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The techniques of Mossbatter effect spectroscopy and wide angle X-ray diffraction have been 
applied to characterize nitrided iron catalysts (initial composition = FerN) supported on silica gel 
and used in the synthesis reaction. Mossbauer spectroscopy shows that the nitride catalyst be- 
comes iron-rich during the first 3 h of reaction in the syngas environment (CO : H2 = 1 : 3, T = 
25O”C, 7.8 atm) indicating that nitrogen atoms are removed more rapidly by HZ than they are 
simultaneously replaced by carbon atoms. After 3 h carburization becomes dominant, the carbon 
concentration increases, and the catalyst composition stabilizes after about 18 h of reaction. The 
analysis of the 4.2 K Mossbauer spectrum and X-ray diffraction of an equilibrated catalyst after 49 
h of reaction gives a composition of Fe,,&-,N,, where y was estimated to be between 0.13 and 
0.20. 0 1985 Academic Press, Inc. 

INTRODUCTION 

In the 1950’s nitrided iron catalysts for 
the Fischer-Tropsch reaction were devel- 
oped at the Bureau of Mines (Z-3). Since 
then, a few studies of the iron nitride cata- 
lyst have appeared elsewhere (4-5). All the 
reported iron nitride catalysts were either 
in the precipitated or fused forms with in- 
gredients such as CuO, K20, A1203, MgO, 
and SiO;! as promoters. One significant fea- 
ture of the reported behavior of the iron 
nitride catalyst is high alcohol selectivity. 
In the present study, a silica-supported, 
fine-particle (-- 10 nm) iron nitride catalyst 
has been investigated without any promoter 
in order to sudy the effect of the presence 
of nitrogen atoms in the catalyst. Moss- 
bauer effect spectroscopy (MES) and wide- 
angle X-ray diffraction (XRD) were used to 
characterize the catalyst prior to and after 
various times of reaction and these charac- 
terizations are reported here. 

If we write the composition of the cata- 
lyst as Fe,(Ci-,N,), then one is interested in 
the variation of y and x with time on stream. 

In the accompanying paper, Part II, the 
reaction studies of the supported iron ni- 
tride catalyst with and without potassium 
promotion will be reported and a compari- 
son will be made between the effects of po- 
tassium and nitrogen. 

Earlier work on kinetics of nitrogen re- 
moval from fused nitride catalysts (3) is of 
little help in deciding the rate of removal/ 
replacement of nitrogen from the -IO-nm 
nitride particles used in the present study. 
Diffusion data for nitrogen in the E-phase 
are not available, but we can use the value 
of the interstitial diffusion coefficient in a 
close-packed iron lattice at 2OO”C, i.e., 
IO-l6 cm*/sec as a good estimate. Using 
fi as the measure of diffusion length, we 
find t = 1 h for a diffusion length of 5 nm 
(- half the particle diameter). Thus unre- 
stricted interstitial diffusion would deplete 
all the nitrogen in a time frame of hours. 
While the activity-selectivity data of the ni- 
tride catalyst (Part II) was found to ap- 
proach that of the carbide catalyst, in a 
comparable time frame, substantial differ- 
ences remained after 2 days. It is thus im- 
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portant to determine how much nitrogen, if 
any at all, persists in the catalyst under re- 
action conditions. The much longer time 
scale of nitrogen removal in fused bulk cat- 
alysts (3) is easily understood because dif- 
fusion time varies as the square of the dis- 
tance over which the particle has to diffuse. 

EXPERIMENTAL 

Sample preparation. The samples were 
prepared by impregnating Davison Grade 
62 silica gel @O/120 mesh) with an aqueous 
solution of Fe(NO& to incipient wetness; 
the loading was 9.8 wt% based on iron 
metal. After the samples were dried at 
125°C overnight they were calcined in air at 
200°C for 2 h and then at 450°C for 4 h. For 
comparison with previous work, a portion 
of the calcined iron was reduced at 425°C 
for 24 h with flowing H2 prior to use in a 
Fischer-Tropsch reaction. This sample 
quickly carburized in the syngas reaction at 
250°C and will be designated “Fe-carbide” 
hereafter. The nitride catalyst (hereafter 
“Fe-nitride”) was prepared by passing NH3 
through the catalyst bed for 12 h at 495°C 
after 24 h of reduction in Hz at 425°C. 

