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ABSTRACT 

We have found that the nitride catalysts lose substantial 

amounts of nitrogen during the initial minutes of Fischer-Tropsch 

synthesis. In order to further study the stability of these 

catalysts, we have concentrated on the decomposition of the 

nitride in hydrogen. 1; addition, we have prepared a range of . 
e-FexN (2 < x < 3) phases. The Nt)ssbauer parameters from these 

phases will aid in the identification and fitting of the tran- 

s i ent e phases formed during the c arbur i zat ion of <-Fe2N. 

Extremely rapid nitrogen loss has been observed from <-Fe2N 

in Ha at 523 K both in constant 'velocity Nossbauer and in tran- 

sient mass spectrometer experiments. In order to study the phase 

change from $-FeaN to a-Fe in more detail, the hydrogenation tem- 

peratur.e was decreased to.473 K and intermediate samples were 

quenched in liquid nitrogen to lock in the phase distribution for 

'subsequent ~ossbauer studg. The spectra show complete conversion 

to a-Fe at or before 21 minutes at 473 K. The intermediate sam- 

ples show evidence of an extremely sharp gradient; only a very 

small amount of V' or e phase is observed. Thus, a moving front 

model of the phase transformation appears to be appropriate. 

Mass spectroscopy of the hydrogenation of <-Fe2N at 523 K 

showed similar behavior to that of both the.V' and o phases, in 

which an active surface species and a slowly activating one were 

observed. The H was replaced by D2 in this experiment in order 
2 



ta  observe partial-l .y hy.drogenated surface  s p e c i e s  i n  the i n i t i a l  

s p i k e  o f  ammonia. f i l l  NH D <x + y = 3) s p e c i e s  w e r e  observed i n  
x Y 

t h i s  spikes indicat-i-n9 ex.%remely rapid surface H/D exchange w i t h  

gaseous  ammonia. The fr-agment.aki.on pat.tern of NH3 i n  t h e  mass 

spectrometer was a l s o  determined and w i l l  b e  used t o  c a l c u l a t e  

i n i t i a l  ,NHx s u r f a c e  c'ontribut i o n s .  
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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 b y  nitrogen will add to the fundamental 

knowledge from which future synthesis-catalysts can be derived. 

1.2 OBJECTIVES 

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

areas of concern. Firstly, consideration must be given to the 

role of the surface nitrogen in 

i. altering the product distribution and 

ii. stabilizing catalyst activity 

of the synthesis reactions. In-situ Uossbauer studies, are aid- 

ing in the identificatio~ of  the varinun iron nitride phsses and 

allow examination of their stability during reaction. Th.e 

~ossbauer results are forming a the basis for detailed kinetic 

tracer experiments involving transient and isotope labeling ana- 

lyses. Ultrahigh vacuum work using SIMS and AES will supplement 

the Mossbauer and kinetic characterizations. XRD studies will 

supplement the ~Gssbauer effect in identifying the hulk i r v n  

nitride phases. 

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 result of NH3 



pulses. Along with ultrahigh vacuum studies, the transient 

kinetics of NHg addition will help clarify dhich steady state 

experiments would be most productive. The various analytical 

methods will define interactions between surface and bulk nitro- 

gen, and their role in effecting new reaction pathways. 

The primary experiments which define our voute to under- 

.standing which parameters influence the selectivity and alter the 

activity of synthesis reactions may, therefore, be outlined as 

follows: 

i. 'Moesbauer and simultaneous kinetics of prenitrided iron 

catalysts are being used to determine nitr.ide phase . 

stability and to correlate these phases to reaction 

selectivity. 

ii. Similar analysis of the effects of addition of NH3 to 

the reactant stream will be performed. 

i i i .  Transient analysis and isotope tracer studies o f  syn- 

thesis reactions over prenitrided catalysts will deter- 

mine surface nitride stability. The stoichiometry at 

the surface and influence of nitriding on CO dissocia- 

tion 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 H2 will he investipated. 



v .  The effects o f  NH3 addition to the reactant stream will 

be similarly followed b y  UHV and transient tracer stu- 

dies to determine possible alterations in reaction 

pathways invoked by the presence of NH3. 

Computer modeling will be undertaken to aid in quantitative 

interpretation of.trensient data. 

Several investigators have used the Messbauer effect to help 

characterize the iron nitride phases. Other spectroscopic 

methods include x-ray diffraction and magnetization studies. An 

appreciation of the reported Mossbauer spactrs of iron nitrides 

aids us in interpreting our ~ 6 s s b a u e r  results t51. We rnn~irler 

here an update of our previous spectral parameter review, but 

limit the reported spectra to Y'- and E-iron nitrides. The third 

major phase, e-Fe2N, is well established to be a paramegnetic 

doublet a t  3UU K. The characterization of the remaining two 

pheses is not, however, so facile and is a contentious 5 ~ b j e c t  in 

the literature to date. 

