
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!1111111111111 
DE84009046 

e 

N 
One Source. One Search. One Solution. 

CO + H SUB 2 REACTION OVER 
NITROGEN-MODIFIED IRON CATALYSTS. 
QUARTERLY TECHNICAL PROGRESS REPORT, 
OCTOBER 1, 1983-DECEMBER 30, 1983 

PURDUE UNIV. 
LAFAYETTE, IN 

FEB 1984 

I 

U.S. Department of Commerce 
Nat ional Techn ica l  Informat ion Service 



One Source .  One  Search .  One Solut ion.  

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
to  U.S.  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 

largest repository and disseminator of government- 
initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 
almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetiC: tape, diskette, multimedia, microfiche 
and paper. 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of thebibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



(DE84009046) 
- D is t r ibut ion ca tegory  UC-90a 

CO + H a Reactio~ Ove~ 

Ni t rogen-Modi f ied I~on Catalygts 

Q u a r t e r l y  T e c h n i c a l  P~og~ess Repo r t  
~oP the  P e r i o d  Oct. 1, 1983 - Dec. 30, 1983 

N. N i c h o l a s  De lgass  
Purdue U n i v e r s i t y  

West Lafayette, Indiana 47907 

PREPARED FOR THE 

U.S. DEPARTMENT OF ENEROY 

t • ! 
REPRODUCED BY: 

U.S. Departmen of Commerce " ' ~  
Na|lona! Technical Infomlalion Sen, ca 

Springfield, Vtrgtn|= 22161 



l 

/ 
/ 

/ 
! jY 

! 

L 

i 

~k 



iii 

TABLE OF CONTENTS 

TABLE OF CONTENTS 

LIST OF FIOURES 

ABSTRACT 

. OBJECTIVE AND SCOPE 

1.1 Background 

1.2 ObJec t i ves  

. TECHNICAL PROGRESS 

2.1 L i terature Rev iew 

2 .1 .1  I~on N i t ~ i d e  

2 . 1 . 2  I~on N i t ~ i d e  

2 .2  Summary o~ R e s u l t s  

Decompos i t i on  

K i n e t i c s  

a.a.1 e-FexN Ca~bu~ization 

a.a.a Lower Ha~CO Ratios 

2 . 2 . 3  T r a n s i e n t  K i n e t i c s  by Mass 

3. FUIURE RESEARCH 

4. REFERENCES 

S p e c t r o s c o p y  

iii 

iv 

1 

6 

6 

6 

9 

Ii 

12 

15 

18 

25 

25 

[Preceding page bJank I 



iv 

F i g u r e  1: 

F i g u r e  ~: 

F i g u r e  3: 

F i g u r e  4a: 

F i g u r e  4b: 

F i g u r e  5: 

LTST OF FIGURE8 

M~$bauer spectra o9 ca~burization o9 I-Fe2.~N 

Mossbauer spectra o9 ¢arbur izat ion o9 ~J-Fe4N 

Oenit~iding o9 i~on n i t r i de$  in H~ 

Step ~rom He to 3H~/CO/He ove~ a-Fe2.TN 

Step From He to 4H~/R~ over e-Fe~.~N 

ca~bu~ized 5 minutes 

Oenit~idin 9 o9 e-Fe~.~N i~ He 

iS 

16 

19 

22 

22 

24 



1 

ABSTRACT 

The $gt~thesis o~ ~-Feg.?N-i$ confirmed bg M~ssbaue~ spec- 

t~oscopg. Carbu~ization o~ ~-i~ot~ n i t . i d a  ~o~ 2.5 hours in 

3H2/C0 at 523 K ~ta~t~ the ~ormation o# a bulk s t ruc ture  $imi la~ 

to that see~ du:.ing ~ ' - i~on n i t~ ide  carbu~izat ion. Reaction oF 

~-Fe4N in 3CO/H a sgnthe$is gas at 5~3 K ~how~ a bette~ bulk $ta-  

b i l i t g  than ~eaction in 3Ha/CO. Kinet ic analg$is o¥ the p~oduct 

d i s t r i b u t i o n  at the higher CO ra t i o  confirms greater a c t i v i t y  and 

s e l e c t i v i t y  maintainance. 

The k ine t i cs  o~ deni t~ id ing in both He and H 2 was studied 

w i t h  a mass s p e c t r o m e t e r .  E x t r e m e l y  r a p i d  n i t r o g e n  l o s s  was 

o b s e r v e d  #wom b o t h  ~ t -Fe4N and e-Fea.TN c a t a l g s t s  i n  H a a t  523 K. 

In both cases a i n i t i a l  exposure to H a p~oduced a s i g n i f i c a n t  

amount o~ NH 3 which we ascribe to an act ive surface species. 

Hydrogenation o~ the bulk continued with a slow r ise  to a maximum 

about 90 second~ a~ter the int~oductio~ o~ H~. The den i t~ id in9 

ac t i v i tw  oP the e-Fea~TN catalgst  was $ ign i~ ican t lg  highe~ t h a n  

that o~ the V'-Fe4N cata lgst .  In cont~ast~ the deni t~ id ing ~ate 

o~ I-Fe~.~N in He was s ign i~ ican t l9  slower than that in H 2 u n t i l  

h igh  t e m p e r a t u r e s  (773K) were reached.  An o v e r a l l  a c t i v a t i o n  

energy o~ 41 .5  k c a l / m o l  was o b t a i n e d  ~or t h i s  p rocess .  

Compa~if, on o~ t he  d e n i t ~ i d i n g  ~a te  o# v i r g i n  e-Fea.TN i n  H 2 

with that o~ the same n i t r i d e  a~ter ~ive minutes o~ ca~burlzation 

during the hydrocarbon synthesis react ion indicates large d i ~ e r -  

an tes  in  the  o v e r a l l  r a t e .  The c a r b u r i z e d  n i t r i d e  was some 300 
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t imes less  a c t i v e  to  bulk  hydr .ogenat ion than the v i r g i n  c a t a l y s t ,  

which i s  i n d i c a t i v e  of s i g n i f i c a n t  changes in  the f i r s t  #ew 

laye~s of  the n i t ~ i d e  du~ing the i n i t i a l  minutes  of  the s u n t h e e i s  

r e a c t i o n .  
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I.. D, Jl,Jg.C,.I,I,. m s_.C_D.P  

1.1 BACKQRO~D 

The ~ e a s i b i l i t g  o# v t i l i z i n 9  s ~ t h e s i s  g a s  (CO ~ X 2)  v i i  t h e  

F i s c h e r - T ~ o p s c h  r e a c t i o n  pathway ~or the  p ~ o d u c t i o n  of  f u e l s  and 

c h e m i c a l s  i s  ~ e l l  e s t a b l i s h e d .  The SASOL v e n t u r e s ,  f o r  example,  

take  advantage  o f  a b u n d a , t  coa l  r e s o u r c e s  to  produce both d e s i r -  

a b l e  synthetic automotive fuels and basic chemical feedstocks. 

