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INTRODUCTION 

The p y r o l y s i s  and ca rbon iza t ion  behavior  of c o a l  has  been 
s t u d i e d  i n t e n s i v e l y  s i n c e  t h e  i n d u s t r i a l  r e v o l u t i o n .  Many techniques  
have been developed, b u t  most r e q u i r e  r e l a t i v e l y  l a r g e  q u a n t i t i e s  of 
m a t e r i a l ;  t h e y  a re  time-consuming and expens ive  t o  perform. The 
Microsample S t r i p  Furnace desc r ibed  i n  t h i s  paper  u ses  only  a few 
mi l l ig rams of m a t e r i a l  and e v a l u a t i o n s  can be c a r r i e d  ou t  i n  a 
m a t t e r  of minutes .  Techniques have been developed t o  s tudy  coking 
behavior  on hea t ing ,  weight loss on hea t ing ,  t h e  n a t u r e  of t h e  pro-  
d u c t  evolved du r ing  t h e  h e a t i n g  sequence, and a s h  d i s t r i b u t i o n  and 
p r o p e r t i e s  . 

These techniques  g e n e r a l l y  y i e l d  q u a l i t a t i v e  in fo rma t ion .  The 
obse rva t ions  ass i s t  i n  t h e  i n t e r p r e t a t i o n  of t h e  phenomena involved,  
and s e r v e  as a guide  i n  s e t t i n g  up more q u a n t i t a t i v e l y  p r e c i s e  
experiments .  Q u a l i t a t i v e  d i f f e r e n c e s  i n  p y r o l y s i s  behavior  can 
r e a d i l y  be observed and problems such as sample h e t e r o g e n e i t y  
r e a d i l y  d e t e c t e d  . 

APPARATUS 

The Microsample S t r i p  Furnace ( o r  o f t e n  c a l l e d  s imply a ho t -  
s t a g e  microscope)  has  been desc r ibed  i n  p rev ious  p u b l i c a t i o n s ' .  
model a v a i l a b l e  a t  P r ince ton  ( F i g u r e  1) i s  similar except  t h a t  
manual tempera ture  c o n t r o l s  a r e  employed. E s s e n t i a l l y ,  t h e  u n i t  
c o n s i s t s  of an enc losed  m i c r o s t r i p  fu rnace  and swing-out,  s t e r e o -  
scopic ,  v a r i a b l e  power microscope. The microscope i s  f i t t e d  wi th  
a v e r t i c a l  i l l u m i n a t o r ,  s o  t h a t  a n  o p t i c a l  pyrometer can be used t o  

The 

'A. R .  Conroy and J .  A. Robertson, "Cont ro l led  Atmosphere Hot S tage  
f o r  Microscopic Observa t ions  of  Glass Melt ing Phenomena. P a r t  I, I'  

The Glass I n d u s t r y ,  44, 76-9, 139-43 (1963). 
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measure t h e  tempera ture  of t h e  ho t  s t r i p .  The furnace  c o n s i s t s  of 
a s t r i p  of  plat inum, molybdenum or o t h e r  r e f r a c t o r y  meta l  held 
between two water-cooled e l e c t r o d e s .  Power f o r  r e s i s t a n c e  hea t ing  
i s  supp l i ed  b y  a 4 -vo l t ,  100 ampere step-down t ransformer .  The 
tempera ture  c a n  be r a i s e d  s lowly  by manually a d j u s t i n g  t h e  au to -  
t r ans fo rmers  or q u i c k l y  b y  p r e s e t t i n g  t h e  au to t r ans fo rmers  and then 
snapping t h e  swi t ch  on. The fu rnace  assembly i s  covered w i t h  a n  
envelope c o n s i s t i n g  o f  a p i ece  of t h ree - inch  Pyrex p ipe  t o  t h e  top  
of which i s  s e a l e d  a p l ane  p i e c e  of o p t i c a l  q u a r t z .  The sample i s  
viewed through t h e  q u a r t z  p l a t e ,  and s i n c e  a long working d i s t a n c e  
o b j e c t i v e  i s  used a t  7-30 X t o t a l  magn i f i ca t ion ,  coo l ing  of t h e  micro- 
scope i s  not  r e q u i r e d .  The enc losed  a r e a  can be f lu shed  wi th  any 
gas  d e s i r e d .  T h i s  gas  i s  in t roduced  so a s  t o  sweep a c r o s s  the  qua r t z  
window and thus  prevent  fogging by condens ib les .  

