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ABSTRACT 

The impor tance  o f  l ong  r e a c t i o n  t i m e s  i n  t h e  c o a l i f i c a t i o n  p r o c e s s  h a s  been 
demons t r a t ed  i n  t h e  l a b o r a t o r y .  Samples o f  c e l l u l o s e  and p i n e  sawdust i n  e v a c -  

t u a t e d ,  s e a l e d  g l a s s  v i a l s  have been hea ted  a t  200" C f o r  two y e a r s .  Black c o a l -  
l i k e  c h a r s  were produced; h e a t i n g  a t  200° C f o r  hour s  produced ve ry  l i t t l e  chem- 
i c a l  change .  The c h a r s  were c h a r a c t e r i z e d  by i n f r a r e d  and e l e c t r o n  s p i n  resonance  
s p e c t r a .  The i n f r a r e d  s p e c t r a  o f  t h e  p i n e  sawdust c h a r  and of a subbi tuminous  c o a l  
a r e  n e a r l y  i d e n t i c a l ,  excep t  f o r  d i f f e r i n g  ca rbony l  a b s o r p t i o n .  The spec t rum of 
t h e  c e l l u l o s e  c h a r  i s  a l s o  s i m i l a r  t o  t h a t  o f  t h e  subbi tuminous  c o a l .  The e l e c t r o n  
s p i n  resonance  r e s u l t s  show t h a t  g v a l u e s  and l i n e  wid ths  a r e  n e a r l y  i d e n t i c a l  f o r  
t h e  c h a r s  and a r e  ve ry  c l o s e  t o  s i m i l a r  v a l u e s  f o r  subbi tuminous  c o a l .  

, 

200' C i s  cons ide red  a r easonab le  c o a l i f i c a t i o n  t empera tu re ;  d e p t h  o f  b u r i a l  
can  p rov ide  such t empera tu res .  The expe r imen ta l  c o a l i f i c a t i o n  o b t a i n e d  i n  only 
two y e a r s  appea r s  t o  s u b s t a n t i a t e  t h e  h y p o t h e s i s  t h a t  g e o l o g i c  t i m e  cou ld  produce 
a l l  ranks  o f  c o a l s  a t  t empera tu res  below ZOOo C. 

INTRODUCTION 

I n  t h e  s tudy  of t h e  s t r u c t u r e  and p r o p e r t i e s  o f  c o a l ,  a t t e m p t s  have been made 
t o  p r e p a r e  s y n t h e t i c  c o a l s ,  p r i n c i p a l l y  by p y r o l y s i s  methods.  Chars  hav ing  pro-  
p e r t i e s  i d e n t i c a l  t o  t h o s e  o f  c o a l s  have n o t  been produced .  I n i t i a l  a t t e m p t s  a t  
s t u d y i n g  t h e  i n f r a r e d  s p e c t r a  o f  c o a l - l i k e  c h a r s  p repa red  by p y r o l y s i s  o f  p u r e  
m a t e r i a l s  were c a r r i e d  o u t  s e v e r a l  y e a r s  a g o . u /  The p y r o l y s i s  method used  was 
t h a t  o f  Smith and Howard, who had p repa red  from c e l l u l o s e ,  c h a r s  t h a t  had some 
o f  t h e  p r o p e r t i e s  o f  c o a l s . 2 /  We s t u d i e d  t h e  i n f r a r e d  s p e c t r a  o f  c h a r s  p repa red  
from c e l l u l o s e  ove r  a range  o f  t empera tu res ;  t h e  spec t rum o f  a 400" C c o t t o n  c h a r  
somewhat resembled t h a t  o f  h i g h - v o l a t i l e  b i tuminous  c o a l  .=I 
t h i s  c h a r  showed a d e f i n i t e  ca rbony l  a b s o r p t i o n  band which i s  n o t  p r e s e n t ,  excep t  
a s  a weak s h o u l d e r ,  i n  i n f r a r e d  s p e c t r a  o f  c o a l s .  Carbohydra te  c h a r s  p r e p a r e d  a t  
300°, 400°, and 500' C produced a b s o r p t i o n  bands i n  t h e  a romat i c  r e g i o n  t h a t  were 
i d e n t i c a l  t o  t h e  a r o m a t i c  bands produced r e s p e c t i v e l y  by l i g n i t e ,  h i g h - v o l a t i l e  
b i tuminous ,  and a n t h r a c i t e  c o a l s ;  l e s s  s i m i l a r i t y  was observed  i n  o t h e r  p a r t s  of 
t h e  s p e c t r a . & /  S i m i l a r i t i e s  o f  r e a c t i o n  o f  c o a l  and t h e  c a r b o h y d r a t e ,  s u c r o s e ,  
were n i c e l y  i l l u s t r a t e d  by t h e  i d e n t i c a l  s p e c t r a  o f  p r o d u c t s  o b t a i n e d  i n  hydro-  
gena t i o n  s t u d i e s  .?/ 

The spec t rum o f  

Friedman and coworkers  s t u d i e d  many c o a l - l i k e  c h a r s  p repa red  by p y r o l y s i s  o f  
pu re  oxygenated compounds, mos t ly  a t  400" C and r e a c t i o n  times o f  one hour ;  
s e v e r a l  p r o p e r t i e s  o f  t h e s e  c h a r s ,  i n c l u d i n g  i n f  a r e d  s p e c t r a ,  have some resemb- 
l a n c e  t o  t h e  co r re spond ing  p r o p e r t i e s  o f  c 0 a l s . 6 ~  Pure hydrocarbons  have been 
c h a r r e d  i n  t h e  p re sence  and absence  o f  molecu la r  oxygen; o n l y  when oxygen was 
p r e s e n t  d i d  the  i n f r a r e d  s p e c t r a  f t h e  c h a r s  resemble  t h o s e  of c o a l s ,  p a r  i c u -  
l a r l y  i n  t h e  1600 cm-I r e g i o n . u P  Unless  oxygen is involved  t h e  1600 cm-E band 
i s  weak o r  n o n - e x i s t e n t ;  t h u s  i t  i s  b e l i e v e d  t h a t  t h e  s t r o n g  1600 c m - 1  band 
i n v o l v e s  ca rbony l  groups  . G I  
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In a n o t h e r  s t u d y ,  c h a r s  were prepared  from 0 I 8 - l a b e l l e d  compounds i n  a n  
a t t e m p t  t o  a s c e r t a i n  whether  an  i s o t o p i c  s h i f t  would occur  a t  1600 cm-l and 
would t h u s  i n d i c a t e  t h a t  c a r b o n y l  groups a r e  i n v o l v e d .  No i s o t o p i c  s h i f t  w a s  
o b t a i n e d ;  t h e  i n f r a r e d  spec t rum o f  a n  018- labe l led  c h e l a t e ,  d ibenzoylmethane ,  
demonst ra ted  t h a t  i f  a C=O group i s  v e r y  s t r o n g l y  c h e l a t e d  t h e  0 v i b r a t i o n  
becomes comple te ly  d e l o c a l i z e d  and no i s o t o p i c  s h i f t  occurs.- 8 9?= 

In a t t e m p t i n g  t o  s i m u l a t e  c o a l  t h e  f o l l o w i n g  p r i n c i p a l  v a r i a b l e s  a r e  a v a i l -  
a b l e :  S t a r t i n g  m a t e r i a l ,  t e m p e r a t u r e ,  rate of  h e a t i n g ,  r e a c t i o n  t i m e ,  and p r e s -  
s u r e .  The e f fec t  o f  p r e s s u r e  i s  c o n s i d e r e d  minor compared t o  t h e  e f f e c t  of 
t e m p e r a t u r e . u /  The e f f e c t  o f  p r e s s u r e  d u r i n g  many eons may be i m p o r t a n t ;  
t e m p e r a t u r e  d u r i n g  many e o n s  i s  c e r t a i n l y  i m p o r t a n t .  Though presumpt ious ,  i t  
was assumed t h a t  some s l i g h t  i n d i c a t i o n  o f  t h e  e f f e c t  o f  g e o l o g i c  t i m e  might  be 
o b s e r v a b l e  i n  t h e  l a b o r a t o r y .  P y r o l y s i s  exper iments  i n v o l v i n g  r e a c t i o n  times of 
y e a r s ,  r a t h e r  t h a n  h o u r s  o r  d a y s ,  were dec ided  on. Temperatures  a t  o r  below 
200° C were chosen.  The s p e c t r a l  methods s e l e c t e d  f o r  i n v e s t i g a t i o n  o f  t h e  c o a l -  
l i k e  p r o p e r t i e s  of  t h e  c h a r s  were i n f r a r e d  and e l e c t r o n  s p i n  resonance  spec t romet ry .  

EXPERIMENI'AL PROCEDURE 

P y r o l y s e s .  P y r o l y t i c  o x i d a t i o n  of c o t t o n  and pine-wood sawdust  was c a r r i e d  
o u t  a t  low t e m p e r a t u r e s .  Two sets  o f  samples  were h e a t e d  in a i r  a t  150" C and 
a t  200" C f o r  10 months;  t h e  c h a r s  produced were i n v e s t i g a t e d  by i n f r a r e d  spec-  
t rome t r y  . 

For t h e  p y r o l y s i s  e x p e r i m e n t s  w i t h o u t  a i r , s a m p l e s  of  c o t t o n ,  0.43 g ,  and 
pine-wood sawdust ,  0.20 g ,  were p l a c e d  i n  heavy-walled Pyrex t u b e s  which were 
evacuated  and s e a l e d .  The sample- tube  volumes were 3.1 c c .  The samples  were 
h e a t e d  a t  200' C f o r  t w o  y e a r s .  Gases and o t h e r  v o l a t i l e  p r o d u c t s  were analyzed 
by mass s p e c t r o m e t e r .  

I n s t r u m e n t a l  i n v e s t i g a t i o n .  The p r i n c i p a l  methods of  c h a r a c t e r i z i n g  t h e  py- 

P r e l i m i n a r y  exam- 
. r o l y s i s  p r o d u c t s  were i n f r a r e d  (Perkin-Elmer Model 521)5/ and e l e c t r o n  paramag- 

n e t i c  'resonance S p e c t r o m e t r y  (Var ian  A s s o c i a t e s  Model V-4500). 
i n a t i o n s  o f  the c h a r s  were a l s o  made on a h i g h - r e s o l u t i o n  mass s p e c t r o m e t e r  
(Consol ida ted  21-llOB). U l t i m a t e  m i c r o a n a l y s e s  of  t h e  c h a r s  w i l l  be performed 
by t h e  Huffman L a b o r a t o r i e s ;  a n a l y s e s  w i l l  d e s t r o y  t h e  s m a l l  samples  remaining 
so none w i l l  be c a r r i e d  o u t  u n t i l  a l l  p o s s i b l e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  a r e  
concluded .  

RESULTS AND DISCUSSION OF RESULTS 

Low p y r o l y s i s  t e m p e r a t u r e s  and r e a c t i o n  times o f  s e v e r a l  months were decided 
on i n  an  a t t e m p t  t o  s i m u l a t e  m i l d  c o a l i f i c a t i o n  c o n d i t i o n s .  Tempera tures  i n  the 
200' C range  a r e  c o n s i d e r e d  r e a l i s t i c ;  many c o a l s  have been s u b j e c t e d  t o  such 
t e m p e r a t u r e s  due t o  d e p t h  o f  b u r i a l .  I n i t i a l l y  p y r o l y t i c  o x i d a t i o n  r u n s  were 
made on c e l l u l o s e  and on p i n e  sawdust  a t  150' C i n  t h e  presence  o f  a i r .  P y r o l y s i s  
of t h e s e  m a t e r i a l s  f o r  10 months gave b l a c k  i n s o l u b l e  s o l i d s m n g  i n f r a r e d  s p e c t r a  
which i n d i c a t e d  e x t e n s i v e  o x i d a t i o n .  The second s e t  o f  i n v e s t i g a t i o n s  w a s  carried 
o u t  a t  200' C i n  t h e  p r e s e n c e  o f  a i r ;  a s  expec ted  g r e a t e r  p y r o l y t i c  o x i d a t i o n  was 
produced.  Then p y r o l y s i s  runs i n  t h e  absence  o f  a i r  were i n i t i a t e d  w i t h  samples .  
o f  c o t t o n  and o f  p i n e  sawdus t  s e a l e d  i n  e v a c u a t e d ,  heavy-wal l  g l a s s  t u b e s .  
samples  were h e a t e d  a t  200' C f o r  two y e a r s .  T a r r y  p r o d u c t s  were observed  d u r i n g  
t h e  e a r l y  s t a g e s  o f  p y r o l y s i s ;  t h e s e  became s o l i d  c h a r  long  b e f o r e  two y e a r s  
e l a p s e d .  The g a s  produced i n  t h e  p y r o l y s i s  of  t h e  c o t t o n  sample w a s  l o s t  by an 
e x p l o s i o n ;  most of  t h e  c h a r  w a s  s a l v a g e d .  The v i a l  c o n t a i n i n g  t h e  p i n e  sawdust 

a/ Reference  t o  t r a d e  names i s  made f o r  i d e n t i f i c a t i o n  only  and does  not imply 
endorsement by t h e  Bureau o f  Mines.  

The 
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c h a r  was t h e n  opened ,  w i t h  r e l e a s e  of c o n s i d e r a b l e  p r e s s u r e  o f  g a s  ( 6 . 3  a tm) .  A 
t h i n  f i l m  of c o l o r l e s s  l i q u i d ,  mos t ly  w a t e r ,  vapor i zed  comple t e ly  i n t o  t h e  evac-  
u a t e d  gas -hand l ing  sys tem.  The gas  a n a l y s i s  i n  t a b l e  1 shows main ly  H 2 0  and CO2. 
Both c h a r s  were comple t e ly  b l a c k ;  t h e  y i e l d  o f  c h a r  from p i n e  sawdust was about  
85 p e r c e n t .  The i n f r a r e d  s p e c t r a  o f  bo th  samples  a r e  shown i n  f i g u r e  1, a long  
w i t h  a spec t rum o f  a subbi tuminous  c o a l  ( D i e t z  bed ,  Wyoming, 70 .8  p e r c e n t  C ,  
m . a . f .  U l t ima te  a n a l y s i s  i s  g iven  i n  t a b l e  2 ) .  The s p e c t r a  of  t h e  c o a l  and t h e  
sawdust c h a r  a r e  remarkably  s i m i l a r .  I n  a d d i t i o n  t o  t h e  more obv ious  s p e c t r a l  
s i m i l a r i t i e s  a t  3400,  2950, 2920, 2860,  1600;1440, 1370,  1280, and 1180 cm-', 
t h e r e  i s  a c o n s i d e r a b l e  s i m i l a r i t y  a t  t h e  a r o m a t i c  band p o s i t i o n s ,  860 ,  810 ,  and 
750 c m - l .  The a romat i c  bands are weak i n  t h e  s p e c t r a  o f  subbi tuminous  c o a l s ,  b u t  
t h e  s i m i l a r i t y  o f  t h e  c o a l  and c h a r  a b s o r p t i o n  p a t t e r n s  i n  t h i s  r e g i o n  i s  impres-  
s i v e .  It is  a p p a r e n t  from t h e s e  s p e c t r a  t h a t  i t  i s  p o s s i b l e  o v e r  a long  pe r iod  
of  time t o  approach  a c o a l - l i k e  spec t rum,  even  a t  a low t empera tu re .  

Tab le  1 . -  Mass s p e c t r o m e t r i c  a n a l y s i s  of gases from 200" p y r o l y s i s  o f  p i n e  sawdust.  

1 

Volume of v i a l ,  3.1 c c ;  p r e s s u r e  i n  v i a l  6 . 3  a t m .  

Molc p e r c e n t  M i l l i g r a m s  

Carbon d i o x i d e  25 .8  9 .7  

Water 5 7 . 9  8.9 

Methanol 3 .9  

Dimethyl e t h e r  12 .4  

100. 
T o t a l  ca rbony l  compounds ( e s t i m a t e )  

i 

1.1 

4 .9  

5.  

29.6 

Tab le  2 . -  Ultimate a n a l y s i s  o f  D i e t z  bed subbi tuminous  c o a l ,  
B i g  Horn Mine, Wyoming 

C 

,Weigh t  p e r c e n t ,  m .a . f . a /  

70.83 

H 5.06 
N 
S 
0 (by d i f f e r e n c e )  

a/  Ash c o n t e n t  3 .23  p e r c e n t  - ( m o i s t u r e - f r e e )  

1 .02  

0.59 

22.50 

Hea t ing  from room tempera tu re  t o  190" C i n  one h o u r ,  t h e  c e l l u l o s e  o f  Smith 
and Howard had produced a brown c h a r  ( y i e l d ,  89  p e r c e n t )  b u t  t h e  i n f r a r e d  spec t rum,  
a s  well a s  t h  
d i f f e r e n c e s . 5 7  No c o a l - l i k e  s p e c t r a l  f e a t u r e s  were observed .  
t h e  sawdus t  c h a r  t h e r e  i s  a 1700 band a s  w e  have s e e n  b e f o r e  i n  c h a r  spectra. But ,  
f o r  t h e  f i r s t  time i n  s p e c t r a  o f  c h a r s  p repa red  a t  low t empera tu re  t h e  1600 band 
is more i n t e n s e  than  t h e  1700 and thus  i s  approach ing  t h e  s i t u a t i o n  i n  c o a l  s p e c t r a .  
Thus the  very  long  h e a t i n g  t ime has  produced a d e f i n i t e  d e c r e a s e  i n  carbonyl -con-  
t a i n i n g  s t r u c t u r e s .  I n  t h e  c o a l i f i c a t i o n  p r o c e s s  i t  is  f e a s i b l e  t h a t  s imple  

e l e m e n t a l  a n a l y s i s ,  resembled t h o s e  o f  c e l l u l o s e  w i t h  o n l y  minor 
In  t h e  spectrum o f  
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c a r b o n y l  groups are f i r s t  formed i n  t h e  e a r l y  s t a g e s .  o f  p y r o l y s i s  and then  are 
s lowly  conver ted  t o  some o t h e r  s t r u c t u r e ( s )  d u r i n g  g e o l o g i c  time. P o s s i b l y  t h e  
c a r b o n y l  groups a r e  c o n v e r t e d  to modi f ied  carbonyl  s t r u c t u r e s  which can  produce 
t h e  i n t e n s e  1600 c m - l  a b s o r p t i o n  band observed  i n  i n f r a r e d  s p e c t r a  of  c o a l s  and 
c h a r s .  S u b s t a n t i a t i o n  of  t h i s  h y p o t h e s i s  may e x i s t  i n  t h e  b e h a v i o r  o f  carbo y 

I n  t h e  spectrum o f  t h e  300' c h a r  t h e  c a r b o n y l  a b s o r p t i o n  is  s t r o n g e r  than  t h e  
unknown a b s o r p t i o n  a t  1600 c m - l .  R e l a t i v e  i n t e n s i t i e s  a r e  g i v e n  i n  t a b l e  3. 
t h e  400' C char  t h e  i n t e n s i t i e s  become more s i m i l a r ;  t h e  spectrum of t h e  500' C 
c h a r  shows r e v e r s a l  o f  i n t e n s i t i e s  w i t h  complete  d i s a p p e a r a n c e  o f  t h e  s imple  
c a r b o n y l  a b s o r p t i o n  band .u/ These changes may be e x p l a i n a b l e  by t h e  p o s t u l a -  
t i o n  of  c o n v e r s i o n  i n t o  a m o d i f i e d  c a r b o n y l - c o n t a i n i n g  s t r u c t u r e .  T h i s  s t r u c t u r e  
c o u l d  be t h e  conjugated  c h e l a t e d  s t r u c t u r e ,  such a s  t h e  e n o l  form of a c e t y l a c e t o n e ,  
t h a t  h a s  y e n  proposed p r e v i o u s l y  as t h e  s o u r c e  o f  t h e  1600 cm-l a b s o r p t i o n  
band.2.14 
o c c u r s  i n  c o a l s ;  i n f r a r e d  s p e c t r a  o f  l i g n i t e s  and low rank  c o a l s  have weak absorp-  
t i o n  should  rs a t  1700 cm-l which g r a d u a l l y  d i s a p p e a r  from s p e c t r a  of  h i g h e r  rank 
c o a l s . m 9  For  t h e  c o a l s  t h e  c o n v e r s i o n  o f  c a r b o n y l  compounds t o  t h e  presumed 
c o n j u g a t e d  c h e l a t e d  c a r b o n y l s  i s  f a r t h e r  advanced t h a n  i t  i s  i n  t h e s e  c h a r s  which 
were prepared  a t  r e a c t i o n  t i m e s  o f  o n l y  one h o u r . U /  

T a b l e  3.-  R e l a t i v e  a b s o r p t i o n  i n t e n s i t i e s  i n  t h e  i n f r a r e d  s p e c t r a  of 300". 400', 

groups  i n  c h a r s  t h a t  were p r e p a r e d  from c e l l u l o s e  a t  300', 400°,  and 500' C . 1  I: %I 

For 

It i s  i n t e r e s t i n g  t h a t  t h e  same k i n d  o f  change,  though more s u b t l e ,  

and 500' C c e l l u l o s e  c h a r s  a t  1700 c m T L  (carbonyl  compounds) and 
1600 cm-l (presumably c h e l a t e d  conjugated  c a r b o n y l  groups)  

C e l l u l o s e  c h a r ,  p r e p a r a t i o n  tempera ture  R e l a t i v e  i n t e n s i t i e s ,  p e r f e n t  
1700 cm-l 1600 cm-l 

300' C 

400" C 

500' C 

78 22 

5 9  41 

0 100 

E l e c t r o n  s p i n  resonance  s p e c t r o m e t r y  h a s  been a p p l i e d  t o  t h e  s tudy  o f  c h a r s  
o f  c o t t o n  and p i n e  sawdus t .  Values  f o r  t h e  param ters  a r e  g i v e n  i n  t a b l e  4 a long  
w i t h  comparat ive v a l u e s  f o r  subbi tuminous c o a 1 . d  As w i t h  t h e  i n f r a r e d ,  t h e  
r e s u l t s  f o r  t h e  c h a r s  are c l o s e l y  s i m i l a r  t o  t h o s e  f o r  t h e  c o a l  v i t r a i n .  The 
f a c t  t h a t  a s i g n a l  i s  d e t e c t e d  i s  o f  i n t e r e s t  f o r  i t  d e m o n s t r a t e s  t h a t  s tab le  
f r e e  r a d i c a l s  can  b e  formed i n  n a t u r a l  m a t e r i a l s  on exposure  t o  very  mi ld  h e a t i n g  
c o n d i t i o n s .  
c h a r s  produced a t  t e m p e r a t u r e s  a s  low as  200' C. It is p r o b a b l e  t h a t  even lower 
t e m p e r a t u r e s  w i l l  p roduce  f r e e  r a d i c a l s  i n  carbonaceous  materials o v e r  long  
p e r i o d s  o f  time. 

There a r e  n o t  many examples  o f  f r e e  r a d i c a l  s i g n a l s  o b t a i n e d  from 

T a b l e  4.-  E l e c t r o n  s p i n  resonance  d a t a  f o r  c h a r s  and subbi tuminous c o a l  v i t r a i n  

Cot ton  c h a r  P i n e  sawdust  c h a r  Subbi tuminous v i t r a i n ,  
Wyoming 

g-Value  2.00321 +_ 0.0001 2.00314 +_ 0.0001 2,00381 f 0.0001 

Line  w i d t h ,  5 . 6  f 0 . 5  6 .3  +_ 0 . 5  8.0 +_ 0 . 5  
gauss  
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Pre l imina ry  work on mass s p e c t r a  o f  t h e s e  c h a r s  h a s  shown mononuclear and 
p o l y n u c l e a r  a romat i c s  similar t o  those  found i n  mass s p e c t r a  o b t a i n e d  on c o a l ;  
t h i s  i n v e s t i g a t i o n  i s  c o n t i n u i n g .  

The s t r i k i n g  impor tance  o f  t ime i n  p y r o l y s i s  r e a c t i o n s  has  been demons t r a t ed .  
I f  c h a r s  a s  c o a l - l i k e  as t h e s e  can  be produced i n  two y e a r s ,  a t  t empera tu res  t h a t  
have l i t t l e  e f f e c t  d u r i n g  s h o r t  t i m e s ,  t hen  i t  a p p e a r s  t h a t  i n  g e o l o g i c  t imes  c o a l  
could  be produced a t  t empera tu res  much lower  than  200" as proposed by v a r i o u s  
peop le .10~12~13 /  
t h e  e x p e c t a t i o n  o f  producing  c h a r s  t h a t  w i l l  r esemble  h i g h e r  r a n k s  o f  c o a l .  Under 
t h e  same expe r imen ta l  c o n d i t i o n s  t h a t  produced c h a r s  s i m i l a r  t o  subbi tuminous  c o a l ,  
c h a r s  having  t h e  c h a r a c t e r i s t i c s  o f  b i tuminous  c o a l s  p o s s i b l y  could  r e s u l t  from 
h e a t i n g  a t  200' C f o r  t h r e e  or f o u r  y e a r s .  It is expec ted  t h a t  t h e  d i s t i n c t i v e  
a r o m a t i c  a b s o r p t i o n  bands i n  the  i n f r a r e d  s p e c t r a  and t h e  e l e c t r o n  s p i n  r e sonance  
pa rame te r s ,  o f  b i tuminous  c o a l s  w i l l  be d u p l i c a t e d  i n  such  c h a r s .  

Our n e x t  expe r imen t s  w i l l  r un  f o r  g r e a t e r  l e n g t h s  o f  t i m e ,  w i t h  

On t h e  q u e s t i o n  o f  whe the r  c e l l u l o s e  o r  l i g n i n  i s  t h e  more i m p o r t a n t  p r e -  
c u r s o r  o f  c o a l  t h e  r e s u l t s  h e r e i n  d e s c r i b e d  i n d i c a t e  t h a t  a t  low t empera tu res  and 
long  r e a c t i o n  t imes  t h e  c o a l - l i k e  c h a r s  o b t a i n e d  from c e l l u l o s e  and from l i g n i n  
p l u s  c e l l u l o s e  a r e  ve ry  s i m i l a r .  It may be s i g n i f i c a n t  t h a t  g r e a t e r  s i m i l a r i t y  
between c o a l  and c h a r  i n f r a r e d  s p e c t r a  i s  observed  f o r  t h e  c h a r  from l i g n i n  p l u s  
c e l l u l o s e  (p ine  sawdus t ) .  

1. 

2 .  

3 .  

4.  

5. 

6 .  

7 .  

a. 

9. 

10. 

11. 

12. 

13. 
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H I G H  RESOLUTION-LON VOLTAGE MASS SPECTRWETRY 

BY 

Thomas Aczel, J. Q. F o s t e r ,  J .  H .  Karchmer 
Esso Research and  E n g i n e e r i n g  Company, Baytown, Texas  

INTRODUCTICIN 

High r e s o l u t i o n  mass s p e c t r o s c o p y  i s  o n e  o f  t h e  most p r o v i s i n g  
t oo l s  f o r  t h e  c h a r a c t e r i z a t i o n  of v e r y  complex m a t e r i a l s .  S i n c e  commer- 
c i a l  i n s t r u m e n t s  became a v a i l a b l e  i n  t h e  e a r l y  n i n e t e e n  s i x t i e s ,  t h e  
t e c h n i q u e  has b e e n  a p p l i e d  w i t h  c o n s i d e r a b l e  s u c c e s s  to  t h e  a n a l y s i s  of  
m a t e r i a l s  d e r i v e d  both from p e t r o l e u m  and coal (1, 2, 3 ,  4 ) ,  

T h i s  p a p e r  deals  w i t h  t h e  a p p l i c a t i o n  of a p a r t i c u l a r  approach ,  
h i g h  r e s o l u t i o n - l o w  v o l t a g e  mass s p e c t r o m e t r y ,  c o u p l e d  w i t h  computer ized  
data a c q u i s i t i o n  a n d  r e d u c t i o n ,  to  t h e  a n a l y s i s  o f  l i % i d  and  s o l i d  
m a t e r i a l s  d e r i v e d  f rom c o a l  l i q u e f a c t i o n  processes. These p r o c e s s e s  are 
o f  c o n s i d e r a b l e  i n d u s t r i a l  i n t e r e s t  a t  t h e  p r e s e n t ;  and  t h e  p a r t i c u l a r  
a n a l y t i c a l  approach  u s e d  p e r m i t s  o n e  to  o b t a i n  r o u t i n e  q u a n t i t a t i v e  or 
a t  l e a s t  s e m i q u a n t i t a t i v e  d a t a  on  t h e  hundreds  of components p r e s e n t  i n  
e a c h  sample.  P i l o t  p l a n t  or bench scale e x p e r i m e n t s  c a n  be t h u s  suppor ted  
w i t h  d e t a i l e d  a n a l y t i c a l  d a t a .  

EXPERIMENTAL 

The h i g h  r e s o l u t i o n - l o w  v o l t a g e  t e c h n i q u e  u s e d ,  as  w e l l  a s  t h e  
computer ized  d a t a  a c q u i s i t i o n  and r e d u c t i o n  sys tem,  h a s  been  d e s c r i b e d  
e l s e w h e r e  (5,  6 ,  7 ) .  I n  b r i e f ,  mass s p e c t r a  are o b t a i n e d  o n  a n  AEI model 
M S  9 i n s t r u m e n t  a t  a r e s o l v i n g  power of a p p r o x i m a t e l y  1/10.000, and a t  
l o w  i o n i z i n g  v o l t a g e s ,  app rox ima te ly  1 2  v o l t s .  T h i s  r e s o l v i n g  power i s  
s u f f i c i e n t  to  s e p a r a t e  a l l  s i g n i f i c a n t  mass m u l t i p l e t s  u p  t o  a b o u t  m / e  400, 
w i t h  e x c e p t i o n  o f  t h e  1 3 C H - N  d o u b l e t ,  t h e  s e p a r a t i o n  of which r e q u i r e s  
a d d i t i o n a l  c a l c u l a t i o n s .  A t  t h e  same t i m e ,  t h e  u s e  of l o w  i o n i z i n g  v o l t a g e s  
r e d u c e s  t h e  spectra to e s s e n t i a l l y  p a r e n t  p e a k s  and  t h e i r  13C i s o t o p e s ,  so 
t h a t  i n t e r f e r e n c e s  be tween sample components are p r a c t i c a l l y  e l i m i n a t e d ,  
and  d a t a  c a n  b e  o b t a i n e d  b t h  o n  t h e  compound t y p e  and c a r b o n  number d i s t r i -  
b u t i o n .  Q u a n t i t a t i v e  i n f o r m a t i o n  i s  o b t a i n e d  by u s i n g  p u r e  compound or 
e x t r a p o l a t e d  ca l ib ra t ion  c o e f f i c i e n t s .  The data a c q u i s i t i o n  s y s t e m  con- 
sists o f  an I B M  Model 1802 computer ,  which c o n v e r t s  t h e  a n a l o g  s i g n a l s  from 
t h e  mass spectrometer t o  d i g i t a l  d a t a  and r e c o r d s  t h e s e  on magnet ic  t a p e .  
Subsequent  c a l c u l a t i o n s ,  i n c l u d i n g  t h e  r e c o g n i t i o n  o f  p e a k s ,  c a l c u l a t i o n  of 
peak  a r e a s ,  precise masses, f o r m u l a s  and ,  f i n a l l y ,  t h e  complete q u a n t i t a t i v e  
a n a l y s i s ,  are c a r r i e d  o u t  o n  a n  IRY Model 360/50 computer .  A t  p r e s e n t ,  t h e  
q u a n t i t a t i v e  a n a l y s i s  p r o v i d e s  d a t a  r o u t i n e l y  f o r  u p  t o  58 compound t y p e s  
a n d  u p  t o  2900 components ,  i n  less  t h a n  three h o u r s ,  i n c l u d i n g  ins t rument  
t i m e  and i n t e r p r e t a t i o n .  These  t y p e s  i n c l u d e  h y d r o c a r b o n s  w i t h  formulas  
C n H z n  to CnH2,,-44, oxygena ted  compounds from C,H2-,-20 t o  CnHZn-360, and 
s u l f u r  compounds fran CnH2n-2S t o  CnH2n-34S. S e m i q u a n t i t a t i v e  i n f o r m a t i o n  
o n  a d d i t i o n a l  compound t y p e s ,  such  a s  t h o s e  c o n t a i n i n g  N ,  or c o n t a i n i n g  more 
t h a n  o n e  heteroatom per m o l e c u l e ,  or p o s s e s s i n g  a h i g h e r  c o n d e n s a t i o n  t h a n  
o u t l i n e d  a h v e ,  c a n  b e  o b t a i n e d  i n  a short a d d i t i o n a l  t i m e .  The a n a l y s i s  
is  normal ized  t o  t h e  v o l a t i l e  p o r t i o n  of  e a c h  sample ,  d q t e r m i n e d  by weighing 
t h e  sample a n d  a n y  o b s e r v e d  r e s i d u e .  
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D I SCUSSION 

A p p l i c a t i o n  of  t h e  h i g h  r e s o l u t i o n - l o w  vol tage  method to coIi I 
I s o n u  t- I t : 1 i y c  f a c t  i o n  p r o d u c t  .c. y i c Ids  a v e r y  de ta i 1 vd r l i< i  rac t cr iza t i o  n 

hydrocarbon types, !wssc.ssing the same g c n e r a l  formula ,  but d i  f f e r c n t  
a r o m a t i c  n u c l e i ,  c a n  be s e p a r a t e d  and de te rmined  a t  least  s e m i q u a n t i t a -  
t i v e l y .  The behav io r  o f  t h e  components d u r i n g  p r o c e s s i n g  c a n  be c l o s c l y  
fo l lowed.  The a n a l y s i s  i n c l u d e s  data on  a r o m a t i c  and h e t e r o a r o m a t i c  com- 
ponen t s  r a n g i n g  from ppm to s e v e r a l  p e r c e n t  i n  c o n c e n t r a t i o n  and  f r o m  78 
to 500 t  i n  molecu la r  we igh t .  
t y p e s  can  be de t e rmined  r a p i d l y  i n  e a c h  sample.  The d e g r e e  of s o p h i s t i c a -  
t i o n  a t t a i n e d  i s  best i l l u s t r a t e d  wi th  p r a c t i c a l  examples.  