The app l i cab i l i t y  of these chemical transformations is nonethe- 

l e l s  l i m i t e d .  The p r e s e n t  p r o c e d u r e  ~ e q u i r e s  e x t e n s i v e  p r o c e s s -  

ing i f  the  p r o d u c t i o n  o f  n o n - e s s e n t i a l  b y p r o d u c t s  i s  to  be 

avo ided .  The d i s c o v e r y  and subsequent  usage of  improved 

catalysts would therefore be advantageous. 

E x p e r i m e n t a l  r e s u l t s  p u b l i s h e d  in  the  c u r r e n t  l i t e r a t u r e  

show t h a t  n i t r o g e n  a f f e c t s  the  pe r fo rmance  o f  i r o n  c a t a l y s t s -  

c a t a l y s t s  which f i n d  w idespread  use in  the  F i s c h e r - T ~ o p s c h  s y n -  

t h e s i s  r o u t e .  P ~ e n i t ~ i d i n g  o f  the  fused promoted i r o n  and p r e -  

c i p i ~ a t e d  i r o n  c a t a l y s t  i s  sa i d  to  s h i f t  t h e • p r o d u c t  d i s t r i b u t i o n  

t o  one e x h i b i t i n g  lowe~ m o l e c u l a r  w e i g h t  f r a c t i o n s  and enhanced 

a l c o h o l  y i e l d s  ( 1 , 2 ) .  I r o n  n i t r i d e s  w i t h  h igh  i n i t i a l  a c t i v i t y  

and s i g n i ~ i c a n t  s t a b i l i t y  ove~ weeks of  e x p e r i m e n t a t i o n  a re  a l s o  

r e p o r t e d  ( t , 2 ) .  On the  o t h e r  hand, s i m u l t a n e o u s  i n t r o d u c t i o n  o f  

ammonia (NH 3) ~i th sgnthesis gas produces nit~ogeneous compounds. 

F u r t h e r m o r e ,  and p r o b a b l y  of  g ~ e a t e r  impo r t ance ,  t h i s  a d d i t i o n  o~ 

ammonia effects • reduction in the overall chain length of com- 

pounds i n  thm p~oduc t  spec t rum ( 3 , 4 ) .  I t  i s  o f  c o n s i d e r a b l e  



i n t e r e s t ,  t h e r e f o r e ,  to  s t udy  these and o the r  c h a r a c t e r i s t i c s  oF 

n i t r i d e d  i~on c a t a l y s t s  in  o~de~ to ga in  a bas ic  unde rs tand ing  oF 

t h e i ~  behav io r .  D i scove ry  oF the new pathways in F i s c h e r - T r o p s c h  

s y n t h e s i s  a~Fo~ded by n i t r o g e n  w i l l  add to the fundamenta l  

knowledge From which f u t u r e  s y n t h e s i s - c a t a l y s t s  can be de~ived. 

1.20BdECTIVES 

The scope o f  the p~ogram may be broken down i n t o  two main 

a~eas of  concern. F i r s t l y ,  co r~s ide ra t i on  must be g iven  to the  

r o l e  o~ the su r f ace  nit~ogef, in 

i. a l te r ing  the p~oduct d i s t r i b u t i o n  and 

i i .  s t ab i l i z i ng  catalyst  a c t i v i t y  

of the s y n t h e s i s  ~eac t i ons .  In -2 j_ t~  Mossbauer s t u d i e s ,  a~e a i d -  

ing in  the i d e n t i f i c a t i o n  o~ the v a r i o u s  i r o n  n i t r i d e  phases and 

a11ow examination of the i r  s t a b i l i t y  during reaction. The 

M3ssbauer ~esults are Forming a the basis ~o~ detai led k inet ic  

t~acer experiments involving t ransient  and isotope label ing ana- 

lyses. U l t r a h i g h  vacuum work us ing SIMS and AES w i l l  supplement  

the M~ssbaue~ and k inet ic  characterizations. XRD studies ~ i l l  

supplement the M~ssbauer e f f e c t  in  i d e n t i f y i n g  the bu lk  i r o n  

n i t r i d e  phases. 

The second a~ea of c o n s i d e r a t i o n  w i l l  i n v o l v e  the 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 du~ing the a d d i t i o n  oF ammonia to  

the synthesis gas stream. Transient work w i l l  be ideal Fo~ 

• observing i n i t l a l  a c t i v i t g  changes occu~in9 as a ~esult o# NH 3 



pulses.  Along w i t h  u l t r a h i g h  vacuum s t u d i e s ,  t he  t ~ a n s i e n t  

k ine t i cs  o# NH 3 addi t io~ w i l l  help cla~i#w which stead~ state 

experiments ~ould be most productive. The various a n a l ~ t i c l l  

methods ~ i I I  de~ine in teract ions between surface and bulk n i t r o -  

gen, and thei~ ~ole in e~fecting ne~ react ion pathways. 