, 

The tempera tures  t h a t  can be reached depend mainly on t h e  
r e s i s t i v i t y  and t h i c k n e s s  of t h e  s t r i p  m a t e r i a l .  We used 3-5 m i l  
t h i c k ,  8 mm wide p la t inum or molybdenum i n  t h i s  s tudy .  The maxi- 
mum temperature  o b t a i n a b l e  i s  l i m i t e d  by t h e  *melting po in t  of t h e  
m a t e r i a l ,  3190°F f o r  p la t inum and 4750°F f o r  molybdenum. 

PRELIMINARY OBSERVATIONS 

Microscopica l ly ,  c o a l  i s  a heterogeneous composite of macerals  
It i s  d e s i r a b l e  t o  make a p re l imina ry  microscopic  observa t ion  t o  
de te rmine  the  minimum p a r t i c l e  s i z e  which is  r e p r e s e n t a t i v e  of t h e  
m a t e r i a l  under s t u d y .  I f  t h e  h e t e r o g e n e i t y  i s  large w i t h  r e spec t  
t o  t h e  s i z e  of t h e  p a r t i c l e  p r e f e r r e d  f o r  microscopic  s tudy ,  then  
the  va r ious  components can be sepa ra t ed  and s tud ied  i n d i v i d u a l l y .  
The  f i n a l  conclus ions  a r e  then  weighted acco rd ing ly .  O r ,  a compos- 
i t e  o f  f i n e  p a r t i c l e s  can be s t u d i e d  a s  r e p r e s e n t a t i v e  of t h e  t o t a l  
composi t ion.  If t h e  h e t e r o g e n e i t y  i s  of f i n e  s t r u c t u r e ,  s o  t h a t  
i n d i v i d u a l  p a r t i c l e s  of t h e  d e s i r e d  s i z e  are r e p r e s e n t a t i v e ,  t h e  
sample can b e  cons ide red  a s  homogeneous f o r  t he  t e s t s  desc r ibed .  
The la t ter  was t h e  c a s e  i n  t h e  c o a l s  used i n  t h i s  s tudy .  

The i n d i v i d u a l  behavior  of t h e  var ious  macerals  on hea t ing  can 
be observed,  i f  d e s i r e d ,  by h e a t i n g  a t h i n  s e c t i o n ,  i n  which t h e  
macera ls  h a v e  been i d e n t i f i e d ,  i n  d i r e c t  con tac t  w i th  t h e  s t r i p .  
The t h i n  s e c t i o n  must be c a r e f u l l y  c leaned t o  remove t h e  cement 
used i n  its p r e p a r a t i o n .  Also, t h e  cement-solvent  system chosen 
must n o t  modify t h e  s e c t i o n .  

Slow o x i d a t i o n  o f  the  c o a l  p a r t i c l e  i n  a i r  o f t e n  b r i n g s  out  
t h e  s t r u c t u r a l  d i s c o n t i n u i t i e s  which a r e  d i f f i c u l t  t o  s e e  i n  the  
u n t r e a t e d  p a r t i c l e .  T h i s  o x i d a t i o n  can be c a r r i e d  all t h e  way t o  
t h e  f i n a l  a s h  s k e l e t o n ,  showing t h e  d i s t r i b u t i o n  of ash-forming 
m i n e r a l s .  
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A few minutes  spen t  i n  t h i s  p r e l i m i n a r y  examinat ion w i l l  pe rmi t  
the  s e l e c t i o n  of more meaningful  samples  for subsequent  s t u d i e s ,  and 
w i l l  p rovide  a b e t t e r  unde r s t and ing  of  t h e  phenomena t o  be observed 
l a t e r .  

