nitrides in hydrogen as already discussed. 
The area under the NH3 curve represents 
the total amount of nitrogen in the nitride. 
The stoichiometries predicted by this mea- 
surement are Fe2.,N and Fe3.9N for the E- 
and y’-nitride decompositions respectively, 
which are correct for these phases within 
the uncertainty of the integration (10%). 

The fact that the curves in Fig. 7 slowly 
rise to a maximum rather than decaying 
from a maximum at the initial contact with 
hydrogen has been reported in the litera- 
ture previously (27). This behavior shows 
clearly that nitrogen removal at these tem- 
peratures is not simply a diffusion-limited 
process, which would have a maximum rate 
at the beginning when the transfer area is a 
maximum and the diffusion distance is a 
minimum. One model that can account for 
this phenomenon is a reaction sequence 
that includes competition for surface sites 
between adsorbed hydrogen and surface 

l.OOr 

4 
0 7.5 150 225 300 

Time (seconds) 

FIG. 7. Transient mass spectrometric measurements 
of the decomposition of iron nitrides in 4 : I Hz : Ar at 
523 K. The Ar trace is for the y’-Fe,N experiment. 
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transition from <-Fe2N to n-Fe as moni- 
tored at intermediate points in the denitrid- 
ing. To obtain these data, the temperature 
of the catalyst wafer and the surrounding 
Mossbauer cell was quenched to room tem- 
perature by pouring liquid nitrogen onto the 
top of the heater block. The sharp doublet 
in the spectrum of Fig. 8a is indicative of 
[-Fe2N, whereas the six-line pattern in Fig. 
8d is a-Fe. The fitted contribution from 
E-nitrides, which represent the gradient be- 
tween the 5 core and the &-Fe outer shell, is 
best represented by the hyperfine field dis- 
tributions shown on the right-hand side of 
the figure. The total area of the s-nitrides in 
each spectrum ranges from 8% (Fig. 8d) to 
43% (Fig. 8b) and is reflected in the scaling 
of the y-axis of the distribution curves. The 
fitted parameters are given in Table 3. 

I1 I I , ,IIII,,, The distribution of s-nitrides (and per- 
-6-3 0 3 6 100 250 400 haps a trace of y’-nitride in Figs. 8b and 8c 

velocity 
(mm/set) 

Field (kOe) at 340 kOe) observed during the decom- 
position, even while significant amounts of 

FIG. 8. Room-temperature Mossbauer spectra of {-Fe2N and c-u-Fe still exist in the catalyst, is 
quenched intermediate samples during the decom- 
position of c-Fe2N in Hz at 473 K. The curves to the 

consistent with a nitrogen concentration 

right of each spectrum are the distribution fits of the 
gradient at the shrinking core interface be- 

residual spectra after subtracting the {-FezN and o-Fe tween <-Fe2N and cr-Fe within the catalyst 
fractions. (a) After 2.5 min of Hz, (b) after 5 min, (c) particle and reflects a diffusion-limited re- 
after IO min, (d) after 21 min. moval of nitrogen from the bulk. Note from 

Table 3 and the distribution curves that the 
total contribution of the s-nitrides de- 

nitrogen that diffuses from the bulk. Fast creases from Figs. 8b to 8d, consistent with 
conversion of bulk nitrogen to surface ni- the decreasing diameter of the shell around 
trogen species initially limits the amount of the shrinking core of <-Fe2N. At all times 
surface hydrogen and restricts the rate. As the thickness of the shell corresponds to 
decomposition proceeds, the N arrival rate lo-20% of the particle radius. With an 
at the surface is slowed, and surface hydro- increase of 50 to 523 K, the decomposition 
gen coverage increases allowing the rate to occurs as in Fig. 7, which was interpreted 
build to a maximum. On the right side of the to be initially surface reaction limited. In 
maximum, the rate is limited by the concen- this case, we might expect a homogeneous 
tration of surface nitrogen, a consequence nitride mixture in the bulk during the much 
of the decreasing amounts of bulk nitrogen more rapid decomposition. 
and diffusion-limited transport. The Mossbauer spectra record the de- 

At lower temperatures (473 K), diffusion composition that occurs within the bulk. 
through the bulk is rate limiting, and the The mass spectrometric measurements re- 
separate phases can be distinguished during flect what is occurring at the surface during 
the denitriding. A “shrinking nitride core” that process. Figure 7 shows a fast initial 
picture is confirmed by the Mossbauer rise of ammonia in response to the intro- 
spectra in Fig. 8, which show a discrete duction of hydrogen at 523 K, perhaps 
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TABLE 3 

Room-Temperature Mossbauer Parameters for t-FezN during Denitriding in Hz (Fig. 8) 

Spectrum Species I.S. 
(mm/s) 

Q.S. H Width 6% area 
(mm/s) (kOe) (mm/s) 

2; min Hz, Fig. 8a c-Fe?N 
&-Fe,N(dist.) 

