
R e a c t i v i t y  o f  Low-Temperature Chars:  S ign i f i cance  of  Char Act ive  
Sur face  Area a s  a R e a c t i v i t y  Parameter  

M .  Rashid  Khan 

U.S. Department of  Energy 
Morgantown Energy Technology Center  

P.O. Box 880 
Morgantown, West V i rg in i a  26507-0880 

ABSTRACT 

Contemporary Char r e a c t i v i t y  s t u d i e s  have  focused  p r i m a r i l y  on c o a l  c h a r s  p repa red  a t  
s eve re  (h igh- tempera ture)  c o n d i t i o n s .  In  t h i s  s tudy ,  t h e  r e a c t i v i t y  o f  cha r s  pre-  
pared  a t  mild (low-temperature) c o n d i t i o n s  has  been addres sed .  A thermogravimet r ic  
a n a l y s i s  system (TGA) was used t o  de te rmine  t h e  r e a c t i v i t y  o f  cha r s  i n  a i r  O K  O2 
us ing  i so the rma l  or noniso thermal  t echn iques .  Coal c h a r s  were prepared  i n  a TGA o r  
i n  a slow h e a t i n g  r a t e  o rgan ic  d e v o l a t i l i z a t i o n  r e a c t o r  (SHRODR) a t  a tempera ture  
range  between 500' and 950OC. 
a r e  shown t o  be  h igh ly  r e a c t i v e .  
t empera ture  cha r s  shows t h a t  t h e  low-temperature cha r s  e x h i b i t  h ighe r  r e a c t i v i t y  than  
both  t h e  p a r e n t  c o a l s  and t h e  h igh- tempera ture  cha r s .  C o r r e l a t i o n  between i so the rma l  
r e a c t i v i t y  r e s u l t s  ( e .g . ,  t ime)  and noniso thermal  r e a c t i v i t y  d a t a  ( e .g . ,  t empera ture)  
has been  ob ta ined .  Hydrogen c o n t e n t s  o f  cha r s  c o r r e l a t e  we l l  w i th  t h e  r e a c t i v i t y  of  
t h e  cha r s .  The s tudy  cons ide r s  t h e  s i g n i f i c a n c e  of oxygen chemisorp t ion  c a p a c i t y  a s  
a r e a c t i v i t y  parameter .  

The cha r s  prepared  by mi ld  p y r o l y s i s  of  coa l  a t  5OOOC 
Comparison of  r e a c t i v i t i e s  of  low- and high- 

INTRODUCTION 

The Morgantown Energy Technology Center  (METC) in-house r e s u l t s  demonstrated t h a t  
r e l a t i v e l y  h i g h - q u a l i t y  l i q u i d s  (low s u l f u r ,  h igh  H/C) can  be  produced by low- 
tempera ture  d e v o l a t i l i z a t i o n  of  c o a l  (1). 
p rocess  i s  c h a r .  Thus the  u t i l i z a t i o n  o f  t h e  by-product cha r s  by gas i f i ca t ion /com-  
b u s t i o n  should s i g n i f i c a n t l y  improve t h e  o v e r a l l  economics o f  a p rocess  t h a t  u ses  
d e v o l a t i l i z a t i o n .  A l i t e r a t u r e  review (2) sugges t s  t h a t  p rev ious  s t u d i e s  of cha r  
r e a c t i v i t y  were  aimed s o l e l y  a t  cha r s  p repa red  a t  s eve re  cond i t ions  ( e . g . ,  h igh  
t empera tu res ) .  Consequently,  t h e r e  i s  a d e a r t h  of r e a c t i v i t y  da t a  on c o a l  c h a r s  
p repa red  a t  mi ld  tempera tures  ( e . g . ,  5OOOC). The v o l a t i l e  m a t t e r  c o n t e n t  of  low- 
tempera ture  c h a r s ,  which can be a p p r e c i a b l e ,  however, may f avor  r e a c t i v i t y  o f  t h e s e  
cha r s .  
cha r  hydrogen con ten t  O K  cha r  v o l a t i l e  matter and t h e  r e a c t i v i t y  of  c h a r .  

The major product  i n  a d e v o l a t i l i z a t i o n  

L i t e r a t u r e  d a t a  do n o t  p r e s e n t  a c l e a r  p i c t u r e  of  t h e  r e l a t i o n s h i p  between 

BACKGROUND 

Coal chars  are composed of p seudo-g raph i t i c  b u i l d i n g  b locks  (3).  
t i c u l a r l y  t h o s e  prepared  a t  low t empera tu re ,  t h e  carbon c r y s t a l l i t e s  a r e  smal l  i n  
size add poorly a l i g n e d  because  of c r o s s l i n k i n g .  
f e c t i o n s  in  t h e  carbon s t r u c t u r e  ( inc lud ing  singly-bonded "dangling" carbons)  a r e  
thought  t o  be  t h e  " a c t i v e  si tes" dur ing  gas  r e a c t i o n s .  