CARBONIZATION O F  COAL 

D i f f e r e n t  r anks  of c o a l  show g r e a t  d i f f e r e n c e s  i n  behav io r  under  
f i x e d  h e a t i n g  c o n d i t i o n s ,  and c o a l s  of  t h e  same rank  show d i f f e r e n t  
behav io r s  i f  h e a t i n g  r a t e s  o r  a tmospheres  are  v a r i e d .  For example, 
i t  can be r e a d i l y  seen  t h a t  a l i g n i t e  which undergoes excess ive  
p a r t i c u l a t e  shr inkage ,  th rough loss of g a s  only ,  can be processed  
i n  equipment t h a t  would be comple te ly  unable  t o  hand le  a coking 
c o a l .  Observa t ions  of t h i s  n a t u r e  b e f o r e  des ign ing  of l a b o r a t o r y  o r  
p i l o t  s e t - u p s  reduce  l a t e r  problems. The t ime  r e q u i r e d  f o r  such 
o b s e r v a t i o n s  i s  minimal. 

Observa t ions  made b e f o r e  des ign ing  l a b o r a t o r y  equipment should  
be fol lowed by p e r i o d i c  examinat ion of i n t e r m e d i a t e s  and products  
prepared  i n  l a b o r a t o r y ,  p i l o t  and shake-down p l a n t  r u n s .  Often a 
product  c h a r a c t e r i s t i c  no t  appa ren t ,  except  by  microscopic  s tudy ,  can 
i n d i c a t e  needed p rocess  changes.  The anomaly can o f t e n  be d u p l i c a t e d  
under  t h e  microscope and the  remedy checked f o r  e f f e c t i v e n e s s  b e f o r e  
be ing  a p p l i e d  on a l a r g e r  s c a l e .  

Experiments i n  which h e a t i n g  r a t e  was v a r i e d  have been e s p e c i a l l y  
in fo rma t ive .  The h o t  s t a g e  o f f e r s  a much wider range  o f  a v a i l a b l e  
h e a t i n g  r a t e s  t h a n  most p y r o l y s i s  equipment and so  a l l o w s  one t o  
de te rmine  what might happen beyond the  l i m i t s  of t h e  l a r g e r  equip-  
ment. Th i s  i s  i l l u s t r a t e d  i n  exper iments  i n v o l v i n g  shock h e a t i n g  o f  
v a r i o u s  c o a l s .  

A s m a l l  p i e c e  of c o a l ,  about  1 -2  mg, was p l aced  on t h e  s t r i p  
and shock heated t o  abou t  1000°C by snapping t h e  s w i t c h  wi th  t h e  
t r ans fo rmers  p r e s e t  f o r  1000°C. Coking c o a l ,  such  as  F e d e r a l  m e l t s ,  
exudes t a r s  and vapors  which condense on t h e  g l a s s  v e s s e l ,  and forms 
a coke b u t t o n .  A non-coking subi tuminous  c o a l  such as  E l k o l  does 
n o t  m e l t ,  b u t  p u f f s  ou t  i n t o  a porous s t r u c t u r e  w i t h  t h e  l o s s  of 
l i g h t  vapors  ( F i g u r e  2 ) .  A s imple  t e s t  f o r  cok ing  i s  t o  h e a t  two 
p a r t i c l e s  of  c o a l  i n  c o n t a c t  w i t h  each o t h e r .  Coking c o a l s  w i l l  
f u s e  w h i l e  non-coking c o a l s  w i l l  n o t .  The s t r e n g t h  of t h e  bond 
a f t e r  c o o l i n g  can be  e a s i l y  e s t i m a t e d  by probing  w i t h  a needle  while 
obse rv ing  through the  microscope.  

WEIGHT LOSS 

It had been thought  t h a t  the observed volume changes could  be 
used  t o  e s t i m a t e  t h e  pe rcen tage  of c o a l  v o l a t i l i z e d .  However, 
because  of d e n s i t y  and p o r o s i t y  changes i n  t h e  cha r ,  t h i s  was n o t  
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p o s s i b l e .  It was t h e r e f o r e  decided t o  a t tempt  a semi -quan t i t a t ive  
approach by weighing a c o a l  p a r t i c l e  be fo re  and  a f t e r  exposure on 
t h e  hot  s t a g e .  It was found t h a t ,  wi th  ca re ,  p a r t i c l e s  o f  c o a l  
weighing one t o  t h r e e  mi l l i g rams  could  be handled.  -Weighing was 
performed on a microbalance  s e n s i t i v e  t o  ~0.000001 g m  (1 microgram). 

