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

Reported resul ts  i n d i c a t e  t h a t  t a r  y i e l d s  ob ta ined  from a wide v a r i e t y  of c o a l s  
and r e a c t o r  c o n d i t i o n s  can r e p r e s e n t  a s i g n i f i c a n t  f r a c t i o n  of the  mass of t h e  par-  
e n t  Tar y i e l d s  and c h a r a c t e r i s t i c s  appear  t o  r e f l e c t  n o t  only t h e  n a t u r e  
of the p a r e n t  c o a l  bu t  a l s o  the  expe r imen ta l  c o n d i t i o n s  of t h e  decomposi t ion proc- 
ess.192, 6-9 
c h a r a c t e r i s t i c s  of the  c o a l  and p rocess  parameters  underscores  t h e  p o s s i b i l i t y  of 
r e l a t i n g  such obse rva t ions  to  fundamental a s p e c t s  of t h e  decomposi t ion p r o c e s s .  

The v a r i a t i o n  i n  t a r  y i e l d s  and c h a r a c t e r i s t i c s  w i th  i n t r i n s i c  

This r e p o r t  c o n t a i n s  some r e s u l t s  of an  i n i t i a l  i n v e s t i g a t i o n  of t a r  y i e l d s  
and p r o p e r t i e s  ob ta ined  from e i g h t  c o a l s .  Resu l t s  a r e  shown f o r  v a r i a t i o n s  w i t h  
1) c o a l  rank c h a r a c t e r i s t i c s ;  2) appa ren t  thermal  h i s t o r y ;  and 3) ambient p r e s s u r e .  
Apparent h e a t i n g  r a t e s  of 102 C/?ec t o  l o 3  C/sec and f i n a l  t e n p e r a t u r e s  of 500 C 
t o  1780 C were u t i l i z e d .  Ambient p r e s s u r e s  were v a r i e d  from near  vacuum t o  760 
t o r r .  The r e s u l t s  i n d i c a t e  t h a t  t a r  y i e l d s  and c h a r a c t e r i s t i c s  a r e  s e n s i t i v e  func- 
t i o n s  of i n t r i n s i c  c h a r a c t e r i s t i c s  of the c o a l  and t h e  p rocess  pa rame te r s  a s s o c i -  
a t e d  wi th  t h e  decomposi t ion p rocess .  P r e d i c t i o n  of t a r  y i e l d s  may i n v o l v e  c o a l  
r ank  c h a r a c t e r i s t i c s  a s  a b a s i s  b u t  t h e  n a t u r e  of t h e  t ransforms in t roduced  by t h e  
p rocess  c o n d i t i o n s  (ambient  p r e s s u r e ,  h e a t i n g  r a t e ,  f i n a l  t empera tu re ,  p a r t i c l e  
s i z e )  a r e  equa l ly  impor t an t .  

Experimental Desigp 

F igu re  1 r e p r e s e n t s  s chemat i ca l ly  the  appa ra tus  employed t o  perform t h e  t h e r -  
mal decomposition experiments .  '&e procedure invo lves  p l a c i n g  sma l l  samples (20- 
50 mg) of f i n e l y  ground c o a l  (-100+325 mesh) between the f o l d s  of a f i n e  (325 mesh) 
metal  s c r e e n  ( s t a i n l e s s  s t e e l ,  molybdenum, tungs t en ) .  The g r i d  i s  then d r i v e n  t o  
a predetermined temperature  v i a  the p r e s e t  c o n t r o l  c i r c u i t r y .  The a p p a r e n t  h e a t -  
i n g  r a t e  is monitored by a thermocouple bead placed between t h e  f o l d s  of the  g r i d .  
For vacuum r u n s  the  l i g h t  gases  evolved a r e  immediately vented through a g l a s s  wocl 
f i l t e r  i n t o  the i n f r a r e d  ce l l  of a Four i e r  Transform I n f r a r e d  Spectrometer  (FTIR). 
The t o t a l  time f o r  each r u n  i s  1 0  seconds.  
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For runs conducted w i t h  ambient n i t r o g e n  p r e s e n t ,  t h e  r e a c t i o n  chamber is 
i s o l a t e d  from t h e  i n f r a r e d  c e l l .  The p r e s s u r e  i s  monitored by a p r e s s u r e  t r a n s -  
ducer  a t t ached  t o  t h e  r e a c t i o n  chamber. I n  a d d i t i o n ,  a f i n e  mesh s c r e e n  c y l i n d e r  
is  placed around t h e  g r i d  wi th  a b a f f l e  below the g r i d  t o  p reven t  r e c i r c u l a t i o n  o f  
t h e  a e r o s o l  m i s t  t o  t h e  g r i d .  I n  both c o n f i g u r a t i o n s  t h e  t a r  mass i s  de f ined  a s  
the m a t e r i a l  which condenses  on the  room temperature  w a l l s ,  l i n i n g s  and f i l t e r s .  

In the  c a s e s  where i n f r a r e d  s p e c t r a  of the  o v e r a l l  t a r  mass w a s  d e s i r e d  a d ry  
K B r  p e l l e t  was p l aced  i n  the  r e a c t i o n  chamber and exposed t o  t h e  evo lv ing  t a r  
s p e c i e s .  The p e l l e t s  were then removed and scanned us ing  t h e  FTIR. Glass  f i l t e r s  
placed i n  the  chamber were a l s o  removed and examined w i t h  a Scanning E lec t ron  
Microscope (SEMC) t o  a s c e r t a i n  the  n a t u r e  of t h e  t a r  r e l e a s e  a t  va r ious  ambient 
p re s su res .  