The r e a c t i o n s  of  char  w i th  oxygen have g e n e r a l l y  been desc r ibed  (4,5) a s  governed 
by t h e  fo l lowing  c o n t r o l l i n g  p rocesses :  
r e a c t i o n  s i t e s ;  (b) chemisorp t ion  of oxygen on t h e  carbon s u r f a c e ,  r e a c t i o n  of chemi- 
sorbed  oxygen wi th  carbon t o  form p roduc t s ,  and deso rp t ion  o f  products  from t h e  ca r -  
bon s u r f a c e ,  and; ( c )  mass t r a n s p o r t  of t h e  gaseous p roduc t s  from t h e  carbon s u r f a c e .  
I n  t h e  absence of mass t r a n s p o r t  l i m i t a t i o n s ,  t h e  i n t r i n s i c  c h a r  r e a c t i v i t y  i s  con- 
t r o l l e d  by ( a )  char  a c t i v e  s u r f a c e  a r e a ,  and (b) c a t a l y s i s  by  i m p u r i t i e s .  

I n  c o a l  c h a r s ,  par -  

The edge s i t e s  and va r ious  imper- 

( a )  mass t r a n s f e r  (by d i f f u s i o n )  of 02 t o  
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\ Laine, et al. ( 6 )  measured the kinetics of the C-02 reaction on graphitized carbon 
black using a combination of mass spectroscopy and oxygen chemisorption; the measure- 
ments showed clearly that gasification rates depend upon the fraction of active s u r -  
face area (ASA) unoccupied by a stable oxygen complex. Hennig (7) developed an etch 
decorative technique to follow the enlargements of vacancies in the basal plane of 
graphite during reaction of carbon with oxygen; and established the importance of 
carbon active sites in determining the reactivity. Radovic et al. (8,9,10) extended 
the concept of active sites to lignitic chars prepared at various conditions and 
observed that the reactivity results can be normalized better when char ASA was con- 
sidered. 

As previously stated, the active sites are considered as imperfections in carbon 
crystallite edges or dislocations. The influences of hydrogen present on char sur- 
faces, especially on those prepared at low temperatures, on reactivity or oxygen 
chemisorption are not well-known. For low-temperature chars, surface heteroatoms 
(mainly hydrogen) may play an important role in their reactivity by generating 
nascent sites (sites formed by devolatilization or gasification). ASA determination 
by oxygen chemisorption does not account for surface heteroatoms such as hydrogen. 
Suuberg, et al. (ll), questioned the significance of oxygen chemisorption as a means 
to monitor ASA; and argued that the concept of active sites was too broad, since the 
reactive sites may be quite different in low-temperature chars from those in high- 
temperature graphitic carbons. 

The effect of inherent inorganic constituents on char reactivity varies with coal 
rank. It is known that reactivity of chars prepared from lignites are markedly 
influenced by the inherently present well-dispersed metal cations. However, the 
reactivity of chars prepared from bituminous coals is not significantly influenced 
by the inorganic matter inherently present in chars, perhaps because of the discrete 
(lumped) nature of these minerals. Indeed, the reactivity of acid demineralized 
chars appeared to be slightly greater compared to the mineral-matter-containing 
chars (9). The effects of the demineralization process on the coal organic struc- 
tures are not well known. 
procedures (13) markedly reduced the swelling of a plastic coal. 

It was shown (12) that commonly used demineralization 

OBJECTIVES 

The overall objectives of this study are the following: 
ties of coal chars prepared at mild (low-temperature, 5OO0C) and severe (high- 
temperature, e.g., 95OOC) conditions, (b) compare the reactivities of coals of 
various ranks with the corresponding low-temperature chars, (c) study the influence 
of charlcoal hydrogen content on reactivities, (d) investigate the significance of 
oxygen chemisorption capacity as an index of char reactivity. Some preliminary 
results on each of these areas are presented. 

(a) quantify the reactivi- 

EXPERIMENTAL 

The coals were devolatilized either in a thermogravimetric analysis system (TGA) or 
in a slow heating rate organic devolatilization reactor (SHRODR), which allowed pre- 
paration of larger amounts of samples for characterization. In these units, chars 
were prepared at 20°C/min (TGA) or at 12.5OC/min (SHRODR). 
and SHRODR systems are available (1,14). 

