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A b s t r a c t  

I n t e r e s t  i n  cha r  combustion d e r i v e s  from t h e  need t o  u t i l i z e  
S u c c e s s f u l  t h e  cha r  produced du r ing  some g a s i f i c a t i o n  p r o c e s s e s .  

use  of cha r  i n  combustion may depend on use  w i t h  supplementary 
f u e l .  The c r i t i c a l  f a c t o r  de t e rmin ing  t h i s  appea r s  t o  b e  t h e  char  
" r e a c t i v i t y "  which may b e  v a r i a t i o n s  i n  i n t r i n s i c  r e a c t i v i t y  
depending on d i f f e r e n c e s  i n  thermal  h i s t o r y ,  o r  i t  may b e  dependent 
on d i f f e r e n c e s  i n  i n t e r n a l  s u r f a c e .  I n  p r e p a r a t i o n  f o r  a n  
exper imenta l  program t o  de t e rmine  t h e  r e l a t i v e  s i g n i f i c a n c e  of 
t h e s e  a l t e r n a t i v e s  (o r  o t h e r s )  , what are cons ide red  r e l e v a n t  
c o n t r i b u t i o n s  i s  t h e  e x i s t i n g  expe r imen ta l  l i t e r a t u r e  have been 
r e -eva lua ted .  
eva lua ted  f o r  many c o a l  cha r s  t h e r e  appea r s  t o  have  been a 
fundamental  omiss ion  i n  t h e  k i n e t i c  a n a l y s i s ,  and a n  a t t empt  t o  
remedy t h i s  has  been made. 
char  p a r t i c l e s  t h a t  may burn  e i t h e r  i n  Zone I o r  Zone I1 depending 
on t h e  p a r t i c l e  p e r m e a b i l i t y .  
w i th  p a r t i c l e s  below about  100 microns .  I n  Zone I and I1 combustion, 
however, t h e  i n t r i n s i c  r e a c t i o n  i s  e v i d e n t l y  a ze ro  o r d e r ,  h igh  
a c t i v a t i o n  energy p r o c e s s  (E about  45 k c a l )  a t  t empera tu res  i n  
t h e  r e g i o n  of 1000°K, changing t o  a f i r s t  o r d e r ,  low a c t i v a t i o n  
energy p r o c e s s  (E about 7 k c a l )  a t  t empera tu res  approaching  
2000°K, w i t h  both  p r o c e s s e s  s i g n i f i c a n t  i n  t h e  t r a n s i t i o n  range  
between t h e  two l i m i t s ,  Th i s  new e v a l u a t i o n  m o d i f i e s  t h e  conven t iona l  
views of r e a c t i o n  o rde r  and a c t i v a t i o n  e n e r g i e s .  

Although o v e r a l l  s u r f a c e  r e a c t i o n  ra tes  have  been 

The p i c t u r e  now developed  i s  t h a t  of 

Zone 111 combustion i s  n o t  encountered . 

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

The dwindl ing  s u p p l i e s  of n a t u r a l  gas  and t h e  p r e d i c t e d  
shor t age  of o i l  have i n i t i a t e d  c o n s i d e r a b l e  r e s e a r c h  concerned 
wi th  t h e  conve r s ion  of c o a l  t o  e a s i l y  u t i l i z a b l e  s y n t h e t i c  gas  
and o i l .  These conve r s ion  p r o c e s s e s  i n e v i t a b l y  y i e l d  a h igh  
p r o p o r t i o n  of r e l a t i v e l y  u n r e a c t i v e  cha r  as a by-product.  I n  
o rde r  t o  r e n d e r  t h e  o v e r a l l  p rocess  economica l ly  v i a b l e ,  t h e  
char  must be r e c o v e r a b l e  as a n  energy  source .  T h i s  n e c e s s i t y  
t o  r e t u r n  t o  c o a l  h a s  reopened t h e  whole f i e l d  of s tudy  on 
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p . f .  combustion t o  r e a n a l y s i s  i n  o rde r  t o  g a i n  deeper  unders tanding  
of several phases  of the g e n e r a l  p rocess  s t i l l  n o t  t o t a l l y  unders tood .  

T h i s  paper w i l l  p rov ide  a c r i t i c a l  e v a l u a t i o n  of t h e  s t a t e  of 
t h e  knowledge on t h e  s u b j e c t  of p . f .  combustion, r ev iewing  a l l  
t h e  p o s s i b l e  mechan i s t i c  p r o c e s s e s  involved  and d i s t i n g u i s h i n g  
between t h o s e  t h a t  are g e n e r a l l y  accepted  by t h e  m a j o r i t y  of 
workers i n  t h e  f i e l d  and t h o s e  t h a t  a r e  s t i l l  q u e s t i o n a b l e ,  e i t h e r  
because of i nadequa te  expe r imen ta l  ev idence  or because  of a rguab le  
t h e o r e t i c a l  i n t e r p r e t a t i o n .  

A t heo ry  cannot  be  a c c e p t a b l e  u n t i l  i t  i s  fo rmula t ed  i n  such  
a manner t h a t  c e r t a i n  d e f i n i t i v e  exper iments  are a b l e  t o  s u b s t a n t i a t e  
i t  o r  d i s p r o v e  i t .  Mere d a t a  g a t h e r i n g  i s  n o t  s u f f i c i e n t ;  t h e  d a t a  
m u s t  b e  used t o  t h e  f u l l e s t  e x t e n t  t o  p o s i t i v e l y  i d e n t i f y  t h e  
proposed mechanisms. Can c e r t a i n  e l u s i v e  q u e s t i o n s  concern ing  t h e  
mechanisms of p . f .  combustion b e  answered by r e a n a l y s i s  of  e x i s t i n g  
d a t a ?  An a t t empt  t o  answer t h i s  h a s  been made by a r e a n a l y s i s  of 
ra te  d a t a  f o r  t h e  combustion of  a s i z e  graded  cha r  (1 ) .  Neve r the l e s s ,  
t h e  t o t a l  p rocess  is s t i l l  n o t  f u l l y  comprehended. D i f f e r e n c e s  
i n  op in ion  on many of t h e  i s s u e s  involved  are converg ing  t o  agreement,  
bu t  ou t s t and ing  q u e s t i o n s  s t i l l  need answers backed up w i t h  t h e  
necessa ry  exper imenta l  d a t a  and  theo ry .  Even w i t h  t h e  much less 
compl ica ted  r e a c t i o n  of t h e  p u r e s t  carbon w i t h  oxygen, which 
has  been i n v e s t i g a t e d  f o r  many y e a r s ,  t h e r e  a r e  s t i l l  many unknowns. 
The c o a l  system i s  much more complex, i nvo lv ing  i n  many cases 
s imul taneous  mechanisms and g r e a t  advances i n  comprehending t h e  
p rocess  have a l r e a d y  been made. Hopefu l ly ,  by i s o l a t i n g  t h e  
unknown from t h e  known, and by c a r e f u l l y  des ign ing  exper iments  
t o  t es t  d i s p u t a b l e  p o i n t s ,  an even  f i n e r  comprehension of t h e  
p rocesses  involved  i n  t h e  combustion of p . f .  w i l l  be  o b t a i n e d .  

From a macroscopic v i ewpo in t ,  t h e  combustion of p . f .  p a r t i c l e s  
can b e  broken down i n t o  two main p rocesses :  ( i )  p y r o l y s i s  of 
v o l a t i l e s  and t h e i r  subsequent  combustion, and ( i i )  he te rogeneous  
combustion of t h e  s o l i d  r e s i d u e .  These two p r o c e s s e s  w i l l  be  
d e a l t  w i t h  s e p a r a t e l y  i n  s p i t e  of t h e  f r e q u e n t  o v e r l a p  of t h e  
v o l a t i l e  and he terogeneous  r eg imes .  

The fo l lowing  t o p i c s  and t h e  degree  t o  which they  a r e  c u r r e n t l y  
unders tood  w i l l  be d i s c u s s e d :  

(1) E f f e c t  of t empera tu re ,  t i m e  h i s t o r y ,  rate of h e a t i n g  and 
environment on t h e  e v o l u t i o n  of v o l a t i l e  matter. 

( 2 )  The tempora l  sequence  of d e v o l a t i l i z a t i o n  and he terogeneous  
combus t i o n .  

(3)  Reac t ion  o r d e r  i n  o x i d a n t  and a c t i v a t i o n  e n e r g i e s  i n  
he te rogeneous  combustion. 

( 4 )  The r e l a t i v e  impor t ance  of chemisorp t ion  and d e s o r p t i o n  
c o n t r o l .  

(5) P a r t i c l e  s i z e  dependence of combustion c h a r a c t e r i s t i c s .  
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(6) Change i n  t o t a l  a v a i l a b l e  s u r f a c e  a r e a  du r ing  combustion: 

(7 )  Relative impor tance  of mass t r a n s f e r  and chemica l  c o n t r o l .  

(8) Di sc repanc ie s  between t h e  i n t e r p r e t a t i o n  of  a v a i l a b l e  
k i n e t i c  d a t a  on t h e  combustion of char  p a r t i c l e s .  

(9)  E f f e c t  of i n t e r n a l  d i f f u s i o n  through the porous  s t r u c t u r e  
of p a r t i c l e s .  

combustion p rocess .  

po re  s i z e  d i s t r i b u t i o n  and m o d i f i c a t i o n .  

(10) Real and appa ren t  o r d e r s  and a c t i v a t i o n  e n e r g i e s  i n  t h e  

137 



P y r o l y s i s  

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

When c o a l  i s  pyro lyzed  t h e  c e n t r a l  mechanism can only  be 
t h e  detachment o r  chemica l  fo rma t ion  of components of a v o l a t i l e  
n a t u r e  t h a t  a r e  then  a b l e  t o  escape from the s o l i d  i n v o l a t i l e  
ma t r ix  under va ry ing  c i r cums tances .  It should  t h e o r e t i c a l l y  
be p o s s i b l e  t o  i s o l a t e  f o u r  regimes f o r  p y r o l y s i s  of c o a l  p a r t i c l e s .  
I f  t h e  v o l a t i l e  components are  a b l e  t o  escape  from t h e  ma t r ix  
as r a p i d l y  a s  they  a r e  formed, t h e  o v e r a l l  r a t e  of t h e  p y r o l y s i s  
w i l l  b e c o n t r o l l e d  by t h e  chemica l  r e a c t i o n  f o r  t h e  v o l a t i l e  fo rma t ion .  
When d i f f u s i o n a l  e scape  of v o l a t i l e s  t a k e s  a f i n i t e  t i m e  which 
i s  long  compared wi th  t h e  r e a c t i o n  t ime ,  t h e  d i f f u s i o n  p rocess  
w i l l  de te rmine  t h e  p y r o l y s i s  r a t e .  For l a r g e r  p a r t i c l e  s i z e s  o r  
h ighe r  h e a t i n g  r a t e s , s o  t h a t  a tempera ture  g r a d i e n t  i s  gene ra t ed  
w i t h i n  t h e  p a r t i c l e ,  t h e  c o n d i t i o n  f o r  a p y r o l y s i s  wave can be  
ob ta ined .  Here p y r o l y s i s  w i l l  occur  i n  a zone wi th  unreac ted  
m a t e r i a l  on t h e  one s i d e  and d e v o l a t i l i z e d  char  on t h e  o t h e r .  
The p y r o l y s i s  rate i s  then  de termined  by the ra te  of h e a t  i n p u t  
i n t o  t h e  i n t e r i o r  of t h e  p a r t i c l e  and not  by t h e  r e a c t i o n  r a t e  
o r  t h e  d i f f u s i o n a l  escape .  A t  even h ighe r  h e a t i n g  r a t e s ,  h e a t  
r eaches  t h e  p y r o l y s i s  s i tes f a s t e r  t han  i t  can b e  u t i l i z e d  and 
t h e  tempera ture  r i s e s  r a p i d l y  and t h e  p y r o l y s i s  becomes r e a c t i v i t y  
c o n t r o l l e d  once more. I n  t h e  l i m i t  t h e  p a r t i c l e  could t h e o r e t i c a l l y  
r each  such  a tempera ture  t h a t  par t ic le  burn  out  could  b e  complete 
b e f o r e  any s i g n i f i c a n t  p y r o l y s i s  had t i m e  t o  occur .  Such a s i t u a t i o n  
i s  be l i eved  t o  occur  i n  t h e  e x p l o s i o n  f lame system. 

