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ABSTRACT 

Detailed curve-fitting of the MSssbauer spectra of the pure nitrides has produced a 

quantitative description of the spectral components and of the structural features of the 

pure nitrides. This information has then been used to quantitatively follow loss of nitro- 

gen from c-FerN in H 2 and in He, A shrinking core model accounts for N loss in H 2 at 

473K. N loss in He is not great at temperatures below 600K. Transient kinetics studies 

by mass spectrometry show that precarburizing Fe2N with CO moderates nitrogen loss, 

but after an induction period i'~q43 production leads CH 4 production. Thus, surface N 

loss is not effectively prevented by this pretreatment. 



1. OBJECTIVES AND SCOPE 

1.1 BACKGROUND 

The feasibility of utilizing synthesis gas (CO + H2) via the Fischer-Tropsch reaction 

pathway for the production of fuels and chemicals is well established. The SASOL ven- 

tures, for example, take advantage of abundant coal resources to produce both desir- 

able synthetic automotive fuels and basic chemical feedstocks. The applicability of 

these chemical transformations is nonetheless limited. The present procedure requires 

extensive processing if the production of non-essential byproducts is to be avoided. 

The discovery and subsequent usage of improved catalysts would therefore be advanta- 

geous. 

Experimental results published in the current literature show that nitrogen affects 

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 exhibiting lower molecular weight fractions and enhanced 

alcohol yields (7). On the other hand, simultaneous introduction of ammonia (NH 3) 

with synthesis gas produces nitrogeneous compounds. Furthermore, and probably of 

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

length of compounds in the product spectrum. It is of considerable interest, therefore, 

to study these and other characteristics 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 

which future synthesis-catalysts can be derived. 
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The scope "of the program may be broken down-/into two main arehs:•bt;concern. 

Firstly,".consideration must be gi}en to the role of the.surface nitrogen.in. . . :  . • . : 

i. altering the product distribution and 

ii. stabilizing catalyst activity • : 

of the synthesis reactions. In-e{ti~ MSssbauer studies identify the variousliron nitride 

phases and allow for examination of their stability during reaction. T h e  M~Jssbauer 

results form the basis for detailed kinetic tracer experiments involving transient and 

isotope Iabeling ,nalyses: Ultrahigh vacuum work using SIMS and AES will supple- 

ment the M~ssbauer and kinetic characterizations . . . .  

The second area of consideration will involve the  kinetic and catalytic •effects 
° • 

observed during the addition of ammonia to the synthesis gas stream. Transient work 

will be ideal for observing initial activity changes occurring as a resuit of NH a pulses. 

Along With ultrahigh vacuum studies, the transient kinetics of NH~ addition • will .help 

clarLfy which steady state experiments woulct be most productive. The various analyti- 

cal methods will define.interactions between sudace ahd bulk nitrogen, and their. role in 

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 .  M~ssbauer and simultaneous kinetics of prenitrided iron catalysts will be 

used to determine nitride phase stability and to correlate these phases to 



reaction selectivity. 

increased. 

The initial pressure of one atmosphere may later be 

ii. Similar analysis of the effects of addition of NH3 to the reactant stream will 

be performed. 

iii. Transient analysis and isotope tracer studies of synthesis reactions over 

prenitrided catalysts will determine surface nitride stability. The 

stoichiometry at the surface and influence of nitriding on CO dissociation 

will be sought. 

iv. Ultrahigh vacuum analysis will examine surface stoichiometry and reaction 

intermediates. Interaction between the nitrided phases and adsorption bond 

strengths of CO and H 2 will be investigated. 

v. The effects of NH s addition to the reactant stream will be similarly followed 

by UHV and transient tracer studies to determine possible alterations in 

reaction pathways invoked by the presence of NH 3. 

Computer modeling will be undertaken to aid in quantitative interpretation of transient 

data. 

2. TECHNICAL PROGRESS 

2.1 Summary of Results 

A qualitative description of in-situ nitride decomposition during reaction has been 
• i 

previously considered using the powerful technique of M~ssbauer spectroscopy. In this 

report, we have curve-fit the MSssbauer parameters for each of the nitrides in order to 

4 



quantitatively describe transient phenomena. Using these parameters, we have 

tra of mixed nitride phases during decomposition in hydrogen and helium. 

fit spec- 

5 

The spectra of "¢-Fe4N is characterized by the overlap of two sets of six line pat- 

terns, Fe-I (0n.n - zero nearest neighbors) and Fe-I! (2nn): The outermost velocity peak 

of Fe-! (5.71 ram/s) does not overlap with peaks from iron or other nitrides and clearly 

indicates the presence of this phase. Fe-!! (2nn} can be adequately fit with a single set 

of six lines, but an improved fit is found for a pair of lines ILk and I~ .  ~ 

For e-FexN (2 • x < 3) a distribution of sites from 0 nearest neighbors t o 3  

nearest neighbors makes for at least a 24 line fit. The hyperfine fields at 2nn or 3nn 

were found to vary linearly with nitrogen content. An additional quadrupote doublet 