The analyses of coals and chars prepared at various conditions are presented in 
Tables 1A and 1B. As shown in Tables 1A and l B ,  several high-volatile bituminous 
coals were used for devolitilization and reactivity studies. The Pittsburgh No. 8 
coal pyridine extracted residue (subsequently water washed and vacuum dried at 2OO0C 
to remove pyridine) was also pyrolyzed at 500OC. 
small amount of sample due to reaction is continuously monitored as a function of 
temperature. 
feedstocks. To monitor the reactivity of the coal/char, isothermal and nonisothermal 

Descriptions of the TGA 

In a TGA, the weight loss of a 

TGA has been shown to be useful for comparing reactivities of various 
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r e a c t i v i t y  t echn iques  were used. 
char  r e a c t i v i t y  by o t h e r s  (8 ,10 ,15) .  
Winegartner (17)  used d e r i v a t i v e  TGA p r o f i l e s  (DTA) f o r  comparing r e l a t i v e  r e a c t i v i -  
t i e s  of  v a r i o u s  c o a l s ,  c o a l  c h a r s ,  or pet ro leum cokes under s p e c i f i e d  cond i t ions .  

The i so the rma l  approach has  been used t o  monitor 
Smith (41 ,  Wagoner and Duzy (16 ) ,  Wagoner and 

TABLE 1A:  C h a r a c t e r i z a t i o n  Data f o r  Raw Coals 

P i t t s b u r g h  I l l i n o i s  Kentucky 
No. 8 No. 6 No. 8 
(hvAb) (hvCb) (hvAb ) 

Proximate (As Rece ived)  

Mois ture  
Ash 
V o l a t i l e  Mat te r  

Ul t imate  (dry-ash- f ree  b a s i s ,  d a f )  

C 
H 
N 
S 
0 (By Dif fe rence)  
H/C (a tomic)  

0.57 4 .05  0.10 
7.27 8 . 4 1  7 .03  

37.86 36 .3  35 .46  

83.75 69 .3  86.35 
5.46 4.75 5 .41  
1.56 1.32 1 .53  
2.15 3 . 2  1 .21  
1 .08  10 .26  5.50 
0 .78  0 .82  0 .75  

Heat ing  Value (As Received) 13,976 12 ,523  14,256 
(Btu / lb)  

TABLE 1B: C h a r a c t e r i z a t i o n  Data f o r  Chars 

Sample lPrepara t ion  da f  b a s i s  
Condi t ion  C n N H/C (Atomic) 

P i t  8,  TGA 5OOOC 79.7 3.02 1.67 0.45 
P i t  8 ,  SHRODR 5OOOC 84 .4  3.05 2.15 0.43 
P i t  8 ,  TGA 65OOC 83.8 1 .98  2 .12  0.28 
P i t  8 ,  TGA 75OOC 86 .0  1.20 1 .77  0.17 
P i t  8 ,  TGA 95OOC 90 .4  0 .52  1 .64  0.07 
P i t  8 ,  Py r id ine  79.82 2.65 2.79 0.40 
Ex t rac t ed  r e s i d u e  5OOOC 
111 6 ,  SHRODR 5oaoc 89 .2  3.06 2.57 0 .41  
Kentucky 8 SHRODR 5OOOC 91.14 1.66 1.81 0.22 

I n  t h i s  s tudy ,  t h e  sample s i z e  used f o r  a r e a c t i v i t y  run was 2 mg o r  l e s s .  
flow r a t e  for t h e  r e a c t a n t s  (02 or a i r )  was 120 cclmin. 
r epor t ed  were independent  of gas  flow r a t e  and, t h u s ,  t h e  expressed  r a t e s  a r e  f r e e  
from e x t e r n a l  mass t r a n s f e r  l i m i t a t i o n s .  The cha r  p a r t i c l e  s i z e  was t 7 4  pm. 
cond i t ions ,  k i n e t i c a l l y  c o n t r o l l e d  r e a c t i v i t y  r e s u l t s  were ob ta ined .  The noniso ther -  
mal r e a c t i v i t y  s t u d i e s  were performed a t  a h e a t i n g  r a t e  of 100DC/min i n  a i r .  
a t t empt  t o  measure t h e  c o n c e n t r a t i o n  of  a v a i l a b l e  carbon s i t e s ,  oxygen chemisorp t ion  
capac i ty  o f  cha r s  was de te rmined .  
MPa 02 f o r  - 15 hours  u s i n g  t h e  TGA. 