The p~imary exper imen ts  which de~ine our  r o u t e  to  unde~- 

s tand ing  which parameters  i n f l u e n c e  the s e l e c t i v i t y  and a l t e ~  the 

a c t i v i t ~  of  s ~ n t h e s i s  ~ e a c t i o n s  may, t h e r e f o r e ,  be o u t l i n e d  as 

~ o l l o w e :  

i. M~ssbaue~ and simultaneous k inet ics  oe p~enit~ided i~on 

catalysts are being used to determine n i t r i d e  phase 

s t a b i l i t y  and to c o r r e l a t e  these phases to ~ e a c t i o n  

se lec t i v i t y .  

i i .  S imi lar  ana19sis of the eeeects of  addi t io~ o# NH 3 to 

the ~eactant stream ~ i l l  be performed. 

i i i .  Transient analysis and isotope t~ace~ studies of syn- 

thesis reactions over p~enitr ided catalysts ~ i l l  dete~- 

mine sub,ace n i t r i d e  s t a b i l i t u .  The stoichiomet~y at 

the su r f ace  and i n f l u e n c e  o~ n i t r i d i n g  on CO d i s s o c i a -  

t i o n  w i l l  be sought. 

iv. Ultrahigh vacuum analysis u i l l  examine su~face 

stoichiometry and ~eaction intermediates. In terac t ion 

between the n i t r i d e d  phases and a d s o r p t i o n  bond 

strengths o# CO a~d H a w i l l  be investigated. 

0 



V.  The effects oF NH 3 addit ion to the reactant stream ~ i l l  

be simila?lw followed bw UHV and t~ansient t~ace~ stu- 

dies to determine possible al terat ions in reaction 

pathmags invoked bg the presence o# NH 3. 

C0mpute~ mode l i ng  w i l l  be unde r t aken  to  a i d  in  R u a n t i t a t i v e  

interpretat ion of  t~ansient data,  

2. ~LL~L~J, PROgRESS 

2.1 LITERATURE REVIEW 

2.1.1 Iron Nit~ide Decomposition 

Decompos i t i on  o~ i?on  n i t , i d e s  subJected to  v a r i o u s  gas 

a tmospheres  has ?ece ived  some a t t e n t i o n  in  the  l i t e r a t u r e .  The 

interact ion (adsorption and desorption) of N~I 3 from sin91e crg- 

s ta l l ine  i~on surfaces p~ovides an approximation of the behavio~ 

of nitrogen with polwc~ustalline i~on surfaces. Q~unze et al. 

(5) studied the interact ion of ammonia with Fe(111) and Fe(lO0) 

su~aces with UPS, AES, LE~D, TPD and work function measurements. 

Ths i~  measurements o~ t h e r m a l  d e s o r p t i o n  o f  ammonia ~ o m  

F e ( l l l )  shomcd t h r e e  ad~o rp t i o1 !  s i t e s  ( J l , ~ 2  and ~3 ) a t  160, a lO 

and 330 K ~ e s p e c t i v e l v .  The two lowe~ tempe~atu?e s i t e s  

<~1 and ~2) i n d i c a t e  coverage  i ndependen t  ~ i r s t  o r d e r  d e $ o ~ p t i o n  

k i n e t i c s  w i t h  a c t i v a t i o n  en~?g ies  o~ abou t  10 and 12.~  k c a l / m o l  

~ e s p e c t i v e l g .  The ~3 s t a g e  i~  a t t r i b u t e d  t o  t h e  ~ e c o m b i n a t i o n  o~ 

.NH x ad and ( 3 - × )  Had . The coverage  dependencg o# t he  £3 s t a t e  



temperature indicates a second orde~ rata p~ocess. The ac t i va -  

t ion energy is estimated to be 20 kcal/mol, is agreement with the 

25 kcal/mol estimate b~ ga~ et al. (a) ~o~ th is  most t i g h t l y  held 

si te. The Fe(lO0) sub,ace behaved s im i la r l~  but uncer ta int ies 

during data a c ; u i s i t i o n  p~ecluded d e f i n i t i v e  numerical assign- 

ments. 

D~echsler (7) studied adsorption and decomposition o~ NH 3 

~om Fe(i iO) su~aces at ~emper~tu~es f~o~ 130 ½ to 800 K ~I th 

SIMS. Exposure o# a clean Fe(1103 sub,ace to ammonia at tempera- 

tu~es between 130 K a~d ~Tb K produced non-dissoc~ativ@ NH 3 

~dsorption. A~monia deso~p¢ion {o~ complete ~ issociat ion)  ~as 

essent ia l l~ complete above 365 K. These SIMS studies s~o~ed 

adsorbed NH to be s ign i~ icant l~  mo~e p~evalent upon the Fe(110) 

suwface than adsorbed NIla. grun~e e~ ~L).. (5) ~e~e unable to 

separate NHad from NH~ ad with UPS ~f ingerpr i~ t$  ~. 

E r t l  and co-morke~s (8) fo l lo~¢d the decomposition of G and 

~ surface n i t r i des  (chemisorbed n i t r i d e )  and n i t r i d e  lagered 

i~on ~oi ls  b~ means o~ AES, XPS and TPD measurements. The pro- 

per t ies  of ~-Fe4N and e-Fea_3N surface n i t r i d e $  should permit 

cor re la t ion  to the s t a b i l i t ~  o~ bulk iron n i t ,  ides. The authors 

state that  thermodgnamic coa,side~tions al low formation of both • 

and ~" surface n i t r i d e  (¢h~misorbed) lagers f~om NH 3 provided the 

H~ p~ r t i a l  p~essure is s u f f i c i e n t l g  s m a l l .  AES and XPS spectra 

o~ i~o~0 ~u~aces, exposed to p~sssu~ss o~ ammonia at va~ous tem- 

peratures ~o~ d i f f e ren t  durations, show sub,ace nitrogen and iron 

concentration equivalent to sto ichiometr ic ~'-Fe4N and ~-Fe2N. 



A~ e-FeaN sample wJs monitored bg Auger spectroscopg.  The 

sub,ace la~er nitrogen concentration exhibited plateaus; an i n i -  

t i a l  e-Fe2N lager giv ing ~ag to a ~'-Fe4N lager and ~ ina l l g  an 

~-Fe lager saturated with dissolved N atoms. Thermal desorption 

spectra o# Na #tom a po lgc rgs ta l l i ne  Fe4N $amrle showed $i~91e 

broad d e s o r p t i o n  peaks co r respond ing  to 54+--3 kca l /mo l  ( f o r . ~ i r s t  

order desorption a~d a 1013sec - I  pre-exponential) .  Annealing an 

i r o n  sample, be fo re  therma l  desorp t ion~ added a second h i ghe r  

tempera tu re  d e s o r p t i o n  peak to the spec t ra ,  a peak a t t r i b u t e d  to  

N di#~usin9 #tom the sa~.l',le bulk. Thermal desorption #tom e-FerN 

on the other hand produced a N~ desorption peak at 700 K rather 

than that at approximatelg 850 K #or the ~t n i t , i d a .  An 

Arrhenius plot  for the ~ i rs t  order decomposition of several 

e -n i t r ide$ gielded ac t iva t ion  enorgie$ o# ~?+..3 kcal/mol. Indica-  

t ions are, there#ore, that Fe4N i$ more stable than e-Fe2N. 