Fe-Q included in the fits of these spectra is attributed to a f--Fe2N precursor. ,' 

The single phase orthorhombic 

parama~etic doublet down to 4.2K. 

butions from Fe-Q. 

nitride, F,Fe2N , is 'characterized by an intense 

The fits of these spectra also require small contri- 

Fits of the spectra •taken during the decomposition of F-Fe2N at 473 K indicate that 

a shrinking core model is appropriate. Decomposition in helium is not significant until 

about 600 K. M~Jssbauer fits indicate that a -~-Fe4N sample lost 50~ of the original 

phase after a 1 1/2 hr treatment at this temperature. 

Transient kinetics work in tb'is period has emphasized an examination of the possi- 

bility of moderating nitrogen loss from iron nitrides by precoating the surface with car- 

bon. Exposing F-Fe2N to CO for 1 minute at 573°K does deposit carbon on the surface. 

The presence of the carbon produces an induction period before NHs is released from 



the catalyst upon subsequent exposure to 3H2/CO synthesis gas. 

effect of carbon does not appear to have the desired selectivity. 

Thus the moderation 

2.2 M~Jssbauer Spectroscopy 

MSssbauer studies of the iron nitrides have been an important part of this research 

from the beginning. In past reports we have shown spectra for all of the thermodynam- 

ically stable nitride phases and discussed their stability. In order to examine the 

conversion of phases during reaction quantitatively, we need precise analysis of the 

spectra. The curve fitting of the nitrides is now completed and we report here the 

analysis of the pure phases and their stability in H 2 and He. 

q~ Fe4N 

The characterization by M~;ssbauer spectroscopy of the q 'nitride by other investiga- 

tors has been discussed previously (1)i The ~-Fe4N spectrum (Figures lc and 2) is 

identified by a chargcteristic eight line pattern of approximate peak intensities 

1:2.5:I.5:1.0:1.0:1.5:2.5:1 arising from an overlap of Fe-I (0ha - zero nitrogen nearest 

neighbors and Fe-II (2nn) fields. The higher 0nn hyperfine field (340 kOe) is attributed 

to iron atoms at the corner of a unit cube. The peak positions of this 6 line pattern are 

located at -5.24, -2.94, -0.64, 1.10, 3.41, and 5.71 mm/s. As such, the most positive 

velocity peak (5.71 mm/s) does not overlap either with iron or with peaks from other 

nitrides and often serves to indicate the presence of q~-F%N in complex, overlapping 

spectra. The lower 2nn hyperfine field (215 kOe), attributed to iron atoms at the face 

center of a unit cube, has approximate peak positions of -3.20,-1.72, -0.42, 0.84, 2.32, 

and 3.80 mm/s. Althoilgh three times the area of the 340 kOe splitting, the 2nn field 

6 
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Figure 1 MBssbauer Spectra of Single Phase Nitrides. 

a) ~-Fe 
b) y'-Fe4N 
c) E-Fe2.52N 
d] ~ -Fe2N 
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overlaps with e -nitride and X-FesC 2 generated fields. The 0nn site has an isomer shift 

relative to ~ -iron of 0.24 mm/s and does not exhibit a quadrupole splitting. These 

findings are in excellent agreement with previous investigators (Table 1). 

We turn to Figure 2 to resolve the identity of the 2nn field. Clauser (2) proposed 

that the 215 kOe field was neither due to a single site nor due to two electronically 

different environments. Rather, sites ]].A and lIB were on adjacent faces of the unit 

cube. Ideally site ILk should be twice as intense as HB and have a quadruople splitting 

half in magnitude and of opposite sign to that of lIB. Figure 2 presents two different 

q' nitride samples each fitted with one 2nn site (2a, 2c) and then again with the HA and 

liB sites (2b, 2d). Both phases were synthesized from a -Fe by nitriding in 80% NH 3 at 

623 K. The three magnetic field simulation provides better fit statistics. The IL~ site 

area is fixed as twice the IIB area by equating all widths in. each site and by constrain- 

ing the peak intensities to a 2:1 ratio. Within each sextet, the intensities are con- 

strained to 3:2:1:1:2:3. In order to maintain correct peak symmetry, the energy 

difference between peaks 2 and 3 is equated to the difference between 4 and 5. The 

quadrupole splitting is left unconstrained. The ratio QSA:QS s is -.41:1 in Figure 2b 

and is -.35:1 in Figure 2d. This is sufficiently close to the predicted -0.5:1 value. 

On the basis of an improved fit and a correlation to physical predictions, ~ - F % N  

spectra are fitted more correctly with ILk and lIB sites. In spectra with several phases, 

however, one is unable to make this distinction. The ~' nitride nitride contribution is 

then fit to the 0nn site and a single 2nn site. 

