
A CHEMICAL MODEL OF COAL DEVOLATILIZATION USING 
PERCOLATION LATTICE STATISTICS 

-- D.M. Grant and R.J. Pugmire, U n i v e r s i t y  o f  Utah 
S a l t  Lake City, UT 84112. 

T.H. F le tcher  and A.R. Kers te in ,  Sandia Nat iona l  Labora tor ies  
Livermove, CA 

ABSTRACT 

We have developed a model f o r  coal d e v o l a t i l i z a t i o n  t h a t  incorpora tes  

the  d i v e r s i t y  o f  coal s t r u c t u r e  i n  such a way t h a t  the  a n a l y t i c a l  da ta  

obtained f r o m  s o l i d  s t a t e  NMR prov ides  the  i n i t i a l  i n p u t  data. Using an 

exper imenta l l y  determined k i n e t i c  r a t e  parameters, i t  i s  poss ib le  t o  f i t  

the  gas, t a r  and char p roduc t ion  o f  a l i g n i t e  and h igh  v o l a t i l e  bi tuminous 

coal. We have employed pe rco la t i on  theory t o  p rov ide  a n a l y t i c a l  expres- 

sions f o r  the l a t t i c e  s t a t i s t i c s  requ i red  i n  d e v o l a t i l i z a t i o n  modeling. 

The pe rco la t i on  theory a l lows one t o  avo id  the  more t ime consuming Monte 

Car lo technique w i t h  no loss  o f  g e n e r a l i t y  o r  important s t a t i s t i c a l  

features. Perco la t ion  theory a n a l y t i c a l l y  descr ibes the  s i z e  d i s t r i b u t i o n  

o f  f i n i t e  c l u s t e r s  o f  s i t e s  j o ined  by i n t a c t  b r idges  b u t  i s o l a t e d  from a l l  

remaining s i t e s  by broken bridges. The theory s p e c i f i e s  a c r i t i c a l  b r i dge  

popu la t ion ,  depending on ly  on the  s i t e  coord ina t ion  number, above which 

i n f i n i t e  a r rays  w i l l  coex i s t  w i t h  c l u s t e r s  o f  f i n i t e  size. 

mat te r  t o  adapt the s t r u c t u r a l  fea tures  o f  pe rco la t i on  theory  t o  bo th  the  

t a r  and gas obtained i n  coal py ro l ys i s .  The i n f i n i t e  a r rays  o f  p e r c o l a t i o n  

theory a re  i n te rp re ted  as the macroscopic l a t t i c e  o f  unreacted coal  and/or 

char w h i l e  the  r e l a t i v e l y  small t a r  molecules may be i d e n t i f i e d  w i t h  the 

f i n e  c l u s t e r s  o f  pe rco la t i on  theory. The d e t a i l s  o f  the model w i l l  be d i s -  

cussed together  w i t h  the  r e s u l t s  obtained i n  modeling d e v o l a t i l i z a t i o n  

behavior of coals o f  var ious  ranks. 

I t  i s  a simple 
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INTRODUCTION 

A model f o r  coal  d e v o l a t i l i z a t i o n ,  the  chemical pe rco la t i on  

d e v o l a t i l i z a t i o n  (CPD) model, has been developed1 t h a t  incorporates the 

d i v e r s i t y  o f  coal s t r u c t u r e  i n  such a way t h a t  the a n a l y t i c a l  data 

obtained from s o l i d  s t a t e  NMR provides some o f  the i n i t i a l  i n p u t  data. 

Using k i n e t i c  r a t e  parameters repor ted  by others2, i t  i s  poss ib le  t o  f i t  

the  gas, t a r ,  and char p roduc t ion  o f  a l i g n i t e  (Zap), and a h igh  v o l a t i l e  

bituminous coal ( I l l i n o i s  No. 6). Perco la t ion  theory i s  employed t o  pro- 

v ide  a n a l y t i c a l  expressions f o r  the l a t t i c e  s t a t i s t i c s  requ i red  i n  the 

d e v o l a t i l i z a t i o n  modeling. 

consuming Monte Car lo  techniques w i t h  apparent ly  no loss o f  g e n e r a l i t y  o r  

important s t a t i s t i c a l  features.  The s t r a i g h t  forward computational tech- 

nique i s  very e f f i c i e n t  even on a small VAX computer as opposed t o  the  more 

t i m e  consuming Monte Car lo  methods which have shown t h a t  appropr la te  l a t -  

t i c e  s t a t i s t i c s  a re  important i n  coal d e v o l a t i l i z a t i o n 3 .  