I n f r a r e d  C h a r a c t e r i s t i c s  and Elemental Ana lys i s  of Coals 

The c o a l s  s e l e c t e d  f o r  t h e s e  i n i t i a l  s t u d i e s  r e p r e s e n t  a wide c r o s s  s e c t i o n  
by rank and geo log ic  p rov ince .  Elemental ana lyses  of t h e s e  c o a l s  were provided by 
t h e  i n s t i t u t i o n s  supp ly ing  the  c o a l s  but  each sample was a l s o  s u b j e c t e d  t o  e l e -  
mental a n a l y s i s  on  a P e r k i n  E l m e r  240 Elemental  Analysis  System (EAS). I n  cases  
where s u b s t a n t i a l  d i f f e r e n c e s  were observed between the  r epor t ed  v a l u e s  and t h e  
measured v a l u e s ,  samples w e r e  s e n t  t o  an independent  l a b o r a t o r y  f o r  a d d i t i o n a l  
a n a l y s i s .  Table I c o n t a i n s  the  e l emen ta l  a n a l y s i s  of the  c o a l  samples as w e l l  as  
the c a l c u l a t e d  H / C  and O / C  r a t i o s .  Figure 2 r e p r e s e n t s  t h e  l o c a t i o n  of the  samples 
on t h e  c o a l i f i c a t i o n  band a s  r evea led  by t h e  H / C  and O / C  v a l u e s .  The p o s i t i o n  of 
the Western bi tuminous c o a l s  r e l a t i v e  t o  t h e  Eas t e rn  bi tuminous c o a l s  r e f l e c t s  t h e  
d i f f e r e n c e s  i n  g e o l o g i c  s o u r c e s .  

The v a r i a t i o n  i n  chemical  s t r u c t u r a l  c h a r a c t e r i s t i c s  w i th  p o s i t i o n  on t h e  
c o a l i f i c a t i o n  band i s  r e f l e c t e d  i n  the  i n f r a r e d  s p e c t r a  (F ig .  3 )  of t h e  c o a l s .  
The s p e c t r a  a r e  o b t a i n e d  from K B r  p e l l e t s  of f i n e l y  ground c o a l  samples and s p e c t r a  
a r e  normalized wi th  r e s p e c t  t o  1 mg of c o a l .  I d e n t i f i e d  mine ra l  m a t t e r  con t r ibu -  
t i o n s  t o  t h e  s p e c t r a  have been s u b s t r a c t e d .  The s p e c t r a  i n d i c a t e ,  a l t hough  a t  
times i n d i r e c t l y ,  t h e  manner i n  which the  o rgan ic  hydrogen and oxygen a r e  d i s t r i b u -  
ted throughout t h e  c o a l  m a t r i x .  For example, the r e g i o n s  a s s o c i a t e d  wi th  a l i p h a t i c  
hydrogen (2800-3000 cm-l, 1450-1475 c m - l )  show abso rp t ion  i n c r e a s e  w i t h  hydrogen 
con ten t .  The r e s o l u t i o n  of the  aromatic  hydrogen peaks (3020-3050 cm-', 700-900 
cm-1) i n c r e a s e s  w i t h  r e d u c t i o n s  i n  t h e  H J C  and O / C  r a t i o s .  The r eg ions  a s soc ia t ed  
w i t h  oxygen-containing f u n c t i o n a l  groups (1500-1800 cm-') a r e  more c l e a r l y  def ined 
f o r  t h e  h ighe r  oxygen-containing c o a l s .  The v a r i a t i o n  i n  i n f r a r e d  s t r u c t u r a l  
c h a r a c t e r i s t i c s  w i t h  p n s i t i n n  "I? ?he cczl i f ic- t iz : :  5::: I z  c l c ~ r l y  r e f k c L e ;  i n  
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t h e  d i f f e r e n c e s  i n  the  s p e c t r a  of t h e  bituminous c o a l s  from t h e  d i f f e r e n t  geolog- 
i c a l  r e g i o n s .  

While t h e  E a s t e r n  bituminous and Western bituminous c o a l s  are d i f f e r e n t :  
s t r u c t u r a l l y ,  t h e  i n f r a r e d  s p e c t r a  of t h e  Utah and Colorado bituminous c o a l s  a r e  
similar. The two subbituminous c o a l s  a l s o  d i s p l a y  i n f r a r e d  s p e c t r a  s imi la r  to 
each o t h e r .  On t h e  b a s i s  of t h e  i n f r a r e d  s p e c t r a  and t h e  e lementa l  a n a l y s i s ,  t h e  
Alabama bituminous c o a l  appears  more a romat ic  than the  P i t t s b u r g h  bituminous c o a l .  
I f  thermal decomposition behavior  is r e l a t e d  t o  i n f r a r e d  s t r u c t u r a l  c h a r a c t e r i s t i c s ,  
t h e  behavior of t h e  Western bituminous c o a l s  should  be s i m i l a r  t o  each  o t h e r ,  b u t  
measurably d i f f e r e n t  than  t h a t  of  the  Eas te rn  bituminous c o a l s .  The Alabama 
bituminous c o a l  should i n  t u r n  e x h i b i t  thermal decomposition behavior  d i f f e r e n t  
than the  P i t t s b u r g h  bituminous c o a l .  The Western subbituminous c o a l s  would b e  
expected to  be similar t o  each o t h e r  i n  t h e i r  thermal decomposition behavior .  

