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ABSTRACT 

T h e  o p t i m i z a t i o n  of  p r o c e s s e s  u s i n g  c o a l  a s  a c a r b o n  s o u r c e  
f o r  r e a c t i o n  w i t h  s t e a m  t o  p r o d u c e  h y d r o g e n  r e q u i r e s  a n  
u n d e r s t a n d i n g  o f  t h e  c o m p o s i t i o n  o f  t h e  v o l a t i l e  c o m p o n e n t s  
r e l e a s e d  d u r i n g  t h e  c h a r r i n g  p r o c e s s .  A c o u p l e d  p y r o l y s i s  GC/MS 
method h a s  b e e n  d e v e l o p e d  t o  r a p i d l y  e v a l u a t e  t h e  e f f e c t  o f  
r e a c t i o n  c o n d i t i o n s ,  i n c l u d i n g  c a t a l y s t s  used  t o  a c c e l e r a t e  t he  
c h a r - s t e a m  r e a c t i o n  on t h e  c o m p o s i t i o n  o f  t h e  c o a l  p y r o l y z a t e .  
F o u r  s a m p l e s  ( o n e  u n c a t a l y z e d  and  t h r e e  c a t a l y z e d  w i t h  1 0  w t %  
CaC03, K2CO3, a n d  N a ~ C 0 3 ,  r e s p e c t i v e l y )  o f  a Nor th  Dakota  ( V e l v a )  
l i g n i t e  were p y r o l y z e d  u n d e r  h e l i u m  a t  700 O C  f o r  t e n  m i n u t e s .  
T h e  v o l a t i l e  p r o d u c t s  ( p r i m a r i l y  b e n z e n e  a n d  a l k y l b e n z e n e s ,  
p h e n o l  a n d  a l k y l p h e n o l s ,  d i h y d r o x y b e n z e n e s ,  a n d  m e t h o x y p h e n o l s )  
were s w e p t  f rom t h e  p y r o l y s i s  chamber  d i r e c t l y  i n t o  a c a p i l l a r y  
gas c h r o m a t o g r a p h i c  c o l u m n  a n d  c r y o g e n i c a l l y  t r a p p e d  p r i o r  t o  
GC/MS a n a l y s i s ,  W h i l s  s i r n c ? ; t e d  d i s t i l l a t i o n  p l o t s  f o r  t h e  
u n c a t a l y z e d  V e l v a  a n d  t h r e e  c a t a l y z e d  s a m p l e s  were s i m i l a r ,  
d r a m a t i c  r e d u c t i o n s  i n  t h e  a m o u n t s  o f  c a t e c h o l s  a n d  g u a i a c o l s  
were o b s e r v e d  i n  t h e  K2CO3 a n d  Na2C03 c a t a l y z e d  s a m p l e s .  

INTRODUCTION 

P y r o l y s i s  g a s  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y  h a s  b e c o m e  
i n c r e a s i n g l y  p o p u l a r  f o r  t h e  a n a l y s i s  of  s o l i d  f u e l  a n d  f u e l  
r e l a t e d  m a t e r i a l s .  I n  r e c e n t  p a p e r s ,  pyro lys i s -GC/MS h a s  b e e n  
a p p l i e d  t o  h y d r o n a p h t h a l e n e s  t o  d e t e r m i n e  d e g r a d a t i o n  p a t h w a y s  
(l), a s p h a l t e n e s  ( 2 1 ,  o i l  s h a l e  ( 3 ) ,  k e r o g e n s  ( 2 ) ,  b u r i e d  wood 
( 4 ) ,  c o a l i f i e d  l o g s  ( 4 1 ,  and c o a l  (5,6). Ekst rom a n d  C a l l a g h a n  
h a v e  u s e d  p y r o l y s i s  c o u p l e d  d i r e c t l y  t o  t h e  i o n  s o u r c e  o f  a m a s s  
s p e c t r o m e t e r  t o  s t u d y  p y r o l y s i s  k i n e t i c s  o f  o i l  s h a l e  ( 7 ) .  I n  
g e n e r a l ,  p y r o l y s i s  p r o b e s  u t i l i z i n g  5 t o  1 0 0  u g  o f  s a m p l e s  a r e  
u s e d  f o r  p y r o l y s i s  GC/MS. O u r  t e c h n i q u e  u t i l i z e s  a l a r g e r  s a m p l e  
s i z e  (2-4 mg) a n d  s p l i t  i n j e c t i o n  t o  o b t a i n  a more r e p r e s e n t a t i v e  
s a m p l e  f o r  GC/MS a n a l y s i s .  P y r o l y s i s  p r o d u c t s  a re  i n t r o d u c e d  
i n t o  a s p l i t  i n j e c t o r  and  a r e  c r y o g e n i c a l l y  t r a p p e d  a t  t h e  h e a d  
o f  a f u s e d - s i l i c a  c a p i l l a r y  g a s  c h r o m a t o g r a p h i c  column.  

