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A l s t r a c t .  U s i n g  t h i n  f i l m s  o f  p y r o l y t . i c  c a r b o n  t h e  k i n e t i c s  o f
the  reac t ion  w i th  oxygen were  s tud ied  in  a  s ta t i c  sys tem over
t h e . t e m p e r a t u r e . r a n g e  7 4 8 - 1 1 7 3  K  a t  p r e s s u r e s  i n  t h á  n e i g h b o r _
h o o d  o f  I  T o r r  ( 0 . 1 3  k p a ) .  T h e  f o r m a t i o n  o f  t h e  s t a b l e  i u r f a c e
complex , .measured by  pressure  change and by  tempera ture-pro-
grammed desorp t ion ,  and produc ts  carbon moñox idá  and carbon
d iox ide  were  mon i to red  as  a  func t ion  o f  reac t ion  t ime dur ing
the  comple te  course  o f  the  reac t ion .  A t  lower  tempera tures  an
induc t ion  per iod  was observed fo r  fo rmat ion  o f  carLon monox ide
and carbon d iox ide  bu t  no t  fo r  fo rmat ion  o f  the  complex .  The
presence of the complex on the surface before the start of a
reac t ion  shor tened the  induc t ion  per iod  and increased s1 . i9h t ly
the  over -a l1  ra te .  A  mechan ism fo r  the  reac t ion  is  p ropo ied  in
wh ich  the  sur face  complex  is  an  ln te rmed ia te  in  the  io rmat ion
of  carbon monox ide  and carbon d iox ide .

I n troduc t i  on

0 f  cen t ra l  impor tance in  the  processes  occur -
r ing  on  the  sur face  o f  carbon dur ing  the  reac t ion
wi th_oxygen is  the  presence o f  the  s t rong ly -bound
ggmplex formed by adsorption of oxygen oñ éarbon
( l ) .  A l t h o u g h  i t s  p r o p e r t i e s  h a v e  b e e n  s t u d i e d
by  var ious  techn iques  i t s  ro le  in  the  o¡ ida t ion
process  has  been d i f f i cu l t  to  de f ine .  The purpose
of  the  present  work  was,  by  a  care fu l  measu iemenr
o f  the  t ime course  o f  the  reac t ion  under  a  var ie ty
o f  c o n d i t i o n s ,  t o  d e s c r i b e  t h e  m e c h a n i s m  o f  t h e  o x i -
d a t i o n  a n d  t h e  r o l e  o f  t h e  c o m p l e x  i n  i t .

Experimen ta I

The reac t ion  was s tud ied  in  a  s ta t . i c  svs tem
conta in ing  a  reac t ion  vesse l  connected  to  two pres-
sure  t ransducers .  Th in  f i lms  o f  h igh  pur i ty  carbon
i l5  nm th ickness)  were  depos i ted  on- th i  sur?ace o f
t h e . v e s s e l  ! y  p f r o l y s i s  o f  4 0  T o r r  ( 5 . 3  k p a )  o f
¡e thane a t  1223 K.  The amount  o f  carbon in  the  f i lm
¡as  measured by  the  a t tenuat ion  o f  a  He-Ne laser
Seam passed ax ia l l y  th rough the  vesse l .

Resu l  ts

t leasurement of the Active Surface Area (ASA)

A f t e r  a . d e g a s s i n g  t r " e a t m e n t  o f  t h e  f i 1 m ,  3 0 0- - . r r  (40  kPa)  o f  oxygen was admi t ted  to  the  vesse l
: : 5 7 3  K ,  a l l o w e d  t o  c h e m i s o r b  f o r  a b o u t  1 5  h o g r s
: -d  removed by  evacuat ion  to  a  p ressure  o f  l0 -5  Tor r'3 -o  kPa) .  The tempera ture  o f  the  fu rnace was

l i n e a r l y  p r o g r a m m e d  a t  5 o l m i n .  f r o m  6 7 3 - 1 2 2 3  K  a n d
desorp t ion  o f  carbon monox ide  was measured bv  the
increase in  p ressure  in  the  sys tem.  Dur ing  ihe
desorp t ion  the  produc t  carbon d iox ide  was iemoveo
by t rapp ing  and a t  the  end o f  the  desorp t ion  bo th
produc ts  were  ana lyzed.  The ASA o f  the  carbon
f i lms was a  reproduc ib le  measurement  and var ied
f rom about  lX  o f  the  to ta l  amount  o f  carbon fo r  new
f i lms to  about  l0 l  o f  the  to ta l  carbon fo r  a  f i lm
af te r  801 reac t ion .  From the  tempera ture  a t  the
max imum ra te  o f  desorp t ion  an  ac t iva t iop  energy  fo r
d e s o r p t i o n  n a s  e s t i m a t e d  a s  2 9 0  k J  m o l - 1 .

