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The va r ious  experiments i n  t h i s  s tudy  a r e  performed wi th  t h e  ob jec t ive  
of b e t t e r  understanding t h e  i n i t i a l  r e a c t i o n  s t e p s  i n  coa l  g a s i f i c a t i o n .  
Emphasis i s  placed on c l a r i f y i n g  and understanding t h e  s t r u c t u r e  of coa l  
and i t s  t a r s  through pyro lys i s  s t u d i e s  designed t o  enhance format ion  of 
r eac t ive  gas phase in t e rmed ia t e  spec ies .  Our main concern i s  centered  on 
t h e  cha rac t e r i za t ion  of unknown in te rmedia tes  and b e t t e r  understanding t h e  
mechanism of t a r  formation. The experiments a r e  designed such t h a t  
r eac t ive  gas phase in te rmedia tes  can e x i t  t h e  r e a c t i o n  zone r a p i d l y  and be 
trapped with i n e r t  ma t r ix  gas on a co ld  (12'K) mat r ix  su r face .  
I d e n t i f i c a t i o n  of t hese  spec ie s  and poss ib ly  f r e e  r a d i c a l s  a r e  performed i n  
a newly df f jgned  Rice Un ive r s i ty  mul t i su r f ace  ma t r ix  i s o l a t i o n  FTIR-MS 
appara tus  . 
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The Rice  Univers i ty  mul t i su r f ace  mat r ix  i s o l a t i o n  FTIR-MS appara tus  
was used i n  the  slow pyro lys i s  s t u d i e s  of I l l i n o i s  #6 and f l a s h  py ro lys i s  
of i t s  t a r s .  The mul t i su r f ace  MI-FTIR appara tus  possesses  a l a r g e  number 
(60) of depos i t i on  su r faces  which a r e  use fu l  f o r  py ro lys i s  s t u d i e s  over  a 
wide range of temperatures.  
i n  de t ec t ing  small changes occur ing  a s  a r e s u l t  of v a r i a t i o n s  i n  r e a c t i o n  
temperature or o t h e r  r e a c t o r  condi t ions .  The system i s  in t eg ra t ed  t o  a 
high r e so lu t ion  Four i e r  transform i. r. spectrometer covering a s p e c t r a l  
range from t h e  f a r  i. r. t o  t h e  near  i. r. A d e t a i l e d  schematic diagram of 
the  MI-FTIR appara tus  i s  shown i n  Figures l a  and lb .  

The r e a c t o r  used i n  our slow pyro lys i s  experiments i s  shown i n  F igure  
2. It c o n s i s t s  of a water cooled r a d i a t i o n  sh ie ld ;  a ho t  furnace  
r e s i s t i v e l y  hea ted  through a c y l i n d r i c a l l y  shaped t h i n  tantalum f o i l  (.001 
inches)  which has been spo t  wielded t o  an o u t e r  cy l inde r  of a t h i c k e r  
tantalum tube (.020 inches ) ;  F ine ly  d iv ided  
powders of coa l ,  between 20-100 mg. of 1500 mesh p a r t i c l e  s i z e ,  a r e  p lace  
i n t o  t h e  g r a p h i t e  c e l l  i n s i d e  the  r eac to r .  
slowly hea ted  from room temperature t o  approximately 145OOC. The gaseous 
py ro lys i s  products a r e  then  immediately d i r e c t e d  over  t h e  very  co ld  
depos t ion  su r face  (12'K) which quenches r e a c t i o n s  and t r a p s  t h e  spec ie s  i n  
an  i n e r t  ma t r ix  gas of e i t h e r  argon o r  n i t rogen .  
su r f ace  is used f o r  each 60-1OO0C increment r ise  i n  temperature over a 10 
minute t r app ing  period. The f rozen  t r a n s i e n t  products  a r e  l a t e r  analyzed 
o f f - l i ne  wi th  the  FTIR spectrometer.  

F igure  3 p resen t s  t h e  r e a c t o r  used i n  the  f l a s h  py ro lys i s  s t u d i e s  of 
coa l  t a r .  

This  l a r g e  number of su r faces  i s  very  va luable  

and a g raph i t e  sample c e l l .  

