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i i  

~ .  sc 1 a imer  

T h i s  r e p o r t  was p r e p a r e d  as an a c c o u n t  oF work sponsored  by 

t h e  U n i t e d  S t a t e s  ~overnment .  N e i t h e r  t h e  U n i t e d  S t a t e s  n o r  any 

agency t h e r e o f ,  n o r  any o f  t h e i r  emp loyees ,  makes any w a r r a n t y ,  

e ] p r e s s  o r  i m p l i e d ,  o r  assumes any l e g a I  l i a b i l i t ~  o r  r e s p o n s i -  

b i l i t y  For  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  o r  u s e f u l n e s s  o f  an9 

i n f o r m a t i o n ,  a p p a r a t u s ,  p r o d u c t ,  o r  p r o c e s s  d e s c r i p t i o n  d i s -  

c l o s e d ,  o r  r e p r e s e n t s  t h a t  i t s  use wou ld  n o t  i n f r i n g e  p r i v a t e l ~  

o~ned r i g h t s .  R e f e r e n c e  h e r e i n  t o  any s p e c i f i c  commerc ia l  p r o -  

d u c t ,  p r o c e s s  o r  s e r v i c e  bu t r a d e  name, mark, m a n u f a c t u r e r ,  o r  

o t h e r w i s e ,  does n o t  n e c e s s a r i l y  c o n s t i t u t e  o r  imp l~  i t s  e n d o r s e -  

ment,  r e c o m m e n d a t i o n ,  o r  F a v o r i n g  bu t h e  U n i t e d  5 t a r e s  Government  

o r  any agen t9  t h e r e o f .  The v i e w s  and o p i n i o n s  o f  a u t h o r s  

e x p r e s s e d ' h e r e i n  do n o t  n e c e s s a r i l y  s t a t e  o r  r e f l e c t  t h o s e  o f  t h e  

U n i t e d  S t a t e s  Covernme~t  o f  any agenc~ t h e r e o f .  
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A~STRACT 

W~ hav~ Foun~ that the n i t r i t e  ~atal~sts lose substantial 

~o~nts oF nitrogen ~u~in~ the initial minutes oF Fiscfler-Tropsch 

s~ntb~sis. In o~er to ~urther stu~ ~he stabilit~ oe these 

ca~al~sts, we have concentrate~ on the decomposition oF t h e  

n i t r i d~  in h~ro~en. In a~ i t ion~  ~ have prepared a range oF 

~-Fe N (~ < x { 3) phases. The M~ssbauer param~ter~om these 

phases ~ i l l  aid in the i den t i f i ca t i on  an¢ F i t t ing  o~ t~e t ran-  

.sieur e phases ~ormed du~ing the carburizat ion o? ~-Fe~N. 

Extremelg rapid nitrogen lo$s has been Observed ?tom ~-Fe~N 

in H 2 at 5~3 K both in constant ve loc i tg M~ssbauer and in t ran ,  

sien~ mass spec~omete~ e~perimen~s. In order to studg the phase  

chang~ ~om ~-Fe~N to ~-Fe in mo~e detail~ the hydrogenation tem- 

perature was de~reased to 473 ~ and intermediate samples ~ere 

~uenche~ in ii~uid nitrogen to loc~ in the phase distribution eo~ 

subse~uen~ M~ssbauer s t ~ .  The spectra sho~ complete conversion 

to =-Fe at o~ before ~! minutes at 423 K. The intermediate sam- 

ples sho~ evidence o~ an e~t~emel~ sharp ~radient~..on!~ a ve~g 

s~a!l a~ount o? ~" ow~ phase i~observed. Thus, a moving ?font 

model o~ t h ~  phase  transformation appears t o  be appropriate. 

Nass ~eatroscopg oF the hgdroge~atio~ o~ ~-Fe2N at 523 K " 

s h o ~ e d  s i m i l a ~  b e h a v i o r  t o  t h a t  oF  b o t h  t h e  ~ "  a n d  ~ p h a s e s ,  i n  

~ h i c h  an active surface species and a s!ow!~ act ivat in~ one were 

observed. The H~ was ~ep!aced bg ~ in th i s  e×periment in order 



to observe pa~-tially hyd~ogenat.ed surface species in the i n i t i a l  

spike of  ammonia. A11 .NH×Dg (× + g-= 3) specie~ were observed in 

th is  spike, ind icat ing ~xtremely rapid surface H/D exchange with 

gaseous ammonia. The fragmentation pattern of  NH 3 in the mass 

spectrometer was also determined and w i l l  be used to calculate 

i n i t i a l  NH .surface contr ibut ions.  
X 
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O~d~CTiV~S A ~  SCOP~ 

Th~ ~ a s i b i l i t ~  oF u t i l i z i n g  sgnth~sis gas (CO + H~> via the 

F i s c b ~ r - T ~ o p s c h  r m a c t i o n  pa~h~mg For the  p ~ O d u c t i o n  oF Fuels  and 

ch~ica!s  is u~l l  estab!ishmd. The SASOL venturms~ Fo~ e~mmple° 

tm~e ~dvantagm o~ abundant  coml•~ms~urces to  produce both d e s i r  ~ 

ab le  sgnthmt~c a u t o m o t i v e  Fue ls  and bas i c  chemica l  Feedstocks.  