K ine t ic  Measurements

The t ime course  o f  the  reac t ion  w i th  oxygen a t
p r e s s u r e s  i n  t h e  r e g i o n  o f  I  T o r r  ( 0 . 1 3  t l a )  w a s
fo l lowed by  mon i to r ing  the  concent ra t ion  o f  carbon
0n the  sur face  and the  pressure  in  the  reac t ion
vesse l  and tvas  measured over  the  tempera ture  ranqe
7 4 8 - t  I  7 3  K .
(a )  748-923 K

Below about  898 K carbon monox ide  was less  than
l f  o f  t h e  c a r b o n  d i o x i d e  i n  t h e  p r o d u c t s .  U n d e r
these cond i t ions  the  loss  o f  carbon may be  eouated
to  the  carbon d iox ide  produced.  The p iessure  w i l l
equa l  the  sum o f  the  oxygen p lus  carbon d . iox ide  and
a  d e c r e a s e  i n  p r e s s u r e  w i l l  i n d i c a t e  l o s s  o f  o x y g e n
by adsorp t ion  on  the  sur face ,  wh. ich  jn  the  present
exper iments  we have equated  to  fo rmat ion  o f  the
s t a b l e  c o m p l e x .  A n  e x a m p l e  o f  t h e  t i m e  c o u r s e  o f
the  reac t ion  w i th  respec t  to  fo rmat ion  o f  complex
a n d  o f  c a r b o n  d i o x i d e  i s  s h o w n  i n  F i q u r e  l .  N o t e
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Fiqur€  l .  Y ie ' lds  o f  complex  and o f -carbon d iox ide- 
as a f inct ion of t ime' Pressure of

02  =  I  Tor r  (0 "13  kPa) '  T  =  848 K '

o -  c 0 ,

a - comD]ex

tha t  the  sca le  fo r  fo rmat ion  o f  the  complex  is  ten

i iñ i t - i i .éá .  ihan  fo r  the  fo rmat ion  o f -carbon

i io i i¿ . .  A t  each tempera ture  i t  was  c lear ly  ob-

l . " r . i - in . i  fo rmat ion '  o f  carbon d iox ide  invo lved

; ; ' ; ; ; t ; i i ; ^  p e r i o d  ( 6 0  m i n '  a t  7 4 8  K  t o  2  m i n '  a t

ü 'd0 ' i i i ' ' rñ i í .  ño  in¿u i t ion  per iod  was 9 l : :TY"d  
ro '

ió - i i i o .  o f  the  adsorbed oxygen ' .o r  s tab le  com-

; i ; ; : - ' i t i . - in i t ia l  ra te  o f  fo rmat ion  o f  the  com-

i i . t ' * i  . . . tu red  a t  each tempera ture '  .  An .

i ; ; ; " ; ; t  ; ió i  o f  tn is  ra te ,  nonna l ized  w i th  res-

; ; t i r  thA in i t ia l  p ressure  o f  oxygen '  g -ave-a Í l

[ i i r i i i ó . - .nergv  fo r  adsorp t ion  o f  46  kJ  mol - r '

( b )  9 2 3 - 1 1 7 3  K

At  h igher  tempera tures  the  induc t ion  per iod

, . ,  t r in  tñor te r  and in i t ia t  ra tes  o f  d isappear -

; ; ; .  ; i  carbon and o f  fo rmat ion  o f ,p roduc ts  were

ñó iE áá t i i v -áér ine¿.  A t  998 K carbon monox ide  was

n o  l o n q e r  n e q l i q i b l e  a n d  i n  t h e  i n i t i a l  s t a g e s .
amornté¿ to ;boút 251" of the carbon dioxide' As

carbon monoxide accumulated in the products the

secondary reaction with oxygen became important
and the  ia t io  C0/C0Z fe l l  w i th  inc reas ing  conver -
i ion .  The produc t  ;a t io  C0/C02 is  there fore  s ign i -
f i can t  on ly  a t  low convers ion .

In the high temperature region the decrease
' in pressure caúsed by the forrnation of complex was

neg i ig iU le  compared to  the  inc rease caused by  the
p"óauét ion  o f  carbon monox ide .  The ra te  o f
removal of carbon can therefore be equated to the

ra te  o f  fo rmat ion  o f  C02 +  C0.