V a r i a t i o n s  i n  Tar Y i e l d s / C h a r a c t e r i s t i c s  w i t h  Coal 

The maximum tar y i e l d s  obta ined  from t h e  vacuum d e v o l a t i l i z a t i o n  exper iments  
are l i s t e d  i n  Table I and d i s p l a y e d  i n  F ig .  2 .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
f r a c t i o n a l  convers ion  of the  p a r e n t  c o a l  to  tar  i s  n o t  a simple l i n e a r  f u n c t i o n  of 
t h e  H/C r a t i o ,  O / C  r a t i o ,  hydrogen o r  oxygen percentages .  For  example,  t h e  
P i t t s b u r g h  bituminous c o a l  h a s  a maximum tar y i e l d  40-60% g r e a t e r  than  t h e  o t h e r  
bituminous c o a l s .  The hydrogen c o n t e n t  of t h e  P i t t s b u r g h  c o a l  i s  - 3% lower t h a n  
t h e  Western c o a l s  and - 15% g r e a t e r  than  t h e  Alabama c o a l .  The Alabama c o a l  h a s  a 
hydrogen content  approximate ly  15% lower than  t h e  Western bituminous c o a l s  b u t  has  
a maximum tar y i e l d  o n l y  4% lower than  t h e  Colorado bituminous c o a l  and about 9% 
l e s s  t h a n  t h e  Utah c o a l .  D i f f e r e n c e s  i n  H / C  r a t i o s  show a s imi la r  p a t t e r n .  

I n s p e c t i o n  of  the  i n f r a r e d  s p e c t r a  of t h e  p a r e n t  c o a l s  a l s o  r e v e a l s  no s imple  
r e l a t i o n s h i p  between i n f r a r e d  s p e c t r a l  c h a r a c t e r i s t i c s  of a c o a l  and i t s  maximum 
tar y i e l d .  For example, the P i t t s b u r g h  bituminous c o a l  has  weaker a b s o r p t i o n  i n  
t h e  a l i p h a t i c  hydrogen r e g i o n s  than e i t h e r  of  t h e  Western bituminous c o a l s .  The 
Alabama c o a l  on t h e  o t h e r  hand g i v e s  a t a r  y i e l d  n e a r l y  t h e  same as t h e  Western 
c o a l s ,  though i t  a l s o  d i s p l a y s  weaker a l i p h a t i c  a b s o r p t i o n  than t h e s e  c o a l s .  
The tar  y i e l d s  from t h e  Western subbituminous c o a l s  a r e  very  n e a r l y  e q u a l  a s  are 
t h e  tar y i e l d s  from t h e  two Western bituminous c o a l s .  A s  noted above, t h e s e  p a i r s  
of c o a l s  have similar i n f r a r e d  s p e c t r a  i n  t h e  r e g i o n s  of  i n t e r e s t  - a l i p h a t i c  type  
H ,  a romat ic  H ,  and oxygen - c o n t a i n i n g  f u n c t i o n a l  groups.  
i n f r a r e d  s p e c t r a  do produce s imi la r  tar  y i e l d s ,  b u t  a c o a l  wi th  a d i s s i m i l a r  
s p e c t r a  can a l s o  produce comparable t a r  amounts. 

The c o a l s  of similar 
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The v a r i a t i o n s  o f  maximum t a r  y i e l d  w i t h  e l emen ta l  composi t ion and i n f r a r e d  
s p e c t r a l  c h a r a c t e r i s t i c s  both i n d i c a t e  t h e  mult i -parameter  n a t u r e  of t h e  y i e l d  
dependence. A s  a p a t h  from t h e  low rank s i d e  of  t h e  c o a l i f i c a t i o n  band is followed 
t h e  t a r -p roduc ing  p o t e n t i a l  of a c o a l  r eaches  a maximum i n  t h e  H/C-O/C  r eg ion  near  
t h a t  o f  t h e  P i t t s b u r g h  bi tuminous c o a l .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h i s  is 
n o t  a po in t  of maximum H / C  n o r  does the  i n f r a r e d  s p e c t r a  of the  c o a l  show more 
a l i p h a t i c - t y p e  H t han  t h e  o t h e r ,  lower r ank  c o a l s .  Beyond the  P i t t s b u r g h  c o a l  the  
tar y ie ld  d rops  w i t h  f u r t h e r  dec reases  i n  H / C  and O / C  r a t i o s .  I n  t h i s  r eg ion  the 
H / C  r a t i o  i s  changing more r a p i d l y  than the  O / C  r a t i o .  
t h e s e  c o a l s  show well-def ined a romat i c  hydrogen r e g i o n s ,  reduced a l i p h a t i c  hydrogen 
abso rp t ion  and a r e d u c t i o n  i n  oxygen-containing f u n c t i o n a l  group a b s o r p t i o n .  Tar 
y i e l d s  a r e  i n c r e a s e d  as t h e  O / C  r a t i o  is decreased from t h e  low rank s i d e  of the  
c o a l i f i c a t i o n  band. They are a l s o  i n c r e a s e d  a s  H / C  r a t i o s  a r e  i n c r e a s e d  from the  
h igh  rank s i d e  o f  t h e  band. I n s p e c t i o n  of t h e  i n f r a r e d  s p e c t r a  i n d i c a t e s  t h a t  t a r  
y i e l d s  do n o t  va ry  d i r e c t l y  wi th  change i n  abso rp t ion  c h a r a c t e r i s t i c s  a s s o c i a t e d  
w i t h  a p a r t i c u l a r  s t r u c t u r a l  c h a r a c t e r i s t i c .  Such a r e l a t i o n s h i p  may be v a l i d  f o r  
samples from a l i m i t e d  r eg ion  on Fig .  2 .  It appea r s  t h a t  t a r  y i e l d s  a r e  r e l a t e d  
t o  a mix of s t r u c t u r a l  c h a r a c t e r i s t i c s  p r e s e n t  i n  t h e  p a r e n t  c o a l  and as revea led  
by i n f r a r e d  and e l e m e n t a l  a n a l y s i s .  