A l a r g e  number o f  components and  compound 

The a b i l i t y  o f  d i s t i n g u i s h i n g  isomeric hydrocashon types is 
based on t h e  o b s e r v e d  f a c t  t h a t  t h e  c o n c e n t r a t i o n s  of t h e  aromatic n u c l e i  
are h i g h e r  t h a n  t h o s e  o f  t h e  a l k y l - s u b s t i t u t e d  members i n  any  homologous 
series. Thus maxima i n  t h e  c a r b o n  number d i s t r i b u t i o n  i n  a n y  series 
co r re spond  i n  most  cases to t h e  a p p e a r a n c e  o f  a n  i n d i v i d u a l  nuc leus .  A 
number of these n u c l e i  are naph thenos romat i c  compounds. Examinat ion  of 
samples  hydrogenated  t o  d i f f e r e n t  e x t e n t s  c a n  t h u s  corroborate t h e  pres- 
ence  of naph thenoa romat i c  n u c l e i ,  as t h e  c o n c e n t r a t i o n  of t h e s e  i n c r e a s e s  
wi th  t h e  e x t e n t  of t h e  hydrogena t ion .  The d a t a  r e p o r t e d  below w i l l  s e r v e  
t o  i l l u s t r a t e  t h e  p rocedure .  

Carbon Number D i s t r i l x l t i o n  i n  t h e  CnH2n-10 S e r i e s ,  Weight P e r c e n t  

I 

I 

/ 

Formula 

gH8 

C I O H I O  

C l l H 1 2  

C12H14 

C13H16 

C14H18 

C15H20 

C16H22 

‘17H24 
c H 18 26 

M i l d l y  Hyl rogenated  Material 

0.062 

0.220 

0.168 

0.444 

0.552 

0.702 

0.278 

0.314 

0.122 

0.006 

S e v e r e l y  Hydrogenated M a t e r i a l  

0.056 

0.408 

0.162 

0.926 

1.175 

1 .493  

0.624 

0.443 

0 . 2 5 2  

0.088 

The o n l y  r e a s o n a b l e  s t r u c t u r e  f o r  a C H8 hydrocarbon is indene .  
CIOHIO cou ld  b e  me thy l - indene  or d ihydronaphtha?ene .  A S  t h e  t o t a l  cl0 con- 
c e n t r a t i o n  i s  h i g h e r  t h a n  t h e  Cg c o n c e n t r a t i o n ,  d i h y d r o n a p h t h a l e n e  is 
b e l i e v e d  to be t h e  major component. T h i s  a s sumpt ion  i s  c o r r o b o r a t e d  by 
t h e  f a c t  that t h i s  d i f f e r e n c e  i n  c o n c e n t r a t i o n  i s  enhanced i n  t h e  more 
s e v e r e l y  hydrogenated  m a t e r i a l ,  and  d i h y d r o n a p h t h a l e n e  is a n  o b v i o u s  hydrogena- 
t i o n  p r o d u c t  from na?htha lene .  Analogous ly ,  i n c r e a s e s  i n  c o n c e n t r a t i o n  a t  
Cl2, Cl3, C14, and C 1 6 r  a l l  enhanced i n  t h e  s e v e r e l y  hydrogenated  material, 
i n d i c a t e  t h e  p r e s e n c e  of a d d i t i o n a l  nuc le i ,  r e s p e c t i v e l y  i d e n t i f i e d  as t e t r a -  
hydroacenaphthene ,  benzohydr indane ,  o c t a h f l r o a n t h r a c e n e  and  dodecahydropyrene .  
Data from o t h e r  series o f  t h e  same g e n e r a l  formula  are treated s i m i l a r l y .  
O n l y  maxima or i n c r e a s e s  i n  c o n c e n t r a t i o n  which appea r  a t  the same ca rbon  
number and series i n  a l a r g e  number o f  samples  are a c c e p t e d  a s  a genu ine  
i n d i c a t i o n  o f  more t h a n  one  compound t y p e  i n  a g i v e n  series. 
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A s  m e n t i o n e J  above ,  t h e  c o n c e n t r a t i o n  o f  a l k y l - s u b s t i t u t e d  
components is considerably lower t h a n  t h a t  of t h e  r e s p e c t i v e  n u c l e i .  
T h i s  can  be o b s e r v e d  best i n  series and  ca rbon  number i n t e r v a l s  where 
o n l y  one compound t y p e  i s  p r e s e n t ,  a s  shown below. 

C a r b o n  Number D i s t r i S t i o n  i n  t h e  CnH2n-8 S e r i e s ,  Weight P e r c e n t  

Formula X i l d l y  I lydrogens ted  M a t e r i a l  S e v e r e l y  Hydrogenated M a t e r i a l  

5.804 9.180 

2.977 5.291 

1.805 2.671 

1.043 1 .291  

10"12 

' l lH14 

C12H16 

C13H18 

The d e c r e a s e  i n  c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  c a r b o n  number is  
a p p r o x i m a t e l y  t m f o l d .  T h i s  r a t e  of d e c r e a s e  has also been  obse rved  f o r  
o t h e r  series,  and i n  a l a r g e  number o f  samples. We w e r e  a b l e  t h u s  t o  
d e v e l o p  a method t o  e s t i m a t e  t h e  c o n c e n t r a t i o n  o f  each  isomeric compound 
t y p e  i n  a g i v e n  series. The p r o c e d u r e ,  i l l u s t r a t e d  below, s ta r t s  w i t h  
e x t r a p o l a t i n g  t h e  c o n c e n t r a t i o n s  of t h e  homologs of t h e  compound t y p e  w i t h  
t h e  lowes t  m o l e c u l a r  weight  n u c l e u s .  The c o n c e n t r a t i o n  of t h e  nuc leus  of 
t h e  next  compound t y p e  is o b t a i n e d  by s u b t r a c t i n g  t h e  e x t r a p o l a t e d  con- 
c e n t r a t i o n  o f  t h e  homolog of t h e  f i r s t  compound t y p e  a t  the ca rbon  number 
invo lved  from t h e  c o n c e n t r a t i o n  obse rved  f o r  t h e  series. C o n c e n t r a t i o n s  
o f  t h e  homologs of the  second  compound t y p e  are t h e n  e x t r a p o l a t e d ;  and t h e  
p rocedure  c o n t i n u e s  s i m i l a r l y  f o r  a l l  o t h e r  compound t y p e s .  The extrapola- 
t i o n  i s  used, o f  c o u r s e ,  o n l y  i n  ca rbon  number i n t e r v a l s  where more t h a n  one 
t y p e  i s  c o n c e i v a b l y  p r e s e n t .  I n  a d d i t i o n ,  t h e  method i s  a p p l i c a b l e  o n l y  t o  
samples  w i t h  b o i l i n g  r ange  wide enough t o  c o n t a i n  a l l  isomers invo lved  i n  
t h e  s e p a r a t i o n .  

S e p a r a t i o n  of Isomeric Compound Types i n  t h e  C H S e r i e s ,  Weight Pe rcen t  n 2n-14 

T o t a l  CnHzn-14 Te t r ahydro -  
Formula S e r i e s  Acenaphthenes  a n t h r a c e n e s  Octahydropyrenes  

C12H10 

C13H12 
C H  

1 4  14 

C14H16 

C16H18 

C17H20 

C18H22 

(1 .2)  

( 2 )  

( 1 . 2 )  

2.954 

1.894 

2.536 

1.105(*) 

1.146 

0.631 ( 2 )  
( 2 )  0.316 

(1) 

( 2 )  2.954 
( 2 )  1 .894 
( 3 )  0.947 
( 3 )  0.474 

0 .237(3 )  
( 3 )  0.118 
( 3 )  0.059 

- 
(4 )  

(4) 

( 3 )  

(3  1 

( 3 )  

1.589 

0.631 

0.316 

0.158 

0.079 

- 
0.593 ( 4 )  

(4 )  0.355 
( 4 )  0.178 

I 

(1) Maxima i n  c a r b o n  number d i s t r i b u t i o n ,  i n d i c a t i n g  t h e  appea rance  of 

( 2 )  Raw c o n c e n t r a t i o n s .  
(31 C o n c e n t r a t i o n s  o b t a i n e d  by e x t r a p o l a t i o n .  
( 4 )  C o n c e n t r a t i o n s  o b t a i n e d  by s u b t r a c t i o n .  

r e s p e c t i v e l y ,  a c e n a p h t h e n e ,  t e t r a h y d r o a n t h r a c e n e  and  oc tahydropyrene .  



I 

Thc i n f o r m a t i o n  t h u s  o b t a i  ncd o n  t h e  c o n c c n t r a t i c ) n  of t h t ’  
i n d i v i d u a l  compound t y p e s  c a n  be uscd to  follow t h e i r  b e h v i o r  ui’oii 
hydrogenat ion .  T y p i c a l  d a t a  o b t a i n e d  a r e  shown below. 

Weight P e r c e n t  
M i l d l y  S e v e r e l y  

Hydrogenated Hydrogenated 
Ring Systems Mater i a l  Material 

Naphthalene System 
Naphtha lenes ,  CnH2n-12 14.2 7.9 

0 .5  0.7 

11.5 18.4 

0.3 0.4 

2.6 2.0 

T o t a l  28.5 30.0 

‘nH2n-10 D i  h y d r o n a p h t h a l e n e s  , 
T e t r a l i n s ,  

O c t a h y d r o n a p h t h a l e n e s ,  
‘nH2n-8 

‘n”2n-4 

- D e c a l i n s ,  ‘nH2n-2 - 

Anthracene  System 

7.2 5.4 Anthracenes ,  

T e t r a h y d r o a n t h r a c e n e s ,  CnH2n-14 3.0 3.8 

1.3 1 . 5  Hexa h y d r o a n t  h r a c e n e s ,  

0.7 1 . 5  O c  t a h y d r o a n t h r a c e n e s ,  

1 . 2  0.6 Decahydroanthracenes ,  

T o t a l  12.8 13.4 

‘nH2n-18 

‘nH2n-l2 

‘nH2n-10 

‘ nH2n-8 - - 

Acenaphthene System 

Acenaphthylenes ,  

Acena ph t he ne s , 
0.1 0.0 

6.6 5.3 

1 .7  0.7 

7 .0  
T o t a l  7.4 

‘nH2n-16 

‘nH2n-14 
- T e t r a h y d r o a c e n a p h t  henes ,  ‘nH2n-10 - 

F l u o r e n e  System 

F1 uor e n e s  5.0 

T o t a l  5 . 0  5.0 
- 5.0 - 

Another  a s p e c t  of t h e  c h a r a c t e r i z a t i o n  of coal l i q u e f a c t i o n  
p r o d u c t s  is t h e  d e t e r m i n a t i o n  of components c o n t a i n i n g  h e t e r o a t o m s .  Most 
of t h e s e  c a n  be d i r e c t l y  i d e n t i f i e d  from t h e  computer o u t p u t  o f  t h e  h i g h  
r e s o l u t i o n - l o w  v o l t a g e  spectra a s  i l l u s t r a t e d  below for t y p i c a l  mass 
m u l t i p l e t s .  
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Computer I d c n t i f  i c a t i o n  of  Formulas  

M u l t i 2 l e t s  a t  m / e  310 and 330 

I n t e n s i t y ,  % - 1  Yeasured Mass E r r o r ,  m u  
0.0016 31 0.0857 +0.7 

0.0332 

0.5825 

0.0075 

0.0435 

0.0017 

0.0064 

0.0131 

0.1219 

0.0051 

310.1346 - 1 . 2  

310.1736 +1.5 

3 10.227 6 -2.0 

310.2675 +1.5 

330.1360 

330.1605 

330.1963 

330.2360 

330.3291 

-4.8 

-1.5 

-2 .1  

+1.3 

+0.5 

Forinula 

C19ti1HS2 

c23"180 

c24ii22 

I 22'30' 

C23H34 

'26'18 

C23H2202 

'24'26' 

C25H30 

C24H42 

The r e s o l v i n g  p o w e r  of  o u r  i n s t r u m e n t ,  however, is i n s u f f i c i e n t  
t o  s e p a r a t e  t h e  13CH-N d o u b l e t  above m / e  120-130. 
one  N atom a r e  t h e r e f o r e  d e t e c t e d  u s i n g  i s o t o p e  c o r r e c t i o n  t e c h n i q u e s .  
The presence  of N compounds of odd m o l e c u l a r  weights  is i n d i c a t e d  by 
r e s i d u a l  p e a k h e i g h t s  a f t e r  i s o t o p e  c o r r e c t i o n  and s h i f t  i n  t h e  measured mass 
from t h e  v a l u e  of  t h e  13C i s o t o p e  to  t h a t  o f  t h e  N compound, a s  shwn i n  
t h e  example r e p o r t e d  b e l o w .  

Components Conta in ing  

Measured Mass Formula E r r o r ,  m u  I n t e n s i t y ,  % 11 
-0.6 1.903 - - 0.845 

180.093 C14~12 
181.090 

Formula T h e o r e t i c a l  Mass T h e o r e t i c a l  I n t e n s i t y ,  % E  I 

181.096 0.290 

181.089 0.555* 
3 ~ c 1  3'1 2 

C13H11N 

Res idua l  a f t e r  i s o t o p e  c o r r e c t i o n .  

T h e o r e t i c a l  mass  f o r  u n r e s o l v e d  d o u b l e t :  

E r r o r  o f  mass  c a l c u l a t i o n  f o r  u n r e s o l v e d  d o u b l e t :  -1.0 mmu ( -0 .4 with 
r e s p e c t  t o  1 8 0 . 0 9 3 ) .  
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The t e c h n i q r s  d i s c u s s e u  a b v e  r e s u l t  in J. thorough c l u r a c t c r i z a t i o n  
of coal l i q u e f a c t i o n  ;xroducts. The w e a l t h  oP data o b t a i n e d  is i l l u s t r a t c d  by 
t h e  list of compound t y p e s  d e t e c t e d  i n  o n e  i n d i v i d u a l  sample ,  reported bclow. 

S e r i e s  

CntiZn 

‘nH2n-2 

‘n“2n-2 

c I I .  
n 211-4 

Cn112n-4 

‘n“2n-4 

‘n“2n-6 

‘n1‘2n-t! 

n 2n-8 

cni1211-10 

‘n“2n-1 o 
C p H ~ n - l ~  

‘nH2n-10 

‘nH2n-10 

‘nH2n-l0 

Cni12n-1 2 

‘nH2n-14 

‘nH2n-14 

Cn112n-15 

‘nH2n-l6 

‘nH2n-16 

Cn112n-16 

c I f  
n 2n-18 

‘nii2n-18 

‘nH2n-1;3 

Cn112n-18 

c I 1  

H o d e l  S t r u c t u r e  

Cyclohexanes  

Deca 11 n s  

l lydr indans  

h y d r i n d e n e s  

3 c t a  hydronaphtha  l e n e s  

P e r h y d r o a n t h r a c e n e s  

Senzene s 

I n d a n e s  

T c t r a l i n s  

Indurlcs 

D 1 hydro nap h t  ha1  c n e s  

T e t r a  hydroacendpht  henes 

Benzhydr indanes  

Oc tahydroan th racenes  

Dodeca hydr  o p y r e n e  s 

Naphtha l e n e  s 

Acena p h t  he n e  s 

T c t r a h y d r o a n t h r a c e n e s  

Acenaphthylenes  

F l u o r e n e s  

Dihydroan th racenes  

Hexa hydropyr  e n e s  

An th racenes  

Te  t r a h y d r o p y r e n e  s 

Hexahydrochrysenes  

Decahydrobenzopyrenes 

S c r i c s  llodcl S t r u c t u r c  

Cn112n-2~ 

‘n‘’2n-20 

‘n“2n-22 

‘nH2n-22 

‘nH2n-24 

‘n“2n-24 

‘n”2n-26 
C H  

n 2n-28 
c H 

n 2n-30 

‘n”2n-32 

‘n“2n-34 

‘n”2n-36 

‘nH2n-38 

‘11~2n-4’ 

‘ n 2 n - 10‘ 
‘n”2n-12 S 

‘nH2n-16 S 

CnH2n-18 S 

‘n’’2n- 20‘; 

S ‘nH2n-14 

C H  0 
n 211-2 

‘ n ” ~ n - 4 ~  

‘nH2n-6O 
c H 0 p 2n-8 

‘nH2n-100 
‘nH2n-12 0 

0 ‘n‘‘2n-14 

‘nH2n-16’ 
‘nH2n-18 c) 

‘nH2n-20 0 

Naphthcnoanthracenes  

T c t r a  hydrochrysene  s 

Pyr e n e  s 

Herahydrobenzopyrene s 

Chrysenes  

T e  t r ahydrobenzopyrenes  

C h o l a n t h r e n e s  

Benzopyrenes 

P i c e n e s  

An than th renes  

D i b e n z o p y r e n e s  

Coronene  s 

Benzanthant  h r e n e s  

Th iophenes  

L e n z o t h i o p h e n e s  

Naphthenobenzothiophenes 

Indeno th iophenes  

D i b e n z o t  h i o p h e n e s  

ACenaphthenoth iophenes  

F l u o r  e n o  t h i o p h e  n e s  

Dihydro fu rans  

F u r a n s  

P he no 1 s 

NaEhthenophenols 

Benzofurans  

Naphtho 1 s 

Naphthenonaphthols  

Di benzof u r a n s  

H ydrox  ya n t  h r a c e n e  s 

Hydroxynaphthenoanthracenes ! 

c I { .  Ln-22cj I lydroxyp‘penes 
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0 ‘n“2n-24 
c Ii 0 n 2n-26 
‘nH2n-28 0 

Cn“2n-30 0 

‘n’’2n-32 

‘nH2n-38 

0 

0 

CnH2n-5N 
C H  N 

n 2n-7 

‘nH2n-gN 
‘nH2n-l1 N 

‘nH2n-13 N 

C H  N 
n 2n-15 

N 
‘nH2n-17 
‘nH2n-19 N 

CnH2n-21 

‘nH2n-23 

‘nH2n-25 

N 

N 

N 

‘nH2n-27 N 

N 

N 
nH 2n-2 9 

‘nH2n-31 

ti ydrox yc h r y s e n e  s 

Hydroxycho lan th renes  

Hydroxybenzopyrenes 

H ydrox y p i c e  n e s  

Hydroxyan than th renes  

Hydroxybenzanthanthrenes 

P y r i d i n e s  

Naph thenopyr id ines  

I n d o l e s  

Qui no 1 i n e s  

Naph thenoqu ino l ines  

Cnl12n-G02 Dihydroxybcnzenes  

Cn l i  

Cn112n-1002 I lydroxybenzofurans  

CnH2n-1202 D i h y d r o x y t e t r a l i n s  

CnH2n-1402 Hydroxyindenofurans  

CnH2n-1602 Hydroxydibenzofurans  

CnH2n-1802 Dihydroxyan th racenes  

CnH2n-2002 Dlhydroxynaphthenoanthracenes 

CnH2n-2202 Dihydroxypyrenes  

CnH2n-2402 Dihydroxychrysenes  

C nH2n-  6O 

D 1 hydroxy 1 ncla ne s 

D ihydr  ox yc ho l a n t  hr ene  s 

C a r b a z o l e s  .CnH2n-8S0 Hydroxycyclopentenothiophenes 

A c r i d i n e s  CnH2n-10S0 Hydroxybenzoth iophenes  

Naphthenobenzoquinol ines  CnH2n-12S0 Hydroxynaphthenobenzothiophenes 

B e n z o c a r b a z o l e s  CnH2n-16S0 Hydroxydibenzothiophenes 

Benzacr  i d i n e s  CnH2n-18S0 Iiydroxynaphthenonaphthothiophenes 

N a p h t h e n o b e n z a c r i d i n e s  C H SO Hydroxyfluorenothiophenes 
h 2n-20 

CnH2n-1603 Dihydroxyd ibenzofu rans  

CnH n-l oSO 2 
CnH2n-16S0 Dihydroxydibenzothiophenes 2 

D i hydrox ybe n z o t  h iophenes  

CnH2n-18S0 Dihydroxynaphthenonaphthothiophenes 

CnH2n-20S0 Dihydroxyfluorenothiophenes 
2 

2 

The model s t r u c t u r e s  l i s t e d  above  were deduced  by o b s e r v i n g  t h e  molecu la r  weight  
of t h e  . f i r s t  member f o r  e a c h  compound t y p e  i n  a l a r g e  number of samples .  T h i s  
o b s e r v e d  molecu la r  w e i g h t  w a s  i n  most cases i d e n t i c a l  to  t h a t  o f  t h e  model s t r u c -  
t u r e s  proposed .  A s  i s o m e r i c  compound t y p e s  of t h e  same n u c l e a r  molecu la r  weight,  
such  as a n t h r a c e n e s  and phenan th renes , canno t  be s e p a r a t e d  by mass spectrometric 
means, t h e s e  s t r u c t u r e s  shou ld  be c o n s i d e r e d  o n l y  i n d i c a t i v e .  

A d d i t i o p a l  compound t y p e s  have been  of c o u r s e  d e t e c t e d  i n  o t h e r  samples.  
The m o s t  i n t e r e s t i n g  q o n g  t h e s e  w e r e  compounds a s  condensed  as CnHzn-48, CnH2n-420, 
CnH2n-3402, CnH2n-32S0, and  s e v e r a l  compound t y p e s  c o n t a i n i n g  NO, and  S2 groups .  

T h e . p r e s e n c e  of 0, 02 g r o u p s ,  m o s t  p r o b a b l y  i n  t h e  hydroxyl  form, i s  
c o n s i d e r e d  q u i t e  r e v e a l i n g ,  p a r t i c u l a r l y  i n  v i e w , o f  t h e  f a c t  t h a t  t h e s e  hydroxyl 
g r o u p s  are 1 o c a t e d . o n  h y d r o c a r b o n s  c o n t a i n i n g  u p  t o  8 a r o m a t i c  r i n g s .  
t i o n  of t h e s e  v e r y  condensed  heterocompounds i n  .coal l i q u e f a c t i o n  p r o d u c t s  co r robo-  
ra tes  t h e  v iews  oh coal s t r u c t u r e ,  r e p o r t e d  by H i l l  ( 8 ) .  According  to t h i s  and  
o t h e r  au tho r . s ,  coal i s  v iewed a s  a polymer composed of p o l y a r o m a t i c  n u c l e i  l i n k e d  
by  -0- and  - S -  b r i d g e s .  

The d e t e c -  
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I 

1 

I 
I 

I t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e s e  l i n k a g e s  break 
t i o n ,  t h u s  g i v i n g  r i se  t o  t h e  p o l y a r o m a t i c  p h e n o l s  d e t e c t e d  i n  

u p n  hydrogella- 
o u r  a n a l y s e s .  

i s  provided  hy Another i n t e r e s t i n g  i n s i g h t  i n  t h e  s t r u c t u r e  of  c o a l  
t h c  a n a l y s i s  o f  t h e  h e a v i e r  f r a c t i o n s  (700°F.+) of hydrogenated  material .  
A s  shown by t h e  example r e p o r t e d  below, t h e s e  m a t e r i a l s  c o n t a i n  c o n s i d e r a b l e  
amounts o f  p o l y n u c l e a r  a r o m a t i c s ,  a s s o c i a t e d  w i t h  a s  many a s  a t o t a l  of f i f t e e n  
to  twenty  C atoms i n  s i d e  c h a i n s .  I t  i s  c o n c e i v a b l e ,  o f  c o u r s e ,  t h a t  naphtheno- 
a r o m a t i c  n u c l e i  are also p r e s e n t .  I t  i s  b e l i e v e d  t h a t  t h e s e  s i d e  c h a i n s  a r e  
s h o r t ,  wi th  one or t w o  C atoms p e r  s i d e  c h a i n ,  a l t h o u g h  d u e  t o  t h e  i n s o l u b i l i t y  
of t h i s  t y p e  o f  m a t e r i a l  i n  a n y  s o l v e n t ,  t h i s  a s s u m p t i o n  c o u l d  n o t  be conf i rmed 
by NMR t e c h n i q u e s .  These s h o r t  s i d e  c h a i n s  c o u l d  be d e r i v e d  from hydrocracking: 
of naph thenoa romat i c  compounds o r  from h y d r o g e n a t i o n  o f  me thy lene  l i n k a g e s  i n  
t h e  o r i g i n a l  c o a l  s t r u c t u r e .  

A n a l y s i s  o f  a Heavy Hydrogenated F r a c t i o n  

Corn p und 
Type 

C n l i ~ n - ~  

‘nH2n-2 

C H  
n 2n-4 

‘nt’2n-6 

‘nH2n-8 

C n i i ~ n - l ~  

C H  
n 2n-12 

‘nH2n-14 

Cn112n-16 

Cn“2n-18 

‘nii2n-20 

‘n“2n-22 

~ “ 2 n - 2 4  

n’ 2 n- 2 C, 

n 2n-28 

C n 1 i 2 n - 3 ~  

‘n“2n-32 

n 2n-34 

c t i  

C 11 

Weight 
P e r c e n t  

0.033 

0.077 

0.254 

0.298 

0.732 

1 .675  

1 .425  

2.196 

4.312 

5.743 

6.931 

7 .628  

6.066 

4.407 

2.794 

1 . 3 9 3  

1 . 0 9 5  

0.378 

Avg . 
MW 

308 

1 2 9  

18 5 

102  

1 5 3  

195 

228 

236 

248 

27 0 

28 6 

28 2 

302 

322 

327 

340 

34 1 

365 

- 
Compound 

Type 

C H  n 2n-36 

‘n“2n-38 

‘nH 2n-4 0 

‘2‘2n-4 2 

‘nH2n-44 

‘nH2n-4 

5 nH2n-16 

CnH2n-18 5 

‘nH2n-20 5 

0 ‘nH2n-10 

Cn’12n-12 0 

0 

0 

‘nH2n-14 

‘nH2n-16 

‘n“2n-18 0 

‘nH2n-20 

‘n“2n-22 0 

‘nH2n-24 0 

9 

Weight 
P e r c e n t  

0.147 

0.072 

0.013 

0.015 

0.002 

0.004 

0.003 

0.002 

0.005 

0.006 

0.019 

0.013 

0.066 

0.163 

0.062 

0.093 

0.122 

Avq . 
M W  

37 9 

386 

4 1 0  

415 

4 00 

126 

226 

231 

252 

203 

215 

1 7 8  

228 

240 

248 

264 

294 
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0 0 .125  3 02 

0 0.056 317 

0 0.015 3 28 

cn112n-26 

‘n“2n-28 

nH2n-30 

N o n v o l a t i l e  r e s i d u e  51.50 

c I 1  0 0.012 

0 0.004 

n 2n-32 

‘n”2n-34 3 57 

hote: T h i s  i s  t h e  r o u t i n e  f o r m a t ,  which d o e s  n o t  i n c l u d e  0 2  o r  N compounds, 
and d o e s  n o t  s e p a r a t e  i s o m e r i c  hydrocarbons .  

Carbon Number D i s t r i b u t i o n  i n  a licavy Hydrogenated F r a c t i o n  

C a r t o n  Number 

16 
1 7  
18 
1 9  
20 
2 1  
22 
23 
24 
25 
26 
27 
2 8  
29 
30 
31 
32 
33 
34 
35 

T o t a l  

C H  
n 2n-22 

0.740 
0.441 
0.333 
0.311 
0.582 
0.760 
0.750 
0.685 
0.690 
0.500 
0.475 
0.370 
0.330 
0.243 
0.165 
0.135 
0.040 
0.044 
0.028 

7.628 
- - 

‘nH2n-28 

- 
- 
- 
- 
0.128 
0.220 
0.218 
0.220 
0.255 
0.295 
0.300 
0.305 
0.220 
0.184 
0.152 
0.080 
0.084 
0.074 
0.044 
0.015 
2.794 

‘nH2n-32 

- 
- 
- 
- 
- 
- 
0.100 
0.102 
0.074 
0.094 
0.104 
0.110 
0.092 
0.094 
0 .111  
0.051 
0.046 
0.030 
0.017 

1.025 
- - 

‘nH2n-38 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
0.007 
0.005 
0.006 
0.012 
0.006 
0.006 
0.007 
0.008 
0.012 
0.003 
0.072 
- 

CONCLU S ION 

High r e s o l u t i o n - l o w  v o l t a g e  mass s p e c t r o m e t r y  i s  t h u s  a v e r y  
powerfu l  t o o l  for t h e  c h a r a c t e r i z a t i o n  o f  c o a l  l i q u e f a c t i o n  p r o d u c t s  and 
f o r  y i e l d i n g  rapid and d e t a i l e d  d a t a  u s e f u l  f o r  p r o c e s s  development  s t u d i e s .  
The method c a n  a l so  b e  a p p l i e d  t o  t h e  v o l a t i l e  p o r t i o n s  of powdered coal and 
c o a l  e x t r a c t s .  The d a t a  o b t a i n e d  o n  a g r e a t  many samples  a n a l y z e d  p e r m i t t e d  
u s  t o  g a i n  some i n s i g h t  i n t o  t h e  s t r u c t u r e  of c o a l .  
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CHARACTERIZATION O F  IRON MINERALS IN COAL BY 
LOW-FREQUENCY INFRARED SPECTROSCOPY 

Pat r ic ia  A .  Es tep ,  John J. Kovach, Clarence  K a r r ,  J r . ,  
Edward E .  C h i l d e r s ,  and Arthur  L. Hiser  

Morgantown Coal  Research  Center ,  Bureau of Mines,  
U. S. Department of the In te r ior ,  Morgantown, West Virginia 26505 

The Bureau of Mines,  U. S. Department of the Inter ior ,  is  conducting basic 
r e sea rch  on minera ls  occur r ing  in coal  to a s s i s t  in solving problems crea ted  by 
their  presence.  Of par t icular  interest  in these studies are the abundant iron- 
bearing mine ra l s  which are direct ly  linked with air and water  pollution, a r e  impor- 
tant in  coal  combustion, carbonization and hydrogenation, and offer potential for 
profitable utilization. 
metal l ic  constituent of coa l ,  reflecting i ts  natural  abundance in the  c r u s t  of the 
ear th .  Iron is a major  e lement  of high-temperature  coal  a sh  and ranges f rom 5 
to 35 weight-percent ( repor ted  a s  F e 2 0 3 )  f o r  United States  bituminous coa ls  (L). 
Although some of the i ron  may be organically bound in the coal (z), a l a r g e  portion 
is known to occur  i n  a var ie ty  of mine ra l  forms .  

I ron i s  second only to aluminum as the mos t  abundant 

1 : Previous studies have shown that one of the mos t  effective methods for  
determining the s t ruc ture  and concentration of coal  mine ra l s  is low-frequency 
infrared spectroscopy (A). 
minera ls  in coa l  required a unique compilation of spec t ra l  data. 
required data  was not avai lable  f rom the l i t e ra ture  or was  of such a poor quality 
as to be  unreliable.  
useful low-frequency data  made available f o r  most  mine ra l s  by extension of high- 
resolution commerc ia l  in f ra red  instrumentation to 200 c m - l .  

The application of infrared analysis  to a study of i ron 
Much of the 

In addition, mos t  e a r l i e r  work  did not include the new and 

The purpose of this  paper  is to present  the inf ra red  data that we have col-  
lected for  som'e iron-bearing mine ra l s  in bituminous coal ,  in both the i r  original 
and a l te red  fo rms ,  and to demonst ra te  the usefulness  of th i s  data  for analysis  of 
a var ie ty  of typical bituminous coal mine ra l  samples .  
included h e r e  may occur  in coa l ,  the i ron mine ra l s  for  this  study were  selected 
on the basis  of their  f requency of occurrence  in samples  examined at the Morgan- 
town Coal  Research  Center  and  in coals  descr ibed in the l i t e ra ture .  