Mtissbauer spectra. Spectra were ob- 
tained with a spectrometer operated in “fly 
back” mode using 57Co in Rh foil as the 
source. Spectra were fitted using a standard 
least-square routine in a constrained man- 
ner. Isomer shfits (1s) are reported with re- 
spect to iron metal. 

X-Ray diffraction. X-Ray measurements 

were made using a Co& radiation source. 
In all cases an iron filter was employed to 
reduce the K, X-ray intensity. All data 
were accumulated in a point-counting mode 
to improve the statistical accuracy in peak 
locations and lineshapes. Particle size esti- 
mates were made using the Scherrer 
method. 

RESULTS 

Room-temperature Miissbauer spectra of 
the catalyst after 0, 0.5, 3, 18, and 49 h of 
reaction are shown in Figs. IA, B, C, 2A, 
and B, respectively. The spectra for 18 and 
49 h of reaction are virtually identical, so 
one of them (49 h) was run at 4.2 K to com- 
pletely characterize the composition of the 
used catalyst. This spectrum is shown in 
Fig. 2C. 

The X-ray diffraction profiles for the Fe- 
carbide (3 h in synthesis reaction) and Fe- 
nitride (before use) are shown in Figs. 3A 
and B, respectively. The results for the re- 
maining samples are summarized in Table 
1. 

DISCUSSION 

Nitride Catalyst at t = 0 
The structure of iron nitride has been 

studied quite extensively (6, 7). Bainbridge 
et al. (8) prepared iron nitride by flowing 
ammonia over thin iron foils at 486°C for 50 
h and obtained orthorhombic 5-FeZN as 
confirmed by X-ray analysis. In the present 

TABLE 1 

Summary of X-Ray Measurements as a Function of Time in the Syngas Environment (A (Co&) = I .7903 A) 

Time 20 (002) a’ KW 28 (rii),(ioi) d (iii),(ioi) c/a FWHM(lO1) 
(h) (‘4 (4 & A 

Fe-nitride 

0 
l/2 
3 

18 

Fe-carbide 
3 

47.9 2.205 50.4 2.102 4.410 2.761 1.597 0.9 
48.2 2.192 51.0 2.079 4.384 2.727 1.608 1.05 
48.5 2.179 51.4 2.064 4.358 2.706 1.610 1.05 
48.3 2.188 50.4 2.102 4.376 2.767 1.581 0.9 

48.5 2.179 49.8,50.4 2.125,2.103 4.358 2.773 1.572 
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FIG. 1. Room-temperature MBssbauer spectra of Fe-nitride catalyst after (A) 0 h, (B) 0.5 h, (C) 3 h in 
synthesis reaction. 

study, the nitridation period was 12 h. Chen ported sample, then the starting catalyst is 
et al. (9) prepared iron nitride from unsup- in the c-phase with an Fe/N ratio slightly 
ported iron powder using the same proce- higher than 2, consistent with the X-ray dif- 
dure as in the present study and obtained a fraction result. The parameters for the qua- 
composition of Fez.osN. If the supported drupole doublet are almost identical to the 
iron behaves the same way as an unsup- reported values for c-Fe2,0sN (9), however 
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FIG. 2. Room-temperature Miksbauer spectra of Fe-nitride catalyst after (A) 18 h and (B) 49 h in 
synthesis reaction. The liquid-He spectrum of 49-h sample is shown in (C). 

the spectrum cannot be fitted to just one bors which must be present for x > 2 in 
doublet because of a broad structure in the Fe,N. 
wings. An excellent fit is obtained if one Particle sizes of the calcined and reduced 
includes a second doublet. The larger QS iron catalyst supported on SiOs have been 
for the second doublet is probably from the measured by Amelse et al. (12). However, 
iron atoms with two nitrogen nearest neigh- determining the particle size for supported 
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FIG. 3. X-Ray diffraction intensity vs 28 for (A) Fe- 

carbide catalyst after 3 h in syngas mixture, (B) Fe- 
nitride catalyst before synthesis reaction. 

iron carbide and iron nitride catalyst by X- 
ray lineshape analysis is prohibited by the 
complexity of the peak profiles which 
makes deconvolution of individual diffrac- 
tion peaks highly unreliable. Thus no at- 
tempt was made to measure the absolute 
dimensions of the carbide and nitride parti- 
cles in this study. It was possible, however, 
to make useful comparisons of relative 
sizes. 

