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The most widely used characterization of coal fluidity is the plastometric 
method developed by Gieseler (1). In a modified form, with a torque clutch 
replacing the original pulleys and weights, this has become a standard American 
procedure ( 2 ) .  Its relationship to dilatometry is well established ( 3 - 6 ) .  

The standard 3 deg/min Gieseler analysis provides a fixed-angle 'slice' across 
the fluidity-temperature surface, and in a single determination may provide 
plasticity information across a span of 50-100 deg C. It often reveals fluidity 
differences of more than a thousandfold among coals of similar rank and chemical 
composition. 

There are, however, several advantages to be gained by conducting Gieseler 
The resulting data permit the estimation of analyses under isotherinal conditions. 

'melting' and 'coking' rates and hence (from several runs at different 
temperatures) the determination of temperature dependencies of these rates. 
Isothermal data generally provide better simulation of the fluidity characteristics 
of coal in an actual continuous process such as extrusion feeding (7-9). 
Isothermal data clearly distinguish among coals of differing temperatures of 
maximum fluidity. 

Fitzgerald has shown that when ln(f1uidity) is plotted against time under 
isothermal conditions the coking slope is substantially linear. 
of a group of English coals in his study exhibit Arrhenius temperature 
dependencies, with activation energies in the vicinity of 50 kcal (10,ll). 

The coking slopes 

We have confirmed these observations for a group of 29 hvb coals from the 
eastern mid-continent beds. For most of these coals the isothermal melting curve 
is also found to be substantially linear (12,13). Figure 1 illustrates a typical 
isothermal run. The data provide not only classical information (softening point, 
time of maximum fluidity, solidification point and maximum observed fluidity) but 
also estimates of the melting and coking slopes and an additional measure, 
intersection maximum fluidity. This last is obtained by extrapolation of the two 
slopes to their point of intersection. 

Intersection maximum fluidity has several advantages over observed maximum 
Some coals have a flattish and poorly defined region of maximum 
Coals which outgas vigorously are likely to produce irregular and 

fluidity. 
fluidity. 
irreproducible readings in the vicinity of maximum fluidity. Highly plastic coals 
may develop fluidity in excess of 30,000 ddpm, greater than can be measured by the 
Gieseler plastometer. 
accessible and in our experience is a more consistent and reproducible measure, 
even for the case of ASTM temperature-gradient runs (Figure 2 ) .  

In all such cases the intersection maximum fluidity is 

In the present study a number of freshly sampled coals from active mines and 
coal cleaning plants have been obtained and reduced, stored under inert gas at 
-40°, and then analyzed using a research model Gieseler plastometer (Standard 
Instrumentation), sensitive to 0.1 ddpm (roughly 100 megapoise for a Newtonian 
fluid). Three of these coals are characterized in Table 1. 
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When a coa l  i s  examined i n  a series of  i so thermal  r u n s ,  both melt ing and 
coking s l o p e s  a r e  s t e e p e r  a t  h igher  temperatures .  
F igure  3. 
t e n f o l d  by r a i s i n g  tempera ture  from 412 t o  431'C. 

These t rends  a r e  i l l u s t r a t e d  i n  
For  t h i s  moderately p l a s t i c  c o a l ,  maximum f l u i d i t y  i s  increased  over 

Figure 4 i s  an Arrhenius  p l o t  based upon 20 i s o t h e r m a l  runs a t  412-438OC with 
Coal 141. 
f l u i d i t y )  with r e c i p r o c a l  temperature .  
corresponding v a r i a t i o n s  of  ln(me1ting s l o p e )  and ln(coking  s lope) .  
is e s s e n t i a l l y  l i n e a r  over  t h e  experimental  range. 

The top s l o p e  shows t h e  v a r i a t i o n  of In l n ( i n t e r s e c t i 0 n  maximum 
The middle and lower s l o p e s  show t h e  

Each of these 

During a n  i so thermal  Gieseler run t h e  so lder -pot  furnace  maintains  a near ly  
The l i n e a r i t y  of t h e  constant  temperature  ( s tandard  devia t ion  less than l . O ° C ) .  

Arrhenius s l o p e s  permi ts  t h e  de te rmina t ion  of a c t i v a t i o n  e n e r g i e s  wi th  f a i r l y  good 
prec is ion  (Table  2 ) .  The Arrhenius  r e l a t i o n s h i p  a l s o  permi ts  t h e  i n t e r p o l a t i o n  of 
data  so t h a t  s lopes  and f l u i d i t i e s  of  a number of c o a l s  can  be determined a t  
prec ise ly  t h e  same temperature .  

Overall i so thermal  f l u i d i t y  c h a r a c t e r i s t i c s  of these  aad  o ther  coa ls  which we 
are  s tudying  (14) a r e  summarized ir. Table 3 .  -These d a t a  sugges t  some genera l  
t rends among hvb c o a l s .  
v i c i n i t y  of 50 k c a l ,  as F i t z g e r a l d  found wi th  Engl ish coa ls  (11). Coking s l o p e  
values  a r e  s l i g h t l y  h igher  f o r  t h e  s p a r i n g l y  p l a s t i c  coa ls .  Act iva t ion  energ ies  of 
the mel t ing  s l o p e s  tend t o  i n c r e a s e  wi th  increas ing  p l a s t i c i t y ,  from 25-30 k c a l  for  
spar ingly  p l a s t i c  c o a l s  t o  50-55 k c a l  f o r  h i g h l y  p l a s t i c  c o a l s .  
energ ies  of ln(maximum f l u i d i t y )  decrease  wi th  increas ing  p l a s t i c i t y ,  from 30-35 
kcal  for s p a r i n g l y  p l a s t i c  c o a l s  t o  10-20 k c a l  f o r  h ighly  p l a s t i c  coa ls .  The 
r a t i o  (mel t ing s lope)  / (coking s lope)  is notab ly  h igher  f o r  t h e  h ighly  p l a s t i c  
coals .  

A c t i v a t i o n  energ ies  of t h e  coking s l o p e s  are a l l  i n  t h e  

Act ivat ion 

Maximum f l u i d i t i e s  measured under i so thermal  condi t ions ,  a t  OT near  t h e  ASTM 
temperature of maximum f l u i d i t y ,  are s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  corresponding 
ASTM maximum f l u i d i t i e s .  For s p a r i n g l y  f l u i d  c o a l s  t h e  maximum iso thermal  f l u i d i t y  
is t y p i c a l l y  two- t o  three- fo ld  t h a t  observed i n  an ASTM run. This  r a t i o  increases  
w i t h  c o a l  f l u i d i t y ,  wi th  v a l u e s  t y p i c a l l y  i n  t h e  range 5-8 f o r  moderately p l a s t i c  
(30-300 ddpm) c o a l s .  Table  4 summarizes t h i s  t rend  f o r  1 7  c o a l s  f o r  which 
isothermal  d a t a  have been obta ined  a t  o r  very near  t h e  ASTM temperature  of maximum 
f l u i d i t y .  For h ighly  f l u i d  c o a l s  t h e  i so thermal  d a t a  w a s  ob ta ined  a t  temperatures  
apprec iab ly  below T(max f l u ) .  The maximum f l u i d i t y  obtained i n  an ASTM run can be 
matched i n  an i so thermal  run  conducted a t  10-15 deg C below t h e  ASTM temperature  of 
maximum f l u i d i t y .  

Discussion. 

Since a very  l a r g e  number of p a r a l l e l  r e a c t i o n s  is involved i n  both t h e  
melt ing and coking reg ions  of an i so thermal  run ,  i t  i s  reasonable  t o  ask why - f o r  
a semilogari thmic p l o t  o r  any o t h e r  p l o t  - t h e  change i n  f l u i d i t y  with t i m e  has  
domains of  s u b s t a n t i a l  l i n e a r i t y .  The c o n d i t i o n  necessary t o  f i n d  l i n e a r i t y  under 
some condi t ions  is t h a t  t h e  major  c o n t r i b u t i n g  r e a c t i o n s  be of t h e  same k i n e t i c  
o r d e r :  

-d[Bl/dt  = wlkl[Bln+ w2k2[B]" + 
where the w i t s  and ki ' s  denote  weight ing f a c t o r s  and empir ica l  rate cons tan ts .  

observa t ion  t h a t  p l o t s  of I n c f l u i d i t y )  vs .  time y i e l d  mel t ing  and coking s l o p e s  
which a re  e s s e n t i a l l y  l i n e a r  s u g g e s t s  t h a t  Equation 1 i s  i n  f a c t  followed. 

The right-hand terms are then  e a s i l y  c o l l e c t e d  i n t o  a s i n g l e  term. The 

192 



This does not mean, as some have suggested, that isothermal coking is a Set Of 
first-order processes. 
fraction, the coking process is not kinetically first-order. 
needed before kinetic dependencies can be inferred from these curves. 

Since slurry fluidity is not a linear function of fluid 
Further work is 

Since melting and coking slopes and ln(maximum fludity) all follow Arrhenius 
dependencies, the fluidity span (the time interval during which fluidity exceeds a 
specified value) can also be calculated at any interpolated temperature. This can 
be seen analytically. If f is In(intersection maximum fluidity), tm the time 
interval from initial softening to maximum fluidity and tc the time interval from 
maximum fluidity to coking point, then the melting slope m is equal to f/tm and the 
coking slope c is equal to f/tc. The total time span (tm + tc) is then: 

t = f*(l/m +l/c) (2 )  

If a process requires a minimum fluidity F' which is any value less than the 
maximum fludity, then: 

t' = (f - f') * (l/m + l/c) (3) 

where f' = ln(F'). 

This study is part of an investigation into the predictability of plastic 
behavior in bituminous coals (14). We acknowledge with thanks the support of this 
work by the U.S. Department of Energy. 
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Table 1 
Coal Charac t e r i za t ion  Data* 

County 
Seam and rank 

Mois ture  
Ash 
V o l a t i l e  matter 

% Carbon 
% Hydrogen 
% Nitrogen 
% Sulfur  

Heating va lue ,  B tu / lb  
Free  swe l l ing  index 

% V i t r i n i t e  
% P s e u d o v i t r i n i t e  
% E x i n i t e  
% R e s i n i t e  
% F u s i n i t e  
% Semi fus in i t e  
% M i c r i n i t e  
% Macr in i t e  

Mineral matter (Pa r r )  
V i t r i n i t e  max r e f l e c t  

ASTM Giese l e r  da t a :  
T(sof ten ing)**  
T(max f l u i d i t y )  
T ( s o l i d i f  i c a t i o n )  ** 

Coal 118 

Muhlenberg 
Ky 19, hvBb 

7.09% 
8.36 
40.6 
74.1 
5.11 
1.50 
3.59 
13,020 
4.5 
76.1% 
1.2 
3.5 
0.4 
3.3 
3.6 
1 . 7  
0.2 
11.0 
0.54 

388 
428 
447 

Coal 122 

Union 
KY 16, hvAb 

2.40% 
9.60 
39.4 
76.0 
5.42 
1.44 
2.91 
13,490 

70.7% 
5.3 

3.2 
0.5 
3.5 

1.9 
-0.1 

a. 

2.8 

12.0 
0.73 

376 
422-435 
467 

Max f l u i d i t y  (observed) 26.8 >30,000 
Max f l u i d i t y  ( i n t e r s c t n )  44.5 2.61E+6 

Coal 841 

But l e r  
Amos, hvBb 

7.78% 
2.77 
42.1 
80.7 
5.74 
1.61 
1.06 
14,280 

79.0% 
6.7 
6.3 
0.9 
0.4 
0.7 
2.7 
0.0 
3.3 
0.67 

3. 

3 9a 
436 
459 
217 
590 

* Mois ture  i s  as de termined ,  o t h e r  va lues  on a d ry  ash-included b a s i s .  ** Temperature a t  which f l u i d i t y  v a l u e  i s  1 . 0  ddpm. 

Table  2 
P r e c i s i o n  of Arrhenius  Temperature Dependencies* 

- -  Coal n Nel t ing  s lope  Coking s lope  l n ( 1 n t e r s e c t i o n  max f l u )  

118 20 31.0 t 2.5 48.5 t 3.2 35.9 5 2.5 
1\22 19 56.5 5 1.8 48.7 5 2.0 20.0 5 1 . 5  

#4i 20 43.8 5 1.8 51.4 & 2.0 19.7 5 0.8 
* Least-squares va lues  i n  k c a l  and s tandard  dev ia t ions .  

I 
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Table 3 

F l u i d i t y  C h a r a c t e r i s t i c s  of Se lec ted  Coals* 

Coals I n t e r s e c t i o n  max f l u  ) fe l t ing  s l o p e l  Coking s l o p e l  

4 0 O o C  420'12 E(a) 40OoC 42OoC E(a) 400'C 420'C 

122 2540 1.8E5 20.0 0.70 2.38 56.5 0.13 0.37 48.7 
average of 5 
6 tbe r  h ighly  14300 2 . 5 ~ 5  12.3 0.99 3.0 51. 0.16 0.43 44.5 
p l a s t i c  c o a l s  

141  40 277 19.7 0.24 0.62 43.8 0.14 0.43 51.4 

average of 5 
o the r  medium 40 366 21.4 0.34 0.82 42 .1  0.19 0.53 48.7 
p l a s t i c  c o a l s  

118 8 88 35.9 0.40 0.77 31.0 0.27 0.77 48.5 

average of 5 
o the r  s l i g h t l y  5 24 33.2 0.35 0.62 26.9 0.20 0.60 50.8 
p l a s t i c  c o a l s  

* F l u i d i t y  averages a r e  logar i thmic .  P r o p e r t i e s  averaged from c o a l s  21, 25, 
27, 32 and 34 (h ighly  p l a s t i c ) ;  1 5 ,  26, 36, 37 and 39 (medium p l a s t i c ) ;  and 
02, 03, 09, 24 and 40 ( s l i g h t l y  p l a s t i c ) ,  r e f .  15. 
Slopes are i n  r e c i p r o c a l  minutes.  