Considerable  t echn ique  development was necessa ry  t o  reduce the  
exper imenta l  s c a t t e r  found i n i t i a l l y .  D i r e c t  handl ing  of coa l  
p a r t i c l e s  with f o r c e p s  proved i m p r a c t i c a l  as t h e  cha r s  tended t o  
be t o o  f r i a b l e .  Mic roc ruc ib l e s  about  2 mm on t h e  edge were folded 
from plat inum f o i l  o r  gauze.  The tared c r u c i b l e s  were t h e n  used t o  
c o n t a i n  t h e  c o a l .  Bes ides  i n c r e a s i n g  r e p r o d u c i b i l i t y ,  t h i s  system 
al lowed t h e  e v a l u a t i o n  o f  f i n e - g r i n d  p a r t i c l e s  on t h e  hot  s t a g e .  
However, t h e  meta l  of t h e  c r u c i b l e  d i d  not  make p e r f e c t  con tac t  with 
t h e  meta l  s t r i p ,  even though t h e  s t r i p  was bent  t o  t h e  shape o f  t h e  
c r u c i b l e  and t h e  l a t t e r  was h e l d  as by a s p r i n g .  Also, t h e  t o t a l  
weight of metal that  had t o  be  hea ted  was about  doubled. A s  a 
r e s u l t ,  t h e  maximum tempera tu re  o b t a i n a b l e  was reduced from 3200'F 
t o  220O0F. 

Heat t r a n s f e r  t o  t h e  sample was from t h e  hea ted  s t r i p  only .  
Thus, h e a t  flow was e s s e n t i a l l y  u n i d i r e c t i o n a l ,  w i t h  t h e  bottom 
hea ted  f i r s t .  Th i s  phenomenon could be c l e a r l y  observed i n  coking 
c o a l s ,  where l i q u e f a c t i o n  and coking occurred  i n  waves s t a r t i n g  
from t h e  hea t  sou rce .  

The time t o  r each  set tempera ture  was es t ima ted  from the  c u r r e n t  
p u l s e  observed on an ammeter. When t h e  swi t ch  w a s  c losed ,  t h e  
c u r r e n t  r o s e  q u i c k l y  t o  a h igh  va lue .  A s  t h e  meta l  s t r i p  heated,  
i t s  r e s i s t a n c e  i n c r e a s e d ,  dec reas ing  t h e  c u r r e n t .  It was presumed 
t h a t ,  when t h e  c u r r e n t  had decreased  from t h e  peak va lue  t o  a 
s t e a d y  s ta te ,  t h e  s t r i p  had reached tempera ture  equ i l ib r ium.  The 
e f f e c t  of c r u c i b l e  and c o a l  on t ime t o  s t e a d y  state could b e  
observed.  It was e s t i m a t e d  t h a t  i t  took  1.5 t o  2 . 5  seconds t o  reach 
a tempera ture  o f  1830°F. 

3-7. A l l  curves  r e f l e c t  i nc reased  v o l a t i l i z a t i o n  wi th  inc reas ing  
tempera ture .  F u r t h e r ,  t h e  amount v o l a t i l i z e d  i s  o f t e n  g r e a t e r  than  
t h a t  obtained i n  theASTM v o l a t i l e - m a t t e r  t e s t .  The amounts vo la-  
t i l i z e d  a t  1742OF are compared i n  Table  I. I n  F igu re  4 t h e  number 
b e s i d e  each poin t  r e p r e s e n t s  t h e  number of experiments  averaged t o  
o b t a i n  i t .  

Weight-loss cu rves  f o r  s e v e r a l  c o a l s  are presented  i n  F igures  

These f i n d i n g s  are s imi l a r  t o  t h o s e  of  Loison and Chauvin2. , / 