.Qoodeve and Jack (9) and subse;uent1~ Jack (10) s t u d i e d  the 

k i n e t i c s  of n i t r o g e n  e v o l u t i o n  from i r o n - n i t r o g e n  i n t e r s t i t i a l  

allou$~ pa r t i cu l a r l g  e-i~on n i t r i des .  Each #ollowed ~ates o# 

den i t r i d in9  o# hi9h N containing a- i ron n i t r i d e  powders i~ vacuo, 

in nitrogen, in carbon monoxide and in hydrogen. The in v i t r o  

• xper imen ts  denote p ressu res  below 20 t o r t .  In both works ( 9 , 1 0 )  

Jack concluded that the d e - i t r i d i n 9  o~ e- i ron n i t r i d e  p~oceeded 

at almost ident ica l  second order rates in vacuo, or in one atmo- 

sphere of e i t h e r  n i t r o g e n  o~ carbon monoxide. The r a t e  c o n t r o l -  

l i n g  process would p robab ly  be the same in  each exper iment .  

P r e l i m i n a r y  r e s u l t s  a l so  con f i rmed t h a t  the c o n d i t i o n  o~ the 



al loy s u r f a c e  ~as an important rate determining f e a t u r e .  

Denit~iding in a hgd~ogen a tmosphere  p~oceeded at rates @au- 

t e ~  bg a #actor o~ 103-104 , than den i t r i d i ng  under inert, condi-  

t ions .  This increased react ion rate in H 2 p~ecludes ni t rogen 

d i f~u l ion f~om being the single slow step. dack  a t t r i bu ted  the 

slo~ rate of ~ecombination of p a i r j  of nitrogen atoms at tho 

sol id surface to be the probable rate cont~ol l ing step unde~ 

ine~t conditio|,s. Engelhard and Wagner (11) s i m i l a r l y  concluded 

that the r l t !  f o r  the reaction 

N(dissolved in ~-Fe) + 3/2H2(g)->N[13(9) 

was c of~trolled bg the reaction 

N(dissolved in ~-Fe) + H~(g)-> NH2(a) 

~ a t h e r  than bu l k  N d i f f u s i o n  th rough  the bu l k .  

d a c k J ( l O )  c a l c u l a t e d  the a c t i v a t i o n  energy #or the  hgdrogen 

assisted deni t~ id ing oP e- i ron n i t~ ide  to be approximatelg 12 

kcal/m~l #~om i n i t i a l  rates in the temperature range 250-350°C. 

The second order rate of nitrogen evolution in a non-hydrogen 

atmosphere at 330-500°C ~a~ associated with an ac t i va t ion  energg 

o~ 42. 1+1.4  k a l / m o l .  

2 . 1 . 2  I r on  N i t r ide  Kinet ics 

H i g h l i g h t s  o# i r o n  n i t r i d e  k i n e t i c  c h a r a c t e r i s t i c s  under 



I0 

v a r i o u s  s y n t h e s i z i n g  and c a r b u r i z i n g  atmospheres has been 

~eported p~eviously (I~). This section w i l l  summarize those 

r e s u l t s  and i n c l u d e  recen t  work by Yeh ~t  a l .  (13) .  The a u t h o r s  

r e p o r t e d  on the p romot ion  e ~ e c t s  o~ potass ium and n i t r o g e n  on 

the a c t i v i t y  and se lec t i v i t y  o~ s i l i c a  supported i~on. 

Reac t i ons  were i n v e s t i g a t e d  at  ~50°C and at  p~essu~e$ o~ 

1 .0 ,  ~ .8  a~d 14.0 arm. At ~ .8  arm and 3H~/CO both  po tass ium p~o-  

mated and non-p~omoted i~on c a t a l y s t s  ( n i t ~ i d e d  and n o n - n i t ~ i d e d )  

showed good s tab i l i t ~  without carbon monoxide turnover ~e~uency 

d e t e r i o r a t i o n  between 3 and 12 hours. At approx imate  gas h o u r l y  

space ve loc i t ies  (GHSU) oF 250 h~ -1 both the iron n i t r i d e  and K 

p~omoted n i t , a d s  showed decreas ing  e thy l ene  and p ropy lene  s e l e c -  

r a r i t i e s  whereas the s e l e c t i v i t i e s ! ~ o r  unpromoted Fe were ~ough ly  

constant. The n i t ,  ads ole~in to paraff in ~atios did, however, 

remain higher than the corresponding ra t io  ~or iron. This ten- 

dency in ethene/ethane ra t io  was maintaind at 14 atm between pro- 

mated and unp~omoted i~on n i t r i d e ~  as a g a i n s t  the c o r r e s p o n d i n g  

promoted and unpromoted i~on.  This trend ~eversed with the p~o- 

mated catalysts at one atmosphere, indicating the pressure sensi- 

t i v i t g  o# the C2 s e l e c t i v i t i e s .  Yeh and coworkers (13) also s tu-  

died the p~oduc t ion  o~ methanol and e thano l  du~ing s y n t h e s i s  

reactions ove~ thei~ s i l i c a  supported catalysts. Although 

alcohol production #~om iron based synthesis catalysts is small 

a t  one atmosphere, p r o d u c t i o n  becomes mo~e p~ominent a t  h ighe~ 

p~essu~e$. At ~.~ atm. ~ i th  1H~/CO, the unp~omoted i~on 

catalyst p~oduced almost t~ice the methanol as the iron n i t ,  ads 
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cata lu i t .  At the same conditions, the promoted iron n i t r i de  p?o- 

duced more t o t a l  a l c o h o l  (methanol  and e t h a n o l )  than the promoted 

i~on. N e v e r t h e l e s s ,  the p r o d u c t i o n  o~ methanol  bu the unp~omoted 

~ o n  c i t a l u s t  ~am more than the combined methanol  p lus  e thano l  

p~oduced b~ the R p~omoted i r o n - n i t ,  ida. So, along ~ith a lo~er 

a l c o h o l  u i e l d ,  the n i t ~ i d e  (promoted or n o t )  ~as sho~n to  produc~ 

a l~rger molecular weight p~oduc~ than iron •lone. 