Timpe a n d  c o - w o r k e r s  h a v e  shown t h a t  t h e  a d d i t i o n  o f  a l k a l i  
c a r b o n a t e s  t o  low-rank  c o a l s  p r i o r  t o  c h a r r i n g  h a s  i n c r e a s e d  t h e  
r a t e  o f  h y d r o g e n  p r o d u c t i o n  f rom t h e  c h a r - s t e a m  r e a c t i o n  ( 8 ) .  W e  
h a v e  u s e d  p y r o l y s i s  GC/MS t o  d e t e r m i n e  t h e  e f f e c t  o f  t h r e e  
a l k a l i n e  c a r b o n a t e  c a t a l y s t s ,  CaC03, K2CO3, a n d  NazC03, o n  t h e  
c o m p o s i t i o n  o f  p y r o l y s i s  p r o d u c t s  p r o d u c e d  a t  700 OC. 
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I. 

I 

EXPERIMENTAL 

Samples 

North Dakota (Velva) lignite was ground to -200 mesh and 
dried in a vacuum desiccator for 48 hours prior to pyrolysis. 
Three additional samples containing catalysts were prepared from 
the same North Dakota Lignite. Ten weight percent of dry CaC03, 
K2CO3, or Na2C03 (Trona - a naturally occurring Na2C03 mineral) 
was mixed with the North Dakota lignite and dried in the same 
manner as the uncatalyzed sample. 

Pyrolysis Gas Chromatography/Mass Spectrometry 

GC/MS analysis of the pyrolysis products was performed with a 
Hewlett-Packard 5985B using a 60 m x 0.25 mm i.d. (0.25 um film 
thickness) DB-5 fused silica capillary column (J & W Scientific, 
Folsum, CA). Electron impact (EI) mass spectra were generated at 
70 eV with a scan range of 50-400 amu. Helium was used as the 
carrier gas at an approximate linear flow rate of 50 cm/sec. 

Figure 1 shows a schematic diagram of  the pyrolysis 
apparatus. Approximately 2-4 mg of coal was placed in a 30 cm x 
4 mm i.d. quartz tube. The sample was positioned approximately 5 
cm from the outlet of the quartz tube with a plug of quartz wool. 
1-chloronaphthalene was added as an internal standard for each 
analysis by injecting 1 ul of a 1.47 ug/ul solution into the 
quartz plug and allowing the solvent to evaporate for 15 minutes 
prior to pyrolysis. The outlet of the tube was attached to a 
1/4" x 1/16" stainless steel union fitted with a 2 in. x 0.20 mm 
i.d. needle. The upper end of the sample tube was then placed in 
a brass heater block (preheated to 700 OC) but the sample was 
maintained a t  ambient temperature. A helium purge line was 
attached to the upper end of the sample tube. During the 
pyrolysis step, the helium flow was diverted from the injection 
port to sweep the pyrolysis products out of the pyrolysis chamber 
and into the injection port, the needle was inserted into the 
split/splitless injection port, and the block heater was dropped 
down around the sample (this resulted in a temperature of 650 OC 
in 30 seconds and 700 OC in one minute). The pyrolyzates were 
,swept into the split injection port and were cryogenically 
trapped on the head of a fused-silica capillary chromatographic 
column by holding the oven temperature a 0 OC during the 10 
minute pyrolysis. Upon completion of the pyrolysis, the sample 
tube injection needle was removed from the injection port, the 
helium flow switched back to the injection port, the column oven 
was heated rapidly to 50 OC, followed by temperature programming 
at 8 OC/min to 320 OC. 
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RESULTS AND DISCUSSION 

F i g u r e s  2 ,  3 ,  4 ,  a n d  5 s h o w  t h e  t o t a l  i o n  c u r r e n t  
c h r o m a t o g r a m s  r e s u l t i n g  f rom t h e  p y r o l y s i s  o f  u n c a t a l y z e d  V e l v a  
l i g n i t e ,  V e l v a  w i t h  10  w t %  CaC03, V e l v a  w i t h  1 0  w t %  K2CO3, a n d  
V e l v a  w i t h  1 0  w t %  T r o n a .  The numbered p e a k s  i n  F i g u r e s  2 ,  3 ,  4 ,  
a n d  5 a r e  i d e n t i f i e d  i n  T a b l e  1. Good c h r o m a t o g r a p h i c  peak  
s h a p e s  were o b t a i n e d  w i t h  c r y o t r a p p i n g  a t  0 O C .  T h e  m a j o r  
s p e c i e s  d e t e c t e d  were  b e n z e n e ,  t o l u e n e ,  a n d  C 2 - C 4  b e n z e n e s ;  
p h e n o l  a n d  C1-C3 p h e n o l s ,  c a t e c h o l  a n d  C 1  c a t e c h o l s ;  a n d  g u a i a c o l  
and  C 1  g u a i a c o l s .  A l s o  p r e s e n t  were n o r m a l  a lkanes  i n  t h e  r a n g e  
from c6 t o  c 2 6 .  

