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1 .  I n t roduc t i on  

Th is  work was undertaken i n  o rder  t o  develop a s imple and e f f e c t i v e  t e s t  t h a t  
would compare the  r e a c t i v i t i e s  o f  g ranu lar  carbons. The carbons s tud ied  were samples 
o f  formed m e t a l l u r g i c a l  coke and o f  ca l c ined  coal  char made f rom subbituminous coa l  
i n  the  process developed by FMC Corp., and demonstrated i n  a semi works p l a n t  a t  
Kemmerer, Wyoming ( I ) .  This coke i s  permeated by a system o f  very  f i n e  pores, i t  has 
a h i g h l y  amorphous s o l i d  s t ruc tu re ,  and i t  i s  very  r e a c t i v e  compared t o  byproduct o r  
beehive cokes. The r e a c t i v i t y  i s  be l ieved t o  be an important p r o p e r t y  o f  cokes used 
as reducing agents. 

As a second ob jec t i ve ,  some knowledge o f  the  i n f l uence  o f  r a t h e r  m i l d  thermal 
t rea tment  on the  r e a c t i v i t y  o f  these cokes was sought. 

Carbon d iox ide  was se lec ted  as the  o x i d i z i n g  agent f o r  t h e  r e a c t i v i t y  tes ts ,  
s ince  i t s  reac t i on  w i t h  carbon i s  no t  compl icated by secondary e f f e c t s  such as t h e  
water  gas s h i f t .  The reac t i on  was fo l lowed by measuring the  weight o f  carbon as a 
f u n c t i o n  o f  time, and t h i s  p ro tedure  proved t o  be bo th  s imple and p rec i se .  

While the  va r iab les  a f f e c t i n g  the r e s u l t s  o f  t he  t e s t  were s tud ied  i n  a semi- 
emp i r i ca l  manner, c e r t a i n  i n t e r e s t i n g  i n fo rma t ion  regard ing  the  k i n e t i c  behavior o f  
these carbons as they underwent reac t i on  d i d  r e s u l t ,  and t h i s  work i s  presented w i t h  
the  hope o f  p rov id ing  a lead toward a b e t t e r  p i c t u r e  o f  what happens on t h e  sur face  
o f  carbon dur ing  reac t i on .  

I I .  Experimental D e t a i l s  

A. R e a c t i v i t y  Measurements 

The apparatus shown i n  F igure  1 cons is ted  o f  an impervious s i l i c a  tube 2.54 cm. 
I D mounted v e r t i c a l l y  i n  a tube furnace. Carbon d i o x i d e  f lowed upward through the  
tube a t  c o n t r o l l e d  ra tes  which ranged from 2870 cc per minute (STP) t o  4730 cc pe r  
minute. The samples o f  g ranu lar  carbon t o  be eva lua ted  were suspended i n  a sample 
ho lde r  from an a n a l y t i c a l  balance mounted above the  r e a c t i o n  tube. The sample ho lder  
was a No. 2 Gooch c r u c i b l e  cu t  o f f  where the  ou ts ide  diameter was 23 m i l l i m e t e r s  so 
t h a t  c learance between the c r u c i b l e  and the  r e a c t i o n  tube averaged 1 .2  mm. The pe r fo -  
r a t i o n s  i n  the  bottom o f  the  c r u c i b l e  were each .7 mm Diam. Holes were c u t  i n  t h e  
s ides  o f  the  c r u c i b l e  w i t h  a diamond saw so t h a t  a b a l e  o f  quar tz  f i b e r  which hooked 
on t o  another long quartz f i b e r  a t tached the  sample ho lder  t o  the  balance. 
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Nearly a l l  of the  r e a c t i v i t y  measurements were made a t  900°C and the  tempera- 

t u r e  was c o n t r o l l e d  au tomat i ca l l y  by the thermocouple mounted about 1 cm below the  
sample. A t  900°C, the ra tes  o f  r e a c t i o n  o f  most o f  these samples were i n  a range t h a t  
was convenient t o  fo l l ow .  

A loose f i t t i n g  cover on t o p  o f  t h e  r e a c t i o n  tube w i t h  a 'smal l  ho le  f o r  the  
quar tz  f i b e r  prevented a i r  f rom d i f f u s i n g  down t o  t h e  sample y e t  pe rm i t ted  the  C02 t o  
escape. 

The dynamic fo rce  o r  upward drag on t h e  sample basket was about 50 m i l  1 igrams 
a t  t h e  h ighes t  gas v e l o c i t y  used, and i t  was steady as long as gas v e l o c i t y  and tem- 
pe ra tu re  were kept  constant.  

To make a r e a c t i v i t y  measurement the  carbon p a r t i c l e s  were screened, u s u a l l y  
t o  -16 +20 USS mesh, d r i e d  o v e r n i g h t  i n  a des i ca to r  and a sample o f  e i t h e r  200 o r  500 
m i l l i g r a m s  was weighed i n t o  t h e  sample ho lder .  W i th  the  apparatus a t  r e a c t i o n  tempera- 
t u r e  and thorough ly  purged w i t h  n i t rogen ,  the  sample ho lder  was q u i c k l y  lowered i n t o  
place, hung f rom the  balance, and t h e  cover placed on top  o f  t h e  reac t i on  tube. 

The sample was then a l lowed t o  heat i n  a stream o f  n i t r o g e n  u n t i l  i t  came t o  
a constant weight,  which u s u a l l y  happened w i t h i n  t e n  minutes, bu t  f o r  most runs a 20 
minute d e v o l a t i l i z a t i o n  p e r i o d  was used. A t  t he  end o f  t h i s  t ime the weight was 
observed, the  carbon d i o x i d e  was tu rned  on and i t s  f l o w  ad jus ted  t o  g i v e  a s u p e r f i c i a l  
v e l o c i t y  of e i t h e r  15.6 o r  9.45 cen t ime te rs  per second (STP) i n  the  r e a c t i o n  tube. The 
weight was aga in  measured as soon as poss ib le  a f t e r  t u r n i n g  on t h e  CO2 and t h e r e a f t e r  
a t  f requent  i n t e r v a l s  du r ing  the  course of the  reac t i on .  A t  t h e  end o f  t he  run  the  
system was purged w i t h  n i t rogen ,  and the sample was removed and a l lowed t o  coo l  t o  room 
temperature. The empty sample ho lde r  was then p laced back i n  the  furnace and weighed 
i n  a stream of n i t rogen  a t  r e a c t i o n  temperature. R e a c t i v i t i e s  a r e  repor ted  as percent 
o f  t he  sample reac t i ng  per hour, based on the  t o t a l  weight ( i n c l u d i n g  ash) o f  carbon 
a t  t he  end o f  t h e  d e v o l a t i l i z a t i o n  pe r iod .  