Table  4 
Maximum Observed F l u i d i t i e s  under ASTM and Iso thermal  Conditions 

no. of Maximum f l u i d i t y  ASTM Conditions I so thermal  Condi t ions  Ratio* 
c o a l s  (MF) range, ddpm Avg MF Avg MF - 

5 2 < M F < 8  3.8 422' 10 .2  421' 2 . 7  

6 8 < M F < 3 2  12.8 426" 51.2 426" 4.0 

6 32 < MF 256 136. 430" 829. 430' 6.1 

* Rat io  of (maximum iso thermal  f l u i d i t y )  / (maximum ASTM f l u i d i t y )  
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FIGURE 2. AST# PLASTOMETRV OF A hvAb COAL. Horizontal:  t ime i n  minutes. 
scale 0 t o  28. Ver t ica l :  l n ( f 1 u i d i t y  i n  ddpm), scale 0 t o  IS. The f l a t  top 
o f  the experimental curve marks the Instrument l i m i t  o f  30,000 ddpP. 

FIGURE 1. Horizontal:  
time i n  minutes, scale 0 t o  56. Vert ical:  l n ( f 1 u i d i t y  i n  ddpm). scale 
0 t o  12. Slope ca lcu lat ions use f l u i d i t i e s  above 10 ddpn and below one 
quarter o f  the observed m a x i m  f l u i d i t y .  

ISOTHEPML PLASTOHETRV OF A hvAb COAL AT 405°C. 
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FIGURE 4. ARRHENIUS PLOT OF FLUIDITY CHARACTERISTICS OF COAL 1141. Horizontal: 
lOOO/"K, s ca l e  1.40 t o  1.46 (441-412Y). Vertical: ln(funct i0n) .  s ca l e  -1.5 t o  
+2.5. From top to  bottom: ln(maximuin f l u i d i t y ) ,  m l t i n g  slope, coking slow. 
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P r e d i c t o r s  of I so thermal  F lu id  P r o p e r t i e s  of  Coals 
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F l u i d i t y ,  which t y p i c a l l y  develops i n  t h e  range 38O-42O0C, i s  a unique 
property of mid-ranked c o a l s .  
o f ten  e x h i b i t  Gieseler f l u i d i t i e s  d i f f e r i n g  by s e v e r a l  o r d e r s  of magnitude. The 
o b j e c t i v e  of t h i s  s tudy  i s  t o  s e e k  t o  i d e n t i f y  p r e d i c t i v e l y  u s e f u l  c o r r e l a t i o n s  
between o t h e r  wel l -def ined parameters  and t h e  f l u i d  p r o p e r t i e s  of hvb-coals. ~ 

I n  t h e  s tandard  Gieseler p las tometer  a n a l y s i s  (1)  t h e  c o a l  i s  heated a t  a 

Coals  of similar rank  and composi t ion,  however, 

- 

cons tan t  3 deg C/min throughout  t h e  run. There a r e ,  however, s e v e r a l  advantages to  
be gained by o p e r a t i n g  t h e  p las tometer  i n  an i so thermal  mode, among them t h e  more 
a c c u r a t e  determinat ion of mel t ing  and coking s l o p e s  and t h e  determinat ion of  t h e  
a c t i v a t i o n  energ ies  a s s o c i a t e d  wi th  t h e s e  s l o p e s  and wi th  maximum f l u i d i t i e s  ( 2 ) .  
I n  t h i s  s tudy we  use t h e  i s o t h e r m a l  f l u i d  c h a r a c t e r i s t i c s  of a group of hvb coa ls  
as t h e  dependent v a r i a b l e s .  W e  w i l l  examine a number of s tandard  and nonstandard 
c h a r a c t e r i z a t i o n s  of c o a l s  f o r  t h e i r  p r e d i c t i v e  power wi th  regard  t o  these  f l u i d  
p r o p e r t i e s .  

Twenty-nine c o a l  samples were c o l l e c t e d  from e a s t e r n  mid-continent seams 
(mostly from wes tern  Kentucky), from a c t i v e  mines and from c o a l  c leaning  p l a n t s  
using f r e s h l y  mined c o a l  of  known l o c a l  o r i g i n .  
weather ing of t h e  samples, a l l  c o a l s  were reduced, s p l i t  and s t o r e d  i n  sea led  heavy 
p l a s t i c  under i n e r t  gas  a t  f r e e z e r  temperatures  p r i o r  t o  t e s t i n g .  
u l t i m a t e  and s h o r t  pe t rographic  c h a r a c t e r i z a t i o n s  are given i n  Table  1. 
d e t a i l e d  source  informat ion  i s  a v a i l a b l e  e lsewhere (3) .  

To minimize a d v e n t i t i o u s  

The proximate, 
More 

For each o f  these  c o a l s  a number of i so thermal  G i e s e l e r  determinat ions (at 
l e a s t  18) has  been made. 
dependencies ( 2 , 4 ) ,  a s  do ln(maximum observed f l u i d i t y )  and l n ( i n t e r s e c t i o n  maximum 
f l u i d i t y )  ( 2 ) .  
i n t e r p o l a t i o n  o r  s h o r t  e x t r a p o l a t i o n  of temperature  t o  a benchmark va lue  such as 
400OC. 
and f l u i d i t y  d a t a  es t imated  f o r  380, 400 and 42OoC. 
f l u i d i t i e s  (by s l o p e  i n t e r s e c t i o n )  of t h e s e  c o a l s  cover  a wide range, ranging a t  
400 C from 62,300 ddpm ( c o a l  25) t o  1.8 ddpm ( c o a l  28). 

Both mel t ing  and coking s l o p e s  fo l low Arrhenius 

For d i r e c t  coal-to-coal comparison i t  i s  convenient  t o  make an 

Table 2 summarizes t h e  f l u i d i t y  c h a r a c t e r i s t i c s  of t h e s e  c o a l s ,  wi th  s l o p e  
The maximum Gieseler 

In a d d i t i o n  t o  t h e  c h a r a c t e r i z a t i o n  d a t a  summarized i n  Table  1, s e v e r a l  
nonstandard measurements have been made. These a r e  descr ibed  below. 

When small por t ions  (3-5 mg) of  coa l  are pyrolyzed a t  a high ramp (500 deg 
C/sec)  and low c e i l i n g  tempera ture  (45OOC) onto a nonpolar  chromatographic column, 
t h e  r e s u l t i n g  chromatogram provides  information i n  two d i s t i n c t  reg ions ,  a gaseous 
product mixture  which quick ly  e l u t e s  from a 50 c m  s i l i c o n e  (OV 101) column a t  6OoC, 
and a l a r g e r  vapor product  mixture  e l u t i n g  a t  200-250°C. 
procedure has  been developed (5), wherein t h e  i n t e g r a t o r  s i g n a l s  i n  s e v e r a l  
one-minute windows are found t o  c o r r e l a t e  s i g n i f i c a n t l y  with observed f l u i d  
P r o p e r t i e s .  

A s tandard  pyrolysis/GC 

This  i s  a reasonably  reproducib le  procedure,  with s tandard  devia t ions  
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(quadruplicate analyses) averaging 6.5% of the total integrator signal per 
microgram coal. 

Total organic material extractable by refluxing tetrahydrofuran (THF) and 
1 

refluxing N,N-dimethylformamide (DMF) has been determined for all coals by Soxhlet 
extraction in triplicate. 
basis) is 14.3%, average standard deviation 0.29%. 
DMF (same basis) is 25.1%, average standard deviation 0.85%. 
heat residues to 15OoC under 1 torr in order to obtain complete desorption of the 
nitrogen base (6). 

The average amount extracted by THF (dry ash-included 

It is necessary to 
The average amount extracted by 

Two other kinds of data were obtained and found to have no predictive value 
with regard to plasticity. 
crosslink densities, then the swelling (7,8) of DMF extraction residues by cold DMF 
might be expected to correlate with fluidities. Residues from four coals were 
swelled to equilibrium by direct contact with liquid solvent in a simple apparatus 
adapted from Larsen ( 7 ) .  
35 to over 30,000 ddpm. 
most fluid coal having one of the lower swelling ratios. 
rule out the possibility that fluidity differences among hvb coals arise from 
differences in covalent crosslink densities. 

If fluid properties were related to low covalent 

The four coals had ASTM maximum fluidities ranging from 
The swelling ratios were all between 2.1 and 2.5, with the 

This observation seems to 

The second experiment productive of negative results was that of FTIR 
examination of selected coals and their THF extracts, using the procedure described 
by Painter (9,lO) and the H(aromatic)/H(aliphatic) ratio technique of Solomon (11). 
Two low-fluidity coals, 03 and 24, and two highly fluid coals, 22 and 34, were 
compared. The aromatic/aliphatic ratios are slightly different for the raw coals 
(0.43 and 0.45 for the low-fluidity coals and 0.47 and 0.49 for the high-fluidity 
coals), and are identical for the THF extracts (0 .33  for all four coal extracts). 
This appears to rule out the view that variations in fluid behavior reflect 
substantial variations in the chemical characteristics of the sol fractions. 

11 

1 

The following 'independent variables were collected for first-round 
prediction testing: 

\ 

16 classical characterizations, including seven petrographic 
measurements; 

6 semistandard characterizations (ash sulfate, organic and 
pyritic sulfur, aliphatic/aromatic ratio, and DMF and THF 
extractables); 

25 measures (with considerable redundancy) of the pyrolysis/ 
GC chromatograms; and 

9 sets of values derived from the above (five estimates of 
reactive macerals, 2 estimates of H/C ratio, an empirical formula 
for estimating liquefaction reactivity from % hydrogen and organic 
sulfur, and an estimate of extractable 'preasphaltenes' as [DMF-THF]). 

These parameters were examined separately by simple linear regression, using 
the SAS (12) R-square test, to reduce the candidate independent variables to a 
manageable number. 
A candidate variable is rejected if the fraction of the total sums of squares 
accounted for by a simple linear regression using the candidate variable is less 
than 0.1, and/or the variable is redundant with another variable which has stronger 
predictive power. (For example, pyritic sulfur is less predictive than total 
sulfur, and with total sulfur present in the analysis pyritic sulfur does not 

The number of variables was reduced to 13, using two criteria. 
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provide sufficient additional predictivity.) 
screening are shown in Table 3. 

The variables surviving this 

The best single predictor of fluidity at 400-420°C is the 4-5 min pyrolysis/GC 

In the absence of pyrolysis/GC data 
signal (the gas signal from fast pyrolysis to 45OoC), which affords correlation 
coefficients of .850 at 420 and .867 at 40OoC. 
the next best predictor is total DMF-extractables, affording correlation 
coefficients of .851 at 420 and .812 at 40OoC. 

The expansion of the regression equation to include additional independent 
variables always increases the goodness of fit. 
however, improvement in the correlation coefficient R becomes quite small. 
predicting ln(maximum intersection fluidity) at 4OO0C, for instance, the values of 
R with the successive addition of the 4-5 min pyrolysis/GC signal, vitrinite 
reflectance, THF-extractables and total sulfur are .867, .895, .920 and .935. When 
pyrolysis data are excluded, the successive inclusion of DMF-extractables, 
vitrinite reflectance, THF-extractables and % resinite yields R values of .812, 
.856, .890 and .901. I n  these and other cases the improvement obtained by adding 
the fourth predictive variable is of marginal statistical significance. 

- following-observations are based upon the most consistent three-variable - 
regressions provided by this database. 

After the third variable is added, 
In  

The 

When only classical and petrographic data are available the best three-term 
linear regressions provide fits with R in the vicinity of 0.7-0.8 (Table 4). 
is illustrated by the regression plot for ln(maximum intersection fluidity) at 
4OO0C (Figure 1). 
maximum vitrinite reflectance. 

This 

The variables used here are heating value, total sulfur, and 

With the addition of quantitative Soxhlet extraction data, a regression on the 
same fluidity data using vitrinite reflectance, THF-extractables and DMF- 
extractables provides a reasonably good fit (Figure 2 ) ,  with R = .890. 

With the further addition of the pyrolysis/GC data, inclusion of the 4-5 min 
pyrolysis signal, along with vitrinite reflectance and THF-extractables, provides a 
Still better fit (Figure 3), with R = .920. 
comparably good (Table 4). 

The predictions at 42OoC are 

An important test for the adequacy of any predictive model is the examination 
A plot of the residuals from the regression of residuals for possible patterning. 

Of Figure 3 is shown in Figure 4. 
residuals suggests that most of the data scatter of Figure 3 represents random 
error (sample inhomogeneity and errors of sampling, analysis, and possibly 
adventitious sample ageing during the various analyses). 

The substantially random distribution of these 

Discuss ion. 

It has not proven to be possible to predict fluid properties of coals on the 
basis of a single chemical or petrographic characterization. 
extraction with pyridine or quinoline (13) appears to be little more than roughly 
indicative. 
predictor (R > 0.8), and a part of the 450' pyrolysis gas signal is a slightly 
better predictor. 

Even solvent 

In the present study DMF-extractables constitute an approximate 

The above data (Table 4) show reasonably good prediction ( R ' s  > 0.9) of 
maximum fluidity and melting and coking slopes by multiple linear regression 
equations using three predictive variables. 
when PYrolYsiS or extraction data are excluded. 
to 0.85 when both pyrolysis and extraction data are excluded (Figure 1). 

The data fits are not quite as good 
The correlation coefficient falls 
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The measurements with the greatest significance for our data are the 4-min. 
pyrolysis/GC signal (or other nearly equivalent pyrolysis data), THF-extractables, 
DMF-extractables, heating value and vitrinite reflectance. 
of any of the first four correlate with increasing the melting slope; increasing 
reflectance makes little change in melting slope but diminishes the coking slope. 
Increases in any of these variables correlate with increased maximum fluidity. 

I Increases in the Values 

The relative importance of predictive variables varies with the situation. 
DMF-extractables is a considerably better single predictor than THF-extractables; 
yet in most multivariate cases THF-extractables make a larger Type IV contribution 
to regression sums of squares than do the DMF data. It is tentatively suggested 
that the DMF data are partially redundant with the pyrolysis data. We are not yet 
able to offer a specific mechanistic interpretation of these observations. 

After examination of a number of expressions containing predictors raised to 
other than the first power, and a number of expressions with cross-terms containing 
products of two predictors, the simple first-order linear equations of Table 4 seem 
to be as good as any. We are continuing to apply factor analysis to these data, 
with the objective of characterizing more clearly the underlying physicochemical 
features controlling fluid behavior in coals. 