While i ron  mine ra l s  not 

EXPERIMENTAL 

To prepare  t h e  s tandard  spec t ra  required for  t h i s  work,  s e v e r a l  specimens 
of each  of the iron mine ra l s  w e r e  obtained f rom different locali t ies.  Mill igram 
amounts of each of these samples  were selected with a s tereomicroscope under 
10-60X magnification. As an  aid in isolation of pure  spec imens ,  we made  exten- 
s ive use  of microchemical  and determinat ive mineralogy tes ts .  The puri t ies  of 
specimens were  ver i f ied f r o m  x-ray powder diffraction data  and f rom infrared 
l i t e ra ture  data ,  when available.  
samples  had been incorrect ly  identified by the supplier.  
obtained as pure synthetic polycrystall ine phases  f rom T e m - P r e s  Research ,  h c . ,  
State College,  P a . ,  and inf ra red  spectra  of these synthetic minera ls  were  used a s  
f u r t h e r  purity checks o n  na tura l  minera l  specimens.  

These checks showed that many of the minera l  
Several  mine ra l s  were 
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Pellets  for infrared analysis  were prepared by hand blending one mil l igram 

This  mixture  was tr iple pressed  in a die a t  
of the preground minera l  with 500 mi l l ig rams of powdered cesium iodide (Harshawl 
for  five minutes in a mulli te mor t a r .  
23, 000 pounds total load, with a 15 minute total p re s s  t ime. 
immediately on a Perk in-Elmer  621 infrared grating spectrophotometer purged 
with d ry  a i r .  
red  analysis  have been t reated in an e a r l i e r  public2.tion (?). 
analyzed by infrared were enriched by a var ie ty  of techniques. Low-temperature  
ashing,  under 150" C ,  in an oxygen plasma produced by an r .  f .  field of 13. 56 MHz.  
for  example.  gave essent ia l ly  unaltered mine ra l  res idues from coal.  In addition, 
conventional gravity and magnetic separat ion methods and hand selection with a 
microscope were used. 

Pe l le t s  were  scanned 

Fur ther  considerations in solid s ta te  sampling of mine ra l s  for  infra-  
Coal minera ls  to be 

RESULTS AND DISCUSSION 

Sulfides. I ron disulfides,  pyrite and marcas i te  (FeS2) ,  the mos t  abundant 
iron-bearing mine ra l s  in coal,  contain much react ive sulfur and thus a r e  major  
contr ibutors  to a i r  and water  pollution. 
respect ively)  can be identified and differentiated by their  infrared spectra  i n  the 
low-frequency region only (2). 
Table 1 ,  were used to demonstrate  that pyri te  predominates in the bituminous 
coals  investigated in this work. 
in f ra red  spectroscopy h a s  t e e n  helpful in r e sea rch  on methods f o r  i t s  removal  
f rom coal.  
demonstrates  the enrichment  of pyrite in the 2. 9 specific gravity sink fract ion of 
a mine refuse sample f rom a West Virginia bituminous coal.  
gravi ty  f ract ion,  curve (a), i s  shown he re  to point out that  absorption bands f r o m  
other  commonly occurr ing coa l  minera ls ,  e.  g. , kaolinite, may overlap those of 
pyri te  and thus decrease  i ts  detectability in mixtures  not subjected to separat ion 
methods . 

These dimorphs (cubic and orthorhombic,  

Spectral  differences,  shown in F igure  1 and 

The detection and determination of pyrite by 

Gravity separat ion methods a r e  frequently employed and Figure  2 

The 1. 7 specific 

Pyrrhot i te  (Fe l -xS)  is a n  i ron sulfide found in coal  (4) and i n  coal  a sh  s lag,  
where it had been produced f rom the breakdown of pyrite (5). W e  did not detect  
infrared absorption bands out to 17 cm- '  for  e i ther  the monoclinic o r  hexagonal 
crystal l ine forms  of pyrrhot i te ,  hence it is possible that this mine ra l  cannot be 
determined in natural  mix tures  by infrared spectroscopy. 
it in any of our  bituminous coal  samples  examined to date by x - ray  diffraction 
analysis .  

We have not identified 

The iron-bearing sulfide minera l ,  chalcopyrite (tetragonal,  CuFeSz),  has  
been identified in coal (6, 7) .  It i s  known to be the mos t  widely occurr ing copper 
mine ra l  and i s  commonly associated with pyrite o r e s .  
that  i ts  absorption bands a r e  shifted to lower frequencies f rom the corresponding 
bands for pyrite.  

Figure 3 and Table 1 show 

These data a r e  in good agreement  with those of Gillieson (E). 

Carbonates .  The carbonate minera l ,  s ider i te  (FeC03) ,  has  been identified 
in coal  and is  believed to have been formed a t  the t ime of burial  of plant remains  
(2). 
hemati te .  
and varying ranks.  F igure  4 demonstrates  i ts  detection in a Virginia bituminous 

coal .  H e r e ,  s ider i te  i s  seen  to be the major  constituent of a heavy sink fraction 
f rom fine coal washing. 

Weathering can convert  it to limonite which can  then lose water to produce 
Siderite has  been identified in coals f rom wide geographic locali t ies 

Adler (E) and Hunt (11) have presented the infrared 
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spectrum f o r  s ider i te  to 625 c m - I  and Angino (c) has published i ts  infrared data 
only in the low-frequency region below 500 c m - l .  The distinction of s ider i te  from 
other  possible coal  m i n e r a l  carbonates  was facilitated through use of the complete 
infrared spectrum, a s  shown in F igure  4, containing all  relative intensity infor- 
m a t  ion. 

Another common i ron  carbonate often found in coal is ankerite (5, 13, e). 
Infrared data  h a s  been presented for  ankerite by Huang (e) to 667 c m - l a n d  by 
Moenke (16) to 500 c m - l .  
5 c m - l )  for distinguishing ankerite f rom the isostructural  members  of its group, 
and attr ibuted these shif ts  to cation substitution effects.  In a recent  study of the 
carbonate minera ls  in coal  (17) we examined seven ankerite samples  f rom dif-  
ferent  locali t ies.  We observed no detectable frequency shifts in the carbonate 
fundamentals f rom those of dolomite. 
region, however, there  was a general  broadening of bands and other detectable 
changes.  In going from dolomite to ankeri te ,  the 252 c m - l  dolomite band was 
reduced in intensity, the 312 c m - l  band was reduced in intensity and shifted to 
higher frequency, and the 391 c m - l  shoulder was l e s s  resolved. This mineral  
was frequently misidentified by the supplier because five additional samples  of 
ankeri te  that  w e  examined were shown by infrared and x- ray  analysis  to be 
side r i te .  

Both worke r s  utilized very minor  band shifts ( 3  to  

In the low-frequency latt ice vibration 

Oxides and Hydrous Oxides. The i ron oxides,  hematite and magnetite,  and 
the hydrous iron oxides goethite and lepidocrocite have a l l  been identified in coal 
by petrographic o r  x - r a y  methods (E). These may occur in coal  a s  original 
m i n e r a l s  o r  as  products of weathering of iron-bearing minera ls .  Very l i t t le 
reliable infrared data is available in the l i t e ra ture  for these oxides.  
bands for hematite,  repor ted  in the 1000-1110 c m - l  region by Hunt (11) and 
Omor i  (x), a r e  in e r r o r ,  a s  none of the anhydrous oxides absorb  above 600 c m - l .  
The inf ra red  spectrum of hematite presented by Liese (20) contains absorption 
bands due to an impuri ty ,  and our  data indicate that his sample contained maghe- 
mite .  
c a l s ,  have been presented to 200 cm-1  by Afremow (21) and McDevitt (22). The 
spec t ra  we obtained for  naturally occurr ing minera l  samples  a r e  only in partial  
ag reemen t  with the data in these two references.  
between crFe203 (hemati te ,  t r igonal)  and y F e Z 0 3  (maghemite,  cubic) is not readily 
apparent  from the spec t ra  presented in either paper .  
dimorphs.  Figure 5, show frequency differences for a l l  three ma jo r  absorption 
bands. These shifts were  found to be consistent for several  samples  from dif-  
ferent  locali t ies and a r e  believed to be re l ia t le .  F o r  magnetite ( F e 3 0 4 ) ,  Liese 
(20) r e p o r t s  (to 300 cm-1)  only one absorption band at 570 c m - I  for a number of 
naturally occurring magnetite specimens.  Our magnetite spectrum, Figure 5 ,  
with two absorption bands,  is in better agreement  with that presented by Afremow 
f21)  - for  the black iron oxide ( F e 3 0 4 ) .  The conversion of magnetite through mag- 
hemite to hematite can be readily followed by use  of their  spec t ra l  differences,  
shown i n  Figure 5 .  

Absorption 

Recently,  infrared spectra  f o r  i ron oxides,  available a s  commer ica l  chemi- 

F o r  example,  the distinction 

Our spec t ra  f o r  these 

The iron oxide, e s t i t e  (essentially FeO) ,  is an al terat ion product of the 
i ron minera ls  in coal ,  and has  been found in coal ash s lags  and fly ash.  
t r u m  of a nonstoichiometric; single phase sample of synthetic wiistite exhibits 
only one broad absorption band at  375 c m - ' .  

The spec-  
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The titanium containing i ron  oxide, i lmenite (tr igonal,  F e T i 0 3 ) ,  which is e frequently associated with hemati te  and magnet i te ,  has  been identified in coal (e). 
Titanium commonly occurs  in United States  bituminous coals  (L), and shows a 
close correspondence to i ts  na tura l  abundance in the e a r t h ' s  c r u s t .  
Omor i  (19) repor t  in f ra red  absorption bands for  i lmenite in the region above 
625 c m - l  which a r e  undoubtedly in e r r o r .  Liese (20) found three  s t rong absorp-  
tion bands,  a l l  in the low-frequency region, that  differ as  the T i / F e  rat io  v a r i e s .  
He shows these bands to shift systematically f rom 540, 461, and 325 c m - l  to 532, 
440, and 295 c m - l  a s  T i  increases  and F e  decreases .  He points out that  this f r e -  
quency shift is not in the expected direction and suggests that the presence  of 
intergrown hematite may  be causing this effect. Data f rom our  laboratory support 
h i s  intergrowth interpretation. Our spec t ra  for  ten samples  of i lmenite f rom 
var ious  locali t ies show consistent band positions a t  525 ( s ) ,  438 ( m ) ,  and 300 ( s )  
c m - l .  This spectrum 
agrees  bet ter  with L i e s e ' s  se t  of lower frequency bands,  while h i s  se t  of higher 
frequency bands agrees  bet ter  in frequency and shape with our  hemati te  data. 

Hunt (11) and 

Figure  6 shows the spectrum of a sample f rom Norway. 

Adler (24) and White (25) have shown that the hydrous oxide dimorphs 
goethite,  aFeO(OH),  and lepidocrocite,  yFeO(OH), both or thorhombic,  c a n  be 
readi ly  distinguished by differences in the 4000-600 c m - l  region. 
their marked  spec t ra l  differences and presents  additional datd for  the low- 
frequency region to 200 c m - l .  
dimorphs is their  behavior on heating. Goethite dehydrates to form paramagnet ic  
hemati te  while lepidocrocite dehydrates  on heating to form ferromagnet ic  maghe-  
mi te .  
four forms. 
the infrared spectrum, as  shown by a comparison of F igu res  5 and 7.  

F igure  7 shows 

I 

$ 
A fur ther  useful distinction between these 

I 
We used these conversions for  fur ther  verification of the spec t ra  f o r  a l l  

The absence of vibrations due to OH groups considerably s h p l i f i e s  

I 

I W e  have frequently identified the o x i d e s f  i ron  and their  hydrous fo rms  in  
samples  obtained by magnetic separat ions f rom coal.  
demonst ra tes  the detection of substantial  amounts of goethite in the magnetic f r a c -  
tion f r o m  a mine refuse sample f rom a West Virginia bituminous coal.  The highly 
charac te r i s t ic  goethite bands at 800 and 900 crn- l ,  assigned by White (25) to a n  
OH bending vibratlon and an F e - 0  stretching mode ,  respect ively,  are par t icular ly  
useful because this doublet occu r s  in a range not extensively overlapped by bands 
of other  common minera l  components. Similar ly ,  the weaker bands at 215, 358, 
and 1018 c m - l ,  seen in the spectrum of the magnetic fraction in F igure  8 ,  can be 
assigned to minor amounts of lepidocrocite.  The capability of in f ra red  spec t ros-  
copy for  distinguishing between goethite and lepidocrocite can be applied to the 
determinat ion of the mineralogical  omposition of l imonite,  FeO(0H).  xH20,  a n  
amorphous mixture of hydrous i ron  oxides with var iable  water content that  is diffi- 
cu l t  to charac te r ize  by x- ray  diffraction. 
predominant specles  in severa l  l imonite specimens f rom a var ie ty  of world locali-  
t i es .  
weathering . 

F o r  example,  F igu re  8 

I 

L 

We have observed goethite to be the 

Limonite has  frequently been reported to be present  in coal  a s  a product of 

Other  types of coal  product samples  typically containing i r o n  oxides a s  
a l terat ion products of or iginal  i ron  mine ra l s  a r e  combustion products  such a s  f ly  
a s h ,  boiler deposits,  conventional high-temperature  ash  residues f rom coal ,  and 
burned mine refuse.  F igure  9 ,  curve ( c ) ,  for  example,  demonst ra tes  the extensive 
oxidation of pyrite to hematite in a sample of burned mine refuse f rom a West Vir-  
ginia bituminous coal.  The sample,  obtained f rom a burning coa l  refuse bank, was 
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pulverized and subjected to float sink separat ions.  
2. 9 specific gravity sink fract ion shows hematite to be predominant,  with only 
minor  amounts of pyri te  remaining.  
necessity for using the low-frequency region, 600-200 c m - l ,  because there  were 
no major  absorptions above 600  ern-' in the refuse sample.  Comparison of 
curves  ( a )  and (b)  for  pyri te  and hematite shows that the specificity of their  
absorption bands affords an exce'llent opportunity for  quantitative analysis and 
thus determination of degree of oxidation by burning o r  weathering. 

The infrared spectrum of the 

This par t icular  analysis  demonstrates  the 

Fe(OH)3,  a hydrolysis  product of f e r r i c  su l fa tes ,  known a s  "yellow boy,"  is  
frequently precipitated f rom alkaline s t r e a m s  containing drainage f rom coal mines.  
Although this  compound exhibits a ra ther  diffuse in f r a red  spectrum, we have used 
i t s  broad absorption bands centered a t  450, 575, 675, and 3450 c m - l  f o r  identifi- 
cation. 
pound in the l i t e ra ture .  

We have been unable to find any infrared data to  200 c m - l  fo r  this com- 

Sulfates. Iron sulfates  occur  in  coals  pr imari ly  as oxidation products of the 
i ron  sulfides, and var ious f o r m s  can be produced, depending on weathering condi- 
t ions.  Anhydrous F e S 0 4 ,  o r  its various hydrates ,  can easi ly  form and be con- 
ver ted by fur ther  oxidation into Fez(SOq)3 o r  any of its possible hydrates.  
(g), by x- ray  diffraction, h a s  determinzd that the species  typically found in West 
Virginia bituminous coal  a r e  principally szomolnokite, FeS04 '  HzO, and melan- 
te r i te ,  FeS04 '  7H2O. 
resulting f rom mine dra inage ,  coal  processing plants, and weathered refuse 
banks (E) .  
these sources  showed d i f fe ren t  hydration s ta tes  fo r  the i ron sulfates. For example,  
the surface fi lm f rom a sample of coal  mine refuse is  seen from its infrared spec- 
trum i n  F igure  10, curve ( c ) .  to be predominantly anhydrous i ron  sulfate, indi- 
cating oxidation in a very  d r y  atmosphere.  
of fe r rous  sulfates and pyr i te  were a l so  present  in this  sample.  
able  atmospheric mois ture  is present ,  the surface fi lm on pyr i te - r ich  mine refuse 
was  usually identified as melanter i te ,  a s  seen in F igure  11. 

Nufer 

Iron sulfates  a r e  associated with water  pollution problems 

The inf ra red  spec t r a  that we obtained for a number of samples  f rom 

Minor amounts of the hydrated forms 
When consider- 

Hydrous iron sulfates a r e  another c l a s s  of minera ls  for  which very little 
re l iable  infrared data  is avai lable  in the l i t e ra ture .  
infrared spectrum of szomolnokite only to 800 c m - l .  
poorly resolved inf ra red  spec t r a  for siderotil.  FeS04 '  5H20, melanter i te ,  and 
coquimbite,  Fe2(S04)3 ' 9 H 2 0 ,  only to 600 c m - l .  
cally prepared  forms of FeS04.  7 H 2 0  and F e ~ ( S 0 4 ) 3 ' x H 2 0  have been presented by 
Mil ler  (z, 31) to 300 crn- l  and Sadtler (32) to 400 cm-l. However, no systematic 
study has  been made of the var ious hydrated sulfates of ?-e2' o r  Fe3' showing the 
dependency of the inf ra red  spec t rum on additions of water to the c rys ta l  lattice. 
In the present  work, in f ra red  spec t ra  were obtained for  samples  of naturally 
occurr ing and microscopical ly  identified iron sulfate minera ls .  These included 
i ron  in both fe r rous  and f e r r i c  s t a t e s  and in the commonly found hydrated forms.  
The hydration s ta tes  of some of these i ron sulfate minera ls  a r e  known to be easily 
a l t e r ed  (33). 
pellet preparation produced no detectable spec t ra l  changes.  The spec t ra l  data f o r  
these minera ls  a r e  shown in Tables 2 and 3, with their  tentative vibrational 
ass ignments .  In the absence of data for severa l  intermcdiate  hydrates ,  and the 
possibility of mixed crys ta l l ine  phases  for  some samples ,  it was not possible to 
make any rigorous spec t ra l - s t ruc tura l  cor re la t ions .  However, several  spectral 

Adler (28) has presented the 
Omori  (3) has  published 

Infrared data for  the syntheti- 

However, var ia t ions of temperature  and relat ive humidity in our  

I 
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differences among these minera ls  were observed and used in identificatioi~s.  
example,  the marked spec t ra l  differences allowing a distinction between anhydrous 
fe r rous  sulfate and one of its hydrated f o r m s ,  melanter i te ,  a r e  shown i n  F igure  10, 
curve  ( b ) ,  and in Figure 11, curve ( a ) .  
spectrum of the anhydrous f o r m  agree  with those in the monohydrate and may be 
due to smal l  amounts of this form.  

F o r  

The weak OH absorptions appearing in the 

Some systematic spec t ra l  variations were  noted for  lattice water  vibrations.  
F o r  example,  the f e r r o u s  sulfate hydrate system (Table  2 )  showed the expected 
systematic  increase in intensity of the OH stretching and HOH deformation modes 
with an increasing number of latt ice water  molecules .  Absorption for  fe r rous  s u l -  
fate hydrates  in the OH stretching region showed two to four components,  while 
absorption f o r  fe r r ic  sulfate hydrates  in this  region was  asymmetr ical ly  broadened 
to one band and generally shifted to lower frequencies.  The frequency for  the HOH 
deformation mode remained essentially independent of the amount of water  present .  
It appeared near 1620 crn-1 (usually spli t)  for the f e r rous  sulfate hydrates ,  but 
shifted to a higher frequency position near  1640 c m - l  for  the f e r r i c  sulfate 
hydrates .  

The fundamental  vibrations of the sulfate ion, v1, v 3 ,  and v4, a s  tentatively 
assigned in Tables 2 and 3 for  i ron sulfates,  a l l  indicate lower symmetry  than 
that of the f r e e  te t rahedral  ion. 
symmetry  of the sulfate ion in the solid s ta te .  
a r e  removed and new selection rules  allow forbidden vibrations to appear .  
example,  the degenerate v 3  sulfate group vibration appears  a s  a t r iplet  in all 
samples  examined. 
tially reduced intensity when just  one water  molecule is added. 
var ia t ions for  the sulfate fundamentals a r e  not systematic  with additions of latt ice 
water  and changes in the oxidation s ta te  of the iron. 
t r a l  var ia t ions for these i ron  sulfates,  in spite of their  i r regular i t ies ,  can be of 
diagnostic value and can provide a bas i s  for  identification of an  individual com- 
pound. 

Ross  (34) has  discussed the reasons  f o r  lower 
When this occurs ,  degeneracies  

F o r  

The v 1  appears  in a l l  spec t ra ,  although it shows a substan- 
The frequency 

However, the observed spec- 
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Table 1. - Infrared Absorption Bands for Common Iron Minerals  

Mineral  

Pyrite 
(Gilman, Eagle County, Colorado)  

Marcasi te  
(Ottawa County, Oklahoma) 

Chalcopyrite 
(Messina,  Transvaal ,  South Africa) 

Sider i te  
( W a s hington , Connecticut ) 

Hemati te  3 

(Ironton, M i m e  sota) 

Maghemite 
(LaCodosera,  Badajoz, Spain) 

Magnetite 
( I ron Mountain, Utah) 

WGstite 
(Synthetic, Tern-Pres  Resea rch ,  Inc. ) 

Ilmenite 
( Kr age r6', Nor way ) 

Goethite 
(Cary  Mine, Ironwood, Gogebic County, 
Michigan) 

Lepidocrocite 
(Fell inghausen, He s s e n ,  Germany) 

Frequency,  c m - l a  

284 (w) .  340 ( m ) ,  391 (vw). 411 ( s )  

285 (w) ,  321 ( m ) ,  350 (m),  396 ( s ) ,  
412 ( s ) ,  422 (vw) 

~ 2 0 0  (w) ,  316 ( s ) ,  728  (m),  858 (m),  
1410 ( s )  

330 ( s ) ,  370 (sh), 470 (m), 550 ( s )  

385 ( s ) ,  575 ( s )  

375 ( s )  

300 ( s ) ,  325 (sh) ,  438 (m) ,  525 ( s ) ,  
675 ( s h )  

248 (w).  280 ( s ) ,  385 (w),  402 (s ) ,  
450 (sh), 568 ( m ) ,  662 (w),  800 (m), 
900 (m),  3095 (m),  3430 (b) 

215 (w) .  275 ( m ) ,  358 ( s ) ,  480 ( s ) ,  
740 (m), 
-3350 (b)  

1018 (m),  -3000 (b) ,  

a s = strong; m = medium; w = weak; sh = shoulder;  b = broad. 
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(a) Pyrite (Colorado) 
(b) Marcasite (Oklahoma) 

FIGURE 1 .  - Infrared Spectra for Iron Disulfide Dimorphs. 
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a W .  Va. Bituminous Coal. 
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FIGURE 3 .  - Infrared Spectrum of Chalcopyrite f rom 
Messina,  Transvaal ,  South Africa 
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DIRECT DETERMINATION OF OXYGEN IN COAL 

B . S .  Ignasiak", B.N. Nandi"Q, D.S. Plontgomery""" 

Fuels Research Centre, Mines Branch, Department of Energy, Mines and Resources, 
Ottawa, Ontario, Canada 

INTRODUCTION 

There are two known methods for the direct determination of oxygen 
in organic matter: 

(2,3,4,5,6,7,8) 1) Sch:tze method ( I )  and modifications 

2) Neutron activation method (9,10) 

t ,  

The principle of the Schutze method depends on thermal decomposition 
of the sample in a temperature range of 1000" - 1150"C, in an oxygen free 
atmosphere of inert gas. The gaseous products of pyrolysis are carried over a 
layer of carbon black or lampblack at a temperature 1120°C. At this temperature 
all oxygen containing products are transformed into CO which is quantitatively 
oxidized using I205 to COz. The oxygen content of the sample for analysis can 
be calculated from the gain in C02 measured gravimetrically or from the gain in 
I2 measured volumetrically. 
the determination of CO directly using chromatographic analysis. (5) 

Instead of oxidizing CO to C02 some authors suggest 

Using platinum on lampblack (7) or nickel on lampblack (5) as a catalyst, 
it is possible to decrease the temperature for the quantitative conversion to 
carbon monoxide of the products of 

, All modifications of the 
of oxygen are based on the thermal 
This requires a very pure sweeping 
for the purification of this gas. 
much more prolonged. 

pyrolysis of the sample. 

Schitze method for the direct determination 
decomposition of the sample in an inert gas. 
gas and therefore rather complicated methods 
Ir. effect this means that the analysis is 

The determination of oxygen using the neutron activation method has 
been described many times in detail. (10) This method allows the total con- 
centration of oxygen to be determined in both the organic and inorganic con- 
stituents of the sample. The advantages of this method are: 
duration of the analysis and the fact that this is a non-destructive type of test. 
On the other hand the equipment for the determination of oxygen using neutron 
activation analysis is very expensive and the sample must be relatively large. 

A Permanent address: Department of Coal Chemistry, Adam Mickiewicz University, 

the short time of 

Poznnn, Poland. 

*Ir Research Scientist, F u e l s  Research Centre 

*** Head, Fuels Research Centre 
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Also ,  i f  t h e  p r i n c i p a l  q u a n t i t y  o f  i n t e r e s t  i s  t h e  oxygen c o n t e n t  
of  t h e  o r g a n i c  m a t t e r  i n  t h e  c o a l ,  t h e  m i n e r a l  m a t t e r  must b e  removed. Th i s  
i s  a r a t h e r  l a b o r i o u s  p r o c e s s .  

The r e c o g n i z e d  methods o f  d e t e r m i n i n g  t h e  oxygen c o n t e n t  of c o a l ,  
based  on Sch:tze (1 )  U n t e r z a u c h e r  ( 2 )  and Burns (8) a r e  slow and r e q u i r e  con- 
s i d e r a b l e  s k i l l  t o  a c h i e v e  s a t i s f a c t o r y  l e v e l s  of accu racy .  The method desc r ibed  
h e r e  i s  much more r a p i d  and r e q u i r e s  c o n s i d e r a b l y  less  t echn ique .  

EX PERMENTAL 

P r i n c i p l e  o f  t h e  Method. 

A f a s t  and s i m p l e  method is  d e s c r i b e d  f o r  t h e  d e t e r m i n a t i o n  of oxygen 
i n  c o a l s .  The p r i n c i p l e  o f  t h e  method depends  on t h e  p y r o l y s i s  of a sample a t  
1050°C i n  a vacuum, c o n v e r s i o n  o f  a l l  oxygen i n  t h e  p y r o l y s i s  p r o d u c t s  i n t o  CO, 
t h e  d e t e r m i n a t i o n  o f  t h e  volume of  evo lved  g a s  and t h e  measurement of t h e  con- 
c e n t r a t i o n  of  ca rbon  monoxide i n  t h i s  g a s  u s i n g  g a s  chromatography. 

Appara tus .  

The b a s i c  p a r t  of t h e  d e t e r m i n a t i o n ,  which i s  t h e  p y r o l y s i s  and the  
measurement o f  t h e  volume o f  evo lved  g a s  i s  conducted  i n  t h e  a p p a r a t u s  ind ica t ed  
i n  F i g u r e  1. The p a r t  o f  t h i s  a p p a r a t u s  i n d i c a t e d  by 1 r e f e r r e d  to a s  t h e  
p y r o l y s e r  and i s  used  f o r  t h e  p y r o l y s i s  o f  t h e  sample l o c a t e d  a t  5 and t h e  
e v a c u a t i o n  o f  t h e  c a t a l y s t  s i t u a t e d  a t  b. A s  i t  must w i t h s t a n d  r e l a t i v e l y  h igh  
t empera tu re  i t  is  made from Vycor g l a s s .  The p y r o l y s e r  i s  connected  through 
t h e  u n i t  2 t o  a g a s  b u r e t t e ,  c a p a c i t y  100 m l ,  by means of heavy rubbe r  tub ing .  
A f t e r  comple t ion  o f  t h e  p y r o l y s i s ,  t h e  mercury  from t h e  r e s e r v o i r  i s  in t roduced  
i n t o  t h e  a p p a r a t u s  th rough  t h e  one-way , s topcock  c. The p y r o l y s i s  i s  conducted 
i n  a hinged t u b u l a r  e l e c t r i c  f u r n a c e  i n t o  which t h e  p y r o l y s e r  u n i t  i s  p laced  
a s  shown i n  F i g u r e  2 .  The a d d i t i o n a l  equipment r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  
of oxygen i n c l u d e s  a vacuum pump and g a s  chromatograph s u i t a b l e  f o r  t h e  measure- 
ment o f  carbon monoxide.  I n  t h i s  i n v e s t i g a t i o n  a F i s h e r  P a r t i t i o n e r  was used 
w i t h  a double  column: - hexamethylphosphoramide on Chromosorb P followed by a 
Linde molecu la r  s i e v e  13X. Us ing  such  a se t  o f  columns i t  was a s imple  m a t t e r  
t o  de t e rmine  whether  t h e  c o n v e r s i o n  p rocess  w a s  q u a n t i t a t i v e  o r  n o t  a s  t h e  
p re sence  of any CO2 shows t h a t  t h e  c o n v e r s i o n  i s  incomple te .  

The sample f o r  a n a l y s i s  (60 mg - 100 mg) was weighed i n  t h e  q u a r t z  
tu')c. 5 whose sliLipc and d imcns ion  a r c  p r c s c n t c d  i n  F igu re  1. With h igh  
ox)-gen c o n t e n t  c o a l s  such  as l i g n i t e  t h e  sample we igh t  is kep t  t o  60 mg whi le  
f o r  a n t h r a c i t e  t h e  sample  we igh t  i s  i n c r e a s e d  t o  100 mg. 
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P r e p a r a t i o n  of t h e  C a t a l y s t .  

Two hundred gram of lampblack d r i e d  a t  105'C f o r  3 h o u r s  was mixed 

The s u s p e n s i o n  
i n  a beaker  w i t h  a c o n c e n t r a t e d  s o l u t i o n  of  n i c k e l o u s  n i t r a t e  c o n s i s t i n g  o f  
991 g N i  NO3 2 ' 6  H20 d i s s o l v e d  i n  200 m l  o f  d i s t i l l e d  w a t e r .  
was mixed m e c h a n i c a l l y  and h e a t e d  t o  e v a p o r a t e  t h e  water .  The h e a t i n g  w a s  
s topped  when t h e  r e s i d u e  s t a r t e d  t o  s o l i d i f y .  The c o n t e n t s  of  t h e  beaker  were 
d r i e d  f o r  24 h o u r s  a t  105OC i n  a n  oven. Then, t h e  c a t a l y s t  w a s  t r a n s f e r r e d  to  
a Vycor t u b e  swept w i t h  a rgon .  The t e m p e r a t u r e  was i n c r e a s e d  g r a d u a l l y  t o  1050'C 
and m a i n t a i n e d  under  t h e s e  c o n d i t i o n s  f o r  5 h o u r s .  The c a t a l y s t  w a s  t h e n  cooled  
and s t o r e d  i n  a n  a i r - t i g h t  c o n t a i n e r .  The p a r t i c l e s  o f  t h e  c a t a l y s t ,  16-60 mesh 
T y l e r ,  were used  f o r  t h e  oxygen d e t e r m i n a t i o n s .  

Method o f  A n a l y s i s .  