These l a s t  tuo obse+.vat ions are in  c o n f l i c t  to  work b~ 

Anderson ( 1 , 2 )  u i t h  K promoted ~used i ron .  Both Anderson ~nd 

co~orkers  (102,14)  plum Borghard and Benne t t  (15) de te rmined t h a t  

p~omoted i~on n i t r i d e  p~oduced lowe~ m o l e c u l a r  we igh t  p~oducts  

than an unp?omoted i r o n  c a t • l u s t . .  Fu~thermo?e Anderson ( 1 , ~ , 1 4 )  

observed a s ign i f i can t  tendencu o~ the n i t r i de  to produc~ 

a l c o h o l s  and o the r  oxygenated p~oductm. Obv ious lu ,  such 

d i s c r e p e n c i e s  a~e o~ impor tance  and ~ a r r a n t  ~ur the~ s tudv.  

2 .~  SUMMARY OF RESULTS 

Unsupported e-iron n i t r i de  was sgnthesized and the behavior 

of the bulk sample ~ollowed dul.ing sgnthesis ~eaction in 3H2/C0 

at 523 K. M~ssbauer parameLers of th i s  approximate Fe2.TN compo- 

s i t ion  were estimated am: II~S (Hvper~ine Sp l i t t i ng )  about 23~ kOe 

and IS about  0.3+mm/s. Appearance o~ an a d d i t i o n a l  phase, s i m i -  

la~ to that encountered in ~ - n i t ~ i d e  3H~/CO carbu~izatio~, was 

isolated as evidence o@ bulk modi@ic+tlon. C•wburization o# • 

~'-Fe4N sample with 3CO/H~ at 5~3 K p~oceeded at ~ slowe~ ~ate 

th~n carburization oF a ~ ' - n i t r i d e  in 3H~/CO. The ~eactlon In 
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3CO/Ha exhibi ted notable sLab i l i t g  with high alkene p~oduction 

du~in~ ~au~ hours  o~ r e a c t i o n .  

Mass S p e c t r o m e t r i c  s t u d i e s  ~evea led  u n i ; u e  d e n i t r i d i n g  

behavio~ of  both the ~" and the eibulk, n i t , i d e s  in H a . Evidence 

oe two d i s t i n c t  nitrogen containing species appears~ one a east 

r e a c t i n g  su~eace spec ies ,  and the  o t h e r  a s l o w l y  a c t i v a t i n g  

n i t r i d e  s~ecies. Deni t r id ing in helium of e-Fe2.TN is ¢onside~- 

ably less active, and an overal l  ac t iva t ion  energy oe 41.5 

kcal/mol was determined. These ~esults have s ignie icant  impl ica-  

t ions to  n i t ~ i d e  s t a b i l i t y  d u r i n g  the  F i s c h e r - T ~ o p s c h  r e a c t i o n .  

At the onset oF sgnthesis gas, onlg a small amount o f  NH 3 i$  

observed, indicat ing the s t a b i l i t y  oe the n i t r ided  cata lyst  In 

CO/H2 atmospheres. Addi t io t ,a l lu ,  i f  the carburized n i t r i d e  is  

then exposed to H2~ the den i t r i d ing  a c t i v i t g  is surpr i s ing lg  

inhib i ted.  

2.2.1 e-FoxN Carburizat ion 

R bulk e-i~on n i t r i d e  ~:as prepared both in the M~ssbauer 

I c e l l  and in  the t r a n s i e n t  k i n e t i c s  r ~ c t o r .  C o n d i t i o n s  have been 

e$tablished Fo:- =-FexN productio~ From reduced =-Fe as 673 K in 

88.5~NH 3. We have alreadg determined that at 673 K, 85~ ammonl= 

w i l l  produce V'-Fe4N and about 89~ ammonia w i l l  produce ~-Fe2N in 

the Massbauer c e l l  (12) .  The p r e s e n t  d i e f e r e n c e  in s y n t h e s i s  

c o n d i t i o n s  is  a t t ? i b u t e d  to s l i g h t l u  d i f f e r e n t  p~ecurso~ p~epa~a-  

t i o n  p rocedures  (12) .  F i g u r e  IA p r e s e n t s  the  M~ssbauer spec t rum 

~o~ ~he J.1~ I ~  e - i ? o ~  n i t . i d a .  $ 1 i g h t  ou te~  s h o u l d e r s  a t  
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a p p r o x i m a t e l y  +5. a and - 5 . 3  mm/sec i n d i c a t e  the presence o~ ve ry  

small Auantit ies o~ zero nearest nitrogen neighbor ~nterstices 

(V~-Fe4N). Comparison dT th is  spectrum with one presented b~ 

F i r r e r o  e t  al.~ (16) i n d i c a t e s  a n i t r o g e n  to i r o n  c o n c e n t r a t i o n  

~leldin9 approximatelg 4-Fe~.TN 

Our t- i~on n i t r i d e  sample was carburized in ¢lowin~ 3H~/CO 

s y n t h e s i t  gas a t  523 K ~or 0 .3  and ~ .5  hours. The r o o m  t empers -  

t u r e  s p e c t r a  are shown in  F i g u r e s  1B and 1C r e s p e c t i v e l y .  L i q u i d  

nitrogen spectra are also available but w i l l  no~ be p~esent=d 

here. The or ig ina l  (Fig. 1A} six l ine pattern ~s characterized 

by the outer peaks having an isome~ shi~t (IS) o~ about 0.3 mm/s 
I 

and a hyper~ ine  ~ i e l d  s p l i t t i n g  (HFS) o~ about  235 kOe.  The 

spectrum a~te~ 0 . 3  h~ o~ r e a c t i o n  changes very l i t t l e  ~rom t h a t  

o~ the f r esh  n i t r i d e .  Rathe~ the m o r p h o l o g i c a l  changes occur  to  

a g~eater  e x t e n t  du~ing the ~ = l l o w t n g  two hours oP r e a c t i o n .  