So, although the eight line spectrum of 3'-FeqN is well 

established, the actual assignment of electronically different 

iron sites in this nitride is still under debate. Shirane et &. 

163, Gielen and Kaplow 173, and Maksimov et al. t 8 3  consider two 



superimposed six line patterns in the analysis of the V'-nitride.. 

Other researchers, however, support a thir.d site in the analysis. 

Nozik g& a. 193, Lo and coworkers 1103, Foct & a. 1113, and 
Clauser 1123 are among such investigators. The exact assignment 

oe  this third site is, however, unresolved within th,is group of 

'research.ers. . Two ex.planations exist, . either the I I A  and. IIB sits 

are electronically different, or the inequal.ity.,ari.ses from a 

ninety degree difference in the EFG-magnetization vector angle 

between atoms on adjacent sides of the cubic unit cell. Maksimov 

and coworkers 183, in fact, only report'two indentifiable iron 

sites in the Fe4N lattice but remark that the difference between 

the IIA and IIB sites may be masked b y  the estimated error in 

their reported parameters. Table I highlights the Mossbauer 

parameters reported for If'-Fe N by the aforementioned research- 4 

The wider range of nitrogen composition for the €-iron 

nitrides further complicates this characterization b y  the 

flossbauer effect. These hexagonal close packed nitrides exhibit 

an average bulk nitrogen concentration ranging from approxi.mately 

26 at Y. to 33.3 at Y.. Special quenching or preparation tech- 

niques can produce hexagonal unit cells with nominal compositions 

below the room temperature 26 at Y. limit C133. Overall inhomo- 

geneity of a-nitrides, where the nitrogen is distributed through 

the iron lattice only statistically, creates a wider variation of 

magnetic fields at the iron nucleus than is encountered in either 

V'-FeqN or a-Fe. Recent work 114-153 reports increasing peak 



, 
widths with distance from the center of the isomer shift. Thus, 

constraining oQ peak dips to 3: 2: 1 (with equal width) is no 

longer valid for randomly orientated'fe powders under such condi-' 

tions. Other interpretations of €-iron nitride spectra are given 

by DeCristoCaro and Kaplow 1163. Eichel and Pitsch C171 and Foct 

& 'a. C113; The reported bulk compositions and Massbauer 

parameters are summarized in Table XI. 

As evidenced b y  Tables I and IIb the characterization of 

even the more defined VO-Fe N stoichiometry is not trivial. Par- .. 4 

ticle size distributionsb sample inhomgeneity and synthesis con- 

ditions play a role in altering the Mbssbauer parameters. A 

given nitride may then be characterized differently despite an 

equivalent nominal stoichiometry or identical x-ray diffraction 

pattern. Care must be exercised in interpreting such parameters, 

and the sample condition and pretreatments should be clearly 

. - 
cited. 
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T a b l e t  : 

I r o n  
I d e n t i t y  

Fe-I 
Fe-I I-A 
Fe-I I  -B 

Fe-1 
Fe-I IA 
Fe-I IB 
Superpare .  

' I  

M~SSBPIUER PPIRAMETERS FOR If&-Fe4N 

Temp. Isomer Quadrupole  Hyper f ine  - R e f e r e n c e  
(HI Shift S p l i t t i n g  F i e l d ,  

( m m / s )  . ( m m / s )  ( k O e )  



T a b l e  2 

M~SSBCIUER PCIRCIMETERS FOR s-FexN 

Nitride ' Iron Temp. IS QS HFS Reference  
Identity (HI (mm/s) (mm/5) ( k O e  1 

we1 1 
below 

Tc 

E-Fe2. 67N 
Fe- I 

Fe-I I 

e-Fe3. 2N Fe-I I 
Fe- I I 



2. 2 SUMMARY OF RESULTS 

. 2.2.1. -, 6-FexN Catalysts 

The wide distribution 09 nitrogen stoichiometries in the E- 

iron nitride was discussed in the previous section. Different 

iron sites may be predicted, depending upon the statistical dis- 

tribution of nitrogen within the bulk lattice. The hyperfine 

splitting for each site will vary with localized nitrogen con- 

tent. An appreciation of the variation of spectral parameters of 

the Fe-N system, notably in the E-Fe N region, may be necessary 
X 

in order to clearly understand the spectral variations occurring 

with incorporation of carbon into the catalyst lattice. We have 

observed that during Fischer-Tropsch synthesis (at 523 H in 

3H /CO synthesis gas> the initial transient period (15 minutes> 2 

is characterized b y  a major nitrogen content depletion, rather 

than b y  carbon incorporation. The rapid loss of bulk nitrogen 

from a nitrogen rich <-Fe2N to an E-FexN, under synthesis cundi- 

tion is documented C14,183. The ability to distinguish the E- 

iron nitride over which the reaction then proceeds thus becomes 

important. 

