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I n t r o d u c t i o n

At  h igh  tempera tures  ( '450K)  i f  carbon bear -
ing  gases  come in  contac t  w i th  t rans i t ion  meta ' l s
o r  t h e i r  a l l o y s ,  c a r b o n  d e p o s i t i o n  o f t e n  r e s u l t s .
Over  the  pas t  severa l  decades carbon depos i t ion
has  been a  major  p rob lem fo r  bo th  t rans i t ion  meta l
b a s e d  c a t a l y s i s  a n d  m a t e r i a l s  o f  c o n s t r u c t i o n .  F o r
severa ' l  years  work  has  progressed in  our  labora tory
on us ing  the  cont ro l  o f  oxygen,  hydrogen,  and car -
bon gas  phase ac t iv i t ies  to  cont ro l  so ' l id  (sur -
face?)  compos i t ion .  The work  rev iewed here  is  fo r
the  t rans i t ion  meta l  i ron  exposed to  H2,  C0,  C02,
CH4 and H20.  The da ta  p resented  are  a t  h igh  tem-
e r a t u r e s  ( ' 8 0 0 K )  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f
sur face  enr ichment .

Ir iethodol ogy

When carbon depos i t ion  occurs  in  mu l t i compon-
e n t  g a s  m i x t u r e s  i t  i s  v e r y  d i f f i c u l t  t o  d e t e r m i n e
w h i c h  s o l i d  p h a s e  c a t a l y z e s  c a r b o n  d e p o s i t i o n .
Th is  i s  due to  the  fac t  tha t  dur ing  reac t ion  the
s o l i d  m a y  b e  o x i d i z e d ,  r e d u c e d ,  o r  c a r b i d e d  a n d
th is  may change w i th  t ime on  s t ream (and even
pos i t ion  in  the  reac tor ) .  In  such complex  sys tems,
gas  phase reac t ions  may be  ca ta lyzed by  so l id
phases  fo rmed dur ing  reac t ion .  To  hánd le  these
k inds  o f  sys tems i t  i s  necessary  to  cont ro l  the
g a s  p h a s e  c h e m i c a l  p o t e n t i a l s  ( g a s  p h a s e  c o m p o s i -
t i o n s )  d u r i n g  r e a c t i o n  a n d  b y  s o  d o i n g  f a v o r  o n l y
t h e  s o l  i d  p h a s e ( s )  d e s i r e d .  I n  t h i s  w a y ,  i t  i s
p o s s i b l e  t o  d e t e r m i n e  w h i c h  s o l i d  p h a s e ( s )  c a t a -
lyze  carbon depos i t ion .  A  conven ien t  way  to  repre-
s e n t  t h e s e  d a t a  a n d  c o n t r o l  s t r a t e g y  i s  i l l u s -
t r a t e d  i n  F i g u r e  1 .  I n  F i g u r e  1 ,  t h e  o x i d i z i n g '
r e d u c i n g ,  o r  c a r b i d i n g  a c t i v i t i e s  a r e  i n d i c a t e d
in  the  reg ions  ¡ rhere  the  so l id  i ron  phase is  shown
a s  F e ¡ O  ( w u s t i t e )  f o r  o x i d i z i n g ,  F e 3 C  ( c e m e n t i t e )
l o r  c a r b i d i n g ,  a n d  c - i r o n  f o r  r e d u c i n g .  I n  a d d i -
t ion ,  the  reg ions  in  wh ich  carbon is  thermodynami -
c a l l y  p r e d i c t e d  t o  f o r m  a r e  a l s o  i n d i c a t e d .  T h e
curves  shown in  the  F igure  represent  the  c -Fe/Fe3C-
g a s ,  o - F e / F e ¡ O - g a s  a n d  C g - g a s  e q u i l i b r i a .  T h u s  i f
one precarb ides  the  i ron  sample  and feeds  a  gas
mix tu re  represented  by  po in t  M,  one can observe  i f
F e r C  c a t a l y z e s  c a r b o n  d e p o s i t i o n .  I n  a  s i m i l a r
mañner  an  exper iment  a t  po in t  X  can de termine i f
F e * 0  c a t a l y z e s  c a r b o n  o x i d a t i o n .

The da ta  p resented  here  were  taken in  a  d i f -
fe ren t ia l  l y  opera ted  thermograv imet r ic  reac tor
w i t h  i n l e t  a n d  o u t l e t  g a s  p h a s e  c o m p o s i t i o n

F igure  1 .  Phase d iagram fo r  the  o-Fe,  FerO,  Fe tCU
and gas system.

checked w i th  an  on- l ine  gas  chromatograph.  The
i ron  samples  used were  number  2  s tee l  woo l ,  h igh
p u r i t y  c - i r o n  f o i l  ( > 0 . 9 9 9 9 ) ,  a n d  h i g h  p u r i t y  o -
i r o n  ( ' 0 . 9 9 9 9 )  v a p o r  d e p o s i t e d  o n  f u s e d  q u a r t z .
l .4os t  exper iments  were  run  by  f i rs t  b r ing ing  the
a- i ron  sample  up  to  reac t ion  tempera ture  in  pure
hydrogen.  Then the  sample  was e i ther  p recond i -
t i o n e d  ( o x i d i z e d ,  c a r b o n i z e d ,  e t c . )  o r  w a s  p u t
d i r e c t l y  u n d e r  t h e  g a s  c o m p o s i t i o n  o f  i n t e r e s t
( i . e . ,  i n  t h e  p h a s e  f i e l d  o f  i n t e r e s t ) .