I n  t h e  p a s t  i t  h a s  been g e n e r a l l y  assumed t h a t  i n  p u l v e r i z e d  
c o a l  f lames  p a r t i c l e  p y r o l y s i s  proceeds  he te rogeneous  carbon 
burn ou t  and t h a t  i g n i t i o n  o c c u r s  i n  t h e  v o l a t i l e s ,  however 
t h e r e  i s  some evidence  (2 )  t o  modify t h i s  s imple  concept  and t h e i r  
conc lus ion  i s  t h a t  t h e r e  i s  p a r a l l e l  p y r o l y s i s  and he terogeneous  
combustion i n  t h e  flame and t h a t  t h e  i g n i t i o n  i t s e l f  was he te rogeneous  
i n  o r i g i n .  

It  h a s  been customary t o  c l a s s i f y  c o a l  by means of t h e  proximate  
a n a l y s i s  t es t  wherein t h e  c o a l  i s  d e v o l a t i l i z e d  i n  a c r u c i b l e  under 
s p e c i f i e d  c o n d i t i o n s  of sample s i z e ,  t empera tu re ,  and d u r a t i o n  of 
decomposi t ion .  Coal h a s  long  been cons ide red  t o  b e  made up of 
f i x e d  amounts of v o l a t i l e  m a t t e r  and i n v o l a t i l e  " f ixed  carbon" 
( 3 ) ,  ( 4 1 ,  and t h e  proximate  t e s t  c a t e g o r i z e s  t h e  c o a l s  i n  terms 
of pe rcen tages  of f i x e d  ca rbon ,  v o l a t i l e  matter and ash  on a 
dry  b a s i s .  Th i s  test p rocedure  i s  an  example of a medium r a t e  of 
c a r b o n i z a t i o n .  I n  t h e  p u l v e r i z e d  c o a l  f lame h e a t i n g  r a t e s  may b e  
a s  h igh  as LO4 o r  l o 5  'C/sec . ,  s o  in fo rma t ion  ob ta ined  about  p y r o l y s i s  
from t h e  proximate  a n a l y s i s  tes t  may o r  may not  be  r e l e v a n t  t o  t h e  
s i t u a t i o n  i n  t h e  p .c .  f lame.  Attempts t o  approach  t h e s e  h igh  
h e a t i n g  r a t e s  i n  t h e  s t u d y  of  p y r o l y s i s  and hence more n e a r l y  t o  
approximate  t h e  c o n d i t i o n s  i n  t h e  p . c .  f lame have been made  by 
s e v e r a l  workers .  
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Loison and Chauvin (5 )  devolatilized 50-80 micron coal 
particles on a wire gauze electrically heated to 1000°C (heating 
rate = 1500 'C/sec.) and found that the yeild of volatiles 
produced was often greater than the yield of volatiles obtained 
by the proximate test. They also noted changes in the composition 
of the volatile products, obtaining a higher ratio of tars to 
gas at the higher heating rates. 

Badzioch and Hawksley ( 6 )  designed an apparatus not only to 
approximate the heating rates in a p.c. system but also to approximate 
the environment of pyrolysis in those systems. They used an 
essentially isothermal flow reactor and devolatilized the coal 
particles (size graded) in nitrogen which acted as dilluent and 

. inert atmosphere. They thereby eliminated the complications of 
combustion of volatiles and heterogeneous reaction and concentrated 
only on the pyrolysis process itself. 
in more detail later but the essential results were in agreement 
with Loison and Chauvin, that the weight loss produced was in all 
cases greater than the difference in the proximate volatile yield 
of parent coal and partially pyrolized char. 

Their results will be discussed 

Kimber and Gray (7) using essentially the same apparatus as 
Badzioch and Hawksley also found the weight losses during pyrolysis 
to be considerably greater than the proximate analysis results. 
They pyrolized to much higher temperatures (~1900 "C) and were 
able to obtain their weight losses by direct measurement, whereas 
Badzioch and Hawksley used ash as a tracer. 

Howard and Essenhigh (Z), using a plane flame furnace have 
studied the devolatilization process in conjunction with the 
heterogeneous combustion of carbon and the combustlon of the 
volatiles. On the basis of their results, they have formulated 
an overall picture of the combined process and its temporal sequence, 
this will be discussed later. 

It is thus apparent that the amount of volatiles produced from 
a coal is not a constant quantity but depends to a greater or 
lesser extent on the following factors: 

1) rate of heating 

2)  final decomposition temperature obtained 

3) duration of the decomposition at that temperature 

4 )  the environment under which the coal is devolatilized 

Points of General Agreement 

It is now generally agreed that pyrolysis is an activated process 
and the amount of volatiles produced and their composition will 
depend on the conditions. 
the relatively slow decomposition of particles in a closely packed 

Different results are expected between 
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bed and r a p i d  decomposi t ion o f  p a r t i c l e s  i n  a d i l u t e  s u s p e n s i o n ,  
l i k e  a d u s t  c loud .  I n  t h e  f i r s t  case p y r o l y s i s  p r o d u c t s  have 
t i m e  t o  i n t e r a c t  w i t h  each  o t h e r  and w i t h  o t h e r  p a r t i a l l y  pyro lyzed  
c o a l  p a r t i c l e s  i n  t h e i r  p a s s a g e  through t h e  bed,  w h i l e  i n  t h e  
second c a s e  the v o l a t i l e s  are r a p i d l y  d i l u t e d  i n  a gaseous environment 
which e f f e c t i v e l y  p r e v e n t s  mutua l  and p a r t i c l e  i n t e r a c t i o n s .  

Badzioch and Hawksley ( 6 ) ,  p o s t u l a t e  t h a t  t h e  y i e l d  of v o l a t i l e s  
depends upon t h e  ra te  of h e a t i n g ,  t h e  f i n a l  t empera ture  and t h e  
d u r a t i o n  of h e a t i n g  a t  t h a t  t e m p e r a t u r e ,  and on t h e  d i l u t i o n  e f f e c t .  
They d e v o l a t i l i z e d  t h e  c o a l  a t  s h o r t  h e a t i n g  times a t  e s s e n t i a l l y  
i s o t h e r m a l  c o n d i t i o n s  so t h e y  could n o t  t h e r e f o r e  s u b s t a n t i a t e  t h e  
f i r s t  of t h e i r  p o s t u l a t e s .  However, they  found t h a t  t h e  weight  
Loss between t h e  o r i g i n a l  coal and t h e  char  produced w a s  a lways 
g r e a t e r  t h a n  t h e  change i n  t he  proximate  v o l a t i l e  matter of c o a l  
and c h a r .  T h i s  change i n  v o l a t i l e  matter AV w a s  measured as a 
p e r c e n t a g e  of t h e  o r i g i n a l  d r y  a s h  f r e e  c o a l .  

AV = VMo - R 

where VM 
f r e e  c o a l  and R was t h e  proximate  v o l a t i l e  matter of t h e  char  
produced expressed  as a pe rcen tage  of t h e  weight  of t h e  o r i g i n a l  
d r y  a s h  f r e e  c o a l .  

was t h e  proximate  v o l a t i l e  matter of o r i g i n a l  dry  a s h  

The weight  l o s s  w a s  A W  where 

AW = 100 - Y 

and Y w a s  t h e  y i e l d  of char expres sed  as a p e r c e n t a g e  of  o r i g i n a l  
d r y  a s h  f r e e  c o a l .  The expe r imen ta l  c o n d i t i o n s  d i d  n o t  a l low them 
t o  d i r e c t l y  weigh t h e  c h a r  produced so they  assumed t h a t  no a s h  would 
be l o s t  d u r i n g  t h e  decomposi t ion  p r o c e s s  and t h u s  could be used as 
a t racer .  They showed the  c o r r e l a t i o n  between AW and AV t o  b e  l i n e a r  
b u t  t h e  r e g r e s s i o n  l i n e  d i d  n o t  p a s s  through t h e  o r i g i n .  T h i s  
a p p a r e n t  anomaly i s  d i s c u s s e d  l a t e r .  The c o n s t a n t  of p r o p o r t i o n a l i t y  
was termed Q s o  t h a t  

AW = Q AV 

Kimber and Gray ( 7 ) ,  a l s o  found Q f a c t o r s  f o r  t h e  c o a l s  
s t u d i e d  t o  b e  g r e a t e r  t h a n  o n e .  They found t h a t  t h e  d e v o l a t i l i z a t i o n  
a t  h i g h e r  h e a t i n g  ra tes  appeared  t o  b e  a two s t a g e  p r e c e s s ;  t h a t  
t h e  amount of weight  l o s s  i n c r e a s e s  w i t h  i n c r e a s i n g  h e a t i n g  ra te  
a l though t h e y  admi t ted  that  a t  s h o r t  h e a t i n g  t i m e s  t h e  e f f e c t s  of 
ra te  of h e a t i n g  and f i n a l  t e m p e r a t u r e  could  n o t  be i s o l a t e d ;  t h a t  
t h e  amount of weight  l o s s  i n c r e a s e d  w i t h  i n c r e a s e d  t e m p e r a t u r e .  
The i m p o r t a n t  c o n c l u s i o n  of Q f a c t o r s  be ing  g r e a t e r  than  one i s  
t h a t  d u r i n g  p y r o l y s i s  e i t h e r  some of t h e  so  c a l l e d  f i x e d  carbon 
i s  l o s t  as v o l a t i l e  m a t t e r  and t h u s  t h e  q u a n t i t y  of f i x e d  carbon 
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determined by proximate a n a l y s i s  d e c r e a s e s ,  o r  that  t h e  proximate 
tes t  f a i l s  t o  show a l l  of t h e  p o s s i b l e  v o l a t i l e  matter and t h a t  
some p o r t i o n  of i t  i s  somehow cap tu red  o r  o the rwise  a l t e r e d  by 
t h e  c o a l  du r ing  t h e  c a r b o n i z a t i o n .  