This work is part of a larger study of coal plasticity, for which we 
acknowledge with thanks the support of the U.S. Department of Energy ( 3 ) .  
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Table 3 

Var iab les  Retained f o r  Mul t ip le  Linear  Regression Analysis  

Class :  R' i n  s imple regress ion*  

C l a s s i c  a1 FSI .260 
BTU .122 
% Sulfur  .031' 

Petrographic  E x i n i t e  .128 
Res i n i  t e . l o 5  
P s e u d o v i t r i n i t e  .290 
Max V i t r i n i t e  Ref lec tance  .246 

Ext rac t ion  DMF-extractables .554 
THF-extractables .199 

Pyrolysis/GC 4-5 min s i g n a l  %2 * 595 

- 14-16 min s i g n a l  counts3  .572 
2-5 min s i g n a l  counts2 .572 

13-17 min window counts3  .565 
-_______________________________________----------------------------------- 
* Averages f o r  s i x  e s t i m a t e s :  max observed f l u i d i t y  a t  400" and 420", and E ( a c t ) ,  

and max i n t e r s e c t i o n  f l u i d i t y  a t  400' and 420", and E ( a c t ) .  

' Retained owing to good p r e d i c t i v e  power f o r  coking s lopes .  
The 4-5 min s i g n a l  % and 2-5 min s i g n a l  counts  are s u b s t a n t i a l l y  redundant .  
The 14-16 min and 13-17 min s i g n a l  counts  a r e  s u b s t a n t i a l l y  redundant. 

Table  4 

B e s t - f i t  Three-value M u l t i p l e  Linear  Regression Equat ions 

Equation' Corr. c o e f f .  

CLASSICAL AND PETROGRAPHIC DATA ONLY: 
MELT400 = -1.128 +1.309E-4 * BTU -8.8573-2 * E X I N  +2.531E-l * RESI  .785 
MELT420 = -5.986 +5.793E-4 * BTU -2.7583-1 * E X I N  +6.919E-1 * RESI  .692 

COKE400 = +0.078 +1.582E-5 * BTU +3.3563-2 * SULF -3.018E-1 * REFL 
COKE420 = +0.757 f2.401E-5 * BTU 

FCAL420 = -54.54 +3.101E-3 * BTU +2.643E0 * SULF +1.962E+1 * REFL .723 

WITH EXTRACTION AND PYROLYSIS/GC DATA AVAILABLE: 

MELT400 = -0.311 +1.2243-1 * RESI +3.168E-2 * THF +3.287E-1 * PYR4 .906 
MELT420 = -1.369 +2.3883-1 * RESI +1.025E-1 * THF +1.285E0 * PYR4 .904 

FCAL4OO = -9.998 +1.102E+1 * REFL +3.374E-1 * THF +3.36930 * PYR4 .920 
FCAL420 = -11.59 +1.134E+l * REFL +5.767E-1 * THF +3.731E0 * PYR4 .912 

.8062 . 9132 +6.273E-2 * SULF -1.103E0 * REFL 

FCAL400 = -44.32 f2.419E-3 * BTU +1.815E0 * SULF +1.7893+1 * REFL .7 21 

________________________________________---------------------------------------- 
' Abbreviat ions:  MELT400 and MELT420 - melt ing s l o p e s  a t  400' and 420'C; COKE400 
and COKE420 - coking s l o p e s  a t  400" and 420°C; FCAL400 and FCAL420 - l n ( i n t e r s e c -  
t i o n  maximum f l u i d i t y )  a t  400' and 42OoC; BTU - h e a t i n g  va lue ;  E X 1  - % e x i n i t e ;  
REFL - %maximum v i t r i n i t e  r e f l e c t a n c e ;  RESI - % r e s i n i t e ;  SULF - % s u l f u r ;  THF - 
% e x t r a c t a b l e  by THF. B e s t  t h r e e - v a r i a b l e  f i t .  
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VISCOELASTIC PROPERTIES OF BITUMINOUS COALS 
1 John M. Howell and Nikolaos A. Peppas 

School of Chemical Engineering 
Purdue University 

West Lafayette, Indiana 47907 

INTRODUCTION 

these have on possible coal s t ruc tures  a re  of increasing in t e re s t  as indus t r ia l  
processes are developed for coal u t i l i za t ion  ( l iqu i fac t ion  and gas i f ica t ion) .  
Developing accurate s t ruc tura l  models and appropriate re la t ions  t o  predict  the  
swelling and thetmal behavior of  coals would grea t ly  a id  plant design by enabling 
engineers to  estimate reaction k ine t ics  and mechanisms f o r  reactions.  

explaining i t s  swelling and thermal behavior. 
tha t  i l l u s t r a t ed  i n  Figure 1 has been proposed by Lucht and Peppas [ l ] .  
of model i s  i n  agreement with current experimental findings and i s  applied i n  the  
analysis of experimental resu l t s .  

The study of the  swelling and thermal behavior of coals and the implications 

I t  i s  useful to  consider coal as  a crosslinked macromolecular network when 
A crosslinked s t ruc ture  such as 

This type 

Figure 1 .  
possible defects. -. . Chains par t ic ipa t ing  in network s t ruc ture ;  ---: 
ext iac tab le  (unreacted o r  degcaded) chains; 0 : cross l inks  ( junc t ions) ;  
molecules of swelling agent; M : molecular weight between crosslinks;  A: t e t r a -  
functional cross1 ink; B :  mulfifunctional c ross l ink ;  C:  unreacted func t iona l i t i es ;  
0: chain end; E :  entanglement; F: chain loop; G :  e f f ec t ive  network chain; 
H: mesh s ize .  

Chemical and Physical Structure of Coal 

linked macromolecular network models and theor ies  has become increasingly common i n  
the  recent past ,  although such models have existed f o r  over twenty years [2]. If  
mineral matter, ash and other impurit ies na tura l ly  occuring in coal a re  excluded, 

Simplified representation of the crosslinked s t ruc ture  of coal including 

Interpreting the  physical s t ruc ture  of macromolecular chains in coal with cross- 

~~ 

1.  Corresponding author 
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coal s t ruc tu res  can be described by two d i s t i n c t  phases. 
of small and large molecules which are uncrosslinked and occupy a substantial  
portion of the whole coal sample. 
uncross1 inked molecules formed during diagenesis [3], o r  somewhat degraded chains 
formed by depolymerization reactions during the  metamorphic stage of coal develop- 
ment. 
macromolecular phase forming a crossl inked three-dimensional network (coal matrix) 
[ l] .  
molecular chains and possible chain defects.  

(unless the  solvent ac t s  by combined diffusion and reac t ion ,  a s  i n  depolymerization), 
and i s  characterized by b o t h  physical and chemical c ross l inks .  
are found in highly entangled macromolecular chains t h a t ,  because of inherent 
r i g id i ty ,  have r e s t r i c t ed  mobility. 
Chemical crosslinks a r e  formed by chemical reactions between two o r  more coal chains, 
which lead t o  multifunctional c ross l inks .  

Coal researchers have considered models o f  various “reconstructed” chemical 
s t ruc tures  of coal as  a means t o  support t he i r  theor ies  [3]. B u t  model networks 
such as  those proposed by Wiser and Given a r e  only ind ica t ive  o f  the type  of chemical 
crossl inks one would expect in coal 
coal o r  the  s i ze  of macromolecular chains between cross l inks .  Chain ends, unreacted 

- iuncti-onali t ies,  chain loops and multifunctional crosslinks a re  types of defects 
which make an accurate analysis o f  the  coal network unlikely.  

The nature of the c ross l inks  i n  coal is a point of s c i e n t i f i c  dispute.  
of the work on identifying coal c ross l inks  r e l i e s  on ana lys i s  of the products of 
depolymerization and degradation reactions.  
strong intermolecular in te rac t ions  occur, analyzing the  r e su l t s  i s  d i f f i c u l t ,  
often leading only t o  speculations about chemical s t ruc ture  [3,4]. 

based on mass-analyzed ion k ine t ic  energy spectrometry. Other techniques have been 
used including elemental analysis and ident i f ica t ion  o f  decomposition and extraction 
products from coal ,  IR spectroscopy, h i g h  resolution NMR, and GC/mass spectroscopy. 
These r e s u l t s  have given us a c l ea re r  understanding of the  types of chemical bonds 
involved in crosslinking. 

Viscoelastic Properties of Coal 

One aspect of the  macromolecular coal s t ruc tu re  which has been given very l i t t l e  
a t ten t ion  upto now i s  i t s  v i scoe las t ic  behavior. I t  i s  in general known t h a t  coal 
a t  h i g h  temperatures, c lose  t o  the  l iquefaction temperature of 300-350°C, softens 
and behaves as  a highly viscous mater ia l .  I t s  v iscos i ty  becomes dependent on the  
conditions of application of s t r e s s  o r  s t r a i n .  For example, Nazem [5] studied the 
non-Newtonian behavior of carbonaceous niesophase pitch a t  high temperatures u s i n g  
a Haake viscometer and established t h e  non-Newtonian behavior in terms of the  
viscosity a s  a function of the  shear r a t e .  Briggs [SI investigated the v iscos i ty  
of coal t a r  pitch a s  a function of temperature. Covey and Stanmore [7] attempted 
to  present a cons t i tu t ive  equation f o r  the rheological behavior o f  Victorian brown 
coals of Australia. 

i s  through thermal analysis a t  high temperatures. The ear ly  work of Bangham and 
Franklin 181 established cha rac t e r i s t i c s  of the  change and expansion of t he  coal 
s t ruc ture  a t  high temperatures. More recently Sanada and Honda [SI used creep 
deformation experiments of various Japanese coals t o  e s t ab l i sh  t h e i r  mechanical 
behavior a t  high temperatures. 
and probably the only investigators upto now t o  inves t iga te  the  use of therm- 
mechanical ana lys i s  a s  a method o f  charac te r iza t ion  of coal s. 

ana lys i s  Of some American bituminous coals.  

The f i r s t  phase consists 

These macromolecular cliains can be in t ac t  

The primary phase o f  t h e  coal s t ruc tu re  cons is t s  o f  a highly crosslinked 

This i s  the s t ruc ture  shown i n  Figure 1 ,  which depicts several forms of macro- 

The crossl inked s t ruc tu re  cannot be extracted or dissolved a t  low temperatures 

Physical crosslinks 

In t h i s  case, disentanglement i s  not l ike ly .  

and are  n o t  proof of the  physical s t ruc ture  of 

_- 

Most 

Because the system i s  complex and 

A promising analytical  technique fo r  degradation products (coal l iqu ids)  i s  

’ 

An a l t e rna t ive  approach of investigation of the v iscoe las t ic  behavior o f  coals 

F ina l ly ,  Rovenskii and Melnik [lo] were the  f i r s t  

Here we present new and important information on the r e su l t s  of thermomechanical 
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EXPERIMENTAL PART 

Prev ious l y  s to red  i n  n i t r o g e n ,  f l a t  coa l  samples o f  t h e  f o l l o w i n g  c o a l s  were 
used i n  t h e  present  s t u d i e s :  PSOC-418 (69.95% C, dnunf b a s i s ) ,  PSOC-791 (72.75% C ) ,  
PSOC-312 (78.33% C), PSOC-853 (80.15% C), PSOC-402 (82.48% C) and PSOC-989 (88.81% C); 
a l l  ob ta ined  from the  coa l  bank o f  t h e  Pennsylvania S t a t e  U n i v e r s i t y .  A l l  samples 
had an i n i t i a l  surface area of app rox ima te l y  2.5 mm2. 
mechanical analyzer  (model TMS-2, Pe rk in  Elmer, Norwalk, Conn.) u s i n g  t h e  p e n e t r a t i o n  
mode o f  t h e  device, under cont inuous pu rg ing  o f  n i t r o g e n  and s t a r t i n g  from an 
i n i t i a l  temp r a t u r e  o f  35°C. The t i p  of t h e  probe was round w i t h  a su r face  area 
o f  0.6207 nun . 
and 40 g corresponding t o  s t resses  o f  0.158, 0.316, 0.474 and 0.632 MPa, respectively. 
Unless otherwise noted, a l l  s t u d i e s  were performed a t  a scanning speed of 10"C/min 
and upto 350°C. The deformat ion was determined as a f u n c t i o n  o f  t ime  and t ransform 
t o  s t r a i n  by d i v i d i n g  by t h e  o r i g i n a l  t h i ckness  o f  t h e  f l a t  samples. 

RESULTS AND DISCUSSION 

t es ted ,  a PSOC-791 sample w i t h  72.75% C on a dmnf bas i s  and a PSOC-312 sample w i t h  
78.33% C. I t  must be remembered t h a t ,  s i n c e  t h e  scanning speed i s  10"C/min, t h e  
same p l o t s  represent  t h e  deformat ion,  as des ignated by t h e  s t r a i n ,  as a f u n c t i o n  o f  
temperature. 

A l l  curves show an e a r l y  i n d u c t i o n  p e r i o d  which l a s t s  f o r  app rox ima te l y  5-10 
minutes o r  50-100 " C  and i s  c h d r a c t e r i s t i c  o f  t h e  ve ry  slow compressive creep o f  
h i g h l y  g lassy  polymer ic  m a t e r i a l s .  
va lues o f  Tg i n  t h e  range o f  300-350°C, much h ighe r  than  t h e  temperatures a t  t h e  
beginning o f  these experiments. 
t h e  experiment, corresponding t o  temperatures o f  215°C t o  285OC, a p la teau  i s  
observed i n  t h e  s t r a i n  versus t ime  behavior. Fu r the r  temperature i nc rease  1 eads 
t o  considerable i nc rease  o f  t h e  s t r a i n  probably  due, e i t h e r  t o  y i e l d i n g  o f  t h e  
macromolecular coa l  s t r u c t u r e  a t  temperatures where enough m o b i l i t y  o f  t h e  macro- 
mo lecu la r  chains has been a t t a i n e d ,  o r  t o  thermal degradat ion a t  these temperatures. 
However, t he  second exp lana t ion  i s  p robab ly  n o t  v a l i d  s ince  thermograv imetr ic  

They were t e s t e d  i n  a thermo- 

E A l l  samples were t e s t e d  under t h e  a p p l i c a t i o n  o f  loads of 10, 20, 30 

F igures 2 and 3 present  t h e  s t r a i n  versus t ime  curves f o r  two o f  t h e  samples 

Indeed f o r  these c o a l s  we have determined [ll] 

A f t e r  about 18 t o  25 minutes f rom t h e  beg inn ing  o f  

.os25 

t .0225 

.OI50 

TIME ( M I N I  

Figure 2: 
PSOC-791 (72.75% C, dmmf bas i s ) .  
(O), 0.316 (0 ) ,  0.47 ( A )  and 0.632 (0) MPa. 