]0 
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E-FexN 

The hexagonal close packed nitrides are less straightforward to 

characterize by M~ssbauer spectroscopy than the y'-nitr ides..The 

variation in hyperfine field for individual iron sites with changing 

composition does not permit distinguishing ~-nitrides by the velocity 

of certain peaks. Rather, we consider separate nearest nitrogen 

configurations for each iron site whose hyperfine field is reduced from 

a base value in direct proportion to the concentration of nitrogen 

within the nitride. As each iron atom in the hcp lattice has six 

nearest octahehral intensities, only three of which .may be occupied by 

nitrogen, we consider at most four magnetically ordered ~ sites: 0nn, 

Inn, 2nn, and 3nn. The magnetic fields among these sites increase in 

the order H3.< H 2 < H l <.H 0. Quadrupole splittingsare not apparent in 

E-nitride spectra. 
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Figure 2 g~ssbauer Spectra of y'-Fe4N. 

a) nitrided in B0% NH 3 at 598 K (14 peak f i t )  
b) as above (20 peak f i t )  
c) y'-Fe4N treated in He at 523 K (14 peak f i t )  
d) as above (20 peak f i t )  



LeCaer et al. [3 ] reported that the distribution of nearest 

neighbor sites in a close packed (hcp of fcc) interstititalcompound 

determines the nominal stoichiometry of the material. An estimate of 

the in ters t i t ia l  nitrogen content in the ~-nitrides can be made from 

equation I. Figure 3 shows the spectra of five epsilo n nitrides 

of increasing nitrogen content, as estimated fromequation i .  ~ The: 

highest N cdntaining nitr ide (Figure 3e ) was produced by nitr iding a 

reduced iron powder with 91% NH 3 in H 2 at 673 K for 5.5 he. This 

sample was then t reat~ at progressively lower temperatures tO produce 

¢-nitrides lower in N content ( 3d-b ). The nitr ide in Figure 3a 

was synthesized in 90% NH 3 at 598K for 6 hours. Computer f i t s ' o f  

these spectra were generated by considering two hyperfine fields and 

a nonmagnetic quadrupole sp l i t  component. Peak widths within a•sextet 

were constrained equal and peak intensities were held to 3:2:I 1:2:3. 

The M~ssbauer parameters are given in Table I. The f ield with 

largerspl i t t ing and lower isomer shif t  is attributed to the two ni t -  

rogen neighbor site, ~-I I .  Thesecond is attributed to B- I l l ,  the 3nn 

site. These parameters are in accordance with reported l i terature 

assignments (Table l ). 

The nonmagnetic component, Fe-Q, f i t ted with equal width and equal 

intensity constraints, is seen to vary in quadrupole spl i t t ing from 

1.15 mm/s in Figure 3a to 0.68 in Figure 3e. The average i½omer 

shif t  values fluxuate around 0.35 m~/s. The component is unlikely to 

be an oxide species because of the reducing nature of the nitriding 

environment, The oxide precursor can be nitrided even in pure ammonia 

at 473 K. Two, more plausible explan'ations are considered. The f i rs t  

13 
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Figure 3 MBssbauer Spectra of E-FexN. 

a) nitrided in 90% NH 3 at 598 K for 6 hours 

b) nitrided (c) treated in 91% NH 3 at 523 K for 6 hours 

c) nitrided (d) treated in 91% NH 3 at 553 K for 6 hours 

d) nitrided (e) treated in 91% NH 3 at 598 K for 6 hours 

e) nitrided in 91% NH 3 at 673 K for 6 hours 
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attributes this species to the transition nitride of ~-Fe2N, a three 

nearest nitrogen neighbor site whose Curie temperature has fallen 

below room temperature with the increase in nitrogen content. The QS 

of this species slowly decreases and at higher nitrogen contents may 

approach that of ~-Fe2N (O.28mm/s). The second explanation attributes 

the species to a casualty of the f i t t ing technique. Chen et al. [ 4] 

analyze their E-nitride phases with a distribution of hyperfine 

fields, the innermost two peaks being relatively intense, but narrow, 

and the outermost peaks severely broadened; so much so, that the 

intensities of the middle two peaks (2 and 5) are often more than the 

outermost. Yeh et al. [48], however, even when using this approach 

require a central doublet which can account for 20% of the spectral 

area. The variable width approach is physically correct in accounting 

for higher than f i rs t  neighbor interactions and from Figure 3 we see 

that the equal width constraint is creating slightly too wide a theo- 

redical f i t  to ~-II peaks 2 and 5, i.e. a larger width is biased by the 

greater areas of the two outermost e-II peaks. Nonetheless, the close 

computer f i ts  obtained with the equal width and 3:2:1:I:2:3 intensity 

constraints indicates that the second and higher nearest neighbor 

effects are small in large, unsupported iron nitride particles and that 

this approach is s t i l l  valid. 