Perco la t ion  theory a l lows one t o  avo id  the t ime 

The CPD theory  a n a l y t i c a l l y  descr ibes the  s i z e  d i s t r i b u t i o n  o f  f i n i t e  

c l u s t e r s  o f  s i t e s  j o i n e d  by i n t a c t  b r idges  b u t  i s o l a t e d  from a l l  remaining 

s i t e s  by broken br idges. 

l a t i o n  e x i s t s  which depends on ly  on the  s i t e  coord ina t ion  number, 1.7, above 

which i n f i n i t e  a r rays  w i l l  coex i s t  w i t h  c l u s t e r s  o f  f i n i t e  s ize.  I t  i s  a 

s imple mat te r  t o  adapt the  s t r u c t u r a l  fea tures  o f  pe rco la t i on  theory t o  

bo th  the  t a r  and gas obtained i n  coal py ro l ys i s .  The i n f i n i t e  arrays o f  

I n  pe rco la t i on  s t a t i s t i c s  a c r i t i c a l  b r idge popu- 
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p e r c o l a t i o n  theory  a r e  i n t e r p r e t e d  as the  macroscopic l a t t i c e  of unreacted 

coal  and/or  char w h i l e  the  r e l a t i v e l y  small  t a r  molecules may be  i d e n t i f i e d  

w i t h  t h e  f i n i t e  c l u s t e r s  o f  p e r c o l a t i o n  theory. 

EXPERIMENTAL 

The d e v o l a t i l i z a t i o n  data i s  t h a t  repor ted  by Ser io ,  e t .  a1.2, f o r  a 

heated tube reac tor  o f  advanced Fuel Research. The raw k i n e t i c  da ta  was 

k i n d l y  supp l ied  by S e r i o  and Solomon. 

model a r e  those obta ined by Ser io ,  e t .  a1.2, and are  g iven i n  Table I. 

NMR data  f o r  the  coals  a r e  from Solum, et. i~l.~. 

coal  s p e c i f i c  parameters a r e  g iven i n  Table 11. 

The k i n e t i c  parameters used i n  t h e  

The 

The i n i t i a l  and f i n a l  

RESULTS AND DISCUSSIONS 

The d e t a i l s  o f  t h e  Chemical Perco la t ion  Model have been descr ibed by 

The Grant, e t .  a l . l ,  and t h e  d e t a i l s  o f  t h e  model w i l l  n o t  be repeated. 

comparison o f  t h e  t h e o r e t i c a l  s imu la t ions  o f  the experimental da ta  a r e  

g iven i n  F igures 1 and 2 f o r  t h e  I l l i n o i s  No. 6 and ZAP coals. The y i e l d s  

of gas, t a r  and char/unreacted-coal a re  g iven as a f u n c t i o n  o f  r e a c t i o n  

t ime a long w i th  the corresponding p r e d i c t e d  dynamical v a r i a b l e s  r e q u i r e d  

f o r  the  s imulat ions.  The success o f  t h e  s imu la t ions  i s  thought  t o  be good 

cons ider ing  the  number o f  parameters which were const ra ined f rom o ther  

work. We a r e  engaged i n  an assessment o f  t h e  s e n s i t i v i t y  o f  t h e  simula- 
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t i o n s  upon t h e  several  parameters and eventua l l y  hope w i t h  more exper i -  

mental da ta  t o  employ mu l t i r eg ress iona l  ana lys i s  o f  d e v o l a t i l i z a t i o n  da ta  

as a way t o  determine an opt imal se t  o f  parameters. The c o r r e l a t i o n  m a t r i x  

between the  several  parameters i s  expected t o  enhance our understanding of  

the manner i n  which these parameters I n t e r a c t  t o  i n f l uence  t h e  model. 