P o i n t s  of Disagreement 

Although it  is  accep ted  t h a t  AW i s  no t  e q u a l  t o  AV, t h e  r easons  
f o r  t h i s  i n e q u a l i t y  are n o t  f u l l y  agreed  upon. 

The phenomena can b e  caused by one o r  a combination of t h e  
fo l lowing:  

1 )  ra te  of a t t a inmen t  of f i n a l  p y r o l y s i s  tempera ture  

I 2 )  v a l u e  of f i n a l  t empera ture  and d u r a t i o n  of t h e  p rocess  

3)  d e v o l a t i l i z a t i o n  environment 

Badzioch and Hawksley (6),  c la im t h a t  t h e  mechanism and t h e  
amount of decomposition depends on t h e  ra te  of h e a t i n g .  However, 
i n  t h e  a n a l y s i s  of t h e i r  d a t a  they  s u b t r a c t  ou t  t h e  c o r r e c t i o n  f o r  
t h e  h e a t i n g  s t a g e  of t h e  p a r t i c l e s  a rgu ing  t h a t  s i n c e  t h e  rate of 
decomposition i s  s e n s i t i v e  t o  t empera tu re  t h e  amount of decomposi t ion  
t h a t  occu r s  du r ing  t h e  h e a t i n g  s t a g e  i s  n e g l i g i b l e ,  s o  a c t u a l l y  
they  obse rve  weight  l o s s e s  f o r  i so the rma l  c o n d i t i o n s .  Howard and 
Essenhigh (2), claim t h a t  t h e  amount of v o l a t i l e s  produced depends 
on t h e  f i n a l  t empera tu re ,  t h e  d u r a t i o n  of t h e  p rocess  and t h e  p a r t i c l e  
s i z e ,  i . e . ,  when a par t ic le  i s  l a r g e  enough . to  s u s t a i n  a t empera tu rq  
g r a d i e n t  w i t h i n  i t .  They do n o t  s p e c i f y  t h e  p o s s i b l e  e f f e c t s  of t h e  
environment of p y r o l y s i s ,  y e t  t hey  do warn t h a t  c o n s i d e r a b l e  d i s c r e t i o n  
must accompany t h e  u s e  of expe r imen ta l  r e s u l t s  o b t a i n e d  under c o n d i t i o n s  
d i f f e r i n g  markedly from those  of t h e  a p p l i c a t i o n .  P re l imina ry  
r e s u l t s  ob ta ined  i n  t h i s  l a b o r a t o r y  on t h e  e f f e c t s  of markedly 
d i f f e r e n t  rates of h e a t i n g  on  t h e  amount of v o l a t i l e  matter produced 
are d i scussed  l a t e r .  

Badzioch and Hawksley (6), i n f e r  from t h e i r  exper imenta l  d a t a  
t h a t  t h e  v a r i a t i o n  of v o l a t i l e  matter w i t h  t ime f o r  i s o t h e r m a l  c o n d i t i o n s  
may be e x p o n e n t i a l  and they  expres sed  t h e  f r a c t i o n a l  v o l a t i l e  change 
i n  t h e  form: 

AV/VMo = ( 1  - C ) [ 1  - exp(-k-r)] 

For decomposition t empera tu re  >900°C t h e  proximate  v o l a t i l e  m a t t e r  
of t h e  cha r  had a lmost  reached  a c o n s t a n t  v a l u e  i n  t h e  100 mi l l i s econd  
p y r o l y s i s  t i m e  cons idered  (8) .  Kimber and Gray found t h a t  f o r  decomposition 
tempera tures  above 1000°C t h e  weight  l o s s  w a s  even h i g h e r  and a t  1900°C 
t h e  r e s i d u a l  proximate  v o l a t i l e  matter i n  t h e  c h a r  approached z e r o .  
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The environment of p y r o l y s i s  e f f e c t  h a s  been d i scussed  ear l ier  
and i t  i s  agreed  t h a t  t h e  p h y s i c a l  cond i t ions  under which t h e  
decomposition occur s  does  indeed  a f f e c t  t h e  v o l a t i l e  y i e l d .  However, 
t h e  re la t ive impor tance  of t h i s  e f f e c t  over and above the o t h e r  f a c t o r s  
h a s  never  been s a t i s f a c t o r i l y  demonst ra ted .  Recent r e s u l t s  ob ta ined  
i n  t h i s  l a b o r a t o r y  shed  more l i g h t  on the q u a n t i t a t i v e  s i g n i f i c a n c e  
of t h e  e f f e c t  and are d i s c u s s e d  below. 

Attempted C l a r i f i c a t i o n  of  Disputed  I s s u e s  

Badzioch and Hawksley ( 6 ) ,  found t h a t  t h e  r e g r e s s i o n  l i n e  on 
t h e i r  p l o t  of AW a g a i n s t  AV d i d  n o t  p a s s  through t h e  o r i g i n  and 
d i smis sed  t h i s  as an  a r t i f ac t  they  thought was caused  by a l o s s  
of a s h ;  however, ano the r  e x p l a n a t i o n  could  e x p l a i n  t h e  e f f e c t .  
The s l o p e  of t h i s  p l o t  AW/AV w a s  termed Q and r e p r e s e n t e d  a c o r r e c t i o n  
f a c t o r  proposed t o  accoun t  f o r  t h e  f a c t  t h a t  a c t u a l  weight  loss  
i n c u r r e d  du r ing  p y r o l y s i s  under certain c o n d i t i o n s  f o r  a c o a l  
cou ld  b e  d i f f e r e n t  from t h a t  measured by t h e  change i n  v o l a t i l e s  i n  
t h e  proximate  a n a l y s i s  p rocedure .  Dryden ( 9 ) ,  has  d i scussed  t h e  poss i -  
b i l i t y  t h a t  v o l a t i l e s  cou ld  b e  en t r apped  o r  c racked  w i t h i n  t h e  
i n t e r s t i c e s  and p o r e s  of t h e  c o a l  p a r t i c l e s a n d  t h i s  could  be 
r e s p o n s i b l e  f o r  a lower y i e l d  of v o l a t i l e s  than  would have  been 
o b t a i n e d  w i t h  f i n e r  p a r t i c l e s  o r  w i t h  a t h i n n e r  bed or maybe 
w i t h  ambient sweep g a s  t o  remove t h e  v o l a t i l e  components r a p i d l y  
from t h e  v i c i n i t y  of  t h e  py ro lyz ing  p a r t i c l e s .  
example of t h i s  l a t t e r  c a s e  i s , o f  cour se ,  t h e  p y r o l y s i s  environment 
produced i n  t h e  Badzioch and Hawksley exper iments .  

The extreme 

The r eason  f o r  t h e  Q f a c t o r  be ing  g r e a t e r  than  u n i t y  would seem 
t h e r e f o r e  t o  b e  e i t h e r  the  e l i m i n a t i o n  of t h e s e  en t r apmen t s ,  c r ack ing  
and back o r  s i d e  r e a c t i o n s  u r  t h e  a c t u a l  l o s s  of t h e  so c a l l e d  f i x e d  
carbon because  of  c o n d i t i o n s  n o t  r e a l i z e d  i n  t h e  proximate  t es t .  
Of course, both  e f f e c t s  may be  p r e s e n t  t o  va ry ing  degrees  of 
s i g n i f i c a n c e .  

L e t  u s  assume t h e r e  t o  b e  a c a p t u r e  f a c t o r  f o r  t h e  p a r e n t  c o a l  
CY such  t h a t  

where VM i s  t h e  p rox ima te  v o l a t i l e  matter of t h e  o r i g i n a l  coal 
'and VM c: i s  t h e  "real" v o l a t i l e  matter of t h e  o r i g i n a l  c o a l  and 
a i s  tge f r a c t i o n  of t h e  v o l a t i l e  matter t h a t  i s  cap tu red  o r  o the rwise  
l o s t  du r ing  the proximate  a n a l y s i s  procedure .  

Then t h e  weight  l o s s  i s  

R 
- -  mO AW = - 

1 - C Y  1 - B  
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I 

where R i s  ( a s  d e f i n e d  by Badzioch and Hawksley) t h e  proximate  
v o l a t i l e  matter of t h e  cha r  and B is t h e  c a p t u r e  f a c t o r  f o r  t h e  
cha r ,  which because  of p a r t i a l  d e v o l a t i l i z a t i o n  and p h y s i c a l  changes 
i n  n a t u r e  i s  assumed t o  be  d i f f e r e n t  from t h a t  of t h e  p a r e n t  c o a l .  

AV - VMo - R by d e f i n i t i o n  

. A V + R  R t h u s  A W z  - - -  
1 - a  1 - B  

and 

I 

I 

1' 

8' 

But R is no t  a c o n s t a n t  s o  w e  s u b s t i t u t e  (VM - AV) f o r  R i n  t h e  
above ; t h u s  0 

AV a - 8  
Aw - 1 - 6 '  + v'o [ ( l  - a ) ( l  - 6 ) l  

t h u s  AW = QAV - Q ( 6  - a)VMo/(l - a )  

This r e p r e s e n t s  t h e  e q u a t i o n  of a s t r a i g h t  l i n e  w i t h  s l o p e  1/(1 - 6 )  
and i n t e r c e p t  Q ( 6  - a) VMo/(l - a ) .  

When AW = 0, AV = VM ( 6  - a ) / ( l  - a )  
0 

and if B> a ,  then  hV>O 

When AV = 0, AW = QVM (a  - B ) / ( l  - a )  

and i f  B>a, then  hW<O 

Although t h i s  adequa te ly  e x p l a i n s  t h e  i n t e r c e p t  ob ta ined  on 
t he  AW a g a i n s t  AV p l o t ,  i t  was necessa ry  t o  de t e rmine  t h e  expected 
magnitude of a c a p t u r e  f a c t o r  e f f e c t  i n  t h e  proximate  a n a l y s i s  
t es t ,  so a series of exper iments  were performed i n  t h i s  l a b o r a t o r y ,  
whereby t h e  pe rcen tage  weight  l o s s  ob ta ined  i n  t h e  test  was p l o t t e d  
as a f u n c t i o n  of t h e  d e p t h  of c o a l  ( p r o p o r t i o n a l  t o  weight )  i n  t h e  
c r u c i b l e .  The exper iments  were c a r r i e d  o u t  t o  t h e  e x a c t  s p e c i f i c a t i o n s  
of t h e  ASTM tes t  p rocedure  a p a r t  from t h e  v a r i a t i o n  i n  t h e  q u a n t i t i e s  
of c o a l  used. The r e s u l t s  ob ta ined  are shown g r a p h i c a l l y  i n  F i g u r e  I .  
I t  can be seen  t h a t  t h e r e  is a s i g n i f i c a n t  e f f e c t  t h a t  can be 
a t t r i b u t e d  t o  a c a p t u r e  f a c t o r ,  y e t  t h e  e f f e c t  is  n o t  of s u f f i c i e n t  
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magnitude by i t s e l f  t o  e x p l a i n  a Q f a c t o r  a s  h igh  as 1 . 5  o r , 1 . 8 .  
The e f f e c t  shown is  of t h e  o rde r  of 10  p e r c e n t .  For a Q f a c t o r  
of 1.5 the e f f e c t  would have  t o  be  on t h e  o rde r  of 30 p e r c e n t .  
Thus a l though  v o l a t i l e  c a p t u r e  does  a p p a r e n t l y  occur  i n  t h e  
proximate  t e s t ,  t h e  e f f e c t  i s  n o t  l a r g e  enough t o  cause  t h e  
d i f f e r e n c e  between AW and  AV produced i n  t h e  Badzioch and Hawksley, 
and Kimber and Gray exper iments .  The o n l y  o t h e r  e x p l a n a t i o n  i s  
t h a t  some of t h e  " f ixed  carbon' '  i s  a c t u a l l y  l o s t  d u r i n g  t h e  . 
d e v o l a t i l i z a t i o n  produced under t h e  c o n d i t i o n s  of t h e i r  exper iments .  
This a lmost  c e r t a i n l y  means t h a t  a s i m i l a r  p r o c e s s  i s  occur r ing  
i n  p . c .  sys tems.  