Compressive s t r a i n  as a f u n c t i o n  of t ime  f o r  f l a t  coa l  samples o f  
The r e s u l t s  a r e  f o r  a p p l i e d  s t resses  o f  0.158 
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F igure 3 :  
312 (78.33% C). 
MPa. 

a n a l y s i s  exper iments under t h e  same scanning speed u s i n g  a thermograv imet r ic  analyzer 
(TGS-2, Perk in  Elmer, Norwalk, Conn.) showed l i t t l e  measurable we igh t  change o f  t he  

Indeed, 
as the  s t r e s s  increases, t h e  s t r a i n  i s  h i g h e r  and t h e  p o i n t  o f  d e v i a t i o n  f rom the  

t y p i c a l  o f  s i m i l a r  behav io r  i n  polymer networks.  
F i n a l l y ,  comparison o f  t h e  d a t a  o f  F igures  2 and 3 a t  t h e  same s t ress  shows 

t h a t  f o r  t he  coa l  samples w i t h  t h e  lower  carbon conten t ,  a t  t h e  same scanning t ime 
t h e  s t r a i n  i s  much h i g h e r  than t h a t  o f  t h e  samples w i t h  h i g h e r  carbon conten t .  This 
i S  a c l e a r  i n d i c a t i o n  t h a t  PSOC-791 i s  l e s s  c r o s s l i n k e d  than PSOC-312,-a n o t i o n  
which i s  c l e a r l y  supported by o u r  r e c e n t  d a t a  on t h e  d e t e r m i n a t i o n  o f  M o f  these 
and o t h e r  coa ls  [12]. Samples PSOC-402 ( w i t h  82.48% C) and PSOC-989 ( w h h  88.81% C) 
were t e s t e d  n o t  o n l y  a t  these s t r e s s e s  b u t  a l s o  a t  0.790 and 0.948 MPa. I n  no 
cases was any de format ion  observed, an o b s e r v a t i o n  c h a r a c t e r i s t i c  o f  v e r y  h i g h l y  
c r o s s l i n k e d  s t r u c t u r e s .  

when a p p l i e d  t o  creep data,  suggests t h a t  t h e  creep compliance i s  l o g a r i t h m i c a l l y  
dependent on t i m e  accord ing  t o  equat ion  ( 1 ) .  

Compressive strai ! !  as a f u n c t i o n  o f  t ime  f o r  f l a t  coal  samples o f  PSOC- 
The r e s u l t s  a r e  f o r  a p p l i e d  s t resses  o f  0.474 (0) and 0.632 ( 0 )  

coal  samples up t o  250°C. 

o r i g i n a l  p l a t e a u  i s  a t  lower  temperatures ( o r  t i m e s ) ,  which i s  c h a r a c t e r i s t i c  and 

f 
F igure  2 shows a l s o  t h e  general  dependence o f  t h e  s t r a i n  on s t ress .  

I 

I 

F u r t h e r  a n a l y s i s  of these d a t a  was achieved by u s i n g  t h e  N u t t i n g  theory ,  which 

J = g t n  

Here J i s  the  coa l  s t r u c t u r e  compliance, which i s  c a l c u l a t e d  f rom t h e  prev ious  graphs 
by d i v i d i n g  t h e  s t r a i n  by  t h e  a p p l i e d  s t ress ,  t i s  t h e  c reep t i m e  and g and n are  
two constants c h a r a c t e r i s t i c  o f  t h e  coa l  s t ruc tu re .  

e a r l i e r .  Al though one would expec t  a l i n e a r  r e l a t i o n s h i p  between these two para- 
meters t h e r e  a r e  some i m p o r t a n t  d e v i a t i o n s .  For example, t h e  i n i t i a l  p o r t i o n  o f  
t h e  graph, c h a r a c t e r i s t i c  o f  t h e  s l o w l y  changing i n d u c t i o n  p e r i o d  c o u l d  n o t  be 
represented by t h e  N u t t i n g  equat ion ,  because o f  t h e  h i g h l y  " f r o z e n "  s t r u c t u r e  o f  
t h e  macromolecular network o f  coa l .  The reg ion  between I n  t o f  2 and 3.2 can be 
reasonably represented by s t r a i g h t  l i n e s ,  which i n  accordance w i t h  N u t t i n g ' s  
equat ion,  a re  p a r a l l e l  f o r  d i f f e r e n t  s t resses .  f 

t h e  i n s i g n i f i c a n t  e f f e c t  o f  t h e  scanning speed r a t e  on t h e  s t r a i n - t i m e  behavior.  
The Same f i g u r e  shows t h a t  a cont inuous  inc rease o f  t h e  s t r a i n  i s  observed even 

F igure  4 shows a p l o t  o f  I n  J versus I n  t f o r  t h e  samples o f  PSOC-791 p l o t t e d  

I ,  

A n . i n t e r e s t i n g  aspec t  o f  these s t u d i e s  i s  a l s o  shown i n  F i g u r e  5 which presents 
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~ F igure  5: E f f e c t  o f  scanning speed on t h e  s t r a i n - t i m e  curve. Resu l ts  f o r  coal  

: CONCLUSIONS 

PSOC-418 (69.95% C)  w i t h  2.5 (O), 5(0 ) ,  10 ( A )  and 20 ( 0 )  "C/min. 

I These r e s u l t s  f u r t h e r  suppor t  t he  idea o f  a h i g h l y  c ross1 inked, macromolecular 
coa l  network [l], and a r e  i n d i c a t i v e  o f  t h e  d i f f i c u l t y  by which t h e  thermal degra- 
d a t i o n  occurs.  

I 
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THE MOLECULAR WEIGHT BETWEEN CROSSLINKS OF SELECTED AMERICAN COALS 
1 2 

Lucy M. Lucht  and Niko laos A. Peppas 

School o f  Chemical Engineer ing 
Purdue U n i v e r s i t y  

West Lafayette, I nd iana  47907 

INTRODUCTION 

t h a t  t h e  organic  p o r t i o n  of bituminous coa ls  can be considered as a "Cross l inked 
polymer" ( s i c ) .  
have developed mathematical,  t o p o l o g i c a l ,  and physicochemical models which desc r ibe  
network s t r u c t u r e  o f  coa ls  by accurate and p h y s i c a l l y  complete t h e o r i e s .  

Lucht and Peppas (1981a) proposed t h a t  t h e  o rgan ic  phase o f  coa l  c o n s i s t s  o f  a 
c ross l i nked  macromolecular s t r u c t u r e  which does n o t  d i s s o l v e  a t  l ow  temperatures 
unless r e a c t i o n  and degradat ion occur; and o f  a p o r t i o n  o f  uncross1 inked macromole- 
c u l a r  chains o f  predominate ly  a l i p h a t i c  character ,  which can be e x t r a c t e d  a t  low o r  
moderate temperatures i f  an approp r ia te  so l ven t  i s  used. 
molecules may be m a t e r i a l  from t h e  o r i g i n a l  ma t te r  formed d u r i n g  d iagenesis ,  o r  
p a r t i a l l y  degraded chains t h a t  were formed through depplymer izat ion r e a c t i o n s  d u r i n g  
t h e  development o f  coal .  F igure 1 shows a s i m p l i f i e d  d e s c r i p t i o n  o f  t h e  o rgan ic  
phase accord ing t o  Lucht  and Peppas. The same scheme inc ludes  not o n l y  i d e a l  
chemical c r o s s l i n k s  (A,B) bu t  a l s o  unreacted f u n c t i o n a l i t i e s  (C), cha in  ends ( D ) ,  
and va r ious  defects o f  t h e  macromolecular s t r u c t u r e  such as l oops  ( F )  and phys i ca l  
c r o s s l i n k s  (E), known as entanglements. 
i s  h i g h l y  entangled, t h a t  i s  t h e  chains a r e  r i g i d  and have l i m i t e d  m o b i l i t y .  
t hey  a re  u n l i k e l y  t o  d i sen tang le  when st ressed o r  swelled. Chemical c r o s s l i n k s  a r e  
formed by chemical r e a c t i o n  o f  two or more chains t o  y i e l d  a m u l t i f u n c t i o n a l  cross-  
l i n k .  

The chemical na tu re  o f  t h e  c o r s s l i n k s  found i n  coa l  has n o t  been adequately 
determined. I n  t h e  development o f  mathematical models t o  desc r ibe  t h e  behavior  o f  
t he  network, c r o s s l i n k s  a re  assumed-to be p o i n t s  o r  s h o r t  b r i dges  w i t h  a molecular  
weight much smal ler  than Hc. 
molecular  weight  between c r o s s l i n k s  o f  t h e  coa l  s t r u c t u r e .  
t h e  degree o f  c r o s s l i n k i n g  decreases. 

f o r  s t a t i s t i c a l  ana lys i s ,  Lucht  and Peppas (1981b) proposed a c r o s s l i n k e d  coa l  
s t r u c t u r e ,  where t h e  c r o s s l i n k s  a re  bonding reg ions  s i m i l a r  t o  groups proposed by 
Wiser (1977) (see F igu re  2). 
connecting bonds. 
o c y c l i c  r i n g s  fused together ,  whereas t h e  connect ing bonds 
as -0-, -S-S- and -CH2-. 
l a r g e  p o r t i o n  of  t h e  coa l  do n o t  e x h i b i t  a repea t ing  u n i t ,  as de f i ned  i n  convent ional  
polymers. Thus, coal  does n o t  have a "polymer s t r u c t u r e "  b u t  a macnomolecuRatl 

has c rea ted  some confusion, n o t  o n l y  among coa l  s c i e n t i s t s ,  who t r y  t o  analyze t h e  
c ross l i nked  s t r u c t u r e ,  b u t  a l s o  among polymer s c i e n t i s t s ,  who t r y  t o  apply  s t a t i s t i c a l  
mechanical t heo r ies .  A h y p o t h e t i c a l  repea t ing  u n i t  may be de f i ned ,  s o l e l y  f o r  
purposes o f  a p p l i c a t i o n  of t o p o l o g i c a l ,  s t a t i s t i c a l  mechanical,  and s w e l l i n g  theor ies,  
f o r  t h e  de te rm ina t ion  o f  9. 

Experimental techniques which support t h e  ex i s tence  o f  a c r o s s l i n k e d  s t r u c t u r e  
are based on e x t r a c t i o n  and s w e l l i n g  O f  t h e  coal  sample o r  coa l  m a t r i x  wi th thermo- 
dynamical ly  "good" so l ven ts  such as p y r i d i n e  and e thy lene  diamine, and thermodynamically 
1. Present address: 
2. Corresponding author .  

Van Krevelen (1961) and Sanada and Honda (1966, 1967) were t h e  f i r s t  t o  propose 

Since then, Larsen and Kovac (1978), and Lucht  and Peppas (1981a) 

These unc ross l i nked  

Physica l  c r o s s l i n k s  occu r  because t h e  system 
Hence, 

Here M, r e f e r s  t o  t h e  s t a t i s t i c a l  number average 
Obviously, as 9 increases 

To f u r t h e r  s i m p l i f y  t h e  macromolecular s t r u c t u r e  i n  o r d e r  t o  make i t  t r a c t a b l e  

Each chain cons is t s  o f  groups o f  aromat ic  c l u s t e r s  and 
The c l u s t e r  may be a s t r u c t u r e  o f  two o r  more aromat ic  o r  he te r -  

In  a d d i t i o n ,  t h e  macromolecular cha ins  which c o n s t i t u t e  a 
a r e  s imple groups such 

6&UCtwL'2. 
The un fo r tu rna te  use o f  t h e  t e r n  "po lymer ic  s t r u c t u r e "  by Van Krevelen (1961), 

Lawrence Livermore Laboratory, P.O. Box 808, Livermore, CA 94550. 
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Figure 1 .  Simplified Representation o f  the Crosslinked Structure of Coal Including 
Possible Defects. : Chains participating in network structure; - - - - *  . extractable 
(unreacted o r  d e g r a m  chains; 0: crosslinks ( junct ions) ;  0 :  molecules of swelling 
agent; 9: molecular weight between crosslinks; A:  tetrafunctional crosslink; B :  multi- 
functional cross1 ink; C: unreacted functionalites; D:  chain end; E :  entanglement; F: 
chain loop; G .  effective network chain; H: mesh size. 

' 

P 

, 

Figure 2.  Proposed Crosslinked Structure in Coals According t o  Lucht and Peppas 
(1 981 ). 
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"Poor" Solvents such as methanol, benzene, e thanol ,  e t c .  Most o f  t h e  s tud ies  have 
been performed us ing e i t h e r  Soxhlet  e x t r a c t i o n ,  o r  s imple o r  s o p h i s t i c a t e d  dynamic 
s w e l l i n g  experiments. The term "so l ven t "  i s  used here i n te rchangeab ly  t o  descr ibe 
l i q u i d s  which d i sso l ve  coal ,  and a l s o  l i q u i d s  which swel l  i t  o r  r e a c t  w i t h  it. 

phase of  coal i n  terms o f  parameters o f  t h e  c r o s s l i n k e d  s t r u c t u r e .  

EXPERIMENTAL PART 

Coal samples which had been ground t o  an average p a r t i c l e  s i z e  o f  20-30 mesh 
(600-850 um) and packed under n i t r o g e n  were fu rn i shed  by t h e  coa l  bank o f  Pennsylvania 
S ta te  Un ive rs i t y .  