In an attempt t e  produce an informative sequence OF €-iron 

nitrides, we performed the experiment illustrated b y  Figure 1 

Here one sees the sequential leaching of nitrogen from the zeta 

nitride. The starting phase was produced b y  nitriding a freshly 

reduced a-Fe wafer with pure ammonia (100 ml/min> at 673 K.  The 

gas phase ammonia concentration was then diluted to 91X b y  adding 





hydrogen and make up ammonia to a 150 ml/min total flow rate. 

The sample was then annealed at 673 K in 91% NH3 for approxi- 

mately 6 hours. The M8ssbauer spectrum of this new e phase is 

shown in Figure 1B. An additional six hour annealing cycle d i d  

not produce a noticeable change in this spectrum. The sample was 

then sequentially annealed in 91% NH3 for 6 hours, but at pro- 

gressively lower temperatures. Figure 1c1 D and E show the spec- 

tra from 598K1 533 HI end 523H annealing treatments respectively. 

This sequence further demonstrates that the synthesis of a higher 

nitrogen containing nitride may be accomplished b y  an increase in 

the synthesis temperature. Additionally, a similar effect is 

seen for an increase in ammonia concentration when the tempera- 

ture is kept constant. In the temperature range 450-725M4 the 

lines of equal nitriding potential are therefore represented b y  a 

decreasing ammonia mole fraction with .increasing temperature. 

This trend follows the nitriding envelopes presented b y  . E i s e n h u t t  

and Kaupp 1193 in th.eir early study of iron nitrides. 

.The spectra shown in Figure 1 span a nitrogen concentration 

ranging from 33.3 at X N to an estimated 29 at ir. N. Although 

final least squares fit spectral parameters are not yet available 

for .these spectra, certain trends'are worth mentioning. The mag- 

netic splittings of the two major 6 line patterns expected in the 

Figure 1 spectra, .HFeeII and HFe- I I I, i nc rease from 0 to approxi - 
mately 190 end 100 kOe in Figure 1E. The exact increase in the 

peak intensities of the Fe-I1 and Fe-I11 sites with decreasing N 

conten,td is difficult to determine exactly without the completion 
'-1 



oC computer fittings. The prominence of the inner two peaks is 

probably complicated b y  a paramagnetic doublet, whose quadropole 

splitting also appears- to increase with decreased nitrogen con- 

tent. These and others more exact trends should be confirmed 

after fitting and will then form the basics for the analyses of 

samples carburired previously. 

2.2.2 Intermediate Phases in Denitriding 

The transient nature of iron nitride denitriding is fast in 

hydrogen rich atmospheres at the present synthesis temperatures 

(523 K )  and greater. The mechanism of phase change and nitrogen 

migration Crom the buik to the surface is thus difficult to fol- 

low under such conditions through Mossbauer efZect measurements. 

In an attempt to slow the rate of nitrogen removal kinetics, the 

gas phase was kept as pure hydrogen while the denitriding tem- 

perature was reduced from 523 K. The experiment was partly suc- 

cessful and serves as an upper bound estimate as to the behavior 

of the bulk nitride exposed to hydrogen rich atmospheres. 

Figure 2 shows the room temperature Mossbauer spectra of a 

<-Fe2N sample denitrided in hydrogen at 473 K for 2.5, 5.0, 10.0 

and 21.0 minutes. After the specified exposure to Hz, each sam- 

ple was liquid nitrogen quenched to prevent further loss of 

nitrogen. Hydrogen was flowed during the quench. After the room 

temperature spectrum had been acquired, the sample was then 

nitrided for approximately 6 hours in flowing NH3 at 673 K to 



1001 1 

1 
--w4 Y 4 

0 0 
91 475 

A 
4 4 2.5' m i n  

5 m i n  

roo,' i 

1 "*a 9 0 0 @-.4g4%8&- Ct 4 f l  
0 4 Q 0 

%O b 
0 Q & 8 

Q 0 D 

.96r75 - 

93 r 95 

0 
Q 

4 2 1  m i n  

** d, 0 s 4 9  

* * 1'0 m i n  
4 

.4 
I I I I I 1 I ' 1 
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reestablish the homogeneous <-Fe2N. The sample was then cooled 