The less-intense peak at about 48.0” is 
indexed as the (002) reflection for the hex- 
agonal unit cell appropriate for the s-phase. 
The more intense peak at about 50.5” is as- 
cribed to the superposition of (171) and 
(101) peaks, which would be degenerate for 
a regular HCP structure. Any distortion 
from the HCP structure would split this 
peak: e.g., for orthorhombic {-Fe2N, Bain- 
bridge et al. (8) found two peaks at 40.1” 
and 50.4” corresponding to the (021) and 
(211) peaks indexed according to the 
orthorhombic unit cell. 

In any case, the full width at half maxi- 
mum (FWHM) for the (002) peak is about 
1.1” for both carbide and nitride catalysts, 
indicating an approximate equality of aver- 
age particle sizes for the two materials, 
which is about 10 nm. The apparently larger 
broadening of the 50.5” peak of the Fe-car- 
bide catalyst i_s presumably due to the split- 
ting of the (111) and (101) peaks due to a 
slight distortion of the HCP unit cell, as has 
been reported by Barton and Gale (13), that 
remain unresolved due to the small particle 
size in the present study. A qualitative ex- 
amination of the Fe-nitride catalyst before 
the syngas reaction using transmission elec- 
tron microscopy (14) confirmed that neither 
the particle size nor morphology of the sup- 
ported particles exhibited obvious differ- 
ences from those of the Fe-carbide catalyst. 

Composition of the Catalyst after 49 h of 
Reaction 

The continued presence of nitrogen in the 
used catalyst was confirmed chemically by 
a decomposition method. When the sample 
was heated in flowing Hz and held at 400°C 
for 4 h, the catalyst was reduced to give 
methane and ammonia as products which 
were trapped in a dry-ice-acetone bath. 
The presence of ammonia was detected by 
a thermal conductivity cell and also by pre- 
cipitating brown Fe(OH)3 from an aqueous 
solution of Fe3+. Attempts at conventional 
chemical analysis for quantitative estima- 
tion of N, even for pure nitrides, were 
thwarted by the inability to distinguish be- 
tween N that is adsorbed on the support 
and that which is present as Fe-nitride. It 
takes only a small amount of spurious nitro- 
gen, given the low metal loading, to render 
the estimation of N content unreliable. 

Therefore we have used the combination 
of Mossbauer and X-ray diffraction to esti- 
mate x and y and to identify the phases. The 
difficulties in using X-ray diffusion alone 
for phase analysis of fine particle carbides 
in the presence of a large amount of silica 
have been known for some time (11). Our 
Mossbauer spectra of the present used cat- 
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alyst cannot rule out the presence of small 
amounts of &Fe,C, but the e-carbide forms 
at much higher carburization temperature, 
e.g., 823 K (20) or 723 K (II) and was not 
indicated by our X-ray data. The presence 
of x-phase along with a-phase is difficult to 
detect by X-ray diffraction; however, the 
Mossbauer spectrum of x-Fe& has a dis- 
tinct sextet with HF = 120 kOe at room 
temperature. Since our spectra fit reasona- 
bly well without this sextet, we believe that 
the amount of x-carbide is small, if any. 
Finally, the ternary-phase diagram (22, 23) 
of the Fe-N-C system at 500°C shows a 
very wide region of &-Fe,(NC) with large 
solubility for both types of interstitials. This 
E-phase region is believed to be even wider 
at the lower temperatures we studied (22, 
23). Since the starting catalyst is E-FeZ.08N, 
we therefore expect the material to stay in 
the E-phase field even for large replacement 
of N by C. Our analysis that the material is 
mostly e-Fe,(NC) is consistent with the 
phase diagram and the known tendency of 
small particle size to stabilize hexagonal E- 
carbide as opposed to monoclinic x-carbide 
(II). The analysis of Mdssbauer and X-ray 
data to obtain x and y, given in later sec- 
tions, will implicitly assume that most of 
the material is in the a-phase. 