The average stoichiometry of the e-nitrides is estimated from the 

spectral areas of each of the three components, assuming equal recoil 

free fractions and 3nn Fe-Q composition. The composition range in 

Figure 3 is then from Fe2.52 N to Fe2.14 N. The magnitude of hyperfine 

splitting of the ~-II and ~-III sites in these nitrides is correlated 



\ 

iagainst the composition parameter x in FexN (see Figure 4). A 

linear regression analysis for a linear Variation of f ie ld strength 

with composition gives the ~-II and E-III correlations, with correlation 

coefficients of 0.99, in equations 2 and 3 respectively. 

HII = -119.4 + 131.O.x (kOe), 2.1 < x < 2.6 ( 2 ) 

HIi I = -118.6 + 92.4-x (kOe~, 2.1 < x < 2.6 ( 3 ) 

These correlations serve as a prediction of approximate phase stoich- 

metry for the ¢-nitrides. The correlation becomes meaningless in 

nitrides approaching Fe2N stoichiometry due to the rapid fal l  in curie 

temperature. 

~-Fe2N 

The single phase orthorhombic nitr ide, ~-Fe2N, is characterized 
t 

by a M~ssbauer spectrum with an intense paramagnetic doublet, down to 

4.2 K. The room temperature spectrum (Figure• Id ) has absorption peaks 

at 0.29 and 0.57 mm/s, corresponding toan isomer sh i f t  of 0.43 mm/s and 

a quadrupole spl i t t ing of 0.28 mm/s. The zeta-nitride is readily 

prepared from reduced iron prowder by nitr iding in pure ammonia at 

temperatures above 473 K. Extended nitr iding is often required to 

produce an homogeneous phase. Figure 5 i l lustrates this requirement. 

The sample in Figure 5a was nitrided in 93% ammonia at 673 K for 3 

hours and then n i t r ided in  pure NH 3 at 623 K for an additional hours 

(Figure 5b ). Although both samples are computer f i t  with an Fe-Q 

(IS = 0.32 n~n/s, QS = 0.44-0.45 mm/s) contribution the additional 

hour of nitriding has clearly increased the spectral resolution of the 

17 
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a) nitrided in 93% NH 3 at 673 K for 3 hours 

b) treated in I00% NH 3 at 623 K for I hour 
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zeta phase. The pure ~-Fe2N spectrum shown in Figure Id was in fact 

annealed in He for four hours after nitriding in I00% NH 3 at 523 over- 

night. 

STABILITY 

H2/NH 3 

The stabil i ty of the bulk nitride phases in hydrogen and hydrogen/ 

ammonia mixtures is discussed. Jack [ 5 ],  Bridelle [ 6], and Anderson 

[ 7-9,.] noted extreme nitride instability in H 2. M~ssbauer spectra 

confirm that even the dense orthorhombic nitride loses all its nitrogen 

within the f i r s t  twenty minutes of exposure to H 2 at temperatures above 

523 K. Figure 6 compares the rate of loss of {-Fe2N in H 2 to the 

loss in other gas atmospheres. Constant velocity spectra follow the 

decrease in intensity (rise in % counts} of Che more positive ~-Fe2N 

peak with time. The rapid loss of Fe2N phase in H 2 and 3H2/C0 

environments is evident from these spectra. In an effort to slow the 

denitriding rate in H 2 sufficiently so as to observe intermediate 

nitride phases, a ~-Fe2N specimen was exposed to I00% H 2 at 473 K for 

several minutes. Figure 7 shows how a reduction in denitriding 

temperature from 623 to 473 K slows the loss of Fe2N, as measured by 

constant velocity transients. The phase loss, although s t i l l  rapid, is 

slow enough to premit constant acceleration spectra to be helpful. 

Figure 8 illustrates the sequential 473 K denitriding of a 

{-Fe2N sample. Hydrogen at I00 ml/min flows for 2.5, 5.0, I0.0, and 

21.0 minutes in Figure 8 a-e respectively. After each exposure at 

473 K, heating is stopped and liquid nitrogenis pouredinto the center of 
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Figure In Situ Analys~s of E-Fe2NStability at 523 K. 

a} step change to H 2 fro~ NH 3 
b) stepchange to Ha from NH 3 
c) step change to 3H2/C0 from NH 3 
d )  step change to CO from NH 3 
e) step change to 3H2/C0 from ~H3over pre-oxidized;~-Fe2N 
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Figure 8 MUssbauer Spectra of Partly Denitrided {-Fe2N. 