F i v e  g of  c a t a l y s t  w a s  i n t r o d u c e d  i n t o  t h e  t u b e  a o f  t h e  p y r o l y s e r  
F i g u r e  1. The p a r t  a was c l e a n e d  c a r e f u l l y  t o  remove a l l  v e s t i g e s  of c a t a l y s t  
p a r t i c l e s  and t h e  sample i n  t h e  q u a r t z  t u b e  z w a s  i n t r o d u c e d  i n t o  p a r t  
p y r o l y s e r .  The a p p a r a t u s  w a s  assembled ,  s e t  up on a s t a n d ,  and e v a c u a t e d  
i n i t i a l l y  f o r  5 minutes .  Then p a r t  a o f  t h e  p y r o l y s e r  w a s  i n s e r t e d  i n t o  an 
oven f o r  30 m i n u t e s  a t  1050°C. F i v e  m i n u t e s  b e f o r e  t h e  end of t h i s  p e r i o d  i n  
which t h e  c a t a l y s t  w a s  degassed ,  t h e  a p p a r a t u s  w a s  r e - e v a c u a t e d .  A t  t h e  c o n c l u s i o n  
o f  t h i s  5 minute  p e r i o d  the t u b i n g  a w a s  withdrawn from t h e  f u r n a c e  and the t u b i n g  
- a was i n s e r t e d  f o r  10 minutes  i n t o  a t h e r m o s t a t  a t  a t e m p e r a t u r e  o f  7OoC t o  remove 
t r a c e s  of  m o i s t u r e  from t h e  c o a l  sample. A f t e r  t h e  t u b i n g  a was c o l d  t h e  c a t a l y s t  
w a s  t r a n s f e r r e d  i n t o  g by r o t a t i n g  t h e  p y r o l y s e r  and t h e  a p p a r a t u s  was d i s c o n n e c t e d  
from t h e  vacuum pump u s i n g  s t o p c o c k  g. A f t e r  t h e  p r e s s u r e  dropped t o  0 . 3  nun 
o f  Hg, t h e  h inged  f u r n a c e  w a s  opened f o r  some seconds and the t u b i n g  of t h e  
a p p a r a t u s  was p l a c e d  i n  t h e  f u r n a c e  as  shown i n  F i g u r e  2 t o  a v o i d  h e a t i n g  t h e  
c o a l .  A f t e r  some m i n u t e s  when t h e  tempera ture  s t a b i l i z e d  a g a i n  a t  1050°C t h e  
f u r n a c e  was moved v e r y  s l o w l y  i n  t h e  d i r e c t i o n  o f  t h e  sample. The r a t e  o f  
e v o l u t i o n  of t h e  p y r o l y s i s  g a s e s  from t h e  sample could  b e  observed  by eye ,  and 
t h e  ra te  o f  advance o f  t h e  f u r n a c e  was c o n t r o l l e d  t o  a v o i d  sudden b u r s t s  o f  g a s .  
The sample was f i n a l l y  advanced to t h e  mid-poin t  o f  t h e  f u r n a c e  and r e t a i n e d  
t h e r e  f o r  10 minutes .  A f t e r  t h i s  t i m e  t h e  p y r o l y s e r  was withdrawn from the 
f u r n a c e  and 3 t o  4 m i n u t e s  la ter  t h e  mercury  from t h e  r e s e r v o i r  was i n t r o d u c e d  
i n t o  t h e  a p p a r a t u s  w i t h  v i b r a t i o n  from 4. The c o n v e r t e d  p y r o l y s i s  g a s  was d i s -  
p l a c e d  i n t o  t h e  gas  b u r e t t e .  The volume of  t h e  g a s  w a s  measured and t h e  tempera ture  
and a tmospher ic  p r e s s u r e  was noted .  
de te rmined  by wi thdrawing  a sample f o r  g a s  chromatography.  

The c o n c e n t r a t i o n  o f  carbon monoxide w a s  

The c o n c e n t r a t i o n  o f  oxygen i n  a n a l y s e d  sample was c a l c u l a t e d  from 
t h e  e q u a t i o n :  
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where: G - w e i g h t  o f  sample g ; V I  - volume o f  evolved  g a s  (ml) 
( a t  t e m p e r a t u r e  T i  p r e s s u r e  PI) 

T i  - t e m p e r a t u r e  OK; K - volume of  CO m l  a t  tempera ture  273'K, 

Pi - a tmospher ic  p r e s s u r e  rmn Hg. 

p r e s s u r e  760 mm o f  Hg o b t a i n e d  from 
p y r o l y s i s  o f  p u r e  chemica l  compound n o t  
c o n t a i n i n g  oxygen. 

- K i s  a f u n c t i o n  o f  t h e  c o n d i t i o n s  o f  a n a l y s i s  such a s :  t e m p e r a t u r e ,  
time of p y r o l y s i s ,  method o f  t h e  p r e p a r a t i o n  
of c a t a l y s t ,  t i m e  and tempera ture  of  t h e  
d e g a s i f i c a t i o n  of  c a t a l y s t .  Consequent ly ,  
t o  o b t a i n  r e p r o d u c i b l e  r e s u l t s  i t  i s  
impor tan t  t o  a d h e r e  s t r i c t l y  to  t h e  same 
a n a l y t i c a l  p rocedure .  

R e s u l t s  and D i s c u s s i o n .  

The proposed method f o r  t h e  d i r e c t  d e t e r m i n a t i o n  of oxygen i n  c o a l  w a s  
tested on t w o  s t a n d a r d  p u r e  compounds, namely, b e n z o i c  a c i d  and a c e t a n i l i d e .  
Comparat ive a n a l y s e s  by t h e  n e u t r o n  a c t i v a t i o n  method were performed on t h e s e  
s t a n d a r d s .  The r e su l t s  p r e s e n t e d  i n  T a b l e  1 show t h a t  t h e  proposed method c a n  
b e  c o n s i d e r e d  as a b a s i c a l l y  s u i t a b l e  a n a l y t i c a l  p rocedure  f o r  t h e  d i r e c t  d e t e r -  
m i n a t i o n  of  oxygen i n  many o r g a n i c  compounds. Some c a u t i o n  w i l l  have t o  be used 
i n  t h o s e  c a s e s  where t h e  component i s  known t o  c o n t a i n  e l e m e n t s  t h a t  w i l l  poison 
t h e  n i c k e l  c a t a l y s t .  

The e s t a b l i s h m e n t  o f  t h i s  method f o r  t h e  d e t e r m i n a t i o n  o f  oxygen i n  
c o a l  r e q u i r e d  f i n d i n g  t h e  t e m p e r a t u r e  of p y r o l y s i s  a t  which e s s e n t i a l l y  a l l  oxygen 
from o r g a n i c  m a t t e r  o f  c o a l  was evolved  from t h e  coke. I t  was found from the 
d e t e r m i n a t i o n  of t h e  c o n c e n t r a t i o n  of oxygen by n e u t r o n  a c t i v a t i o n  in cokes re- 
s u l t i n g  f r o m  t h e  p y r o l y s i s  of some c o a l s  of  d i f f e r e n t  r a n k  d e m i n e r a l i z e d  accord ing  
t o  Radmacher ( l l ) ,  t h a t  t h e  t e m p e r a t u r e  of  1050°C i s  s u i t a b l e .  T h i s  i s  i l l u s t r a t e d  
i n  F i g u r e  3 .  Only i n  t h e  c a s e  of  a n t h r a c i t e  was t h e  c o n c e n t r a t i o n  of oxygen i n  
c o k e s  p y r o l y s e d  a t  t e m p e r a t u r e s  of 1050'C and 1lOOOC r e l a t i v e l y  h i g h ,  t h a t  i s  t o  
s a y  approximate ly  0.9%. A t  t h e  same time t h e  c o n c e n t r a t i o n  of  a s h  i n  t h i s  p a r t i c u l a r  
a n t h r a c i t e  a f t e r  t r e a t m e n t  w i t h  h y d r o c h l o r i c  a c i d  and h y d r o f l u o r i c  a c i d  was 
s u r p r i s i n g l y  high a s  shown i n  T a b l e  2 ,  Column 7.  So i t  is assumed t h a t  t h e  h igh  
c o n c e n t r a t i o n  of  oxygen i n  cokes  from p y r o l y s i s  of a n t h r a c i t e  a t  1O5O0C and 1100°C 
i s  r e l a t e d  t o  the  i n o r g a n i c  m a t t e r  i n  t h e s e  cokes .  I t  i s  wor th  ment ioning  t h a t  
t h e  c o n c e n t r a t i o n s  of  oxygen i n  b o t h  t h e s e  cokes though h e a t e d  t o  d i f f e r e n t  
t e m p e r a t u r e s ,  i . e . ,  1050 and 1100°C were t h e  same. Had t h e  oxygen been conta ined  
i n  t h e  o r g a n i c  m a t t e r  some d e c r e a s e  i n  c o n c e n t r a t i o n  s h o u l d  have been observed .  
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Coals of different rank were analysed before and after removal of 
the mineral matter using the direct method of determining oxygen. 
are shown in Table 2 .  
demineralized samples are in good agreement with those found by neutron activation 
analysis. 

The results 
Here it' is evident that the oxygen content of the 
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TABLE 1 .  Results  from the determination of  oxygen in  standards 

1) Benzoic 
acid 

2)  Acetanil ide 

Oxygen (%) 
Standards 

Pyrolys is  method 

26.3;  26.7;  26 .3 ;  
26.0; 26.5; 26 .7 ;  
26.2; 26.3; 2 6 . 3 ;  

12 .2 ;  1 1 . 7 ;  1 2 . 1 ;  

Determined using I 
Neutron act ivat ion method Mean 

26.14; 27.16;  27 .12 ;  
25.82;  25 .54 ;  25 .71 ;  26.25 

12.12;  12.24;  11 .76 ;  12.04 

Theoretical 

26.20  

11 .84  

26.4 

12.0 

I I 
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Mean 

8.55 

6.54 

6.53 

4.31 

16.38 

b1.62 

:4.43 
:O. 14 

7.59 
2.66 

TABLE 2. Oxygen in coal (the results expressed on the dry  coal basis) 

Carbon 
d.a.f. 

5 6  

82.4 

85.1 

68.8 

66.3 

75.0 

92.5 

Sample 

1 
Bituminous coals 

Moss 3 

Moss 3-demineralizei 

I tmann 

Itmann-demineralize1 

Lignites 

TurAw-demineralized 

I 

Smogory-demineral- 
ized 

Subbituminous coal 

fresh 
demineralized 

Anthracite 

fresh 
demineralized 

Oxygen (%) I 

by pvrolysis metho' 
2 

6.4; 6.9; 6.4; 
7.1; 7.1; 6.9; 

6.6; 6.6; 6.9; 

4.2; 4.5; 4:O; 4.0 

4.3; 4.5; 4.2; 

. .  

24.9; 26.4; 26.4; 
26.5; 

29.9; 31.0; 29.8; 

1.8; 2 .1  
2.3; 2.0; 2.2; . 

Mea 
3 
- - 

6.8 

6.7 

4.2 

4.3 

6.0 

0.2 

- 
- 

2.0 
2.2 

by neutron activation metho 
4 

8.17; 8.58; 
8.84; 8.60; 

6.75; 6.73;. 6.13; 

6.40; 6.47; 6.68; 6.58; 

4.26; 4.24; 4.44; 

26.i3; 26.21; 27.77; 
25.99; 25.81 ; 

33.75; 32.38; 36.33; 
30.77; 

24.30; 24.59; 
20.00; 20.29; 

7.59; 
2.66; 

- 
Ash 

7 
- - 

6.73 

0.29 

6.30 

0.15 

0.25 

0.26 

6.24 
0.11 

1.05 
0.91 
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FRACTIONATION OF LOW TEMPERATURE COAL TAR 
BY GEL PERMEATION CHROMATOGRAPHY 

Benjamin C B. Hsieh, R E.  Wood, and L L Anderson 

Department o f  Minera l  Engineering 

U n i v e r s i t y  o f  Utah, S a l t  Lake City, Utah 84112 

A b s t r a c t  

The use o f  ge l  permeation chromatography as a separat ion t o o l  makes i t  poss ib le  
t o  f r a c t i o n a t e  coal  t a r  o r  s i m i l a r  products i n t o  th ree  groups of compounds 
These a re  a l i p h a t i c s ,  aromatics, and t a r  ac ids.  The a l i p h a t i c  hydrocarbons 
are f r a c t i o n a t e d  as a f u n c t i o n  o f  molecular  l e n g t h  or carbon number. 
aromat ic  r i n g  compounds a r e  f r a c t i o n a t e d  as a f u n c t i o n  o f  molecular  s i ze  and 
shape. The e f f e c t  o f  adso rp t i on  between the p o l a r  t a r  ac ids and the  column 
suppor t  ma te r ia l  de lays  t h e i r  e l u t i o n  u n t i l  t h e  o t h e r  two groups have passed 
through the column. The e l u t i o n  curves o f  se lec ted  coal  t a r s  show t h e  d i s -  
t r f b u t i o n  cond i t i ons  and pe rm i t  t he  c a l c u l a t i o n  o f  percentage composit ion 

G e l  permeation chromatographic da ta  f rom coal  t a r  d i s t i l l a t e s  (150" t o  350-C) 
were compared t o  t h e  r e s u l t s  o f  chemical e x t r a c t i o n  (USBM NaOH-H2S04 proce- 
dure) and the  r e s u l t s  o f  F I A  (ASTM D-1319 f luorescence i n d i c a t o r  adsorpt ion)  
on t h e  same d i s t i l l a t i o n  f r a c t i o n .  A gas chromatograph was used f o r  the 
q u a l i t a t i v e  i d e n t i f i c a t i o n  o f  these products .  
a l s o  can be analyzed w i t h  GPC where chemical e x t r a c t i o n ,  F I A ,  &, and mass 
spect rometr ic  methods a re  n o t  g e n e r a l l y  app l i cab le .  Because GPC i s  performed 
a t  room temperature, t h e  problems o f  thermal c rack ing  and po lymer i za t i on  t h a t  
occur w i t h  d i s t i l l a t i o n  techniques a re  avoided. 

The 

The p o r t i o n  b o i l i n g  above 350°C 

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

Gel permeation chromatography (GPC) was f i r s t  mentioned i n  the  l i t e r a t u r e  by 
Moore i n  1964 ( 1 ) .  A comprehensive h i s t o r i c a l  rev iew was publ ished by Cazes 
( 6 )  i n  1966. 
determinat ion of mo lecu la r  weight  d i s t r i b u t i o n  o f  polymers and f o r  t h e  f r a c -  
t i o n a t i o n  o f  medium and h i g h  molecular  weight m a t e r i a l s  ( 6 ) .  
t o o l  i s  s t i l l  somewhat l i m i t e d  t o  use i n  the area o f  polymer sciences and bio- 
chemistry. Very few a r t i c l e s  have appeared which apply  t h i s  technique t o  
coa l ,  coal t a r ,  and pet ro leum products .  
descr ibed the  e l u t i o n  behavior o f  a l i p h a t i c  and aromatic hydrocarbons 
A l t g e l t  ( 3 )  has s t u d i e d  the  molecular  weight d i s t r i b u t i o n  o f  asphaltenes by 
GPC and i n f r a r e d  spectroscopy. 
hydrocarbons were f r a c t i o n a t e d  by GPC and a l s o  gave e l u t i o n  curves of coal  
t a r  p i t c h  and thermal aromatic res idues These authors concluded t h a t  separa- 
t i o n s  occur n o t  as a f u n c t i o n  of a s i n g l e  parameter, bu t  as a complex func t i on  
o f  molecular  s i z e ,  shape, and p o l a r i t y  
w i t h  t h e  so f ten ing  p o i n t  o f  the p i t c h  samples w i t h  re ference t o  standard 
aromat ic  m a t e r i a l s .  

Th is  technique has s ince become an accepted method f o r  the 

Th is  a n a l y t i c a l  

Hendrickson and Moore ( 2 )  f i r s t  

Edstrom and Pe t ro  ( 4 )  repor ted t h a t  aromatic 

T h e i r  e l u t i o n  curves were co r re la ted  

I n  our  l abo ra to ry  we have app l i ed  GPC t o  t he  e l u t i o n  
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behavior of va r ious  k inds o f  coal t a r ,  crude petroleum, and r e l a t e d  m a t e r i a l s  
based on molecular  s i ze ,  shape, and p o l a r i t y .  
t i o n  c h a r a c t e r i s t i c s  o f  n e u t r a l  o i l s ,  t a r  acids, and thermal d i s t i l l a t i o n  
f r a c t i o n s  from coal  t a r .  These were compared t o  standard a l i p h a t i c  and aroma- 
t i c  hydrocarbons by means o f  convent ional  gas chromatography. 

Experimental Procedure 

The general ope ra t i on  technique f o r  g e l  permeation chromatography i s  t o  dis- 
so lve  the sample con ta in ing  m a t e r i a l s  o f  d i f f e r e n t  molecular  weight  i n  a 
small  volume o f  so lvent .  
t he  column. 
low molecular  weight m a t e r i a l s  pass more s lowly  due t o  t h e i r  d i f f u s i o n  i n t o  
pores i n  the  beads o f  t h e  column suppor t  m a t e r i a l s  (5, 6, 7). 
a f f i n i t y  o f  p o l a r  m a t e r i a l s  may a c t  t o  r e t a r d  passage o f  a s p e c i f  
more than  would be expected on the  bas i s  o f  molecular  s i z e  a lone i j  S!:E:&n 
and Pe t ro  (4 )  f i r s t  po in ted  ou t  t h i s  e f f e c t  and i t  has been v e r i f i e d  i n  our 
work. 
s i z e  and shape, b u t  some chemical a f f i n i t y  e f f e c t s  must a l s o  be considered. 

Tet rahydrofuran (THF) was chosen as t h e  so l ven t  f o r  e l u t i o n  through a Sephadex 
organic  so l ven t  r e s i s t a n t  column packed w i t h  Sephadex LH-20 beads. e column 
and suppor t  m a t e r i a l  were suppl ied by Pharmacia F ine  Chemicals, I n c . i v  The 
advantages o f  us ing  THF were po in ted  o u t  by Hendrickson and Moore ( 2 ) .  A 
reagent grade te t rahyd ro fu ran  from J .  T. Baker Chemical Company was used. 
I t s  p u r i t y  was checked by gas chromatography. 
Hydroxytoluene as s t a b i l i z e r  was added by the manufacturer. 

The separat ion range o f  Sephadex LH-20 i s  repo r ted  t o  be from molecular  weight 
100 t o  2000 by the  manufacturer ( 5 ) .  
l e n g t h  was operated a t  room temperature and the  so l ven t  was degassed a t  55'C 
be fo re  i n t r o d u c t i o n  t o  t h e  column. 
a sy r inge  through a Y-shaped j u n c t i o n  w i t h  a rubber septum mounted a t  t he  
head o f  the column. 

The e l u t e d  f r a c t i o n s  were c o l l e c t e d  a u t o m a t i c a l l y  w i t h  a G i l so&  vo lumetr ic  
f r a c t i o n a t o r  a t  approx imate ly  10-minute i n t e r v a l s  and a f l o w  r a t e  near 0.34 m l  
pe r  minute. This  r e s u l t e d  i n  3.40 m l  c o l l e c t e d  f o r  each f r a c t i o n .  Q u a l i t a -  
t i v e  i d e n t i f i c a t i o n  o f  s tandard m a t e r i a l s  passing through the  column was 

We have a l s o  measured separa- 

The sample and so l ven t  a re  i n t roduced  a t  t h e  top o f  
High molecular  weight m a t e r i a l s  pass more r a p i d l y  through, w h i l e  

Chemical 

The o v e r a l l  e f f e c t  o f  the procedure i s  a separat ion based on molecular  

A small  amount o f  Bu ty la ted  

A column o f  approx imate ly  86.5 cm 

Samples were in t roduced by i n j e c t i o n  w i t h  

1/ Moore and Hendrickson ( 7 )  considered the  adso rp t i on  and p a r t i t i o n  
effecTs "are n o t  s i g n i f i c a n t  i n  GPC, s i nce  the ge l  i s  q u i t e  f r e e  f rom asso- 
c i a t i v e  fo rces  w i t h  the  sample and i s  e l u t e d  w i t h  a so l ven t  hav ing a s i m i l a r  
p o l a r i t y ,  so t h a t  n e g l i g i b l e  p a r t i t i o n  o f  t he  s o l u t e  occurs between the  gel 
and s o l  vent  phases. " 

21 Pharmacia F ine Chemicals, Inc., 800 Centennial Avenue, Piscataway, 
N. J.- 08854. 

- 3/ Gi lson Medical E l e c t r o n i c s ,  Middleton, Wisconsin. 
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a t t a i n e d  by i n j e c t i o n  o f  f r a c t i o n s  i n t o  an F&M Model 720 gas chromatograph. 
Apiezon L ( 4  f t .) ,  s i l i c o n e  qrease ( 2  f t . ) ,  and carbowax 20M (8 f t . )  columns 
were used. 
minute. 

Q u a n t i t a t i v e  measurement o f  t he  amount o f  sample m a t e r i a l  c o l l e c t e d  i n  each 
f r a c t i o n  by GPC was done by evaporat ing the te t rahyd ro fu ran  a t  about 70°C and 
weighing t h e  res idue.  D u p l i c a t e  weighings were rep roduc ib le  w i t h i n  C.10 mg 
on t h e  same f r a c t i o n  res idues  

Samples o f  Spring Canyon, B ig  Horn, and R ive r  King coals  were se lec ted  f o r  
study. The coa l  t a r s  from t h i s  process 
were d i s t i l l e d  t o  150°C. The p o r t i o n s  d i s t i l l i n g  below 150°C were d iscarded 
and t h e  p o r t i o n s  d i s t i l l i n g  about 15OOC were used as samples. Spr ing Canyon 
coal  t a r  was again d i s t i l l e d  t o  g i v e  two f r a c t i o n s :  
t i l l a t e )  and above 350°C ( p i t c h ) .  
i c a l l y  separated f rom t h e  Spr ing Canyon coal t a r  d i s t i l l a t e s  by the  Bureau o f  
Mines e x t r a c t i o n  method ( 8 ) .  One o the r  p y r o l y s i s  coal  t a r  was s tud ied.  Th is  
was fu rn i shed  by Food Machinery Corporat ion and was examined w i t h o u t  f u r t h e r  
t reatment .  
benzene e x t r a c t  were f r a c t i o n a t e d  by GPC w i thou t  p r i o r  t reatment  

Resul ts  and Discuss ion 

Since chemical a f f i n i t y  o r  absorp t i on  between s p e c i f i c  m a t e r i a l s  i n  the sample 
and column support beads may a f f e c t  t he  phys i ca l  separat ion o f  components, i t  
i s  impor tan t  t h a t  s tandard reference m a t e r i a l s  be measured on t h e  column. 
F igu re  1 i s  a p l o t  o f  mo lecu la r  weight  o f  known reference ma te r ia l s ,  p a r a f f i n i c ,  
o l e f i n i c  , and aromat ic  hydrocarbons, versus the f r a c t i o n  number where the  
g r e a t e s t  concen t ra t i on  o f  each m a t e r i a l  can be expected t o  occur. Although 
each reference m a t e r i a l  w i l l  occur i n  4 o r  5 ad jacent  f r a c t i o n s ,  i t s  g rea tes t  
concentrat ion,  as found b y  gas chromatography (GC), w i l l  occur i n  the  f r a c -  
t i o n  i n d i c a t e d  i n  F igu re  1. As shown by t h i s  comparison, t he re  i s  a con- 
s i d e r a b l e  over lap between a l i p h a t i c  and aromat ic- type compounds. A p l o t  o f  
t h e  data from Hendrickson and Moore ( 2 )  where p a r a f f i n i c  and o l e f i n i c  hydro- 
carbons and t h e i r  isomers are a l l  i n  one group and a l l  aromat ic  hydrocarbons 
i n  another group i s  i n  agreement w i t h  F igu re  I .  

The f r a c t i o n s  of t h e  Spr ing  Canyon coal  t a r  d i s t i l l a t e  e l u t i o n  curve, shown i n  
F igu re  2 ,  are c l e a r l y  d i v i d e d  i n t o  th ree  groups, The f i r s t  two groups conta in  
t h e  a l i p h a t i c  and aromat ic  hydrocarbons. 
t a r  ac ids.  
curves f o r  neu t ra l  o i l  w i t h o u t  t a r  ac ids  and f o r  t a r  ac ids a lone a re  shown. 
The presence o f  m a t e r i a l  i n  t h e  t o t a l  coal t a r  d i s t i l l a t e ,  F igure 2, i n  f r a c -  
t i o n s  numbered g r e a t e r  t h a n  85 i s  a t t r i b u t e d  t o  ac ids  and bases t h a t  cou ld  
have an a f f i n i t y  f o r  t h e  Sephadex LH-20. 
sample o f  neu t ra l  o i l ,  F i g u r e  3. 

Gas chromatography was used i n  an e f f o r t  t o  more f u l l y  understand the GPC 
separa t i on  o f  coa l  t a r .  
t h r e e  groups by r e d i s s o l v i n g  the  f r a c t i o n  res idues i n  THF. 

This u n i t  was programed from 100" t o  3CO"C a t  10 degrees per  
He c a r r i e r  gas was used a t  a f l o w  r a t e  o f  100 ml/min. 

These coals  were carbonized a t  550°C. 

150" t o  350°C ( d i s -  
The n e u t r a l  o i l  and t a r  ac ids  were chem- 

A pet ro leum crude o i l ,  a shale o i l  d i s t i l l a t e ,  and a t a r  sand 

The t h i r d  group con ta ins  the po la r  
Evidence f o r  these statements i s  found i n  F igu re  3 where e l u t i o n  

These m a t e r i a l s  a re  n o t  found i n  the 

The f r a c t i o n s  c o l l e c t e d  f rom GPC were combined i n t o  
Group I was taken 
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f rom f r a c t i o n  number 50 t o  66. 
85, and group 111 was taken from f r a c t i o n  number 86 t o  125 as i nd i ca ted  I n  
F igure 2 .  These th ree  p o r t i o n s  o f  the o r i g i n a l  sample were then analyzed w i t h  
gas chromatography. 
groups o f  f r a c t i o n s  w i t h  standard p a r a f f i n i c  hydrocarbons, aromatic compounds, 
and t a r  ac ids are shown i n  F igures 4-6. Also, t he  aromatic compounds were 
ex t rac ted  from the same coal  t a r  d i s t i l l a t e  w i t h  p y r i d i n e  by the method o f  
Qader, e t  a l .  (91,  f o r  comparison w i t h  the  composited groups. 

The p y r i d i n e  e x t r a c t i o n  removes both aromat ic  and t a r  ac id  compounds from t h e  
d i s t i l l a t e .  Th is  i s  shown by a comparison o f  F igure 5a (Group 11) and F igure 
5b ( p y r i d i n e  e x t r a c t ) .  Removal of t h e  t a r  a c i d  peaks f r o m  F igure 5b shows 
good agreement between t h e  two. The p a t t e r n  o f  Group I shown i n  F igure 4a 
compares very w e l l  w i t h  t h a t  from se lec ted  standard s t r a i g h t  chain p a r a f f i n i c  
compounds shown i n  F igure 4b. The p a t t e r n  o f  Group 111, F igu re  6a, agrees 
almost exac t l y  w i t h  the p a t t e r n  o f  t a r  ac ids chemical ly  separated f rom the 
same d i s t i l l a t e ,  F igu re  6b. 

I n  Figures 4-6 peak (1) was i d e n t i f i e d  as  the  i n h i b i t o r  from the THF s o l v e n t .  
Although i n  low concen t ra t i on  i n  the  so l ven t ,  i t s  concen t ra t i on  i s  increased 
by evaporat ion o f  t h e  so l ven t .  

The GC c h a r t  o f  t h e  o r i g i n a l  coal  t a r  d i s t i l l a t e  i s  shown i n  F igure 7 .  
t o t a l  p a t t e r n  o f  F igure 7 i s  t h e  sumnation o f  t he  th ree  separate pa t te rns  of 
F igures 4a, 5a, and 6a. These th ree  group samples were analyzed w i t h  an 
Apiezon L column and a l so  w i t h  S i l i c o n e  Grease and Carbowax 20M columns, 
D i f f e r e n t  known standard p a r a f f i n s ,  aromatics, and phenols were added t o  
these th ree  samples separate ly .  
p a r a f f i n s ,  aromatics, and phenols i n  the  th ree  composited f r a c t i o n  po r t i ons  o f  
t he  o r i g i n a l  sample, r e s p e c t i v e l y .  

Using GPC, i t  i s  poss ib le  t o  separate coal  t a r  products i n t o  a l i p h a t i c  and 
aromat ic  f r a c t i o n s  by molecular  shape. Tar ac ids  a r e  separated i n t o  a t h i r d  
f r a c t i o n  by chemical a f f i n i t y  w i t h  the  GPC column support m a t e r i a l .  
separat ion i s  as p rec i se  and accurate as the standard chemical methods which 
a re  used f o r  coal t a r  ana lys i s  (8, 10, 11). 

The fundamental separat ion o f  GPC i s  determined by molecular  s i z e  F igure 8 
shows a comparison o f  two d i s t i l l a t i o n  f r a c t i o n s  f rom a low temperature coal  
t a r  sample. 
150" t o  350°C f r a c t i o n ,  d i s t i l l a t e s ,  and the do t ted  l i n e  t h a t  from t h e  350' t o  
55OOC f r a c t i o n ,  p i t c h .  
m a t e r i a l ,  the p a r a f f i n i c  group and the aromatic group are both d i s t r i b u t e d  
toward the lower f r a c t i o n  numbers. I n  the  low b o i l i n g  d i s t i l l a t e s  the  two 
groups are d i s t r i b u t e d  toward the  h ighe r  f r a c t i o n  numbers. Th is  i nd i ca tes  
t h a t  the p i t c h  p o r t i o n  con ta ins  compounds o f  g rea te r  molecular  s i z e  than does 
the  d i s t i l l a t e s  p o r t i o n ,  as would be expected. The summation o f  these t w o  
curves gives the  t o t a l  coa l  t a r  d i s t r i b u t i o n  curve almost i d e n t i c a l  t o  t h a t  
o f  the o r i g i n a l  m a t e r i a l  shown i n  F igure 9c 

The p a t t e r n  o f  the d i s t i l l a t e  p o r t i o n ,  F igu re  2, begins w i t h  f r a c t i o n  number 
50. 

Group I 1  was taken froln f r a c t i o n  number 67 t o  

A comparison o f  r e s u l t s  from these th ree  composited 

The 

Some peaks were matched and i d e n t i f i e d  as 

This  

The s o l i d  l i n e  represents  the  chromatogram obta ined f rom the  

These curves show t h a t  i n  t h e  p i t c h  o r  h igh  b o i l i n g  

From t h i s  we i n f e r  (F igu re  1 )  t h a t  the h ighes t  molecular  weight p a r a f f i n i c  
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compound i n  the  d i s t i l l a t e  i s  C31. 
Although we can f i n d  C32 and C33 peaks on the GC pa t te rn ,  t hey  a re  very small 
compared t o  the  C 0 and C31 peaks. 
d i s t i l l a t e  range t15O0C), t h e  sma l les t  p a r a f f i n i c  number poss ib le  i s  Cg ( b o i l -  
i n g  p o i n t  150.8OC). Th is  i s  a l s o  i n  agreement w i t h  the  GC pa t te rn ,  F igure 7,  
where Cg i s  the f i r s t  peak i nd i ca ted .  
number 66 would suggest, from F igu re  1, t h a t  C11 p a r a f f i n s  could be inc luded.  
However, the p a r a f f i n s  Cg t o  C11 are e a s i l y  vapor ized and may be l o s t  i n  t h e  
s o l v e n t  evaporat ion s tep.  
found i n  Group I by GC, F igu re  4a. 

It i s  impor tant  t h a t  t h e  coal  t a r  components t h a t  b o i l  below 150°C be removed 
p r i o r  t o  GPC. 
components o f  the convent ional  "gasol ine cut," may ove r lap  i n t o  t h e  aromatic 
p o r t i o n  o f  the GPC curve.  
benzene, xylene, and to luene which are a l s o  removed by t h i s  process, do n o t  
ove r lap  i n t o  the  t a r  a c i d  p o r t i o n  o f  t h e  GPC curve. 
Groups I 1  and I11 show no evidence o f  over lapping m a t e r i a l s  (F igures 5a and 
6a). 

GC peaks o f  Group I ,  F i g u r e  4a, a re  produced by p a r a f f i n i c  hydrocarbons. 
Although o l e f i n i c  compounds may be present, they a r e  low i n  concen t ra t i on  
(2-3%) as shown by FIA t e s t s  and are n o t  r e g i s t e r e d  i n  F igu re  4a. 
o f  aromatics i n  group I i s  evidence t h a t  aromatic compounds o f  h i g h  r i n g  
number (over 4 )  a r e  n o t  present  i n  coal  t a r .  
m a t e r i a l s  would e l u t e  w i t h  the  Cg-C12 a l i p h a t i c  hydrocarbons. 
h i g h  r i n g  number aromat ics i s  t o  be expected s ince low temperature carboniza- 
t i o n  (550°C) should produce o n l y  those coal  t a r  components w i t h  b o i l i n g  
p o i n t  below t h i s  temperature. 
5) a re  those b o i l i n g  i n  the  naphthalene t o  anthracene range (218" t o  354"CY. 

Again, re ference t o  F igu re  1 shows a d i f f e r e n t  slope o r  separa t i on  f a c t o r  f o r  
homologous aromat ic  compounds o f  d i f f e r e n t  s i z e  o r  c o n f i g u r a t i o n .  The slope 
o f  t h e  curve p ropy l  benzene, e t h y l  benzene, and to luene was p l o t t e d  from the 
data o f  Hendrickson and Moore ( 2 ) .  The slopes o f  t he  two curves (a )  2 methyl 
anthracene, 2 methy l  naphthalene, and to luene,  and ( b )  b iphenyl ,  terphenyl  , 
quaterphenyl , e t c . ,  a r e  p l o t t e d  from t h e  data o f  Edstrom and Pe t ro  (4 ) .  A l l  
t h e  data were transposed t o  our re ference scales based on the  s lope o f  t h e  
benzene, naphthalene, anthracene, and naphthacene curve. From these f o u r  
curves we i n f e r  t h a t  a s imple c u r v i l i n e a r  f u n c t i o n  does n o t  descr ibe the GPC 
separa t i on  c h a r a c t e r i s t i c  f o r  aromatic compounds. 
do n o t  f i n d  an o r d e r l y  d i s t r i b u t i o n  o f  components by number o f  r i n g s  o r  any 
o t h e r  s i n g l e  parameter. 