Characterization by Miissbauer 
Spectroscopy 

The room-temperature Mossbauer spec- 
trum was fit to two sextets and one broad 
quadrupole doublet (Fig. 2B). A distribu- 
tion of hypertine fields (HF) is apparent and 
the sextets were fit with the linewidths in- 
creasing linearly from the center (see Ref. 
(9)) of the spectrum with a slope “S.” The 
value of S is a measure of the width of the 
distribution of HF, and was left as a free 
parameter for each sextet. This approxima- 
tion does not account for the deviation of 
the lineshape from Lorenzian which 
results from the HF distribution, Con- 
sequently, there are small systematic 
misfits in the outermost lines. Since all the 
samples were thin and lightly pressed pow- 

ders, the relative area ratios for the sextet 
were constrained to be 3 : 2 : 1 : 1 : 2 : 3. If 
the magnitude of the quadrupole splitting 
(QS) is small and the angle between the 
electric field gradient and the magnetic axis 
is fluctuating from site to site, as may be 
expected for a-Fe,(NC), one will get broad- 
ened, but symmetric, sextets. Indeed, the 
quality of the fit with Qs as constrained to 
zero for the sextets was no different from 
that when Qs was left as a free parameter, 
in which case the fitted value was close to 
zero. In the fits of the room-temperature 
spectra shown in Table 1, QS was con- 
strained to be zero for the sextets. It should 
be noted that it was essential to include a 
broadened, nonmagnetic, quadrupole-split 
doublet in order to obtain good fits to the 
room-temperature spectra. The parameters 
of the fit are listed in Table 2. The nonmag- 
netic doublet splits into a Zeeman sextet at 
4.2 K and the fit is shown in Fig. 2C. 

The room-temperature value of isomer 
shift (IS) is 0.3 mm/set and the liquid-He 
temperature value of HF = 440 kOe prove 
that this latter component is due to Fe3+ 
ions. The very large value of the (Qs) of 
1.1-l .3 mrn/sec does not agree with any 
known crystalline oxides, hydroxides, or 
oxyhydroxides of iron. However, amor- 
phous Fe203 has been prepared by sputter- 
ing (25) and has been found to have HF (4.2 
K) = 460 kOe, ZS(RT) = 0.3 mm/set, and 
QS(RT) = 1.1 mm/set. Similarly, a Qs of 
about 1 mm/set and an HF of about 450 
kOe at 4.2 K have been reported (16) for 
Fe3+ in amorphous ferric oxide prepared by 
thermal decomposition of an aerosol. We 
therefore identify the doublet as coming 
from amorphous ferric oxide which ex- 
plains why it is not observed in the X-ray 
diffraction even though it is present in sig- 
nificant amount. There is no known carbide 
of iron with such a large value of QS and 
therefore the doublet cannot be due to su- 
perparamagnetic carbide. 

Physically, the two sextets HF(3Z) and 
HF(2Z) correspond to two sites in the same 
crystallographic phase with 3 or 2 intersti- 
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TABLE 2 

Mlissbauer Parameters and Identification of the Various Samples 

Sample IS/Fe 
(mm&c) 

QS 
(mm/xc) 

HF Ill Total 

(kc) (96) 

Identity Average composition 

49 h 
(liq:He 
Temp.) 