Af t e r  evacuat ion ,  t h e  sample i s  

I n  gene ra l ,  one depos t ion  

The r e a c t o r  i s  e s s e n t i a l l y  t h e  same as descr ibed  f o r  t h e  slow 
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pyro lys i s  s t u d i e s  with t h e  exception of t he  sample C e l l .  Since t a r  evolves 
a t  r e l a t i v e l y  low temperatures (-100-3OO0C), i t  became e s s e n t i a l  t o  
main ta in  t h e  coa l  w i th in  t h i s  low temperature range t o  ensure genera t ion  of 
t a r .  
py ro lys i s  t o  occur. 
of a copper sample c e l i  cooled by flowing e i t h e r  n i t rogen  o r  helium gas 
through smal l  s t a i n l e s s  s t e e l  tub ing  (1/16") s i l v e r  so ldered  t o  the  back of 
t h e  copper c e l l  ( s e e  d e t a i l s  i n  Figure 3 ) .  
i s  a t t ached  t o  t h e  f r o n t  of the  copper c e l l .  This  i s  t h e  hot  r e a c t o r  zone 
where the  f l a s h  py ro lys i s  occurs.  
fu rnace ,  t h e  r e l a t i v e l y  non-conducting qua r t z  tube  becomes pos i t ioned  a t  
t he  f r o n t  of t he  furnace ,  i n  the  hot  zone, and the  copper c e l l  conta in ing  
the  coa l  sample becomes pos i t i oned  a t  t h e  r e l a t i v e l y  cool  back s e c t i o n  of 
the  furnace.  By vary ing  t h e  flow of the  cool ing  gas from 30 t o  0 p s i ,  t h e  
temperature of t he  copper c e l l  can be successfu l18  maintained i n  the  t a r  
evolu t ion  range (between room temperature t o  -321 C) when the  temperature 
of t h e  qua r t z  tube reaches  *1180°C. Under these  cond i t ions ,  evo lu t ion  of 
t a r  i s  e a s i l y  cont ro l led .  During t h e  experiment, t h e  temperature of t h e  
coa l  powder was c lose ly  monitored wi th  a Chromel-Alumel thermocouple i n  
d i r e c t  contac t  with t h e  copper c e l l .  
pass through t h e  hot qua r t z  t ube  through su r face  hea t ing .  
py ro lys i s  products a r e  t rapped  onto t h e  lZ°K depos i t i on  su r face  along wi th  
the  i n e r t  ma t r ix  gas t o  be analyzed later by FTIR spectroscopy. 

The evolved t a r  should then  pass through a ho t  zone of -12OO0C f o r  
These r e q u r i r m e n t s  have been achieved by the  des ign  

A p iece  of 4 m quar t z  tub ing  

When assembled and placed i n t o  t h e  

Tar molecules a r e  pyrolyzed as they 
The t r a n s i e n t  
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1. SLer! PYrolva i s  & $ l l i n o k &  
Slow pyro lys i s  s t u d i e s  are performed as a b a s i s  f o r  

cha rac t e r i z ing  coa l  and f o r  comparison t o  o t h e r  hea t ing  
techniques.  Approximately 28 mg. of I l l i n o i s  #6 ( 4 5 0 0  mesh) coa l  
powder i s  placed i n  t h e  g r a p h i t e  c e l l  ( s e e  F igure  2)  and slowly 
heated. Gaseous products  ob ta ined  a t  d i f f e r e n t  temperatures a r e  
t rapped  i n  10 minute i n t e r v a l s  with n i t rogen  onto  t h e  lZ°K mat r ix  
i s o l a t i o n  su r face  and subsequent ly  examined. 
MI-FTIR s p e c t r a  are presented  i n  F igure  4. Var i a t ions  i n  gaseous 
py ro lys i s  products a r e  e a s i l y  followed i n  t h e  three-dimensional 
p l o t .  A s  can be seen  f rom t h e  p l o t s ,  coa l  d e v o l a t i l i z a t i o n  i s  
cha rac t e r i zed  by: 
w e l l  a s  t r a c  of smal l  c a r b  Is such a s  ace to  
formaldehyde"), formic  acid"' and a c e t i c  acid"' a t  low 
tempera tures ;  
evo lu t ion  of CH , C2H4, CzH6, C H 
C02, CO, HzO, H6li  and CH from b8-85OoC; and h igher  temp 
evolu t ion  of CS2, CO, H28 and CpHz a s  w e l l  a s  n i t r i c  oxide 
o t h e r  a s  y e t  u n i d e n t i f i e d  spec ie s .  The i n t e r e s t i n g  observa t ion  
t h a t  carbon monoixide r eaches  maximum y i e l d  a t  two d i f f e r e n t  
temperatures,  f i r s t  a t  *8OO0C and then  a t  -135OOC i n d i c a t e  two 