The d i s t r i b u t i o n  curves o f  coal  t a r s  from some rep resen ta t i ve  coa l  types are 
shown i n  F igure 9. The chemical c h a r a c t e r i s t i c s  o f  these coals  a re  l i s t e d  i n  
Table 1. 
below 150°C removed p r i o r  t o  separat ion by GPC. 
curves f o r  a crude petroleum, a shale o i l ,  and a t a r  sand e x t r a c t .  

Table 2 conta ins the  percentages o f  a l i p h a t i c s ,  aromatics, and t a r  ac ids found 
i n  the  samples o f  F igures 9 and 10. Coal t a r s  from the  low temperature 

Th is  i s  i n  agreement w i t h  the GC data. 

A t  the low temperature boundary o f  the 

Termination o f  Group I a t  f r a c t i o n  

As a r e s u l t ,  C12 i s  the lowest b o i l i n g  compound 

The a l i p h a t i c  m a t e r i a l s  t h a t  b o i l  i n  t h i s  range, p r i m a r i l y  

The lower  b o i l i n g  aromatic components, such as 

The GC pa t te rns  o f  

The absence 

I f  present, these h i g h - b o i l i n g  
The l a c k  o f  

The most s i g n i f i c a n t  aromat ic  m a t e r i a l s  ( F i  ure 

Therefore, i n  Group I 1  , we 

A l l  these c o a l s  were carbonized a t  55OOC and t h e  f r a c t i o n  b o i l i n g  
F igure 10 shows the GPC 
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carbonization of three coals (Big Horn, River King, and Spring Canyon), a 
petroleum crude (Red Wash), a shale oil distillate from Rifle, Colorado, a 
tar sand extract from the Utah Geological Survey, and a pyrolysis low tempera- 
ture tar (FMC) were included. 
products from Spring Canyon coal tar. 
measurements on distillates (B.P. 150" to 35OCC), and neutral oil from the 
distillate fraction are shown. A chemical measurement of the tar acids i n  
the distillate sample and an F I A  (10) measurement o f  the aliphatics and aroma- 
tics in the neutral oil sample are also shown. The weights of residues in 
fractions 1-66 (aliphatics), 67-85 (aromatics), and 86 to 125 (tar acids) were 
used in the calculation of percentage composition. The figures in parentheses 
represent the calculated percentages of aliphatics and aromatics in the 
neutral oil; that is, the product following removal of tar acids and bases 
from each sample. 

Spring Canyon coal, which is a high volatile bituminous coal, was used for 
most of our determinations. 
the total coal tar from this coal are about the same. The tar acids per- 
centage i n  the total coal tar is less than that reported from the distillates. 
This means that the tar acids are distributed toward the lower boiling point 
(or low molecular weight) compounds. In pitch, the opposite i s  true. 
tar acids percentage is lower than in the total coal tar and aliphatic com- 
pounds are predominant. Another high volatile bituminous coal used in this 
study was River King, which contains 3 .30  percent sulfur. 
curve indicates that this coal tar contains a high percentage of aromatic and 
tar acid compounds and a relatively low percentage of aliphatic hydrocarbons. 
Coal tar from a subbituminous coal, Big Horn, is little different from coal 
tar from Spring Canyon coal. However, this low rank coal (17.2% 02), when 
carbonized, did produce more water and somewhat more acids than did the 
Spring Canyon coal. 

The three low temperature coal tars studied show very little weight percent 
in fractions numbered less than 50, This is an indication that aliphatic 
hydrocarbons of length Cqo and higher are not produced in the low temperature 
carbonization process at 550°C. 
coal tar (FMC), also shown in Figure 9, does show a significant weight percent 
in fractions numbered less than 50. This curve indicates a predominantly 
aliphatic content rather than aromatic or tar acid composition. 
to the fact that this material was pyrolized at a temperature of 870°C. 

Shale oil distillates, petroleum crude oil, and benzene extractants from a 
tar sand sample, Figure 10, show high percentages of aliphatic hydrocarbons. 
The increased proportion of high carbon number paraffins can be seen in the 
higher weight percent in fractions numbered less than 50 

Also included in Table 2 are GPC data for 
Pitch (B.P. 350" to 550"C), duplicate 

The percentages of aliphatics and aromatics in 

The 

The GPC elution 

However, the GPC curve from a pyrolysis 

This i s  due 

Conclusions 

The results o f  this investigation show that GPC is a useful tool for the 
study of distribution of coal-derived liquids. 
carbonization coal tars, hydrogenation or hydrocracking products, or solvent 
extracted products, etc. 

These liquids may come from 

Similar composition materials such as petroleum 



crude and i t s  products, shale o i l ,  g i l s o n i t e ,  and t a r  sand ex t rac tan ts ,  e tc . ,  
can a l so  be f r a c t i o n a t e d .  
groups, a l i p h a t i c s ,  aromatics, and t a r  ac ids,  based on the f a c t o r s  o f  molecular  
s i z e ,  shape, and p o l a r i t y  Th is  procedure i s  s p e c i f i c a l l y  i n t e r e s t i n g  because 
i t  i s  capable o f  making separat ions of these h i g h  b o i l i n g ,  h igh  molecular  
weight m a t e r i a l s  a t  room temperature.  
po l ymer i za t i on  when d i s t i  1 l a t i o n  i s  used f o r  f r a c t i o n a t i o n  a r e  minimized. 
b o i l i n g  p i t ches  and t a r s  t h a t  cannot be analyzed w i t h  gas chromatography, mass 
spectrometry, t he  ASTM F I A  o r  the USBM chemical e x t r a c t i o n  method can be f r a c -  
t i o n a t e d  w i t h  t h i s  procedure 

GPC r e a d i l y  f r a c t i o n a t e s  these samples i n t o  th ree  

The problems o f  thermal c rack ing  and 
High 
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T a b l g - i .  Proximate and u l t i m a t _ g _ ~ d + y g l s _ - o f  s e l e c t e d  cogis 
Spring Canyon 819 Horn R i v e r  King 

H . V .  bituminous sub b 1 tum i nous H V .  bituminous 
__-_--I 

V.M. 47 60 ( 5 3  10) 38 80 ' (46 49) 38.64 (48.26)  

Moi s t u r e  

Ash 

F . C .  

S 

0 

C 

N 

H 

I Y O  

8 46 

42 ga 

0 46 

9 67 

7 1  10 

1.40 

5.10 

Free 14 30 

Free 2 22  

(46.90) 44 68 

0.60 

17.21 

62 40 

0.70 

4.10 

Free 8 26 Free 

Free 1 1  68 Free 

(53 51) 41 42 (51 74) 

3 30 

9.61 

62 40 

1 40 

4 20 
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Table 11. Percentage r e s u l t s  from GPC f r a c t i o n a t i o n  method. 
1 I 1  I11 - 

a l i p h a t i c s  aromatics t a r  a c i d s  
Sample 0-66 67-85 86- 125 

Red Wash 
(Crude o i l )  

Tar sand 
(Benzene e x t r a c t a n t s )  

Shale  o i l  
( D i s t i l l a t e  from R i f l e ,  Colorado) 

F.M.C. 
(Pyro lys is  coal t a r )  

Spring Canyon 
(High v o l a t i l e  bituminous c o a l )  

Big Horn 
(Subbituminous c o a l ,  17.2% 02)  

River King 
(High v o l a t i l e  bituminous c o a l ,  3.30% S) 

Pitch 
(From Spring Canyon coal  t a r )  

Neutral  o i l  
(From Spring Canyon coal  t a r  d i s t i l l a t e )  

Tar  a c i d s  from Spring Canyon coal tar by 
chemical method 

82 . 2  1 % 
(87 89%)" 

69.10% 
(79.30%) 

68.24% 
(83 21%) 

57.71% 
(67 89%) 

37.22% 
(47.98%) 

31 21% 
(44.80%) 

18 37% 
29.71%) 

47.07% 
58 87%) 

42 I 60% 
41.77% 

Neutral o i l  from Spring Canyon coal  t a r  by 
F I A  method (38-42% 

D i s t i l l a t e s  ( 1 )  from Spring Canyon coal t a r  24.09% 
(1  5Oo-35O0C) (38 28%) 

D i s t i l l a t e s  ( 2 )  from Spring Canyon coal t a r  22.62% 
( 1  50°-3500C) (36 72%) 

11.33% 
(12.1 I % ) *  

18 04% 
(20 70%) 

17.77% 
(16.79%) 

27.30% 
(32 1 1 % )  

40.36% 
(52.02%) 

38.45% 
(55 - 20%) 

43.47% 
(70.29%) 

32 a 88% 
(41.13%) 

57.40% 
(58.23%) 

(58-62%) 

38.03% 
(60.43%) 

38.98% 
(63.27%) 

6.46% 

12.86% 

13 99% 

14.99% 

22 42% 

30 34% 

38.16% 

20.05% 

34-36% 

37.88% 

38 40% 

* The percentages of a l i p h a t l c s  and aromatics  i n  the  neut ra l  o i l  where t a r  
a c i d s  and tar bases have been removed a r e  ind ica ted  by the  use of  parentheses.  
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Elution Volume (ml)- 

Fraction Number- 
Figure 1. GP Chromatographyof known hydro- 

carbons: paraffins, olefins, and aromatics. 
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Figure 2.  Elution curves(GPC1 of low temperature cool tar distillates 

(150O-35O0C) from Spring Canyon coal. 

Fraction Num bar - 
Figure 3. Elution curves (GPC) of neutral oil and tar acids from 

Spri ng Canyon coo I tor dirt i I later ( l5Oo-35O0C 1. 
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Figun 8. Elution curves (GPC) of distillates (15Oo-35O0C) and 
pitch (350.- 650OC) from Spring Conyon coal tar. 
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SILYLATION OF ASPHALTS WITHIN GLC COLUMNS. 
EFFECTS ON INVERSE GLC DATA AND INFRARED SPECTRA 

S. M. Dorrence and J. C. Petersen 

Laramie Petroleum Research Center, Bureou of Mines 
U. S. Department of the Interior, Laramie, Wyoming 

INTRODUCTION 

Inverse gas-I iquid chromatography (IGLC) has indicated differences in  the chemical com- 
position of whole asphalts (1-4) as well as fractions from asphalts (1, 5). 
actions between the functional groups of volatile test compounds and functional groups in  the 
liquid phase, which in our studies i s  asphalt. The asphalt may be analyzed either as-received 
or after an in-column oxidation procedure. 

Asphalt contains many types of functional groups that may exhibit selective affinity for 
specific test compounds. The identification of selective interactions between functional groups 
of asphalts and test compounds would provide interpretive information about IGLC data and its 
relation to the chemical composition of asphalts. Such information i s  important because previous 
work has established empirical correlations between IGLC data for specific test compounds and 
in-use performance (4) or accelerated weathering durability (2, 3). 

IGLC measures inter- 

One approach to the identification of IGLC interactions i s  selective blocking of functional 
groups in  the asphalt. Work with other materials has shown that silylating reagents are reactive 
toward certain functional groups containing active hydrogens. Such groups are known to be pres- 
ent i n  asphalts. These active hydrogen groups are believed to interact strongly with certain test 
compounds used in IGLC. In the present study N,O-bis(trimethylsilyl)acetamide (BSA) was used 
to silylate these groups in asphalts. Using a novel approach, silylation i s  conveniently carried 
out in  situ by injecting BSA directly into the IGLC column. Independent work published after 
c o m g e x n  of this study made use of in-column silylation of volatile solutes (6). 

In the present study, IGLC data were obtained on a number of oxidized and unoxidized as- 

Infrared spectra were obtained on asphalts recovered from the columns. These spectra are 

phalts that had been silylated. These data are compared with data from samples before silylation. 

correlated with IGLC data to provide information about functional group interactions between 
test compounds and asphal ts . 

EXPERIMENTAL 

Apparatus and Procedure 

Columns were pre- 
pared using f-inch by 124-foot aluminum tubing pocked with 1 part asphalt on 10 parts by weight 
of 20-40 mesh Fluoropok 80. Columns were conditioned at 130°C for at least 6 hours, using a 
helium inlet gauge pressure of 15 psi. Following conditioning, test compounds (0.1 pl )  were then 

IGLC data were obtained on a Beckman GC-2A gas chromatograph. * 

*Mention of specific products or brand names i s  made for information only and does not imply en- 
dorsement by the Bureau of Mines. 
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introduced separately and retention times determined. 
from each asphalt. 
asphalt followed by in-column silylation after which retention data were again obtained. The 
second column was oxidized by the introduction of air under conditions previously reported (2, 3), 
and retention data were obtained. This was followed by in-column silylation, and retention data 
were again obtained. 

In this study, two columns were prepared 
One column was used to obtain test compound retention data on the original 

Silylation. - The in-column silylation of asphalt samples was performed in a manner similar 
to that used to treot column packing supports to prevent "tailing of peaks" from polar materials 
(7-10). The column to  be treated was heated to 160" C while blanketing with helium carrier 
gas. Four portions of BSA were then injected a t  30-minute intervals, the first portion being 
200 pl and the remainder being 10O-pl quantities. One hour after injection of the final portion, 
the temperature was lowered to 130" C and held overnight (at least 15 hours) to elute excess BSA 
and reaction by-products. 

beam spectrophotometer using solvent compensation. Asphalt samples were recovered from the 
IGLC pocking for infrared study with CCIduSing a modified Soxhlet extraction. The solution ob- 
tained was adjusted so that the asphalt concentration was 209/1. The spectra were obtained on 
these solutions using 1 cm sodium chloride cells. 

Inverse GLC data were then obtained. 

lnfrored Spectra. - Infrared spectra were obtained with a Perkin-Elmer Model 521 double- 

Materials. - N, 0-Bis(trimethylsi1 y1)acetamide (BSA) and hexamethyl disilazane (HMDS) 
were used as received from Pierce Chemical Company. Wilmington (Calif.) asphalt (11) and two 
aspholts, D and J, from the Zaca-Wigmore Experimental Rood Test (12) were used in this study. 
The former wos prepared in this laboratory, and the latter two were furnished by the Materials 
Division of the b e a u  of Public Roads. 

Colculation of the Specific Interaction Coefficient (I,) 

Specific interaction coefficients for the test compounds were calculated according to the 
following equation: 

lg = 100 11% Vg (test compound) - log V (hypothetical n-paraffin)). 

P 

g 
lg i s  different from the interaction coefficient (I ) used in  earlier work (1) i n  that specific 

retention volume (Vg) rather than corrected retention volume (V i )  i s  used in  the calculations. 
The specific interaction coefficient thus obtained i s  a measure of interactions between the chemi- 
cal functionalities of the asphalt and the test compound. 

RESULTS AND DISCUSSION 

Effect of Silylation on Inverse GLC Retention Data 

Treatment of an inverse GLC column at 160" C with either HMDS or BSA resulted in  a 
rapid reaction. By observing changes in the I R  spectra of recovered asphalts following silyla- 
tion, BSA was found to be more reactive than HMDS and, therefore, was chosen for further studies. 
Attempts to  silylate asphalt samples in solution, using either BSA or HMDS, were unsuccessful 
because of slow reaction due to low boiling points of the solvents. 

Dota in Table I show that the specific interaction coefficients for phenol and propionic 
acid decrease on silylation. The interaction coefficients for acidic test compounds, particularly 
phenol, have been show to correlate with service performonce in  both accelerated weothering 
and road test studies (2-4). Values of the lg on a l l  asphalts (oxidized or not) fall into narrow 
ronges for both test compounds after silylation. The range for phenol on silylated, as-received 
asphalts i s  1 1  2 to 117; thot for silylated-oxidized asphal ts i s  113 to 117. Ranges for propionic 
acid were 65 to 67 and 69 to  71, respectively. As a net result, a l l  of the silylated asphalts are 
indistinguishable by these two test compounds. These data indicate that certain functional groups 
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that form on oxidation and interact strongly with phenol and propionic acid are blocked by s i -  
lylation. 
i n  as-received asphal ts - 

Phenols and carboxylic acids are compound types present in asphalts. These compound 
types contain active hydrogens and are believed to interact strongly with the test compounds 
phenol and propionic acid in  IGLC columns via hydrogen bonding. Silylating reagents such as 
BSA form ethers and esters with phenols and carboxylic ocids, respectively, thus reducing their 
abi l i ty to hydrogen bond. Therefore, i t  i s  concluded that the phenolic and carboxylic acid OH 
groups in asphalts are silyloted by the technique used in  this study, thus strongly suggesting that 
decreases in the lg values for the test compounds phenol and propionic acid result from silylation 
of these groups. 

Silylation also appears to block a portion of the strongly interacting groups present 

Data in  Table I show that even though the lg values for phenol and propionic acid after 
silylation have narrow ranges the values are still high. These high, relatively constant values 
indicate that the silylated asphalt samples contain approximately the same concentration of other 
types of functional groups that interact with phenol or propionic acid. 

same range (155 to 188, compared to 153 to 185). Ranges for as-received and silylated asphalts 
are also comparable, these being 127 to 157 and 128 to 150, respectively. Because the specific 
interaction coefficients for formamide decrease only slightly on silylation, i t  appears that form- 
amide does not interact appreciably with groups that can be silylated. The carbonyl group i s  a 
major type of functional group formed on oxidation (13) that i s  not silylated with BSA by the 
current technique. Carbonyl groups have been shown (14) to interact strongly with formamide in 
GLC determinations. Because oxidized asphalts (whether silylated or not) have higher I values 
than corresponding unoxidized samples, and because carbonyl groups are polar functions Qormed 
on oxidation which are not silylated, i t  i s  concluded that carbonyl groups contribute appreciably 
to lg values for formamide. 

Effect of Silylation on Infrared Spectra 

asphalt are shown in  Figure 1. The infrared band at 3610 cm-I has been assigned to the free 
phenolic OH stretching band (15). Based on work in  this laboratory, the band at 3540 cm-I 
has been assigned to the free carboxylic acid OH stretching band. The band at 3420 cm-l is 
attributed to the free amide NH stretching band of trimethylsilylacetamide. The latter assign- 
ment was made on the basis of trapping the effluent from silylation reactions and comparing its 
infrared spectrum with that of trimethylsil ylacetamide obtained by hydrolysis of BSA. These 
spectra were essentially identical. The band at 3420 cm-I appeared within the known range 
for N H  stretching of amides. The infrared spectrum for BSA has no such band. 

The infrared spectra of silyloted asphalts show that silylation significantly decreases the 
absorbance i n  the 3610 and 3540 cm-l regions. Little, i f  any, trimethylsilylacetamide remains 
in the asphalt sample after silylation. This i s  demonstrated by the absence of a sharp band in 
the silyloted asphalt spectrum in the 3420 cm-' region. The infrared data are summarized in 
Table I I .  In al l  cases, decreases in  absorbances for free phenolic and carboxylic acid OH groups 
are evident after silylation, indicating that most of these groups react with BSA. Previous dis- 
cussion of IGLC data concluded that silylation blocks phenolic and carboxylic acid OH groups 
in  asphalt and that these groups probably interact strongly with phenol and propionic acid in 
IGLC columns. The infrared spectra show that free phenolic and carboxylic acid OH groups 
are essentially eliminated by silylation. 

The formamide I values (Table I) for oxidized or silylated-oxidized asphalts are in the 

Infrared spectra of dilute solutions of trimethylsilylacetamide, a silylated asphalt, and an 

When free carboxylic acid and phenolic OH absorbance values for as-received asphalts 
are compared with values for oxidized asphalts, decreases in absorbance values for Wilmington 

i 
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TABLE II. ComDarison of infrared sDectra of asDhalt samdes 
I 

b 
SamDle- 

Absorbance? 

Free phenolic OH, Free carboxylic OH, 
3610 cm-' 3540 cm-' 

W 0.130 0.045 

ws <0.0054 (0.005 

D 0.097 0.028 

DS 0.019 <0.005 

1 0.035 0.020 

IS 0.009 0.006 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

w o  

WOS 

DO 

DOS 

JO 

1 os 

0.070 

<0.005 

0.111 

0.017 

0.015 

0.006 

0.028 

<0.005 

0.034 

<0.005 

0.009 

t0.005 
~~ ~~ ~ 

?The values given are for 20g/l solutions of the sample in  CCI, using 1 cm 
cells without solvent compensation. They were determined by the base-line 
technique. 

b -See footnote from Table I far sample designation 

-The lower limit of detectability was about 0.005 absorbance units. C 
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asphalt and asphalt J ore observed. These results seem controdictory to the conclusion that in- 
creased concentrations of phenolic and carboxylic acid OH groups relate to the increase in lg 
values for phenol and propionic acid. However, i t  has been shown previously (15) that column 
oxidation of asphalts results in  a decrease of free OH absorbance while hydrogen-bonded OH 
absorbance increases significantly. Much of this hydrogen bonding remains intact even in dilute 
solutions so that the net result i s  a loss of free OH absorbance even though the total OH in the 
sample has increased. Upon silylation a general decrease i s  noted i n  the hydrogen-bonded ab- 
sorbance; however, no quantitative determination could be made of the hydrogen-bonded region 
(about 3500-2500 cm-’) because i t  i s  overlapped by the C-H stretching region. 

Repeatability of the Silylation Technique 

Two separate packings were prepared, using asphalt D as the substrate. Two coluvns of 
each packing were processed in the manner described in  the Experimental section. The data, 
included in Table I, show a maximum variation in specific interaction coefficients for a given 
test compound on duplicate asphalt samples of three lg units. This i s  within the normal varia- 
tion on duplicate runs of the same sample. The preliminary indication i s  that the technique 
gives reproducible results. 

SUMMARY AND CONCLUSIONS 

Silylation of an asphalt within an IGLC column offers a convenient means to study asphalt 
functionality. More specifically, the reagent, BSA, reacts with most of the phenolic and car- 
boxylic acid hydroxyl groups present in either as-received or column-oxidized asphalts. Com- 
parison of infrared spectra before and after silylation substantiates this conclusion. 

asphalts to a common value characteristic for each individual test compound. This results from 
the blocking of the carboxylic ocid and phenolic O H  groups in the asphalts. These groups are 
believed to be the ones by which phenol and propionic acid differentiate among asphalts. The 
functional groups which interact strongly wi th  formamide remain after silylation. These groups 
appear to be carbonyl functions. 

The silylation technique should be applicable to investigations of the chemical structure 
of macromolecules and nonvolatile materials. 

Silylation reduces the phenol and propionic acid I values on both oxidized and unoxidized 9 
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Si ly l a t ed  A s p h s l t  D, and A s M a l t  D 



69 

KINETICS OF HYDRAZIKIUM DIPERCHLORATE THERMAL 
DECOMPOSITION B Y  FLASH MASS THERMAL ANALYSIS':: 

J. A. Hammond, Yuji A .  Taj ima ,  W .  Glenn Staplcton, L\. E .  Raumgar tnc r  

Lockheed Propuls ion Company, Rrdlands,  California 

1. INTRODUCTION 

The  kinetic mechan i sms  of decomposition o f  propellant ingredients 
a r e  of v i ta l  i n t e re s t  to  t he  propellant chemis t  when it b e c o m e s  n e c e s s a r y  t o  
fo recas t  p rope l lan t  t h e r m a l  stabil i ty and shelfl ife,  t o  de t e rmine  the  ignition 
and combustion kinetics of the propellant,  and t o  pred ic t  the  sens i t iv i ty  of 
the propellant to  impact  ( shock)  o r  frictional fo rces .  
ene rge t i c s  and m e c h a n i s m  of the  initiation s tep ,  and the  p roduc t s  fo rmed  
the reby  a r e  impor tan t .  
experimental  techniques for  measu r ing  reac t ion  kinetics.  

In e a c h  c a s e ,  the 

These  p a r a m e t e r s  a r e  not ea s i ly  obtained by m o s t  

2. BACKGROUND 
' . Unique techniques  fo r  determining the ene rge t i c s  and kinetics of 

the initiating reac t ion  which occur  during pyro lys i s  of solid propellant 
ingredien ts  have been developed. 
s m a l l  s a m p l e s  coa ted  on a plat inum ribbon h e a t e r / t h e r m o m e t e r  mounted 
in c lose  proximity to the e l ec t ron  b e a m  of a Bendix Time-of-Fl ight  ( T O F )  
mass  s p e c t r o m e t e r .  
w a s  synchronized with the  T O F  ana lys is  cyc le s .  T h e s e  techniques afford 
s e v e r a l  dist inct  advantages in the  study of t h e r m a l  decomposi t ions:  

The vacuum essen t i a l  to  operation of the T O F  a s s u r e s  

These  techniques involve the use  of v e r y  

Heating of the sample  by  capac i tor  or  b a t t e r y  d i scha rge  

o 
identification of t h e . p r i m a r y  decomposition spec ie s .  

o A v e r y  s m a l l  amount  (5-10 m i c r o g r a m s )  of s a m p l e  is applied 
a s  a thin coa t ing 'on  a . compara t ive ly  la rge  m a s s  of supporting ribbon, 
a s s u r i n g  c lose  com,pliance of the  sample t e m p e r a t u r e  t o  the  ribbon t e m p e r -  
a t u r e  a t  a l l  t i m e s .  

o The inclusion of the  platinum ribbon in  a r e s i s t ance  br idge  
c i rcu i t  s o  that  it a c t s  a s  i t s  own t h e r m o m e t e r  to  e l imina te  e r r o r s  in 
t e m p e r a t u r e  m e a s u r e m e n t  assoc ia ted  n i t h  ex te rna l  measu r ing  s y s t e m s ,  
i .  e . ,  emit tance va lues  for  optical  py romet ry ,  l a rge  hea t  sink and t h e r m a l  
lag of a t tached  thermocouples  or  other heat-sensing devices.  

o Method sensit ivity,  resolution, wide r e sponse  range ,  a l lows  
continuous separa t ion  and ana lys i s  of decomposition spec ie s  a t  widely 
different reac t ion  r a t e s .  

. .  

? 

A i r  Force  Rocket Propuls ion Laboratory,  Resea rch  and Technology 
Division, E d n a r d s ,  California,  A i r  F o r c e  Sys t ems  Command,  Unitrd 
S ta tes  A i r  Fo rce .  

Th i s  work n a s  supported by Ai r  Fo rce  Contract  AF04(611)11385, f r o m  
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o The v e r y  rapid ( 3  s 1O7"C/sec.  ) heating rate  a t ta inable  with 
the capaci tor  d i s c h a r g e  p e r m i t s  stepmise i s o t h e r m a l  ana lys i s  of the sample  
decomposi t ion a t  the d e s i r e d  pyrolysis  t e m p e r a t u r e .  
determining induction t i m e s  t o  explosion, s l m i l a r  to Wenograd 's  method 
(Ref.  1) .  
(o r  I s o t h e r m a l  FMTA).  

This  i s  essent ia l  f o r  

T h i s  method is called I so thermal  F l a s h  M a s s  T h e r m a l  Analysis  

o The l e s s  rapid heating r a t e s  (10-1000"C/sec. ) at ta inable  over  
longer  t i m e s  ( l inear  up to 2 s e c .  at  100"C/src .  ) permi t  study of reac t ions  
which control  the s tabi l i ty/shelf l i fe  of the m a t e r i a l  o r  propel lants ,  a s  wel l  
a s  of the  reac t ions  wrhich occur  in the t h e r m a l  n a v e  zone a t  the sur face  of 
a burning propel lant .  
mat ica l ly  d i f fe ren t ia l s  so that  many fac tors  m a y  be der ived  without extensive,  
t e d i o u s ,  and poss ib ly  inapplicable cal ibrat ion procedures .  
ca l led  Dynamic FMTA. 

Al l  quant i t ies  m e a s u r e d  b y  th i s  s y s t e m  a r e  mathe-  

This  method is 

o React ion m e c h a n i s m s  can  be infer red  f r o m  the o r d e r  of 
appearance  and  t e m p e r a t u r e  of appearance  of the var ious  pyro lys i s  spec ies .  

T h e s e  techniques were or iginated in 1962 for  the study of the 
phenomena which o c c u r  in the fizz zone of a burning propel lant  when the 
t e m p e r a t u r e  r i s e s  f r o m  that of the bulk of propellant (-300°K) t o  that 
of the flame (up to  3000"K),  within a dis tance of approximately 1 m i l l i m e t e r ,  
c r e a t i n g  high t e m p e r a t u r e  and concentrat ion gradien ts .  Subsequently,  and with 
some modification, t h i s  technique h a s  provided a n  equally powerful tool for 
elucidating the decomposi t ion m e c h a n i s m s  and e n e r g e t i c s  of high energy  
b i n d e r s  and oxidizer  pyro lyses  a t  heating r a t e s  in the  range of 100 to  200°C/ 
s e c .  Data acquis i t ion ,  as  wel l  a s  data reduct ion techniques,  have been 
developed which a r e  n e c e s s a r y  t o  e lucidate  the detai led decomposition 
reac t ions  for  the p r i m a r y  products  under  a broad  range of exper imenta l  
conditions ( e .  g . ,  heat ing r a t e s ) .  Mathematical  models  have been  developed 
which have been  u s e d  in conjunction with a computer  to  es tab l i sh  the 
t e m p e r a t u r e  a c r o s s  the sample  a r e a  on the platinum ribbon h e a t e r .  
mathemat ica l  technique h a s  been  developed which takes  advantage of the 
unique different ia l  data  acquis i t ion mode during dynamic FMTA to der ive 
r e a c t i o n  act ivat ion e n e r g i e s ,  and eventually,  the absolute  reac t ion  r a t e s .  

A 

3 .  E X P E  RIMEN TA L TECHNIQUES 

T h e r m a l  decomposi t ion r a t e s  of propel lants  /propel lant  ingredients  
can  be very  high. 
of t h e s e  compounds should,  t h e r e f o r e ,  be capable of acquir ing data  at  r a t e s  
c h a r a c t e r i s t i c  of the  p r o c e s s e s .  
developed for  such invest igat ions u t i l i zes  the fas t  scan speed of the Bendix 
TOF m a s s  s p e c t r o m e t e r .  The sample ,  weighing 5 t o  2 0  m i c r o g r a m s ,  is 
coated on a r e s i s t i v e  plat inum ribbon which i s  located 2 m i l l i m e t e r s  f r o m  
the ionizing e l e c t r o n  b e a m  of the m a s s  s p e c t r o m e t e r .  
s a m p l e  is heated by  m e a n s  of a b a t t e r y  d ischarge  for  s l o w  heating r a t e s  o r  
a capica tor  d i s c h a r g e  for  fas t  heating r a t e s .  The r ibbon f o r m s  one a r m  of 
a Wheatstone b r i d g e ,  by m e a n s  of which the t e m p e r a t u r e - t i m e  prof i le  of the 
ribbon and sample  i s  de te rmined .  
1000"C/sec . ,  the  mass s p e c t r a  displayed on an osci l loscope a r e  monitored 
continuously by  fas t  c inematography.  
shown schemat ica l ly  in F igure  1. 

The  ins t ruments  and techniques used  to  study the pyrolysis  

The m a s s  t h e r m a l  analyt ical  technique 

The r ibbon and 

For  heating r a t e s  in the range  of 10 to  

The  exper imenta l  a r r a n g e m e n t  i s  
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a .  The Bendix Time-of-Fl ight  Mass  Spec t romete r  (TOF) 

The T O F  ins t rumen t  cons i s t s  bas i ca l ly  of t h ree  sec t ions :  the 
ionization chamber ,  the flight tube,  and the detector  mul t ip l ie r .  
n o r m a l  mode of operat ion,  ions a r e  produced by a beam of e l ec t rons  
of controlled ene rgy  e v e r y  50 to  100 mic roseconds .  
cycle can be eas i ly  achieved) .  Immedia te ly  a f t e r  the e l ec t ron  pulse,  
voltage pulses  a r e  applied xh ich  a c c e l e r a t e  the  posit ive ions with ident ical  
kinetic ene rg ie s  p e r  unit charge into the flight tube. 
tube is f ie ld-free,  the ions t r a v e l  a t  veloci t ies  proport ional  to  & 
(e  and m a r e  charge and m a s s ,  r e spec t ive ly )  and thus a r r i v e  a t  the detector  
a t  d i f fe ren t  t i m e s .  The  detector  mult ipl ies  the s ignal  resul t ing f rom each 
group of ions u i th  given a r r i v a l  t i m e s ,  yielding a n  i n t e n s i t y - - a r r i v a l  t ime 
( m / e )  spec t rum of the ions produced in the ionization chamber .  When the 
voltage and  e l ec t ron  pu l ses  a r e  applied e v e r y  100 mic roseconds ,  a complete 
s p e c t r u m  (in the m / e  range of in te res t  h e r e )  i s  obtained e v e r y  100 m i c r o -  
seconds.  