E x t r a c t i o n  was used t o  separate t h e  coa l  m a t r i x  f rom m a t e r i a l  which i s  f r e e  o r  
l o o s e l y  he ld i n  the  i n t e r s t i c e s .  
mesh p a r t i c l e  s i z e  and approx imate ly  3 g. was weighed t o  5 0.0001 g, and e x t r a c t e d  i n  
a Soxhlet  apparatus u s i n g  p y r i d i n e  ( A l d r i c h )  under n i t r o g e n  a t  115.5"C. 
s o l u t i o n  was rep laced every one t o  f o u r  days w i t h  f r e s h  p y r i d i n e  u n t i l  t h e  e x t r a c t  
s o l u t i o n  appeared t o  be pure p y r i d i n e  ( u s u a l l y  one t o  e i g h t  weeks). The ex t rac ted  
res idue was d r i e d  t o  cons tan t  weight  under vacuum a t  ca 60°C and ea 0.93 MPa under 
f l o w i n g  n i t rogen .  

e q u i l i b r i u m  volume f r a c t i o n  o f  coal  i n  a so lvent-swel led system a t  a s p e c i f i e d  
s w e l l i n g  temperature. Data were c o l l e c t e d  v i a  g r a v i m e t r i c  s o r p t i o n  s tud ies .  Samples 
were d r i e d  a t  60" t o  80°C under f l o w i n g  n i t r o g e n  a t  s l i g h t l y  g r e a t e r  than atmospheric 
pressure f o r  a t  l e a s t  24 hours t o  remove f r e e  su r face  water. Preweighed samples were 
exposed t o  an environment sa tu ra ted  w i t h  vapors o f  p y r i d i n e  i n  dess i ca to rs  a t  s p e c i f i e d  
temperatures, maintained constant  e i t h e r  w i t h  a water  ba th  o r  w i t h  a convect ion oven. 
The t ime  requ i red  f o r  s w e l l i n g  e q u i l i b r i u m  was between 5-12 weeks. A t  t h e  end o f  t he  
s w e l l i n g  per iod,  t h e  samples were removed and reweighed. 

RESULTS AND DISCUSSION 

E q u i l i b r i u m  s w e l l i n g  s tud ies  p rov ide  t h e  f i n a l  va lues o f  t h e  e q u i l i b r i u m  volume 
f r a c t i o n  o f  coal i n  a so l ven t -  swel led system, u2, a t  a s p e c i f i e d  s w e l l i n g  temperature. 
The degree o f  swe l l i ng ,  Q = l / u 2 ,  i s  an i n d i c a t o r  o f  b o t h  so l ven t / coa l  thermodynamic 
i n t e r a c t i o n s  and o f  t h e  physicochemical s t r u c t u r e s  o f  coa l .  It can be used i n  any  
Gaussian o r  mod i f i ed  Gaussian network equat ion such as equat ion (1) t o  determine M, 
and o t h e r  c r o s s l i n k i n g  parameters. 
f avo rab le  thermodyna_mic i n t e r a c t i o n s  w i t h  a so l ven t  f o r  i q u e f a c t i o n  purposes. 

Here we present recen t  experimental r e s u l t s  which c h a r a c t e r i z e  t h e  organic  

I n  a t y p i c a l  e x t r a c t i o n ,  a coa l  sample o f  20-30 

The e x t r a c t  

Equ i l i b r i um s w e l l i n g  s tud ies  were conducted t o  p rov ide  t h e  f i n a l  values o f  t h e  

I n  a d d i t i o n ,  r e s u l t s  can be used t o  q u a n t i f y  

2 1.  
+ n ( l  - u2) + u2 t xu ][I - 1 u2/31 2 N 2  

Here, Ec i s  t h e  number average molecular  weight  between c r o s s l i n k s ;  
volume o f  t h e  macromolecule; V i s  t h e  molar  volume o f  t h e  s w e l l i n g  agent; u2 i s  t h e  
volume f r a c t i o n  o f  t h e  macromolecule i n  t h e  swol len system; x i s  t h e  Flory-Huggins 
thermodynamic i n t e r a c t i o n  parameter; and N i s  t h e  number o f  bond vec to rs  i n  a s i n g l e  
chain, .given by equat ion ( 2 )  where M r  i s  t h e  m l e c u l a r  weight  o f  t h e  c h a r a c t e r i s t i c  
repeat ing u n i t .  - 

M- 

i s  t h e  s p e c i f i c  

Equation (1 )  was developed s p e c i f i c a l l y  f o r  a p p l i c a t i o n  t o  t h e  e q u i l i b r i u m  
so lven t  s w e l l i n g  o f  coa ls .  
so lvent-swel led coa ls  by l i m i t i n g  t h e  e x t e n s i b i l i t y  o f  t h e  i n d i v i d u a l  chain.  I t  i s  
therefore more approp r ia te  f o r  de te rm ina t ion  o f  t h e  molecular  weight  between cross-  
l i n k s ,  9, v i a  so l ven t -swe l l i ng  s tud ies,  than t h e  Flory-Rehner equat ion,  which assumes 
t h a t  t h e  end-to-end d i s tance  between cha in  ends i s  much l e s s  than t h e  contour  l e n g t h  
of  t he  chain and thus a l l o w s  a cha in  t o  be i n f i n i t e l y  ex tens ib le .  

It must be noted t h a t  i n  our  proposed model (F igu re  2), a repea t ing  u n i t  cons i s t s  

Th is  approach accounts f o r  t h e  f i n i t e  expansion o f  
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o f  a c l u s t e r  and a connect ing bond. Th is  i s  a reasonable assumption i n  view o f  the 
comparat ive ly  small  s i z e  o f  t h e  connect ing bond ( u s u a l l y  -CH2-, -S-S-, o r  -0-) w i t h  
respect  t o  the  c l u s t e r  s i ze .  The molecular  weight  o f  a repea t ing  u n i t  i s  about 130 
f o r  l i g n i t e s ,  170 f o r  b i tuminous coa ls  up t o  86%C (drrmf), and 370 f o r  coa ls  w i t h  a 
h igher  carbon content .  

so lvents  which causes s i g n i f i c a n t  s w e l l i n g  i n  a l l  bu t  t h e  h ighes t  rank coa ls ;  some 
researchers (e.g., Marzec e,t d., 1979) b e l i e v e  t h a t  p y r i d i n e  has a s t ronger  i n t e r -  
a c t i o n  w i t h  coal  than t h e  e x t r a c t a b l e s  and t h a t  p y r i d i n e  may be a b l e  t o  dest roy 
hydrogen-bonding i n  t h e  coal  s t r u c t u r e .  

F igure 3 i s  a t y p i c a l  graph o f  r e s u l t s  showing t h e  dependence o f  t h e  degree of 
swel l ing,  Q, co r rec ted  f o r  m ine ra l  ma t te r  on carbon con ten t  (on a dmmf b a s i s ) .  
was assumed t h a t  t h e  o rgan jc  vapor does n o t  swel l  c l a y s  o r  meta ls  t o  a s i g n i f i c i a n t  
degree, so t h e i r  weight was sub t rac ted  f rom t h e  t o t a l .  P y r i d i n e  vapor s w e l l i n g  was 
conducted a t  35.0 t 0.5"C f o r  60 days t o  s w e l l i n g  e q u i l i b r i u m  and compared w i t h  the  
da ta  obtained, as aesc r ibed  above, over 51 days a t  60 t 0.5"C. 
i s  s i g n i f i c a n t l y  g rea te r  a t  60°C than a t  35"C, a l t houg l i  t h e  shapes o f  t h e  curves are 
s i m i l a r .  A t  35"C, the  degree o f  s w e l l i n g  i s  constant  a t  Q = 1.8-2.0 from ca 70%C and 
up t o  approx imate ly  86%C, d ropp ing  as i n  t h e  h ighe r  temperature case t o  Q = 1.1 a t  91%C. 

Experimental data were a l s o  obta ined which show t h e  e f f e c t  o f  p y r i d i n e  p re t rea t -  
mew& on t h e  sc!vent vapor s w e l l i n g  o f  coa ls .  
was performed a t  60 t 0.5"C f o r  51 days and these data a r e  shown i n  F igu re  4. 
shape o f  t h e  cu rve  is s i m i l a r  t o  t h a t  o f  t h e  unex t rac ted  c o a l s  swel led by p y r i d i n e  as 
shown i n  F igure 3, a l though t h e  magnitude o f  t h e  degree o f  s w e l l i n g  i n  t h e  p y r i d i n e  
e x t r a c t e d  coa ls  ove r  t h e  carbon con ten t  range o f  69.94 t o  82.48%C (dmmf) i s  somewhat 
lower  than f o r  t h e  unext racted coa ls ,  rang ing  from Q = 2.2 t o  2.5 f o r  t h e  p y r i d i n e  
ex t rac ted  coal  samples as compared t o  Q = 2.5 t o  2.8 f o r  t h e  un t rea ted  coal  samples. 

ANALYSIS 
The mod i f i ed  Gaussian network equat ion ( 1 )  can be a p p l i e d  o n l y  t o  t h e  r e s u l t s  o f  

swe l l i ng  o f  coal networks which a r e  f r e e  o f  unc ross l i nked  m a t e r i a l ,  i .e., ex t rac tab le  
ma te r ia l .  Thus, o n l y  t h e  r e s u l t s  from t h e  e q u i l i b r i u m  s w e l l i n g  o f  py r id ine -ex t rac ted  
coa l  samples were used i n  t h e  de te rm ina t ion  o f  t h e  molecular  weight  between c ross l i nks .  

I n  t h e  de te rm ina t ion  o f  t h e  mo lecu la r  weight  between c r o s s l i n k s ,  t h e  volume 
f r a c t i o n  o f  coal  i n  t h e  p y r i d i n e  swol len system, u2 = 1/Q, was c a l c u l a t e  on a mineral 
ma t te r  f ree  basis, assuming t h a t  pores wi th  d iameter  o f  g r e a t e r  than 50 f conta ined 
condensed so l ven t  o n l y  which d i d  n o t  c o n t r i b u t e  t o  swe l l i ng .  The values o f  these pore 
volumes were determined by mercury porosimetry. 

The average values o f  t h e  mo lecu la r  weight  o f  a h y p o t h e t i c a l  repea t ing  u n i t  o f  
coal  were taken t o  be 130 f o r  l i g n i t e  o r  sub-bituminous coal  samples, 170 f o r  
bituminous coal  samples w i t h  carbon con ten ts  up t o  ca 86%C (dmmf), and 370 f o r  a l l  
coa l  samples o f  rank g r e a t e r  than medium v o l a t i l e  bituminous up t o  semi-anthrac i te  
samples. 
aromatic/hydroaromatic c l u s t e r s  and t h e i r  cross1 i n k s .  

contents  o f  75.9, 82.4, and 88.2ZC (dmnf) were determined by t h e  Hildebrand-Skatchard 
regu la r  s o l u t i o n  theo ry  f rom t h e  s o l u b i l i t y  parameters determined by K i r o v  ct at . ,  
(1967). 
a t  25"C, w h i l e  t h e  e q u i l i b r i u m  s w e l l i n g  experiments o f  our  work were c a r r i e d  out  a t  
35, 60 and 80°C. 
f o r  d i f f e r e n t  temperatures i n  t h e  f o l l o w i n g  way. 

on carbon content  i s  shown i n  F igure 5 w h i l e  t h e  dependence o f  t he  e f f e c t i v e  molecular  
weight  between c ross l i nks ,  5. on carbon con ten t  i s  shown i n  F igu re  6. Resul ts  from 
e q u i l i b r i u m , s w e l l i n g  by p y r i d i n e  vapor a t  35°C o f  p y r i d i n e  ex t rac ted  c o a l s  were used 
i n  t h e  a p p l i c a t i o n  o f  equat ion ( 1 ) .  

The number of  repea t ing  u n i t s  between c r o s s l i n k s  i s  r e l a t i v e l y  constant ,  ranging 
from N = 7.0 t o  8.5, over  t h e  carbon content  range o f  69.96 t o  82.48%C (dmmf). A t  a 
carbon con ten t  o f  86.01%C (dmnf), t h e  va lue o f  N drops t o  4.6 and cont inues t o  dec l i ne  

Py r id ine  was used as t h e  probe f o r  most experiments because i t  i s  one o f  t he  few 

It 

The degree -o f  swel l ing 

E q u i l i b r i u m  s w e l l i n g  o f  these-samples 
The 

These va lues were determined from t h e  present  view o f  t h e  s i z e  o f  t h e  

The values o f  t he  thermodynamic i n t e r a c t i o n  parameter, X, f o r  coa ls  w i t h  carbon 

The va lues o f  t h e  s o l u b i l i t y  parameter repo r ted  i n  t h a t  s tudy were determined 

Therefore, c o r r e c t i o n s  i n  t h e  s o l u b i l i t y  parameter va lues were made 

The dependence o f  t h e  e f f e c t i v e  number o f  repea t ing  u n i t s  between c ross l i nks ,  N, 
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Figure 3. Equilibrium Swelling by Pyridine Vapor of 20-30 mesh, Untreated Coal 
Particles. ( n ) 60°C; ( 0 )  35°C. 
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Figure 4. Equilibrium Swelling by Pyridine Vapor o f  20-30 mesh, Pyridine-Extracted 
Coal Particles at 60°C. 
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Figure 5. Dependence o f  Number o f  Repeating Units Between Crosslinks on Carbon Content 
o f  Coal Sample. 

PERCENT CARBON CONTENT.(DMMF) 

Figure 6. Dependence o f  Molecular Weight Between Crosslinks on Carbon Content o f  
Coal SarnDle. 



t o  a va lue o f  2.2 a t  a carbon con ten t  o f  91.54%C ( d m f ) .  
Nelson (1983) obta ined so l ven t  uptake data f o r  methanol vapor i n t o  coal over  a 

range o f  a c t i v i t i e s  of methanol and then a p p l i e d  m o d i f i c a t i o n  and rearrangements of  
t he  Flory-Rehner network s w e l l i n g  equat ion and o f  t h e  mod i f i ed  Gaussian network 
equat ion (1)  t o  these r e s u l t s .  The m o d i f i c a t i o n  he made was t o  assume t h a t  t h e  swol len 
coal  system was i n f i n i t e l y  d i l u t e  i n  coa l ,  and thus t h e  volume f r a c t i o n  of so l ven t  
c o u l d  be approximated as t h e  a c t i v i t y  o f  t h e  so l ven t .  
approximation as the  volume f r a c t i o n  o f  coal  i n  a methanol swel led coa l  system i s  on 
t h e  o rde r  o f  0.7. He a l s o  assumed i n  h i s  de te rm ina t ion  o f  t he  molecular  weight  
between c r o s s l i n k s  t h a t  t h e  number o f  repea t ing  u n i t s  between c r o s s l i n k s  was about 7. 
Th i s  defeats  t h e  purpose of  t h e  modi f ied Gaussian equation, which i s  t o  e l u c i d a t e  t h e  
e f f e c t i v e  f l e x i b i l i t y  o r  number o f  repea t ing  u n i t s  between c r o s s l i n k s .  It i s  t h e  
s i z e  o f  t he  repeat ing u n i t  which must be known o r  est imated. 
molecular  weight between c r o s s l i n k s  determined by Nelson f o r  s w e l l i n g  by methanol were 
ca 70 and ca 120, us ing  t h e  Flory-Rehner and mod i f i ed  Gaussian equations, r e s p e c t i v e l y .  