The gas  
The i so the rma l  r e a c t i v i t i e s  

A t  t hese  

I n  an  

Chemisorption was c a r r i e d  o u t  a t  - 2OOOC and 0 . 1  
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RESULTS AND DISCUSSION 

I so the rma l  R e a c t i v i t y  Resu l t s  

The r e a c t i v i t y  of cha r  i s  g e n e r a l l y  expressed  by t h e  r e l a t i o n s h i p ,  R = - l / M c  r. 1) 

where dMc/dt = i n s t an taneous  s lope  of  burn-off curve  

dMc 

Mc = dry-ash- f ree  (da f )  b a s i s  cha r  weight a t  t ime,  t 

I n  i so the rma l  TGA s t u d i e s ,  i n  t h e  absence of c a t a l y s i s ,  t h e  r a t e  i s  a f u n c t i o n  of 
concen t r a t ion  of  r e a c t a n t s .  
t h e  char r e a c t i v i t y  can be expressed  by 

Assuming t h e  r e a c t i v i t y  i s  f i r s t  Order f o r  carbon @SA), 

- dMc = -k Mc Po': (ASA) Pop  = p a r t i a l  p r e s s u r e  of oxygen; 
n = t r u e  r e a c t i o n  o r d e r  
ASA = t o t a l  a c t i v e  s u r f a c e  a r e a  

d t  

The i n t r i n s i c  ( i n  t h e  absence of mass O K  h e a t  t r a n s f e r  l i m i t a t i o n s )  r e a c t i o n  r a t e  

cons t an t  k i s  g iven  by, k = Ae-E/RTP; where E = t r u e  a c t i v a t i o n  energy ,  kJ/mole; 
Tp = p a r t i c l e  tempera ture ,  K .  

Equat ion  1 can  be expressed  i n  terms of f r a c t i o n a l  conve r s ion ,  x :  

R = (L) I-x d t  = k Po; (ASA) 4 )  

where, M i  = i n i t i a l  daf cha r  mass. 

During a TGA run ,  Tp and Pop were he ld  cons t an t  so t h a t  changes i n  t h e  r e a c t i v i t y  R 
w i t h  convers ion  could  only  be a t t r i b u t e d  t o  changes i n  ASA and k.  

R = (L) a k (ASA) 1-x d t  5) 

The maximum r a t e  of char  r e a c t i v i t y  (Rm, d a f )  wide ly  used i n  l i t e r a t u r e  (8 ,9 ,10 ,15 ) ,  
has  been used a s  an index of  cha r  r e a c t i v i t y .  Arrbenius  r e l a t i o n s h i p s  f o r  t h e  r eac -  
t i v i t y  (Rm) of cha r s  prepared  a t  va r ious  peak d e v o l a t i l i z a t i o n  tempera tures  (PDT) a r e  
p re sen ted  i n  F igu re  1. The h ighe r  t h e  PDT o f  t h e  c o a l s ,  t h e  lower t h e  r e a c t i v i t y  of 
t h e  r e s u l t i n g  Char; i . e . ,  t h e  h i g h e s t  Rm was noted f o r  t h e  cha r  prepared  a t  500°C. 
T h i s  behavior  is c o n s i s t e n t  wi th  t h e  t r ends  a v a i l a b l e  i n  t h e  l i t e r a t u r e  ( l o ) ,  a l though 
no da ta  a r e  r epor t ed  f o r  t h e  low-temperature cha r s .  The lower observed r e a c t i v i t y  
f o r  the  h igh- tempera ture  cha r s  a r e  a t t r i b u t a b l e  t o  t h e  l o s s  of r e a c t i v e  s i tes  and/or  
r e a c t i v e  f u n c t i o n a l  groups (OK hydrogen) on char  s u r f a c e  a t  e l e v a t e d  tempera tures .  

The p re l imina ry  r e s u l t s  show t h a t  t h e  r e a c t i v i t y  of  low-temperature c h a r s ,  l i k e  high- 
tempera ture  cha r s ,  can be expressed  by Arrhenius  r e l a t i o n s h i p s .  The a c t i v a t i o n  ener -  
g i e s  of t h e  low- and h igh- tempera ture  cha r s  a r e  comparable.  
energy of 130 kJ/mole i s  c o n s i s t e n t  w i th  t h e  l i t e r a t u r e  r e s u l t s  no ted  f o r  va r ious  

The observed a c t i v a t i o n  

cha r s  (10). 
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Significance of Oxygen Chemisorption Capacity as a Reactivity Parameter 