5 min Hz, Fig. 8b I-Fe2N 
a-Fe 
E-Fe,N(dist.) 

10 min Hz, Fig. 8c E-Fe&! 
cu-Fe 
z-Fe,N(dist.) 

21 min HZ, Fig. 8d c-FezN 
@-Fe 
s-Fe,N(dist.) 

0.44 0.28 
0.41 0.10 

0.44 0.28 
-0.01 0.00 

0.32 0.01 

0.44 0.27 - 0.40 23.9 
0.00 0.00 330.5 0.36 49.0 
0.32 0.00 25-425 0.40 27.0 

0.44 0.28 - 0.34 I.8 
0.00 0.00 330.5 0.34 90.0 
0.26 0.01 25-310 0.31 8.2 

25-3 IO 

326.7 
25-425 

0.34 73.4 
0.31 26.6 

0.33 51.7 
0.52 5.1 
0.35 43.2 

indicating the existence of a reactive sur- 
face N-containing species that is quickly 
removed upon introduction of hydrogen. 
To examine the surface species contribu- 
tion to the very early time behavior shown 
in Fig. 7, we exposed a freshly prepared 
[-Fe*N nitride to Ar then D2 at 523 K. The 
results are shown in Fig. 9. In this experi- 
ment, the mass spectrometer was operated 
at low ionizing voltage (15 eV) to prevent 
fragmentation of the ammonia species. 
Fragmentation of the partially deuterated 
species would result in overlaps of several 

Time (seconds) 

FIG. 9. Transient mass spectrometric measurement 
of the decomposition in D2 of t-Fe?N, nitrided in NH? 
at 673 K for 6 h, cooled to 523 K, purged in Ar, and 
finally exposed to Dz at 523 K. 

different species at each mass and thus 
obscure and complicate the results. 

In order to obtain the data in Fig. 9, the 
catalyst was nitrided in pure ammonia at 
673 K for 6 h, cooled to 523 K, and purged 
with argon for 5 min to remove gas-phase 
ammonia. NH, species on the surface were 
then reacted with deuterium. The presence 
of NH,D3-,r in the effluent shows clearly 
that the fresh surface retains some hydro- 
gen. The appearance of each of the species 
NH3 to ND3 in order of increasing deute- 
rium substitution is a result of chromato- 
graphic isotopic exchange at the leading 
edge of the deuterium pulse. Integration of 
the signals corresponding to the various 
hydrogen-containing species yields the to- 
tal quantity of H retained by the catalyst 
after the argon purge; in this case, 3.5 + 1 
monolayers worth of hydrogen. One mono- 
layer in this instance reflects the BET mea- 
surement of surface area, using the assump- 
tion of 1.2 x lOi sites/cm* for Fe. Blank 
experiments performed under identical 
conditions but without the catalyst indi- 
cated that this hydrogen indeed comes from 
the iron catalyst. The uncertainty in the 
measurement is the result of the uncer- 
tainty in the calibration. Small changes 



246 HUMMEL, WILSON, AND DELGASS 

0 15 30 45 60 
Time (seconds) 

FIG. 10. Transient mass spectrometric measurement 
of a switch from He to 3 : 1: 1 H2 : CO : He at 523 K 
over e-FeZ.,N. The drop in the He curve denotes the 
switch in gas-phase composition. 

in the calibration factor produce large 
changes in the integrated area. The mea- 
sured value of 3.5 monolayers of surface H 
allows for the existence of adsorbed NH3 
on the surface, but is also consistent with 
excess H on and in the surface. The nitro- 
gen-containing species are slow to desorb 
in inert gases, yet are removed readily in 
the presence of deuterium. 