Several o f  the  fea tures  observed f o r  these d iverse  coa ls  a re  note- 

worthy and war ran t  comnent i n  terms o f  the  dynamical va r iab les  requ i red  i n  

the  s imu la t ions  shown I n  Figures 1 and 2. The con t ras t  i n  t h e  ma te r ia l  

y i e l d s  I n  both coa ls  i s  q u i t e  apparent w i t h  t h e  l i g h t  gas e x h i b i t i n g  the  

t y p i c a l  exponent ia l  character,  w h i l e  t h e  t a r  re lease e x h i b i t s  a p r e c i p i t o u s  

release o r  " f l o o d i n g "  because o f  the  non- l inear  pe rco la t i on  s t a t i s t i c s  

superimposed upon the mul t iexponent ia l  k i n e t i c  parameters which character-  

i z e  the br idge-breaking processes. Even though the a c t i v a t i o n  energy used 

f o r  t a r  fo rmat ion  i s  lower than t h a t  f o r  l i g h t  gas release, considerable 

l i g h t  gas i s  produced be fore  any appreciable amount o f  t a r  i s  released. 

The " f l ood"  o f  t a r  observed as the  l a t t i c e  begins t o  break down dramatizes 

the importance o f  l a t t i c e  s t a t i s t i c s  i n  the t a r  re lease process. While t h e  

q u a l i t a t i v e  fea tures  are  somewhat s i m i l a r  i n  bo th  coals, s i g n i f l c a n t  quan- 

t i t a t i v e  d i f f e rences  may be observed i n  both ma te r ia l  y i e l d s  and t h e  

dynamical va r iab les  p l o t t e d  f o r  the  two coals. The r e l a t i v e  release w i t h  

t i m e  o f  gas and t a r  have s i m i l a r  c h a r a c t e r i s t i c s  i n  bo th  coals. 

325 



The model accura te ly  p r e d i c t s  the  modest b u t  measurable l o s s  o f  

t a r  weight observed i n  the experimental data2 a f t e r  the i n i t i a l  " f l ood ing "  

o f  t a r .  The maximum t a r  weight corresponds c l o s e l y  i n  t ime w i t h  the  com- 

p l e t e  l oss  o f  l a b i l e  br idges (see Figures 1 and 2). 

decrease i n  t a r  weight a r i s e s  from the  release o f  l i g h t  gases through con- 

t i nued  c rack lng  o f  the  s ide  chains as the ma te r ia l  proceeds along the  

heated tube reactor.  The r a t e  o f  gas release slows w i t h  t ime as the  more 

reac t i ve  b r idge  ma te r ia l  i s  consumed i n  accordance w i t h  the  d i s t r i b u t e d  

a c t i v a t i o n  energy submodel. 

f o r  bo th  coa ls  t h a t  a reasonably l a rge  s ide  cha in  popu la t ion  w i l l  p e r s i s t  

i n  bo th  the  t a r  and char throughout the  whole process, and as a r e s u l t  

l i g h t  gases are  released u n t i l  the  d e v o l a t i l i z a t i o n  i s  terminated a t  the 

end o f  the  reac tor  tube. The gas release dur ing  the l a t t e r  p a r t  o f  t h e  

process i s  no t  due t o  breaking o f  l a b i l e  bonds w i t h  the accompanying 

release o f  b r idge ma te r ia l ,  as the  l a b i l e  b r idge popu la t ion  i s  zero du r ing  

most o f  t h i s  l a t t e r  per iod  f o r  the  cases used i n  these simulat ions.  Thus, 

the t a r  c l u s t e r  s i ze  i s  no t  changing du r ing  t h i s  pe r iod  o f  the  reac t i on ,  

bu t  instead, the s ide  chains are c rack ing  t o  reduce the weight f r a c t i o n  o f  

bo th  the t a r  and the  char. 

From t h i s  p o i n t  on the  

It i s  worth no t i ng  t h a t  t h i s  model p r e d i c t s  

For reac t i on  cond i t ions  under 800°C, which ob ta in  i n  the  heated 

tube reac to r  experiments (Ser io,  et .  a1.2), the  model p r e d i c t s  t h a t  a s ig -  

n i f i c a n t  f r a c t i o n  o f  s ide chains p e r s i s t  throughout the  whole r e a c t i o n  and 
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s t i l l  e x i s t  even a t  t he  te rmina t ion  o f  the d e v o l a t i l i z a t i o n  process. 