T h e  b o i l i n g  p o i n t s  o f  t h e  n o r m a l  a l k a n e s  f o u n d  i n  t h e  
p y r o l y s i s  p r o d u c t  o f  e a c h  s a m p l e  were u s e d  t o  g e n e r a t e  t h e  
s i m u l a t e d  d i s t i l l a t i o n  p l o t s  shown i n  F i g u r e  6. C u m u l a t i v e  
i n t e g r a t e d  a r e a s  o f  t h e  t o t a l  i o n  c u r r e n t  c h r o m a t o g r a m s  
( n o r m a l i z e d  t o  t h e  i n t e r n a l  s t a n d a r d )  o f  t h e  s p e c i e s  e l u t i n g  
b e t w e e n  t h e  b e t w e e n  n - a l k a n e s  ( s t a r t i n g  w i t h  c 6 )  were u s e d  t o  
g e n e r a t e  t h e  p l o t s  shown i n  F i g u r e  6. Each p y r o l y z a t e  s h o w e d  
simi-lar s i m u l a t e d  d i s t i l l a t i o n  p l o t s  w i t h  a p p r o x i m a t e l y  o n e - h a l f  
of t h e  v o l a t i l e  s p e c i e s  h a v i n g  b o i l i n g  p o i n t s  of  less t h a n  2 5 0  
OC.  The s l i g h t  v a r i a t i o n  i n  t h e  p l o t  f o r  t h e  V e l v a  w i t h  l o l  v t P  
KzCO3 a s  a c a t a i y s t  may b e  d u e  t o  t h e  r e l a t i v e l y  small  amount  o f  
c a t e c h o l  p r e s e n t  a n d  t h e  a b s e n c e  o f  C1 c a t e c h o l s  i n  t h e  
p y r o l y z a t e  f o r  t h i s  s a m p l e .  

F i g u r e  7 shows a p l o t  o f  t h e  m o l e c u l a r  i o n  areas  n o r m a l i z e d  
t o  t h e  area of  t h e  i n t e r n a l  s t a n d a r d  f o r  s e v e r a l  o f  t h e  m o s t  
a b u n d a n t  c o m p o u n d  c l a s s e s  f o u n d  i n  e a c h  o f  t h e  p y r o l y z a t e s .  
C o m p o n e n t s  1 t h r u  4 are  b e n z e n e  and C l - C 3  b e n z e n e s .  A l l  f o u r  
s a m p l e s  c o n t a i n e d  s i m i l a r  amounts  o f  t h e s e  c o m p o n e n t s  w i t h  t h e  
CaC03 c a t a l y z e d  s a m p l e  h a v i n g  s l i g h t l y  l o w e r  amounts  o f  b e n z e n e  
a n d  t o l u e n e .  P h e n o l ,  C 1  p h e n o l s ,  a n d  C2 p h e n o l s ,  ( c o m p o n e n t s  5,  
6, a n d  7 ,  r e s p e c t i v e l y )  g e n e r a l l y  d e c r e a s e d  w i t h  added  c a t a l y s t .  
An e x c e p t i o n  t o  t h - i s  t r e n d  w a s  t h e  h i g h e r  a m o u n t  o f  p h e n o l  
p r e s e n t  i n  t h e  V e l v a  s a m p l e  c a t a l y z e d  w i t h  K2CO3. 

D r a m a t i c  d i f f e r e n c e s  i n  t h e  a m o u n t s  o f  c a t e c h o l ,  C 1  
c a t e c h o l s ,  g u a i a c o l ,  and  C l  g u a i a c o l s  ( c o m p o n e n t s  8 ,  9 ,  1 0 ,  a n d  
11) were o b s e r v e d .  B o t h  t h e  K2CO3 a n d  t h e  T r o n a  c a t a l y z e d  
s a m p l e s  s h o w e d  a l a r g e  r e d u c t i o n  i n  c a t e c h o l  ( > 9 0 % )  a n d  c1 
c a t e c h o l s  ( > E O % )  c o m p a r e d  t o  t h e  u n c a t a l y z e d  s a m p l e  w h i l e  
p y r o l y s i s  w i t h  CaC03 s h o w e d  l i t t l e  r e d u c t i o n .  C a t a l y s i s  w i t h  
K2CO3 showed a l a r g e r  r e d u c t i o n  i n  g u a i a c o l  and C1 g u a i a c o l s  t h a n  
t h e  o t h e r  c a t a l y s t s .  The mechanism f o r  t h i s  p r o c e s s  i s  n o t  known 
a n d  w i l l  r e q u i r e  a d d i t i o n a l  i n v e s t i g a t i o n  u s i n g  model  compounds. 
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CONCLUSIONS 