E q u i l i b r i u m  swe l l i ng  r e s u l t s  o f  p y r i d i n e  e x t r a c t e d  coa ls  i n  p y r i d i n e  l i q u i d  a t  
room temperature were obta ined by K i rov  et d. (1967). The research group of  Sanada 
and Honda (1966) performed e q u i l i b r i u m  s w e l l i n g  o f  p y r i d i n e  e x t r a c t e d  coals  w i t h  
p y r i d i n e  vapor a t  room temperature. Both groups used t h e i r  data i n  t h e  Flory-Rehner 
Gaussian equation. The r e s u l t s  have been r e c a l c u l a t e d  (Larsen and Kovac, 1978; Lucht 
and Peppas, 1981a) t o  c o r r e c t  some e r r o r s  i n  t h e  i n i t i a l  work o f  Sanada and Honda 
and t o  conver t  the va lues o f  volume between c r o s s l i n k s  determined by K i rov  et d. t o  
t h e  more commonly used molecular  weight between c r o s s l i n k s .  

and 940 f o r  coa ls  w i t h  carbon con ten t  o f  75.9, 82.4 and 88.2%C ( d a f ) .  
o f  t h e  values Mc are approx imate ly  t w i c e  t h o s e ' o f  ou r  values, which cou ld  r e s u l t  from 
an apparent h igh  degree o f  s w e l l i n g  due t o  so l ven t  between p a r t i c l e s  i n  t h e  l i q u i d  

and Honda range from iC equal t o  zero ( a  l a r g e  nega t i ve  number) t o  about 15,000, 
a l though many o f  t h e i r  values o f  hic range from 700 t o  2000. 
o f  
obta ined from t h e  r e s u l t s  o f  osmotic pressure da ta  f o r  p y r i d i n e  ex t rac tab les  o f  
Wynne-Jones e& d. (1952). 
t h e  va lue o f  Mc w i l l  a l s o  i nc rease  u n t i l  x reaches a c e r t a i n  c r i t i c a l  value, beyond 
which t h e  Gaussian and t h e  mod i f i ed  Gaussian equat ions p r e d i c t  a nega t i ve  molecular  
weight  between c ross l i nks .  
h i g h  degree o f  s w e l l i n g  and unfavorable i n t e r a c t i o n  between a so l ven t  and t h e  macro- 
molecule being swelled. 
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' Th is  i s  obv ious l y  an i n v a l i d  

\ 

The va lues o f  t h e  

The values o f  determined by us from the  data o f  K i rov  et d. a r e  2595, 2100 
The magnitude 

' e q u i l i b r i u m  s w e l l i n g  rocedure used. Our co r rec ted  r e s u l t s  o f  the da ta  o f  Sanada 

, The unreasonable va lues 
r e s u l t  from t h e  va lues they  used o f  t h e  thermodynamic i n t e r a c t i o n  parameter, X ,  

When t h e  va lue o f  x increases f o r  a g i ven  s e t  o f  cond i t i ons ,  

Rephrased, i t  i s  imposs ib le  t o  have s imul taneously  a 
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INTRODUCTION 

Mayo r e p o r t e d ( l , 2 , 3 )  e f f o r t s  t o  b r e a k  c r o s s - l i n k s  i n  c o a l  under  mi ld  c o n d i t i o n s ,  
by t r e a t i n g  a t o l u e n e  i n s o l u b l e ,  p y r i d i n e  s o l u b l e  (TIPS) f r a c t i o n  of I l l i n o i s  No.6 
c o a l  w i t h  p y r i d i n e  h y d r i o d i d e  (Py-HI) i n  p y r i d i n e ,  a t  room t empera tu re ,  f o r  s i x  days.  
The hydroxy l  c o n t e n t  o f  t h e  p roduc t  i n c r e a s e d ,  t h e  molecu la r  we igh t  (VP0,GPC) 
dec reased  and i o d i n e  was i n c o r p o r a t e d .  L i th ium i o d i d e  i n  p y r i d i n e  showed a s i m i l a r  
e f f e c t .  Treatment  of TIPS w i t h  sodium i n  l i q u i d  ammonia quenched by N H  C 1  a l s o  in-  
c r e a s e d  t h e  hydroxy l  c o n t e n t  b u t  t h e  d e c r e a s e  i n  molecu la r  weight  was l e s s  t han  with 
Py-HI. 
mo lecu la r  we igh t .  The s u g g e s t i o n  i s  t h a t  t h e s e  r e a g e n t s  a r e  c l e a v i n g  similar, if. not  
i d e n t i c a l ,  f u n c t i o n a l  g roups  i n  c o a l .  

4 

Treatment  o f  t h e  sodium/ammonia p r o d u c t s  w i t h  Py-HI f u r t h e r  reduced t h e  

- 
Sodium i n  l i q u i d  ammonia c l e a v e s  e t h e r s  i n  c o a 1 ( 4 , 5 ) ,  most l i k e l y  d i a r y 1  o r  

a r y l - b e n z y l  b u t  n o t  a l k y l - a r y l  or  d i a l k y l  e t h e r s ,  by a r a d i c a l  a n i o n  mechanism.(6) 

T h i s  s t u d y  w a s  unde r t aken  t o  de te rmine  i f  e t h e r  o r  e s t e r  g roups  of t y p e s  which 
may b e  p r e s e n t  i n  c o a l  are c l e a v e d  by Py-HI o r  L i I  i n  p y r i d i n e ,  a t  moderate  tempera- 
t u r e s ,  t o  produce pheno l s .  Py-HBr(7) c l e a v e s  a lky l -naph thy l  e t h e r s  above 230°, bu t  
low t empera tu re  c l e a v a g e  r e a c t i o n s  w i t h  Py-HI have n o t  been r e p o r t e d .  
deme thy la t e s  2-methoxynaphthalene i n  r e f l u x i n g  c o l l i d i n e  (172 ' ) . (8)  

L i th ium iod ide  

Mono-functional e t h e r s  o r  e s t e r s  t r e a t e d  w i t h  Py-HI o r  L i I  i n  t h e  p re sence  and 
absence  o f  c o a l  f r a c t i o n s ,  s o l v e n t s ,  s u l f i d e s  and r a d i c a l  s o u r c e s  a r e  u n r e a c t i v e  a t  
low t empera tu res  b u t  a lkoxy g roups  o r t h o  t o  a n  a r o m a t i c  c a r b o x y l  group a r e  c l eaved .  

EXPERIMENTAL 

P y r i d i n e  hydr iod ide  was p r e p a r e d  i n  78% y i e l d  by p a s s i n g  H I  gas  i n t o  a dry 
t o l u e n e  s o l u t i o n  o f  p y r i d i n e  and r e c r y s t a l l i z i n g  t h e  s o l i d  p roduc t  from methanol .  
The fo l lowing  compounds were s y n t h e s i z e d  by s t a n d a r d  methods and have p h y s i c a l  
c o n s t a n t s  i n  agreement w i t h  l i t e r a t u r e  v a l u e s :  Benzyl  pheny l  e t h e r  ( I ) ,  2-naphthyl- 
methyl-2-naphthyl  e t h e r  (11)  , I-naplithylmethyl-1-naphthyl e t h e r  (111) , c y c l o h e x y l  
pheny l  e t h e r  ( IV),  pheny l  p h e n e t h y l  e t h e r  (V), and  1-naphthyl  benzoa te  (VI ) .  Other 
model compounds w e r e  r e a g e n t  g rade  commercial  p r o d u c t s ,  checked f o r  p u r i t y  by HPLC 
and NMR, and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

P y r i d i n e  was d i s t i l l e d  from ba r ium ox ide  under  n i t r o g e n  b e f o r e  u s e .  Reac t ions  
were u s u a l l y  conducted on a . l - 10  mmole s c a l e  (.02-.3M), under  n i t r o g e n .  P roduc t s  
were i s o l a t e d  from p y r i d i n e  s o l u t i o n s  by quenching w i t h  aqueous a c i d  fo l lowed  by ex- 
t r a c t i o n  a n d  q u a n t i t a t i v e  a n a l y s i s  u s i n g  e i t h e r  g a s  chromatography (12% FFAP column) 
o r  HPLC (C 
d u c i b l e  wi1h.n +3% a b s o l u t e .  
Penn S t a t e  Coa l  Data Bank were i s o l a t e d  by t h e  methods of Mayo. 
which e t h e r s  and Py-HI were mixed w i t h  c o a l  f r a c t i o n s ,  an a s p i r a t o r  vacuum was a p p l i e d  
and broken w i t h  n i t r o g e n  s e v e r a l  t i m e s  t o  speed  up t h e  s w e l l i n g  o r  d i s s o l u t i o n  of t h e  
f r a c t i o n  and d i f f u s i o n  o f  r e a g e n t s  i n t o  t h e  c o a l  network.  

REACTIONS WITHOUT SOLVENT 

r e v e r s e  phase column).  The r e p o r t e d  y i e l d s  (or r e c o v e r i e s )  a r e  repro-  

For expe r imen t s  i n  
F r a c t i o n s  of an  I l l i n o i s  No. 5 c o a l  (PSOC-252) from t h e  

A s  expec ted  from Royer ' s  work (7 ) ,  t h e  f o l l o w i n g  compounds were c l e a v e d  by excess  
Py-HI i n  a n  evacua ted ,  s e a l e d  t u b e  a t  210" f o r  4 5  h r s :  A n i s o l e ,  (I),  (IV),  (V) and 



methy l  benzoa te .  From t h e  e t h e r  r e a c t i o n s ,  phenol  was i s o l a t e d ;  from t h e  e s t e r ,  
benzo ic  a c i d .  Only t r a c e  amounts o f  a l k y l  i o d i d e s  were found s i n c e  t h e y  r e a c t  w i t h  
H I  a t  210" t o  y i e l d  t h e  obse rved  hydrocarbons.  These r e s u l t s  show t h e  e t h e r s  t o  
behave normally and a l s o  i n d i c a t e  t h a t  t h e  r e a c t i v i t y  of Py-HI i s  s l i g h t l y  g r e a t e r  
t han  t h a t  of Py-HBr, a s  expec ted  f o r  c l e a v a g e  by n u c l e o p h i l i c  s u b s t i t u t i o n .  
and 25 hour s ,  Py-HI conve r t ed  2-methoxy benzo ic  a c i d  t o  a complex m i x t u r e  o f  p r o d u c t s  
i n c l u d i n g  s e v e r a l  r i n g  i o d i n a t e d  s p e c i e s  (mass spec ) .  

REACTIONS I N  SOLUTION 

A t  196" 

A s  expec ted ,  2-naphthylmethyl-2-naphthyl e t h e r  (11) i s  c l e a v e d  by r e f l u x i n g  57% 
aqueous H I  t o  y i e l d  2-naphthol .  However, a t  t empera tu res  of 50 to  115", f o r  up t o  
seven days ,  Py-HI d i d  n o t  c l e a v e  t h e  monofunct ional  a r o m a t i c  e t h e r s  o r  e s t e r s  l i s t e d  
i n  Tab le  1 i n  e i t h e r  w e t  o r  d ry  p y r i d i n e ,  a c e t o n i t r i l e  o r  e t h a n o l .  The a d d i t i o n  o f  
r a d i c a l  i n i t a t o r s ,  A I B N  or benzoy l  pe rox ide ,  d i d  n o t  produce c l e a v a g e ,  nor d i d  FeS, 
FeS o r  FeCl added t o  mimic m i n e r a l  m a t t e r  i n  c o a l .  Added d i p h e n y l  s u l f i d e  a l s o  had 
no e f f e c t .  2 2 

E t h e r s  (I)  and (11) were mixed w i t h  Py-HI and TIPS o r  e x t r a c t e d  c o a l ,  i n  p y r i d i n e ,  
under  n i t r o g e n  f o r  up t o  seven d a y s  a t  55 o r  115". No c l e a v a g e  p r o d u c t s  were d e t e c t e d  
by HPLC ( 2 %  d e t e c t i o n  l i m i t )  and e t h e r  (11) was r ecove red  from t h e  c o a l  i n  h igh  y i e l d .  

HYDROGEN BONDED ETHERS 

Recent d a t a  from Lar sen (9 )  and Ge thne r ( l0 )  i n d i c a t e  t h a t  e t h e r  oxygen in c o a l  
may a l r e a d y  be p r o t o n a t e d  and p e r h a p s  a c t i v a t e d  toward i o d i d e  a t t a c k .  
t h a t  a l l  hydroxyl  g roups  i n  c o a l  can  be d e r i v a t i z e d  w i t h  bis(tri-n-buty1tin)oxide 
and t h a t  each  i n t r o d u c e d  tin atom is w i t h i n  hydrogen bonding d i s t a n c e  of a n o t h e r  
he t e roa tom.  Elemental  compos i t ion  r e q u i r e s  t h a t  t h i s  a tom b e  oxygen. G e t h n e r ' s  FTIR 
s t u d y  o f  D 0 exchanged c o a l  shows t h a t  a l l  pheno l i c  hydroxy l  g roups  i n  I l l i n o i s  No.6 
c o a l  a r e  hydrogen bonded, s u g g e s t i n g  t h a t  t h e  geometry seen  i n  L a r s e n ' s  t i n  d e r i v a -  
t i v e  i s  a l s o  p r e s e n t  i n  c o a l  i t s e l f .  