In  F i g u r e  I t h e  s q u a r e s  r e p r e s e n t  p y r o l y s i s  a t  120OoC and 
t h e r e  i s  no d i f f e r e n c e  i n  pe rcen tage  weight  l o s s  than  a t  95OoC. 
The lower poin tsshow d e v o l a t i l i z a t i o n  under c o n d i t i o n s  of ve ry  
slow rates of h e a t i n g ,  approximate ly  20-30°C/minute. There is  a 
s i g n i f i c a n t  lower ing  of p e r c e n t a g e  weight l o s s  under t h e s e  c o n d i t i o n s  
which s u g g e s t s  t h a t  t h e  r a t e  of h e a t i n g  does have a n  e f f e c t  upon 
t h e  q u a n t i t y  of v o l a t i l e s  produced. 

A s  an e x t e n s i o n  t o  t h e  two component h y p o t h e s i s  of c o a l ,  
i t  appea r s  as i f  t h e r e  is a t r a n s i t i o n a l  component between 
t h e  f i x e d  carbon and t h e  v o l a t i l e  component p a r t s  which may become 
v o l a t i l e  o r  i n v o l a t i l e  depending on t h e  c o n d i t i o n s  of decomposition. 
I f  t h e  p y r o l y s i s  i s  r a p i d  t h e  the rma l  energy f l u x  is  h igh  enough t o  
promote a s u b s t a n t i a l  p o r t i o n  of t h e  t r a n s i t i o n a l  component t o  t h e  
vapor  phase .  With s low decomposi t ion ,  p r e f e r e n t i a l  po lymer i za t ion  
occur s  w i t h  the e v o l u t i o n  of a smaller p r o p o r t i o n  of v o l a t i l e  m a t t e r ,  
t h e  remainder adding  to t h e  f i x e d  carbon.  Th i s  t h r e e  component 
h y p o t h e s i s  of c o a l  seems t o  be  w e l l  suppor ted  from t h e  exper imenta l  
ev idence  quoted i n  t h i s  p a p e r .  

Remaining Ques t ions  

A knowledge of the p r o c e s s e s  o c c u r r i n g  du r ing  p y r o l y s i s  of 
c o a l  is r e q u i r e d  f o r  unde r s t and ing  t h e  combustion of c o a l  p a r t i c l e s  
i n  p.c. f l ames ,  and t h e  way i n  which t h e  p y r o l y s i s  r e s u l t s  are use.d i n  
c a l c u l a t i o n s  of p . c .  sys t ems  w i l l  depend on j u s t  when and i n  what 
o r d e r  p y r o l y s i s  and he terogeneous  combustion occur .  
Howard ( Z ) ,  s u g g e s t  t h a t  t h e  he te rogeneous  combustion and p y r o l y d s  
occur  s imul t aneous ly  i n  t h e  p l a n e  f l ame  sys tem,  b u t  the complex i t i e s  
of s tudy ing  bo th  combustion and decomposition t o g e t h e r  make such 
conc lus ions  ex t remely  d i f f i c u l t  t o  e s t a b l i s h .  

Essenhigh and 

Although i t  i s  accep ted  t h a t  p y r o l y s i s  i s  an  a c t i v a t e d  p rocess ,  
v a l u e s  f o r  a c t i v a t i o n  e n e r g i e s  are v a r i e d .  J u n t g e n ' s  s t u d i e s  ( l o ) ,  
showed t h a t  t h e  a c t i v a t i o n  e n e r g i e s  f o r  the p r o c e s s e s  could  be 
d i v i d e d  i n t o  two r a n g e s ;  e i t h e r  15  o r  30 kca l /mole  which he i d e n t i f i e d  
as a c t i v a t e d  d i f f u s i o n  and chemica l  decomposition r e s p e c t i v e l y .  
H e  used a n  average  o r  g l o b a l  a c t i v a t i o n  energy concept  i n  h i s  
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a n a l y s i s  of t h e  p y r o l y s i s  of c o a l  (11 ) .  
ob ta ined  a n  a c t i v a t i o n  energy of approximate ly  18 kca l /mole  f o r  
a l l  t h e  c o a l s  that  t h e y  s t u d i e d ,  w h i l e  t h e  a c t i v a t i o n  energy  
quoted  by Van Krevelen (12), f o r  c o a l  c a r b o n i z a t i o n  i s  about  56 
kca l /mole .  

Badzioch and Hawksley 

The modes of d e v o l a t i l i z a t i o n  and t h e i r  dependence on p a r t i c l e  
s i z e  are now beginngng , t o  be unders tood ,  and i t  shou ld  now b e  
p o s s i b l e  t o  a s s i g n  l i m i t s  t o  t h e  v a r i o u s  p y r o l y s i s  regimes a l r e a d y  
mentioned. Two models f o r  p y r o l y s i s  are proposed by Essenhigh and 
Howard ( Z ) ,  t h e  f i r s t  assumes d e v o l a t i l i z a t i o n  occur s  uni formly  
throughout t h e  p a r t i c l e ,  s o  t h e  r a t e  of r e a c t i o n  a t  any t ime i.s 
p r o p o r t i o n a l  t o  t h e  mass (o r  volume) of un reac ted  m a t e r i a l  
remain ing  i n  t h e  p a r t i c l e ,  i . e . ,  p y r o l y s i s  i s  a v o l u m e t r i c  r e a c t i o n .  
S ince  t h e  t o t a l  mass of material  is independent  of  t h e  s i z e  of 
p a r t i c l e s  c o n t a i n i n g  i t ,  t h e  model i n d i c a t e s  tha t  p y r o l y s i s  should  
be  independent  of p a r t i c l e  s i z e .  The second model assumes p y r o l y s i s  
t o  occur  i n  a t h i n  zone sur rounding  a c o r e  of undecomposed material, 
h e r e  t h e  mass of v o l a t i l e  matter p r e s e n t  i n  t h e  zone i s  p r o p o r t i o n a l  
t o  t h e  s u r f a c e  area of t h e  p a r t i c l e ,  t h u s  t h e  p y r o l y s i s  should  
show a p a r t i c l e  s i z e  dependence. 
t h e  lat ter model on grounds t h a t :  1) t h e  observed  t i m e  r equ i r ed  
f o r  p y r o l y s i s  was much g r e a t e r  t h a n  t h a t  p r e d i c t e d  from the model 
f o r  bo th  p h y s i c a l  and chemica l  c o n t r o l ,  2 )  t h a t  ev idence  from 
Ishihama (13)  i n d i c a t e d  t h a t  t h e r e  i s  no s i z e  dependence below 
60 microns  d i a m e t e r ,  and 3)  a n  e s t i m a t i o n  of t h e  tempera ture  d i s t r i -  
b u t i o n  i n s i d e  t h e  p a r t i c l e  i n  a f lame i n d i c a t e d  t h a t  t h e  p y r o l y s i s  
could  n o t  be a s u r f a c e  r e a c t i o n  due t o  a t empera tu re  g r a d i e n t  
i n s i d e  t h e  p a r t i c l e  f o r  d i ame te r s  less t h a n  abou t  50 microns .  Thus 
f o r  p a r t i c l e s  smaller than  approximate ly  50 microns ,  the r a t e  of 
p y r o l y s i s  should  become independent  of p a r t i c l e  s i z e  and be  f i r s t  
o rde r  i n  un reac ted  v o l a t i l e  material. 

, 

F o r  t h e  p .c .  sys tem they  e l i m i n a t e d  
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Heterogeneous Combus t i o n  

Genera l ly  Accepted Mechanisms* 

I n  t h e  r e a c t i o n  of a gaseous  component w i th  a s o l i d  s u r f a c e  
i t  is  g e n e r a l l y  ag reed  t h a t  t h e  p r o c e s s  can be d i v i d e d  i n t o  
t h r e e  b a s i c  s t e p s :  

i )  T r a n s f e r  of t h e  gaseous  r e a c t a n t  t o  t h e  s o l i d  s u r f a c e  

i i )  Chemical r e a c t i o n  of g a s  w i t h  t h e  s u r f a c e  

i i i )  D i f fus ion  of t h e  p r o d u c t s  of t h e  r e a c t i o n  away from 
t h e  s u r f a c e  

Cons ider ing  now t h e  carbon oxygen system we  can say t h a t  t h e  
r a t e  of weight  l o s s  of ca rbon  p e r  u n i t  e x t e r n a l  s u r f a c e  area Rt 
i s  g i v e n  by the s o  c a l l e d  " r e s i s t a n c e  equat ion" :  

Here R r e p r e s e n t s  t h e  rate a t  which oxygen molecules  a r e  t r a n s p o r t e d  
a c r o s s  t h e  boundary d i f f u s i o n  l a y e r  t o  t h e  s u r f a c e  where they  immediately 
r e a c t  t o  form p r o d u c t s  and R r e p r e s e n t s  t h e  case  when there is 
no r e s i s t a n c e  t o  t r a n s p o r t  o f  oxygen molecules  t o  t h e  s u r f a c e  bu t  
t h a t  t h e  r e a c t i o n  t a k e s  a f i n i t e  t i m e .  Thus R and Rehem are t h e  
l i m i t i n g  v a l u e s  f o r  mass t r a n s f e r  and chemicalm$eaction. 

m t  

hem 

If t h e  ra te  i s  c o n t r o l l e d  e x c l u s i v e l y  by t h e  mass t r a n s f e r  
p r o c e s s ,  t h i s  i m p l i e s  t h a t  t h e  c o n c e n t r a t i o n  of t h e  o x i d a n t  a t  
t h e  s u r f a c e  i s  e f f e c t i v e l y  z e r o  s o  t h e  p a r t i c l e s  i f  s p h e r i c a l  can 
be t r e a t e d  a s  imperv ious  s p h e r e s ,  no m a t t e r  what t h e i r  i n t e r n a l  
s t r u c t u r e  i s ,  which s h r i n k  from t h e  o u t s i d e  s u r f a c e  inwards as 
t h e  r e a c t i o n  proceeds  a t  c o n s t a n t  d e n s i t y ,  t hus :  

- - =  dm - 4 n r  2 u dr - 4nr 2 R~ 
A = -  d t  

where uA is  t h e  d e n s i t y  and T i s  t h e  burn ing  t i m e  when r = 0 .  