The oxygen chemisorption data (e.g., percent 02 uptake presented as m2/g, daf) were 
used to normalize the reactivity (at 400OC) results (Table 2) for chars prepared at 
low- and high-temperature conditions. For comparison, data on chars prepared at 
5OOOC from various bituminous coals are also presented. Values for the active sur- 
face area, i.e., that surface area occupied by dissociatively chemisorbed oxygen atom 
(Table 2) were determined assuming a value of 0.08 run2 for the area occupied by each 
oxygen atom. The reactivity of different chars at 4OO0C showed variations by a fac- 
tor of 13 (on g reacted/g initial material per h, basis). 
are normalized on ASA basis (e.g., g/m2ASA.h), the variations in reactivity were 
reduced to a factor of 4. These findings are consistent with results reported by 
Radovic, et al. (8-10). These results provide credence that ASA as determined by 
oxygen chemisorption is a relevant reactivity parameter for low-, as well as high- 
temperature chars. 

When the reactivity data 

TABLE 2: Comparison Of Reactivities and Active Surface Areas For Various Chars 

S amp 1 e/ 
Preparation Condition 

Pittsburgh No.S/TGA 5OO0C 

Pittsburgh No.S/TGA 65OOC 
Pittsburgh No.S/TGA 75OoC 
Pittsburgh No.8/TGA 95OOC 

Pittsburgh No.8 
(Extracted)/TGA 5OO0C 
Illinois No.6ISHRODR 500°C 
Kentucky No.S/SHRODR 5OO0C 
L. KittanningiTGA 5OOOC 

(PSOC 1197; lvb) 

ASA 
(at 200°C) 

253.5 

150 
103 
70 

25 1 

157.5 
170.4 
158.7 

(m2/g) 
Rm (4OOOC) k,400°C 103 
(g/g/h, daf) ( g/m2ASA. h) 

3.3 (highest 13.0 

1.2 8.0 
0.73 7.0 
0.26 (lowest 3.7 

rate 

rate) 
3.2 12.7 

1.26 
1.32 
1.14 

8.0 
7.8 
7.2 

Nonisothermal Reactivities 

For dried char/coal samples (i.e., no moisture), the weight loss as a function of 
temperature is governed by the following events: (a) intrinsic gas solid reaction at 
low (10 percent) conversion, (b) at elevated temperature, the mass transfer of oxygen 
to the char limiting the intrinsic reactivity. 
and pore enlargement, the weight loss may shift between intrinsic reactivity limited 
to mass transport limited regions (4,s). 

Nonisothermal reactivities of chars prepared at low- and high-temperatures were com- 
pared (Figure 2) .  As with the isothermal technique, the reactivity of the high- 
temperature chars were significantly lower than the low-temperature chars as was 
evident by a lower maximum rate of weight loss and increased temperature where the 
maximum rate peaked. 

There are two primary schools of thought in the literature ( 5 )  on char oxidation 
mechanisms: (a) homogeneous combustion of volatiles formed during devolatilization 
is followed by slower heterogeneous oxidation of char, and (b) direct heterogeneous 
combustion of coal or char dominates. The results show that the latter mechanism 
prevails. For example, the mild pyrolysis chars (prepared at SOOOC) demonstrated 
significant burn-off at 5 O O 0 C ,  a temperature where little volatile matter is formed 
(Figures 2 and 3). The greater reactivity of the mild pyrolysis chars than that of 
the corresponding parent coals or the high-temperature chars can be attributed to 

However, with increased conversion 
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( a )  e a s i e r  a c c e s s i b i l i t y  of r e a c t a n t s  i n t o  t h e  cha r s  s t r u c t u r e  compared t o  t h e  p a r e n t  
c o a l s ,  (b) t he  g r e a t e r  concen t r a t ion  of  a c t i v e  s u r f a c e  a rea  i n  t h e  low-temperature 
cha r s  a s  compared t o  t h e  h igh- tempera ture  c h a r s ,  o r  ( c )  bo th .  

Comparison of R e a c t i v i t i e s  of  Coals and Chars 

Nonisothermal r e a c t i v i t y  measurements were performed i n  a i r  t o  de te rmine  t h e  reac-  
t i v i t i e s  of  low- (500°C) and h igh- tempera ture  (75OOC) cha r s  compared (F igu re  3 )  t o  
t h e  pa ren t  coa l s .  For t h e  t h r e e  h igh  v o l a t i l e  bituminous c o a l s  ( P i t t s b u r g h  NO. 8, 
I l l i n o i s  No. 6,  and Kentucky No. 8 ) ,  t h e  maximum r e a c t i o n  r a t e s  of  cha r s  (prepared  by 
p y r o l y s i s  a t  500°C) were g r e a t e r  than  t h e  p a r e n t  c o a l s  (F igures  3 A ,  3 B ,  and 3C). 
c o n t r a s t ,  t h e  maximum r a t e s  of  weight l o s s e s  f o r  t h e  char  prepared  from a low vola-  
t i l e  c o a l  (PSOC 1197, lower Ki t t ann ing  seam c o a l ,  Pennsylvania)  by p y r o l y s i s  a t  5 O O 0 C  
were lower than  t h e  cor responding  p a r e n t  c o a l  (da t a  n o t  shown). I t  i s  sugges t ed  t h a t  
h igh ly  agglomerated cha r s  prepared  from t h e  HVA c o a l s  prevented  d i f f u s i o n  of  oxygen 
i n t o  the  s t r u c t u r e ,  and thus  caused lower r e a c t i v i t y .  