For most o f  t h e  work the  lower gas v e l o c i t y ,  9.45 cm/sec, was used because 
i t  gave somewhat more rep roduc ib le  r e s u l t s .  A t  t h i s  v e l o c i t y ,  t he  Reynolds Number i n  
the  annu lar  space pas t  the  sample i s  900, so t h a t  f l o w  i s  laminar.  

B.  F l u i d i z e d  Reactor 

The apparatus t o  r e a c t  carbon w i t h  steam i n  a f l u i d i z e d  bed cons is ted  o f  an 
The heated sec- 

A p e r f o r a t e d  p o r c e l a i n  p l a t e  pinched i n t o  a c o n s t r i c t e d  

impervious s i l i c a  tube 2.54 cm I D mounted v e r t i c a l l y  i n  a furnace. 
t i o n  o f  t h e  tube was 45 cm long, and i t  conta ined r e f r a c t o r y  packing t o  a depth o f  
25 cm t o  p reheat  the  steam. 
s e c t i o n  o f  t he  tube l a y  on t o p  o f  t h e  packing and served as a g r i d .  
i n  a f i n e  quar tz  we l l  was immersed i n  the  bed from the top, and i t  operated a con- 
t r o l l e r  which ac ted  t o  ma in ta in  a cons tan t  temperature i n  the  bed. 

A thermocouple 

The r a t e  o f  steam f l o w  was c o n t r o l l e d  by manual adjustment o f  the  cu r ren t  t o  
a hea t ing  mant le enc los ing  a two l i t e r  f l a s k .  The f l a s k  was f i l l e d  t o  a l e v e l  w e l l  
above the  windings i n  t he  mantle. 

To beg in  a run, t h e  empty r e a c t i o n  tube was weighed, then mounted i n  the 
furnace, brought up t o  temperature, and the  steam f l o w  was ad jus ted  t o  the proper 
ra te .  
o f  g lass  wool was inse r ted  i n t o  t h e  top. By proper man ipu la t ion  of the  heater,  the 
bed temperature reached the  d e s i r e d  va lue  (usua l l y  750°C) w i t h i n  5 minutes.  

The weighed carbon sample (20 grams) was then poured i n t o  the tube, and a p lug  

Coarse carbons, -6 +IO USS mesh, were used f o r  t h i s  work. 
steam v e l o c i t y  o f  2 5  cm/sec under r e a c t i o n  cond i t ions ,  p a r t i c l e s  i n  the  bed moved 
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Thus each p a r t i c l e  should have been exposed t o  the same cond i t ions .  about cont inuous ly .  
The beds were about 5 cm deep. 

C. Surface Area Measurements 

A Perkin-Elmer-Shell  Sorptometer (Model 212) was used t o  measure pore surfaces. 
Samples were degassed i n  the  apparatus a t  600°C under . 1  mm Hg f o r  30 minutes. 

Isotherms f o r  adsorp t ion  o f  n i t rogen  a t  78°K were ob ta ined by a f l ow  technique 
which i s  rapid,  bu t  which may no t  a l l o w  s u f f i c i e n t  t ime  f o r  e q u i l i b r i u m  t o  be a t t a i n e d  
i n  very  f i n e  pores. Thus the  sur face  areas repor ted  here may be somewhat low. 

D. P a r t i c l e  Densi ty and Pore Volumes 

P a r t i c l e  d e n s i t i e s  o r  volumes were measured by displacement o f  Hg a t  10 p s i g  
i n  an American Instrument Co. Porosimeter. Pressures t o  5000 p s i  enabled pore volume 
d i s t r i b u t i o n s  t o  be determined down t o  pore diameters o f  350A. 

E. He1 ium Dens i t ies  

He1 ium dens i t y  was measured ' in a Beckman purgeable gas pycnometer, a f t e r  de- 
gassing i n  the  apparatus a t  room temperature and . 1  mm Hg tw ice  f o r  about 10 minutes 
each time, and break ing  the  vacuum w i t h  He i n  each case. 

F. Heat Treatment o f  t h e  Samples . ,  

To study the e f f e c t  o f  heat t reatment on r e a c t i v i t y  the  carbons were soaked 
f o r  var ious  per iods  o f  t ime i n  a m u f f l e  furnace kept a t  e i t h e r  lO00"C o r  1100°C. During 
t h i s  soaking, whole b r i q u e t s  were contained i n  glazed p o r c e l a i n  c r u c i b l e s  w i t h  ca l c ined  
coal  packed around them and w i t h  covers on the  c ruc ib les .  

I l l .  Samples 

Two samples o f  FMC Coke b r ique ts  and one sample o f  ca l c ined  coa l  char were s tud ied  
i n  t h i s  work. 

The coke b r ique ts  were made i n  p i l o t  sca le  equipment by f i r s t  c a l c i n i n g  the  ground 
coa l  i n  a se r ies  o f  f l u i d i z e d  r e t o r t s ,  then b r i q u e t t i n g  the  d e v o l a t i l i z e d  coal o r  c a l -  
c i n a t e  w i t h  a b inder  made by a i r  b lowing  the  t a r  d i s t i l l e d  f rom the  coa l .  The green 
b r i q u e t s  were then cured i n  the  presence o f  a i r  t o  polymerize the  binder,  and were 
f i n a l l y  coked o r  baked a t  about 900°C. 

One sample o f  coke was made from E l k o l  Coal, a sub-bituminous coal mined near 
Kemmerer, Wyoming. The o the r  coke was from another sub-bituminous coal mined near 
Helper, Utah. 

For the  samples used here, coke b r i q u e t s  were crushed and screened t o  the des i red  
s ize .  

The sample o f  c a l c i n a t e  was made from E l k o l  Coal and was produced by FMC Corp's 
demonstrat ion p l a n t  a t  Kemmerer, Wyoming. The pu lve r i zed  coa l  was f i r s t  d r i e d  a t  150°c, 
then carbonized a t  4 5 O o C ,  and f i n a l l y  ca l c ined  a t  8 0 0 " ~  i n  a se r ies  o f  f l u i d i z e d  r e t o r t s .  

Proper t ies  o f  these carbons a re  g iven i n  Table I .  



2 5,o 
... . . . . .. 

U l t i m a t e  Ana lys is  
W t .  % C 

H .  
' , N  

S 
0 (by d i f f . )  
Ash 

V o l a t i l e  mat te r  % 
Surface area (m2rgm) 

BET-Ni t rogen 

Apparent dens i t y  by 
Hg displacement 

(9m/cc) 

He1 ium dens i t y  (gm/cc) 

Crushing s t reng th  o f  
cy1 inders  1-1/411D x 3/411 

TABLE I 
. . .  .. . . . .  .,. . p r o p e r t i e s  o f  Samples 

E l  kol  Coke Helper Coke E l k o l  Calcinate"" 

89.8 86.6 89.6 
1 .o 1 .o 1.3 
1 .o 1.2 1.2 

1.7 2.6 I .7 
5.9 8.3 5.8 
2 .O% 2.0% 4.5% 

.6 .3 - .4 ' 

.94 .96 .94 

1.98 

3400# 340M 

*I90 m2/gm i s  a t y p i c a l  sur face  area f o r  t he  coke produced by the  la rge-sca le  p l a n t  a t  
Kemmerer. -- 

'*"The E l  ko l  Coke used here was no t  made from t h i s  sample o f  ca l c ina te .  