- 

2R. Loison and R .  Chauvin, "Rapid P y r o l y s i s  of Coal , "  Cerchar,  
Cheltenham I n t e r n a t i o n a l  Coal  Sc ience  Conference,  1963. 
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Since  v o l a t i l i z a t i o n s  by  shock h e a t i n g  a r e  f o r  the most p a r t  
g r e a t e r  t h a n  t h o s e  ob ta ined  by the ASTM technique ,  t h e  h e a t i n g  r a t e  
must be r e s p o n s i b l e  f o r  t h e  i n c r e a s e .  A t  t he  t i m e  t h e  r e s u l t s  were 
ob ta ined ,  t h e  p o s s i b i l i t y  t h a t  e r r o r  i n h e r e n t  i n  t h e  technique  was 
r e s p o n s i b l e  f o r  a l l  t he  v a r i a t i o n  was cons ide red .  N o w  t h i s  can b e  
d i scoun ted  because  of o t h e r  d a t a  ob ta ined  i n  P r o j e c t  COED which 
suppor t s  t h e  conc lus ion  concern ing  t h e  dependence of  v o l a t i l i z a t i o n  
on the h e a t i n g  rate3.  
conf idence  t ha t  i n c r e a s e d  v o l a t i l i z a t i o n  cou ld  be ob ta ined ,  and 
t h e r e f o r e  guided t h e  exper iments  which q u a n t i t a t i v e l y  proved t h i s  
f i n d i n g .  

However, t h e  d a t a  ob ta ined  here gave us  t h e  

TAR AND LIQUOR YIELD 

I n  o r d e r  t o  e s t i m a t e  more q u a n t i t a t i v e l y  the amount of t a r  
and l i q u o r  formed, a measured amount o f  c o a l  was p l aced  i n  a me l t ing -  
p o i n t  c a p i l l a r y  t u b e .  The h o t  s t r i p  was ben t  i n t o  a loop  t o  hold  
the  coa l - con ta in ing  end of t h e  c a p i l l a r y .  On shock hea t ing ,  it was 
found t h a t  the  vapors  exuded and condensed i n  the uppe r  r eg ions  o f  
the c a p i l l a r y  w i t h  t h e  h e a v i e r  material condensing n e a r e r  t h e  c o a l .  
The n a t u r e  of t h e  exudate ,  whether t a r ,  l i q u i d ,  or gas ,  could  be  
e a s i l y  observed through t h e  microscope and i t s  condensa t ion  behav io r  
fo l lowed.  A s  shown i n  F igu re  8, coking  c o a l  such  as F e d e r a l  
tended t o  have more heavy ta r ,  w h i l e  t he  product  from non-coking 
c o a l s  such as subbi tuminous E lko la re  lighter and more mobi le .  A serni- 
q u a n t i t a t i v e  comparison of y i e l d  can be made by  measuring the 
l e n g t h s  of  c a p i l l a r y  c o n t a i n i n g  t h e  v a r i o u s  f r a c t i o n s .  

The c a p i l l a r y  t u b e  t echn ique  has been found t o  be p a r t i c u l a r l y  
u s e f u l  i n  t h e  r a p i d  s c r e e n i n g  of unknown c o a l s .  By u s i n g  a s t anda rd  
fill (0 .5 cm) of a s i z e d  c o a l  (40-60 mesh), an unknown c o a l  can be 
canpared w i t h  known s t a n d a r d s  w i t h  r ega rd  t o  water c o n t e n t ,  me l t ing  
( cok ing)  behav io r ,  volume change on h e a t i n g ,  tar  e v o l u t i o n ,  t a r  
c h a r a c t e r  ( l i g h t  o r  heavy)  and sometimes g a s  e v o l u t i o n  (made v i s i b l e  
by e n t r a i n e d  t a r ) .  The e n t i r e  obse rva t ion  takes abou t  f i v e  minutes  
and r e q u i r e s  on ly  a few mi l l i g rams  of sample. 

ASH DISTRIBUTION AND PROPERTIES 

Cons iderable  in fo rma t ion  can be ga ined  by obse rv ing  t h e  bu rn ing  
of a s i n g l e  p a r t i c l e  of c o a l  under t h e  microscope.  If des i red ,  t he  
ox ida t ion  can be c a r r i e d  ou t  slowly, a v o i d i n g  v i s i b l e  flames thus  
making p o s s i b l e  the  o b s e r v a t i o n  of t h e  slow removal of carbon from 
t h e  ash s k e l e t o n ;  or the  combustion can  be  fo rced  t o  de te rmine  i t s  