R e s u l t s  a n d  D i s c u s s i o n

The resu l ts  se lec ted  fo r  p resenta t ion  repre-
s e n t  o n l y  a  s m a l l  f r a c t i o n  o f  t h e  w o r k  d o n e  i n  t h i s
a r e a  b y  t h e  a u t h o r  u s i n g  t h i s  m e t h o d o l o g y ,  A l s o '
i t  s h o ; l d  b e  4 o ! e d  t h a t  o t h e r s  h a v e  u s e d - s i m i l a r
m e t h o d o l o g i e s l ' ¿ .

F ioure  2  reoresents  a  ser ies  o f  runs  a t  var -
i o u s  0 / i  v a l u e s 3 .  T h e  g a s  p h a s e  c o m p o s i t i o n s  v r e r e
ad jus ted  to  vary  f rom a  carb id ing  po ten t ia l
( c e m e n t i t e )  t o  a n  o x i d i z i n g  p o t e n t i a l .  A l w a y s
carbon was thermodynamica l l y  favored to  fo rm.  As
i l l u s t r a t e d ,  i n  t h e  r e g i o n w h e r e  F e 3 0 4  ( m a g n e t i t e )
w a s  t h e  s t a b l e  i r o n  p h a s e  n o  w e i g h t  g a i n  w a s  o b -
s e r v e d .  I n  t h e  c e m e n t i t e  p h a s e  f i e l d  w e i g h t  g a i n
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Figure  2 .  Inh ib i t ion  o f  carbon depos i t ion  bY Fer0O
at  var ious  0 /H ra t ios .

w a s  o b s e r v e d .  M i c r o s c o p i c  e x a m i n a t i o n  o f  t h e
s a m p l e  a f t e r  r e a c t i o n  i n d i c a t e d  t h i s  w e i g h t  g a i n
w a s  c a r b o n .  A  s i ¡ n . i l a r  s e t  o f  e x p e r i m e n t s  i s  i l  l u s -
t ra ted  in  F igure  34 .  Aga in ,  cement i te  p romotes
carbon depos i t ion .  However ,  as  shown,  even though
carbon is  favored to  fo rm in  the  reduced i ron
phase f ie ld  none does .  A l though no t  shown Fe¡O
(wust i te )  and Fe203 (hemat i te )  a lso  were  shown not
t o  s u p p o r t  c a r b o n  d e p o s i t i o n .  U s i n g  t h i s  e x p e r i -
menta l  s t ra tegy  i t  i s  poss ib le  to  inves t iga te
" i n d i v i d u a l "  r e a c t i o n  a s  w e l l .  A s  o r e s e n t e d  i n
F igure  4  var ious  mix tu res_of  C0/COZ were  exposed to
a  precarboned i ron  sample5 .  The C0 concent ra t ion
dur ing  a l l  exper iments  favor  carbon depos i t ion  f rom
r e a c t i o n  I

2 C 0 = C 0 Z + C  ( 1 )

However ,  i f  the  PCO/PCo2 ra t io  was less  than
o r  e q u a l  t o  l . l 3  t h e  s u r f a c e  w i l l  o x i d i z e  b y
r e a c t i o n  2

4C0Z + 3Fe = Fe,OO + 4C0 (2)

Evidence that cennnti te catalyzes carbon
format ion.

HO,RS Mi l i lory Sld.

F i g u r e  4 .  E f f e c t s  o f  o x i d e  i n h i b i t i o n  i n  b i n a r y
gas  mix tu res  o f  Co-Or .

N o t i c e  t h a t  c a r b o n  d e p o s i t i o n  o n l y  o c c u r r e d
when reac t ion  2  was fo rced to  the  le f t .  In 'o ther
w o r d s ,  a g a i n  i r o n  o x i d e  d i d  n o t  s u p p o r t  c a r b o n
d e p o s i t i o n .  I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  a s  l o n g
¿5 ¡6¿ PC6/PC02 ra t io  exceeds 0 ,23  the  reduced sur -
f a c e  w i l  l  c a ¡ o i d e  t o  F e 3 C .  T h i s  i s  t h e  c a s e  i n
a l l  exper iments  p resented  in  F igure  4 .  These da ta
a r e  i n  a g r e e m e n t  w i t h  a l l  p r e v i o u s  d a t a ,  a n d  i l l u s -
t r a t e  h o w  n o n - e Q u i l i b r i u m  p h a s e  d i a g r a m s  c a n  b e
used to  e luc ida te  complex  he terogeneous ca ta ly t i c
sys tems.
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