I V .  Resu l ts  

A. E f f e c t s  o f  Procedure 

The numerical ra tes  o r  r e a c t i v i t i e s  repor ted  i n  t h i s  sec t i on  a re  based on the  
o v e r a l l  s lope o f  the  weight versus t i m e  curve between t h e  t imes o f  30 and 160 minutes 
where t h e  s lope was f a i r l y  cons tan t .  I n  t he  f i r s t  few minutes o f  reac t ion ,  ra tes  were 
somewhat h igher  than the slope i n  t h i s  i n t e r v a l ,  and the  p o s s i b l e  s i g n i f i c a n c e  o f  t h i s  
h ighe r  i n i t i a l  r a t e  i s  discussed i n  a l a t e r  sec t ion .  

Table I I  shows the  e f f e c t s  o f  sample s ize,  d e v o l a t i l i z a t i o n  time, gas v e l o c i t y ,  
and p a r t i c l e  s i z e  on the measured values o f  r e a c t i v i t y .  I n  b r i e f ,  inc reas ing  the  sample 
s i z e  f rom 200 t o  500 mi l l i g rams  decreased the r e a c t i v i t y  about 20%; longer  d e v o l a t i l i -  
z a t i o n  t imes (40 compared t o  20 minutes) decreased the  r e a c t i v i t y  roughly 10%; and 
decreasing t h e  gas v e l o c i t y  f rom 15.6 t o  9.45 cent imeters  per  second lowered the  re -  
a c t i v i t y  about 20%. 
e f f e c t .  
2.5 down t o  .5 mi l l ime te rs . )  

P a r t i c l e  s i z e  between -6+10 and -28+32 mesh had no apprec iab le  
(These screen s izes  cover a f i v e  f o l d  range o f  average p a r t i c l e  s ize,  from 



P a r t i c l e  
Size 

V 

- 6+10 

- 16+20 

-28+32 

TABLE I I 
Var iab les  A f f e c t i n g  Reaction Rate'' 

Heat ing Samp 1 e Gas React i o n  
t ime 
min. 

20 I 
40 

1 
20 . W t  . V e l o c i t y  

mg . cm/sec 

200 15.6 

1 L 

.L 
500 

200 
c 

500 

9.45 
9.15 
9.45 

Rate 
DJhr 

25.6 
25.1 
26.4 

20.1 
21.4 
20.2 

24.1 
24.1 

18.3 
18.4 
17.6 
17.2 

17.8 
17.7 
18.2 

17.6 
17.8 
17.9 

Comparison o f  
Va r i ab 1 es 

.- :I 

.- 
U L 

m 
n 

"'(E 1 kol Coke) 

The procedure adopted as standard used the  -16+20 mesh s i z e  range, a heat ing  
t ime  o f  20 minutes, 500 mg. o f  sample and a gas v e l o c i t y  o f  9.45 cm/sec. 
under these cond i t i ons  was good, as can be seen from Table 1 1 .  

R e p r o d u c i b i l i t y  

The r e a c t i v i t y  was reproduced w i t h  several  d i f f e r e n t  sample baskets made as 
descr ibed above, bu t  having S I  i g h t l y  d i f f e r e n t  wal 1 clearances. Thus the  dimensions o f  
the  sample ho lder  a re  no t  c r i t i c a l .  

B. E f f e c t s  o f  Carbon Monoxide 

I t  i s  w e l l  known t h a t  CO and H2 r e t a r d  t h e  r e a c t i o n  between C02 and carbon (2,3). 
With the sample s i zes  and f lows o f  C02 tha t  were used here, t he  average concent ra t ion  o f  
CO generated i n  the  r e a c t i v i t y  apparatus was u s u a l l y  between . I  and .2% ( i .e .  moles CO 
produced/uni t  t ime d i v i d e d  by moles o f  C02 f ed /un i t  t ime).  For the  most r e a c t i v e  sample, 
the  composi t ion o f  CO i n  the  e f f l u e n t  gas was about .45%. 

Several runs w i t h  CO added t o  the  C02 fed  t o  the  r e a c t o r  ( t o t a l  f l ow  kept con- 
s tan t )  showed the r a t e  t o  be lowered about 20% w i t h  3.7% CO i n  t h e  gas. Th is  i s  about 
what Ergun's data (4) would p r e d i c t  and i t  shows t h a t  t he  CO generated by reac t i on  should 
have a very  minor i n f l uence  on the  measured values o f  r e a c t i v i t y .  
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C. Heat Treatment > ,  . ,  

Figures 2, 3, 4, and 5 show how the  weights o f  carbon samples changed w i t h  t ime 
du r ing  r e a c t i v i t y  determinat ions.  
data on Figures 3, 4, and 5 so t h a t  several  runs can conven ien t ly  be.compared on a s i n g l e  

Note t h a t  zero t ime has been s h i f t e d  f o r  most o f  t he  

p l o t .  
. -  

From these p l o t s ,  two r e s u l t s  a r e  apparent. F i r s t ,  as would be expected, a more 
severe heat t reatment causes a g i v e n  carbon t o  reac t  more s lowly .  

Secondly, t he  heat t rea tment  causes the r a t e  o f  r e a c t i o n  t o  become more n e a r l y  
constant,  d u r i n g  a p a r t i c u l a r  run. In  F igu re  2,  f o r  example, a sample o f  Helper coke 
which had been soaked a t  lO00"C f o r  16 hours reacted a t  very  n e a r l y  a constant r a t e  u n t i l  
more than 56% o f  t h e  carbon had been consumed. The least-squares s lope o f  t h i s  l i n e  to  
56% burn  o f f  g i ves  a r e a c t i v i t y  o f  38.l%/hr w i t h  95% conf idence l i m i t s  o f  ?.517,/hr. The 
o t h e r  sample i n  F igu re  2 was soaked f o r  27 hours a t  1000°C and i t  reac ted  t o  57% b u r n o f f  
a t  a constant r a t e  o f  24.7 f.28Whr. The 95% conf idence l i m i t s  g i v e  a q u a n t i t a t i v e  idea 
o f  how n e a r l y  cons tan t  these r e a c t i o n  ra tes  were. 

D. E f f e c t  o f  Temperature 

Except for t w o  runs a t  850°C a l l  o f  the r e a c t i v i t i e s  repor ted  here were measured 
a t  900°C. 
hour and when compared w i t h  17.8% per hour a t  900°C t h e  apparent o v e r a l l  a c t i v a t i o n  
energ ies  were 58.3 and 56.0 K c a l  p e r  mole, respec t ive ly .  