F i g u r e  1C shows n o t i c a b l e  decrease in  ou te r  peak r e l a t i v e  i n t e n -  

s i t y .  Th is  decrease i s  accompanied by a s l i g h t  decrease in  HFS 

and an apparen t  i nc rease  in  the l i n e  w id th  o~ these o u t e r  peaks. 

Hyper~ ine ~ i e l d  d i s t r i b u t i o n s  do occur  w i t h  v a r i a t i o n s  in  the 

number of i~on n e a r e s t  ne ighbors  (17) .  P r e l i m a r y  spect rum 

a n a l y s i s  o~ F i g u r e  1C shows the emergence o~ a new s i x  l i n e  

t r a n s m i s s i o n  p a t t e r n  (HFS ~ 170 kOe, IS ~ 0 .~5  mm/s).  Th i=  s t r u c -  

t u r e  has a l r eady  been t e n t a t i v e l y  i s o l a t e d  du r i ng  the c a r b u r i z a -  

t ion o# Y'-Fe4N (13). A longe~ reactio~ ~ims would pe~mlt ~asle~ 

iden t i f i ca t ion  o# th is irof, site. Thi~ planned work and subse- 

quent computer ~ i t t i ng  o~ the spectra should allow phase idant i~-  
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i c a t i o n  e i t h e ~  as e p s i l o , '  c a r b i d e ,  as p r o p o s e d  e a r l i e P  ( 1 3 ) ,  o r  

as a nitrogen containing phase. 

~ . ~ . ~  Lowe~ Ha/CO Ratios 

P~eliminary experiments of n i t~ ide  s t a b i l i t y  and se l ec t i v i t v  

at lo~er H2/CO ra t i os  WcT'e conducted fo r  ~s- i ron n i t r i d e .  Figure 

2A p ~ e s e n t s  the  M~ssbaue~ s p e c t r u m  o f  a r e d u c e d  i r o n  wa~e~ 

n i t r i ded  In 50~ NH 3 (70 ml t o t a l  f lowrate)  #or two hours at 673 

K. The sample s t a l l  contains s l i gh t  quan t i t i es  of  ¢-Fe as is  

seen by the assgmetrg of the four oute~ most l ines and inner 

sh0ulde~ on the raght most (+ Veloc i ty)  peak. Otherwise, the 

maJorit9 of  iron is  i~ ~ ' - n i t r i d e  fc¢ coordinat ion. Figures 2B 

and ~C ~how tho  room t ~ m p ~ a t u ~ e  M~ssbaue~ s p e c t r a  o f  t h i s  
+ 

~ ' - i ~ o ~  ~ i ~ I d e  c a ~ b u r i ~ e d  f o ~  I? min and f o ~  ~.5 hours respec- 

~ivelg. 66 ml/min of 3CO/H~ sgnthesis gas mixture flowed at 5~3 

K. Th~ spec~um of a s i~a lar  ~'-L~on ni t r~de ~eacted fo r  ~.5 

hours w~th 3H~/CO (66 ml/min) ~t 5~3 K is  presented in F~gure ~D 

fo~ comparison. The no~ic~ble difference i~ the ~" spectrum 

~ e ~  ~ . 5  hov r~  o~ ~eaction ~t hlg~=? CO concentration ove r  the 

3Ha/CO m~xtuT~ (F~gure ~C against ~D) is  the maintainance of the 

z~?o nea~os~ nitrogen n e i g h b o r . s i t e s .  The i n tens i t i es  o~ t he  t ~ o  

outermost peaks (zero neighbor) end the next innermost pai~ are 

g~eate~ afte~ the ~eaction in lo~e~ h~d~ogen pa r t i a l  p~essu~e. 

Greate~ extents of ca~bu;.ization in 3H~/CO (4-16 hours) indicate 

t h a t  t he  l o s s  o f  t he  more n o t t c a b l e  ou te~  l i n e s  an t he  ~ 0  kOe 

s i x  l i n ~  pa~ te~n  a c c o m p ~ i e s  t he  i n c o r p o r a t i o n  o f  c a r b o n  i n t o  t h e  
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n i t r t d e  matrix. 

On t h i s  bas is ,  as the h i g h t ~  CO p a r t i a l  p~essure i s  no t  p~o- 

ducing an increased ca~bu~ization ~ate, some ~acto~ must be i n h i -  

b i t ing  C i n c o r p o r a t i o n .  Tuo e x p l a i n a t i e n s  cou ld  d e s c r i b e  t h i s  

c o n d i t i o n .  A h i g h e r  o v e r a l l  c o n v e r s i o n  o~ s u n t h e s i s  gas to  

hud~oca~bons (hence g rea te~  a c t i v i t u  i n  equal  ~1o~ compar isons)  

in the  3H2/C0 e×periment mag p~oduce 9reate~ act ive surface car- 

bon d e p o s i t i o n .  A lso ,  a~ inc reased  p a r t i a l  p~essu~e o~ hud~ogen 

u i l l  p~ovide a leaching atmosphere ~o~ substant ia l  N ~emoval (as 

NH3), therebw providing carbon ~ i th  more access to the n i t , i d a  

l a t t i c e .  The f a s t e r  rate o? den i t r i d i n9  in H~ tha~ othe~ under- 

' i n e ~ t '  c o n d i t i o n s  has been ~epor ted  bU Jack (10) .  