The a p p ! i c a b i ! i t ~  oF ~b~sm c h e m i c a l  t rmns~o r~mt i ons  i s  n o n , t h e -  

l e s s  l i m i t e d .  Thm prmssnt  p rocedur~  rmqui~eS e ~ t e n s i v e  proCesS- .. - . .  

i n g  i ~  thm p r o d u c t i o n  oF n ~ n - m s s e n t i a !  b~p roduc ts  i s  to be 

avoided. Th~ discoverg and s•u~se~uent Usage o~ i~proved 

catalysts ~ u l d  tbmre~or~ b~ mdvmntmge~vs. 

E ~ p ~ i ~ n t a l  rmsu l~s  p u b ! ~ h m d  i n  the  c u r r e n t  l i f e . a t o m s  

sho~ t ~ a t  n i ~ ' v g e n  a~Fec~s ~he ~ e r P o ~ a n c e  oF i~on c a t a l ~ s ~ s -  

c a t a l y s t s  ~h i ch  Find ~idesp.remd use i n  the  F i s c h e r - T r o p s c h  S ~ n -  

t~ms is  ~outm. P r e n i t r i d i n g  oF the Fused pro~v ted  i r o n  and p~e-  

c i p i t a t s d  i r o n  ca~a lgs~  i s  sa id  go s h i f t  the  p r o d u c t  d i s t r i b u t i o n  

• o one e~hibiting ! o ~ r  ~ e c u l a r  u~ight ~ra~tions and enhanced 

alcohol ~imlds (Io2}. Iron hi#rides with high initial acti~it~ 

and s ign i f icant  s tab i l i t ~  over #eels oF e~peri~ntat ion ate als~ 

r ~ p ~ e d  ( 1 ~ ) .  On ~he othmr hmnd0 simultaneous introduction o~ 

ammonia (NH 3) ~i th ~gnthe~i~ 9a~ p~oduce~ ni~rogeneou~ compOund~. 

Furth~r~m0 an~ probmblg o~ grma~e~ i~portance0 ~his addition oF 

a ~ n i m  e ~ c t s  a ?eduction in ~he ovmral! chainiength o~ co~- 

pounds i n  th~ p r o d u c t  spmctru~ ( 3 , 4 ) .  !~ i s  o~ c o n s i d e r a b l e  
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in te res t ,  therefore, to study these and other charac ter is t ics  of 

n i t r i d e d  iron cata lys ts  in orde~ to gain a basic understanding of 

t h e i r  b e h a v i o r .  D i s c o v e r y  oF the  neu p a t h u a y s  i n  F i s c h e ~ - T ~ o p s c h  

synthesis afforded by ni trogen u i l l  add to the Fundamental 

knouledge From uhich Future synthesis-cata lysts can be derived. 

1.2 OBJECTIVES 

The scope o f  t he  p rog ram may be b~oken down i n t o  t u o  main 

areas of concern. F i r s t l y ,  consideration must be given to the 

ro le  of the surface nitrogen in 

i. a l t e r i ng  t h e  p r o d u c t  d i s t r i b u t i o n  and 

i i .  s t a b i l i z i n g  cata lys t  a c t i v i t y  

o f  t h e  s y n t h e s i s  r e a c t i o n s .  I n - s i t u  Mossbauer  s t u d i e s ,  a re  a i d -  

i ng  i n  t h e  i d e n t i f i c a t i o n  o f  t h e  v a r i o u s  i r o n  n i t r i d e  phases and 

a l l o w  e x a m i n a t i o n  o f  t h e i r  s t a b i l i t y  d u r i n g  r e a c t i o n .  The 

M~ssbauer  r e s u l t s  a r e  Forming a the  b a s i s  For  d e t a i l e d  k i n e t i c  

t r a c e r  e x p e r i m e n t s  i n v o l v i n g  t r a n s i e n t  and i s o t o p e  l a b e l i n g  a n a -  

l y s e s .  U l t r a h i g h  vacuum work u s i n g  SIMS and AES u i l l  supp lemen t  

the Mossbauer and k inet ic  character izat ions. XRD studies ui11 

supplement the M~ssbauer e f fec t  in i den t i f y i ng  the b u l k  i ron 

n i t r i d e  phases.  