49 h 

(Rn 

IX h 
CRT) 

3h 

NT) 

0.5 h 

CRT) 

Oh 

WI 

0.42 ( ? .05) 0.0 (2.2) 180 (?I) 61 -r2 

0.43 (k.05) 0.1 (2.2) 261 (21) 20 k2 

0.49 (?.I) 0.0 (5.2) 438 (k4) 19 rt3 

0.27 152 66 

0.28 231 16 

0.34 1.3 0 18 

0.26 155 62 

0.28 233 20 

0.26 1.3 0 18 

0.23 140 50 

0.31 233 35 

0.29 I.1 0 15 

0.41 0.52 0 19 

0.32 216 47 

0.35 I .35 0 34 

0.44 0.31 0 70 

0.27 0.50 0 30 

Fe(3n 
Fe(2n 
Amorp. Fe3+ 

Fd3n 
Fe(2n 
Amorp. Fe’+ 
Fe(30 
Fe(20 
Amorp. Fe?* 
Fe(31) 
Fe(2I) 

Fet3N) 
Fe(2N) 
Amorp. Fe3+ 

Fe(3N) 
Fe(2N) 
+Amorp. Fe” 

I = 2.18 
y = 0.13 

x = 2.18 

‘i = 2.18 
Almost the same as 49 h 

x = 2.52 
y = 0.56 
“Slope” large. Therefore 

N/C inhomogeneous 
Mixture of two phases with 

x=2,?= I,andx=3, 
y = I, respectively 

2 < I < 2.15: y < I 

Note. The uncertainty for room-temperature (RT) spectra are approximately -0.05 and 0. I mm/set, 3 kG, and 4% for IS, QS, HF, and area fraction, 
respectively. 

tial neighbors, respectively, and their f- 
fractions are expected to differ only by 
small amounts. It is noted from Table 2 that 
the area fractions for the three components 
of the spectrum are approximately the same 
at room- and liquid-helium temperatures. 
This is very different from the conclusion of 
Amelse e? al. (12) that the f-fractions and 
therefore the relative areas of the various 
components change drastically between 
room- and liquid-helium temperatures. An 
examination of their room-temperature fit 
reveals that this is due to unphysical inten- 
sity ratios of the inner sextet and overcon- 
straint of the parameter that determines the 
variation of linewidth with line position. It 
is clear from Table 2 that it is meaningful to 
use the area fractions measured at room 
temperature to get the relative amounts of 
the two kinds of iron atoms, Fe(31) and 
Fe(21), as will be done later for other sam- 
ples. 

In the e-phase each Fe atom is sur- 
rounded by six interstitial positions, of 
which a maximum of three are occupied by 
N or C atoms. A large amount of work has 
been done on the iron carbides (18) and the 

saturation HF associated with Fe(3C) and 
Fe(2C) are measured to be 173 kOe (IO, 
22, Z7-20) and 241 to 245 kG (7). The HF’s 
of Fe(3N) and Fe(2N) are strongly depen- 
dent on the temperature and the overall ni- 
trogen content because the Curie tempera- 
ture decreases rapidly with increasing N 
content (24-27). The saturation HF for 
Fe2+XN have been measured by Chen et al. 

(9). These values are listed in Table 3. Thus 
one ambiguously identifies the sextet with a 
field of about 235 kOe as originating in 
Fe(2Z) atoms, where I could be a C or N 
atom. The other sextet with a smaller value 
of HF is then from Fe(31), the actual value 
of HF depending upon composition. The 
value of x in Fe,(N,Ct-,) is immediately ob- 
tained by equating the number of Fe-I and 
I-Fe bonds as x = 6/(2p2 + 3p3), where p2 
and p3 are the fractions of Fe(21) and Fe(31) 
atoms. From the measured area ratios at 
4.2 K for the 49-h sample we find x = 2.18 
rt 0.03. If the area fractions at room tem- 
perature are used, we get x = 2.15, in rea- 
sonable agreement with the 4.2 K result. 