In the 

(A 100 mic rosecond  

Because  the f l i  ht 

\ 

\ 

M a s s  resolut ion of the Bendix is such that no m o r e  than a 1 percent  
peak height contribution e x i s t s  between adjacent  peaks (one m a s s  unit a p a r t )  
in  the Hg spec t rum a t  m / e  of 200. 

b.  The Sample Holder 

To achieve high heating r a t e s ,  it i s  essent ia l  that  the sample  
holder  be of low m a s s  (low heat  content) .  
heat the sample,  the  geomet ry  must  be such a s  to  ensu re  a r easonab le  
e l e c t r i c a l  r e s i s t ance  for ohmic  heating. 
constructed of a re la t ively non-react ive metal .  
d ic ta ted the use  of a platinum ribbon sample  holder .  
(15 by  1. 02 by 0.025 m m )  p e r m i t s  distribution of the s m a l l  s ample  over  a 
la rge  a r e a ,  resul t ing in a v e r y  thin f i lm which e n s u r e s  good t h e r m a l  contact 
and c lose  compliance of s ample  t e m p e r a t u r e  t o  the ribbon t e m p e r a t u r e .  

Since it is des i r ab le  to  e lec t r ica l ly  

The sample  holder  mus t  a l s o  be 
All  t hese  cons t r a in t s  

The wide,  flat ribbon 

A Bendix Direct  Inlet P robe ,  Model 843A. which p e r m i t s  a c c e s s  
t o  the m a s s  s p e c t r o m e t e r  ionization chamber  by  m e a n s  of a pumped vacuum 
lock, was adapted t o  support  the platinum ribbon which b e a r s  the sample.  
The a r r angemen t  is shown in F igu re  2 .  
the  m a s s  s p e c t r o m e t e r ,  the sample  is approximately 2 m i l l i m e t e r s  f rom 
the ionizing electron beam.  
spec t rum than would be possible  for a sys t em in which the sample  was 
located at  g r e a t e r  d i s t ances  f rom the e l ec t ron  beam.  Also,  products  
which a r e  short l ived may  be detected be fo re  they decay t o  secondary  species .  

When the probe is posit ioned in 

Th i s  a r r angemen t  r e s u l t s  i n  a higher  intensity 

The ionization chamber  i s  cryogenical ly  pumped with two special ly  
designed liquid nitrogen cold t r a p s .  
r e s idua l  H 0 background is reduced to  p rac t i ca l ly  z e r o  and (b)  pyrolysis  
products  w i i c h  e scape  f rom the ionization region a r e  t r apped  before  they 
can rebound f rom the walls and r e e n t e r  the ionization region.  
that  mos t  of the products  which a r e  being analyzed a r e  detected while in a 
high ene rgy  s ta te  and have not coll ided with sampling sys t em walls .  

The i r  function i s  two-fold; (a) the 

Th i s  i n s u r e s  
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c .  Sample Heating Systt.nl 

In t h e s e  expe r imen t s ,  p: samplc: m a y  1 3 ~  h c a t r d  in two tliffcrent 
( a )  flash heating ( 3  x 10 m o d e s :  

(b) a s l o a e r  t e m p e r a t u r e  r a t e  of i n c r e a s e  which has been va r i ed  f r o m  
100-200"C/sec.  In e i t h e r  c a s e ,  the  platinum filament cons t i tu tes  one 
a r m  of a Wheatstone b r idge .  
i s  nulled.  
b e c o m e s  unbalanced. 
and r eco rded  photographically.  

C / s e c .  ) t o  a n  i s o t h e r m a l  condition and 

J u s t  p r i o r  t o  each  sample run ,  t he  br idge  

The  output signal of the  br idge  i s  fed to a n  oscil loscope 
The c i r cu i t  d i ag ram i s  p re sen ted  in F igu re  3 .  

A s  the  r ibbon i s  heated,  i t s  r e s i s t a n c e  changes and  the  br idge  

T h e  heating of the  ribbon during Dynamic FMTA is produced b y  
a 24-volt b a t t e r y  connected in series with the  br idge .  
m a y  b e  var ied  with a rheos ta t  a l s o  in  s e r i e s  with the br idge .  
only method which w a s  u s e d  fo r  the work r e p o r t e d  he re in .  

The  rate of heating 
This is the  

F l a s h  hea t ing  of the  s a m p l e  to  a n  i s o t h e r m a l  condition for  
I so the rma l  FMTA is accomplished by discharging a high voltage from a 
capac i to r  through the  platinum ribbon. The capac i to r  is cha rged  by  the  
hydrogen thy ra t ron .  A constant low voltage f r o m  a 24-volt ba t t e ry  s e r v e s  
a s  t h e  br idge  power  supply which enab le s  the  t e m p e r a t u r e  t o  be m e a s u r e d  
a f t e r  the  c u r r c n t  s u r g e  f r o m  the  capac i tor  h a s  subs ided .  The  duration of 
the  capac i tor  d i s c h a r g e  i s  l e s s  than 10 mic roseconds .  
FMTA,  the b r idge  output i s  fed to  a n  osc i l loscope  and  is r eco rded  photograph- 
ica l ly .  

As i n  the dynamic 

In both m o d e s ,  the  r e s i s t a n c e  of t he  plat inum ribbon is calculated 
f r o m  the  well-known Wheatstone br idge  re la t ionships ,  using the  br idge  
imbalance potential  a t  s e l ec t ed  t i m e  in t e rva l s .  T h e  t e m p e r a t u r e  a t  each  
t i m e  is then de r ived  f r o m  the known r e s i s t a n c e - t e m p e r a t u r e  behavior of 
t he  platinum ribbon. 

d.  Data Record ing  Techniques 

Time-of-f l ight  m a s s  s p e c t r o m e t r y  lends  i tself  wel l  t o  fas t  pyro lys i s  

T h i s  r ap id  rate p e r m i t s  t h e  u s e  of v e r y  small samples  
s tud ie s  because of i t s  r ap id  sampling r a t e  (10 K H z )  o v e r  the  s p e c t r u m  of 
12 t o  250 mass units.  
and s m a l l  heat s o u r c e s  which cha rac t e r i s t i ca l ly  p o s s e s s  low hea t  capac i t ies  
and the re fo re  r e q u i r e  l e s s  ene rgy  for  a given t e m p e r a t u r e  inc rease .  

, 

Rapid a n a l y s i s  coupled with e x t r e m e l y  shor t  pe r iods  in which the  
py ro lys i s  products  a r e  ava i lab le  for detection p r e s e n t  s o m e  s t r ingent  
r e q u i r e m e n t s  for r eco rd ing  data.  In t h e s e  expe r imen t s ,  t he  t i m e  r ange  
of in t e re s t  m a y  be a s  shor t  as  a hundred mic roseconds  o r ,  a t  m o s t ,  two 
seconds .  Obviously,  t he  da ta  m u s t  b e  r e c o r d e d  photographically f r o m  a n  
osc i l loscope  t r a c e .  

F o r  the  dynamic  FMTA, a Mill iken DBM-5C high speed framing 
c a m e r a  was employed  t o  photograph the s p e c t r u m  osc i l loscope  t r a c e  a t  a 
speed  of 200 f r a m e s / s e c o n d  o r  1 f r a m e  e a c h  five mi l l i seconds .  
t h e  nominal heating r a t e  was 100"C/sec.  
py ro lys i s  event  w a s  usua l ly  completed within two seconds .  
t he  t e m p e r a t u r e  t r a c e  osc i l loscope  with the s p e c t r u m  displayed on the 
osc i l loscope ,  a f l a sh lamp  was t r igge red  s imultaneously with the  beginning 
of c u r r e n t  input t o  t h e  ribbon. The  f lash  ove rcxposes  the  f i r s t  few f r a m e s  

In genera l ,  

To  synchronize 
With the  s m a l l  s ample ,  the  
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of the spec t rum,  thereby marking  the beginning of the heating. 
t r i g g e r  pulse that f i r e s  the f lashlamp is a l s o  used  to  t r igger  the  sweep 
of the t e m p e r a t u r e  t r a c e  osci l loscope.  
ope ra t e s  continuously at  100 microsecond in te rva ls ,  the exper iment  may  
be  begun a t  any t ime without an e r r o r  in t ime of g r e a t e r  than 100 mic roseconds .  
Th i s  p r e s e n t s  no s e r i o u s  e r r o r  in t ime o r  t empera tu re  for expe r imen t s  
las t ing one second, covering 10, 000 complete s p e c t r a .  
f rom m / e  = 12 t o  m / e  = 250 a r e  continuously dlsplayed on another  osci l loscope.  
Th i s  t r a c e  i s  photographed by a c a m e r a  operating a t  200 f r a m e s  per  second,  
so that data i s  r eco rded  a t  five mil l isecond in te rva ls .  Th i s  i s  suff ic ient ly  
fas t  to  p e r m i t  accu ra t e ly  following the s p e c i e s  formed in r eac t ions  induced 
b y  heating a t  r a t e s  f rom 100 to  200°C/sec .  In th i s  heating r a t e  range,  the 
r a t e  of t e m p e r a t u r e  r i s e  i s  0.1 to  O.Z"C/mill isecond, which co r re sponds  
t o  0.01 t o  O.O2"C/complete m a s s  spec t rum t r a c e  o r  to  0 . 5  to l . O ° C / f r a m e  
of fi lm. T h e r e f o r e ,  e r r o r s  in t e m p e r a t u r e  cor re la t ion ,  induced by  one 
o r  s e v e r a l  f r a m e  uncertainty for  the  s t a r t  of the exper iment  would introduce 
a n  e r r o r  no g r e a t e r  than that involved in the ini t ia l  ( z e r o  t i m e )  sample  
t e m p e r a t u r e  measu remen t .  

Thc s a m e  

Since the m a s s  spec t rog raph  

The m a s s  s p e c t r a ,  

e .  Sample  P repa ra t ion  

A c r i t i c a l  s tep  in t h i s  ana lys i s  technique i s  insuring that the sample  
is uniformly dis t r ibuted ove r  the  su r face  of the pyrolyzing hea t  sou rce .  
F r o m  the standpoint of heat t r a n s f e r  to the sample  sou rce  hea t  capaci ty  and 
low p r e s s u r e  r equ i r emen t  of the m a s s  s p e c t r o m e t e r  vacuum the  sample  
m u s t  be on the o r d e r  of 5-20 m i c r o g r a m s  t o  achieve the bes t  r e s u l t s .  
Samples  of sol id  ox id i ze r s  o r  fuels  have been dissolved in sui table  solvents and 
deposited on the cen te r  0. 5 cen t ime te r  of the platinum ribbon in a d r y  box. 
F o r  example,  H P  
concentrat ion in d%y methyl  a lcohol  by m e a n s  of a m i c r o  syr inge,  and the 
solvent allowed to  evapora t e .  The sample  is then t r a n s f e r r e d ,  in  a d r y  
bag,  to  e i ther  the m a s s  s p e c t r o m e t e r  o r  t o  a be l l  j a r  and subjected t o  
vacuum for  2 t o  20 hour s  t o  r emove  the l a s t  t r a c e s  of solvent.  
on the ribbon and holder ,  i s  then affixed t o  a probe,  i n se r t ed  into posit ion 
inside the m a s s  spec t romete r  through the vacuum lock. 
then heated by the ba t t e ry  d i scha rge  for  dynamic FMTA. 

is applied to  the su r face  a s  a un i form film of a known 

The  sample,  

The sample  is 

4 .  DATA REDUCTION AND ANALYSIS 

a .  Hydraz inium Diperchlorate  (HP2 ) Decomposition 

The  technique has  been t e rmed  Dynamic F la sh  Mass  T h e r m a l  
Analysis  (or  Dynamic FMTA, for  s h o r t ) .  Th i s  terminology a r i s e s  b y  
anaology t o  t h e r m a l  methods  of analysis  a l r e a d y  in use ,  e spec ia l ly  
the rmograv ime t r i c  ana lys i s  (TGA) techniques which it m o s t  c lose ly  
r e s e m b l e s .  T h e r e  a r e  two bas i c  modes  of operat ion.  
ut i l izes  l inear ly  p rogrammed  heating combined with continuous ana lys i s  
by  the m a s s  s p e c t r o m e t e r ,  and thus is analogus t o  dynamic TGA. The  
second mode u s e s  an e x t r e m e l y  fast  heating t o  a n  i so the rma l  condition, 
and  thus r e s e m b l e s  i s o t h e r m a l  TCA. 
mode a r e  ex t r eme ly  r ap id  compared  to those in common use ,  the heating 
mode  is analogous to  "flash" heating by other  means .  
f i r s t  and second modes  a r e  ap t ly  desc r ibed  a s  Dynamic FMTA, and 
I so the rma l  FMTA, r e spec t ive ly .  The dynamic FMTA method h a s  been 
used  to  study the decompoeition mechan i sms  and ene rge t i c s  of HP2 and 
NC, and t o  e s t ab l i sh  the validity of the technique. 

The f i r s t  mode 

Since the heating r a t e s  i n  e i ther  

T h e r e f o r e ,  the 
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This  me thod  a l s o  c lose ly  r e s e m b l e s  the Diffcrential  T h e r m a l  
Analysis  (DTA) o r  Dif fe ren t ia l  Scanning C a l o r i m e t r y  (DSC) techniques a s  
r e g a r d s  l i nea r ly  p r o g r a m m e d  sample  heating r a t e s  and data evaluation, 
except that t he  da ta  r e p r e s e n t  ana ly t ica l  t i m e  resolved m a s s  spec t r a  data 
ins tead  of in tegra ted  c a l o r i c / t h e r m a l  data,  and a considerably f a s t e r  
i n s t rumen t  r e s p o n s e  t i m e  i s  provided by using high speed  cinematography 
of the scope d isp lay  r a t h e r  than r e c o r d e r s  (as in DTA). 

The f i l m s  taken  of the m a s s  s p e c t r a l  t r a c e s  a r e  analyzed f r a m e -  
b y - f r a m e  fo r  t h e  o r d e r  of appearance of spec ie s ,  and the  pa ren t  spec ie s  
deduced from s t r u c t u r a l  cons idera t ions  and compar i son  with s t anda rd  mass  
s p e c t r a  (when ava i l ab le ) .  

1 

Figure  4 shows a typical sequence fo r  H P 2 .  

I t  i s  expec ted  that the key s p e c i e s  in the initiation r eac t ion ( s )  fo r  4 

t h e r m a l  decomposi t ion can  be  those  which a r e  a t tached  t o  the  molecule  
with the weakest bonds ,  and hence appea r  f i r s t  ( a t  low t e m p e r a t u r e s )  in 
the f i lms  of the  m a s s  spec t r a .  Seve ra l  of the key  spec ie s  a r e  selected,  
and t h e i r  s p e c t r a l  i n t ens i t i e s  a r e  plotted a s  a function of t i m e  ( and /o r  
t e m p e r a t u r e ) ,  a s  i n  F igu re  5, to  facil i tate deduction of the pyro lys i s  
mechan i sm.  
Gre leck i  and C r u i c e  (Ref.  2 )  and by Levy, Von E lbe ,  F r i e d m a n ,  Wallin 
and Adarns (Ref.  3 ) :  

T h e  d a t a  a r e  cons is ten t  with the  m e c h a n i s m s  postulated b y  

The f i r s t  p e a k  in  the  t ime / in t ens i ty  plot i s  definitely due only 
t o  HC104, co r re spond ing  to  equation ( I ) ,  w h e r e a s  the second peak has 
definite contributions f rom both N2H4 and HC104. 

T o  be  ab le  t o  ex t rapola te  the  da ta  obtained a t  one t e m p e r a t u r e  
and  reac t ion  r a t e  t o  ano the r  t e m p e r a t u r e ,  e .  g . ,  shelflife pred ic t ion ,  
combustion r a t e s ,  e t c . ,  it i s  n e c e s s a r y  t o  de r ive  the  ac t iva t ion  ene rg ie s  
and preexponent ia l  f ac to r s  fo r  the r eac t ions .  For tuna te ly ,  fo r  the 
determinat ion of t h e  ac t iva t ion  ene rgy  (E) ,  absolu te  r eac t ion  r a t e  da ta  
a r e  not requi red ,  but only the  shape of the  cu rve  and the  s lope  which 
c a n  be  der ived t h e r e f r o m .  In the unca l ibra ted  m a s s  spec t romete r ,  the 
l ine intensity,  I ,  of a given spec ie s  i s  r e l a t ed  to  i ts  pa r t i a l  p r e s s u r e ,  P, 
in  the ion c h a m b e r  in an  unknown but cons tan t  proport ion during a n y  
par t icu lar  e x p e r i m e n t .  P, in turn ,  is propor t iona l  t o  the difference 
between the r a t e  of gene ra t ion  of a spec ie s  and the  r a t e  a t  which i t  is 
r emoved  by pumping and  by  injection into the flight tube  a s  ions. 
difference is a l s o  an  unknown but constant fac tor  during a n y  given experiment .  

The  

/ I  
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Method I 

If the r a t e  of genera t ion  of a spec ie s  can  be r e p r e s r n t r d  b y  the 
Ar rhen ius  r a t e  expres s ion  a s  a f i r s t  o r d e r  reac t ion ,  then: 

I OC P aC (I/x) (dx/d t )  :: k = A  cxp. (-E/RT) 

o r  

I = B cxp. ( - E / R T )  

Wherein B contains the  Ar rhen ius  f requency fac tor ,  A, the n i a s s  spec t romete r  
s y s t e m  cons tan ts ,  and the  f rac t ion ,  x, of a given spec ie s  which r e m a i n s  
unreac t ive  a t  a n y  given t i m e .  Considerat ion of x as  constant ove r  a s m a l l  
t i m e  or t e m p e r a t u r e  in t e rva l  in t roduces  only a small e r r o r  in  calculating 
E ,  s ince  it is t he  f rac t ion  r eac t ed  which is important  in th i s  c a s e ,  and not 
the  absolu te  quantity. Taking the  logari thm of the  function y ie lds :  

2.  303 log I =-E/RT t 2.303 log B 

A plot of log I v e r s u s  1 /T  should yield a s t ra ight  line with a slope 
of - E / ( 2 .  303R). 
m a y  b e  of value l a t e r  t o  eva lua te  A, specific r eac t ion  r a t e s ,  and  mass 
s p e c t r o m e t e r  s y s t e m  cons tan ts .  

T h e  in te rcept  a t  log I = 0 will  yield a value of log B which 

Method I1 

For complete  definition of the r eac t ion  kinetics,  the value of the  
reac t ion  r a t e ,  r eac t ion  r a t e  cons tan t ,  or  pre-exponential  f ac to r  mus t  b e  
de t e rmined  a s  well  a s  the  activation energy.  The r a t e  of disappearance 
of reac tan t ,  hence r a t e  of appea rance  of products ,  during a f i r s t  o r d e r  
reac t ion  i s  given by: 

dx/dt = kx 

o r :  

( l / x ) (dx /d t )  = k 

\vhich i s  ma themat i ca l ly  ident ica l  to: 

d ( ln  x ) / d t  = k (where & r e f e r s  t o  na tu ra l  l oga r i thms)  

o n  integration between l imi t s :  

I n  x, - In x = In (x2 /x I  = k (tz - t l )  
L 1 
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Since  the r a t io  x / x  
f ract ion of the ab2sotute value, the above r a t c  r x b r c s s i o n s  a r c  likcu.ise 
indifferent to  the \yay in u.hich x i s  exp res sed .  
t he  differential  na tu re  of the analyt ical  technique provides  the key whereby 
the absolute reac t ion  r a t e s  and pre-exponent ia l  f ac to r s  may  be derived 
f r o m  the data taken b y  the unca l ibra ted  sys t em.  The  total  a r e a  enclosed 
b y  the in tens i ty / t ime cu rve  for a given m a s s  spec ie s  r e p r e s e n t s  the total  
quantity of that  s p e c i e s  which was  formed a s  the r e su l t  of the react ion.  
Any portion of the total  a r e a ,  taken a t  a definite t i m e ,  then r e p r e s e n t s  a 
definite f ract ion of t he  quantity of that  spec ie s  which h a s  been fo rmed .  
The  total  a r e a ,  and sui table  f ract ions thereof ,  taken at  short  t ime  intervals  
dur ing  the ini t ia l  s t a g e s  of the react ion,  can  be replotted a s  In x v e r s u s  
t i m e .  
of. the plot, taken at s e v e r a l  t i m e s ,  co r re spond  to  va lues  of the absolute 

, r e a c t i o n  r a t e  constant ,  k, taken at  s e v e r a l  t e m p e r a t u r e s .  The  In k can 
then  be  plotted aga ins t  r ec ip roca l  absolu te  t e m p e r a t u r e  i n  the conventional 
m a n n e r ,  and  both the activation ene rgy  and the pre-exponent ia l  f ac to r ,  A ,  
de te rmined  routinely.  

is  the s a m c  whether x i s  an absolu te  value o r  a 

This  fact ,  toge ther  \vith 

Since each  t i m e  co r re sponds  to a definite t e m p e r a t u r e ,  the s lopes  

It is expec ted  that the activation ene rgy  for  the t h e r m a l  decomposition 
reac t ion  of a compound will ref lect  the activation ene rgy  of the p r i m a r y  
decomposition s p e c i e s .  The re fo re ,  the Ar rhen ius  plots of the f i r s t  detected 
spec ie s  i n  the HP2  decomposition calculated by Method I a r e  p re sen ted  in  
F igu re  6. T h e r e  a r e  two distinct r e g i m e s  - the  f i r s t ,  "low t empera tu re"  
r e g i m e  (labeled "A" on the g raphs )  i s  d r iven  solely by the ene rgy  input f rom 
t h e  platinum ribbon, while the second, "high t empera tu re"  r eg ime  (labeled 
"B" on the g r a p h s )  i s  one in which au toacce lera t ion  of the reac t ion  occur s .  

Work on H P Z  was pe r fo rmed  a t  Thiokol ' s  Reaction Moto r s  Division 
(RMD) (Ref. 21, using t ime- to -acce le ra t ion  techniques  with a c losed  vessel .  
T h i s  technique yields the activation e n e r g y  for  a reac t ion  which o c c u r s  
before  au toacce lera t ion  - which co r re sponds  to the "A" r eg ime .  
a s  presented  in F igu re  6 for  the "A" r eg ime  yields a value of 23 Kca l /mole ,  
which c o m p a r e s  r e m a r k a b l y  well  with the value of 23. 5 Kca l /mole  obtained 
a t  RMD. 
is establ ished.  
t he  m o r e  detailed data  t r ea tmen t  of Method I1 a r e  given in T a b l e  I. 
b e  noted that the act ivat ion ene rgy  is de te rmined  f r o m  the first $% decomposition, 
and  v e r y  s m a l l  e r r o r s  in the de te rmina t ion  of the fract ional  a r e a s  will yield 
l a r g e  e r r o r s  in the va lue  of the activation energy .  Other  l a r g e  e r r o r s  can 
b e  introduced when s m a l l  e r r o r s  a r e  made  in select ing the s lopes  f rom the 
c u r v e s  of f ract ion r e a c t e d  v e r s u s  t ime  ( f rom which the reac t ion  r a t e  constant, 
k. i s  obtained).  
a r e  drawn, and  t o  pe r sona l  judgment in es t imat ing  the tangent l ine.  Under 
t h e s e  c i r cums tances .  the ag reemen t  of the two s e t s  of data is encouraging. 
Fu tu re  de t e rmina t ions  will be made  with much  m o r e  c a r e  ove r  the f i r s t  
one to  two pe rcen t  of the decomposition in o r d e r  t o  improve  the a c c u r a c y  
of the r e su l t s .  

The  data 

Thus ,  the validity of the expe r imen ta l  and data reduct ion  techniques 
The  activation ene rgy  and frequency factor  de te rmined  f r o m  

It should 

i The s lopes  a r e  v e r y  sensi t ive to  the way in which the cu rves  

' 

4 
4 

When the act ivat ion e n r r g y  of 23 Kca l /mole  i s  used with the absolute 
r a t e  cons tan ts  o b t a i r m d s  the d ta i led t r ea tmen t ,  the Ar rhen ius  factor  i s  
found to  be (5 2 2 )  x 10 
of react ions.  

-7 sec .  , which i s  a r easonab le  value for these  types , I 
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It i s  of i n t e re s t  t o  note that the  vacuuni conditions pr rva i l ing  in 
these  expe r imen t s  p rec ludes  the  acce le ra t ion  of thc rcac t ion  by rcac t  1011 

products ,  s o  that  another  explanation fo r  the  obse rved  ac c r l c r a t i o n  mus t  
be sought. The expe r imen ta l  r e s u l t s  show that thc activation r n e r g y  for 
the  ini t ia l  s t ep  changes f r o m  23 Kca l  p e r  mole  during the p r c - a c c e l e r a t o r y  
per iod  to  86 Kcal  p e r  mole  during acce le ra t ion .  
acce le ra t ion  of the reac t ion  ( r a t e  of change in r eac t ion  r a t e  dur  t o  onc 
degree cent igrade  t e m p e r a t u r e  r i s e )  i s  m o r e  than 12 t i m e s  a s  g r e a t  fo r  
the  portion mith the 86 Kca l /mole  ac t iva t ion  ene rgy  a s  for t h e  por t ion  with 
the  23 Kcal / rnole  activation ene rgy .  

T h i s  m c a n s  tha t  the. 

b .  Hydrazinium Monopprchlorate  ( H P )  Sublimation 

T h e  postulated decomposition mechan i sm,  chemica l  equat ions  (1) 
and ( 2 )  sugges ts  the poss ib i l i ty  of a l s o  obtaining the hea t  of subl imat ion 
of H P  f r o m  the FMTA data.  Since N2H4 is c h a r a c t e r i s t i c  of H P  only, 
then  the  hea t  of sublimation should be found by a p p l y i y  the  C laus ius -  
Clapeyron equation t o  the  m / e  = 23 ion spec ie s  (N2H3 ). The  p rev ious  
a rgumen t s  regarding mass s p e c t r o m e t e r  s y s t e m  cons tan ts  apply t o  th i s  
determinat ion as  well. T h e  in t eg ra t ed  form of the  Clausius-Clapeyron 
equation i s .  

A s  befo re ,  the p r e s s u r e  r a t io s  a re  equivalent t o  the  in tens i ty  r a t i o s ,  so  
tha t  a plot of In I v e r s u s  1 /T  will  yield a s t r a igh t  l ine with slope equal  to  

/ R .  F r o m  th i s  plot, shown in  F igu re  7 ,  the  hea t  of subl imat ion ,  AHsub. , is calculated t o  be 32 Kca l /mole .  
with hhd value of 29 .2  Kca l /mole  de t e rmined  by  Levy e t  a l i i  (Ref.  3 ) ,  
using a n  equi l ibr ium vacuum subl imat ion  technique. 

-AH 
T h i s  c o m p a r e s  v e r y  well  

5. CONCLUSIONS 

The  FMTA technique h a s  b e e n  shown t o  be  a powerful t oo l  fo r  
the  investigation of t h e r m a l  decomposi t ion of solid m a t e r i a l s  s ince  the  
reac t ion  m e c h a n i s m s  and kinetic r a t e  da ta  can  be  obtained f r o m  a single 
expe r imen t .  In s o m e  c a s e s ,  kinetic da ta  (e .  g . ,  A r r h e n i u s  f requency 
f a c t o r s )  and p r i m a r y  decomposition spec ie s  can  be  obtained by  no o ther  
c u r r e n t  technique. T h e  r e s u l t s  of t he  FMTA technique do not depend 
upon ted ious ,  unre l iab le ,  and r epea ted  mass  s p e c t r o m e t r i c  ca l ib ra t ion  
p rocedures ,  t he re fo re  many m o r e  useful expe r imen t s  can be  p e r f o r m e d  
with equipment previously considered unsuitable f o r  quantitative m e a s u r e -  
m e n t s .  

I 
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S p e c i e s  

HC10; 
(parent) 

' S p e c i e s  

, 
N2H: 
(from N2H4) 

i 

TABLE I 

ENERGIES FOR HP2 THERMAL EVENTS 

' Decomposit ion Activation E n e r g i e s  (Kcal /mole)  
T h i s  Work 
A - B (Ref .  2 )  m/e - 

100 23 86 23 .  5 

H P  HEAT OF SUBLIMATION ( K c a l / m o l e )  

This Work (Ref. 3 )  

32 2 9 . 2  
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HYDROCRACKING OF COAL AND PETROLEUM O I L S  

S A. Qader and G. R. H i l l  

Department o f  Minera l  Engineer ing 

U n i v e r s i t y  of Utah, Sa l t  Lake City, Utah 84112. 

Abs t rac t  

Hydrocracking o f  coal-based o i l s  needs h i g h e r  hydrogen pressure when 

compared t o  petroleum o i l s  and both types o f  o i l s  a f f e c t  a lmost  s f m i l a r  

naphtha y i e l d s  o f  77 t o  80% a t  a pressure o f  2000 p.s. i .  and 500'C. 

based o i l s  produce naphtha o f  super io r  q u a l i t y  bu t  w i t h  h i g h e r  hydrogen con- 

sumption. A t  about 80% y i e l d ,  naphtha f rom coa l  o i l  had a c l e a r  research 

octane number o f  88 w i t h  a hydrogen consumption o f  about 1550 cu. ft. per  

b a r r e l  o f  feed, whereas the  product  f rom gas o i l  has an octane number of 78 

w l t h  a hydrogen consumption o f  o n l y  about 1125 cu. ft. Both types o f  o i l s  

e x h l b l t e d  s i m i l a r  k l n e t i c  behavior  w i t h  a c t i v a t i o n  energ ies ranging from 

14,000 t o  16,000 c a l  ./mole. The hydrocrack ing o f  coal-based and petroleum 

011s must be preceded by the  h y d r o r e f i n i n g  o f  the  feed s tocks t o  ensure low 

coke y i e l d  and longer  c a t a l y s t  l i f e .  The disadvantages associated w i t h  the  

processing o f  coal-based o i l s  can be o f f s e t  by the  s u p e r i o r  q u a l i t y  o f  t h e i r  

products, thereby a f f e c t t n g  the  o v e r a l l  p r m e s s i n g  almost s i m i l a r  t o  pe t ro -  

Coal- 

* 

. lcun o i l s .  

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

Hydrocracking i s  employed i n  the petroleum i n d u s t r y ,  i n  recent  years, 

f o r  the  processing of d i f f e r e n t  types o f  feed stocks (Cra ig  and Fors te r ,  

1966; Du i r ,  1967). 

i n g  o f  coa l -der ived  l i q u i d s  (A lpe r t ,  e t  a l . ,  1966, Katsobashv i l i  

I t  was a l s o  app l ied  as a p o t e n t i a l  method f o r  the  r e f i n -  

and E l b e r t ,  
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1966). 

petroleum o i l s  s ince  t h e  foriner con ta in  l a r g e r  o u a n t i t i e s  o f  oxygenated com- 

pounds and aromatic hydrocarbons. 

crude petroleum, t h e  pet ro leum r e f i n e r i e s  may have t o  augment t h e i r  feed 

s tocks w i t h  s y n t h e t i c  o i l s  and process them i n  t h e  e x i s t i n g  equipment. 

a d d i t i o n a l  o i l  requi rements may be met i n  t h e  near f u t u r e  from coal l i q u i -  

f a c t i o n  processes and, hence, i t  i s  necessary and use fu l  t o  understand the  

fundamental d i f f e r e n c e s  t h a t  may e x i s t  between the r e f i n i n g  o f  petroleum and 

coal-based o i l s .  

be va luable t o  s tudy and compare the  behavior  o f  petroleum and coal-based 

o i l s  under hydrocrack ing cond i t i ons .  The fundamental aspects o f  hydrocracking 

o f  petroleum and coal-based o i l s  are  n o t  w e l l  understood a t  t he  present  t ime 

though some work was e a r l i e r  repo r ted  ma in l y  on t h e  s tudy o f  product d i s t r i -  

bu t i ons  o r  c a t a l y s t  performance (Carpenter, e t  a l .  , 1963; Archibald, e t  a l . ,  

1960). 

o f  some pure hydrocarbons (Arch iba ld,  e t  a l . ,  1960; F l i n n ,  e t  a l . ,  1960). 

t he  present communication, t h e  r e s u l t s  o f  hydrocrack ing o f  t h ree  petroleum 

f r a c t i o n s  and two coal-based o i l  f r a c t i o n s  a r e  repor ted.  A comparison was 

made between t h e  pet ro leum and coal-based o i l s  w i t h  respect  t o  t h e i r  behavior 

under hydrocrack ing c o n d i t i o n s .  

Experimental 

Mater i  a1 s . 