The second a r e a  o f  c o n s i d e r a t i o n  u i l l  i n v o l v e  t h e  k i n e t i c  

and c a t a l y t i c  e f f e c t s  observed  d u r i n g  t h e  a d d i t i o n  o f  ammonia t o  

t h e  s y n t h e s i s  gas s t ream.  T r a n s i e n t  work  w i l l  be i d e a l  For  

o b s e r v i n g  i n i t i a l  a c t i v i t g  changes  o c c u r r i n g  as a ~ e s u l t  o f  NH 3 
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pulse~. ~long ~itb ~Itrabi~h vacu~ studies0 the t~ansient 

k i ~ t i c ~  o~ NH 3 addit io~ ~ i l l  h~i~ clawing =hich ~teadg ~tate 

e~pe~i~en~ ~ovld be most productive. The various anal~tical 

m~tbo~s ~ i ! l  define ~nteractions between s u b , a c e  and bul~ n i t r o -  

gen, ~nd tg~i~ ~m!e in eF~ecting ne~ ~eaction path~ags. 

The ~ i m a ~  e:perimen~ ~bich ~e~ine our ~oute to unde~- 

$tand~ng ~hic~ parameters influence the se lec t iv i tg  and a l te r  the 

aCtivi t~ oF s~ntb~is ~ea~tion~ mag, t ~ e r e ~ o ~ e ~  be  outl ined as 

i. 

Z • ' ' 

M ~ s b a u e ~  an~ simultaneous kinet ics oF p~enit~ide•~ i~on 

cata1~sts a~e being used-to ~ete~mine nitr.i~e phase 

stabil it•~ and to co~relate tbese p h a s e s  to reaction 

se!e~tivi tg. 

i i .  S i~ i la~ analg~is o~ t h~ e ~ e c t s  o~ addit ion o~ NH 3 to 

the reactant stream ~ i ! !  be pe~Forme~ .  

i i i .  T~ansient analysis and isotope t~acer studies oF sgn- 

thesis ~eact•ions over p~en•it~ided cata!gsts ~i i l .dete~--  

mine eu~Face ni t~ide s~ab i l i tg .  The stoichiome~rgat 

the sv~eace-and influence oF-hi,riding on CO dissocia- 

t ion ~ i l I  be  soug-ht .  

.iv. U!t~ahigh vacuum anal~sis ~11 examine • surface 

stoichi'Dmet~ an~ reaction ~ntermediates. In teract ion. :  

between the n i t r ide~ phases and adso~pt.i.on •bond 

~-tr~g~hs o£ CO a~d H~ w i l l  b e  i~vestigated. 



V.  The eFFects oF NH 3 add i t i on  to  the reactant stream w i l l  

be s i m i l a r l y  Followed bg UHV and t r ans ien t  t racer  s tu -  

dies to determine possib le a l t e r a t i o n s  in react ion  

pathwags invoked bg the presence oF NH 3. 

Compute~ modeling w i l l  be undertaken to aid in quan t i t a t i ve  

i n t e r p r e t a t i o n  o~ t rans ien t  data. 

. 

2 . 1  

TECHNICAL PROGRESS 

M~SSBAUER PARAMETER REVIEW 

Several i nves t iga to rs  have used the Mbssbauer eFFect t o  help 

character ize the i ron n i t r i d e  phases. Other spectroscopic 

methods include x-rag d iFFract ion and magnetization studies. An 

apprec ia t ion oF the reported MOssbauer spectra oF i ron n i t r i d e s  

aids us in i n t e r p r e t i n g  our M~ssbauer r e s u l t s  [5] .  We consider 

here an update oF our previous spectra l  paramete~ review, but 

l i m i t  the reported spectra to  ~s_ and s - i r on  n i t r i d e s .  The t h i r d  

major phase, ~-Fe2N, i s  wel l  es tab l ished to  be a paramegnetic 

doublet at 300 K. The cha rac te r i za t i on  oF the remaining two 

phases is  not, however, so Faci le  and is  a content ious subject in 

the l i t e r a t u r e  to date. 

So~ a l t hough  the  e i g h t  l i n e  spectrum oF ~S-Fe4N i s  we l l  

e s t a b l i s h e d ,  the ac tua l  ass ignment  o f  e l e c t r o n i c a l l y  d i f f e r e n t  

i ron s i t es  in t h i s  n i t r i d e  is  s t i l l  under debate. Shirane et al. 

[6 ] ,  @ielen and Kaplow [7 ] ,  and Maksimov et al. [8 ]  consider two 
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superimposed Six line-paSSe,n= i ~ t h e  analg=i= o~ the~' -n. i t~ ide.  

D t b ~  ~es~a~che?s0 ho~ve~,  s u ~ p o ~ . a  t h i r d . s i t e  in  ~he ana lgs is .  