The two runs a t  850" w i t h  E l k o l  coke gave r e a c t i v i t i e s  o f  6.5 and 7.1% per 

E .  V a r i a t i o n  o f  Pore Surface w i t h  Burnof f  

Pore sur face  areas and p a r t i c l e  d e n s i t i e s  were determined f o r  500 mg samples o f  
E l k o l  c a l c i n a t e  which had reac ted  w i t h  COP f o r  var ious  lengths  o f  t ime i n  the  r e a c t i v i t y  
apparatus. The f i r s t  p a r t  o f  Table I l l  shows these data.  Th is  carbon had been heated 
o n l y  t o  800°C 
uously w i t h  bu rno f f ,  as was the  case for the  i lun-heat-treatedi i  carbon i n  F igure  5 .  

be fo re  undergoing reac t i on ,  so t h a t  the  r a t e  o f  r e a c t i o n  decreased con t in -  

The s p e c i f i c  sur face  o f  t h e  carbon increased more o r  l ess  cont inuous ly  w i t h  
hiirnnff, hi j t  when the ~ ! r ' f z ~ ~  z r p i  *..!zc bz=e< 0:: ! I--- >, "11, -4  " I  - - : - : - - I  "I I .J I I,-, - - - - I -  J s a , , q J  I b, L-c--- Y C I  "I r re- 
a c t i o n  (Column 6), i t  went through a maximum a t  about 35% b u r n o f f .  The data, p l o t t e d  
i n  F igu re  6, show t h a t  t he  su r face  of a sample r i s e s  r a p i d l y  t o  a maximum and then f a l l s  
o f f  as carbon i s  consumed. Probably, d u r i n g  the  i n i t i a l  stages o f  reac t ion ,  a d d i t i o n a l  
pore sur face  i s  ve ry  q u i c k l y  made a v a i l a b l e  by e ros ion  o f  c o n s t r i c t i o n s ,  and perhaps by 
enlargement o f  v e r y  f i n e  pores. However, du r ing  the  l a t e r  p a r t  of the  react ion,  beyond 
35 t o  40% burno f f ,  pore su r face  i s  destroyed more r a p i d l y  than i t  i s  created, most l i k e l y  
by consumption o f  w a l l s  separa t ing  f i n e  pores. 

It i s  conceivable t h a t  the  ac tua l  sur face  access ib le  t o  the carbon d iox ide  o r  
steam a t  r e a c t i o n  cond i t i ons  d i f f e r s  g r e a t l y  from t h a t  measured by adso rp t i on  o f  n i t r o g e n  
a t  78°K. However, i t  i s  hard  t o  imagine t h a t  the pore sur face  a v a i l a b l e  t o  the  reac tan t  
gas can do any th ing  bu t  increase d u r i n g  the  f i r s t  IO t o  20% o f  b u r n o f f .  
p a r t  o f  t h e  reac t ion ,  t he  r a t e  e i t h e r  remains e s s e n t i a l l y  constant,  o r  decreases gradu- 

During t h i s -  

a l l y .  

Thus d u r i n g  t h e  course o f  r e a c t i o n  o f  a p a r t i c u l a r  sample o f  carbon the re  seems t o  
be no c o r r e l a t i o n  between r e a c t i o n  r a t e  and pore sur face  area. 

loss c a l c u l a t e d  from the p a r t i c l e  d e n s i t i e s ,  which assum 
on the  i n t e r n a l  pore  surface. The d i f f e r e n c e  between t h  

The percent i n t e r n a l  r e a c t i o n  from the  I 'ast  column i n  Table I l l  g ives  the  weight 
s t h a t  a l l  r e a c t i o n  takes p lace  
s f i g u r e  and the  ac tua l  weight 



T ime 
Reacted 

Hin.  

0 
15 
30 
45 
60 
75 
90 

105 
120 
135 
150 
165 
180 
210 
240 
2 70 
300 

0 
30 
45 
60 
75 
75 
90 
90 

105 
105 
105 
120 
120 
135 
135 
150 
150 
165 
165 
180 
180 
180 
180 

TABLE I1 I 

V a r i a t i o n  o f  Pore Surface w i t h  Burnoff 
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Overa l l  P a r t i c l e  Overa 1 I Spec i f i c  sur face* i n  t e  rna 1 * 
U t .  Loss Density Rate  Surface Per  Gm. React ion 

% gm/cc Whr  m2/gm S t a r t i n g  % 
M a t e r i a l  

m2/gm 

Calc ined Elkol Coal -20+30 Mesh Reacted w i t h  C02 
i n  R e a c t i v i t y  Apparatus a t  900°C 

0 
5.7 

10.0 
13.9 
18.2 
21.8 
25.9 
27.4 
32.0 
34.8 
40.7 
41.2 
44.1 
44.5 
58.9 
60.2 
63.1 

.935 

.934 

.815 

.765 

.72 1 

.737 

.681 

.686 

.655 

.639 

.605 

.625 

.618 

.530 

.510 

.549 

- 20.7 
20.0 
18.5 
18.2 
17.4 
17.3 
15.7 
16.0 
13.9 
16.2 
15.0 
14.7 
12.7 
14.7 
13.4 
12.6 

190 
453 
592 
642 
760 
790 
930 
975 
982 

1165 
1180 
1229 
1158 
1108 
1501 
1581 
1426 

190 
430 
534 
552 
622 
616 
689 
707 
668 
770 
700 
72 1 
646 
615 
616 
62 5 
526 

Calcined Elkol  Coal -6+10 Mesh Reacted w i t h  Steam 
i n  F l u i d  Bed a t  750°C 

0 ,965 I39  139 
8.0 .908 16.0 560 515 

13.0 -873 17.4 559 485 
20.0 .817 20.0 743 596 
23.5 .835 18.8 80 1 612 
21.5 .767 17.2 798 628 
26.5 .702 17.7 792 583 
28.5 .760 19.0 784 56 1 
34.5 .649 19.7 942 619 
32.5 ,711 18.6 899 608 
33.5 .731 19.2 830 552 
35.0 .693 17.5 91 1 592 
37.5 .678 18.8 712 445 
43.5 .579 19.3 893 504 
43.0 .645 19.1 933 532 
48.0 .586 19.2 91 1 475 
45.0 .588 18.0 968 532 
51.2 .615 18.6 907 442 
49.9 .494 18.1 1100 55 1 
55.5 .527 18.5 964 429 
52.0 .567 17.3 1064 51 1 
56.6 .589 18.9 945 409 
51.5 552 17.2 942 457 

3; (Spec i f i c  Surface) (IO0 - % w t .  Ioss)/\OO, *: 1 - (par t .  d e n s i t y ) / ( i n i t i a l  p a r t .  dens i ty)  

12.8 
18.2 
22.9 
21.2 
27.1 
26.6 
30.0 
31.7 
35.3 
33.1 
33.8 
43.3 
45.5 
41.3 

5.9 
9.5 

15.2 
13.5 
20.5 
27.1 
21 . I  
32.7 
26.1 
24.1 
28.1 
29.7 
40.0 
33.1 
39.2 
39.0 
36.2 
38.8 
35.4 
41.3 
39.0 
42.8 

!: 
11 
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loss represents carbon consumed on  the  ou ts ides  o f  the  p a r t i c l e s .  
a re  somewhat e r r a t i c ,  rough ly  85% o f  the  r e a c t i o n  took  p lace  on the i n t e r a l  surface up 
t o  40% burnof f .  