Coupled pyrolysis gas chromatography/mass spectrometry with 
split injection can be a valuable tool for studying the effect of 
catalysts on the composition of pyrolyzates. The use of an 
internal standard allows direct comparison of pyrolyzates and can 
be used to estimate liquid yields and liquid quality. The 
addition of catalysts to the Velva lignite had minor effects on 
pyrolyzate yield. However, catalysis with K2CO3 and Trona showed 
large reductions in catechols and guaiacols. 
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TABLE I. Identification of Numbered Peaks from Figures 2 ,  3, 4 ,  and 5. 

Peak Number 

1 
2 
315 
4 r 6  
7 
8 
9 , 1 1 , 1 2  
1 0  
13  
1 4  
1 5  
1 6  
1 7 , 1 8  
1 9  
20 
21 
2 2  
2 3 , 2 4 , 2 5  
26 
27 
2 8 , 2 9  
3 0  
3 1 , 3 2  
3 3  
34 
3 5 , 3 6 , 3 7 , 3 8  
39 
40 
4 1  
4 2 , 4 3  
44 
4 5 , 4 6  
47 
48 
49 
5 0 , 5 1 , 5 2  
5 3  
54 
55  
56 
57 
58 
59 
60  
6 1  
62 
6 3  
64 
6 5  

Species 

1-hexene 
hexane 
CgHg isomer 
CgH10 isomer 
benzene 
thiophene 
C7H14 isomer 
C7H16 isomer 
t ol uene 
C7H10 isomer 
CgH16 isomer 
CgH18 isomer 
C2 benzene 
CgH18 isomer 
cyclooctatetraene 
C2 benzene 
CgH20 isomer 
C 3  benzene 
phenol 
C10H22 isomer 
C3 benzene 

C 1  phenol 
guaiacol 
C l l H 2 4  isomer 
C2 phenol 
ca techo 1 
C2 benzofuran 
Cg phenol 
C1 catechol 
C l  naphthalene 
C1 guaiacol 
1-chloronaphthalene ( I S )  
C2 naphthalene 
C15H32 isomer 
M=206 sesquiterpene isomer 
C16H34 isomer 
C3 naphthalene 
C17H36 isomer 
M=266 biological marker 
C18H-38 isomer 
C19H40 isomer 
C2p1H42 isomer 
C21H44 isomer 
C22H46 isomer 
C23H48 isomer 
C24H50 isomer 
C25H52 isomer 
‘26H54 isomer 

r j  ‘-e:nzene 

459 



GI S 

1/4' x 1/16' Union - 

0 Qu 

Heater 

\ 

I - 

r 
\ 

Sample 

rtz WoolL 

1 
6mm Glass  or Quartz Tube 

\I 114' x 1/16. Union 

4 2' x 0.22mm i.d. Needle 

7 

Split Injection Port. Column 

Helium Flow During 

Pyrolysis 

Divert Valve 

/ f-t- Helium 

Helium Flow During 

Analysis 

F i g u r e  1 .  P y r o l y s i s  Apparatus. 

460 



461 



I 
I. 

I 

3 

462 



Simulated Distillation 
Of pymlvnlo P m d U C t a  

100 

90 

BO 

70 

60 

50 

40 

30 

20 

10 

0 

+ VOIW + 10 *ta C.CO] 

A v o h  + IO " t i  n a p 1  

0 Valva + 10 wt2 K p l  

PB 151 196 W 271 302 317 344 369 391 

1. dog C 

F igu re  6. S imulated d i s t i l l a t i o n  p l o t s  f o r  Velva l i g n i t e  
w i t h  and w i t h o u t  c a t a l y s t .  

Molecular Ion Areas Normalized To Internal Standard 
2 8  

2 6  

2.4 

22 

2 

1 .a 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

Velva + 10 wt% K,CO, 

a4 

0 2  

0 
1 2  3 4 5 6 7 B 9 10 11 

Canponmt 

Figure 7. Comparison o f  the  most abundant compound c lasses  
i n  the  p y r o l y s i s  p roduc ts  o f  Velva l i g n i t e  w i t h  
and w i t h o u t  c a t a l y s t .  Components: 1-benzene, 
2- to luene,  3 - C  benzenes, 4-C benzenes, 5-phenol, 

10-guaiacol ,  11-C, guaiacols .  
6-C, phenols, 5-C, phenols, 8-catechol ,  3 9 - C ,  catechols ,  
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