La r sen  showed 

2 

We propose t h a t  t h e s e  r e s u l t s  c a n  be e x p l a i n e d  by s t r u c t u r e  (VII) i n  which e t h e r  
oxygen w i t h i n  a c o a l  c r o s s - l i n k  i s  hydrogen bonded t o  a p h e n o l i c  hydroxy l  group which 
i s  a l s o  c o v a l e n t l y  l i n k e d  t o  p a r t  of t h e  network.  
toward i o d i d e  a t t a c k  i n  p y r i d i n e  s o l u t i o n  where s imple  e t h e r s  would n o t  r e a c t .  

Such e t h e r s  may be a c t i v a t e d  

I f  a s t r u c t u r e  such  a s  (VII) were p r e s e n t  i n  TIPS, would i t  a c t i v a t e  t h e  e t h e r  
toward c l e a v a g e  by i o d i d e ?  To answer t h i s ,  w e  used 2-methoxy pheno l ,  2-phenylmethoxy 
pheno l  and s e v e r a l  a lkoxy  s u b s t i t u t e d  benzo ic  a c i d s  as  model e t h e r s  f o r  r e a c t i o n s  
w i t h  Py-HI, L i I  and K I  i n  p y r i d i n e ,  a c e t o n i t r i l e  and DMSO and found t h a t  b o t h  2- 
methoxy and 2-ethoxy benzo ic  a c i d  a r e  c l eaved  by s o u r c e s  o f  i o d i d e  i o n  i n  p y r i d i n e  
a t  85-115" t o  produce s a l i c y l i c  a c i d .  
benzo ic  a c i d s  are i n e r t  under  t h e s e  c o n d i t i o n s .  R e s u l t s  a r e  summarized i n  Tab le  2.  

The two pheno l s  and t h e  4-methoxy and 2-phenoxy 

The s u b s t i t u t e d  benzo ic  a c i d s  w e r e  chosen as compounds i n  which t h e  e f f e c t  of 
i n t e r n a l  hydrogen bonding on e t h e r  c l e a v a g e  cou ld  be c o n v e n i e n t l y  t e s t e d  and t h e s e  
r e s u l t s  do  n o t  imply t h a t  e t h e r s  c l e a v e d  in c o a l  a r e  o r t h o  t o  c a r b o x y l i c  a c i d s .  
These r e s u l t s  do show t h a t  Py-HI and L i I  can  c l e a v e  a l k y l - a r y l  e t h e r s  i n  p y r i d i n e  i f  
t h e  e t h e r  oxygen c a n  be p r o t o n a t e d  by i n t r a m o l e c u l a r  hydrogen bonding.  
hydrogen bonding i n  2-methoxy benzo ic  a c i d  h a s  been demons t r a t ed  i n  t h e  c o n c e n t r a t i o n  
r ange  of our  expe r imen t s ,  c o n d i t i o n s  where benzo ic  and 2-methyl benzo ic  a c i d s  are 
l a r g e l y  d i m e r i c . ( l l )  

I n t r a m o l e c u l a r  

Based on f l u o r e s c e n c e  s t u d i e s ,  Ware and co -worke r s ( l2 )  concluded t h a t  t h e  ca r -  
boxyl  p r o t o n  o f  3-hydroxy-2-naphthoic a c i d  hydrogen bonds t o  added p y r i d i n e ,  i n  
t o l u e n e  s o l u t i o n ,  w i thou t  complete  i o n i z a t i o n  of t h e  0-H bond. T h i s  i m p l i e s  t h a t  
t h e  a c i d  p r o t o n  i s  a v a i l a b l e  f o r  a c t i v a t i n g  a n  a d j a c e n t  e t h e r ,  p o s s i b l y  a s  i n  s t r u c -  
t u r e  ( V I I I ) .  
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I f  S t r u c t u r e s  s u c h  as ( V I I I )  are p r e s e n t  i n  p y r i d i n e  s o l u t i o n ,  and p rov ide  con- 
d i t i o n s  s u f f i c i e n t  f o r  c l e a v a g e ,  t h e n  t h e  r e a c t i o n s  w i t h  K I  and  L i I  a r e  r a t i o n a l i z e d .  
The f a i l u r e  o f  4-methoxy b e n z o i c  a c i d  t o  r e a c t  s u g g e s t s  t h a t  e l e c t r o n i c  e f f e c t s  through 
t h e  r i n g  are n o t  r e s p o n s i b l e  for t h e  r e a c t i o n s  of  t h e  o r t h o  i somers .  Although 
k i n e t i c s  have n o t  been d e t e r m i n e d ,  t h e  r e a c t i o n  o r d e r  m e t h y l > e t h y l > > > p h e n y l  i s  con- 
s i s t e n t  w i t h  c l e a v a g e  y& n u c l e o p h i l i c  s u b s t i t u t i o n  on carbon.  

The f a i l u r e  of 2-methoxy p h e n o l  and 2-phenylmethoxy phenol  t o  r e a c t  i s  a problem, 

Perhaps  t h e  geometry 
s i n c e  t h e  hydrogen bond i n  s t r u c t u r e s  such a s  (VII) must come from hydroxyl  r a t h e r  
than  c a r b o x y l  t o  be c o n s i s t e n t  w i t h  L a r s e n ' s  and G e t h n e r ' s  d a t a .  
f o r  s t r o n g  i n t e r n a l  hydrogen bonding  i n  t h e  model p h e n o l s  i s  n o t  a p p r o p r i a t e  ( f i v e  
v e r s u s  s i x  membered r i n g )  o r  t h e  e l e c t r o n i c  e f f e c t  o f  one oxygen i n h i b i t s  a c t i v a t i o n  
o f  t he  a d j a c e n t  oxygen-carbon bond. 
c u r r e n t l y  i n  p r o g r e s s .  

S t u d i e s  of o t h e r  s u b s t i t u t e d  p h e n o l s  a r e  

S-RY 

P y r i d i n e  h y d r i o d i d e  and l i t h i u m  i o d i d e ,  i n  p y r i d i n e ,  d e a l k y l a t e  2-methoxy and 
These r e s u l t s  p l u s  t h e  r e p o r t s  2-ethoxy, b u t  n o t  4-methoxy b e n z o i c  a c i d s  a t  115".  

of Mayo gt ( 1 , 2 , 3 )  a l l o w ,  b u t  do n o t  r e q u i r e ,  t h e  c o n c l u s i o n  t h a t  i o d i d e  r e a g e n t s  
c l e a v e  e t h e r s  i n  c o a l .  Based upon t h e  behavior  of t h e s e  and o t h e r  model compounds, 
we b e l i e v e  t h a t  any e t h e r s  i n  c o a l  c l eaved  by L i z  o r  Py-HI in p y r i d i n e  must have 
s t r u c t u r e s  which p r o v i d e  i n t r a m o l e c u l a r  hydrogen bonding t o  t h e  e t h e r  oxygen t o  
a c t i v a t e  t h e  oxygen-carbon bond toward a t t a c k  by i o d i d e  i o n .  
r e c e n t  r e s u l t s  i n d i c a t e  t h a t  e t h e r s  i n  c o a l  may meet t h i s  r e q u i r e m e n t .  

G e t h n e r ' s  and La r sen ' s  
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Tab le  1 S t a r t i n g  material  r ecove ry  f rom r e a c t i o n s  of Py-HI w i t h  model e t h e r s  or 
esters 

b 
Compounda Solvent  C a t a l y s t  Time Temp % Recovery b ( " 0  

I 

IIC 

I1 

I11 

I V ,  v 

V I  
: 

Aniso le  

Methyl 
1 Benzoate  

PY 

Py, CH3CN 

PY 

PY 

CH CN 3 

PY 

CH3CN 

PY 

Py, E t O H  

CH3CN 

None, Ext Coal 5hr-7d 
TIPS 

A I B N ,  (PhCOO)2 1-2d 

FeS, FeS2, PhZS 3-7d 

2 Ext  Coa l ,  H 2 0 ,  FeCl 

None 5d 

None 5d 

None 3d 

None 1, 3d 

None 3d 

None 5-6hr 

None lOhr 

55-80 

70-95 

90-115 

90 

78 

115 

81 

115 

Ref lux  

81 

89-93 

87-94 

94-100 

98 

94 

100 

93, 94 

96 

92-93 

9 3  

a I d e n t i f i e d  i n  Exper imen ta l  S e c t i o n  

c LiI-H 0 i n  p l a c e  of Py-HI 
'! b No c l eavage  p roduc t s  d e t e c t e d  (<2%) 

2 
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Tab le  2 Reac t ion  of s u b s t i t u t e d  benzo ic  a c i d s  o r  pheno l s  w i t h  i o d i d e  s a l t s  

Subs t i t u e n  t Reagent So lven t  Tempa % Acid % Ether  
("0 Produc t  Recovered 

Benzoic Acids  

2-me thoxy 

2-methoxy 

2-me thoxy 

2-me t hoxy 

2-me t hoxy 

2-methoxy 

2-e thoxy 

2-phenoxy 

2-phenoxy 

4-methoxy 

Phenols  

Py-HI PY a5 10 80 

Py-HI PY 115 a i  14 

LiI-H 0 PY a5 54 44 

K I  PY 115 58 33 

2 

99 

94 

Py-HI PY 115 i a  84 

100 

94 

96 

b _ _  Py-HI CH3CN 75 

__ Py-HI DMSO 75 

_ _  Py-HI PY 115 

-- LiI-H20 PY 90 

-- Py-HI PY 115 

r ,  
, I  

2-methoxy 
100 _ _  phenol  Py-HI PY 115 

2-phenylmethoxy 
100 _ _  phenol  Py-HI PY 115 

a Reac t ion  t i m e  3 days  
b No c l e a v a g e  p r o d u c t s  d e t e c t e d  ( < 2 % )  

0 
\ I  

.. 

S t r u c t u r e  (VII) S t r u c t u r e  ( V I I I )  
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ABSTRACT 

A labora tory  s c a l e  fixed-bed c o a l  g a s i f i c a t i o n  r e a c t o r  w a s  b u i l t  wi th  t h e  
o b j e c t i v e  of ob ta in ing  d e t a i l e d  temperature  p r o f i l e s  i n s i d e  t h e  bed dur ing  t h e  
g a s i f i c a t i o n  process .  
fixed-bed g a s i f i c a t i o n  and i n  t h e  es t imat ion  of s u i t a b l e  parameters  f o r  use  wi th  
proposed models. This  a r t i c l e  descr ibes  t h e  experimental  s e t u p  and presents  t h e  
results of a run  using Wyoming c o a l .  
s imula t ion  r e s u l t s  ob ta ined  us ing  a d e t a i l e d  two-dimensional model of  t h e  g a s i f i e r .  

Such d a t a  are needed i n  v a l i d a t i n g  proposed models f o r  

The experimental  d a t a  are compared wi th  

1. INTRODUCTION 

Fixed-bed coa l  g a s i f i c a t i o n  i s  a commercially used technology f o r  r e a c t i n g  
coa l  wi th  steam and oxygen t o  produce u s e f u l  gases  such a s  CH4, CO, and H2. 
Considerable  work has  been done l a t e l y  on modeling of  t h e  fixed-bed g a s i f i e r .  A 
r a t h e r  d e t a i l e d  model w a s  p resented  by Yoon et a l .  (1). Fur ther  improvements on 
t h i s  model have been made by Cho and Joseph (2)  and K i m  and Joseph (3) .  It has  
been d i f f i c u l t  t o  e s t a b l i s h  t h e  v a l i d i t y  of t h e s e  models f u l l y  because of t h e  
l a c k  of  s u f f i c i e n t  o p e r a t i o n a l  d a t a  on commercial s c a l e  g a s i f i e r s .  The research  
presented here  was undertaken t o  remedy t h i s  s i t u a t i o n  by developing an exper i -  
mental procedure f o r  genera t ing  d a t a  which can be used d i r e c t l y  i n  t h e  v e r i f i -  
c a t i o n  of proposed models and t o  determine parameters  t h a t  are requi red  i n  t h e  
model. The paper c o n t a i n s  a d e t a i l e d  d e s c r i p t i o n  of t h e  appara tus  used, t h e  
experimental  procedure and s e l e c t e d  r e s u l t s  on g a s i f i c a t i o n  of Wyoming c o a l .  
paper a l s o  inc ludes  a b r i e f  ske tch  of t h e  modeling e f f o r t  and a comparison between 
the  experimental  d a t a  and model p r e d i c t i o n s .  

The 

2. DESCRIPTION OF EXPERIMENTAL SETUP 

In  a commercial s c a l e  fixed-bed g a s i f i e r ,  c o a l  i s  fed  cont inuously a t  t h e  
top  a t  a slow r a t e  whi le  steam and oxygen ( o r  a i r )  i s  fed a t  t h e  bottom. The 
c o a l  undergoes dry ing  and d e v o l a t i l i z a t i o n  a t  t h e  top  o f  t h e  g a s i f i e r  and char  
descends slowly through t h e  r e a c t o r .  Because t h e  char-bed is moving s lowly i t  
i s  termed a s  a fixed-bed r e a c t o r .  For t h e  purposes of  t h i s  r e s e a r c h  i t  w a s  
decided t h a t  t h e  runs w i l l  be conducted on a bed of char  which i s  s t a t i o n a r y .  
Hence i t  approximates t h e  commercial process  wi th  t h e  coa l  feed c u t  o f f .  The 
r e s u l t i n g  t r a n s i e n t  d a t a  ( s i n c e  we w i l l  have a r e a c t i o n  f r o n t  moving through t h e  
char  bed) i s  then  used f o r  v a l i d a t i n g  models of g a s i f i e r s .  

Figure 1 shows t h e  schematic  of t h e  experimental  se tup .  The major p ieces  
of equipment are a steam genera tor ,  feed  prehea ter ,  t h e  t u b u l a r  r e a c t o r ,  a 
condenser f o r  removing t a r s  and water ,  gas  chromatograph f o r  product gas a n a l y s i s  
and a d a t a  a c q u i s i t i o n  system f o r  monitor ing t h e  temperature .  