The r e s u l t i n g  

t h e  immediate evo lu t ion  of C 0 2 ,  H20 and SO2 a s  

evo lu t ion  of t a r  a t  15O-40O0C wi th  simultaneous 
and COS; coupled evo lu t ion  of 

?sat;;; 
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This  has  a l s o  been d i f f e r e n t  sources of CO i n  t h e  par n 
observed by Soloman and co-workers 

and C H 
Our si?uhies a l s o  i n d i c a t e  the  evo lu t ion  of t a r  a s  d i s c r e t e  
molecules (perhaps i n  t h e  form of f r e e  r a d i c a l s )  which 
re-polymerize t o  g ive  a s t r u c t u r e  s i m i l a r  t o  t h e  pa ren t  coal.  
C h a r a c t e r i s t i c  t a r  absorp t ions  i n  matices-!re broad absorp t ions  i n  
t h e  C-H s t r e t  h ing  r eg ion  of 3100-2800 cm , C-H bend;% region  of 
1500-1400 om-' and C-0 s t r e t c h i n g  r eg ions  of -1100 cm . More 
d e t a i l e d  t a r  spec t r a  and t h e i r  v a r i a t i o n s  wi th  temperature a r e  
shown i n  F igure  5. 

COS a t  low temperatures and CS2 a t  h igher  temperatures.  
H2S and NH3 a r e  a l s o  observed a t  low temperatures.  

765 
Tar formation wi th  simultaneous evo lu t ion  of CH4, C2H4, C2H6 

sugges ts  a l i p h a t i c  l inkage  groups i n  t h e  pa ren t  coal.  

. 

Sul fu r  i n  I l l i n o i s  16 coa l  i s  evolved i n  t h e  form of SO2 and 
Traces of 

2. Pyrolys i s e f L U b & . & i & x  
Pyro lys i s  s t u d i e s  of I l l i n o i s  16 t a r  were c a r r i e d  out t o  g a i n  

a b e t t e r  understanding of i t s  s t r u c t u r e  and of how it d i f f e r s  from 
the  parent  coa l .  Approximately 100 m g .  of I l l i n o i s # 6  powder 
(<500 mesh) i s  placed i n  t h e  copper c e l l  ( s e e  F igure  3 ) .  Af te r  
assembling t h e  r e a c t o r  and a t t a c h i n g  i t  t o  t h e  3 t r i x  i s o l a t i o n  
appara tus ,  t h e  system i s  slowly evacuated t o  10 t o r r .  The f r o n t  
furnace  is then immediately heated t o  and maintained a t  1180°C 
throughout t h e  length  of t he  experiment. A cons tan t  flow of 
helium gas i s  passed through the  s t a i n l e s s  s t e e l  cool ing  tube a t  a 
s t a r t i n g  pressure  of 30 p s i  t o  keep t h e  copper tube a t  a low 
temperature. With gradual ly  decreas ing  helium flow, t h e  
temperature of t he  coa l  can be r a i s e d  slowly t o  induce t a r  
evolu t ion .  
becomes pyrolyzed and gaseous in te rmedia tes  a r e  trapped i n  10 
minute i n t e r v a l s  wi th  n i t rogen  onto  the  12'K depos i t i on  sur face .  
The temperature range s tud ied  was from room temperature t o  321OC. 
The evolu t ion  of t a r  was found t o  be a continuous process  s t a r t i n g  
from 120°C and reaching  maximum y i e l d  between 206-238'C. The 
r e s u l t i n g  MI-FTIR s p e c t r a  of t a r  py ro lys i s  products  a r e  shown i n  
F igure  6. It can be seen c l e a r l y  t h a t  t h e  c h a r a c t e r i s t i c  broad 
t a r  absorp t ions  have disappeared i n d i c a t i n g  py ro lys i s  of t a r .  The 
appearance of s eve ra l  new spec ies  as well a s  increased  absorp t ions  
of s eve ra l  e x i s t i n g  spec ie s  a r e  observed i n  p lace  of tar. 
a r e :  i nc reaeg j  y e i l d s  of CO, C H and C H . appearance of HCN, 
CS2, benzene and t h e  methyl ?a$ical(8?,8&,; approximately t h e  
same y i e l d s  of COP, H20, ab, 
(acetone, a c e t i c  a c i d ,  formaldE&;, formic ac id ) .  Traces of NH3 
and H2S,are a l s o  observed. 
py ro lys i s  products i s  inconclus ive  s ince  C H 2  has t h e  same 
absorp t ions  as  HCN i n  n i t rogen  mat r ices(7 ,3) .  