The hydrocrack ing o f  coal-based o i l s  d i f f e r s  t o  some ex ten t  from 

I n  view o f  the a n t i c i p a t e d  shortage o f  

The 

Hydrocrack ing i s  a v e r s a t i l e  process ing method and i t  may 

Some data, however, were repo r ted  on the mechanism o f  hydrocracking 

I n  

The petroleum f r a c t i o n s  were obta ined from a mixed base crude o i l  by 

atmospheric d i s t i l l a t i o n .  The coal o i l  was obta ined from a h igh  v o l a t i l e  

bituminous coal  by hydrogenat ion i n  an en t ra ined  bed r e a c t o r  u n i t  a t  2000 

p . s . i .  pressure and 510°C w i t h  stannous c h l o r i d e  as the c a t a l y s t .  Low 
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temperature t a r  was prepared f rom the same coal  i n  a 

The coal  o i l  and t a r  f r a c t i o n s  were obta ined by d i s t i  

oi l s ,  r e s p e c t i v e l y .  The h y d r o r e f i n i n g  c a t a l y s t  conta 
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aboratory  oven a t  58OOC. 

l a t i o n  o f  t h e  whole 

ned 3% c o b a l t  ox ide and 

12% molybdenum t r i o x i d e  suoported on alumina i n  the  form o f  p e l l e t s  of 0.083- 

i nch  diameter and 0.125-inch h e i q h t  w i t h  a su r face  area o f  210 sq. meters per  

gram. 

d i s u l f i d e  supported on s i l i c a - a l u m i n a  i n  the form o f  p e l l e t s  o f  0.083-inch 

diameter and 0.125-inch h e i g h t  w i t h  a sur face area o f  198 sq.  meters per  

gram. 

Equipment. 

The hydrocracking c a t a l y s t  contained 6% n i c k e l  s u l f i d e  and 19% tungsten 

The hydrocrack ing u n i t  (F igu re  1 )  contained a v e r t i c a l  t u b u l a r  s t a i n l e s s  

s t e e l  r e a c t o r  o f  0.75-inch i n s i d e  diameter and 40-inch l eng th  w i t h  p r e c i s i o n  

equipment f o r  c o n t r o l l i n g  temperature, pressure, and gas and l i q u i d  f l o w  

r a t e s .  The r e a c t o r  was heated u n i f o r m l y  by a t u b u l a r  ceramic furnace o f  

1.5-inch i n s i d e  diameter and 38-inch l eng th .  

t he  r e a c t o r  from t h e  t o p  was packed w i t h  ceramic beads o f  0.17-inch diameter, 

t h e  nex t  6 5 inches w i t h  the c a t a l y s t  (60 cat), and t h e  f o l l o w i n g  12 inches 

again w i t h  ceramic beads. 

constant  and the  r e a c t i o n  temperature was measured by a thermocouple placed 

a t  t h e  cen te r  o f  t h e  c a t a l y s t  bed. 

gen tanks. 

r e f i n i n g  c a t a l y s t .  

Hydrocracking procedure. 

The f i r s t  20-inch l e n g t h  o f  

The temperature o f  t h e  c a t a l y s t  bed was mainta ined 

The hydrogen supply was taken f rom hydro- 

The h y d r o r e f i n i n g  was a l s o  done i n  t h e  same u n i t  b u t  w i t h  t h e  

The whole system was f i r s t  f l ushed  w i t h  hydrogen t o  remove a i r ,  pressur-  

ized, and heated t o  the  r e a c t o r  temperature 

t o  the experimental pressure and the  o i l  was fed  a t  t he  d e s i r e d  r a t e .  

The pressure was then ad jus ted  

The 
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i n i t i a l  one hour  was taken as a n  offstream pertod fo r  bringlng the reactor 

and the product recovery system t o  equilibrium. 

r a t i o  was maintained a t  about 500 

the  range of ~ 1 0 %  and were rounded o f f .  

ser and the l iqu id  product was collected in the separator The gaseous prod- 

uc t  containing some uncondensed o i l  was passed through an active carbon tower 

t o  adsorb the o i l  and a gas meter t o  measure the r a t e  and to ta l  volume passed. 

Several gas samples were withdrawn d u r i n g  each experiment fo r  analysis. 

difference in the  weight of ac t ive  carbon before and a f t e r  the experiment was 

taken as the amount o f  uncondensed naphtha. 

varied between 95 and 100% w i t h  an i n i t i a l  boiling point between 50" and 65°C. 

The y ie ld  of gas and each hydrocarbon component of the gas were calculated from 

the  to ta l  gas and its composition. 

f rac t ion  boiling u p  t o  200°C was designated a s  naphtha. 

u p  t o  100°C was designated as l i g h t  naphtha and the  fraction boiling from 

100" to  200°C a s  heavy naphtha. 

manner a t  1500 p.s i 

reported a re  double-pass products and the product d i s t r ibu t ion  data were 

obtained a t  a space velocity of about 0.5. 

fresh ca ta lys t  and a l s o  intermittently during the experimental work t o  t e s t  the 

a c t i v i t y  of the ca t a lys t  

f resh  ca ta lys t  when t h e  ac t iv i ty  w i t h  respect t o  cumene cracking f e l l  by about 

5 percentage points. 

Coke determination, 

The hydrogen t o  o i l  feed 

The values of space ve loc i t ies  varied i n  

The product was cooled i n  the conden- 

The 

The y ie ld  of the l iquid product 

The l i q u i d  product was d i s t i l l e d  and the 

The f rac t ion  boiling 

The hydrorefining was a l so  done in a similar 

pressure, 425"C, and 1-space velocity. All the products 

Cumene was hydrocracked over the 

The ca ta lys t  was e i the r  regenerated o r  replaced by 

The used ca t a lys t  was taken out from the reactor and dried a t  110°C for  

two hours t o  remove moisture and vo la t i l e  hydrocarbons Twenty-five grams Of 
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t h e  d r i e d  c a t a l y s t  was packed i n  a g lass tube o f  0 5- inch i n t e r n a l  diameter and 

12- inch l e n g t h  heated t o  600°C by a t u b u l a r  furnace. 

through the  tube a t  t he  r a t e  o f  about 15 c.c per minute and t h e  e f f l u e n t  was 

passed through a furnace con ta in ing  c u p r i c  oxide a t  700°C t o  o x i d i z e  carbon 

monoxide t o  carbon d iox ide ,  a tower con ta in ing  D r i e r i t e  t o  adsorb any mois ture 

and a tower o f  A s c a r i t e  t o  adsorb carbon d iox ide ,  

was c a l c u l a t e d  from t h e  weight  o f  carbon d i o x i d e  and repo r ted  as coke. 

c a t a l y s t  depos i t  was n o t  s t r i c t l y  carbon b u t  coke c o n t a i n i n g  bo th  carbon and 

hydrogen. 

coke, t h e  l a t t e r  amounting t o  about 95% o f  the former, ' the remaining being 

hydrogen. 

Product ana lys i s .  

A stream o f  a i r  was passed 

The carbon on the  c a t a l y s t  

The 

The coke values repo r ted  a c t u a l l y  r e f e r  t o  the  carbon content  o f  t h e  

A l l t h e  anlyses o f  t he  l i q u i d  products were done by ASTM and o t h e r  standard 

methods and gaseous products  by gas chromatographic and mass spec t romet r i c  

methods (Qader and H i l l ,  1969). 

Resul ts  and Discuss ion 

The y i e l d  o f  naphtha from petroleum f r a c t i o n s  increased l i n e a r l y  w i t h  t h e  

r e a c t i o n  temperature. The stove, d i e s e l ,  and gas o i l s  y i e l d e d  a maximum of 

79, 78, and 77% naphtha a t  1500 p.s . i .  pressure and 79, 80, and 79% a t  2000 

p .s . i .  pressure and 500°C, respec t i ve l y .  Increas ing the  r e a c t i o n  pressure 

f rom 1500 t o  2000 p s . i  

e x t e n t  (F igure 2 ) .  

was increased s i g n i f i c a n t l y  w i t h  an increase i n  the  hydrogen pressure. The 

coa l  o i l  and low temperature t a r  y i e l d e d  a maximum o f  63 and 60% naphtha a t  

1500 p . s . i .  pressure and 79 and 77% a t  2000 p.s.1. pressure and 5OO0C, respec- 

t i v e l y .  

p.s. i .  pressure w h i l e  i t  was l i n e a r  a t  a pressure o f  2000 p.s i. 

was more pronounced a t  temperatures above 450°C (F igu re  3 ) .  

d i d  n o t  change the  naphtha y i e l d  t o  any apprec iab le 

On t h e  o the r  hand, t h e  naphtha y i e l d  f rom coal-based oils  

The y i e l d  o f  naphtha d i d  n o t  vary  l i n e a r l y  w i t h  temperature a t  1500 

The e f f e c t  

The r e s u l t s  
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i n d i c a t e  t h a t  the hyd roc rack ins  o f  coal-based o i l s  needs h iohe r  hydrogen 

pressures when compared t o  the  petroleum o i l s  and both types o f  o i l s  a f f e c t  

a lmost  s i m i l a r  naphtha y i e l d s  a t  a pressure o f  2000 p.s. i .  I n  case o f  coal  

o i l s ,  t h e  h i g h e r  hydrogen pressure i s  needed f o r  t he  hydrogenation o f  aromatic 

hydrocarbons and t h e  h e t e r o c y c l i c  compounds. 

above, the petro leum and coal  o i l s  e x h i b i t  s i m i l a r  behavior  under hydrocrack ing 

cond i t i ons .  

A t  pressures o f  2000 p.s . i .  and 

The A P I  g r a v i t y  and t h e  c h a r a c t e r i z a t i o n  f a c t o r  o f  a l i q u i d  f u e l  main ly  

depend upon i t s  b o i l i n g  range and the aromatic hydrocarbon content. I n  case 

o f  pet ro leum o i l s  I n v e s t i g a t k d ,  the c h a r a c t e r i z a t i o n  f a c t o r  increased w i t h  a 

decrease i n  g r a v i t y  ( F i g u r e  4 )  which appears t o  be ma in l y  due t o  the d i f f e r -  

ences i n  the b o i l i n g  ranges o f  t he  feed s tocks s ince they have s i m i l a r  composi- 

t i o n  (Table 1) .  

011s (F igu re  4 ) ,  t h e  f a c t o r s  c o n t r i b u t i n g  t o  such a behavior  seem t o  be 

d i f f e r e n t ,  While t h e  lower  g r a v i t y  o f  t h e  coal  o i l  when compared t o  coal t a r  

may be due t o  t h e  d i f f e rences  i n  the  b o i l i n g  ranges and aromatic contents o f  

t he  o i l s ,  t h e  h i g h  c h a r a c t e r i z a t i o n  f a c t o r  o f  t h e  coal o i l  does n o t  seem t o  

comnensurate w i t h  a s l i g h t  d i f f e r e n c e  i n  t h e  b o i l i n g  range and the aromatic 

hydrocarbons. 

presence o f  h ighe r  concen t ra t i ons  o f  hydroaromatics i n  the coal  o i l .  Th is  i s  

f u r t h e r  evidenced by the  h i g h e r  naphtha y i e l d  f rom coal  o i l  a t  1500 p.s . i .  

pressure (F igures 5 and 6) where the hydrogenation o f  aromatics t o  the  corres-  

ponding hydroaromatics which undergo subsequent c rack ing  does n o t  occur t o  any 

apprec iab le e x t e n t  (Qader, e t  a l ,  , 1968). However, hydrogenation o f  aromatics 

t o  t h e  corresponding hydroaromatics does take  p lace a t  a pressure o f  2000 

p.s. i . ,  thereby narrowing down the gap between naphtha y i e l d s  from coal  o i l  

Though a s i m i l a r  r e l a t i o n s h i p  was e x h i b i t e d  by coal-based 

The c h a r a c t e r i z a t i o n  f a c t o r  might  have been in f l uenced  by t h e  
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and coal  t a r  f r a c t i o n s  as shown i n  Figures 5 and 6 .  

of naphtha w i t h  g r a v i t y  and t h e  decrease w i t h  c h a r a c t e r i z a t i o n  f a c t o r  of 

petroleum f r a c t i o n s  (F igures 5 and 6 )  a re  ma in l y  due t o  the  d i f f e r e n c e s  i n  

t h e i r  bo i  1 i n g  ranges. 

The increase in t h e  y i e l d  

The product d i s t r i b u t i o n  data i n d i c a t e d  t h a t  t h e  hydrocrack ing of pe t ro -  

leum f r a c t i o n s  produces h ighe r  q u a n t i t i e s  o f  gaseous product  when compared t o  

coal-based o i l s  a t  a l l  l e v e l s  o f  naphtha fo rma t ion  (F igure 7). 

o i l s  produced more C1-C3 hydrocarbons than petroleum o i l s  a t  d i f f e r e n t  l e v e l s  

o f  butane product ion (F igu re  8) .  

h ighe r  i n  the hydrocrack ing o f  coal-based o i l s .  

n o t  l a r g e  enough t o  a l t e r  t he  product  d i s t r i b u t i o n  s i g n i f i c a n t l y .  

t i o n  i s  an impor tan t  aspect o f  hydrocrack ing and the  r e s u l t s  shown i n  F igu re  9 

i n d i c a t e d  the  occurrence o f  more i somer i za t i on  i n  t h e  hydrocrack ing o f  pe t ro -  

Coal-based 

The p roduc t i on  o f  +2OO0C o i l  f r a c t i o n  was 

However, t he  d i f f e r e n c e s  a r e  

Isomeriza- 

leum o i l s  when compared t o  t h e  coal-based o i l s  a t  a l l  l e v e l s  o f  naphtha forma- 

t i o n .  The iso-normal r a t i o s  i n  butanes v a r i e d  between l and 4 i n  the  case o f  I 
petroleum o i l s ,  w h i l e  the r a t i o s  v a r i e d  between 1 and 2.75 i n  the  case o f  

coal-based o i l s .  

b e t t e r  q u a l i t y  naphtha and t h i s  i s  an advantage associated w i t h  the  petroleum 

Occurrence o f  i somer i za t i on  d u r i n g  hydrocrack ing produces 

\ o i l s  under hydrocrack ing c o n d i t i o n s  However, t he re  may be severa l  o the r  fac -  

t o r s  which i n f l u e n c e  the q u a l i t y  o f  naphtha. 

l i g h t  and heavy f r a c t i o n s  o f  naphtha w i l l  a l s o  c o n t r i b u t e  t o  t h e  o v e r a l l  

q u a l i t y  o f  t he  naphtha. Normally l i g h t  naphthas produced f rom petroleum 

f r a c t i o n s  have h ighe r  octane r a t i n g s  than heavy naphthas, n e c e s s i t a t i n g  the  

The r e l a t i v e  p r o p o r t i o n s  o f  
1 
\ 
/ 

subsequent re fo rm ing  of heavy naphtha The r e s u l t s  i n  F igures 10 and 11 i n d i -  

cated t h a t  petroleum o i l s  produce more l i g h t  naphtha r e l a t i v e  t o  heavy naphtha 

when compared t o  coal-based o i l s .  The r a t i o s  o f  heavy - l i gh t  naphthas v a r i e d  



between 2 and 4 i n  t h e  case o f  petroleum o i l s ,  wh l e  the  r a t i o s  v a r i e d  between 

3.5 and 4.5 i n  t h e  case o f  coal-based o i l s .  This i s  again an added advantage 

associated w i t h  pet ro leum o i l s ,  though t h i s  i s  n o t  the f i n a l  dec id ing  f a c t o r .  

The hydrocarbon composit ion of naphthas obta ined from petroleum and coal -  

based o i l s  was shown i n  F igure 12. 

p o r t i o n s  o f  aromat ic  hydrocarbons than pet ro leum naphthas. 

t i o n ,  petroleum naphthas conta ined about 35 t o  40%, w h i l e  coal-based naphthas 

conta ined about 55% aromat ic  hydrocarbons Th is  may make a g r e a t  d i f f e r e n c e  

i n  t h e  octane r a t i n g  o f  t h e  naphthas and coal-based naphthas a re  expected t o  

have h i g h  octane va lues.  

t r a t i o n s  o f  naphthenes and i s o p a r a f f i n s  than  coal-based naphthas, w h i l e  the  

contents  o f  norma1 p a r a f f i n s  and o l e f i n s  were almost t he  same i n  b o t h  cases 

The q u a l i t y  o f  coal-based naphthas was found t o  be much s u p e r i o r  t o  the  pet ro-  

leum naphthas, as shown i n  F igu re  13. 

coal-based naphthas v a r i e d  between about 80 t o  90, w h i l e  t h e  octane numbers o f  

t h e  petroleum naphthas v a r i e d  o n l y  i n  between about 65 t o  80. A t  t h e  maximum 

y i e l d  o f  about 80%. coal-based naphthas had c l e a r  research octane numbers of 

about 90, w h i l e  t h e  octane r a t i n g s  were below 80 numbers i n  the case o f  pet ro-  

leum naphthas. 

w i t h o u t  f u r t h e r  t rea tmen t  and as premium grade product  s imply  by t h e  use o f  

a d d i t i v e s .  

e i t h e r  as regu la r  o r  premium grade m a t e r i a l s  

h i g h e r  concen t ra t i ons  o f  s u l f u r  and n i t r o g e n  which, however, a r e  much below 

t h e  s p e c i f i e d  l i m i t s  

Coal-based naphthas conta ined h ighe r  pro- 

A t  about 80% forma- 

Petroleum naphthas conta ined s l i g h t l y  h ighe r  concen- 

The c l e a r  research octane numbers o f  

The coal-based naphthas can be used as r e g u l a r  grade gaso l i ne  

Petroleum naphthas need t o  be reformed be fo re  they can be used 

Coal-based naphthas have s l i g h t l y  

Hydrogen requi rement  i s  an impor tant  f a c t o r  which c o n t r i b u t e s  s i g n i f i c a n t l y  

t o  t h e  o v e r a l l  r e f i n i n g  c o s t  o f  f u e l  o i l s  The r e s u l t s  shown i n  F igu re  14 
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i l l u s t r a t e d  t h a t  hydrogen consumption was h i g h  i n  the hydrocrack ing of coal -  

based o i l s  when compared t o  petroleum o i l s ,  

naphtha, hydrogen consumption v a r i e d  between 800 t o  1100 and 1500 t o  1600 cu. 

ft. per b a r r e l  of feed s tock i n  t h e  hydrocrack ing o f  pet ro leum and coal-based 

o i l s ,  respec t i ve l y .  

o i l s  was due t o  the hydrogenation o f  aromat ic  hydrocarbons and h e t e r o c y c l i c  

compounds, e s p e c i a l l y  t he  oxygenated compounds. Th is  i s  one o f  t he  disadvan- 

tages associated w i t h  the  r e f i n i n g  o f  coal-based o i l s .  

K i n e t i c s  

A t  the maximum y i e l d  of about 80% 

The h i g h  hydrogen consumption i n  t h e  case o f  coal-based 

For the k i n e t i c  study t h e  gas o i l  and coal o i l  f r a c t i o n s  were used and the  

hydrocrack ing experiments were conducted a t  a constant  hydrogen pressure o f  

2000 p.s . i .  

o f  Equation 1 assuming f i r s t - o r d e r  k i n e t i c s  (Qader and h i l l ,  1969). 

The o v e r a l l  r a t e s  o f  hydrocrack ing were s t u d i e d  by the a p p l i c a t i o n  

1 
(1 1 

I l i -  
Ln Xf LHSV 

where 

X i  

Xf  

LHSV = l l q u i d  h o u r l y  space v e l o c i t y ,  volume o f  l i q u i d  feed p e r  hour per  volume 

= i n i t i a l  concen t ra t i on  o f  t h e  reac tan t ,  w t .  % 

= f i n a l  concen t ra t i on  o f  t h e  reac tan t ,  w t .  % 

o f  c a t a l y s t  

k 

The p l o t s  o f  r e c i p r o c a l  space v e l o c i t y  versus l o g  

and 16. 

be represented by Equations 2 and 3 

= s p e c i f i c  r e a c t i o n  r a t e  constant  

X i  
f 

a r e  shown i n  Figures 15 

The p l o t s  were l i n e a r  and, thus, t h e  f i r s t - o r d e r  r a t e  constants  can 

-d (gas d t  O i l )  = kg (gas o i l )  ( 2 )  

--, = kc  ( c o a l  o i l )  ( 3 )  



where k 

r e s p e c t i v e l y .  

s t a n t s  were found t o  be represented by Equations 4 and 5 

and kc  a re  r a t e  constants  f o r  gas o i l  and coa l  o i l  hydrocracking, 
9 

The Ar rhen ius  p l o t s  (F igure  17) were l i n e a r  and t h e  r a t e  con- 

kg = 0.3651 x IO4 e-14,300/RT h r C - ’  

kc = 0.8395 x ~ ~ ~ . e - ~ ~ s ~ ~ ~ / ~ ~  hr.- ’  

(4 )  

( 5 )  

The f o l l o w i n g  va lues o f  e n t h a l p i e s  and en t rop ies  o f  a c t i v a t i o n  were c a l c u l a t e d  

k 1 
T T from p l o t s  o f  l o g  - versus - by app ly ing  Eyr ing  equat ion (F igure  18). 

n z  AH^ = 12,800 ca l ; /mole,  A s g  = -52 e-U. 
rt AH: = 1,400 c a l  /mole, ASC = -50 e.U. 

The k i n e t i c  data i n d i c a t e s  t h a t  bo th  the  gas o i l  and coa l  o i l  e x h i b i t  s i m i l a r  

k i n e t i c  behavior under hydrocrack ing cond i t ions  except the  coa l  o i l  needs a 

s l i g h t l y  h igher  a c t i v a t i o n  energy. 

and t h e  coal o i l  appear t o  be s i m i l a r  as proposed e a r l i e r  and t h e  energet ics  

suggest t h a t  chemical r e a c t i o n s  i n v o l v i n g  the  c rack ing  o f  C-C, C-0, C-S. and 

C-N bonds w i l l  c o n t r o l  t h e  r e a c t i o n  r a t e  (Qader, e t  a l . ,  1968 and 1969). The 

c a t a l y s t  used i n  t h i s  i n v e s t i g a t i o n  i s  a d u a l - f u n c t i o n a l  one, conta in ing  both 

a c rack ing  component and a hydrogenat ion component. 

c o n t r o l l i n g  s tep i n  hydrocrack ing,  the  r e a c t i o n  r a t e s  and t h e  product  y i e l d s  

a r e  main ly  i n f l u e n c e d  by the  a c t i v i t y  o f  the  c r a c k i n g  component o f  the  ca ta l ys t .  

Therefore, i t  i s  e s s e n t i a l  t o  c a r r y  o u t  t h e  hydrocrack ing process under condi- 

t i o n s  wherein the  c r a c k i n g  component mainta ins h igh  a c t i v i t y .  The c rack ing  

a c t i v i t y  o f  t h e  c a t a l y s t  i s  due t o  the  a c i d i c  sur face s i t e s  o f  s i l i c a  which 

may g e t  poisoned due t o  t h e  accumulation o f  coke and the  b a s i c  n i t r o g e n  com- 

pounds. 

component of t h e  c a t a l y s t .  

The mechanisms o f  hydrocrack ing o f  gas o i l  

Since c rack ing  i s  the  r a t e  

The coke fo rmat ion  may a l s o  reduce t h e  a c t i v i t y  o f  the  hydrogenation 

Therefore, i t  i s  impor tant  t o  study the  coke 

d e p o s i t i o n  on the c a t a l y s t  d u r i n g  hydrocracking. F igure  19 shows the  coke 
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I d e p o s i t i o n  on the c a t a l y s t  by the hyd ro i ,dck ing  o f  gas o i l  and coal o i l  a t  a 

temperature o f  480°C, 2000 p s i 

format ion by the coa l  o i l  was almost double the  amount by the gas o i l ,  which 

suggests t h a t  t he  c a t a l y s t  l i f e  w i l l  be shortened t o  a g rea t  degree dur ing the 

hydrocrack ing o f  coa l  o i l .  

expensive when compared t o  the  gas o i l .  

r e f i ned  i n  a preceding s tep  t o  remove t h e  n i t r o g e n  compounds which otherwise 

w i l l  poison the  a c i d i c  s i t e s  o f  t he  c rack ing  component o f  t he  c a t a l y s t  dur ing 

hydrocracking, t he  coke format ion on t h e  c a t a l y s t  can be reduced t o  a g rea t  

e x t e n t  as shown i n  F igu re  20 Fur ther ,  t he  gas o i l  and the  coa l  o i l  a f f e c t  

almost t h e  same amount o f  coke d e p o s i t i o n  on t h e  c a t a l y s t  d u r i n g  the  hydro- 

c rack ing  o f  t he  hyd ro re f i ned  feed stocks 

c rack ing  o f  e i t h e r  petroleum or coal-based o i l s  on the d u a l - f u n c t i o n a l  c a t a l y s t  

must be preceded by t h e  h y d r o r e f i n i n g  o f  t h e  feed stocks and the  hydrocracking 

o f  t h e  p r e r e f i n e d  feed stocks w i l l  e x h i b i t  s i m i l a r  c h a r a c t e r i s t i c s  w i t h  respect  

t o  c a t a l y s t  requirements. This i n v e s t i g a t i o n  i n d i c a t e s  t h a t  though the  hydro- 

c rack ing  o f  petroleum o i l s  has c e r t a i n  advantages over t h e  coal-based o i l s ,  t he  

disadvantages associated w i t h  the  l a t t e r  may be o f f s e t  by the  s u p e r i o r  q u a l i t y  

o f  t h e i r  products, thereby a f f e c t i n g  the  o v e r a l l  processing o f  both types o f  

o i l s  almost s i m i l a r l y .  

pressure, and 1-soace v e l o c i t y .  The coke 

This may make t h e  hydrocrackTng o f  coa l  o i l  more 

However, i f  the  feed s tocks a re  hydro- 

The r e s u l t s  suggest t h a t  t he  hydro- 
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Table 1. P roper t i es  o f  feed m a t e r i a l s .  
Low tem- 
pe ra tu re  

o i  1 o i  1 Gas o i l  f r a c t i o n  f r a c t i o n  
Stove D iese l  Coal o i l  t a r  

Grav i t y ,  " A P I  

Charac te r i za t i on  f a c t o r  

S u l f u r ,  w t .  % 

N i t rogen,  w t .  % 

Oxygen, w t .  % 

D i  s t i  11 a t i  on 

I.B.P., O C  

50% 

F.B.P., O C  

Hydrocarbon analys is ,  
v o l .  % 

Saturates 

Aroma t i cs 

O l e f i n s  

38.2 

11.2 

0 .24  

0.18 

N i  1 

200 

2 50 

300 

80 

20 

N i  1 

36.5 

11 -6  

0.22 

0.16 

N i l  

250 

302 

380 

80 

20 

N i  1 

3 2 - 4  

11.9 

0.38 

0.14 

N i  1 

350 

430 

490 

81 

19 

N i l  

21 - 5  

9.9 

0.62 

0.42 

3.6 

200 

238 

370 

38 

57 

5 

23.4 

9.5 

0.84 

0.58 

4.8 

200 

260 

360 

28 

54 

18 
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CONTINUOUS RAPID CARBONIZATION OF POWDERED COAL BY ENTRAINMENT: 
RESPONSE SURFACE ANALYSIS OF DATA 

John J. S. S e b a s t i a n ,  Robert J .  B e l t ,  and John S. Wilson 

Morgantown Coal Research C e n t e r ,  Bureau of Mines 
U.S. Department of t he  I n t e r i o r ,  Morgantown, IJ. Va. 

INTRODUCTION 

I n  r e c e n t  y e a r s  i n c r e a s e d  i n t e r e s t  i n  p r o c e s s e s  f o r  c o n v e r t i n g  c o a l  i n t o  high-  
Btu p i p e l i n e  g a s  and smokeless  low-su l fu r  c h a r  f o r  powerplants  prompted t h e  
Morgantown Coal Research C e n t e r  t o  s t u d y  t h e  r a p i d  o r  f l a s h  c a r b o n i z a t i o n  of  
b i tuminous  c o a l .  The c o a l  s e l e c t e d  f o r  c a r b o n i z a t i o n  was a s t r o n g l y  caking,  high-  
v o l a t i l e  A bituminous from t h e  P i t t s b u r g h  bed (34.4% V.M. ,  7.0% ash) .  

O f  pr imary i n t e r e s t  has  been t h e  development of a low-cost  p r o c e s s  f o r  carbon- 
i z i n g  h i g h - v o l a t i l e  b i tuminous  c o a l s  a t  h igh  throughput  r a t e s  i n  en t r a inmen t .  
P r e v i o u s l y  proposed low-temperature  en t r a inmen t  p r o c e s s e s  (1)l, a s  w e l l  a s  o u r  p r i o r  
l o w  t empera tu re -en t r a inmen t  c a r b o n i z a t i o n  warp i n  an e x t e r n a l l y  hea ted  9-foot- long 
4- inch-diameter  i so the rma l  r e a c t o r ,  y i e l d e d  a high-Btu gas  and a h igh ly  r e a c t i v e  
c h a r ,  a l o n g  w i t h  a h igh  y i e l d  of  t a r  p l u s  l i g h t  o i l .  However, c o a l  throughput  r a t e s  
were p r o h i b i t i v e l y  l o w  owing t o  d i l u t e  phase operat ion--0.35 g of c o a l  p e r  cu f t  
g a s  volume. P r o j e c t i o n  of such  d a t a  to  a commercial-scale  p r o c e s s  would r e s u l t  i n  
e x c e s s i v e l y  l a r g e  equipment and h igh  o p e r a t i n g  c o s t s ,  a l t hough  t h e  throughput  p e r  
u n i t  cross s e c t i o n a l  a r e a  would i n c r e a s e  t o  some e x t e n t  w i th  l a r g e r  c a r b o n i z e r s  
o p e r a t e d  a t  h ighe r  p r e s s u r e s .  

Dense p h a s e  e n t r a i n m e n t ,  on t h e  o t h e r  hand, o f f e r e d  t h e  p r o s p e c t  of a s i g n i f i -  
c a n t  i n c r e a s e  i n  c o a l  t h roughpu t .  Hence, expe r imen t s  were conducted wi th  a 4-inch- 
d i a m e t e r  by 1-foot- long c a r b o n i z e r  a t  h i g h e r  t empera tu res  w i t h  20 times t h e  c o a l  
c o n c e n t r a t i o n .  The o b j e c t i v e  of t h i s  work was 3 - fo ld :  (1) t o  determine t h e  e f f e c t s  
and i n t e r a c t i o n s  of  p r o c e s s  v a r i a b l e s  a s  a gu ide  t o  p rocess  f e a s i b i l i t y ;  ( 2 )  t o  
e v a l u a t e  e x t e r n a l  and i n t e r n a l  methods of app ly ing  t h e  h e a t  r e q u i r e d  f o r  ca rbon i -  
z a t i o n ;  and (3)  t o  o b t a i n  d a t a  f o r  t h e  des ign  of a p i l o t - s c a l e  ca rbon ize r .  

This p a p e r  d e s c r i b e s  t h e s e  expe r imen t s ,  i n c l u d i n g  t h e  main s t e p s  i n  applying 
a 3 - f a c t o r  5 - l e v e l  r e sponse  s u r f a c e  a n a l y s i s  of t h e  f a c t o r i a l l y  designed t e s t - r u n s ,  
a t echn ique  t h a t  e v a l u a t e s  a l l  of  t h e  s i g n i f i c a n t  p r o c e s s  v a r i a b l e s  w i t h  a minimum 
of e x p e r i m e n t a l  work. 
m a t t e r  i n  t h e  c h a r ,  a r e  d i s c u s s e d  i n  d e t a i l .  

Two of t h e  1 3  r e sponses ,  c h a r  y i e l d  and p e r c e n t  v o l a t i l e  

DESCRIPTION OF EQUIPMENT 

The equipment f o r  t h e  t w o  t e s t  series d i f f e r e d  i n  t h e  method of  h e a t i n g  t h e  
c a r b o n i z e r  and i n  most of  t h e  p roduc t  recovery system, a s  shown i n  f i g u r e s  1 and 
2 .  'Ihe coa l - f eed ing  system was i d e n t i c a l  i n  bo th  series and c o n s i s t e d  of a 
v i b r a t o r y  screw f e e d e r  r e c e i v i n g  c o a l  from a p re s su re -equa l i zed  hopper.  

'Under l ined  numbers i n  p a r e n t h e s e s  r e f e r  t o  items i n  t h e  l i s t  of  r e f e r e n c e s  a t  the 

2The r e s u l t s  of t h e s e  p r e l i m i n a r y  i n v e s t i g a t i o n s  w i l l  be summarized in a forthcoming 

The f eed ing  

end of the paper .  