I 

By 

R e a c t i v i t y  of Preoxid ized  and So lven t  Ex t rac t ed  Coals 

I t  was hypothes ized  t h a t  preoxid ized  HVA bituminous c o a l s ,  which do no t  become f l u i d ,  
may demonst ra te  i nc reased  r e a c t i v i t y  ove r  un t r ea t ed  c o a l s .  
f o r  6 days)  P i t t sbu rgh  No. 8 c o a l  was r eac t ed  noniso thermal ly  i n  a i r .  The maximum 
r e a c t i o n  r a t e  f o r  t h e  p reox id ized  c o a l  was g r e a t e r  t h a n  t h e  un t r ea t ed  c o a l ,  b u t  
sma l l e r  t han  t h e  cha r  prepared  a t  5OOOC (Figure  3A and 4A). A comparison o f  noniso-  
thermal  (DTA) p l o t s  f o r  t h e  raw I l l i n o i s  No. 6 and t h e  preoxid ized  coa l  is p r e s e n t e d  
i n  F igu re  4B. I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  tempera ture  of maximum r a t e  of  
weight loss i s  s h i f t e d  t o  e l e v a t e d  tempera tures  f o r  t h e  preoxid ized  c o a l .  I t  is 
p o s s i b l e  t h a t  upon p reox ida t ion ,  some carbon s i tes  f o r  t h i s  c o a l  a r e  occupied  by a 
s t a b l e  oxygen complex which desorb  a t  a h ighe r  t empera tu re ,  caus ing  a n  i n c r e a s e  i n  
t h e  tempera ture  of  maximum burn-of f  r a t e .  
o f  bituminous c o a l s  des t roys  t h e  p l a s t i c i t y  o f  t h e  r e s idue  du r ing  subsequent  pyro ly-  
s i s .  
remove m a t e r i a l s  t h a t  cause  c o a l  p l a s t i c i t y .  The e x t r a c t e d  c o a l  a l s o  r e a c t e d  noniso-  
t he rma l ly  i n  a i r .  However, t h e  maximum r e a c t i v i t y  of  t h e  e x t r a c t e d  r e s i d u e  was s t i l l  
lower than  t h a t  of t h e  cha r  prepared  a t  5OOOC (F igure  4C). These r e s u l t s  show t h a t  
t h e  cha r  prepared  a t  low tempera ture  (5OO0C) i s  s i g n i f i c a n t l y  more r e a c t i v e  than  t h e  
preoxid ized  o r  so lven t - ex t r ac t ed  coa l .  

A p reoxid ized  ( a t  15OoC 

I t  i s  well-known t h a t  s o l v e n t  e x t r a c t i o n  

To p reven t  c o a l  swe l l ing ,  t h e  P i t t s b u r g h  c o a l  was e x t r a c t e d  wi th  p y r i d i n e  t o  

C o r r e l a t i o n s  o f  R e a c t i v i t y  R e s u l t s  With t h e  Char Hydrogen o r  H/C  

F igu res  5A and 5B c o r r e l a t e  t h e  r e a c t i v i t y  ( a t  4OOOC) of t h e  cha r s  w i th  t h e  cha r  H / C  
(a tomic)  o r  t h e  hydrogen c o n t e n t s .  
(atomic) o r  hydrogen con ten t ,  t h e  g r e a t e r  t h e  r e a c t i v i t y .  The r e s u l t s  sugges t  t h a t  
t h e  hydrogen r i c h  p o r t i o n s  of c o a l  cha r  a r e  p r e f e r e n t i a l l y  ox id i zed  r e l a t i v e  t o  
carbon. Snow, e t  a l .  (18) s t u d i e d  t h e  i n f l u e n c e  of hydrogen con ten t  on t h e  o x i d a t i o n  
of carbon b lacks  and observed t h a t  t h e  h ighe r  t h e  hydrogen con ten t ,  t h e  h i g h e r  t h e  
r e a c t i v i t y  (15 ,18) .  The s i g n i f i c a n t l y  g r e a t e r  r e a c t i v i t y  of  t h e  low-temperature 
cha r s  compared t o  the  h igh- tempera ture  cha r s  is  a t t r i b u t a b l e ,  a t  l e a s t  i n  p a r t ,  t o  
t h e  g r e a t e r  hydrogen con ten t s  of  t h e s e  cha r s .  
behind h igh ly  r e a c t i v e  "nascent" carbon s i t e s  (19 ) .  Walker, e t  a l .  (19 ,20)  proved 
t h a t  removal of  complexes from carbon s u r f a c e s  ennanced t h e  r e a c t i v i t y  of carbons 
i n  carbon d iox ide .  