The g a s i f i c a t i o n  v e s s e l  is a 4 i n .  diameter ,  4 f t .  l o n g  c y l i n d r i c a l  
s t a i n l e s s  steel tube i n s u l a t e d  with r e f r a c t o r y  and surrounded by a 6 inch  
diameter  s t a i n l e s s  s teel  tube.  
high as 1200°C. 

The v e s s e l  can be opera ted  at temperatures  a s  
This  r e a c t o r  i s  packed with d e v o l a t i l i z e d  c o a l .  The 
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d e v o l a t i l i z a t i o n  i s  c a r r i e d  o u t  s e p a r a t e l y  i n  another  furnace  in a n i t rogen  
atmosphere a t  a temperature  o f  approximately 800°C u n t i l  no f u r t h e r  weight l o s s  
occurs .  
run r e q u i r e s  approximately 4 kg of coa l .  

The c o a l  used i s  i n  t h e  s i z e  range 8 - 20 mesh (2.3 - .833 nun). Each 
A s u p e r f i c i a l  gas  v e l o c i t y  of approximate- { 

\ l y  1 f t / s e c  is used i n  t h e  g a s i f i e r .  

Figure 2 shows a d e t a i l  of t h e  g a s i f i c a t i o n  r e a c t o r .  The r e a c t o r  i s  designed 
t o  o p e r a t e  c l o s e  t o  a tmospheric  pressure .  
f r a c t o r y  l i n i n g  around t h e  r e a c t o r  tube and by ceramic beads a t  both ends of the  
tube. 
reac t ion .  I n i t i a l l y  t h e  i n s i d e  l i n e r  of t h e  g a s i f i e r  w a s  cons t ruc ted  wi th  
ceramic b u t  i t  cracked r e p e a t e d l y  due t o  thermal  shock. 

Heat l o s s e s  are minimized by a re- 

An i g n i t i o n  c o i l  at t h e  top  of  t h e  bed is used t o  start t h e  combustion 

The product  gases  a r e  s e n t  through a condenser and l i q u i d  s e p a r a t o r  t o  
remove water, t a r  and ash .  The remaining gases  are f l a r e d .  A sample i s  s e n t  
through t h e  GC f o r  a n a l y s i s  every 15  minutes. 

Temperature p r o f i l e s  i n  t h e  bed a r e  measured by means of  two thermowells 
i n s e r t e d  a x i a l l y  a t  r = 0 and r =.36 c m .  Type K (chromel/alumel) thermocouples 
were used. The thermocouple l o c a t i o n s  are sho-wn in Figure  2 .  The d a t a  from 
t h e  thermocouples was c o l l e c t e d  by means of a n  LSI/11 microcomputer and s tored  
on t a p e .  
is  analyzed f u r t h e r .  

This data  w a s  then  t r a n s m i t t e d  t o  a DEC-20 mainframe where t h e  d a t a  

3 .  EXPERIMENTAL RESULTS 

Two s u c c e s s f u l  r u n s  were made us ing  char  generated from Wyoming coa l .  
The r e s u l t s  of  t h e  second run are repor ted  here .  The c o a l  a n a l y s i s  i s  given i n  
Table 1. The opera t ing  c o n d i t i o n s  of  t h e  g a s i f i e r  a r e  repor ted  i n  Table  2. Note 
t h a t  t h e  a i r  f low had t o  be  decreased a f t e r  45 minutes  t o  maintain t h e  maximum 
temperatures  below 1200°C. 
a n a l y s i s  of t h e  m a t e r i a l  remaining i n  t h e  g a s i f i e r  i n d i c a t e d  some unconverted 
carbon ( s e e  Table  2 ) .  
co l lapsed .  

The r u n  w a s  terminated a f t e r  50 minutes. An 

The bed l e n g t h  w a s  on ly  1 2  c m  i n d i c a t i n g  t h a t  t h e  a s h  

The r e s u l t s  of t h e  run a r e  shown i n  F igures  3 ,  4 and 5 .  Figure 3 shows 
the  temperature  p r o f i l e s  of t h e  i n n e r  thermocouples. Note t h a t  a f t e r  t h e  
temperature  has reached a peak, t h e  thermocouple is s i t t i n g  i n  a bed of  ash  
and the  drop i n  te rmpera ture  i s  caused by h e a t  l o s s  from t h e  bed t o  t h e  w a l l s  
and the  gases .  
decreases  a s  t h e  bed i s  r e a c t e d .  
t h e  p r o f i l e  i n  t h e  a x i a l  d i r e c t i o n  towards t h e  end of  t h e  run.  

The peak tempera tures  a r e  around 1200°C and t h e  peak va lue  
Also t h e r e  i s  a cons iderable  spreading  of 

I 

Figure 4 shows t h e  temperature  p r o f i l e s  of t h e  o u t e r  thermocouples. These 
temperatures  are notab ly  lower t h a n  t h e  i n n e r  ones. 
s i n c e  t h e  w a l l  a c t s  a s  a hea t  s i n k  lowering t h e  temperatures  c l o s e  t o  t h e  
w a l l .  Also t h e  spreading  of t h e  temperatures  i n  t h e  a x i a l  d i r e c t i o n  i s  seen 
i n  t h i s  set of  p r o f i l e s  a l s o .  

This  is not  s u r p r i s i n g  T 

f 

Figure 5 shows t h e  product  gas  composition as a func t ion  of t i m e .  A f t e r  
t h e  i n i t i a l  t r a n s i e n t  t h e  composi t ion a t t a i n s  near ly  cons tan t  va lues .  
is some oxygen bypassing i n  t h e  g a s i f i e r .  
caused by e r r o r s  i n  a n a l y s i s .  
chromatograph, hydrogen a n a l y s i s  had a l a r g e  c o r r e c t i o n  f a c t o r  and hence has  
g r e a t e r  e r r o r  than the  o t h e r  g a s e s .  
ba lance  around t h e  system confinned t h i s .  

There 
The f l u c t u a t i o n s  are probably 

Due t o  t h e  use  of helium a s  t h e  c a r r i e r  gas  i n  the  gas I 

Attempts on c l o s i n g  a hydrogen mass 
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Whether or  not t h e  oxygen bypassing occured through t h e  bed o r  t h e  i n s u l a t e d  
w a l l  is d i f f i c u l t  t o  determine.  
decreases  and hence t h e  a s s o c i a t e d  pressure  drop through t h e  bed a l s o  decreases .  
This might have cont r ibu ted  t o  decreased bypassing of t h e  oxygen. 

A s  t h e  r e a c t i o n  progresses ,  t h e  bed l e n g t h  

4 .  COMPARISON WITH SIMULATION RESULTS 

In p a r a l l e l  with t h i s  experimental  i n v e s t i g a t i o n ,  a modeling s tudy  w a s  
conducted with two o b j e c t i v e s .  The f i r s t  w a s  t o  be a b l e  t o  s tudy t h e  behavior  
of l a r g e  s c a l e  fixed-bed g a s i f i e r s  such as t h e  Lurgi-type. The second was t o  be  
a b l e  t o  v a l i d a t e  t h e  model us ing  t h e  r e s u l t s  from t h e  l a b o r a t o r y  s c a l e  g a s i f i e r .  
The d e t a i l s  of t h e  model w a s  publ ished elsewhere (Joseph, e t  a l . ,  1983). A b r i e f  
summary i s  given here .  

I n  a t y p i c a l  commercial s c a l e  g a s i f i e r  t h e  c o a l  is moving a t  a much smaller  
v e l o c i t y  than t h e  gases .  
zones, one f o r  drying and d e v o l a t i l i z a t i o n  and another  f o r  combustion and 
g a s i f i c a t i o n .  The f i r s t  zone i s  r e l a t i v e l y  narrow and can be  assumed t o  t a k e  
place ins tan taneous ly  f o r  p r a c t i c a l  purposes. It i s  t h e  second zone t h a t  
determines t h e  opera t ing  c h a r a c t e r i s t i c s  of t h e  g a s i f i e r .  I n  t h i s  zone, c h a r  
descends slowly reaching with t h e  gases  r i s i n g  from t h e  combustion zone. This  
w a s  t h e  reason f o r  us ing  char  ins tead  of coa l  i n  t h e  experimental  s t u d i e s .  The 
main r e a c t i o n s  i n  t h i s  zone are char-oxygen, char-steam, char-carbon dioxide 
and t h e  water-gas s h i f t  r e a c t i o n .  In  a d d i t i o n  t o  t h e s e  r e a c t i o n  k i n e t i c s ,  t h e  
h e a t  and mass t r a n s f e r  i n  both  a x i a l  and r a d i a l  d i r e c t i o n s  p lay  a s i g n i f i c a n t  
r o l e .  

A s  a r e s u l t ,  t h e  g a s i f i e r  can  be divided i n t o  two 

A number of assumptions a r e  r e q u i r e d  t o  develop a model t h a t  i s  both  
mathematical ly  and computat ional ly  t r a c t a b l e .  Some major assumptions inc lude  
a shr inking-core model f o r  gas-so l id  k i n e t i c s ,  no a x i a l  d i s p e r s i o n  of h e a t  and 
a homogeneous gas-sol id  temperature  i n  t h e  bed. The equat ions  r e s u l t i n g  from 
t h e  mass and energy ba lances  a r e  so lved  numerical ly  using s u i t a b l e  i n t e g r a t i o n  
methods. The i n t e r e s t e d  reader  is r e f e r r e d  t o  Joseph et a l .  ( 4 ) .  

Figures  6 and 7 show a comparison of temperatures  pred ic ted  by the model 
and those  experimental ly  cbserved.  The agreement between t h e  two dur ing  t h e  
e a r l y  p a r t  of  the  run  i s  good. However t h e  temperature  p r o f i l e s  p r e d i c t e d  by 
t h e  model tend to  be r a t h e r  uniform wi th  r e s p e c t  t o  t i m e  whereas t h e  experi-  
mental p r o f i l e s  e x h i b i t  a marked decrease  i n  t h e  peak va lue  and a spreading of 
t h e  p r o f i l e  i n  t h e  a x i a l  d i r e c t i o n .  

S imi la r  t rends  were observed i n  another  run as repor ted  i n  Salam (5).  
This  spreading of t h e  temperature  p r o f i l e  could have been caused by a number 
of  reasons.  Sources of modeling e r r o r s  inc lude  ( i )  a x i a l  d i s p e r s i o n  of h e a t  
( i i )  thermal s t o r a g e  and conduct iv i ty  of  t h e  thermowells ( i i i )  r e d u c t i o n  i n  
bed l e n g t h  caused by c o l l a p s i n g  ash  l a y e r  ( i v )  e f f e c t  of h e a t  t r a n s f e r  by 
r a d i a t i o n  t o  t h e  w a l l s  and (v) e f f e c t  of  channel ing and bypassing of oxygen through 
t h e  bed. 

5. CONCLUSIONS 

This paper presented t h e  r e s u l t s  of  a char  g a s i f i c a t i o n  run  using Wyoming 
coa l  i n  a fixed-bed l a b o r a t o r y  g a s i f i e r .  The temperature  p r o f i l e s  i n  t h e  bed 
a t  var ious  a x i a l  and r a d i a l  p o s i t i o n s  are presented a s  a f u n c t i o n  of t i m e .  The 
r e s u l t s  are usefu l  i n  v a l i d a t i n g  proposed models f o r  fixed-bed g a s i f i e r s .  
Comparison wi th  one such model i n d i c a t e s  t h a t  t h e  model is capable  of  p r e d i c t i n g  
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t h e  i n i t i a l  temperature  p r o f i l e s  reasonably w e l l ,  b u t  r e q u i r e s  f u r t h e r  r e f i n e -  
ment t o  b e  a b l e  t o  e x p l a i n  some f l a t t e n i n g  t r e n d s  i n  t h e  temperatures .  Current 
research  i s  focused on t r y i n g  t o  update the model i n  order  t o  expla in  t h e  ex- 
per imental  observa t ions .  
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Coal Analysis 

Mine. . . .  
Town. . . .  
County. . .  
S ta te  . . .  
Abbreviated 
Sample Date 
Bin 4 . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  
ID. . . . .  . . . . . .  . . . . . .  

Wyodak 
Campbell 
Campbell 
Wyoming 
wyo 1 
7-15-78 
3500 

Proximate Rnalysis:  
As Received 

Moisture . . . . . . . . . . .  31.87 
V o l a t i l e  Matter.  . . . . . . .  32.46 
Fixed Carbon . . . . . . . . .  30.16 
Ash. . . . . . . . . . . . . .  5.51 
Heat ing Value (B tu / l b )  . . . .  7978 

U l t i m a t e  Analysis:  
Mo is tu re - f ree  

Ash. . . . . . . . . . . . . .  8 . 0 9  

Moisture- and Ash-free 

Hydrogen . . . . . . . . . . .  5.75 
Carbon . . . . . . . . . . . .  74.05 
N i t rogen  . . . . . . . . . . .  1.39 
Su l fu r  . . . . . . . . . . . .  0.53 
Oxygen (by d i f f )  . . . . . . .  18.28 

H/C Rat io.  . . . . . . . . . .  0.93 
Heat ing Value W,F ( E t u l l b )  . . 12.742 

i 

Tab le  1. A n a l y s i s  o f  Coal Used i n  t h e  G a s i f i c a t i o n  R u n s  

Char Loaded: 
Char Compo?lition: 

Time 0-45 min. 

INLET 

O r n T  

Time 45-580 

I N U T  

O r n T  

k r e a c t e d  Carbon: 
Reactor Pressure: 
Original Bed Length: 
Plnal Bed Length: 

3645.7 W devolatiiired Uyodae char 
83.56% Carbon 
11.97% Ash 
2.33% Oxygen 
1.022 ~~d~~~~~ > bfSture  included 
0.62% Nitrogen 
0.50% Sulfur 

Product Gas Plovrate: 2.055 m3fb.* 

Total Condensate: o m  

Product Cas Flowrate: 2.022 &/hr* 
Total Condensate: 382.2 gmr 

697.8 - 
85.7 cm 

* ac 25.C. 0.1013 P(Pa 0.1910 ma 

a p p = o x h t , e l y  12.0 cm 

Tab le  2 .  Summary o f  O p e r a t i n g  C o n d i t i o n s  f o r  G a s i f i c a t i o n  Run 8072483 
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