Kinet ic  an~Igsis of the 3CO/H~ react ion products showed a 

h~droca~bon d i s t r i b u t i o n  high in alkenes. No not icabl~ quan~- 

~es o~ p~opan~, butane no~ pentane ~ere p~oduced du~in9 th~ ~our 

hou~ ~eac t i an .  A la~ge~ ethane c o n c e n t r a t i o n  was produced in  ~he 

7~% CO ~low then in  the 25% CO r e a c t i o n .  Fu~the~moTe, ~he ~ c -  

~on  w~s ~ot~c~blg mo~e stable in 3CO/H~ tha~ i t  had been fo~ 

¥s-Iron n l t ~ d e  exposed ~o 25~ CO. DiFFerences b~tween ca~bu~$- 

: a ~ o n  ~nd k i n e t i c  beh~v~o~ o~ ~he n L t ~ i d e  ~nd unprovoked ~r~n 

sa~ become mo~ her i tab le a~ highe~ CO concentrations. ~e ~l~n 

to  i n c l u d e  t h i s  avenue ~n ou~ approach to e l u c i d a t e  the p~omo- 

t iona l  a~fect o~ i n t e r s t i t i a l  nitrogen upon i~on in the Fische~ 

T~opsch pathwa~ . . . . .  
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2 . ~ . 3  T~ans ien t  K i n e t i c s  by Mass BpectrometPu 

Transient den i t r id ing behavio~ of  both ~'-Fe4N and a-FexN 

has been ~ur the~ i n v e s t i g a t e d  by mass spectTomet~v. F i g u r e  3 

$ho~$ two $epaTate de~it~iding experiments in H 2 at 250°C, one o~ 

e-FexN and the other of V'-Fe4N. The catalysts were both 

p~epared ~ o m  0.1  g o~ Fe p~ecurso~, which was ~educed and then 

nlt~ided f o r  3 1/2 hours in I )  85~ NH3/H a at 390°C f o r  e-FexN o ~  

~) 75~ NH3/H a at 325°C of ~-Fe4N. ~oth preparative method~ wore 

confirmed bu M~ssbauer spectrometry. A~te~ beln~ n i t r ided,  the 

¢ a t a l ~ t  wa~ pu:ged for  several minutes with helium at 250°C to 

deso~b ammonia f~om the system. Hydrogen, with 20% a~gon serving 

as a time ma~k, uas then introduced ove~ the catalyst at ~ ~lo~ 

rate o~ 50 ml/min, thereby hydrogenating the n i t ,  Ode as shoun in 

Figure 3. Both c a t a l w s t s  had simila~ overall denit~iding 

behav io r .  

From the hydrogenation of Fe4N, i t  is apparent that there 

a~e two d i s t i nc t  n i t r o g e n  spec ies ;  a ~i~st, active su r f ace  

spec ies  r e a c t s  to  ~o~m the ~ i ~ s t  sma l l  maximum, and then a second 

slow act ivat ing species builds to a maximum a~te~ ~ u t  100 

seconds. The i n i t i a l  small maximum ~ep~esents 40% o~ a mono- 

layer, assuming a surface area of 4.3 m2/g reduced Fe, determined 

bu CO chemiso~p t ion  p r e v i o u s l y  (12) .  The l a rge  maximum i s  a t  36% 

o~ the to ta l  N in the catalyst. The to ta l  moles o~ N in th© o r i -  

ginal catalyst is  obtained bg integrat ing the NH 3 out to ten 

minutes. Rccordinglg, a stoichiometri¢ formula of Fe3.85N is  

found, which i$ in good agreement with a ¥'-Fe4N cata lyst .  
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The hud1~genation o# e-FexN is also sho~n in Figure 3. As 

can be seen~ the  a c t i v i t y  i s  s i g n i # i c a n t l y  h ighe~  f o r  t h i s  

catalyst.  The i n i t i a l  maximum corresponds to 1.3 monolayers of 

mate?ial, and the large maximum is at 39% o~ the t o ta l  N in th i s  

c i t a l u s t .  In t h i s  case th~ stoichiomet~ic #ormula is Fea.GGN, 

and i$ there#ore in the e-Fe N ~ange as expected. 
X 

I f  hydrogenation is d i~ fus io ,  l imi ted,  the evolution of 

ammonia is at i maximum at the onset of H2, therea#ter decreasing 

due t o  l o n g e r  d i f f u s i o n  p a t h s  and ~dec~eaeing a~ea o~ t h e  n i t r i d e  

core .  L i k e w i s e ,  i f  one s i m p l e  s u r f a c e  r e a c t i o n  l i m i t s  t he  

h y d r o g e n a t i o n ,  t hen  ammonia e v o l v e s  a t  a c o n s t a n t  r a t e .  F i g u r e  3 

shows t h a t  n e i t h e ~  o f  t h e s e  models  i s  t he  case. O b v i o u s l y  a mo~e 

complex model must be p~oposed. 

The f i r s t  model c o n s i d e r e d  f o r  th is  p r o c e s s  c o n s i s t e d  o f  a 

series of i r revers ib le  surface reactions: 

k 1 
N ( n i t ? i d e )  + S - ) N ( s u ? f a c e  ) 

k 

N( sul-e )+H( s u r f  )-:>NH ( su re  )+S 

~ast 
NH(sur~)+~H(su~) -> NH3(gas) 

i 
The NH species is  the p~ecu,.so~ o ~ t h e  ~i~st maximum; a~te~ i t  is  

quick lg hwdrogenated the su,.~ace w i l l  be largelg emptw. A $Ic~u 

vise in N(su~ace) could presumablg explain the observed 
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phenomenon. A ~ i r s t  a p p r o x i m a t i o n  ~or  computer  s i m u l a t i o n s  o~ 

t h i s  model assumed t h a t  H ( s u r ~ a c e )  was c o n s t a n t  a t  0 .1  o~ a mono- 

lauelLJ o r  

de" 

R e s u l t s  o f  t h i s  s i m u l a t i o n  show t h a t  t h i s  model canno t  e x p l a i n  

the  e x t r e m e l y  s l ow  ~ i s e  ~o a maximum, and t h e r e ~ o r e ,  e i t h e r  

H(sur~) is not constant or the model is too s impl is t l c .  These 

s t u d i e s  e re  continuing. 

The t o t a l  d u r a t i o n  o~ t h e  d e n i t r i d i n g  p~ocesses i n  these  

e x p e r i m e n t s  agrees  w e l l  w i t h  s i m i l a r  Mossbauer e x p e r i m e n t s  con -  

¢ e r ~ i n  9 ¢-FeaN d e n i t ~ i d i n g ,  p~ese~ced i n  ou~ l a s t  r e p o r t  < l a ) .  