Al though the  data 

The second set of  da ta  i n  Table I l l  r e f e r s  t o  -6+10 mesh E l k o l  c a l c i n a t e  re -  
ac ted  w i t h  steam a t  750°C i n  t h e  f l u i d i z e d  bed. Here, a t  a lower temperature, t he  r a t e  
o f  r e a c t i o n  o f  'nun-heat-treated carbon" i s  ve ry  n e a r l y  constant at 18.2yJhr w i t h  95% 
confidence 1 i m i t s  of + I  .OyJhr. (These measurements a r e  l ess  prec ise . )  I n  t h i s  case 
a lso ,  the  pore  surface increases t o  a maximum a t  about 30% weight loss, and then de- 
creases. Since the re  i s  some a t t r i t i o n  i n  t h e  f l u i d  bed, p a r t i c u l a r l y  a t  h igh  bu rno f f ,  
t he  amount o f  i n t e r n a l  r e a c t i o n  i s  q u i t e  a b i t  l ess  than t h a t  i nd i ca ted  by t h e  ac tua l  
weight loss. . b  

V .  Discuss ion  

A. Var iab les  a f f e c t i n g  r e a c t i v i t y  

Several observat ions i n d i c a t e  t h a t  mass t r a n s f e r  i s  no t  a major f a c t o r  l i m i t i n g  
t h e  r a t e  o f  reac t i on  i n  t h i s  work. F i r s t ,  t he  f a c t  t h a t  a f i v e  f o l d  range o f  p a r t i c l e  
s izes  had no apparent in f luence argues t h a t  d i f f u s i o n  w i t h i n  t h e  pores o f  the  p a r t i c l e s  
and d i f f u s i o n  from the vo ids  i n  t h e  sample bed t o  the  sur face  o f  the p a r t i c l e s  d i d  no t  
cause a s i g n i f i c a n t  concen t ra t i on  grad ien t ,  and t h a t  there fore ,  the concent ra t ions  o f  
carbon d i o x i d e  and carbon monoxide i n  the  vo ids  between p a r t i c l e s  must be e s s e n t i a l l y  
the  same as a t  t h e  pore sur faces  where r e a c t i o n  takes place. 

Second, the o v e r a l l  a c t i v a t i o n  energy o f  56 t o  58 K c a l  i s  t oo  l a r g e  f o r  d i f f u -  
s i o n  t o  t h e  p a r t i c l e s  t o  c o n t r o l  t he  rate,  even though t h i s  a c t i v a t i o n  energy was de ter -  
mined between o n l y  two temperatures, and most o f  the  data p e r t a i n  t o  the  h ighe r  tempera- 
t u r e  

Another fac to r  which suggests t h a t  ex te rna l  or f i l m  d i f f u s i o n  does no t  govern 
t h e  r a t e  i s  t h a t  the observed r a t e s  o f  reac t i on  v a r i e d  f rom 70% per hour t o  4% per  hour 
depending o n l y  upon the  c h a r a c t e r i s t i c s  o f  the  carbon. 
v i t i e s  any e f f e c t s  on the d i f f u s i o n  r a t e  to  and from the  p a r t i c l e s  by the  geometry o f  
t h e  apparatus o r  the p a t t e r n  o f  gas f l o w  should have been unchanged. 

Thus, over  t h i s  range o f  r e a c t i -  

Al though d i f f u s i o n  of gas e i t h e r  t o  the  p a r t i c l e s  o r  w i t h i n  t h e i r  pores does 
no t  appear t o  s t r o n g l y  a f f e c t  t h e  r a t e  of r e a c t i o n  here, i t s  e t t e c t  may no t  be n e g i i g i b i e ,  
p a r t i c u l a r l y  a t  the higher ra tes .  I f  f i l m  d i f f u s i o n ,  pore d i f f u s i o n ,  and chemical reac t i on  
a t  the  pore sur face  are  regarded as th ree  res is tances  t o  r e a c t i o n  arranged i n  ser ies ,  
l ower ing  one resistance, as when t h e  pore sur face  becomes more reac t ive ,  increases the  
r e l a t i v e  s i g n i f i c a n c e  o f  t h e  o the rs .  

The importance o f  pore  d i f f u s i o n  i s  undoubtedly a f f e c t e d  by the  p o r e  s t r u c t u r e .  
I f a carbon i s  ve ry  dense, and has o n l y  very  f i n e  pores, i t s  pe rmeab i l i t y  t o  the reactant 
gas may very  w e l l  be so low t h a t  r e a c t i o n  o n l y  takes p lace  near the ex te rna l  sur face  o f  
t h e  p a r t i c l e s .  Thus the  pore s t r u c t u r e  (pe rmeab i l i t y  as w e l l  as pore su r face  area) 
might ve ry  w e l l  in f luence measured values o f  r e a c t i v i t y  i n  t h i s  apparatus. 

, A f u r t h e r ,  and most 1 i k e l y  the  predominant, phys ica l  f a c t o r  i n f l u e n c i n g  t h e  
va lues  o f  these reac t i on  ra tes  i s  t h a t  the  samples were probab ly  not isothermal.  A t  a 
r a t e  o f  20% per  hour, the  endothermic r e a c t i o n  o f  carbon d i o x i d e  requ i res  about 360 
c a l o r i e s  p e r  hour f o r  a 1/2 gram o f  carbon. Assuming t h a t  t h i s  heat i s  t r a n s f e r r e d  
p r i n c i p a l l y  by rad ia t i on ,  t he  su r face  of the  sample was probab ly  2" t o  4°C l ess  than 
t h e  measured temperature i n s i d e  t h e  reac t i on  tube. 
c a l  such a d i f fe rence i n  temperature would lower the  r a t e  by a f a c t o r  of 4 t o  8%. 
c o o l i n g  e f f e c t  would be more pronounced w i t h  t h e  l a rge r  samples and a t  the  lower gas 

Wi th  an a c t i v a t i o n  energy o f  58 K 
This 
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v e l o c i t i e s .  Therefore, t he  ac tua l  sample temperature and thus the  measured reac t i on  
r a t e  would be somewhat lower f o r  l a rge r  samples and lower gas f lows, as was observed. 