If t h e r e  is t u r b u l e n t  mixing throughout  the system of o x i d a n t  
g a s  and carbon o r  c o a l  p a r t i c l e s  and t h u s  r e l a t i v e  motion between g a s  
and p a r t i c l e s ,  t h e  boundary l a y e r  t h i c k n e s s  can  be  reduced and mass 
t r a n s f e r  a c r o s s  i t  i s  enhanced. It can be shown t h a t  f o r  a r e l a t i v e  
v e l o c i t y  of u ,  t h e  rate of m a s s  t r a n s f e r  i s  g iven  by: 

*The a u t h o r s  of t h i s  paper  are indeb ted  t o  t h e  e x c e l l e n t  review 
a r t i c l e  of Mulcahy and Smith (14) f o r  t h e  f o r m u l a t i o n  of t h i s  s e c t i o n .  
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where N 

number and a ,  b ,  and c are c o n s t a n t s .  By t a k i n g  v a l u e s  f o r  t h e  
c o n s t a n t s  a ,  b y  and c and e v a l u a t i n g  t h e  r a t i o  Rrnt(u>O)/Rmt(u = 0) 
f o r  v a r i o u s  p a r t i c l e  s i z e s  a t  d i f f e r e n t  values of t h e  a c c e l e r a t i o n ,  
t h e  conc lus ion  a r r i v e d  a t  (14) i s  t h a t  i n  t h e  p . f .  s i z e  range  
very  l i t t l e  i n c r e a s e  i n  mass t r a n s f e r  r e s u l t s  even  w i t h  an  a c c e l e r a t i o n  
of 1000 g. I t  i s  t h e n  r easonab le  t o  assume t h a t  p . f .  p a r t i c l e s  are 
e f f e c t i v e l y  s t a t i o n a r y  r e l a t i v e  t o  t h e i r  gaseous  environment.  

i s  t h e  g a s - p a r t i c l e  Reynolds number, NSc is t h e  Schmidt R e  

It i s  then  p e r m i s s i b l e  t o  use  N u s s e l t ' s  (15) t r ea tmen t  f o r  t h e  
c a l c u l a t i o n  of R assuming F i c k ' s  Law of D i f f u s i o n .  The r e s u l t  
of t h i s  treatment is:  

m t  

0.75 
Rmt a 48 (Do(fm/d)Po)(T/To) 132 ( 3 )  

where f is t h e  m a s s  f r a c t i o n  of ox idan t  i n  t h e  bu lk  phase ,  d i s  t h e  
p a r t i c l e  d i ame te r ,  p o  is t h e  gas  d e n s i t y  and T i s  t h e  r e a c t i o n  
t empera tu re ,  t h e  s u b s c r i p t  o r e f e r s  t o  s t a n d a r d  c o n d i t i o n s .  Th i s  
shows tha t  t h e  ra te  i s  p r o p o r t i o n a l  t o  l l d  and h a s  a s m a l l  t empera ture  
c o e f f i c i e n t .  The d e r i v a t i o n  of the above assumes t h a t  one oxygen 
molecule l i b e r a t e s  two carbon atoms as CO. I f  account  i s  taken  of 
S te fan  f low (16) , (17)  t h e  above e x p r e s s i o n  is modi f i f ed  t o :  

m 

Rmt = -48 [ (D,/d)po(T/T,,j0~75 l n ( l - y f & / y ] / 3 2  ( 4 )  

Since  this  equa t ion  shows t h a t  t h e  rate of mass t r a n s f e r  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  the p a r t i c l e  d i a m e t e r ,  as d becomes s m a l l  
enough R w i l l  become l a r g e  s o  t h a t  below a c e r t a i n  p a r t i c l e  s i z e  

" Rmt 
R m t  chem' 
w i l l  become t h e  rate c o n t r o l l i n g  p r o c e s s .  We can  then  e l a b o r a t e  
upon p o i n t  ( i i )  above and d i f f e r e n t i a t e  between t h e  p r o c e s s  of 
chemisorp t ion  and d e s o r p t i o n ,  e i ther  one of which can be  t h e  rate 
c o n t r o l l i n g  s t e p .  

When t h i s  c o n d i t i o n  i s  m e t  t h e  chemical r e a c t i o n  ra te  

Expres s ions  f o r  t h e  maximum rates  of chemiso rp t ion  and deso rp t ion  
i n  g a s / s o l i d  systems have been d e r i v e d  (181, (19) and are: 

f o r  chemisorp t ion  ( a d s o r p t i o n )  

I 

Y 

where E is t h e  a c t i v a t i o n  energy  f o r  chemiso rp t ion .  This  rate 
is  seen t o  b e  f i r s t  o r d e r  i n  oxygen c o n c e n t r a t i o n .  

a d s  
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f o r  d e s o r p t i o n  (from a b s o l u t e  ra te  theo ry  ( 7 ) )  

) o r  R = [ (lZRTCs)/ (N h )  1 exp  (-EdeslRT 
2 

g m / c m 2  sec. (7 )  chem d e s  

where C = number of carbon atoms/cm2 of g r a p h i t e  l a t t i ce  

k = t r ansmiss ion  c o e f f i c i e n t  

kB  = Boltzmann c o n s t a n t  

f+ ,  f a r e  p a r t i t i o n  f u n c t i o n s  

Edes 
is t h e  a c t i v a t i o n  energy f o r  d e s o r p t i o n  

I n  t h i s  ca se ,  t h e  ra te  i s  s e e n  t o  be independent  of oxygen c o n c e n t r a t i o n ,  
i .e . ,  ze ro  o rde r  i n  oxygen. 

The t r a n s i t i o n  be tween a system whose rate is  c o n t r o l l e d  by 
chemica l  r e a c t i o n  t o  one whose r a t e  i s  c o n t r o l l e d  by m a s s  t r a n s f e r  
i s  o f t e n  d e p i c t e d  on an i d e a l i z e d  Arrhenius  diagram as shown i n  
F ig .  11. For  a f i x e d  p a r t i c l e  s i z e  as t h e  t empera tu re  i s  i n c r e a s e d  
t h e  rate of t h e  chemical r e a c t i o n  w i l l  i n c r e a s e  much f a s t e r  t h a n  t h e  
r a t e  of mass t r a n s f e r  u n t i l  above a c r i t i ca l  t empera tu re  T t h e  mass 
t r a n s f e r  l i m i t s  t h e  o v e r a l l  r a te  of t h e  r e a c t i o n .  
a t  which t h i s  t r a n s i t i o n  o c c u r s  depends on p a r t i c l e  s i z e  s i n c e  R 
i s  p r o p o r t i o n a l  t o  l / d  w h i l e  Rch 
d i ame te r .  
of T t h a t  would ho ld  f o r  a 40 micron p a r t i c l e . i f  t h e  chemica l  
rate'was c a l c u l a t e d  from e q u a t i o n s  5 and 7 and t h e  mass t r a n s f e r  
ra te  w a s  g iven  by e q u a t i o n  4. However, t h e  assumpt ions  they  had 
t o  make i n  o rde r  t o  e v a l u a t e  t h e s e  rates from t h e  e q u a t i o n s ,  e s p e c i a l l y  
f o r  t h e  d e s o r p t i o n  r a t e  are probably  u n r e a l i s t i c  s o  t h a t  any conclus ions  
ob ta ined  from t h i s  i d e a l  a n a l y s i s  should  be used  c a u t i o u s l y .  
Neve r the l e s s  t h e i r  c o n c l u s i o n  i s  t h a t  i f  E >5 kca l lmole ,  combustion 
a t  a tmospher ic  p r e s s u r e  of ' v i r t u a l l y  a l l  p a r t i c l e s  i n  t h e  p . f .  r ange  
w i l l  be  chemica l ly  c o n t r o l l e d .  

The t emse ra tu re  

m t  i s  independent  of t h e  p a r t i c l e  
Mulcahy and Smith (147 a t tempted  t o  estimate t h e  v a l u e  

ads  

A f t e r  N u s s e l t ' s  work i t  was g e n e r a l l y  assumed t h a t  t h e  r a t e  
of mass t r a n s f e r  t o  a p a r t i c l e  could  be a u t o m a t i c a l l y  equated  
t o  t h e  rate of combustion, b u t  H o t t e l  and S t e w a r t  (21) found 
ev idence  of chemica l  ra te  c o n t r o l  i n  a r e a n a l y s i s  t hey  performed 
on some e x i s t i n g  d a t a .  Essenhigh (22) and Essenhigh and Beer (23 )  
found s t r o n g  ev idence  of chemica l  rate c o n t r o l  from t h e i r  expe r imen ta l  
d a t a  and subsequent  worke r s  (24 ) ,  (25) have suppor t ed  t h e s e  conc lus ions .  
Mulcahy and Smith (14) have  p l o t t e d  r a t e  d a t a  d e r i v e d  from i n v e s t i g a t i o n s  
on t h e  combustion of a n t h r a c i t e s ,  bituminous c o a l s ,  s o o t s ,  c h a r c o a l s  
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and bu lk  g r a p h i t e s  on  a n  Arrhenius  diagram. They have p l o t t e d  
on t h e  same diagram t h e  t h e o r e t i c a l  l i n e  f o r  mass t r a n s f e r  t o  
a 40 micron p a r t i c l e  and a l though t h e  p l o t t e d  rates are cons ide rab ly  
s c a t t e r e d ,  t hey  are a l l  less than  t h e  rate of t h i s  mass t r a n s f e r  
t o  a 40 micron p a r t i c l e .  Also the s t r o n g  dependence of t h e  rate 
on t h e  f u e l  t y p e  i s  ve ry  i n d i c a t i v e  of chemica l  c o n t r o l .  A l l  t h i s  
ev idence  t e n d s  t o  s t r o n g l y  imply that  chemica l  c o n t r o l  i s  o p e r a t i v e  
i n  the  combustion of p . f .  s i z e d  p a r t i c l e s  a t  a tmosphe r i c  p r e s s u r e .  