While fo l lowing denit~iding in H a o# ¢-FeaN with constant velo- 

c i t y  Mossbauer e x p e r i m e n t s ,  we found t h a t  t he  n e a r e d !  w |s  e l l e n -  

t i a l l u  ~educed a ~ t e r  300 seconds a t  598 K, which i s  on a s i m i l a r  

t ime  s c a l e  as t he  d e n i t r i d i n 9  o f  the  o t h e r  two n i t . i d e s  shown i n  

F i g u r e  3, F u t u r e  Mossbauer e x p e r i m e n t s  w i l l  examine .the s t r u c -  

t u r e  o f  t hess  n i t r i d e s  d u r i n g  the  " t r a n s i t i o n "  r e g i o n  o~ the  den-  

i t r i d i n g  p~ocess. 

When 3H~/CO i s  added t o  t h e  gas s t ream ove~ v i r g i n  ¢-FexN a t  

aSO°C ( 1 ~ ) ,  ammonia i s  observed  as a s p i k e  a~ i n  F i g u r e  4a. I f  

t h e  base l i ~ e  NH 3 i s  s u b t r a c t e d ,  t h e  t o t a l  N obse rved  co )~esponds  

to  1 ,7  mono layers ,  which i s  s l i g h t l y  more than  t h a t  observed i n  

pu re  H2(1.3 ~ o n o l a g e ~ s ) .  The a c t i v e  s u r f a c e  N s p e c i e s  s e l e c -  

t i v e l w  prQd~ce$ NH 3, and #u~the~ h g d ~ o g e n a t i o n  oF t h e  b u l k  
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Fi~,ar,m 4:  S t e p  ,P'r.om He ovm'r, t -Fe~ ,  7N t o  A)  3H_/CO.a'l,,le o'r. 
.B) 4 H ~ I ~ ,  a f te r  5 minO~e$ ¢a~bu~iz~tion. 
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n i t ? t d e  i s  i n h i b i t e d  by a s u r f a c e  carbon spec ies .  A ~ t s r  ~ i ve  

minute= o# FT $~nthe~i$, the catal~st  was exposed to pu~e H a , a~d 

the productio~ o# NH 3 wee at a constant~ slow ~ate~ as i~ Figure 

4b. This is in contrast with the h~drogenation o~ v i r g i n  

.I-Fe2.~N (Figure 3)~ i~ which NH 3 was produced at a much higher 

~ a t e .  Processes  wh ich  have occured d u r i n g  the  ~ i v e  m i n u t e s  o~ 

synthe|ie c lear l~ ePPect the den i t r id ing  a c t i v i t y .  

F i9uPe 5 shows t h e  ~e=u l~  o~ d e ~ i t ~ i d i ~ g  an e -Fe2.?N 

c a t a l y s t  i n  h e l i u m  w h i l e  ramping  the  t e m p e r a t u r e .  The p l o t  

b e f o r e  30 seconds shows the s teady  s t a t e  n i t r i d i n g  c o n d i t i o n s  a t  

390°C ( t h e  ~ . u d  H a c o t , c e ~ t ~ a t l o n s  a~e ~ot  show~) and t h e  t a ta r  =" 

l ~ t i c  p w o d u c t l o a  o¥ N 2 #~om NIl 3 i s  a p p a r e n t .  The N 2 p ~ o d u c t l o n  

co~responded to a t u~ove r  ,umber oF 5.3xI0 -a sec ~I . Helium was 

then i n t r o d u c e d  over  the  c a t a l y s t  and t h e  t e m p e r a t u r e  was ramped 

as shown i n  F i g u r e  5. In  the  f i r s t  p o r t i o n  o f  t h e  graph ( t o  t he  

f i r s t  maximum at 190 seconds), iN a evolves ac¢o~di~9+to a f i r s t  

order ~elat ionship and there~ol.e an ac t iva t ion  energy o~ 41.5 

kcal/mol is ~ound. This compares to E r t l  ot a1 . ' ~  value o~ 26 

kca l /m: l  #or a~ e-FeaN catalgst  (8). The di#~ere~ce i~ 

stoichiometry could account ~or the discrepency. I t  is tempting 

to Is$i9~ the second maximum to the evolut io~ o# N a #~om ~-Fe4N 

n i t r l d e  ~ormed during the dsn i t r ld ing  process, but th is  needs to 

be studied ~urther. S imi lar  experiments wi th ~-Fe4N are i~ pro- 

gross.  N e v e r t h e l e s s ,  i t  i s  c l e a r  t h a t  t he  e p s i l o n  phase i s  r e l a -  

t i v e l ~  stable at temperatures below 400°C. 
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F i l ~ u ~ o  5: D e ~ l t ~ i d i ~ g  o~ I-Fe~.TN i~  l i e .  
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3. FUTURE RESEARCH 

Research in  the  nex~ 3 month p e r i o d  w i l l  emphasize h i g h e ~  CO 

(75~ CO and /o~  50~ CO) c o n c e n t r a t i o n s  du~ in9  s v n ~ h e s i s  ~@act tons.  

S ~ a b i l ~ t v  o~ the  n i t ~ i d e  phases ~ ,11  be compared t o  i ~on  ~eac -  

~ i v i t v  unde~ ~hese c o n d i t i o n s .  C o n s t a n t  v e l o c i t  v H~,sbaue~ a n a -  

l g s e s  w~11 c h a r a c t e r i z e  the  b u l k  r e a c t i v t t g  o~ n2 t~2de  phases i n  

l e s s  hydrogen ~ i c h  a tmosphe res . '  Stead~ s t a t e  k i n e t S c  behav2o~ 

a n a l y s i s  coup led  u i~h  compu~e~ f 2 ~ i n g  o~ H6ssbaue~ s p e c t r a  u i 1 1  

a i d  i n  ~he i d e n t i ? i c a ~ t o n  o~ n i t r o g e n  movement i n  the  c a t a l y s t .  

Zn ~he t ~ a n s i e n t  a p p a r a t u s ,  the  k i n e t i c  d e n i t ~ i d i n g  b e h a v i o r  

o f  ¢-FeaN w i l l  be e s t a b l i s h e d .  The i n i t i a l  and s teadw s t a t e  

b e h a v i o ~  o? a l i  ~hm phases du~ ing  F i s c h e r -  T~opsch w i l l  be 

~u~ the r  e s t a b l i s h e d  and e?~o~ts  w£11 be made to  a l t e ~  t h i s  

behav|o~ by p~e t~es tmen ts  o~ the  n i t ~ i d e d  c a t a l y s t .  
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