The i n f r a r e d  s p e c t r a  of 

Tar Y i e l d s  and Apparent Thermal H i s t o r y  

Figures  4-6 show p l o t s  of  tar y i e l d s  ob ta ined  f o r  v a r i o u s  f i n a l  temperatures .  
, Figure  4 c o n t a i n s  t h e  r e s u l t s  f o r  the  two Western subbituminous c o a l s .  F igu re  5 

d i s p l a y s  t h e  Western bi tuminous c o a l ,  and Fig.  6 t h e  Eas t e rn  bi tuminous c o a l s  a s  
w e l l  a s  the  a n t h r a c i t e  and l i g n i t e .  

The t a r  y i e l d s  o b t a i n e d  from the  two Western subbituminous c o a l s  show a c l o s e  
resemblance both wi th  r e s p e c t  t o  magnitude and f i n a l  temperature  dependence (Fig.  4 ) .  
The Western bi tuminous c o a l s  a l s o  show a c l o s e  resemblance t o  each  o t h e r  w i t h  
r e s p e c t  to  magnitude and f i n a l  temperature  dependence of t h e  t a r  y i e l d s  (F ig .  5 ) .  
A s  noted above,  t h e s e  c o a l s  have s i m i l a r  i n f r a r e d  s p e c t r a .  Both t h e  subbituminous 
and Western bi tuminous c o a l s  show a maximum i n  tar y i e l d  a t  low f i n a l  temperatures .  
This  maximum o c c u r s  a t  approximately 775 C f o r  t h e  subbituminous c o a l s  b u t  a t  a 
s l i g h t l y  lower t empera tu re  f o r  t h e  bi tuminous c o a l s .  The r e d u c t i o n  i n  t a r  y i e l d  
a t  f i n a l  t empera tu res  g r e a t e r  than the  maximum is  n o t  a s  sharp a s  the r i s e  t o  the  
maximum y i e l d .  

The E a s t e r n  bi tuminous c o a l s  a l s o  show a low temperature  maximum i n  tar y i e l d  
(F ig .  6 ) .  
600 C whereas t h e  Alabama bi tuminous c o a l  shows a maximum around 700 C .  The reduc- 
t i o n  i n  tar y i e l r l s  vi!?! f5-G tc~.;:z~t~:cz &:EG:EY &x, i ; , r s r  is L W L  as sna rp  a s  

The P i t t s b u r g h  seam bi tuminous c o a l  g i v e s  a maximum t a r  y i e l d  around 
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t h a t  of t h e  Western subbituminous and bi tuminous c o a l s .  However, t h e s e  c o a l s  do 
d i s p l a y  t h e  same s t e e p  g r a d i e n t  f o r  the  change i n  t a r  y i e l d  wi th  f i n a l  temperature  
on the  low temperature  s i d e  of t h e  tar maximum. 

Figure 7 shows t y p i c a l  cha r  y i e l d s  ob ta ined  du r ing  t h e  runs.  The cha r  y i e l d  
dec reases  sha rp ly  wi th  f i n a l  temperature  i n  the  500-800 C range,  t h e  temperature  
range of g r e a t e s t  i n c r e a s e  i n  tar y i e l d s .  A t  f i n a l  temperatures  from 800 C t o  
1000 C ,  product ion i s  no t  a s  s e n s i t i v e  t o  changes i n  f i n a l  temperature .  The t a r  
y i e l d s  a r e  dec reas ing  s i g n i f i c a n t l y  i n  t h i s  f i n a l  temperature  regime. For  f i n a l  
temperatures  g r e a t e r  than 1000 C t o t a l  v o l a t i l e  y i e l d s  do no t  i n c r e a s e  a p p r e c i a b l y .  
Tar y i e l d s  cont inue t o  dec rease  t o  f i n a l  temperatures  of 1400 C a t  which p o i n t  a 
h igh  temperature  asymptote i s  n e a r l y  achieved.  

Examination of t h e  thermocouple d a t a  f o r  a decomposition run a s s o c i a t e d  w i t h  
a p a r t i c u l a r  f i n a l  temperature  i n d i c a t e s  t h a t  the  appa ren t  h e a t i n g  run d i d  va ry  
wi th  f i n a l  temperature  s e t t i n g .  The i n i t i a l  s l o p e s  of t h e  temperature-time d a t a  
a r e  taken a s  t h e  appa ren t  h e a t i n g  r a t e .  The v a r i a t i o n  i n  apparent  h e a t i n g  r a t e  
w i th  f i n a l  temperature  i s  shown i n  F ig .  8.  A f i n a l  temperature  s e t t i n g  of 500 C 
corresponds t o  an i n i t i a l  appa ren t  r a t e  of - 100 C/sec whereas a s e t t i n g  o f  1000 C 
corresponds t o  an appa ren t  r a t e  of - 600 C/sec.  Thus, t h e  c o a l  p a r t i c l e s  exper-  
i e n c e  s l i g h t l y  d i f f e r e n t  thermal  c o n d i t i o n s  wi th  v a r i a t i o n s  i n  f i n a l  temperature  
s e t t i n g .  The t a r  y i e l d s  f o r  t h e  two Western bi tuminous c o a l s  and t h e  Alabama c o a l  
a r e  maximimzed under c o n d i t i o n s  of an appa ren t  h e a t i n g  r a t e  of approximately 200 C /  
s e c  and a f i n a l  temperature  temperature  of - 700 C. The Western subbituminous c o a l s  
on the o t h e r  hand show t a r  maximums a t  a h e a t i n g  r a t e  of - 250 C/sec t o  a f i n a l  
temperature  of  775 C .  
s e c  and - 625 C .  The l i g n i t e  and a n t h r a c i t e  show no c l e a r l y  de f ined  maximum. 