In the above d i s c u s s i o n  we have  been i m p l i c i t l y  cons ide r ing  
t h e  p a r t i c l e s  t o  be impervious and that  they  b u r n  a t  cons t an t  
d e n s i t y  as p r o g r e s s i v e l y  s h r i n k i n g  sphe res .  Although t h i s  i s  
impl ied  it i n  no way changes t h e  q u a l i t a t i v e  conc lus ions  t h a t  have 
been a r r i v e d  a t .  However, i n  o rde r  t o  s tudy  p r a c t i c a l  systems 
of combusting p a r t i c l e s ,  we  must r e a l i z e  t h a t  t h i s  s imple  model 
i s  o f t e n  i n c o r r e c t ,  The v a r i a t i o n  i n  chemica l  r e a c t i v i t y  of a 
p a r t i c l e  can depend on t h e  i n t r i n s i c  chemical n a t u r e  of t h e  
m a t e r i a l  o r  on t h e  p h y s i c a l  s t r u c t u r e  of t h e  ma te r i a l .  
l i k e l y  f a c t o r  de te rmining  t h e  r e a c t i v i t y  is  t h e  t o t a l  s u r f a c e  
area a v a i l a b l e  t o  t h e  o x i d a n t ,  t h i s  i n  t u r n  depends on t h e  roughness 
of t h e  s u r f a c e  and t h e  p o r o s i t y  of t h e  p a r t i c l e ,  i . e . ,  on t h e  
i n t e r n a l  s t r u c t u r e  and e x t e n t  of micro ,  t r a n s i t i o n a l  and macropores. 
When the p a r t i c l e  is porous and o x i d a n t  can p e n e t r a t e  i n t o  t h e  
i n t e r i o r ,  t h e  po re  s t r u c t u r e  i s  modi f ied  d u r i n g  the r e a c t i o n  as 
t h e  walls of t h e  po res  are themselves consumed dur ing  t h e  combustion 
p rocess .  It might b e  expec ted  t h a t  t h e  rate of o x i d a t i o n  would 
i n c r e a s e  from low t o  50 pe rcen t  bu rn  o f f  as the a c c e s s i b i l i t y  of 
s u r f a c e  i n c r e a s e s ,  and then  d e c r e a s e  as po res  c o a l e s c e  and reduce 
t h e  t o t a l  i n t e r n a l  s u r f a c e  a r e a .  Microscopic  and photographic  
examination of c o a l s  and c h a r s  du r ing  v a r i o u s  c o n d i t i o n s  of h e a t i n g  
and combustion have been undertaken (26 ) - (32 )  and i n  some cases  
combustion has  been observed t o  occur  i n  t h e  p o r e s .  
conc lus ion  from t h i s  is t h a t  t h e  e f f e c t  of p o r o s i t y  w i t h  t h e  
p o s s i b i l i t y  of i n t e r n a l  burn ing  must be  cons ide red  i n  any d i s c u s s i o n  
of combustion p rocesses  of p . f .  p a r t i c l e s .  

The most 

The only 

The schemat i c  Arrhenius  p l o t  of F ig .  I11 shows t h e  case  f o r  
an impervious s p h e r e  as w e l l  as the c a s e  f o r  a p o r o u s p a r t i c l e .  
Th i s  l a t t e r  case shows t h r e e  regimes which are now b r i e f l y  d i scussed .  

I n  zone I t h e  ox idan t  c o n c e n t r a t i o n  is  the same throughout  
t h e  p a r t i c l e  and equa l  t o  t h a t  of t h e  b u l k  phase .  The r e a c t i o n  
r a t e  p e r  u n i t  t o t a l  s u r f a c e  a r e a  i s  

= A cn exp (-E/RT) Rchem, t o t  

where n and E are t h e  t r u e  o r d e r  and a c t i v a t i o n  energy f o r  t h e  
r e a c t i o n .  

I 

Y 
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I n  zone I1 t h e  c o n c e n t r a t i o n  of ox idan t  w i t h i n  t h e  porous 
s t r u c t u r e  i s  not  c o n s t a n t  b u t  v a r i e s  from e f f e c t i v e l y  ze ro  a t  t h e  
c e n t e r  of t h e  p a r t i c l e  t o  t h e  bu lk  phase  v a l u e  a t  t h e  p e r i p h e r y .  
Thus t h e  ra te  of r e a c t i o n  is i n  p a r t  determined by t h e  i n t e r n a l  
d i f f u s i o n  of ox idan t  th rough t h e  porous s t r u c t u r e  ( 3 3 ) .  The 
ra te  of r e a c t i o n  i s  t h e n  g i v e n  by (14):  

-1 1 / 2  = 2Nar [ ( r  D ACn+l exp (-E/RT)) (n+l) ] 
Rchem P P P  

The apparent  o r d e r  i s  t h e n  (n+1)/2 where n i s  t h e  t r u e  o r d e r  and 
t h e  appa ren t  a c t i v a t i o n  energy  becomes E l 2  where E is t h e  a c t i v a t i o n  
energy  i n  zone I ,  s i n c e  b o t h  e x p r e s s i o n s  appear under t h e  squa re  
r o o t  s i g n  i n  t h e  ra te  e q u a t i o n .  

I n  zone I11 t h e  i n c r e a s e  i n  tempera ture  h a s  inc reased  t h e  
r e a c t i o n  rate so  t h a t  i t  has become too  f a s t  t o  c o n t r o l  t h e  
o v e r a l l  rate and o x i d a n t  molecu le s  r e a c t  a s  soon as they  a r r i v e  
at  t h e  p a r t i c l e  s u r f a c e .  The o v e r a l l  r a t e  i s  t h e n  c o n t r o l l e d  by 
mass t r a n s f e r .  I t  is  i m p o r t a n t  t o  r e a l i z e  t h a t  there is no sharp  
c u t  o f f  from one zone t o  a n o t h e r ,  bu t  r a t h e r  a cont inuous  t r a n s i t i o n  
between t h e  zones.  

Another regime e x i s t s  c h a r a c t e r i z e d  by a s o l i d  whose r e a c t i v i t y  
i s  g r e a t  enough t o  p r e v e n t  ox idan t  p e n e t r a t i o n  f u r t h e r  t h a n  t h e  
mean f r e e  pa th  h ,  b u t  n o t  f a s t  enough t o  cause  mass t r a n s f e r  c o n t r o l .  
T h i s  regime i s  termed t h e  "outer  k i n e t i c  reg ion ' '  (17)  and has 
zone I k i n e t i c  c h a r a c t e r i s t i c s .  However i n  t h i s  c a s e  t h e r e  i s  an  
i n c r e a s e d  a r e a  f o r  r e a c t i o n  because  of t he  e x t e r n a l  roughness  of 
t h e  s u r f a c e  of t h e  p a r t i c l e .  

The regime i n  which the r e a c t i o n  i s  o c c u r r i n g  can  be  determined 
by c a l c u l a t i n g  t h e  dep th  t o  which t h e  ox idan t  can p e n e t r a t e  i n t o  t h e  
p a r t i c l e .  I f  t h e  dep th  of  p e n e t r a t i o n  is L ,  t hen  from our  d e f i & i o n s  
above w e  s e e  t h a t  f o r  rough  sphe re  p a r t i c l e s  L < h ;  f o r  zone I L > > r  
( t h e  p a r t i c l e  r a d i u s ) ;  and f o r  zone I1 h < L z r .  Mulcahy and Smith ( 1 4 )  
adop t ing  t h e  i d e a l i z e d  p o r e  model of Wheeler ( 3 4 )  used observed  
combustion r a t e s  t o  e s t i m a t e  v a l u e s  of L a s  a f u n c t i o n  of  t h e  
p a r t i c l e  p o r o s i t y  ( O i  and t h e  mean pore  r ad ius  (T ) u s i n g  t h e  r e l a t i o n  
f o r  zone I1 cond i t ions :  P 

where C i s  t h e  c o n c e n t r a t i o n  a t  t h e  s u r f a c e .  
S 

- They found t h a t  L>h f o r  reasonable-va lues  of 
r , > O . l  microns f o r  a r e a c t i v e  c o a l  and r n > . O 1  f o r  

t h e  p o r o s i t y  when 
a less r e a c t i v e  

r - Y 

c o a l .  Values of r below .05 microns f o r  r e a c t i v e  c o a l  and 0.005 
microns f o r  l ess reac t ive  c o a l  gave rise t o  rough sphe re  c o n d i t i o n s ,  
i . e . ,  L<X. For r > 1 micron  a l l  p a r t i c l e s  

P 
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I 

i n  t h e  p . f .  r ange  were found t o  be comple te ly  p e n e t r a t e d  a t  t h e  
lower chosen v a l u e  f o r  R A t  t h e  same p o r e  s i z e  and h i g h e s t  chem Rchem, p a r t i c l e s  <20 microns'were found t o  be  comple te ly  p e n e t r a t e d  
(zone I k i n e t i c  r e g i o n )  and 100 micron p a r t i c l e s  w e r e  40 p e r c e n t  
pene t r a t ed .  Thus the conc lus ions  of t h i s  a n a l y s i s  were t h a t  i f  
a l l  t h e  p o r o s i t y  w a s  conta ined  i n  micropores  rough sphe re  k i n e t i c s  
would always app ly ,  bu t  i f  t h e  p a r t i c l e  were macroporous,  t hen  
zone I1 c o n d i t i o n s  would be a p p l i c a b l e .  

Thus c h a r s  produced from a n t h r a c i t e s  and brown c o a l s  which are 

The conc lus ions  j u s t  s t a t e d  were a r r i v e d  a t  by 
h igh ly  microporous would be  expec ted  t o  combust under rough sphe re  
cond i t ions .  
apply ing  t h e  s imple  c y l i n d r i c a l  p o r e  model developed o r g i n a l l y  by 
Wheeler ( 3 4 )  t o  p l a c e  r e a c t i o n s  w i t h i n  porous  c a t a l y s t s  on a 
t h e o r e t i c a l  b a s i s .  Evidence from microscopy h a r d l y  s u p p o r t s  
t h i s  s imple ,model ,  many p y r o l i z e d  p a r t i c l e s  Have complete voided  
s t r u c t u r e s  va ry ing  from "pop corn"  type  through l a c y  t o  hollow 
cenospheres (35).  However t h e  impor tan t  p o i n t s  t o  emerge from 
t h i s  a n a l y s i s  are f i r s t l y  t h a t  t h e  v a l u e  of t h e  r a t e  of chemical 
r e a c t i o n  a t  t h e  s t a r t  of t h e  combustion p r o c e s s  may n o t  remain 
cons t an t  throughout t h e  whole burn-out p e r i o d  even  i n  i s o t h e r m a l  
cond i t ions  because  of t h e  e v o l u t i o n  of t h e  i n t e r n a l  s t r u c t u r e  of 
t he  p a r t i c l e ,  and secondly  t h a t  t h e  t empera tu re  and ox idan t  c o n c e n t r a t i o n  
a r e  not  t h e  only  v a r i a b l e s  t o  cons ide r  when i n t e r p r e t i n g  t h e  k i n e t i c s  
of such r e a c t i o n s .  