C o r r e l a t i o n s  Between I so the rma l  and Nonisothermal R e a c t i v i t y  Data 

Comparisons of t h e  i so the rma l  r e a c t i v i t y  parameter  ( e . g . ,  t i m e  f o r  a g iven  bu rn -o f f )  
w i th  noniso thermal  r e a c t i v i t y  d a t a  ( e . g . ,  t empera ture  f o r  t h e  same burn -o f f )  have 
been made. Data i n  t h e  Arrhenius  forms a r e  p re sen ted  i n  F igu res  6A ( f o r  10-percent  
convers ion ,  T = O.l), 6B (T = 0 .3 ) .  and 6C (T = 0.4) .  The a c t i v a t i o n  energy  (E ) 

The r e s u l t s  show t h a t  t h e  h ighe r  t h e  c h a r  H / C  

Hydrogen removal by o x i d a t i o n  l eaves  

a c t  
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a t  low convers ion  (T = 0.1) is  c a l c u l a t e d  t o  be - 130 kJ/mole,  comparable t o  t h e  i s o -  
thermal  case  ( F i g u r e  I ) .  A t  g r e a t e r  convers ion  (T = 0.2 t o  0 . 4 ) ,  t h e  E reduced 
from 102 kJ/mole (T = 0.3)  t o  75 kJ/mole ( a t  T = 0 . 4 ) .  This  sugges ts  a t  low 
convers ion ,  t h e  weight  l o s s  is dominated by t h e  i n t r i n s i c  char  oxygen r e a c t i o n  which 
has  a n  Eac t  - 130 kJ/mole. 
e v e r ,  t h e  mass t r a n s f e r  of O2 l i m i t s  t h e  weight  l o s s .  I t  i s  known t h a t  mass t r a n s f e r  
process  has  a lower a c t i v a t i o n  energy ( 4 , s ) .  Thus, a t  h igher  convers ion  (T = 0.2  
t o  0 . 4 ) ,  the  E i s  s i g n i f i c a n t l y  reduced.  The nonisothermal  r e a c t i v i t y  r e s u l t s  
( i . e . ,  temperaBBe) a t  low (10 weight  p e r c e n t )  convers ion  can be c o r r e l a t e d  somewhat 
w i t h  t h e  char  a c t i v e  s u r f a c e  a r e a  (F igure  7), s u g g e s t i n g  t h a t  a c t i v e  s u r f a c e  a r e a s  
of t h e s e  chars  p l a y  a n  impor tan t  r o l e  i n  de te rmining  t h e  r e a c t i v i t y .  

The i n f l u e n c e s  of added i n o r g a n i c s  on c o a l  d e v o l a t i l i z a t i o n  and product  yield/compo- 
s i t i o n  have been d i s c u s s e d  (1 ,12 ,21) .  
dolomite  [Ca Mg (OH)*] a t  a low c o n c e n t r a t i o n  (-5 weight  p e r c e n t )  s i g n i f i c a n t l y  
reduced gaseous H2S y i e l d  whi le  t h e  l i q u i d  q u a l i t y  was improved ( i . e . ,  reduced S con- 
t e n t ) .  
t o  d e v o l a t i l i z a t i o n  on t h e  r e a c t i v i t y  i s  i n  p r o g r e s s .  F i g u r e s  6A, 6B, and 6C pre-  
s e n t s  some d a t a  ( i . e . ,  t empera tures)  der ived  from non-isothermal  h e a t i n g  of a c h a r  
prepared by c o - p y r o l y s i s  of c o a l  w i t h  dolomite .  