The P i t t s b u r g h  bi tuminous c o d  has  a tar maximum a t  150 C /  

I n  l i g l l t  of these  r e s u l t s  and those  of o t h e r   investigation^^'^ i t  i s  obvious 
t h a t  f u r t h e r  i n v e s t i g a t i o n  of tar y i e l d s  from bi tuminous c o a l s  under a wider r ange  
of thermal  d r i v e  c o n d i t i o n s  i s  needed. 

Tar C h a r a c t e r i s t i c s  and Apparent Thermal Hi s to ry  

F igu re  9 i l l u s t r a t e s  the  changes i n  the  i n f r a r e d  s p e c t r a l  c h a r a c t e r i s t i c s  of 
t a r s  c o l l e c t e d  f o r  d i f f e r e n t  f i n a l  temperatures .  

the  p a r e n t  c o a l  bu t  w i th  enhanced a b s o r p t i o n  i n  r eg ions  a s s o c i a t e d  wi th  a l i p h a t i c  
hydrogen. A s  i n d i c a t e d ,  however, t h e  high temperature  t a r s  show c o n s i d e r a b l e  reduc- 
t i o n  i n  abso rp t ion  i n  r eg ions  a s s o c i a t e d  wi th  f u n c t i o n a l  groups a t t ached  t o  a romat i c  
r i n g s .  

A s  has been r epor t ed  e l s e -  
low temperature  vacuum t a r s  g ive  i n f r a r e d  s p e c t r a  s i m i l a r  t o  t h a t  of 

The low temperature  t a r s  a p p a r e n t l y  the rma l ly  decompose when sub jec t ed  t o  
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t h e  longer  t imes a t  h i g h e r  t empera tu res  t h a t  accompany t h e  i n c r e a s e  i n  thermal  d r i v e  
wi th  f i n a l  t empera tu re .  The condensed high temperature  t a r s  a r e  n o t i c e a b l y  darker  
than the  low t empera tu re  t a r s ,  i n d i c a t i n g  a more a romat i c  n a t u r e .  

Figure 1 0  shows t y p i c a l  p a t h s  fol lowed by evolved c h a r s  i n  a H / C  VS.  O / C  
p l o t  f o r  d i f f e r e n t  f i n a l  t empera tu res .  
r a p i d  d e c l i n e  i n  H / C  and O / C  v a l u e s  a s  v o l a t i l e s  a r e  evolved.  
tars have H / C  and O/C r a t i o s  g r e a t e r  than those  of p a r e n t  c o a l  whereas t h e  high 
temperature  tars have va lues  below those  of t h e  p a r e n t  c o a l .  

A s  r epor t ed  elsewhere13 t h e  cha r  shows a 
The low-temperature 

The n i t r o g e n  c o n t e n t  of the  evolved tars i s  of p a r t i c u l a r  i n t e r e s t .  Figure 
11 shows f r a c t i o n s  of pa ren t  c o a l  mass evolved a s  t a r  v s .  t h e  f r a c t i o n  of p a r e n t  
c o a l  n i t r o g e n  evolved a s  t a r  n i t r o g e n .  The f r a c t i o n  of f u e l  n i t r o g e n  evolved a s  
tar is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f r a c t i o n  of c o a l  mass evolved a s  t a r .  

I n f r a r e d  s p e c t r a  of the  l i g h t  gases  evolved r e v e a l  t h a t  HCN i s  t h e  p r i n c i p a l  
n i t rogen-con ta in ing  g a s  s p e c i e s  t h a t  i s  observed.  F i g u r e  1 2  i s  a p l o t  of t h e  
f u e l  n i t r o g e n  d i s t r i b u t i o n  i n  the  gaseous,  t a r  and cha r  s p e c i e s  a s  observed f o r  
t h e  Utah bi tuminous c o a l .  The d i s t r i b u t i o n  p a t t e r n  f o r  t h e  o t h e r  subbituminous and 
bituminous c o a l s  were s i m i l a r  a l though  t h e  magnitudes of t h e  d i s t r i b u t i o n  v a r i e d  
w i t h  rank c h a r a c t e r i s t i c s  of the  c o a l .  The main c h r a c t e r i s t i c s  of t h e s e  n i t r o g e n  
d i s t r i b u t i o n  p l o t s  a r e :  

1. A l o w  temperature  e v o l u t i o n  of f u e l  N as HCN-usually about  10% of t h e  
c o a l  n i t r o g e n  to  the  p o i n t  of maximum t a r  e v o l u t i o n .  

2 .  The f u e l  n i t r o g e n  evolved a s  a t a r  component i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  c o a l  mass evolved a s  t a r .  

3 .  HCN is  observed t o  be the major n i t rogen-con ta in ing  l i g h t  gas .  

4 .  A s  t h e  t a r  f r a c t i o n  i s  reduced wi th  h ighe r  f i n a l  t empera tu res ,  HCN 
i s  a p r i n c i p a l  n i t rogen-con ta in ing  by-product .  

5 .  Around 1100 C n i t r o g e n  is evolved from the cha r  product  a s  HCN. 
L i t t l e  i n c r e a s e  i n  t o t a l  v o l a t i l e s  i s  observed a t  t hose  temperatures  
bu t  a s u b s t a n t i a l  i n c r e a s e  i n  n i t r o g e n  e v o l u t i o n  a s  HCN i s  observed.  