Disputed I s s u e s  

For  a s imple  r e a c t i o n  t h e  rate pe r  u n i t  s u r f a c e  a r e a  can 
be expres sed  as 

= A cn exp (-E/RT) Rchem t o t  

where n and E are t h e  t r u e  o rde r  and a c t i v a t i o n  energy  of t h e  
r e a c t i o n  independent  of t empera tu re ,  and A h a s  only  a s l i g h t  
tempera ture  dependence i n  comparison t o  t h e  e x p o n e n t i a l  t e r m .  
The t r u e  parameters  n and E i n  combustion sys tems have  been ex t remely  
d i f f i c u l t  t o  de te rmine  f o r  several r easons .  Among these reasons  are: 

(i) 

( i i )  

( i i i )  t h e  change i n  t h e  a v a i l a b l e  s u r f a c e  a r e a  d u r i n g  t h e  

t h e  d i f f i c u l t y  i n  avo id ing  zone I1 and 111 c o n d i t i o n s  

t h e  d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  p a r t i c l e  tempera ture  
because  of t h e  h igh  h e a t  of r e a c t i o n  

cour se  of t h e  combustion p r o c e s s  

The re fo re  t h e r e  i s  s t i l l  c o n s i d e r a b l e  u n c e r t a i n t y  p e r t a i n i n g  
t o  v a l u e s  of E and n f o r  impure carbons .  T h i s  u n c e r t a i n t y  even 
a p p l i e s  t o  t h e  case of pu re  carbons  where a l though  many i n v e s t i g a t i o n s  
t o  de te rmine  t h e  v a l u e s  of t h e s e  pa rame te r s  have  been under taken ,  
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t h e r e  i s  s t i l l  c o n s i d e r a b l e  incons i s t ancy  and u n c e r t a i n t y  i n  t h e  
exper imenta l  r e s u l t s .  Walker (36) e t  a1 have reviewed t h e  carbon 
oxygen system and p o i n t  o u t  t h a t  as 0'  ( t h e  s u r f a c e  coverage) t ends  
t o  u n i t y ,  t h a t  t h e  r e a c t i o n  o rde r  would b e  expec ted  t o  be  ze ro  w i t h  
r e s p e c t  t o  cove r ing  a g e n t  and when 0' t ends  t o  z e r o ,  a f i r s t  o r d e r  
dependence is p r e d i c t e d .  These a u t h o r s  c o r r e c t l y  imply t h a t  an 
impor t an t  f a c t o r  a f f e c t i n g  0'  is  t h e  p r e s s u r e  of ox idan t  b u t  a l s o  
the tempera ture  of t h e  p a r t i c l e  s u r f a c e  is  probably  an e q u a l l y  
impor t an t  f a c t o r .  T h i s  f a c t o r  may e x p l a i n  why Gulbransen and Andrews 
(37) o b t a i n  a ze ro  o r d e r  dependence a t  r e l a t i v e l y  l o w  p r e s s u r e s  i n  
a low tempera ture  r a n g e  o f  400-500°C, and s i m i l a r l y  Blyholder and 
Eyring (20) o b t a i n  a z e r o  o r d e r  dependence a t  800°C a t  low p r e s s u r e s .  
Orders i n t e r m e d i a t e  between ze ro  and one have been found by s e v e r a l  
workers (38)-(42) u s i n g  h i g h l y  p u r i f i e d  g r a p h i t e s .  

V a r i a t i o n s  i n  a c t i v a t i o n  e n e r g i e s  between about  80 kca l /mole  
down t o  ze ro  have been  o b t a i n e d  under v a r i o u s  cond i t ions  f o r  t h e  
oxygen pure  carbon sys t em and f o r  t h e  impure carbon s y s t e m ,  similar,  
b u t  n o t  s o  l a r g e ,  v a r i a t i o n s  i n  a c t i v a t i o n  energy have been found,  
w i t h  t h e  va lue  o f t e n  b e i n g  s t r o n g l y  t empera tu re  dependent.  

Disagreement a l s o  e x i s t s  i n  t h e  p . f .  system as t o  t h e  v a l u e  
and tempera ture  dependence o f  a c t i v a t i o n  e n e r g i e s .  Smith i n  two papers  
on t h e  k i n e t i c s  of combustion of s i z e  graded p a r t i c l e s  (43), (44) 
f i n d s  a c t i v a t i o n  e n e r g i e s  on  t h e  o rde r  of 17 kcal fmole  and an  o rde r  
of u n i t y  i n  s u r f a c e  oxygen c o n c e n t r a t i o n .  H e  r e p r e s e n t s  R t h e  
ra te  p e r  u n i t  e x t e r n a l  s u r f a c e  area, by an Arrhenius  expres s ion  of 
t h e  form: 

ac' 

= A exp(-Ea/RTp> gm/cm2 s e c  a t m  0 2 

where T 
balanceeon t h e  p a r t i c l e  assuming CO t o  be t h e  primary product  (45). 

F i e l d  (l), (46) i n  expe r imen t s  on t h e  r a t e s  of combustion 

i s  t h e  p a r t i c l e  t empera tu re  c a l c u l a t e d  from a s imple  h e a t  

of s i z e  graded  f r a c t i o n s  of cha r  a t tempted  t o  f i t  h i s  d a t a  t o  an  
expres s ion  of t h e  Ar rhen ius  form, b u t  found t h a t  t h e  a c t i v a t i o n  
energy could n o t  be t a k e n  as c o n s t a n t ,  b u t  would need t o  v a r y  
as a f u n c t i o n  of t empera tu re  , d e c r e a s i n g  from about  35 kcal fmole  
a t  1300°K t o  about  10 kca l fmole  a t  1800°K. 
account  f o r  t h e  n o n - l i n e a r i t y  of F i e l d ' s  Arrhenius  p l o t  sugges ted  
t h a t  F i e l d ' s  d a t a  is  compa t ib l e  w i t h  a t r a n s i t i o n  between r a t e  
c o n t r o l  i n  zone I t o  zone 11, brought  about  p o s s i b l y  by t h e  
d i f f e r e n c e s  i n  po re  s t r u c t u r e  of t h e  c h a r s  used .  However, i f  
t h i s  were t h e  e x p l a n a t i o n ,  t h e  a c t i v a t i o n  energy i n  F i e l d ' s  d a t a  
should  never  f a l l  below a value of E/2,  where E i s  t h e  v a l u e  
ob ta ined  i n  zone I ,  hence F i e l d ' s  a c t i v a t i o n  energy should never 
be l e s s  than  17 k c a l f m o l e ,  whereas i n  f a c t  t h e  a c t i v a t i o n  energy 
f a l l s  t o  10  kca l /mole  and a p p a r e n t l y  i s  s t i l l  f a l l i n g  wi th  i n c r e a s i n g  
tempera ture .  
whether E 
h ighe r  tempera ture  r e g i o n  as does F i e l d ' s  d a t a .  

Smith i n  an a t t empt  t o  

The s c a t t e r  i n  Smi th ' s  d a t a  makes i t  d i f f i c u l t  t o  s ay  
is c o n s t a n t  o r  does  i n  f a c t  level o f f  s l i g h t l y  i n  t h e  a 



Another p o s s i b l e  e x p l a n a t i o n  as t o  th i s  change i n  a c t i v a t i o n  
energy w i t h  tempera ture  i s  g iven  i n  t h e  nex t  s e c t i o n  (Attempted 
C l a r i f i c a t i o n  of Disputed  I s s u e s  by a Reana lys i s  of E x i s t i n g  Data) ,  
where some of F i e l d ' s  o r i g i n a l  d a t a  i s  r eana lyzed .  

Attempted C l a r i f i c a t i o n  of Disputed  I s s u e s  by a Reana lys i s  of 
E x i s t i n g  Data 

Changes i n  t h e  t empera tu re  dependence of a r e a c t i o n  t h a t  can  
be d e p i c t e d  on an  Arrehnius  diagram are c o n s i s t e n t  w i t h  change 
from chemica l  t o  mass t r a n s f e r  dominance as d i scussed  earlier, o r  
change from zone I t o  zone I1 k i n e t i c  dominance, a l s o  d i scussed  
above. However, t h e  tempera ture  v a r i a t i o n  of t h e  a c t i v a t i o n  
energy and appa ren t  (or  r e a l )  o r d e r  i n  oxygen can  also be exp la ined  
by a t r a n s i t i o n  from d e s o r p t i o n  t o  chemisorp t ion  dominance i n  t h e  
r e a c t i o n .  Chemisorption i s  known t o  occur  e x t e n s i v e l y  on carbons  
a t  room tempera ture  (47 ) ,  so  i t  is  r e a s o n a b l e  t o  expec t  t h e  
activation energy  f o r  chemisorp t ion  t o  below, w i t h  t h e  o rde r  i n  
oxygen be ing  u n i t y .  A c t i v a t i o n  e n e r g i e s  f o r  d e s o r p t i o n  are expec ted  
t o  be h igh  (20 )  and a n  o r d e r  i n  oxygen of z e r o .  So w e  can expec t  a t  
low t empera tu res ,  where t h e  chemical rate is s low,  t h e  s u r f a c e  t o  
be covered w i t h  ox idan t  s o  t h e  r e a c t i o n  r a t e  must be  c o n t r o l l e d  by 
t h e  d e s o r p t i o n  p rocess .  I n  t h i s  case, the o r d e r  i n  oxygen should  
be  ze ro  f o r  zone I c o n d i t i o n s  and 112 f o r  zone 11. The a c t i v a t i o n  
energy E i s  expec ted  t o  b e  h i g h ,  perhaps  i n  t h e  r e g i o n  of 40-80 
kcal/mol$?s A s  t h e  tempera ture  i n c r e a s e s  , so does  t h e  r e a c t i o n  r a t e  
and t h e  s u r f a c e  coverage t ends  t o  z e r o ,  s o  t h a t  the p rocess  now 
l i m i t i n g  t h e  r e a c t i o n  ra te  i s  t h e  chemisorp t ion  of ox idan t  on to  t h e  
s u r f a c e  of t h e  carbon. Th i s  would lead t o  a n  appa ren t  and r e a l  
o rde r  of u n i t y  and a low v a l u e  f o r  t h e  a c t i v a t i o n  energy (E 
To l end  suppor t  t o  t h i s  h y p o t h e s i s ,  t h e  r e s u l t s  of F i e l d  ( lTdfave  
been r eana lyzed  i n  t h e  d i s c u s s i o n  con ta ined  below. 

) .  

F i e l d  (1) shows h i s  r e s u l t s  p l o t t e d  on a l i n e a r  p l o t  o f  K 
( s u r f a c e  r e a c t i o n  rate c o e f f i c i e n t  gm/cm2 s e c  atm) a g a i n s t  s u r f a c e  
tempera ture  T O K .  The e x p o n e n t i a l l y  r i s i n g  cu rve  shown a l s o  on 
the  same g rapg  r e p r e s e n t s  t h e  b e s t  f i t  t o  t h e  d a t a  of p a s t  workers 
a t  a tmosphe r i c  p r e s s u r e  and a t  t empera tu res  above 1000 O K ,  a s  
g iven  i n  t h e  rev iew by F i e l d ,  G i l l ,  Morgan and Hawksley (49) .  
The curve  i s  g iven  by: 

Ks = A exp(-E/RT ) 

2 
where A = 8710 gm/cm sec a t m  

E = 35,700 ca l /mole  

R = 1.986 cal/rnole O K  (13) 
I 

This  e x p o n e n t i a l  cu rve  i s  based on measurements from o t h e r  workers 
below 1650"K, and i t  i s  e v i d e n t  from t h e  graph  t h a t  t h e  new measurements 
of F i e l d  are c o n s i s t e n t  w i t h  t h e  curve  up t o  t h i s  tempera ture .  However, 
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for t empera tures  above 1650"K, the v a l u e s  of F i e l d ' s  d a t a  f a l l  
cons ide rab ly  below the e x t r a p o l a t e d  e x p o n e n t i a l  curve .  