The net r e s u l t  o f  a l l  o f  these f a c t o r s  i s  t ha t  w h i l e  t h i s  procedure does i n d i -  
ca te  s i g n i f i c a n t  d i f f e rences  i n  r e a c t i v i t y  among var ious  samples o f  carbon, the  measured 
values a r e  somewhat compressed. A t  the  h igher  ra tes  of reac t i on  the  combined r e t a r d i n g  
e f f e c t s  o f  d i f f u s i o n ,  carbon monoxide, and a somewhat lowered sample temperature g i v e  
a measured va lue  o f  t he  r e a c t i v i t y  which i s  less  than would be t h e  case i f  the  sample were 
r e a c t i n g  under the  same ac tua l  cond i t i ons  as one w i t h  a lower r e a c t i v i t y .  A t  the lower 
ra tes  o f  reac t i on  these i n h i b i t i n g  in f luences  are  not so l a rge  s ince  concen t ra t i on  
d i f f e rences  between the  sample and the  main stream o f  t he  gas are  less, as a re  tempera- 
t u r e  d i f f e rences .  Thus these d i f f e r i n g  values o f  r e a c t i v i t y  must be i n t e r p r e t e d  as 
o c c u r r i n g  under cond i t i ons  o f  r e a c t i o n  which a r e  no t  e x a c t l y  s i m i l a r  and where the  
h ighe r  r a t e s  have taken p lace  under l Islowerl1 cond i t i ons  so t h a t  t h e  t r u e  d i f f e rences  i n  
r e a c t i v i t y  a re  a c t u a l l y  somewhat g rea te r  than those repor ted  here. 

B. Concentrat ion  Gradient Ins ide  P a r t i c l e s  

Since, w i t h  the  E l k o l  Coke, v a r i a t i o n  o f  p a r t i c l e  s i ze  f rom about 2.5 to .5 
 IT^ d i d  n o t  i n f l uence  the  measured r e a c t i v i t y ,  one might conclude t h a t  r e a c t i o n  occurred 
e n t i r e l y  w i t h i n  Zone 1 (5) - t h a t  i s  u n i f o r m l y  throughout the  p a r t i c l e s ,  w i t h  a n e g l i g i -  
b l e  r a d i a l  g rad ien t  i n  the  concen t ra t i on  o f  C02. 

However, the  p a r t i c l e  d e n s i t i e s  repor ted  i n  Table I l l  f o r  E l k o l  c a l c i n a t e  show 
t h e  percent  o f  i n t e r n a l  r e a c t i o n  t o  be c o n s i s t e n t l y  less  than the  o v e r a l l  weight loss, 
which suggests t h a t  r e a c t i o n  i s  n o t  un i fo rm throughout t h e  p a r t i c l e .  

In  the  case of E l k o l  ca l c ina te ,  macro-pore volume measurements by  displacement 
o f  Hg up t o  5000 p s i  show a p o r o s i t y  o f  28% i n  pores l a r g e r  than 350A i n  diam. About 
two- th i rds  o f  t h i s  p o r o s i t y  i s  i n  pore s i zes  between 3000 and 30,000A. If these la rge  
pores a r e  regarded as a r t e r i e s  which conduct gas t o  c e l l s  where t h e  pores a re  much 
f i n e r  ( t h e  mean diameter o f  t he  pores less  than 350A diam. i s  25 t o  30A), i t  should be 
p o s s i b l e  t o  es t imate  whether a s i g n i f i c a n t  r a d i a l  concent ra t ion  g rad ien t  occurs i n  these 
pores. 

From dens i t y  p r o f i l e s  o f  carbon rods exposed t o  C02 f o r  va r ious  t imes a t  several  
temperatures, Walker and ' coworkers  (6,7) concluded t h a t  the  dimensionless group 

(&)(g) 
i n  Zone I, o r  Zone 1 1  where the  C02 i s  a l l  consumed before i t  can d i f f u s e  t o  the center  
o f  a p a r t i c l e .  Here R i s  t he  p a r t i c l e  rad ius ;  CR t he  reac tan t  concen t ra t i on  i n  the  main 
stream; dn/dt the  o v e r a l l  r eac t i on  r a t e  per u n i t  p a r t i c l e  ex te rna l  sur face ;  and Deff the  
e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  o f  C02 w i t h i n  the p a r t i c l e ,  a l l  these terms being i n  con- 
s i s t e n t  u n i t s .  De f f  equals D t / &  , where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  i n  a s i n g l e  
cy1 i n d r i c a l  pore; Y ,  the  t o r t u o s i t y  f a c t o r  (est imated a t  20); and the  f r a c t i o n  o f  the 
ex te rna l  p a r t i c l e  sur face  covered w i t h  pore  openings - est imated t o  be l / 3  the volume 
p o r o s i t y  f o r  pores 3000 t o  3O,OOO A i n  diam. 

i s  a measure o f  whether reac t i on  occurs un i fo rm ly  throughout the  p a r t i c l e  

Assuming spher ica l  p a r t i c l e s ,  a f i r s t  o rde r  reac t ion ,  and no i n h i b i t i o n  by pro-  
ducts,  i f  (R/CR Deff)  (dn/dt) i s  l ess  than .03, reac t i on  should be i n  Zone I; i f  g rea te r  
than 6.0, the  cond i t i ons  o f  Zone I1 apply. 

Using data from Table I l l  and 3000 A f o r  lllargell pore diameters, est imates of  
t h i s  dimensionless group vary from .8 t o  2.4, which i nd i ca tes  t h a t  w h i l e  reac t i on  occurs 
throughout a p a r t i c l e ,  i t  does so t o  a g rea te r  ex ten t  c lose  t o  the  ex te rna l  surface -- 
t h a t  i s ,  the  c o n d i t i o n  i s  between Zones I and 1 1 .  

A ques t ion  remains concerning the l lcel Is l l  of  f i n e  pores surrounded bv the  n e t -  
work o f  l a rge  a r t e r i a l  channels. If i h e  dimensionless group (cR R Deff) (!!E) i s  set  equal 
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t o  .Os, which i s  i t s  maximum va lue  i f  the cond i t i ons  o f  Zone I (un i fo rm reac t i on )  apply,  
the  e q u a l i t y  can be solved f o r  R, t he  maximum p a r t i c l e  o r  ' I ce l l l ' r ad ius  f o r  un i fo rm reac t i on .  
Es t ima t ing  values f o r  CR, D e f f  (Knudsen d i f f u s i o n  occurs i n  pores 25A diameter)  and 
dn/dt (a f u n c t i o n  o f  R) ,  and s o l v i n g  f o r  R g i ves  a value o f  .014 cm f o r  the c a l c i n a t e  
used i n  the  f i r s t  p a r t  o f  Table 1 1 1 .  Th is  g ives  a l l ce l I1 l  diameter which i s  about h a l f  
a p a r t i c l e  d iameter .  
pores, i t  i s  the concen t ra t i on  g rad ien ts  i n  the l a r g e  a r t e r i a l  pores which must be 
respons ib le  f o r  non-uniform reac t i on .  