in flowing ammonia to 473 K before switching to hydrogen. Total 

denitriding to a-Fe is seen to occur in 21 minutes or less and 

corresponds well to constant velocity measurements of <-Fe2N loss 

The two intermediate spectra, 2B and C. accentuate the deni- 

triding phenomenon. The former shows a slight change of the ini- 

tial g-Fe2N phase to an intermediate nitride with very broad 

peaks. An additional five minutes of hydrogen then produces sub- 

stantial amounts of a-Fe. The broad center peak <doublet> shows 

that the nitrogen rich e/<-Fe2N phase is presumably covered by a 

F ~ O  domain. Quantities of an intermediate nitride are clearly 

visible in 2C. The small amount of this inter~sdiate < V ' / e >  

phase further shows the rapid nature of this transition from 

(-FeaN to a-Fe, and also serves, as an indication of the steep N 

concentration gradient between the two major phases 

The inhibition of this rapid denitriding must be accom- 
> 

plished if the catalyst is to retain its nitride structure and 

associated kinetics. Conditions and treatments for stabilizing 

the nitrides will be considered and emphasized in future work. 

2. 2. 3 Transient Kinetics b y  Mass Spectrometry 

Transient denitriding behavior of g-Fe2N in H2 has been 

further investigated b y  mass spectrometry. Results of the deni- 



triding behavior of If'-Fe N and e-Fe2.?N have been reported in 
4 

previous progress reports (20D21). In additionD extremely rapid 

decomposition of <-Fe2N has been observed in our previous 

Plossbauer studies. 

From the hydrogenation <decomposition> of V'-Fe4N, E-FexN 

(21) and in the present case <-Fe2N, it is apparent that there 

are two distinct nitrogen species associated with the virgin 

nitride. An active and presumably partially hydrogenated surface . . 

species reacts to form a first small spike of NH3j and then a 

second slow activating species builds to maximum NH3 production. 

The active, partially hydrogenated NHx species could appear due 

to a rate limiting step during the nitriding processi obviouslyD 

ammonia must adsorb and decompose through this species to become 

the nitride. Drechsler and coworkers (22) and 6runze et'al. 

(23) have in fact found evidence for an NH species in the decom- 

position of NH3 on iron single crystal surfaces. 

IF this active species is indeed partierlly kydroyr~rated~ 

decomposition of the e-Fe N nitride in D2 should yield NH D <x+y 2 x Y 

= 3) ammonia in the short spike. Figure 3 shows the result of 

switching to a pulse of D2 from the argon, followed by a step to 

H2. 
As can be seen in the D .pulse, partially hydrogenated NH D 

2 x Y 

species are observed indicating the presence of NHx <x # O >  

species on the surface prior to the step to D2. Also, from the 

variety of NH D < x  + y = 3) species ranging from NH3 to ND3, it 
x Y 

is evidont that H/D exehangc was oceur~ing in Che ammenis as it 

traveled across the catalyst bed. 



STEP FROM AR TO 02 THEN H2 OVER F E 2 N  

. Figure 3: ben i tr id ing  of <-Fe2N i n  a pu l se  uY U folleued by 
Ha at  5 2 3 K .  The messes shown are  t h e  deuteretea i so topes  o f  
ammonia with cont ri  but ions  due t o  t h e  fragment ions  shown i n  
t h e  l e g e n d .  



T'he different masses shown in Figure 3 have contributions 

due both to the parent molecule and to fragments formed in the 

mass spectrometer. In order to subtract out the f~agment contri- 

butions, a fragmentation table (Table 111) was developed from 

calibration NH3 data. The calibration w a s  made immediately after 

the D experiment. Computer programs designed to deconvolute the 2 

data.of figure 3 from the fragmentations of Table 1 1 1  are 

currently being debugged. The final result will be data in which 

the to-tal amount of N and H can be estimated in the short spike 

in order to determine the degree of hydrogenation (the value of 

X> in the NHx species. 



Table 3. 

Fractions of Parent flolecule Contributions to   as see Due to Fragmentations. 



3. FUTURE' RESEARCH 

Research during the forthcoming three month period will be 

twofold; a continuation of search for stable reaction condi- 

tions, and a continuation, if not completion, of computer. fit- 

tings of the  h&ssbauer parameters. This latter direction will be 

directly aided by the analysis of-recent €-nitride phase spectra. 

The'former direction, conditions for increased nitride stability, 

will continue to develop the study of lower hydrogen ratio syn- 

thesis conditions. In addition, we will consider the inclusion 

of gas phase ammonia during the synthesis reaction. This poten- 

tial ~tabilizing treatment, however, may require significant NH3 

concentrations and could alter the distribution of hydrocarbon 

products. 
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