6 .  The n i t r o g e n  r e t a i n e d  i n  the  high temperature  c h a r s  i s  a f u n c t i o n  of 
c o a l  r a m .  n igne r  c o a l  ranKS r e t a i n  a g r e a t e r  f r a c t i o n  of cne c o a l  
n i t r o g e n  i n  the  cha r  p roduc t .  



The n i t r o g e n  d i s t r i b u t i o n  i n  t h e  thermal decomposition products  r e f l e c t s  bo th  
the  c o a l  type and t h e  c o n d i t i o n s  of thermal decomposition i n  a manner similar t o  
the  tar  y i e l d s  and p r o p e r t i e s .  

Tar Yie lds  and Ambient P r e s s u r e  

Figure 1 3  d i s p l a y s  t h e  tar  and char  y i e l d s  obta ined  from t h e  bituminous c o a l s  
as a f u n c t i o n  of ambient n i t r o g e n  p r e s s u r e .  
one Western bituminous c o a l  produced tar  y i e l d s  as low a s  50% of t h e  vacuum value .  
The o t h e r  Western bituminous c o a l  gave an approximately 25% r e d u c t i o n  i n  t a r  y i e l d  
upon i n c r e a s i n g  the  ambient p r e s s u r e  from n e a r  vacuum to  one atmosphere of  n i t r o g e n .  
This c o a l  showed a g r a d u a l  r e d u c t i o n  i n  t a r  y i e l d  w i t h  i n c r e a s e s  i n  p r e s s u r e  
throughout t h i s  range. 
y i e l d  per u n i t  of p r e s s u r e  change i n  t h e  range from n e a r  vacuum t o  190 t o r r  of 
n i t r o g e n  than from 190 torr to  760 t o r r .  

The two E a s t e r n  b i t u m i n o u s . c o a l s  and 

The o t h e r  c o a l s  however showed much g r e a t e r  changes i n  tar 

The decrease  i n  t a r  y i e l d  wi th  i n c r e a s e  i n  ambient p r e s s u r e  d i d  n o t  r e s u l t  i n  
a p r o p o r t i o n a t e  r e d u c t i o n  i n  t o t a l  v o l a t i l e s  y i e l d  f o r  any of  t h e  c o a l s  i n v e s t i g a -  
ted  (Fig.  1 3 ) .  The P i t t s b u r g h  bituminous c o a l  produced about  a 20% r e d u c t i o n  i n  
t o t a l  v o l a t i l e s  y i e l d  whi le  t h e  t a r  y i e l d  dropped by 50%. Two o t h e r  bituminous ’ 

c o a l s  d i sp layed  on ly  10% r e d u c t i o n s  in t o t a l  y i e l d .  The c o a l  g i v i n g  the  gradual  
r e d u c t i o n  i n  tar  y i e l d  over  t h e  e n t i r e  p r e s s u r e  range  showed no s i g n i f i c a n t  decrease  
i n  t o t a l  y i e l d  a s  the  t a r  y i e l d  decreased .  

There has  been no d i r e c t  measurement of  t h e  gas  s p e c i e s  produced a t  v a r i o u s  
ambient p r e s s u r e s  whi le  t h e  tar  y i e l d  i s  be ing  reduced. However, t h e  d e c r e a s e  i n  
t a r  y i e l d  per u n i t  mass of c o a l  i s  accompanied by a p r o p o r t i o n a t e  i n c r e a s e  i n  
i n t e r n a l  p r e s s u r e  w i t h i n  t h e  r e a c t o r  above t h e  i n i t i a l  p r e s s u r e .  Thus, t h e r e  
appears  t o  be a s i g n i f i c a n t  i n c r e a s e  i n  l i g h t  g a s  y i e l d  as t h e  t a r  y i e l d  is de- 
c reased  due t o  ambient p r e s s u r e  e f f e c t s .  

Apparently t h e  ambient p r e s s u r e  s e r v e s  t o  d e c r e a s e  t h e  r a t e  of escape  of the  
l a r g e  tar s p e c i e s  from t h e  d e v o l a t i l i z i n g  c o a l  mass. Such e f f e c t s  have been 
repor ted  e l ~ e w h e r e . ~ . ~  The increased  c o n t a c t  t i m e  o f  t h e  l a r g e  hydrocarbon s p e c i e s  
wi th  the h o t  c o a l  mass promotes f u r t h e r  c r a c k i n g  of t h e s e  s p e c i e s  t o  l i g h t e r  gases .  
A s  a r e s u l t  more l i g h t  gas  s p e c i e s  are produced p e r  u n i t  of t o t a l  y i e l d .  The 
thermal d e g r a d a t i o n  o f  the  t a r  mass i n  c o n t a c t  w i t h  the c o a l / c h a r  r e s u l t s  i n  some 
secondary d e p o s i t i o n  of carbon on t h e  d e v o l a t i l i z i n g  p a r t i c l e s .  The amount of 
secondary d e p o s i t i o n  seems t o  b e  dependent upon t h e  s p e c i f i c  c o a l  and i t s  proper- 
t ies  d u r i n g  the  decomposition p r o c e s s .  
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Tar C h a r a c t e r i s t i c s  and Ambient P r e s s u r e  