I nspec t i on  o f  t h e  p l o t s  o f  dynamical va r iab les  i n d i c a t e  t h a t  i t  i s  the 6 

va r iab le  ( s ide  chains) which e x h i b i t s  the most i n t e r e s t i n g  excursions w i t h  

t ime r i s i n g  and f a l l i n g  i n  concent ra t ion  i n  the dynamical compet i t ion f o r  

b r i dge  ma te r ia l .  I t  i s  i n t e r e s t i n g  t o  note t h a t  even when a l l  o f  the 

l a b i l e  b r idges  have been consumed and the number o f  char b r idges  have 

reached t h e i r  f i n a l  popu la t ion ,  the  reac t i ve  s ide chain popu la t ion  i s  s t i l l  

bo th  appreciable and changing due t o  c rack ing  o f  the s ide chain mater ia l .  

The amount o f  s ide  cha in  ma te r ia l  produced i n  the  disappearance o f  the 

l a b i l e  bonds i s  governed i n  p a r t  by the  amount o f  t rans ferab le  hydrogen. 

Thus, the r a t e  constant o f  the  s ide chain bond breaking would inc lude 

e x p l i c i t l y  the concent ra t ion  o f  t rans fe rab le  hydrogen and a good t e s t  o f  

the  model would be i t s  a b i l i t y  t o  s imulated h y d r o l i q u i f a c t i o n  da ta  obtained 

f o r  var ious  p a r t i a l  pressures o f  hydrogen. 

The W e l l  known gas release occur r ing  a t  e a r l y  t i m e s  i s  provided by low 

a c t i v a t i o n  energies due t o  the  d i s t r i b u t e d  a c t i v a t i o n  features incorpora ted  

i n  the  model. The model a l so  i nd i ca tes  a " t a r "  mass f r a c t i o n  o f  a f e w  per -  

cent present a t  t i m e  zero  i n  the  unheated coa ls  suggesting the presence o f  

ex t rac tab les  i n  coals a t  ambient temperatures. 

Future work w i l l  focus on model ref inements t o  inc lude a t ranspor t  

model. The molecular weight d i s t r i b u t i o n  o f  the t a r  i s  provided by 

the  model and we w i l l  compare experimental molecular weight d i s t r i b u -  

t i o n  data o f  Suuberg5 w i t h  the  theo re t i ca l  p r e d i c t i o n s  o f  the  CPD model. 
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. .  . I r- for Coal Devolatlllzatlon 

Parameter Y a k  

Fitting Parameters Literature Derived Values 

55.4 Kcal/mole 

4 x sec-l 

2 Kcflmole 

69 KcaVmole 
(69,66,7 1 KcaVmo1e)a 

3 x  sec-l 
(3.5, 2.9, 2.6 x lo1' sec-'), 

7 Kcflmole 

0.89 sec-' 

a. Weighted average values for the Illinois #6 bituminous, Rosebud subbituminous, and Zap lignite coals, respectively. 

b. As Ep and Ap can not be determined for the relatively small devolatilization temperature range affecting these data only a 
single effective rate parameter for p may be used in this fitting. 
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Table 11 

Coal SDecific Parameters 

Parameter Zap Lignite Rosebud Sub-Bit Ill #6 High Vol. Bit. 

Adiustable Fitting Parameter 

(T+ 1 8.8 (>4.4)a 8.8 (>4.l)a 

Parameters Set from NMR and Ultimate Gas Yield Data 

(T+ 1 

Po (=f.o)b 0.44 0.45 

fgas(m) 0.55 0.46 

Calculated Parameters from Fitted and Set Parameters 

110 0.13 0.13 

(0 + l) .Pod 3.9 4.0 

r = mdma e 0.28 0.19 

4.3 (4.3)a 

0.73 

0.41 

0.30 

3.1 

0.32 

a. NMR estimates for u given in parentheses. 

b. The simulation value for f,,, which becomes p, under the assumption of c, = zero, are estimated reasonably reliably from 
NMR data on the number of methyls and of side chains attached to an aromatic cluster. 

c. Solomon's ultimate light gas yields may be obtained by summing the yi from i = 1 to 17. 

d. This quantity measures the number of intact bridges per cluster and is calculated from h e  above values of p, and u. 

e. Calculated from IS and fgs(-). 

f. The NMR estimates for r given in parentheses. 
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