The ac t iva t ion  energy  fo r  fo rmat ion  o f  car -
b o n  m o n o x i d e ,  t  3 0 0  k J  m o l - 1 ,  i s  a b o u t  t h e  v a l u e
expected  fo r  desorp t ion  o f  the  s tab le  sur face  com-
p l i x ,  whereas  the  ác t iva l ion  energ ie -s  fo r . remova l
b f  cá"bon,  n ,  170 kJ  mol - | ,  an{  fo r  fo rmat ion  o f

c a r b o n  d i ó x i d e ,  ̂ ,  . l 3 0  
k J  m o l - r '  a r e  c o n s i d e r a b l y

1 ower.

Ihe Product Ratio C0/C02

The ra t io  o f  the  produc ts  C0/C02 '  measured in

the  in i t ia l  s tages  o f  the  reac t ion ,  i s  shown in  an

Ar rhen ius  p lo t  in  F igure  2 .  The c i rc les  represent
. i th . "  new f i lms or  i i lms  f rom wh ich  the  complex
was removed by  TPD a f te r  reac t ion .  The squares
represent  f i lms  f rom wh ich  the  complex  was no t
removed and was there fore  present  on  the  sur face  a t
the  beg inn ing  o f  the  reac t ion .  From the  s lope o f
t h i s  p i o t  a  v a l u e  f o r  A E ,  t h e  d i f f e r e n c e  i n  a c t i -
va t ion  energy  fo r  the  ra tes  o f  fo rmat ion  o f  garbon
m o n o x i d e  a n á - c a r b o n  d i o x i d e ,  w a s  

. l 9 2  
k J  m o l - ¡ '

Th is  i s  in  agreement  w i th  the  d i f fe rence deduced

9 l o
lJx' '  to-a

Fioure 2.  Arrhenius p lot  of  the rat io  C0/C0,  in-  
the in i t ia l  s tages of  the react ioh '

6-  nevr  f i1m5

o- fi lms from which the comPlex
had been removed

o- f i ' tms f rom which the complex
had not been renPved

from the separate measurements of the rates'
ó. ió*  i ¡or i '1048 K'  the rat io  c0lc02 f rom f i lms
i"ot *ñiin the complex was not removed was about
three times larger than observed from new. fi1ms'
Ihe d i f ference ih act ivat ion energy was,-noweverr
tnÁ same as observed for the new fi lms' At tempe-
. . i r " ! t -u¡óte-áoout  lo48 K the rat io  decreased and
oraduat lv  reached the value observed for  new f i lms'
i i i i - i . . i¿  is  expla ined bv the fact  that  at  h igher
iemleratures the 'equi l ibr ium amount  of  complex on
the sur face becomes very smal l  and i ts  ef fect  on
the react ions is  correspondingly reduced'

Di  scuss i  on

The v ie ld- t ime curves obta ined in the low-
t . tp" .á iuí . - region c lear ly  show that  adsorpt ion of
óii6."-oñ the éarbon surface ' as measured ¡v !19
deáíease in pressure,  is  a pr imary process,  whi le
iórmat ion of  the product  carbtn d iox ide is  a secon-
á; ; ; - ; ; ; . ; t .  Th 'e fo l lowins mechanism is  susgostéd:

c f - *  02  *  c [02 )  ( l )

C f  +  C (02 )  *  2 ( -C0 ) .

( C O ) c - c 0 ( g )  + c f

cf  + (co)c + 02 c02 + [co)c + 2Cf

[C0)c + c[02)  *  COZ + (C0)c + cf

( C O ) . + ( C O ) c - C O Z + C f

( ? \

t , ¡ \

( 4 )

( 5 )

( 6 )

where C¡ refers to an edge carbon atom (a free

i i i " i ,  ó to r l  re fe rs  to  an  adsorbed oxygen molecu le

ueto iá  ró rñá t ion  o f  the  complex  takes  p1ace,  and
(C0)^  re fe rs  to  the  s tab le  ox ide  complex '  The

i t fá i t  o f  the  complex  on  the  ra t io  C0/C02 mav be

in i . "p " . t .¿  to  ind ica te  tha t  more  than one type o f

r i t Á  i s  i m p o r t a n t  i n  t h e  r e a c t i o n s  l e a d Í n g  t o  t h e s e

p . o á u . i t .  
' E x t e n s i o n s  

t o  t h i s  s i m p l e  m e c h a n i s m  w i l l

b e  d i s c u s s e d .
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