' 5 .  F. Jones, M .  R .  Schmid, R.  T .  Eddinger ,  C h e m .  Eng. Prog. l.0, 
No. 6, 1964. 
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i n f l u e n c e .  By r e g u l a t i n g  t h e  oxygen con ten t  of  the atmosphere, 
the  r a t e  of ox ida t ion  can be  c o n t r o l l e d  and t h e  in f luence  of 
tempera ture  i s o l a t e d .  

f 

When a c o a l  p a r t i c l e  i s  s lowly  oxid ized ,  t h e  ash-producing 
mine ra l s  a r e  l e f t  a t  t h e i r  o r i g i n a l  s i t e s  and a ske le ton  s t r u c t u r e  
i s  r e t a i n e d .  The o r i g i n a l  mine ra l s  may be converted t o  oxid ized  
forms, e . g . ,  p y r i t e  conver ted  t o  hemat i te ,  bu t  i n  t h e  absence of \ 

l i q u i f a c t i o n ,  t h e  conve r t ed  mine ra l s  remain d i s t r i b u t e d  i n  space 
about  t h e  same as  t h e i r  p redecesso r s .  This  a l lows  t h e  observer  
t o  dec ide  i f  b e n e f i c i a t i o n  techniques  would be u s e f u l  i n  upgrading 
t h e  c o a l  and t o  what deg ree  of s i z e  r educ t ion  the  c o a l  must be 
ground before  s e p a r a t i o n  could be expec ted .  

After t h e  ash s t r u c t u r e  has been s tud ied ,  t h e  temperature  I 

can be r a i s e d  and the  a s h  me l t ing  c h a r a c t e r i s t i c s  observed.  The ! 
a s h  me l t ing  po in t  or mel t ing  range can be e a s i l y  measured and the  
r e a c t i o n  o r  f l u x i n g  o f  ash components noted.  The behavior  of t h e  
a s h  on h e a t i n g  g i v e s  c l u e s  as t o  problems t h a t  might be  encountered 
i n  commercial use  of t h e  c o a l ,  such as c l i n k e r  formation,  f l u x i n g  
of f i r e  b r i ck ,  or f l y - a s h  c o n t r o l .  

CONCLUSIONS 

The techniques  j u s t  desc r ibed  show t h a t  t h e  ho t - s t age  microscope 
can  be a very u s e f u l  t o o l  i n  c o a l  r e s e a r c h .  It can be used  f o r  
q u a l i t a t i v e  obse rva t ion  o f  c o a l - s t r u c t u r e  ca rbon iza t ion  behavior ,  
and ash c h a r a c t e r i s t i c s .  Semi -quan t i t a t ive  r e s u l t s  can b e  obtained,  
p rov id ing  reasonable  guide  l i n e s  for sca l e -up  work. 
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TABLE I 

f V o l a t i l i  t i o n  a t  1742'F (950°C),  Dry Bas i s  

ASTM Percentage 
Procedure Hot Stage  I n c r e a s e  

40.7 48 17 

37.7 49 30 

Kopperston No. 22 31.6 36 1 4  

Colver' 2 5 . 3  19 neg. -25 

Or ien t  No. 3' 44 41 neg.  -7 

'Kemmerer Coal Company, F r o n t i e r ,  Wyoming 

'Eastern Assoc ia ted  Coal Corp., P i t t s b u r g h ,  P a .  

'Freeman Coal  Mining Corp., Chicago, I l l i n o i s  

. .  
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Figure  1 

Microsample S t r i p  Furnace w i t h  Microscope 
Note glass envelope cove r j  ng t h e  e l e c t r o d e  p o s t s .  
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FIGURE 3 

Weight  Lobs  of  Elk01 Coal on llot S tagc  
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FIGURE 4 

Wclgh t  LoJs of F e d e r a l  Coa l  o n  I 1 0 1  Sa=  

P o ~ n t s  a r e  
a v e r a g e  of 
t e s t = ,  ( n u m b e r  
i n d i c a t e s  how 
m a n y  t e s t s  
w r r c  m a d e ) .  
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F I G U R E  6 

Wei$ht Loss 01 Colvcr Coal On Hot Stace 
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Figure  9 

E l k o l  c o a l  a f t e r  m i l d  o x i d a t i o n .  Ash 
is uniformly d i s t r i b u t e d  throughout  
p a r t i c l e .  