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 al- 
lows us to measure relative surface reac- 
tivities directly. Figure 10 shows the re- 
sponse of a freshly prepared and He-purged 
E-Fe2.,N surface to synthesis gas at 523 K 
with an Hz/CO ratio of 3. Between one and 
two monolayers’ worth of ammonia comes 
off before methane production starts, indi- 
cating that the displacement and/or reac- 
tion of surface nitrogen-containing groups 
is necessary before initiation of CO hydro- 
genation. The CO* curve shows that during 
nitrogen removal carbon is being deposited 
on the surface by the Boudouard CO dis- 
proportionation reaction, since no other 
significant carbon-containing products ap- 
pear to remove surface carbon. It is possi- 
ble to calculate carbon deposition by mass 
balance, using the fast mass spectral analy- 

sis of all products. Integration of the oxy- 
gen-containing products minus the sum of 
the carbon-containing products up to the 
first minute accounts for a surface car- 
bon inventory of approximately one BET 
monolayer. Similar experiments performed 
by starting synthesis over reduced a-Fe 
show a much higher rate of carbon de- 
position, presumably due to the rapid for- 
mation of a bulk iron carbide. In addition, 
the initial rate of CO conversion to hydro- 
carbons is five times greater over the iron 
nitride than over a-Fe. The enhancement in 
activity is maintained over the first few 
hours of synthesis. This suggests that the 
bulk nitride effectively blocks surface car- 
bon depletion by the competitive pathway 
for rapid carbon incorporation into the bulk 
and results in a higher initial rate of the 
pathway leading to formation of hydrocar- 
bons. The long-term steady-state rate at 
atmospheric pressure and 3 : 1 H2 : CO over 
any of the nitrides was not found to be 
significantly different from that over the 
1-u-Fe precursor, confirming the results of 
Yeh et al. (5). Since initial carbide forma- 
tion affects the initial production of hydro- 
carbons, we speculate that this initial reac- 
tion may also influence the rate of graphitic 
carbon deposition or, more generally, the 
total surface carbon inventory during syn- 
thesis. The slight to moderate differences in 
selectivity and activity observed by An- 
derson and co-workers (1-3) and Yeh et al. 
(5) under various conditions could be a 
result of these changes in initial carbon 
deposition and the long-term carbon inven- 
tory on the surface. 

Surprisingly, further decomposition of 
the nitride as represented by the evolution 
of NH3 does not occur to a measurable 
extent in Fig. 10 after Fischer-Tropsch 
synthesis has begun. Since the nitride 
readily decomposes in pure hydrogen, we 
take this result as indicating that a carbona- 
ceous species at the surface effectively 
blocks further E-nitride decomposition in 
synthesis gas. When the initial nitride is 
[-Fe2N, however, there is an initial loss of 
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CL, Hyperfine Field (kOe) 

FIG. 11. Room-temperature M&batter data for 
<-Fe2N nitride after 17 min reaction in 3 : 1 Hz : CO at 
523 K. (a) Constant-acceleration spectrum showing 
the Fe-Q and distribution subspectra; (b) hyperfine 
field distribution of the residual after subtraction of the 
Fe-Q doublet. 

bulk nitrogen to convert the nitride to the E 
phase. As shown below, for the [-nitride, 
the initial decomposition accounts for ap- 
proximately 20% loss of bulk nitrogen over 
the first 17 min. Thus, the rate of nitrogen 
removal and/or replacement from the bulk 
depends on the initial concentration of bulk 
nitrogen, on diffusion through a rapidly 
formed carbon layer, and on the limited 

availability of surface sites for hydrogena- 
tion of surface nitrogen. 

The bulk phase present after 17 min of 
exposure of <-FezN to synthesis gas with an 
HJCO ratio of 3 at a temperature of 523 K 
is shown by the Mossbauer spectrum in 
Fig. 11. The fitted parameters are given in 
Table 4. The spectrum shows the character- 
istics of an e-nitride, indicating that the 4 
phase is quickly decomposed to the e phase 
in synthesis gas. To accommodate the dis- 
tribution of phases in this catalyst, the 
spectrum was fit with a distribution of hy- 
perfine fields. Such a fit and the calculated 
distribution of fields are also shown in Fig. 
11. The incorporation of a small amount of 
carbon as a carbonitride is possible as an 
assignment for the species at approximately 
130 kOe. The ratio of 220 kOei130 kOe for 
the Fe(II)/Fe(III) fields is close to that for 
E-Fe?.s2N in Fig. 3a (210/110), suggesting 
that the 130-kOe field is e-111. Taking the 
220-kOe field as e-11 and the 130-kOe field 
as E-III yields a stoichiometry of Fe2.55N, or 
a loss of 22% of the original bulk nitrogen 
during the first 17 min. This stoichiometry 
is approximately equal to the Fe& (I = C 
or N) stoichiometry obtained by Chen et al. 
(9) after 3 h of synthesis. We note that this 
relatively rapid loss of bulk nitrogen was 
from a <-FeZN precursor, and not the 
E-Fe*.,N catalyst used in Fig. 10. Figure 6b 
also indicated that this change from the 5 
phase to the E phase occurs within the first 
few minutes. The long-term steady-state 
catalyst retains a substantial fraction of the 
bulk nitrogen, however, as other studies 
have shown (I, 2, 4, 9). Apparently, the 

TABLE 4 

Room-Temperature Mossbauer Parameters for c-Fe*N after 17 
Min of Reaction (Fig. 1 I) 

Species 

Fe-Q 
Fe(dist.) 