F i e l d  t h e r e f o r e  r e p r e s e n t s  h i s  d a t a  by a l i n e a r  r e l a t i o n s h i p  
of the formi 

Ks = -0.49 + 3.85 x Ts 

or Ks = K + A Ts 
0 

I n  F i e  ; second paper  on combustion r a t e s  of p . c .  6 ) ,  h e  r e p r e s e n t s  
h i s  ra te  v a r i a n c e  w i t h  t empera tu re  by t h e  f o l l o w i n g  expres s ion  f o r  
v a r i o u s  c o a l s  : 

Ks = Ks,1600 O K '  + A (Ts - 1600) 

The s imple  model assumed f o r  t h e  i n t e r p r e t a t i o n  of F i e l d ' s  d a t a  
i s  tha t  of t h e  Langmuir Adsorp t ion  I so therm (50) .  Although t h i s  
model i s  n e c e s s a r i l y  s u b j e c t  t o  t h e  unde r ly ing  assumpt ions  of  t h i s  
t heo ry  ( 4 7 ) ,  t h e  g e n e r a l  conc lus ions  d e r i v e d  from t h i s  t r ea tmen t  
a r e  a p p l i c a b l e .  

From Langmuir's t r e a t m e n t ,  w e  can  say  t h a t  t h e  ra te  of r e a c t i o n  
i s  g i v e n  by: 

K1 K2 ps 

2 
K p + K  Rate = 
1 s  

where K and K a r e  t h e  rates f o r  chemisorp t ion  and d e s o r p t i o n  
r e s p e c t i v e l y ,  and p i s  t h e  oxygen concentration a t  the  s u r f a c e .  
Express ing  t h e  r a t e s i n  t e r m s  of F i e l d ' s  nomencla ture  (1) w e  have: 

1 2 

K1K2 ps 

K I P s  + K2 
KsPs = 

and l/Ksps = 1/K2 + l/K1ps 

where K = k exp (-E /RTs) and K2 = k2 exp (-E2/RTs). Here, 
k and k a r e  t h e  p re -exponen t i a l  f a c t o r s  f o r  chemisorp t ion  and 

1 1 1 
1 2 

d e s o r p t i o n  r e s p e c t i v e l y ,  and E and E a r e  t h e  a c t i v a t i o n  e n e r g i e s  
f o r  chemisorp t ion  and d e s o r p t i o n  r e s p e c t i v e l y .  Rear ranging  t h e  
above expres s ion  l e a d s  t o  : 

1 2 
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1 
4 

El + RTs In (1 + b exp [(E2-E1)/RTs]) 
In Ks = In kl - 

RTS 

This last expression gives an apparent activation energy E where a’ 

2 - El Here there are three variable parameters El’ b and &E, where AE = E 
and b = k p /k 1 s 2‘ 

Field’s expression for his temperature dependent activation energy 
is: 

(eq. 10 ref. ( 4 6 ) )  (19) 
2 E = RATs /Ks 

Values of activation energy E were calculated from equation (19) 
at various temperatures T . A least squares fit of the activation 
energies calculated from gquation (19) was performed using the 
functional form of equation (18). The fitting parameters that were 
varied to obtain the best least squares fit were El’ b and AE. 
The results obtained from this analysis were: 

El 6,000 cal/mole 

E2 = 37,000 cal/mole 

b = 0.000126 

Using these values of the three fitting parameters, equation (18) 
matches equation (19) almost exactly. 
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S t a r t i n g  w i t h  e q u a t i o n  (16a ) ,  w e  can r e a r r a n g e  i t  i n  t h e  
fo l lowing  forms: 

i '~ 

Equat ions  (17) and (20) are e q u i v a l e n t  forms of equa t ion  (16a) .  
As t h e  t empera tu re  T t e n d s  t o  ze ro ,  X t ends  t o  z e r o ,  and w e  see from 
e q u a t i o n  ( 2 1 )  t h a t  KZ approaches  (k /p  )exp(-E2/RTs), o r  t h a t  K p 
approaches  k2  exp(-E2/RTs). 
w e  t end  towards a ze ro  o r d e r  rate e x p r e s s i o n  whose l i m i t  is k2 exp (-E2/RTs) 
o r  K 

2 s  s s  
Thus w e  f i n d  t h a t  as T t e n d s  t o  z e r o ,  

2 '  

It is  i n t e r e s t i n g  t o  de te rmine  t h e  v a l u e  of X w i t h  i n c r e a s i n g  
t empera tu re ,  and hence t h e  d e p a r t u r e  of  t h e  r a t e  e x p r e s s i o n  from 
t h e  pu re  ze ro  o r d e r  dependence component K 2 .  Below 1400°K, X < < 1  
( i n  f a c t  l e s s  t h a n  .01) and t h e  low t empera ture  l i m i t  i s  a p p l i c a b l e .  
I n  t h e  range  of t empera tu res  1400°K t o  2000°K, t h e  v a l u e  of X 
grows from 1.47 x t o  0.763 ( see  T a b l e  I). A t  approximate ly  
1600°K, t e n  p e r c e n t  d i v e r g e n c e  from a pure  K2 dependence would be  
i n c u r r e d ,  wi th  ever i n c r e a s i n g  d ivergence  o c c u r r i n g  a t  h ighe r  
t empera tu res  a s  is shown i n  F i g .  111. 

Refe r r ing  t o  F i e l d ' s  s t a t emen t  (1) that  d a t a  from p rev ious  
workers a t  lower t empera tu res  (<1650°K) could  be  f i t t e d  w i t h  a n  
Arrhenius  r a t e  e x p r e s s i o n  w i t h  an a c t i v a t i o n  energy of 35,700 ca l /mole ,  
it i s  n o t  s u r p r i s i n g  t o  o b t a i n  t h i s  r e s u l t  i n  view of t h e  above 
a n a l y s i s .  R e c a l l  t h a t  E2 ,  t h e  l o w  t empera tu re  l i m i t  a c t i v a t i o n  
energy  f o r  t h e  d e s o r p t i o n  p r o c e s s ,  w a s  c a l c u l a t e d  t o  be  approximate ly  
37,000 ca l /mole ,  and t h a t  s i g n i f i c a n t  d ive rgence  from t h i s  s imple  
Arrhenius  expres s ion  o c c u r s  on ly  above 1650'K. The oxygen dependence 
w a s  a l s o  shown t o  b e  z e r o  o r d e r  f o r  t h e  tempera ture  r ange  i n  the 
a n a l y s i s  p r e s e n t e d  h e r e .  

The above e x p l a n a t i o n  and a n a l y s i s  appear  t o  f i t  t h e  f a c t s  
a s  f a r  as order  i n  oxygen and tempera ture  dependence of a c t i v a t i o n  
energy are concerned ,  e s p e c i a l l y  f o r  t h e  d a t a  of F i e l d .  
rate d e t e r m i n a t i o n s  are r e q u i r e d ,  e s p e c i a l l y  i n  t h e  h igh  tempera ture  
r e g i o n ,  i f  more expe r imen ta l  s u b s t a n t i a t i o n  of t h i s  t heo ry  i s  t o  be 
ob ta ined  . 

More p r e c i s e  

More ev idence  t o  s u p p o r t  t h i s  hypo thes i s  comes a l s o  from t h e  
s tudy  of pu re  ca rbon  sys tems.  Rosner and Al lendorf  (48) found i n  
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t h e i r  s tudy  of t h e  r e a c t i o n  of oxygen wi th  pu re  g r a p h i t e  a t  h igh  
tempera tures  t h a t  t h e  a c t i v a t i o n  energy  changed from 31  kca l /mole  
a t  1300°K t o  0 a t  1600°K. 
which i m p l i e s  t h a t  t h e  real  o r d e r  i s  z e r o ,  i f  po re  d i f f u s i o n  i s  
p r e s e n t  and t h e  r e a c t i o n  i s  i n  t h e  d e s o r p t i o n  c o n t r o l l e d  regime. 
A t  1440°K t h e  apparent  o r d e r  i s  u n i t y  and t h i s  i s  compat ib le  w i t h  
chemisorp t ion  c o n t r o l .  So perhaps  d e t a i l e d  m e c h a n i s t i c  arguments 
were n o t  t h a t  p remature  from t h e i r  d a t a .  

A t  1200°K t h e - a p p a r e n t  o rde r  w a s  0.56, 

Blyholder  and Eyring (20) f i n d  a ze ro  o r d e r  r e a c t i o n  wi th  an  
a c t i v a t i o n  energy of 80 kca l /mole  a t  800°C f o r  ve ry  t h i n  c o a t i n g s  
of g r a p h i t e  rubbed on ceramic rods .  T h i s  was twice as l a r g e  as 
t h e  a c t i v a t i o n  energy  observed  f o r  samples 1 mm. t h i c k  where t h e  
ra te  is  obv ious ly  p o r e  d i f f u s i o n  c o n t r o l l e d .  
was found t o  be  112 i n  

The o r d e r  i n  t h i s  ca se  
oxygen. 

Depa r tu re s  of t h e  a c t i v a t i o n  energy a t  h i g h  tempera tures  towards 
t h e  l i m i t i n g  v a l u e  of chemisorp t ion  c o n t r o l  may no t  occur  t o  any 
s u b s t a n t i a l  e x t e n t - u n t i l  v e r y  h igh  combustion t empera tu res  are 
reached ,  as w a s  shown from the above a n a l y s i s .  Also ,  much of t h e  
e x i s t i n g  d a t a  on burn ou t  of s m a l l  p . f .  p a r t i c l e s  is expec ted ly  
q u i t e  s c a t t e r e d  because  of t h e  d i f f i c u l t i e s  i nvo lved  i n  e x t r a c t i n g  
r e l i a b l e  d a t a  from such  sys t ems ,  so d i r e c t  s u b s t a n t i a t i o n  of  t h e  
proposed p i c t u r e  set  ou t  i n  t h i s  paper  may b e  d i f f i c u l t .  However, 
t h i s h a s  been an  a t t empt  t o  c o n s o l i d a t e  some r e s u l t s  i n  t h e  
carbon oxygen sys tem,  e s p e c i a l l y  as i t  is a p p l i c a b l e  t o  p . f .  
sys tems,  and f i t  them i n t o  a workable ,  a l though  s i m p l i s t i c  model. 
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Table  I 

AE 
RT 
- 
- 

T "K 

0 
- exp (-AE/RT) 

0 0 

7.35 

1 . 6 3  

1.47 x 

7.28 x 

m 

9.25 

2.05 

1.85 x 

9.17 x 

3.36 

9 .61  

1000 18.5 

1200 

1400 

1600 

15 .4  

13 .2  

11.6 

1800 10.3 0.267 

2000 9.25 0.763 
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Figure I1 

Arrhenius Diagram Showing Rate Controlling Regimes in Gas-Solid Reactions 
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