a) treated in H 2 at 473 K for 2.5 minutes 
b) treated in H 2 at 473 K for 5.0 minutes 

c) treated in H 2 at 473 for lO minutes 
d) treated in H 2 at 473 for lO minutes (liquid nitrogen 

spectrum) 
e) treated in H 2 at 473 for 21 minutes 
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The annular cell housing. The catalyst wafer is exposed to 373+ K 

hydrogen atmosphere only for several additional minutes. The spectral 

parameters (Table 2) for Figure~a confirm that the Fe2N sample did 

not undergo noticeable phase reordering during a 2.5 minute H 2 

treatment. Only two doublets, a ~-nitride and a non-magnetic Fe-Q 

contribution, are present in the spectrum. The lag time associated 

with the manifold dead volume and CSTR mixing characteristics of the 

reactor cel l ,  decreases the nominal 2.5 minute treatment to a sub- 

minute exposure. Figure 8e i l lustrates the other extreme; after 21 

minutes exposure to H 2, denitriding is v ir tual ly complete. The 

spectrum is 95~ Fe but exhibits a noticeable broadening of the 

+0.85 mm/s peak. This asymmetry can be corrected by including a 

doublet with isomer 0.44 mm/s and quadrupole spl i t t ing 0.27 mm/s. 

These parameters, considering the starting Fe2N material, clearly 

indicate residual {-ni tr ide. The locally homeogeneous mature of 

denitriding is more easily seen from intermediate H 2 exposures. 

Figure 8b presents the spectrum of a ~-Fe2N sample after 5 

minutes in hydrogen. The paramagnetic ~ peaks are lower in intensity 

than after 2.5 minutes in H 2. Magnetically ordered sites are clearly 

present in addition to ~ and Fe-Q, and are seen more clearly by 

subtracting the four hon-magnetic peaks (Figure 9). Computer f i t t i ng  

reveals two sites: one with IS = -O.Ol mm/s and 329.4 kOe f ie ld,  and 

a second with IS = 0.32 and HFS = 214.2 kOe. The higher f ield site 

could not be f i t  with a magnetic spl i t t ing above 330 kOe. The isomer 

shift  of 40 m~/s identifies this site as ~-Fe. Nitrogen solubi l i ty  in 
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the matrix is likely. The 2nn site (214.2 kOe) cannot be categorically 

attributed to either c-II or y ' - I I  on the basis of its MBssbauer 

parameters. The existence of a small concentration of either a y' Onn 

site or an c- I l l  contribution cannot be denied with the present spectral 

resolution. 

After 10 minutes of H 2 exposure (Figures 8 c-d), the coexistence 

of ~-Fe and {-Fe2N is easily seen. The room and 85 K temperature 

spectra are computer f i t ted with ~-Fe, 2nn, and ~-III contributions. 

The quadrupole splitting of the 2nn site is unconstrained so as not 

to bias the spectral analysis. Even with fixing the 2nn QS to zero, a 

third, unknown magnetic site (140-160 kOe) is s t i l l  needed to f i t  

these spectra. Again a y'-Onn site is not seen in either spectra, as 

the most positive velocity iron peaks.are symmetric and equal in 

intensity to the corresponding negative velocity peaks. The 2nn site 

is then more l ikely to arise from an hexagonal nitride structure than 

a cubic nitride. In these spectra the distribution ofnitrogen through 

the nitride lattice wil l be more asymmetric than in homogeneous nitrides, 

as the rapid rate of N removal does not permit equilibration. The 

positive QS for the 2nn site and the diffuse nature of the unknown site 

(140-160 kOe) could be visualized as an inhomogeneity within the trans- 

ition nitride structure. The increase in 'nitride phase' spectral 

area from the room temperature to 85 K spectrum (because the nitride 

recoil free fraction is below that of the ~-Fe) indicates that the 

iron content of this specimen is below 44%. 

A pathway for {-Fe2N formation from reduced iron is suggested from 

Figure lO. The MBssbauer spectra of iron powder nitride in I00% NH 3 
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at 498 K for 3.5 hours (Figure lOa) and powder nitrided in pure 

ammonia at 473 K for I I  hours (Figure lOc) contain y'-Fe4N and 

{-Fe2N contributions. The two magnetic sites in Figure lla are 

f i t ted to 340.3 kOe {IS = 0.24 mm/s) and 218.0 kOe (IS = 0.30 mm/s) 

sites, with areas 8.5 and 29.6%, respectively. These parameters 

(Table 2 ) are in accordance with y ' -ni t r ide. Subtracting the 4 

non-magnetic peaks produced Figure lOb which shows the y'-Fe4N 

transition nitride more clearly. The two magnetic sites in Figure lOc 

are similarly attributed to y'-nitr ide. The lower y'-Fe4N spectral % 

for the 473 K nitrided powder makes f i t t ing of the Onn site imprecise. 

Unconstrained f i ts ,  however, do not indicate any ~-Fe contribution in 

this region, nor could the hyperfine field isomer shift  be successfully 

constrained to that of =-Fe. The slightly larger than expected 2nn:Onn 

spectral area ratio may be due to a ~-Znn nitride, Indeed, as the 

iron nitride phase diagram provides no conditions under which y'-  

and {-nitrides are in equilibrium, some bridging structure (~-nitride) 

is expected. 