It is less straightforward to obtain the 
value of y. The saturation HF is known 
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TABLE 3 

The Saturation Hyperfine Fields (SHF) Measured at 
4.2 K for Fe(nZ) (n = 2, 3; Z = C, N) and Fe-nitride 

Catalyst after 49 h of Reaction 

Fe(nl) SHF 
We) 

Comment 

Fe(3N) 65 < SHF < 140 Ave. = 100 kOe (9) 
Fe(2N) 258 (9) 
Fe(3C) 191 (13 
Fe(2C) 262 (la. 19) 
Fe(30 in 
Fe-nitride (49 h) 180 This work 
Fe(20 in 
Fe-nitride (49 h) 161 This work 

only for pure Fe(3C) and Fe(3N) reliably, 
as approximately 191 and 100 kOe, respec- 
tively. Some work has been done on carboni- 
trides (21) but in view of ignoring the longer 
range effects on ZZF in the nitrides (see (9)) 
one cannot use those HF values in an obvi- 
ous manner. In a simplistic manner, but the 
only meaningful way at present, we assume 
a linear variation of HF(3Z) from the pure 
carbide to the pure nitride, and get y = 0.13 
for the 49-h sample. Thus the composition 
of the stabilized catalyst after 49 h of reac- 
tion is FedCo.87No.d 

The values of ZS(2) for the carbonitrides 
(21) were found to be in the range of 0.28 to 
0.32 mm/set, compared to the values of 
0.25 and 0.34 mmlsec for the carbide (Z7- 
20) and nitride, respectively (21, 9). These 
numbers have an uncertainty of 0.02 to 0.05 
mm/set. Therefore, they cannot be used to 
estimate the C/N ratio with any certainty. 
The measured IS for all our samples are 
consistent with the compositions deduced 
from the values of HF, which is a more 
sensitive measure of C/N ratio. 

Miissbauer Spectra of the Catalyst at 
Intermediate Times 
All the room temperature Mdssbauer 

spectra have been fit the same way as the 
49-h spectrum. These are shown in Figs. 1 
and 2, while the important parameters are 
summarized in Table 2. 

After 0.5 h of reaction the catalyst is a 
two-phase mixture (apart from the amor- 
phous oxide). About 18% of the catalyst is 
present as nonmagnetic, nitrogen-rich ma- 
terial, corresponding to the quadrupole 
doublet with Qs = 0.5 mm/set. The compo- 
sition of this component is Fe2+yN with y < 
0.2, because at that value of y even pure 
nitride is magnetically ordered at room tem- 
perature. About 45% of the catalyst is 
present as an iron-rich, magnetic phase. 
The very small intensity of the HF(3Z) sug- 
gests that this phase is close to the compo- 
sition Fe3N. The room-temperature values 
of HF(2C) in e-Fe2+,C, HF(2N) in Fe3N, 
and HF(2N) in Fe2.67N are 242,225, and 205 
kOe, respectively (9). The significantly 
smaller value of HF = 216 kOe shows 
that this iron-rich phase is also carburized 
only to a small extent, if any. An analysis 
similar to that described above shows that 
after 3 h of reaction the nitrogen-rich non- 
magnetic phase has vanished and one has 
an overall composition of approximately 
Fe2.J2(C0.4N,-,.6). Even though the extreme 
compositions corresponding to the non- 
magnetic doublet are not present, the N/C 
ratio is inhomogeneous in this sample. This 
is suggested by the much larger FWHM and 
slope “S” for the 140-kG sextet in this sam- 
ple than in the rest. The spectrum after 18 h 
of reaction is virtually identical to the 49-h 
spectrum. From the area ratios for the sex- 
tets corresponding to Fe(3Z) and Fe(2Z) at 
room temperature, one has x = 2.16 and the 
value of y is also close to that for the 49-h 
sample. 

X-Ray Diffraction Patterns at 
Intermediate Times 
Even though only two strong lines are 

detected in the diffraction pattern, one can 
obtain c,a and therefore c/a by indexing 
them with a hexagonal unit cell. Table 1 
shows that the lattice parameters decrease 
for the first 3 h and then increase again. 
This can be due to either removal of N or 
replacement of N by C. Figure 4 is a plot of 
the c/a ratio for E-nitride and carbides from 
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FIG. 4. The ratio c/a vs x in FeJ (Z = C,N) for E-iron 

nitride, iron carbide, and Fe-carbide, Fe-nitride after 
synthesis reaction. 

the literature (7, 13, 30). The carbide with x 
= 2.12 in Fig. 4 is from the present study of 
the pure iron, carbided in the reaction mix- 
ture for 3 h, the value of x being obtained 
from Mossbauer spectroscopy as described 
earlier. It is clear that the points for the 
pure carbides and nitrides lie on two well- 
separated curves. Since x is now known, 
the experimentally determined c/a ratios 
can be used to estimate the C/N ratios to 
compare with the Mossbauer results. 