Clause~ [l~3a?~ a~on~ such investigators. The eXaCt assignment. 

~ t h i s  t h i c k s i t e  is0 ho~eve~, un~e~olve~ ~ i . th in  th i s .g~ou~ o~. 

~esea~ch~s. T~o e.xpla~ations e~ist, either, the IIA an~ lIB s i ts  

a ~  e lec~onical l~ ~i~e~en~0 o~ the ineRua!i~B a~ises ~ o ~ a  . .  

nine[9 ~e~ee ~i~e~ence in the EFg-~etizati~U vecto~ an~le ~ 

between a t ~ s  on a~jacent si~eSoe the cubic u n i t  cell. :Ha~simov 

an~ co~o?hm~ [83, in ~act~ onl~ ?ep'o~t"t~ in~ent~imblei~6n 

site= i~ th~ Fe4N : latt ice :but ~e~a~k that the di~ere~celb~t~een 

the IIA an~ !I~ sites ~a~ b e  ~asked b~ the estimated e~o~ .in 

tbei~ ~ e ~ o ~  parameters. Table I. hi~bli~hts the.M~ss~auew 

pa~a~ete?s ~epo~ted ~o~ ~*-Fe4N bg the aeo~e~e~t~one~ ?e~ea?ch- 
; ' t " ' " }  

The =ide~ ~ange o~ ~it~ogen c o ~ i ~ i o n  ~o~ the e-i~o~ 

n i t r i t e s  eu?lhe~ co~p!icates ~ b i s  characterization :bg ~.he 

M~ssba~ ee~ct~ T~ese hexagonal C!OSe.pa~kednit~ides e~:hlibll 

an ave~ag'e bul~ nitrogen concentration ~angin~ ~ro~ a pp~oxieagelg 

2~ a% ~ ~o ~3.3 at %. Special ~uencb~n~ ~ p~pa~ation t~ch- 

~iques can.p~oduce hexagonal u n i t  cel ls  Wit~ .nominal co~positions 

belo~ th~ ~oom temperature 2~ a~ % l i ~ i t  [133. Overall inhomo- 

g e ~ e i t y  o ~  e-ni t , ides,  where the nitrogen i~ distr ibuted through 

%~e i~on l a t t i ce  on!~ statis%ica!IB, .c~eates a ~ide~ variat ion o~ 

magnetic ~iel~s at the i~on nucleus then is encountered i.n e i t b ~  

~'-Fe4N o~ ~-Fe. Recent work [14-15] reports increa~in~ peak 



w i d t h s  w i t h  d i s t a n c e  From the  cente~ o f  the  isomer s h i f t .  Thus, 

c o n s t r a i n i n g  o f  peak d i p s  to  3 : 2 : 1  ( w i t h  equal  w i d t h )  i s  no 

l o n g e r  v a l i d  For randomly  o r i e n t a t e d  Fe powders under such c o n d i -  

t i o n s .  Other interpretat ion~ of e- iron n i t r i de  spectra are given 

by DeCristofa~o and Kaplow Cla]. Eichel and Pitsch [17] and Foot 

et al. [11]. The ~epo~ted bulk compositions and M~ssbaue~ 

parameters are summarized in Table I I .  

As ev idenced by Tab les  I and I I ,  t he  c h a r a c t e r i z a t i o n  oF 

even t h e  more d e f i n e d  ~S,Fe4N s t o i c h i o m e t r y  i s  no t  t r i v i a l .  P a r -  

t i t l e  s i z e  d i s t r i b u t i o n s ,  sample i nhomgene i t y  and s y n t h e s i s  con-  

d i t i o n s  p l ay  • r o l e  i n  a l t e r i n g  the  M~ssbauer parameters .  A 

g i v e n  n i t ~ i d e  may then be c h a r a c t e r i z e d  d i F # e r e n t l y  d e s p i t e  an 

e q u i v a l e n t  nomina l  s t o i c h i o m e t r y  or  i d e n t i c a l  x - r a y  d i F # ~ a c t i o n  

p a t t e r n .  Care must be e x e r c i s e d  in  i n t e r p r e t i n g  such parameters ,  

and the  sample c o n d i t i o n  and p r e t r e a t m e n t s  should be c l e a r l y  

c i t e d .  



] ~ n  . 

Iden~i~g 

Fe-! 
Fe- I i -A  
F e - i I - ~  

F e - I  
F e - I i  

F e - I  
Fe- I i  

F e - X  
F e - I I A  
Fe-I iB 

F e - i  
Fe- i I  

Fe-X 
Fe-Xi~ 
Fe-I IB 
Superpar~. 