Since a l k e l l l l  o f  t h i s  s i ze  must s u r e l y  be permeated by the  l a rge  

. .  C. The Constant Rate of React ion  

Figures 2, 3, 4, and 5 show t h a t  f o r  heat t r e a t e d  carbons, t he  weight- t ime p l o t  
du r ing  a cons iderab le  p o r t i o n  o f  r e a c t i o n  i s  very c lose  t o  a s t r a i g h t  l i n e .  

The f a c t  t h a t  t he  k i n e t i c  o rder  o f  carbon can be zero  a f t e r  1 o r  2% bu rno f f  has 
o f t e n  been observed before (8,9). The carbons discussed here were a l l  exposed t o  some 
C02 o r  steam a t  800°-9000c i n  t h e i r  p repara t ion ,  so t h i s  i n i t i a l  b u r n o f f  undoubtedly 
occurred p r i o r  t o  these r e a c t i v i t y  measurements. 

I t  i s  o f  p a r t i c u l a r  i n t e r e s t  t o  no te  t h a t  wh i l e  the  r e a c t i o n  r a t e  i s  e i t h e r  con- 
s t a n t  o r  s low ly  decreasing, t h e  po re  su r face  f i r s t  r i ses  r a p i d l y ,  and then decreases. 
The data f o r  E l k o l  Ca lc ina te  of Tab le  I l l  a r e  p l o t t e d  i n  F igure  6. 

F o r t y  years ago, Chaney and co-workers es tab l i shed  t h a t  t he  pore su r face  as 
man i fes ted  by adsorp t ive  capac i t y  f o r  vapors f i r s t  r i s e s  t o  a maximum and then f a l l s  
o f f  as a g iven sample o f  carbon undergoes a c t i v a t i o n  (IO). 

Thus the re  i s  apparent ly  no r e l a t i o n  between a carbon 's  pore sur face  area and 
i t s  r a t e  o f  r e a c t i o n  w i t h  CO2 o r  steam as a p a r t i c u l a r  sample undergoes reac t ion .  Even 
though pores may be a v a i l a b l e  t o  t h e  r e a c t i n g  gas a t  75O"-90O0C which are  no t  coated by 
n i t r o g e n  a t  low temperature i n  t h e  sur face  area de terminat ions ,  the  ex ten t  o f  pore sur -  
face and i t s  a c c e s s i b i l i t y  must c e r t a i n l y  increase du r ing  t h e  f i r s t  IO t o  20% o f  reac t ion .  

With the  a v a i l a b l e  su r face  changing as i t  does, the constancy o f  the  r e a c t i o n  
r a t e  o f  these s t a b i l i z e d  carbons i s  p a r t i c u l a r l y  s t r i k i n g .  The exp lana t ion  o f  a con- 
s t a n t  "po ros i t y  p r o f i l e f 1 ,  which m i g h t  w e l l  app ly  under cond i t i ons  of Zone I I  (6) does 
n o t  seem t o  app ly  here, where r e a c t i o n  i s  o c c u r r i n q  throuqhout the  p a r t i c l e s .  

I n  t h e  reac t i on  mechanism se t  f o r t h  by Ergun ( 1 1 )  an oxygen atom adsorbed on 
t he  carbon sur face  goes o f f  as carbon monoxide and leaves behind e i t h e r  one, two o r  no 
a c t i v e  s i t e s  on the  carbon. In  t h e  present case a s i n g l e  a c t i v e  s i t e  must be l e f t  be- 
h i n d  on t h e  s t a b i l i z e d  carbon t o  g i v e  a r a t e  o f  r e a c t i o n  so n e a r l y  constant.  
constant r a t e  i s  s t rong evidence t h a t  f o r  a carbon s t a b i l i z e d  by heat t reatment,  reac t i on  
of a molecule o f  C02 o r  H20 w i t h  an a c t i v e  s i t e  on the  s o l i d  t o  g i v e  an adsorbed atom o f  
oxygen, and the  subsequent evapora t i on  o f  CO from t h i s  s i t e  must preserve o r  rep lace  the 
a c t i v e  s i t e  somehow. Thus when one a c t i v e  s i t e  reacts,  another i s  regenerated i n  i t s  
place, so t h a t  t he  number of a c t i v e  s i t e s  remains v i r t u a l l y  t h e  same as r e a c t i o n  proceeds. 

Th is  p i c t u r e  i s  a reasonable one. A r e a c t i v e  s i t e  p robab ly  invo lves  an atom on 
an edge or a corner having one o r  more h igh  energy bonds (12) ;  when t h i s  atom i s  removed 
one of i t s  neighbors would ve ry  1 i k e l y  be l e f t  s i m i l a r l y  s i t ua ted .  

T h i s  

Studies of  e l e c t r o n  sp in  resonance have shown t h a t  carbons which have been 
heated t o  over 800°C have v e r y  few unpaired e lec t rons  ( a t  room temperature) so t h a t  the 
a c t i v e  s i t e  i s  p robab ly  no t  a su r face  f r e e  r a d i c a l .  Harker and co-workers (13) be l i eve  
t h a t  i n  impure carbons, su r face  s i t e s  i n v o l v i n g  hydrogen o r  m e t a l l i c  i m p u r i t i e s  c o n t r i -  
bu te  more t o  the  r e a c t i v i t y  than do unpa i red  e lec t rons .  Perhaps the  hydrogen and metal 
con ten ts  a re  s u f f i c i e n t l y  s t a b l e  i n  carbon a t  900°C a f t e r  t reatment a t  1000" o r  1100" so 
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t h a t  t he  number o f  atoms o f  each remains constant  du r ing  a l a r g e  p a r t  o f  the reac t i on .  
I t  seems unl  i k e l y ,  however, t h a t  the hydrogen content  would remain so p r e c i s e l y  constant 
d u r i n g  o x i d a t i o n  by CO2,  so a constant  l e v e l  o f  c a t a l y t i c  m e t a l l i c  i m p u r i t i e s  du r ing  the 
r e a c t i o n  appears t o  be a p o s s i b i l i t y  f o r  e x p l a i n i n g  the constant  ra tes .  This explana- 
t i o n  would demand t h a t  a l l s tab le l l  a c t i v e  s i t e  be associated o r  coupled w i t h  such an 
impur i t y ,  and i t  i s  c e r t a i n l y  reasonable t h a t  a carbon atom on t h e  edge o f  a g r a p h i t i c  
c r y s t a l l i t e  might exchange e lec t rons  w i t h  a m e t a l l i c  atom c o n t a c t i n g  the same c r y s t a l -  
1 i te.  

. 
I 
\ 

'> 

c. 