I n  o r d e r  t o  d e t e r m i n e  i f  any o v e r a l l  changes i n  t h e  chemical n a t u r e  of the  
t a r s  r e l e a s e d  o c c u r r e d  due t o  changes i n  ambient p r e s s u r e ,  d r i e d  K B r  p e l l e t s  were 
p laced  above the  g r i d  w i t h i n  the  r e a c t i o n  chamber. A f t e r  a run  t h e  p e l l e t s  were 
removed and scanned wi th  t h e  FTIR.  The i n f r a r e d  s p e c t r a  of  t h e  tars formed i n  vacuo 
c l o s e l y  resemble  t h e  s p e c t r a  of  t h e  p a r e n t  c o a l  from which i t  w a s  d e r i v e d .  However, 
t h e  i n f r a r e d  s p e c t r a  of t h e  tars formed under  p r e s s u r e  showed reduced a b s o r p t i o n  
i n  t h e  r e g i o n s  a s s o c i a t e d  w i t h  f u n c t i o n a l  groups of  vacuum tars.  The g r e a t e s t  
r e d u c t i o n s  occur  i n  t h e  n e a r  vacuum t o  190 torr r e g i o n ,  cor responding  t o  t h e  
g r e a t e s t  r e d u c i n g  i n  tar y i e l d  p e r  u n i t  change of ambient p r e s s u r e .  A s  p r e s s u r e s  
a r e  increased  beyond 190 t o r r  f u r t h e r  r e d u c t i o n s  i n  a b s o r p t i o n  due t o  f u n c t i o n a l  
groups a r e  s l i g h t .  The Utah bituminous c o a l  showing the  l ea s t  change i n  t a r  y i e l d  
p e r  u n i t  p r e s s u r e  i n c r e a s e  a l s o  d i s p l a y s  t h e  l e a s t  change i n  f u n c t i o n a l  group 
a b s o r p t i o n  p e r  u n i t  p r e s s u r e  i n c r e a s e .  

The t a r  p e l l e t s  from the  p r e s s u r e  r u n s  s c a t t e r e d  t h e  i n f r a r e d  beam cons ider -  
a b l y ,  where as t h e  p e l l e t s  from t h e  vacuum runs  d i d  n o t .  It i s  b e l i e v e d  t h a t  t h e  
s c a t t e r  is due t o  the p h y s i c a l  form of the  tars condensed on the  p e l l e t s .  I n  the  
c a s e  o f  the d e v o l a t i l i z a t i o n  r u n s  performed w i t h  a n  ambient p r e s s u r e ,  t h e  tars 
r e l e a s e d  immedia te ly  form an a e r o s o l  m i s t .  It i s  t h e s e  mists which condense on t h e  
K B r  p e l l e t s .  The p a r t i c l e - l i k e  n a t u r e  of t h e  condensed tar  mass on t h e  p e l l e t s  
s c a t t e r s  t h e  i n f r a r e d  s i g n a l .  No m i s t  is  observed i n  the  case  of t h e  vacuum r u n s .  
The vacuum tars  a p p a r e n t l y  coa t  t h e  K B r  p e l l e t s  i n  more o f  a molecular - layer ing  
l i k e  condensation. Scanning E l e c t r o n  Microscope photographs of t h e  tars condensed 
on g l a s s  f i b e r  f i l t e r s  p laced  i n  t h e  r e a c t i o n  v e s s e l  r e v e a l  c r y s t a l l i t e - l i k e  s t r u c -  
t u r e  formed on the  f i l t e r s  from t h e  vacuum r u n s .  The f i l t e r s  from t h e  p r e s s u r e  
r u n s  d isp layed  p a r t i c l e - l i k e  d r o p l e t s  c o a t i n g  t h e  f i l t e r s .  Tar d r o p l e t  format ion  
s imi la r  t o  t h i s  h a s  been observed e l sewhere  b u t  under d i f f e r e n t  d e v o l a t i l i z a t i o n  
conditions.9.14 

I n  o r d e r  t o  demonst ra te  the p r o p e n s i t y  of t h e  tar  m a s s  t o  form a e r o s o l  m i s t s  
when r e l e a s e d  i n  ambient p r e s s u r e  c o n d i t i o n s  h igh  speed f i l m s  were made of  t h e  
d e v o l a t i l i z i n g  P i t t s b u r g h  bituminous coa l .  
h e a t i n g  g r i d  immediately swept any r e l e a s e d  v o l a t i l e s  from t h e  g r i d  so t h a t  a c l e a r  
view of the decomposing c o a l  mass could be main ta ined .  The p l a s t i c i z i n g  P i t t s b u r g h  
c o a l  was s e l e c t e d  f o r  the  i n i t i a l  f i l m  s t u d y  s i n c e  t h e , r e l e a s e  of v o l a t i l e  mat te r  
d u r i n g  the p l a s t i c  s t a g e  of  decomposition can  be observed t o  occur  v i a  bubble 
r u p t u r e .  By means o f  a framing p r o j e c t o r  one can o b t a i n  a rough e s t i m a t e  of  the  
t i m e  i n t e r v a l  between the r u p t u r e  of a s p e c i f i c  bubble  and t h e  format ion  o f  a 
v i q i h l e  a - r n c n l  -icr 1: tkc 51;: Z::EGZ z r ~ ~ i - , i  :;-,e si;;. E A a u i i r a i i u n  ui sucn i i i m s  

A c r o s s  flow o f  n i t r o g e n  a c r o s s  t h e  
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r e v e a l s  t h a t  the a e r o s o l  m i s t  fo rmat ion  i n  a one atmosphere cold f low i s  r a p i d ,  
t a k i n g  p l a c e  dur ing  the f i r s t  few m i l l i s e c o n d s  of  t h e  bubble  r u p t u r e .  