F e - I  
F e - i i  
F e - I i  

Tab le1  

I~:~S]BAUER PARAHI~TE~ FOR"~"-Fe4N 

Temp. I s o ~  Q u a d ~ u p e l e  ~ 
( K )  S h i ~ t  S p l i ~ t i n 9  

( m ~ / s )  (mm/s )  

300 +0~24 
300 +0. 52 
300 -0.15 

H~pe~Fine ReDe~enc:e 
Fie!d 
( kOe)  . 

o .  o 3 4 o .  a • 
- 0 . 2 2  215.~ 9 
+0.43 219.2 9 

300 
300 

• 340+_5 B 
216±5 B 

300 +0.30+~ 08 
300 +0.45+~ 06 

300 , +0. 24 
300 +0.30 
300 +0.30 

300 +0 .0 !±0 .05  
300 +0.11±0.1 

300 +0.25+~ 01 
300 +0.30+~ 01 
300 +0.30+~ 01 
300 " +0.29±.01 

77 +0.36±.02 
77 +0.40+~ 02 
77 , +0.41±.02 

0.0 
-0. 22 
+0. 43 

0.0 
+0. 2+_0.4 • 

0.0 
-0. 12+_. 02 
+0. 12+. 02 

0.0 

0. 02+_. 02 
-0. 25+_. 02 

0. 12+._. 02 

3 4 5 ± 1 0 .  
• 

340 

339+_4 
20~+_7 

339±I 
217~I 
217±I 

0 

370+.._~ 
234+.. 2 

• . 235+_~ 

6 

12 
12 
12 

7 
7 

1o 
10 
10 
10 

II 
II 
11 

7 . "  
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Table 2 

M~SS3AUER PARAMETERS FOR e-Fe N 
X 

Nit~ ide 

= - F e  N 
X 

~-Fe2.67N 

G-Fe2,47 N 

e - F e 3 . 2  N 

m-Fe4.4 N 

m-Fe2,5 N 

e-Fe2,66 N 

I~on Temp. IS 
I den t i t u  (K) (mm/s) 

1 ~  
2 n n  
3 n n  

F e - I  
F e - I I  
F e - I I I  

F e - I  
F e - I I  

F e - I I I A  
F e - I I I B  

Fe- I I  
F e - I I l  
Fe - I I  

F e - I I I A  
F e - I I I B  

Fe- I I  
Fe - I I  

Fe-1 
F e - I I I  

F e - I I  
F e - I I i  

F e - I I  
F e - I I I  

Fe-G 

mell 
belom 
T 

C 

300 
300 
300 

4.2 
4.2 
4.2 
4.2 

3 0 0  
3 0 0  

4 . 2  
4 . 2  
4 . 2  

295 
295 

?? 
77 

77 
77  

300 
300 
300 

. ° .  

o ° =  

+0.26 
+0.34 
+0.40 
+0. 40 
+0.48 
+0. 54 
+0. 52 

+0.35 
+0.41 
+0. 47 
+0. 57 
+0.60 

+0.24 
+0.33 

+0.29±.03 
+0.34±.01 

+0.45±.05 
+0.45±.06 

+0.34 
+0.41 
+0.40 

QS 
(mm/s) 

e 6 Q 

a D O 

0 8 I 

I Q g 

@ @ 0 

. ° 

O. 0+. 03 
O. 02:'+_. 01 

-0.03+__. 05 
O. O0 

0 .0  
0 .0  

• • • 

HFS 
(kOe)  

298 
238 
130 

273 
205 
99. 

330 
258 
140 
64 

186 
84 

259 
142 
66 

298 
238 

298+_~ 
222±1 

243+_3 
85+_5 

220 
112 

0 

5 

Re~e~ence 

16 
16 
16 

- 14 
14 
14 
14 
14 
14 
14 

14 
14 
14 
14 
14 

17 
17 

11 
11 

"1 1 
11 

15 
15 
15 
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~. 2 SUH~ARY OF R~suLTs 

~.~.1. e-F~ N Cata!gst~ 

The wide d i s t r i bu t i on  o? nitrogen stoi.chiomet~ies in the ~- 

iron nitride ~asdiscussed in the previous section. DiFFerent 

• iron sites may be p~edicted0 depending upon the statlstical dis- 

t r i~u t ion  oF nitrogen ~ i th in  the bu!k la t t i ce .  The hgperFine 

sp l i t t i n~  For each s i te  ~ i ! !  vary with localized nitrogen con- 

ten~. ~n appreciation o~ the var iat ion oF spectral pa~ammters oF 

the Fe-N s~'te~, ~otab!y i~ the e-F~xN, re~io~, may b-e ~ces~a~g 

in o r d e r  to  c ! e a ~ l y  understand the spec~ ra l  variat ions occurring 

~i th incorporation oF carbon into the cata!gst l a~ ice .  We have 

observed t h a t  du~in9 F i s c h e ~ - T r o p s c h s g n t h e s i s  (at 523 K i n  

3H2/C0 sg=th~sis ~a~) the i~ i¢ ia l  t ransient p~ iod  (15minutes) 

i s  c .harac~e~ized by a major  nitrogen content depletion, r a t h e r  

than bg carbon incorporation. The rapid l o ss  oF bulk nitrogen 

~o~ a ~it~o~e~ ~i:ch ~-F~N to .a~ eTF~ N~ under. ~ t h ~ i s  co~di- 

t io~ is d~cum~ted [14,18]. Thm a b i l i t g  to dist inguish th~ e- 

iron nit~id÷ over ~hich the reaction then proceeds thus becomes 

i~por~ant. 