Two factors influence the difference in "transition nitride" 

assignment during iron powder nitriding versus Fe2N denitriding. 

First]y, the different time scales for Fe2N formation versus decomposi- 

tion are important. Rapid denitriding at temperatures as low as 473 K 

is l ikely to promote interst i t ial  N inhomogeneity. Figure II 

i11ustrates via constant velocity measurements, the slow growth, when 

compared to Figure 7 of the Fe2N phase. Secondly, the diffusivity 

of nitrogen through the lattice is slower through the denser (high N 

content) nitrides, and substantially faster through e-Fe. A y'Fe4N 
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intermediate then, once denitrided slightly to Fe, isexpected to 

lose N very rapidly in H 2 atmospheres. I f ,  for example, the Fe2N 

denitriding Occurs via a banded, shrinking nitride core° with an ~-Fe 

surface and progressively richer nitrogen nitride phases toward the 

particle center, the nitride layer ¢y~} adjoining the ~-Fe wil l  be 

narrow and small in volume. This resulting steep N concentration 

gradient must be decreased in order to determine a l ikely "transition 

phase". Either a further denitriding temperature reduction= ora  

lowering of H 2 partial pressure would be necessary. 

He 

The nitrides are essentially stable in helium, but thermal 

decomposition via N 2 is activated at sufficiently high temperatures. 

The degree of this activation at 523 K is estimated by comparing 

constant acceleration spectra of the nitride phases before and after 

He exposure. The dynamics of the bulk change of ~-Fe2N in He are 

shown by a constant velocitymeasur~ent in Figure 6. Despite the 

scatter in this data, i t  is evident that no significant bulk phase 

transformation has occured. The constant acceleration spectrum 

(Figure Id ) of this ~-Fe2N sample after 3.5 hours He at 523 K 

indicates the presence of only zeta nitride. No Fe-Q contribution 

could be accomodated in the f i t .  The isothermal bake may have 

assisted in structurally transforming Fe-Q to zeta nitride, as a more 

pure Fe2N phase has not been produced by nitriding alone. Some 

nitride decomposition no doubt occured, but the extent is undetected 

by the MBssbauer effect because of the low relative count rate. 

t 

H . °  
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Monitoring the gas phase with a mass spectrometer or a thermal 

conductivity detector would provide an accurate assessment of N 2 loss. 

MBssbauer spectroscopy is more successful in observing the bulk 

transformation in an ~-Fe2.52N sample which is treated at 523 K in 

I00 ml/min He for 4 hours. Spectral parameters for the beginning and 

final material's MBssbauer spectra (Figure 12 a and b) are presented 

in Table 4.3. The isomer shifts and hyperfine fields of the two 

magnetic species are characteristic of ~-II and E-III sites. The 

doublet is attributed to the Fe-Q species. Going from Figure 12a to 

12b, the epsilon 2nn and 3nn fields increase by 3-5 kOe. This is 

indicative of a loss in nitrogen-occupied interstices in the He treated 

specimen. The nominal stoichiometry of this treated phase is 

calculated to be Fe2.53N, which also suggests an overall N loss. As 

the peak widths have not broadened ~n the computer f i t  to the Fe2.53N 

spectrum, the distribution of in terst i t ia l  N throughout the iron 

matrix is l ike ly to be homogeneous. This implies that nitrogen removal 

in He is suff iciently slow at 523 K that N rearrangement is possible, 

and severe in terst i t ia l  nitrogen gradients are avoided. 

Figure 12c gives the MBssbauer spectrum of a single phase y'-Fe4N 

sample, which is subsequently isothermally treated with I00 ml/min He 

at 523 K for 5 hours (Figure 12d). The MBssbauer parameters describing 

the three characteristic y' sites and an Fe-Q species (see Table 3) 

deviate only sl ight ly for each spectrum. A sl ight increase in the 2nn: 

Onn area ratio occurs in the He treated sample due to a smaller y ' - I  

area contribution. This is not sufficiently significant to be 

attributed to a displacement of some two nearest nitrogen into a 



• : t ~  • 37 

Fi gure 

• . . , . .  • ; -  

I Z 

a) 
b) 
c) 
d) 
e) 

HUssbauer spectra of He Treated Nitrides. 

-.Fe2.52N . ,  

¢ -Fe2.52N treated in He at 523 K.for 4 hours 
y,.Fe4N 
y'-Fe4N treated inHe at 523 K for4 hours 
y'-Fe4N treatedInHe at 523K for l 

598 K for i.3 hours 
.3hours then a t  

, , ' . .  