I.S. Q.S. H Width % area 
(mm/s) (mm/s) NW 

0.31 1.19 - 0.47 7.5 
0.31 0.00 50-400 0.45 92.5 
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FIG. 12. Hydrogenation of e-Fe2.,N after 5 min of 
reaction in 3 : 1 : 1 H2 : CO : He, followed by a short 
pulse (10 s) of He, and then by 9 : 1 Hz : Ar at 523 K. 

denitriding that occurs in synthesis gas 
slows to a virtually insignificant rate during 
the first hour of reaction. For the c-nitride, 
the blockage of decomposition occurs dur- 
ing the first minute. 

The availability of species on the surface 
of the a-nitride changes dramatically during 
the first minutes of reaction. Figure 12 
shows the response of the reacting system 
after 5 min on stream, followed by a short 
He pulse, and finally a switch to hydrogen 
with 10% argon used as a time marker. The 
burst of methane, corresponding to 50% of 
a monolayer in the initial spike, is charac- 
teristic of excess reactive surface carbon 
(28). Ammonia evolves only slowly from 
the catalyst (note the scale). Because of the 
high reactivity of surface nitrogen species 
just demonstrated above, we take this re- 
sult to indicate very low nitrogen content 
on the surface of the working catalyst. In 
addition, the continued slow rate of nitride 
decomposition indicates that carbon in the 
surface layers blocks the rapid denitriding 
that occurs in the pure nitride phases. Ap- 
parently, the slow hydrogenation to meth- 
ane in the long-time transient of Fig. 12 is 
the slow removal of this graphitic/carbidic 
surface carbon. 

CONCLUSIONS 

Three of the major phases of iron nitride 
were synthesized in atmospheric pressure 

ammonia/hydrogen mixtures at different 
temperatures, and the phases identified by 
Mossbauer spectroscopy, XRD, and quan- 
titative integration by transient mass spec- 
trometry of ammonia evolved from the 
decomposition of the nitride. The room- 
temperature Mossbauer spectra of .a-Fe,N 
(2 < x < 3) show a collapse of magnetic 
hypertine structure as nitrogen content 
increases, demonstrated here by fitting 
these spectra with a distribution of hyper- 
fine fields. 

The decomposition of the bulk nitride in 
hydrogen at 523 K is rapid and is consistent 
with a model invoking surface reaction as 
the rate-limiting step initially. At 473 K, 
however, phases within the bulk remain 
intact and the decomposition of <-Fe2N is 
consistent with a shrinking core model with 
N diffusing through an .a-Fe,N gradient. 
The Mossbauer spectral contributions for 
the c-nitrides within the decomposing bulk 
are best fit by a distribution of hyperflne 
fields, with maxima in probability density 
around 220 kOe (representing iron with two 
nitrogen nearest neighbors) and around 100 
kOe (three nitrogen nearest neighbor iron). 

The surface of <-Fe2N has a reactive 
nitrogen-containing species, which does 
not desorb in inert atmospheres, but reacts 
or is displaced immediately in hydrogen or 
CO/H2 mixtures. Decomposition in deute- 
rium shows that the surface has 3.5 mono- 
layers of hydrogen either associated with 
the reactive nitrogen species or on or in 
the surface. The partially deuterated am- 
monia evolved exchanges rapidly with the 
hydrogen-containing surface species fur- 
ther along the bed. 

The bulk nitride is stable in helium below 
600 K and loses less than 5% of the 5 phase 
in 2 h in pure CO at 523 K. In Hz/Co at 523 
K, however, <-Fe2N rapidly converts to an 
&-Fe,N phase. Nitrogen in the bulk is there- 
after much more stable, exchanging with 
carbon slowly during synthesis. 

Active surface nitrogen is not present at 
the surface during the Fischer-Tropsch re- 
action. Since the bulk nitrogen is very slow 
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to react with hydrogen after only 5 min of 
synthesis reaction, we speculate that the 
surface contains no iron nitride during syn- 
thesis. In addition, the activity for the pre- 
nitrided iron is similar to that of prereduced 
iron after long times on stream, suggesting 
that the active surface in both cases may be 
of the same carbidic nature. The initial 
enhancement of activity over the nitrides, 
probably due to the blockage of the compe- 
titive pathway to carbon incorporation into 
the bulk, continues for the first few hours of 
synthesis. 
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