In  a~ attempt t o  p~duc~ an informative ~e~udnce oP e - i r o n  

nitrides~ ~ performed the experim~nt i l l us t ra ted  bg Figure 1. 

Here on~ sm~s the se~uen~ia! leaching oF nitrogen From the zeta 

n i t r i d e .  Th~ s tm~ t i ng  phase ~ms produce~ by n i t r i d i n g  m Fresh lg  

~duced ~-Fs ~a#ew ~i th  pure ammonia (I00 ml/~in) at 6?3 K. The 

gas phasma~n ia  c~ncentrmtion ~aS then di luted ~o 91% bg adding 
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Figure 1" M~ssbauer spectra (298 K) o~ ~- i ron n i t r i d e s  
A) S ta r t i ng  ~I~-Fe_N then consecutivelg annealed in 
91Z NH 3 ~or 6 hours at respect ive temperature~ (B-E) 
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h ~ o g ~ n  an~ ~ e  up a~m~n~a %o a I50 mll~in ~otal f io~ ~ate. 

The sam91÷ mas then annealed at 673 K in ~X NH s ~o~ app~o×i- 

ma%el~ ~ hours. The MSssbaue~ spectrum o~ this ne~ spHase is 

sho~w in Figu~= IB. An a ~ i t i o n e l  six ~ u ~  annea!~n~ c~cle ~i~ 

not p~o~ce a n=ticeab!e chan~e in t h i s  spe=t~Um. The sample ~as 

t h ~  s ~ u ~ t i a ! l ~  ann~a!ed i~ 91~ NH 3 ~o~ 6 hours, but at pro- 

g~essiv~!~ l o ~  temperatures. Figure 1C, D an~ E shou %he spec- 

t~a f~om 5=/~.A~ 553 K~ en~ 5~3~ ann~alin~ t~eatm~n%s ~espectivel~. 

This s e ~ n c ~  fu~%be~ ~em~nSt~ates that the s~nthesis o~ a hi~he~ 

nitrogen containing n i t r i t e  mag be accom~! i sbe~  b~ an inc~eas÷ in 

tb~ sgn%~sis t~m~atu~. ~ d i t i o n a l l ~ ,  a simila~ effect i s  

se÷n fo~ an increase in a ~ n i a  concentration ~hen the t÷~per  a -  

t~ is ~ept constant. In the temperature mange 450-72D~ the 

l ines o f  e ~ a l  ni t~i~ing p~tential ave therefore ~ep~esente~ bB a 

~ c r ÷ a s i ~ g  ammonia m~le f~actimn ~ith inc~ea.s in~ temperature. 

T h i s  t~en~ f~ l lo~s t h e  n ~ i ~ i n g  enve!opes p~eSente~ bg ~Eisenhu%t 

an~ Kau~ [19~ in %hei~ ea~l~ s tu~  o~ i ~ n  n~t~i~es. 

~ s ~  s~o~n in  F i g ~  I span a ni%~ogen c ~ n c e n ~ a ~ i ~ n  

• a n g i ~  f~o~ 33.r3 a t  % N t~  an es%ima~ed 2~ a% % N. A!~bo~g~ 

f i na l  least squares f i t  spect~al pa~a~et'e~ a~e not yet available 

fo~ ~b~se s p e c t r a ,  certain %~en~s.-a~e ~o~t~ m~ntioning. T~e mag- 

n e t i c  s ~ i i % ~ n g s  o~ %be %~ ~ajo~ & l ine patte~n~ expecte~ in the 

Figu~ i sp~:t~a~'HFe_l I and HFe_IiI~ i~eas~ ~rom 0 t•o approxi- 

mate19 I~0 a~d ~00 ~g~ i n  F~g~•e 1E. The e~ac% ~nc~ea~e in the 

pea~ in tens i t ies  of the Fe- i l  and F e - i l i  s~%es ~ith decreasing N 

content ~is ~if f icul% %~ ~ete~mine e~actl~ ~itb~u% the completion 



14 

oF computer F i t t ings .  The prominence oF the inner two peaks is 

probab ly  comp l i ca ted  by a paramagnet ic  doub le t ,  whose quadropo le  

s p l i t t i n g  a l s o  appears to  i n c r e a s e  w i t h  decreased n i t r o g e n  con-  

t e n t .  These and o t h e r s  more exac t  t r e n d s  should be conf i rmed 

a f t e r  F i t t i n g  and w i l l  then Form the basics For the analyses oF 

samples c a r b u r i z e d  p r e v i o u s l y .  