, . - . "  

. •  , • "  

• . "~,, 



38 

t , t , t , ! , I , I , t , i , I , I , I , I , ! , 
• I " I ' I ' I ' I ' i " I " i " ~ " I " ! " i " i ' 

100 - 
99 - - ~ • "i" (a) 
98 - -  ° -- 
97 " 
9B- 
95-  

100 
99 (b) 
98 
97 
9B 
95 

C~ 
W 
b- 
b- 

i00 
o~ 99 (c) 
z 98 (3: 
~" 97 

96 
~" 95 7 
" '  9~ C.) 
oc 100 
"I 99 (d) 

9B 
9~ 
9~  

100  - 

9B (e) 

96 

9~ 

-6.0 0.0 ?.0 

VELOCITY IN MM/SEC 

Figure 12 



39 

I - -  

.,l.a 
Q 

I - "  , ~  

A 

° I , , - , ,  

4..a 
- i , , , , ,  

I - - "  v 

"'z" 

4 -  

- ' r -  ,.~.,.. 

E , , w .  

o 

c,~ v 

- r , - -  

o ~ 

e._ 

* r -  

CO 

CO 

O J  ,,~" O J  

~ h  ¢'~,I I 
~ , - .  I 
~',,,I ~.',.' I. 

m,.,.~ m-w ~ 
i,,,,,I l-.,,~ I 

I I 
w WL, 

C',,,.I 

,,,~" ~,--,,, I , ~  

¢ ~ r - - ,  ! 

• 

I,.0 I,~ I.,!. 

,_..g 

I I I I  

c'l 

~ t-= ¢'~'~ ~ ~" ~ ~ ~ C~.I 

m ~ o ÷ 

I I I I  

¢) 
.c'.l 
t - i  



40 

previous Onn environment. In fact, one may be mislead into 

associating a better theoredical envelope f i t  to the He annealed 

specimen with a more homogeneous nitride. The lower discrepancy 

between experimental and predicted values is due to almost twice as 

many counts in the Figure 12d baseline as in the Figure 8c spectrum. 

The final spectrum in Figure 12 clearly shows the effect of 

y ' -n i t r ide decomposition. A starting y'-Fe4N is treated with He at 

523 K for 1.5 hours and then at 598 K for an additional 1.5 hours. 

The spectrum is characterized by superposition of well defined ~-Fe 

and y'-Fe4N peaks. The y' Onn peaks are part ial ly obscured by the 

stronger Fe ° contribution, but are apparent in the spectrum: the most 

negative iron peak (-5.3 mm/s) has greater intensity than the most 

positive peak {+5.3m m/s), and the positive side of the latter peak is 

asymmetric due to the y' Onn peak at -5.75 mm/s. This overlap is 

l ikely to make the 340 kOe d i f f i cu l t  to f i t  accurately. Indeed, for 

a 39% 2nn contribution, a 13% Onn area is expected. The actual 

computed y ' - I  spectral area is 7%. This spectrum then becomes good 

i l lustrat ion of when not to substract component fields. The complexity 

of computer f i t t ing  superimposed contributions can be reduced by 

combining l~ke f~elds~ as ~sdone w~th the ZIAamd ~B sites in this 

analysis. 

The spectral area of e-Fe in Figure 12e is 52%. Ignoring the 

probable limited solubil i ty of N in the e-iron lat t ice,  the presence 

of which is indicated by the 0.39 mm/s Fe linewidths being larger than 

the 0.32 mm/s norm, and (incorrectly) assuming equal recoil-free 

fractions for Fe and Fe4N, implies the nitr ide has lost approximately 

50% of its starting nitrogen, furthermore, as the previous spectra 

indicated negligible nitr ide decomposition at 523 K in He, this 50% 

loss occured during the 1.5 hours of 598 K treatment. 



2.8 Transient Kinetics 

In our last report (10), we presented Fischer-Tropsch steady state data over each of 

the nitrides. Most significant was the initial high rate of reaction over all three of the 

nitrides as compared to a -Fe. This behavior was attributed to  the existence of a 

nitride core, which blocks the competitive carburization of the bulk: In the relatively 

open bcc lattice of a -Fe, this carburization reaction is so rapid that it inhibits the 

hydrogenation reactions. After a few minutes of synthesis over the nitrides, however, 

the activity drops; this is presumably caused by rapid nitrogen loss during this period. 

M~ssbauer spectroscopy has shown that the loss of the nitride phase is extremely rapid 

during the first few minutes of synthesis. In addition, 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. Since this nitrogen has 

been lost, this "opens the door" for carbon to diffuse into the bulk, Which causes the 

competitive carburization reaction to increase and the hydrogenation reaction to 

decrease. If the first few layers of nitride could somehow be retained, perhaps the ini- 

tial high activity could also be maintained. 

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

before the catalyst is exposed to hydrogen containing atmospheres. When this pre-" 

treated catalyst is exposed to synthesis gas, the bulk is not as readily hydrogenated 

since nitrogen must now diffuse through: the carbon layer. An experiment of this 

nature was attempted and is shown in Figure 18, in which a freshly prepared nitride 

was ~ven a one minute pre-exposure to CO at 250°C before exposure to synthesis gas. 

The s'-Fe2N nitride was prepared by flowing pure ammonia over a reduced iron catalyst 

41 
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at 325°C. The temperature was then decreased to 250°C in flowing ammonia. 