\ 

I 

D .  E f f e c t  o f  Thermal Treatment 

Amorphous carbons u s u a l l y  (but no t  always) become less  r e a c t i v e  upon heat  t r e a t -  
ment. The loss i n  r e a c t i v i t y  w i t h  heat t reatment  shown i n  F igu re  7 i s  t he re fo re  t o  be 
expected. The f a c t  t h a t  r e a c t i v i t y  p l o t t e d  vs. t ime o f  heat t reatment g ives ve ry  
roughly  a s t r a i g h t  l i n e  on l o g  log coord inates as i n  F igu re  7, shows t h a t  heat t r e a t -  
ment decreases the r e a c t i v i t y  q u i t e  r a p i d l y  a t  f i r s t  and ve ry  much more s low ly  as the 
t ime o f  t reatment i s  extended. The thermal soaking would be expected t o  permi t  l o c a l  
rearrangements or r e c r y s t a l i z a t i o n  o f  the carbon to  anneal p o i n t s  o f  s t r a i n  o r  perhaps 
t o  a l l o w  edge carbon atoms t o  o r i e n t  themselves i n t o  a g r a p h i t i c  s t r u c t u r e .  Less re-  
a c t i v e  s i t e s  or perhaps i s o l a t e d  d i s l o c a t i o n s  cou ld  be expected t o  s t a b i l i z e  themselves 
more s low ly .  A t  1000" or 1100°C g r a p h i t i z a t i o n  o f  an amorphous carbon ha rd l y  proceeds 
a t  a l l ,  and x- ray d i f f r a c t i o n  p a t t e r n s ' o f  some o f  these heat t r e a t e d  carbons d i d  not  
d i f f e r  s i g n i f i c a n t l y  f rom those o f  t h e  Ilunsoaked'l coke. Thus, w h i l e  no gross r e c r y s t a l i -  
z a t i o n  occurred i n  these heat t reatments,  i t  i s  l o g i c a l  t o  expect t h a t  ve ry  l o c a l  r e -  
arrangements may have s t a b i  1 ized the carbon. 

F igu re  5 shows t h a t  t h e  r a t e  o f  r e a c t i o n  o f  t h e  un t rea ted  o r  unheated E l k o l  
coke f a l l s  o f f  w i t h i n  2% hours t o  about the  same r a t e  as coke which had been heat 
t r e a t e d  a t  1000" for seven hours. Th is  decrease i n  r a t e  o f  t he  un t rea ted  sample i s  too 
much t o  e x p l a i n  by t h e  e f f e c t  o f  the thermal t reatment  alone. Ne i the r  w i l l  r e a c t i o n  o f  
b inde r  carbon i n  t h e  b r i q u e t t e d  coke a t  a f a s t e r  r a t e  than carbon f r o m  the p a r t i c l e s  , 

e x p l a i n  t h i s  decrease, s ince  the ca l c ined  coal  p a r t i c l e s  f o l l o w  p r a c t i c a l l y  t h e  same 
r e a c t i o n  paths as the coke. (See Table I l l . )  

I f  a c t i v e  s i t e s  a r e  regenerated d u r i n g  r e a c t i o n  they must m ig ra te  around the 
sur face o f  t he  carbon s o  t h a t  occas iona l l y  an adjacent  carbon atom might a l ready  be 
a c t i v e  and t h e r e f o r e  b o t h  a c t i v e  s i t e s  might  no t  be regenerated on reac t i on .  However, 
w h i l e  t h i s  f a c t o r  cou ld  ve ry  w e l l  be apprec iab le i n  the  l a t e r  stages o f  reac t i on  i t  
apparen t l y  i s  no t  of importance i n  the  heat t r e a t e d  samples and t h e r e f o r  i t  i s  hard t o  
see why i t  might be s i g n i f i c a n t  i n  t h e  un t rea ted  cases. 

One p o s s i b l e  exp lana t ion  f o r  the decrease i n  r a t e  w i t h  u n s t a b i l i z e d  carbon 
cou ld  be t h a t  t he re  a r e  several  types o f  r e a c t i v e  s i t e s ,  some o f  which a r e  much less  
s t a b l e  and more r e a c t i v e  than o the rs .  Th is  concept a c t u a l l y  i s  h i g h l y  l i k e l y  and has 
o f t e n  been c i t e d .  These more r e a c t i v e  s i t e s  would be those more r e a d i l y  annealed by 
the heat t r e a t i n g  process and i f  they a r e  not  always regenerated on r e a c t i o n  b u t  in-  
s tead a r e  replaced by less a c t i v e  s i t e s ,  t he  r a p i d  loss i n  r e a c t i v i t y  o f  t he  un t rea ted  
sample cou ld  be expla ined.  Thus the heat t r e a t e d  samples would probably  con ta in  no t  
o n l y  fewer r e a c t i v e  s i t e s  b u t  a l s o  s i t e s  which a r e  of  a lower and more uni form order  
o f  r e a c t i v i t y  and which a r e  apparen t l y  regenerated i n  k i n d  by g a s i f i c a t i o n .  

As another p o s s i b i l i t y ,  s t a b l e  s i t e s  might  be those associated w i t h  m e t a l l i c  
impur i t i es ,  w h i l e  l ess  s tab le,  non-regenerated s i t e s  might  be those s o l i d  de fec ts  t h a t  
a r e  r e a d i l y  healed by anneal ing.  

V I .  Sumnary 

The p r i n c i p a l  f i n d i n g  o f  t h i s  work i s  t h a t  a carbon s t a b i l i z e d  by s u i t a b l e  thermal 
t reatment reac ts  w i t h  carbon d iox ide  a t  v e r y  n e a r l y  a constant  r a t e  d u r i n g  the consump- 
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t i o n  o f  a major p o r t i o n  of  t h e  sample. Th is  occurs under cond i t i ons  where the  over-lI 
r a t e  o f  r e a c t i o n  i s  l a r g e l y  governed by the  chemical step. 

Th is  constant reac t i on  r a t e  s t r o n g l y  suggests t h a t  every ' t ime a r e a c t i v e  atom of 
carbon leaves the  s o l i d  s t a t e  as carbon monoxide, another carbon atom i s  made r e a c t i v e .  
Thus, d u r i n g  the  course o f  o x i d a t i o n  the  chemical s t a t e  o f  t h e  carbon sur face  remains 
cons tan t  even though the phys i ca l  s t a t e  (shape and sur face  area) changes. 

Wi th  the  uns tab le  carbons the r e a c t i o n  r a t e  f a l l s - o f f  f a s t e r  d u r i n g  r e a c t i o n  than 
d u r i n g  heat t reatment alone. There fore  the  chemical s t a t e  o f  these carbons must change 
d u r i n g  the  course o f  reac t ion .  A poss ib le  hypothesis suggests tha t  when a h i g h l y  re -  
a c t i v e  s i t e  i s  removed from t h e  s o l i d  ma t r i x ,  i t  leaves behind a less  r e a c t i v e  s i t e  so 
t h a t  t he  carbon s t a b i l i z e s  as r e a c t i o n  proceeds. 

I t  i s  a p leasure  to acknowledge tha t  t h i s  work was supported by FMC Corporat ion,  
and t o  thank J. Work, R. T. Joseph, J. A. Robertson, and C. H. Hopkins o f  FMC f o r  many 
h e l p f u l  suggestions. 
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