2 . 2 . 2  Intermediate Phases in Oeni t r id ing 

The t rans ient  nature oF iron n i t r i d e  den i t r id ing  is Fast in 

hydrogen r ich  atmospheres at the present synthesis temperatures 

(523 K) and g r e a t e r .  The mechanism oF phase change and n i t r o g e n  

migration From the bulk to the surface is thus d iFF icu l t  to Fol- 

low under such condit ions through M~ssbauer eFFect measurements. 

In an attempt to slow the ra te  oF ni t rogen removal k inet ics,  the 

gas phase was kept as pure hydrogen while the den i t r id ing  tem- 

perature was reduced From 523 K. The exper imen t  was p a r t l y  suc-  

c e s s f u l  and serves as an upper bound estimate as to the behavior 

oF the  bu lk  n i t ~ i d e  exposed to  hydrogen r i c h  atmospheres. 

F i g u r e  2 shows the  room tempera tu re  Hossbaue? spec t ra  oF a 

~-Fe2N sample denit~ided in hgdrogen at 473 K ~or 2.5~ 5.0~ 10.0 

and 21.0 minutes. A~ter the speci#ied exposure to  H 2, each sam- 

ple was l i qu id  ni t rogen quenched to p~event Further loss oF 

nitrogen. Hydrogen was Flowed during the quench. AFter the room 

t empera tu re  spect rum had been acqu i r ed ,  the  sample was then 

ni t~ ided ~o~ app~oximatelg 6 hours in #lowing NH 3 at 6~3 K to 
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reestab l ish the homogeneous ~-Fe2N. The sample was then cooled 

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

den i t r i d i ng  to  ~-Fe is  seen to occur in al minutes or less and 

corresponds wel l  to constant ve loc i t y  measurements o# ~-Fe2N loss 

in H a at 473 K. 

The two intermediate spectra, aB and C, accentuate the deni- 

t r i d i n g  phenomenon. The Former shows a s l i gh t  change oF the i n i -  

t i a l  ~-Fe2N phase to an intermediate n i t r i d e  wi th verg broad 

peaks. An a d d i t i o n a l  F ive minu tes  oF hydrogen then produces sub-  

s t a n t i a l  amounts of  ~-Fe. The broad center peak (doublet) shows 

that  the ni t rogen r i c h  s/~-FeaN phase is presumablg covered bg a 

Fe ° domain. Quant i t ies oF an intermediate n i t r i d e  are c lear lg  

v i s i b l e  in L~C. The small amount o# t h i s  intermediate ( ~ / a )  

phase F u r t h e r  shows the  r a p i d  n a t u r e  oF t h i s  t r a n s i t i o n  From 

~-FeaN to a-Fe, and also serves as an ind ica t ion  o~ the steep N 

concentration gradient between the two major phases. 

The i n h i b i t i o n  oF th i s  rapid den i t r id ing  must be accom- 

plished iF the ca ta lys t  is  to re ta in  i t s  n i t r i d e  st ructure and 

associated k inet ics.  Conditions and ~reatments For s t a b i l i z i n g  

the n i t r i d e s  w i l l  be considered and emphasized in Future work. 

2 .2.3 Transient Kinet ics by Mass Spectrometry 

Transient den i t r i d i ng  behavior o£ ~-Fe2N in H 2 has been 

Further invest igated bY mass spectrometry. Results oF the deni- 
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• t rading behavior oF V'-Fe4N and e-Fe~.~Nhave been reported in 

previous p~ogr~ss r ~ p o r t s  (20 ,~1) .  In a d d i t i o n ,  e=%~melg ~ a p i d  

decomposition oF ~?Fe~N has been observed in our previous 

MBssbaue~ s%u~ies. 

From~-he hgdro~enation (decomposition) o~ ~'-Fe4N, ~-FexN 

(~1> and in the present case ~-Fe2N, i t  is apparent that there 

a~e %~ d i s t i nc t  nitrogen species associa%e~ ~i%h t ~  v i rg in  

n i t ~ i ~ .  ~n a~tive an~ presumablg pa~t ia l lg  hgd~ogena%e~ sub,ace 

s~ecies reacts tO For~ ~ F i r s t  sma!l sp~ke oF HH 3, a~d then.a 

secondslo~ acti~atin9 species builds to maximum NH 3 production. 