Fignre 13 displays the raw data without calibration to mole fractions or subtraction 

of contributions due to fragmentations. Pure ammonia (m/e=lT), an extremely s t rong 

mass spectrometric signal, is off scale at the top of the graph at the extreme left of the 

Figure. Upon introduction of CO {m/e=28), the ammonia signal drops and a steady 

state production of CO 2 (m/e=44) occurs. The arnn/onia signal "tails ~ since it is only 

slowly desorbed from the glass wool and tubing walls that make up the reactor system. 

No other mass signals were observed during the CO treatment. 

CO 2 production occurs according to the reaction 

2 CO~ds ~ " *  CO2 + C~d~' 

and thus lays down the same amount of carbon as CO 2 produced. Although determina- 

tion of this amount requires further analysis of this data, it is clear • that a fair amount 

of carbon is deposited in spite of a nearly monolayer coverage of a NH x species. If car- 

bon deposition blocks sites as well, it is indeed puzzling as to where the CO dispropor- 

tionation reaction occurs. It would seem that there are insufficient open sites for the 

steady state CO 2 production observed. 

a t 

Upon exposure of the CO-Treated catalyst to synthesis gas, no products, other than 

the continued desorption of NH~, are observed for the first 20 seconds. If ammonia 

were being produced from hydrogenation of surface hrf-Ix species during this period, 

open sites would be formed and the reaction would rise exponentially. The m/e 17 sig- 

nal does indeed rise exponentially, but only after this 20 second induction period. One 

could speculate that CH 4 is being produced from the preadsorbed carbon, but at Such a 

slow rate that it is below the sensitivity• of the detector. Once enough opensites are 



available for H 2 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. 

On the heels of the m/e 17 peak, CO 2 rises to a later maximum. This phenomenon 

can be explained by considering the role of CO during the NH x hydrogenation. As N2-I 3 

is removed, CO is selectively adsorbed from the gas phase. On iron, this species will 

quickly dissociate. The O~d s species can now react with the incoming CO and eventu- 

ally remove all the surface oxygen, causing the overshoot in CO 2 production. The O~d s 

species does not react with Hads, since this species is selectively producing NH3. Like- 

wise, the C~d s species is not removed as methane (m/e=lS} until sufficient ammonia has 

been removed. Note that the production of methane (m/e=lS} and water (m/e=18) is 

not significant until both ammonia and carbon dioxide have begun to decay. 

It would seem that preadsorbed carbon did indeed inhibit the hydrogenation of sur- 

face nitride, but only for a brief period. Unfortunately, the preadsorbed carbon inhi- 

bited hydrocarbon production as well, and thus rendered the catalyst essentially inac- 

tive until it was at least partially removed. Interestingly enough, however, it is seen 

that the NI-I x species did not inhibit the formation of carbon and CO 2 during the CO 

pretreatment, whereas it is clear that NH x species need to be removed for significant 

hydrocarbon production in H2/CO mixtures. 

Other curious phenomenon are also observed in Figure 13 as well. As soon as the 

gas phase mixture is changed from CO to a H2/CO mixture, the CO 2 production 

immediately drops. Since CO is still in the gas phase, and no other significant products 

are being produced, this must mean that H 2 has replaced the active species for CO 2 

production. Paradoxically, this would suggest that the surface now has ample surface 
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hydrogen to catalyze the production of ammonia and other products. Since this is not 

the case, the sites that produce CO 2 and adsorb hydrogen in CO/H2 mixtures cannot 

be active sites for methanation or ammonia product~bn. 

Obviously the proposed reaction steps and explanations offered above are complex 

and need further experimental support before they can be completely accepted. It 

must be pointed out, however, that Bennett has proposed a dual site mechanism for 

, methane production over iron ~11), and Bell has recently observed a large amount of 

seemingly, inactive hydrogen adsorbed on unsupported ruthenium during Fischer- 

Tropsch synthesis (12). All of these results support theories that the surface is 

extremely heterogeneous; namely, that adsorption and reaction need not occur on the 

same type of site. 

Further analysis of this experiment and gas chromatograph results of the products 

formed during the continued FT reaction over this "precarbided ~ catalyst wilt be forth- 

coming. If this pretreatment did indeed partially protect the bulk nitride, the activity 

would be predicted to be. enhanced, according to the competition theory explained 

above. Similar experiments performed in-the M~ssbauer should also clarify the effects 

of CO pretreatment. 

45 
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3. Future Research 

Research in the next 3 month period will emphasize the computer fitting of compli- 
cated carbonitride peaks in Mossbauer spectra. Transient mass spectral analysis of the 
decomposition in hydrogen of pre-nitrided catalysts after Fischer-Tropsch synthesis will 
give additional information on the stoichiometry of the bulk phase during reaction. We 
will also be working on modelling the denitriding process. 
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