Summary and Conclusions 

Based on t h e s e  i n i t i a l  i n v e s t i g a t i o n s  t h e  fo l lowing  g e n e r a l  o b s e r v a t i o n s  can 
be formulated: 

1. I n  vacuo tar y i e l d s  can  b e  r e l a t e d  t o  s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  
p a r e n t  c o a l :  

a .  For c o a l s  w i t h  O / C  v a l u e s  less than  - 0.09 t h e  tar  y i e l d  
appears  t o  be p r o p o r t i o n a l  t o  t h e  H/C parameter.  I n  t h i s  
reg ion  a s  p r e v i o u s l y  r e p o r t e d , 1 5  the maximum t a r  y i e l d  
appears  t o  be p r o p o r t i o n a l  t o  t h e  a l i p h a t i c + p e  f u n c t i o n a l  
groups of t h e  p a r e n t  c o a l  a s  revea led  by i n f r a r e d  a n a l y s i s  
of t h e  c o a l .  

For c o a l s  w i t h  O / C  v a l u e s  g r e a t e r  than  0 . 1  t h e  tar y i e l d  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  O / C  v a l u e s  of t h e  c o a l .  I n  
t h i s  reg ion  t h e  tar y i e l d  appears  to  be p r o p o r t i o n a l  t o  a 
mix of  a l i p h a t i c  and oxygen-containing f u n c t i o n a l  groups a s  
revea led  by i n f r a r e d  a n a l y s i s .  

b .  

b .  Consequently, p r e d i c t i v e  e q u a t i o n s  f o r  i n  vacuo tar  y i e l d s  
which are t o  b e  v a l i d  f o r  a range of c o a l s  a long  the  coal-  
l i f i c a t i o n  band must c o n s i d e r  t h e  multi-parameter n a t u r e  of  
the  dependence of t a r  y i e l d  on i n t r i n s i c  c o a l  s t r u c t u r a l  
paramters .  

2 .  I n  vacuo t a r  y i e l d s  are  dependent on the thermal d r i v e  exper ienced  by t h e  
c o a l  p a r t i c l e s .  Subbituminous and bituminous c o a l s  produce a maximum tar  
y i e l d  when hea ted  t o  a f i n a l  tempera ture  i n  t h e  600 C t o  800 C range w i t h  
an  apparent  h e a t i n g  r a t e  of - 100-200 C/sec. 
r a t i o s  d i s p l a y  a s h a r p e r  r e d u c t i o n  i n  tar y i e l d s  w i t h  an  i n c r e a s e  i n  
thermal d r i v e  c h a r a c t e r i s t i c s  beyond t h e s e  v a l u e s .  

Tar y i e l d s  f o r  bituminous c o a l s  a r e  s e n s i t i v e  f u n c t i o n s  of ambient pres -  
s u r e  i n  t h e  n e a r  vacuum t o  one atmosphere r e g i o n .  
y i e l d s  up t o  50% of t h e  i n  vacuo v a l u e  a r e  observed. 
y i e l d s  a r e  n o t  p r o p o r t i o n a t e l y  reduced. 

Coals w i t h  h i g h e r  O / C  

3 .  
Reduction i n  tar  

T o t a l  v o l a t i l e  
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4 ,  Physiochemical  c h a r a c t e r i s t i c s  of t a r  s p e c i e s  are dependent on p a r e n t  
c o a l  s t r u c t u r a l  c h a r a c t e r i s t i c s  as w e l l  a s  the c o n d i t i o n s  of devola- 
t i l i z a t i o n .  Vacuum formed low temperature  t a r s  c l o s e l y  resemble the  
p a r e n t  c o a l  i n  s t r u c t u r a l  c h a r a c t e r i s t i c s .  Changes i n  appa ren t  thermal 
d r i v e  and ambient  cond i t ions  produce changes i n  t a r  c h a r a c t e r i s t i c s .  
In g e n e r a l ,  f u n c t i o n a l  group c h a r a c t e r i s t i c s  a r e  reduced wi th  i n c r e a s e s  
i n  thermal  d r i v e  and ambient p r e s s u r e .  HCN appears  t o  be a p r i n c i p a l  
n i t rogen-con ta in ing  l i g h t  gas s p e c i e s  r e l e a s e d  as t a r  y i e l d s  a r e  
reduced w i t h  an i n c r e a s e  i n  thermal  d r i v e .  

Since t a r  y i e l d s  and c h a r a c t e r i s t i c s  a r e  s e n s i t i v e  f u n c t i o n s  of c o a l  charac- 
t e r i s t i c s  and d e v o l a t i l i z a t i o n  c o n d i t i o n s ,  p r e d i c t i v e  r e l a t i o n s h i p s  a r e  of 
n e c e s s i t y  mult i -parameter  i n  n a t u r e .  
considered as t h e  tar y i e l d s  and c h a r a c t e r i s t i c s  a r e  shown t o  b e  s e n s i t i v e  func- 
t i o n s  of bo th .  The s e n s i t i v i t y  of y i e l d s  and c h a r a c t e r i s t i c s  t o  parameter  changes 
f o r  a wide v a r i e t y  o f  c o a l s  i s  i n d i c a t i v e  o f  t h e  coupled chemical  k i n e t i c - t r a n s p o r t  
n a t u r e  of c o a l  d e v o l a t i l i z a t i o n .  

Both i n t r i n s i c  and p rocess  pa rame te r s  must be 
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Figure  1: Heated Grid P y r o l y s i s  Apparatus 
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Figure  4 :  Tar Yie lds  as a Function of F ina l  
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Figure  2 :  Tar Yie lds  and C o a l i f i c a t i o n  Band 
P o s i t i o n  (See Table I f o r  
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Figure  5 :  Tar Yie lds  as a Function of F i n a l  

F igure  3: I R  Spec t ra  o f  Coals 
Temperature f o r  Western Bituminous 
Coals 
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Figure 13  : Tar and Char Yield Variat ion 
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