The t a r  then passes through the  hot  qua r t z  tube,  

They 

SO2, COS and t h e  carbonyls 

The presence of ace ty lene  a s  one of 
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In  summary, py ro lys i s  of I l l i n o i s  16 t a r  was found t o  produce 

s i n c e  py ro lys i s  of othef18j-omatic hydrocarbons a r e  known t o  
produce s i m i l a r  r e s u l t s  . CO, HCN and CS i n d i c a t e  presence of 
oxygen, n i t rogen  and s u l f u r  i n  t a r .  
methyl r a d i c a l s  i n d i c a t e  t h a t  t h e  des ign  of our r e a c t o r  favors  and 
promotes the  format ion  of f r e e  r a d i c a l s  which can r ap id ly  e x i t  the  
r e a c t o r  chamber without secondary r e a c t i o n s  wi th  o t h e r  spec ies .  
By vary ing  t h e  d iameter  of t h e  qua r t z  tube,  we hope t o  f u r t h e r  
enhance t h e  chances of observing o t h e r  f r e e  r a d i c a l s .  

2 F i n a l l y  t h e  formation of 

3 .  U Q K  Ey_Eolys ia QL Qxidized  m& 
E f f e c t s  of ox ida t ion  on I l l i n o i s  16 powder were studied. 

I l l i n o i s  16 powder (<500 mesh) was oxid ized  by hea t ing  the  coa l  i n  
an oven a t  N180°C f o r  4 hours. 
groups i n  the  oxid ized  coa l  was observed along with a reduct ion  i n  
a l i p h a t i c  C-H groups. 
ox id ized  coa l  us ing  t h e  same experimental  procedures a s  described 
f o r  t he  unoxidized c o a l  a r e  shown i n  F igure  7. When compared with r 
r e s u l t s  of t he  unoxidized coa l  (F igu re  4 1 ,  a c l e a r  increase  i n  CO 
abso rp t ion  i s  observed. Oxidation a l s o  appears t o  increase  t h e  
carbon monoxide abso rp t ions  a t  t h e  lower temperatures ( r .  t. t o  
85OoC) while CO a t  h ighe r  temperatures remain unef fec ted .  
Oxida t ion  a l s o  r e t a r d s  format ion  of t a r .  
observed dur ing  slow pyro lys i s  of t h e  oxid ized  sample. 

Formation of carbonyl func t iona l  

R e s u l t s  of slow pyro lys i s  s t u d i e s  of the  

2 

Only t r a c e s  of t a r  a r e  / 

1 
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A t  t h e  p re sen t  time our work has shown t h a t  our py ro lys i s  technique 
can be developed a s  a va luab le  t o o l  i n  c h a r a c t e r i z i n g  d i f f e r e n t  ranks of 
coal.  It i s  a l s o  s highly  sophisca ted  t o o l  f o r  i d e n t i f y i n g  unknown 
in te rmedia tes .  
prevented t h e  i d e n t i f i c a t i o n  of a l l  py ro lys i s  in te rmedia tes  and products.  
We w i l l  be making numerous a d d i t i o n s  t o  t h i s  l i b r a r y  i n  t h e  near  fu r tu re .  

As of ye t  our l imi t ed  l i b r a r y  of r e fe rnce  da t a  has - 
We g r a t e f u l l y  acknowledge support  of our work by t h e  Department of 

Energy, Morgantown, West V i rg in i a .  
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