There a r e  s e v e r a l  s i m p l i f i c a t i o n s  i n h e r e n t  i n  t h i s  s t u d y .  The r e s u l t s  presented  i n  
Table  2 ( e . g . ,  t h e  a b s o l u t e  v a l u e s  of t h e  r e p o r t e d  ASA) should be i n t e r p r e t e d  w i t h  
c a u t i o n .  As d i s c u s s e d  p r e v i o u s l y ,  t h e  ASA i s  a measure of a v a i l a b l e  s i tes  p r e s e n t  on 
c h a r  s u r f a c e .  The a n a l y s i s ,  i n  e s s e n c e ,  demonst ra tes  a t r e n d  t h a t  i l l u s t r a t e s  t h e  
p r i n c i p l e  of char  r e a c t i v i t y .  The a c t u a l  r e a c t i v i t y  mechanisms a r e  complicated by 
t h e  observa t ions  t h a t  ( a )  oxygen chemisorp t ion  c a p a c i t y  is a f u n c t i o n  of bo th  t h e  
tempera ture  and p r e s s u r e  of chemisorp t ion ,  and (b)  t h e  measured oxygen uptake depends 
on whether  it occurs  i n  t h e  presence  o r  absence o f  concurren t  g a s i f i c a t i o n .  A s i g n i -  
f i c a n t  p o r t i o n  of s i tes  on c o a l  c h a r s  can be occupied by hydrogen, which may p r e f e r -  
e n t i a l l y  r e a c t  w i t h  oxygen a t  low convers ion ,  opening up new carbon a c t i v e  s i t e s .  
However, t h e  t r e n d s  shown i n  Table  2 ,  based on somewhat a r b i t r a r y  c o n d i t i o n s  of 
chemisorp t ion ,  i l l u s t r a t e  t h e  u t i l i t y  of oxygen chemisorpt ion technique  a s  an index  
of c h a r  r e a c t i v i t y .  

SUMMARY AND CONCLUSIONS 

(a)  For  c h a r  o x i d a t i o n ,  t h e  a c t i v a t i o n  energy  of 130 kJ/mole,  comparable t o  l i t e r a -  
t u r e  d a t a ,  was observed  f o r  both low- and h igh- tempera ture  chars .  
t h e  chemis t ry  of gas  s o l i d  r e a c t i o n s  fo l low comparable mechanisms f o r  b o t h  low- and 
high-temperature  c h a r s .  (b) The low-temperature  c h a r s  prepared from v a r i o u s  c o a l s  
( a t  500OC) appear  t o  b e  more r e a c t i v e  (determined noniso thermal ly)  than  t h e  p a r e n t  
c o a l s .  These low-temperature  c h a r s  a r e  a l s o  more r e a c t i v e  than  t h e  p a r e n t  preoxi -  
d i z e d  c o a l s  or t h e  s o l v e n t  e x t r a c t e d  r e s i d u e .  ( c )  The r e a c t i v i t y  of v a r i o u s  c h a r s  
can be  c o r r e l a t e d  w i t h  t h e  H / C  o r  char  hydrogen c o n t e n t s .  
nonisothermal  r e a c t i v i t y  a t  low conversion (10 p e r c e n t )  i s  l i m i t e d  by i n t r i n s i c  gas-  
s o l i d  r e a c t i o n s .  A t  e l e v a t e d  tempera tures  ( o r  h i g h e r  convers ions) ,  however, mass 
t r a n s f e r  l imi t s  t h e  weight  loss a s  i s  e v i d e n t  by lower a c t i v a t i o n  e n e r g i e s  f o r  t h e  
p r o c e s s .  
f o r  normal iz ing  i s o t h e r m a l  r e a c t i v i t y  r e s u l t s .  
non-isothermal  r e a c t i v i t y  parameter  of c h a r s  can be c o r r e l a t e d  t o  t h e  a c t i v e  s u r f a c e  
a r e a  a s  determined by oxygen chemisorpt ion.  

A t  h i g h e r  convers ions  ( i . e . ,  h igher  tempera tures) ,  how- 

I t  was observed t h a t  a d d i t i o n  of a hydra ted  

A comprehensive s tudy  on t h e  i n f l u e n c e  of v a r i o u s  a d d i t i v e s  in t roduced  p r i o r  

This  s u g g e s t s  t h a t  

(d) The weight  l o s s  dur ing  

( e )  F i n a l l y ,  t h e  c h a r  a c t i v e  s u r f a c e  a r e a  s e r v e s  a s  a s i g n i f i c a n t  parameter  
I n  a d d i t i o n ,  a t  low convers ion ,  t h e  
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FIGURE 7. Correlation Between Nonisothermal Reactivity Parameter (i.e., Temperature) 
with the Char Active Surface Area as Determined by Oxygen Chemisorption. 
To.1 signifies temperature at which 10 percent conversion occurred when 
char was heated nonisothermally at 100°C/min in air. 
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