The point for the 18-h reaction viz. x = 
2.18 and c/a = 1.581 lies between the car- 
bide and the nitride curves, a linear interpo- 
lation giving a value of y = 0.2, in reason- 
able agreement with the Mossbauer result. 

It is obvious from the Mossbauer spec- 
trum that the 0.5-h sample is a mixture of 
two phases: one relatively rich in nitrogen 
and the other relatively rich in iron. This is 
reflected in a slightly larger linewidth for 
the X-ray peaks as compared to the 0- and 
18-h samples. The average value of x = 2.5 
(obtained by weighting the compositions of 
the two phases with their relative amounts) 
and the c/a ratio of 1.608, when plotted on 
Fig. 4, show that carburization is negligible, 
in agreement with the Mossbauer result. 

There is some discrepancy between the 
Mossbauer and X-ray analysis for the 3-h 
sample. The relatively large value of 140 
kOe for average HF(3Z) proves that some 
carburization has certainly taken place: the 
linear extrapolation gives y = 0.6. How- 

ever, the corresponding point for x = 2.52 
and c/u = 1.610 on Fig. 4 suggests little 
carburization. Like the 0.5-h sample, the X- 
ray linewidths are slightly larger than for O- 
and 18-h samples indicating the inhomoge- 
neity of N/C ratio that was concluded from 
the Mossbauer spectrum. In view of the in- 
ability to deconvolute the X-ray peaks, we 
trust the Mossbauer result, viz. that some 
carburization has certainly taken place. 
Since the actual relation between HF(31) 
and N/C ratio is not well-known, the num- 
ber y = 0.44 should be considered tentative. 

SUMMARY AND CONCLUSIONS 

With the reduced metallic iron catalyst, 
carburization is completed in 90 min, as has 
been reported earlier (I 7). However, the ni- 
trided catalyst is not completely carburized 
even after 49 h. In fact the composition 
seems to stabilize after about 18 h to E- 
Fe2.18(C1-yNy) where y is estimated to be 
between 0.13 and 0.20. This is consistent 
with the ternary-phase diagram of Fe-N-C 
(22, 23) which shows a-Fe,(NC) to have 
significant solubility for both types of inter- 
stitials. This single-phase region is even 
wider at 250°C (22, 23). The difference in 
kinetics of carburization are probably due 
to the different initial structure. The diffu- 
sion of C in bee Fe is known to be rapid. 
However, in &-Fe,N, the strong interstitial 
repulsion will inhibit the diffusion of C or N 
through regions rich in Fe(3Z). At the start- 
ing composition of Fe*N, since almost all 
the iron is present as Fe(3N), carburization 
is strongly diffusion-limited. As x increases 
with time due to removal of N atoms by H2 
(as has been observed by Mossbauer spec- 
troscopy) carburization becomes more 
rapid. After 3 h, the average value of x is 
2.52 and about 40% carburization has taken 
place. Thereafter, the catalyst composition 
shifts toward increasing C content, stabi- 
lizes at Fe2.18(C0.87N0.1J after 18 h and does 
not change much thereafter. 

The kinetics of N removal in the present 
study are fully consistent with the study of 
reduction of the carburized Fe catalyst of 
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comparable particle size by Raupp and 
Delgass (29). They found that 30% of the 
carburized catalyst was reduced to metallic 
iron after 10 h of reaction with flowing H2 at 
250°C even though the initial carburization 
of bee Fe was completed in about an hour. 
The much longer times of nitrogen removal 
replacement, observed in the earlier work 
on fused catalysts (IC) is understood in 
terms of their much larger particle size, but 
cannot be directly compared to the present 
results. 
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