The active~ partia!l~ hgdrogenated NHx species could appea~ due 

to a rats i i ~ i t i n g  s~ep du~ing %he n i t ~ d i n g  process~ obviouslg, 

a~mon~a must a~so~b an~ decemp~se %~oug~ th is  species to become 

t~e n i t r ide .  D r e c b s ! e ~  an~ co.orders ( ~ )  and grun~e st a l .  

(23) have in ~ace Foun~ evidence For an NH species in %~e decom ~ 

posi t ion oF NH 3 on iron single crgstal  surfaces.. 

.Z~ %~i~ act ivespecies is indeed pa~t ia l lg hgdrogenated, 

decomposition o~ the ~-Fe~N n i t r i d e  in D~ should g ie ld NHxDg <x+g 

= 3)  a ~ o n i a  in  the sho r t  sp ike.  F i g u r e  3 ShO~S ~he resul~o~ 

s ~ i t c h i n g  %o a p u l s ~  ¢~ D~ ~rom t h ~  a~gon. ,  ~ o l . l o ~ e d  bu a s t e p  t o  

H a. As can be se~n in the ~2 pulse, partia!!y.hydrogenated NHx~g 

species are c~served indicat ing the presence oF NH (x ~ O) 

species on the surface p r i o r  to the step to D2" Also, From the 

va~ietg oF NHxDg (x ÷ g = 3) species ra~gin~ From NH 3 to ND 3, i t  

is evident that H/D e~change ~ s  occu~rin~ in • th~ ammonia as i t  

t~ave!ed across the catalgs% be~.  
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+. 

• h~ d i . ~ e n t  masses.sheen in Figure 3 have contr ibutions 

mass ~sp~m~.o~tm~. " In  o~de~ to  s u b t ~ a c t  ou t  ~he -~agm~n~  c o n t ~ i -  

b ~ t i o n ~  a F ~ a ~ e n t a t i o n  t a b l e  ( T a b l e i I I )  ~as d~veloped P~om 

calib~a~ion.NH3 da~.a. Th~ .ca!ib~a~ion .~a~ made im~dia~el~ a~te~ 

the ~ ~xpe~imen~. Compute~ p~og~ams designed ~o deco~volue~ the 

• d+ate :o~ ~ i ~ u , ~  3 . F ~ m - ~ h . e  - F ~ a g m ~ n ~ a ~ o n s  o~ T a b l e  111 a ~ e  

.c~+n+l~ bein9 de+~99ed. The Penal +.as+l+ + i l l  +e.da+a in ~hich 

: t~e-+~.al. .amoun.~ .o~ N .~nd H .can be es¢/mated .in ~ e - s h o ~  s p i k e  

~n o ~ d ~  ~o ~d:e~?~ne ~he .d.~g~ee o~ hgd~ogenat~.on <the v a l u e  oF 

x) i , n  :the :N~ x S p e c i e s .  
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Tab le  3. 

F ~ a c t i o n s  oF Pa~ent Mo lecu le  C o n t r i b u t i o n s  to  Masses Due to  F~agmentat ions.  

Mass 

2 

3 

4 

15 

16 

17 

1B 

19 

20 

40 

H 2 HD D 2 NH 3 NDH 2 Ng~H N93 Ar 

1. O0 

1. O0 

1.00 

0 .014  0 .009  0 .005  

0 .346  0 .120  0 .009  0 .014  

0 .64  0.231 0.231 

0 .64  0 .346  

O. 64 

O. 64 0 .133  

0 .867  
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3. FUTURE RESEARCH 

Research ~u~in9 the  eo~thcomin9 three month pe~io~ w i l !  ~ e  

~ 0 ! ~  a C ~ i n ~ a t ~ O n  ~ search ~ 0 ~  s t a ~ e  ~ e a c ~ i e n . c : o n d i -  

~iens~ an~ a c o n ~ n u a t i o n o  iF no t  comple t ion0  o~ c o ~ u t e ~  ~it- 

~in~s o~ tb~ M~ssbaue~ parameters. This lat~er ~irec~ion ~ i l l  be 

~i~e~%ig aided bg the analusis o~ ~e~en% ~-n i t r id~  phase spectra. 

T h e ' ~ m ~ r  ~irection0 conditions ~o~ increase~ n i t r i d e  s~abilitg~ 

~ i ! !  continue to ~evelop th~ stuOg o~ I o ~  hg~ro~en ~at~o sgn- 

the~is conditions. In a~ i~ ion,  ~e ~ i l l  consider the inclusion 

~F gas phase a ~ n i a  ~u~ing the sgntbesis reaction. This poten- 

t i a l  ~ tab i l i z ing  t~eat~e~to ho~eve~ meg require s ign i f i can t  NH 3 

concentrat ions an~ could al~mr the d is t r ibu t ion  oF h~drocm÷bon 

prmduc~s. 
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