U.S. BuMines Report o f  I n v e s t i g a t i o n s .  
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i n  each case  was f a c i l i t a t e d  by i n j e c t i o n  o f  t h e  c o a l  i n t o  n i t r o g e n  i n  d i f f e r e n t  
d i l u t i o n s  wi th  methane, b e f o r e  e n t e r i n g  t h e  f l a s h  c a r b o n i z e r .  

The c a r b o n i z e r  c o n s i s t e d  o f  a 12-inch l e n g t h  of  4 - inch -d iame te rY  schedu le  40 
p i p e  made of t ype  310 s t a i n l e s s  steel .  For the e x t e r n a l  h e a t i n g  s e r i e s ,  t h r e e  4- 
i nch - long  c i r c u l a r  t he rmoshe l l  h e a t i n g  e l emen t s  were i n s t a l l e d  around t h e  c a r b o n i z e r  
tube.  The c o a l  p a r t i c l e s  were carbonized wh i l e  be ing  c a r r i e d  downward by t h e  en- 
t r a i n i n g  gas .  For i n t e r n a l  h e a t i n g ,  n a t u r a l  gas  was burned wi th  a s l i g h t  d e f i c i e n c y  
of a i r  i n  a r e f r a c t o r y - f i l l e d  combustor,  t he  h o t  combustion p r o d u c t s  be ing  i n j e c t e d  
d i r e c t l y  i n t o  t h e  c a r b o n i z e r .  The 70 p e r c e n t  through 200-mesh c o a l  was f u r t h e r  
e n t r a i n e d  i n  the h o t  gases  which provided t h e  r e q u i r e d  h e a t  f o r  c a r b o n i z a t i o n .  
I n t e r n a l  h e a t i n g  changed t h e  h e a t  t r a n s f e r  from r a d i a t i o n  c o n t r o l l e d  t o  t u r b u l e n t  
c o n v e c t i v e ,  a l though  some e x t e r n a l  h e a t i n g  was a l s o  a p p l i e d  t o  ba l ance  t h e  hea t  
losses from t h e  ca rbon ize r .  

F 

I 

h 

\ 

Because of  t h e  d i f f e r e n t  g a s  f low r a t e s  f o r  t h e  t w o  tes t  s e r i e s ,  t h e  p roduc t  
recovery t r a i n s  were d i f f e r e n t .  I n  each c a s e ,  t h e  o b j e c t i v e  was complete  recovery 
f r a n  t h e  g a s  s t r eam of  a l l  s o l i d  and l i q u i d  p roduc t s .  I n  bo th  c a s e s ,  c o a r s e r  c h a r  
p a r t i c l e s  f e l l  d i r e c t l y  i n t o  a c h a r  r e c e i v e r  below t h e  c a r b o n i z e r .  For  t h e  ex- 
t e r n a l l y  heated u n i t ,  where t h e  gas  f low r a t e  was lower, a b a f f l e d  knockout chamber 
was used t o  remove t h e  f i n e  c h a r  p a r t i c l e s .  Ta r  and p i t c h  were removed by two 
e l e c t r o s t a t i c  . p r e c i p i t a t o r s ,  fol lowed by a d r y - i c e  t r a p  f o r  removal of  l i g h t - o i l  
and w a t e r ,  and a s i l i c a  g e 1 , t r a p  f o r  f i n a l  recovery of l i g h t - o i l  and wa te r  b e f o r e  
me te r ing  and v e n t i n g  t h e  gas .  For  t h e  i n t e r n a l l y  hea ted  u n i t ,  which r ece ived  much 
l a r g e r  g a s  volumes from t h e  combustor,  the recovery t r a i n  c o n s i s t e d  o f  two cyc lones  
in series f o r  t h e  removal o f  c h a r  d u s t ,  and a wa te r  s c rubbe r  fo l lowed  by a steam- 
w a t e r  s c rubbe r  f o r  f i n a l  t a r ,  p i t c h ,  and l i g h t - o i l  removal. 

The c a r b o n i z e r  was des igned  t o  r a p i d l y  h e a t  c o a l  p a r t i c l e s  a t  a tmospheric  
p r e s s u r e  a s  t hey  passed through t h e  12-inch h o t  zone. The f e e d  t u b e  was c o n s t r u c t e d  
t o  i n j e c t  t h e  powdered c o a l  a t  a high v e l o c i t y  i n t o  t h e  c a r b o n i z a t i o n  zone. A f t e r  
less than  one second r e s i d e n c e  t i m e ,  d u r i n g  which t h e  p a r t i c l e s  a r e  r a p i d l y  p y r o l i z e d  
and d e v o l a t i l i z e d ,  t h e  c h a r  p a r t i c l e s  c a r r i e d  by t h e  g a s  e n t e r  t h e  r ecove ry  t r a i n .  

In a t y p i c a l  t e s t - r u n  t h e  c a r b o n i z e r  i s  p rehea ted  t o  t h e  d e s i r e d  w a l l  tempera- 
t u r e .  When t h e  c a r b o n i z e r  t empera tu re  becomes c o n s t a n t  a t  t h e  d e s i r e d  leve l ,  t h e  
c o a l  f e e d i n g  i s  begun t o  s t a r t  t h e  run. During t h e  run ,  c h a r  i s  p e r i o d i c a l l y  
removed f r a n  t h e  bottom l o c k  hopper and t h e  g a s  i s  sampled. A l l  o t h e r  p r o d u c t s  
a r e  c o l l e c t e d  a f t e r  t h e  run and a p e r i o d  of coo l ing .  

EXPERIMENTAL DESIGh' 

To e v a l u a t e  t h e  d a t a ,  t h e  "composite f a c t o r i a l  design" method (2) was used t o  
o b t a i n ,  i n  t h e  l e a s t  t ime,  t h e  b e s t  r e l i a b l e  e s t i m a t e s  of  t h e  e f f e c t s  and i n t e r -  
a c t i o n s  of  system v a r i a b l e s .  S e v e r a l  of t h e s e  v a r i a b l e s ,  c a l l e d  " f a c t o r s " ,  were 
s y s t e m a t i c a l l y  changed and t h e  e f f e c t s  i n  each case  determined by s t a t i s t i c a l  
a n a l y s i s .  

A 3-dimensional c o o r d i n a t e  system was assumed w i t h  t h r e e  f a c t o r s - - c o a l - f e e d  
r a t e ,  r e a c t o r  w a l l  t empera tu re ,  and e n t r a i n i n g  gas  composition3--changed s imultane-  
o u s l y  wh i l e  a l l  o t h e r  v a r i a b l e s  were h e l d  c o n s t a n t .  

=Methane is t h e  c h i e f  component of  c a r b o n i z a t i o n  g a s e s  and was used i n  o r d e r  t o  

Within t h i s  3-dimensional  

s i m u l a t e  t h e  en t r a inmen t  o f  c o a l  i n  r e c y c l e  gases  a s  would be done in p i l o t - s c a l e  
and commercial c a r b o n i z e r s .  E n t r a i n i n g  gas  c m p o s i t i o n  i s  expres sed  i n  terms of  
me thane - to -n i t rogen  r a t i o s .  
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system, a r ange  of v a l u e s  i n  e a c h  o p e r a t i n g  v a r i a b l e  was chosen f o r  examinat ion,  
based on a c t u a l  r e s u l t s .  The e f f e c t s  and i n t e r a c t i o n s  of t h e s e  t h r e e  f a c t o r s  a t  
v a r i o u s  l e v e l s  were de te rmined  on two types  of  r e sponses ,  p roduc t -y i e ld  and q u a l i t y .  

/ 
The composite f a c t o r i a l  d e s i g n  allowed d e t a i l e d  examinat ion of t h e  responses  

a t  14 p o i n t s  p l u s  f i v e  r e p l i c a t i o n s  a t  t h e  c e n t e r  of t h e  cube,  from which t h c  
e n t i r e  r e sponse  s u r f a c e  was d e r i v e d .  The computat ion o f  v a r i a n c e s  was based on 
t h e s e  f ive r e p l i c a t i o n s .  The t h r e e  f a c t o r s  were v a r i e d  i n  a n  e s t a b l i s h e d  p a t t e r n  
a s  shown i n  t a b l e  1 and f i g u r e  3. In t h e s e  i l l u s t r a t i o n s ,  f o r  convenience,  t h e  
f a c t o r s  a r e  i d e n t i f i e d  a s  3 ( r e a c t o r  w a l l  t empera tu re ) ,  + ( coa l - f eed  r a t e )  and 
~3 (gas  composi t ion) .  The levels i n  each f a c t o r  were coded i n t o  f i v e  v a l u e s :  - 2 ,  
-1, 0, 1, 2. The o p e r a t i n g  f a c t o r s  and co r re spond ing  expe r imen ta l  r e s u l t s  obtained 
a r e  summarized i n  t a b l e  2. 

i 
The main s t e p s  i n  r e s p o n s e  s u r f a c e  a n a l y s i s  fo l low:  

1. Design t h e  expe r imen t  t o  o b t a i n  a second degree  r e g r e s s i o n  equa t ion ,  
2. Transform t h i s  e q u a t i o n  i n t o  i t s  s t a n d a r d  o r  c a n o n i c a l  form, 
3. I l l u s t r a t e  it b y  means of  a con tour  diagram o r  3-dimensional model. 

Assuming t h a t  a second d e g r e e  e q u a t i o n  wi th  three f a c t o r s  r e p r e s e n t s  t h e  system 
a d e q u a t e l y ,  i t  w i l l  have t h e  f o l l o w i n g  g e n e r a l  form: 

F a c t o r s  
Temperature.. . . . . . . . . .OF 
Feed r a t e .  . . . . . . . . . .g I h r  
Gas composi t ion ........ % 

1 

/1 
where box, r e p r e s e n t s  t h e  a v e r a g e  v a l u e  of  a l l  t r i a l s .  
l i n e a r  term and a q u a d r a t i c  t e rm f o r  each  f a c t o r  and a l l  p o s s i b l e  2 - f a c t o r  i n t e r -  
a c t i o n s .  The c o e f f i c i e n t s  a r e  c a l c u l a t e d  from t h e  d a t a .  

This e q u a t i o n  c o n t a i n s  a 

Leve 1 

1,500 1,600 1,700 1,1100 1,900 3 
-2 -1 0 1 2 Symbol 

250 500 750 1,000 1,250 x, 
100 N2 75 50 25 0 %  

1 0 CH, 25 5 0  75 100 

Responses : 

(2 )  Char h e a t i n g  va lue .  (6) 
( 3 )  Char f u e l  v a l u e .  
(4 )  Ex ten t  o f  d e v o l a t i l i - ( 7 )  

(1) Char y i e l d .  (5) 

z a t i o n .  (8) 

S u l f u r  p e r  Btu.  (9) Gas h e a t i n g  value.  
P e r c e n t  v o l a t i l e  (10) Gas f u e l  va lue .  

m a t t e r  . I(11) L i g h t - o i l  y i e l d .  
P e r c e n t  s u l f u r .  (12)' Tar  y i e l d .  
Gas y i e l d .  (13) P i t c h  y i e l d .  

A 

1 

I 

I 



1 1 -1 
1 1 1  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  

- 2  0 0 
2 0 0  
0 - 2  0 
0 2 0  
0 0 -2 
0 0 2  

Since  t h e  r e g r e s s i o n  e q u a t i o n  i s  d i f f i c u l t  t o  i n t e r p r e t ,  it i s  t ransformed i n t o  
i t s  s t a n d a r d  o r  c a n o n i c a l  form. The t r a n s f o r m a t i o n  i s  o r thogona l  and c o n s i s t s  of 
t r a n s l a t i o n  of t h e  o r i g i n a l  c e n t e r  o f  t h e  d e s i g n  t o  t h e  s t a t i o n a r y  p o i n t  (where t h e  
s l o p e  w i t h  r e s p e c t  t o  a l l  f a c t o r s  is  z e r o )  and r o t a t i o n  of  t h e  axes .  T r a n s l a t i o n  
e l i m i n a t e s  t h e  l i n e a r  terms; r o t a t i o n  c a u s e s  t h e  i n t e r a c t i o n s  t o  v a n i s h .  The t r a n s -  
formed e q u a t i o n  has  t h e  f o l l o w i n g  g e n e r a l  form: 

\ Y Y, E B , , q 2  + + %3Xs2 (2) 

1,800 1,000 25 25.71 1,513 20.85 1,221 
1,800 1,000 75 26.07 1,619 19.76 1,194 
1,700 750 50 26.56 1,635 14.74 1,088 
1,700 750 50 27.76 1,589 17.11 1,117 
1,700 750 50 28.55 1,642 18.83 1,138 
1,700 750 50 28.96 1,638 16.62 1,060 
1,700 750 50 28.28 1,604 15.27 1,037 
1,500 750 50 31.18 1 , 7 2 1  23.35 1,246 
1,900 750 50 24.65 1,468 12.05 983 
1,700 250 50 22.58 1,305 11.99 960 

1,700 750 0 29.61 1,661 16.96 1,115 
1,700 1,250 50 31.94 1,729 16.38 1,010 

1,700 750 100 28.90 1,593 16.32 1,000 

where Y, i s  t h e  response  a t  t h e  s t a t i o n a r y  p o i n t  and t h e  q ' s  a r e  t h e  c o o r d i n a t e s  
w i t h  r e s p e c t  t o  t h e  new axes  a f t e r  t r a n s l a t i o n  and r o t a t i o n .  

The magnitude and s i g n s  o f  t h e  c o e f f i c i e n t s  i n  the  c a n o n i c a l  e q u a t i o n  show t h e  
n a t u r e  of t h e  r e s p m s e  s u r f a c e .  
is  i n c r e a s i n g  in any d i r e c t i o n  from Y, ,  and Y, has a m i n i m u m  v a l u e ;  i f  a l l  s i g n s  a r e  
n e g a t i v e ,  t h e  va lue  of  t h e  response  i s  d e c r e a s i n g ,  and Y, has  a maximum v a l u e ;  i f  
b o t h  p o s i t i v e  and n e g a t i v e  s i g n s  a r e  p r e s e n t ,  t h e  s u r f a c e  i s  "saddle" shaped (i.e., 
a r i d g e  connec t ing  two e l e v a t i o n s )  and t h e r e  is  no s i n g l e  maximum o r  minimum. 

The t r a n s f o r m a t i o n  i s  s t r a i g h t f o r w a r d  and is  based on sound mathematical  

I f  a l l  s i g n s  a r e  p o s i t i v e ,  t h e  v a l u e  o f  t h e  response 

~ 

\ 

procedures .  
t h e  l o c a t i o n  of t h e  r e f e r e n c e  p o i n t .  

The two e q u a t i o n s ,  e m p i r i c a l  and c a n o n i c a l ,  do not  d i f f e r  except  f o r  

All of t h e  r e g r e s s i o n  e q u a t i o n s  a s  w e l l  a s  t h e  c a n o n i c a l  forms have been pro- 
grammed in FORTRAN IV language f o r  t h e  d e t e r m i n a t i o n  of t h e  c o e f f i c i e n t s  by an IBM 
7040 C m p u t e r ,  and f o r  p l o t t i n g  of t h e  r e s p o n s e s  by an accessory  CALCOMP p l o t t e r .  

' 
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RESULTS 

Ana lys i s  of  t h e  d a t a  by composite f a c t o r i a l  des ign  y i e l d s  e m p i r i c a l  e q u a t i o n s  
d e s c r i b i n g  t h e  response s u r f a c e s  i n  terms of  the f a c t o r s  and t h e i r  i n t e r a c t i o n s .  
The c o e f f i c i e n t s  of  t h e  e q u a t i o n s  i n d i c a t e  by t h e i r  r e l a t i v e  magnitudes the  s i g n i f i -  
cance of  t h e  f a c t o r s  and the e x t e n t  of t h e i r  i n t e r a c t i o n s  a s  w e l l  a s  the c u r v a t u r e  
of  the s u r f a c e s .  From t h e  e q u a t i o n ,  bo th  l i n e a r  and q u a d r a t i c  e f f e c t s  can be 
a s s e s s e d .  

The r e sponse  s u r f a c e s  f o r  c h a r  y i e l d  i n  t h e  e x t e r n a l  h e a t i n g  s e r i e s  a r e  d e s -  
c r i b e d  by t h e  r e g r e s s i o n  e q u a t i o n :  

y/1@ = 1.603 - . 004432  - . 0 1 6 1 ~ 1 ~ ,  + .01313% - .0634x, 

- .023852 + . 0 0 4 6 x , ~ ,  + . 0 9 1 7 ~ ,  

+ .0037%" + .008x, 

(3) 

The c o e f f i c i e n t s  of t h e  l i n e a r  terms,  0 . 0 6 3 4 3  and 0 . 0 9 1 7 5 ,  a r e  l a r g e r  t han  any 
o t h e r s ,  t h u s  t h e s e  l i n e a r  e f f e c t s  have the  g r e a t e s t  s i g n i f i c a n c e  on t h e  c h a r  y i e l d .  
S t a t i s t i c a l  a n a l y s i s  of  t h e  d a t a  i n d i c a t e s  t h a t  t h e s e  t w o  f a c t o r s ,  temperature  and 
f e e d - r a t e ,  a r e  the on ly  s i g n i f i c a n t  ones a t  t h e  95 p e r c e n t  conf idence  l e v e l .  Based 
on a s i m i l a r  equa t ion  f o r  t h e  i n t e r n a l  h e a t i n g  series,  t h e  c h a r  y i e l d  response i s  
s i g n i f i c a n t l y  dependent on ly  upon t h e  coa l - f eed  r a t e .  In a b s o l u t e  magnitude, t h e s e  
c o e f f i c i e n t s  a r e  s m a l l ,  i n d i c a t i n g  t h a t  the s u r f a c e s  have on ly  a s l i g h t  c u r v a t u r e  
w i t h i n  t h e  l i m i t s  of t h e  experiment .  

The c a n o n i c a l  e q u a t i o n  f o r  cha r  y i e l d  i n  e x t e r n a l  h e a t i n g  is: 

Y - 1,974 = -27 .44"  - 4 . 7 3 2  + 7.5%" (4) 

The form of t h i s  e q u a t i o n  i n d i c a t e s  t h a t  t h e  s u r f a c e  i s  saddle-shaped s i n c e  b o t h  

t i o n  p o i n t  i n  t h e  s u r f a c e ,  ( i . e . ,  n e i t h e r  a maximum o r  a minimum), and s i n c e  it 
o c c u r s  o u t s i d e  the expe r imen ta l  l i m i t s ,  any d e s c r i p t i o n  o f  t h e  b e h a v i o r  of  t he  s u r f a c e  

t h e  d a t a .  F igu res  4 and 5 p r e s e n t  a comparison of  t h e  shapes  of  t h e  s u r f a c e s  for  
y i e l d s  o f  c h a r  produced by e x t e r n a l  and i n t e r n a l  h e a t i n g ,  r e s p e c t i v e l y .  

p o s i t i v e  and n e g a t i v e  terms appea r .  The s t a t i o n a r y  p o i n t  i n  t h i s  c a s e  i s  an  inflec- I1 

n e a r  t h e  p o i n t  i s  mean ing le s s .  The saddle-shaped s u r f a c e  i n d i c a t e s  o n l y  a t r e n d  i n  1 )  

I 

S i m i l a r l y  d e r i v e d  from a n o t h e r  r e g r e s s i o n  e q u a t i o n ,  t h e  3-dimensional  diagrams 
i n  f i g u r e s  6 and 7 show t h e  r e sponse  s u r f a c e s  f o r  v o l a t i l e  m a t t e r  i n  t h e  c h a r ,  
r e s u l t i n g  from e x t e r n a l  and i n t e r n a l  h e a t i n g ,  r e s p e c t i v e l y .  Both s e t s  of s u r f a c e s  
a r e  saddle-shaped a s  were t h o s e  f o r  c h a r  y i e l d .  The r e s u l t s  of t h e  computed d a t a  
( t a b l e  3) show t h a t  t h e  s u r f a c e s  f o r  p e r c e n t  v o l a t i l e  m a t t e r  i n  the  c h a r  depend 
o n l y  on coa l - f eed  r a t e  i n  t h e  c a s e  of  i n t e r n a l  hea t ing .  With e x t e r n a l  h e a t i n g ,  both 
t empera tu re  and coa l - f eed  r a t e  have s i g n i f i c a n t  e f f e c t s .  Table  3 a l s o  summarizes 
t h e  r e s u l t s  f o r  t he  f o u r  r e sponses  d i s c u s s e d  above. 

F igu re  8 shows t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  between c h a r  y i e l d  and coal-feed 
r a t e  f o r  b o t h  t h e  i n t e r n a l  and e x t e r n a l  h e a t i n g  series. I n  t h i s  diagram, the w a l l  
t empera tu re  of  t he  c a r b o n i z e r  and t h e  p e r c e n t  v o l a t i l e  matter i n  t h e  c h a r  a r e  s h a m  
as paramete r s .  
c o a l - f e e d  r a t e  a t  t h e  t empera tu re  l e v e l s  s h a m .  The broken l i n e s  r e p r e s e n t  s i m i l a r l y  
a f u n c t i o n a l  r e l a t i o n s h i p  between c h a r  y i e l d  and coa l - f eed  r a t e ,  b u t  w i t h  pe rcen t  
v o l a t i l e  m a t t e r  a s  a pa rame te r  a t  t h e  l e v e l s  shown. 
p e r c e n t  v o l a t i l e  matter i n  c h a r  a s  a f u n c t i o n  of t h e  c o a l - f e e d  r a t e  a t  given 

The s o l i d  c u r v e s  r e p r e s e n t  t h e  c h a r  y i e l d  a s  a f u n c t i o n  o f  t h e  

The diagram a l s o  shows the  



, c a r b o n i z a t i o n  temperatures .  Th i s  follows from t h e  f a c t  t h a t  t he  c h a r  y i e l d  is  a 
f u n c t i o n  of coa l - f eed  r a t e  a t  any c a r b o n i z a t i o n  t empera tu re ,  a s  s t a t e d  above. '. 

TABLE 3. - Results of f a c t o r i a l  analysis:  
y i e ld  and qual i tv  of the char produced 

Response 
Char yield 

Percent 
v o l a t i l e  
matter i n  
char 

Char 
yield 

Percent 
vo la t i l e  
matter i n  
che r 

'Factors c 

Significant 
factors' * 5  

Temperature. 
feed rate  

Temperature, 
feed rate  

Feed rate  

Feed rate  

isinn svstemal 

Best value 
of response2 
Maximum a t  
15% V.M. in 
char 

15% 

:,laximum a t  
15% V.M. i n  
char 

15% 

Conditions yielding 
best  response value" 
Low temperatures; 
high feed rates;  
C H ,  i n  gas 

Low temperatures; 
low feed r a t e s ;  
gas composition 
immaterial 

Low temperatures; 
low feed r a t e s  
(250-500 g / h r ) ;  
low %CH, i n  gas 

Surface extending 
from low temp.-- 
l o w  feed rate  to  
high temp.--high 
feed r a t e  

: variat ion i n  response. 

'ariance 
iccounted for4 

98.5 

84.8 

92.4 

83.1 

Heating 
Method 

External 
- 

Externa 1 

Inte ma 1 

In t e  ma 1 

- -  
2Desired value of response from process standpoint. 
JValues of var iables  ( factors)  required t o  give the desired response. 
,Percentage of random e r r o r  accounted f o r  i n  the experiment (below 80% 

of the r e s u l t  i s  poor.) 
' A t  95% confidence level. 

va l id i ty  

The f a c t o r i a l  des ign  i n d i c a t e s  t h a t  bo th  temperature  and c o a l - f e e d  ra te  a r e  
s i g n i f i c a n t  f a c t o r s  a t  t h e  95 p e r c e n t  conf idence  l e v e l  i n  t h e  e x t e r n a l  h e a t i n g  
series,  w h i l e  o n l y  t h e  coa l - f eed  r a t e  i s  s i g n i f i c a n t  a t  t h e  95 p e r c e n t  l e v e l  i n  
i n t e r n a l  h e a t i n g .  
e f f e c t  of  temperature  i n  t h e  e x t e r n a l  s e r i e s  is  seen  from t h e  g r e a t e r  sp read  between 
t h e  c u r v e s  compared wi th  t h e  s e t  of cu rves  f o r  i n t e r n a l  h e a t i n g .  
temperature  i s  c l e a r l y  p r e s e n t  i n  t h e  i n t e r n a l  h e a t i n g  series,  b u t  a t  a much 
lower s t a t i s t i c a l  l e v e l  of  conf idence .  

The diagrams i n  f i g u r e  8 r e f l e c t  t h e s e  conc lus ions .  'Ihe l a r g e r  

The e f f e c t  of  

The diagrams i n  f i g u r e  8 show t h a t  f o r  a g iven  coa l - f eed  r a t e ,  t h e  c h a r  y i e l d  
d e c r e a s e s  with i n c r e a s i n g  c a r b o n i z a t i o n  t empera tu res ,  a s  would be expected.  However, 
t h e  e f f e c t  of t h e  coa l - f eed  r a t e  on t h e  c h a r  y i e l d ,  a t  h i g h e r  f e e d  r a t e s ,  i s  
c o n t r a r y  t o  what one would expec t :  t h e  c h a r  y i e l d  d e c r e a s e s  a s  t h e  f e e d  r a t e  i n -  
c r e a s e s .  The observed d e v i a t i o n  i n  c u r v a t u r e  can be exp la ined  by the method used 
to  measure temperature .  
t h i s  i n v e s t i g a t i o n ,  t h e r e  i s  a d i r e c t  c o r r e l a t i o n  between t h e  t r u e  t empera tu re  of 
t h e  suspended s o l i d  p a r t i c l e s  and t h e  measured w a l l  t empera tu re  a s  l o n g  a s  t h e  
p a r t i c l e s  a r e  i n  d i l u t e  phase i n  t h e  moving gas  s t ream. However, above a c e r t a i n  
p a r t i c l e  c o n c e n t r a t i o n  t h e  c o r r e l a t i o n  between w a l l  t empera tu re  and p a r t i c l e  tempera- 
t u r e  c e a s e s  because t h e  p a r t i c l e s  moving downward i n  dense phase n e a r  t h e  c e n t e r  of 
t h e  c a r b o n i z e r  tube w i l l  no t  "see" a s  much o f  t h e  sou rce  of  r a d i a n t  h e a t  a s  t h e  
p a r t i c l e s  moving n e a r  t he  tube  wa l l .  I n  t h e  e x t e r n a l l y  hea ted  c a r b o n i z e r ,  t h i s  
shadowing e f f e c t  becanes so l a r g e  t h a t  t h e  w a l l  t empera tu re  i s  no l o n g e r  a true 

When t h e  t empera tu re  of t h e  r e a c t o r  w a l l  i s  measured, a s  i n  
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measure of  t h e  a c t u a l  t e m p e r a t u r e .  The same e f f e c t  is  confirmed by n o t i n g  t h e  
p e r c e n t  v o l a t i l e  m a t t e r  remaining in  t h e  c h a r .  S ince  t h e  same c o a l  is  used through- 
o u t ,  t h e  amount of v o l a t i l e  m a t t e r  remaining i n  t h e  c h a r  t h a t  i s  carbonized i n  
d i l u t e . p h a s e  is  d i r e c t l y  r e l a t e d  t o  t h e  c h a r  y i e l d .  A t  h igh coa l - feed  r a t e s  i n  t h e  
e x t e r n a l  h e a t i n g  s e r i e s ,  t h e  c u r v e s  r e p r e s e n t i n g  t h e  p e r c e n t  v o l a t i l e  m a t t e r  i n  t h e  
c h a r  drop  s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  coa l - feed  r a t e ,  a l s o  i n d i c a t i n g  t h a t  t h e  
l i n e a r  r e l a t i o n s h i p  between w a l l  t empera ture  and c a r b o n i z a t i o n  tempera ture  h a s  
ceased.  

D i f f e r e n c e s  i n  c h a r  y i e l d  and p e r c e n t  v o l a t i l e  m a t t e r  remaining i n  t h e  c h a r  f o r  
bo th  series a r e  e v i d e n t  from t h e  diagram d i s c u s s e d .  The upper  p l o t  shows t h a t  t h e  
minimum v o l a t i l e  m a t t e r  l e f t  i n  t h e  c h a r  from t h e  e x t e r n a l  h e a t i n g  s e r i e s  was 
approx ima te ly  20 p e r c e n t ,  or 5 p e r c e n t  above t h e  15 p e r c e n t  cons idered  optimum f o r  
c o a l - b u r n i n g  powerplan ts .  The optimum of 15% V.M. could n o t  be a t t a i n e d  by means 
of  e x t e r n a l  h e a t i n g  o v e r  the e n t i r e  range of  f a c t o r  l e v e l s  i n v e s t i g a t e d .  
o t h e r  hand, t h e  lover g roup  of  c u r v e s  f o r  t h e  i n t e r n a l  h e a t i n g  s e r i e s  i n d i c a t e  t h a t  
15 p e r c e n t  V.M. c h a r  can b e  made (with an e n t r a i n i n g  gas  composi t ion o f  50 p e r c e n t  
N, and 50 p e r c e n t  C q )  a t  any t empera tu re  w i t h i n  t h e  d e s i g n  l i m i t s  of 1,500" t o  
1,90O0F, and a t  c o a l - f e e d  r a t e s  from 375 to  750 g/hr .  
was 1,075 l b  per  t o n  of c o a l  carbonized .  

On t h e  

The co r re spond ing  char  y i e l d  

A ccnnplete d e s c r i p t i o n  of t h e  y i e l d s  and q u a l i t i e s  of  a l l  of  t h e  p r o d u c t s  ( i n -  
c l u d i n g  g a s ,  l i g h t  o i l ,  t a r  and p i t c h )  w i l l  be inc luded  i n  a for thcoming U.S. BuMines 
Report  of I n v e s t i g a t i o n s .  

CONCLUSIONS 

The expe r imen ta l  r e s u l t s  of t h e  t w o  test series show t h a t  even h ighly  caking  
c o a l s  may be ccrbonized a t  a r a p i d  r a t e  i n  en t ra inment .  The q u a n t i t i e s  and q u a l i t i e s  
of  t h e  p r o d u c t s  can be c o n t r o l l e d  w i t h i n  t h e  l i m i t s  of  t h e  experiment  by a p p r o p r i a t e l y  
combining t h e  tempera ture ,  c o a l - f e e d  r a t e  and e n t r a i n i n g  g a s  composi t ion.  

L a r g e r  c o a l  t h roughpu t  r a t e s ,  w i t h  t h e  d e s i r e d  amount of v o l a t i l e  m a t t e r  remaining 
i n  t h e  c h a r ,  were p o s s i b l e  when t h e  c a r b o n i z e r  was heated i n t e r n a l l y  r a t h e r  than  
e x t e r n a l l y  because of more e f f e c t i v e  h e a t  t r a n s f e r ,  a l t hough  a t  t h e  expense o f  gas  
q u a l i t y .  Thus, by i n t e r n a l  h e a t i n g ,  optimum c h a r  q u a l i t y  (15% V.M.) was achieved 
w i t h  a throughput  of 750 g / h r  i n  a 4 - inch -d iame te r  c a r b o n i z e r  a t  1,900'F. 
c h a r  q u a l i t y  could not  be a t t a i n e d  by e x t e r n a l  h e a t i n g  over  t h e  e n t i r e  range o f  t h e  
v a r i a b l e s  i n v e s t i g a t e d .  

Comparable 

Diagrams obta ined  by r e sponse  s u r f a c e  a n a l y s i s  of  t h e  two s e r i e s  of t e S t - r ~ n 8  
were found u s e f u l  i n  p r e d i c t i n g  t h e  c o n d i t i o n s  under which a p r o d u c t  of  g iven  y i e l d  
and q u a l i t y  can be  produced.  Op t imiza t ion  of p r o d u c t  y i e l d s  and q u a l i t i e s  could be  
achieved  by subsequent  s e r i e s  of f a c t o r i a l l y  des igned  t e s t - r u n s  guided by t h e  t r e n d s  
i n d i c a t e d  by the  p r e s e n t  r e s u l t s .  

' 
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THERMAL CRACKING OF LOW-TEMPERATURE 
LIGNITE PITCH. PART 'II. 

Richard L. Rice,  Delmar R. Fortney,  and John S. Berber 

Morgantown Coal Research Center ,  Bureau of Mines, 
U.  S. Department of the Interior, Morgactown, W.  Va. 26505 

Thermal  cracking of pitch from the carbonization of Texas lignite at low 
temperature  has been under investigation a s  a means of producing aggregate and a 
binder tha t  could be used to fabricate carbon metallurgical electrodes.  A previous 
repor t  on this subject covered preliminary tes ts  on the thermal  cracking of l ig-  
nite pitch a t  1,450' F in a 2-1/2 inch diameter reactor  and showed that a variety 
of products could be obtained (L). In this work, a 4-inch diameter reactor  was 
utilized to evaluate oil, coke, and gas  quality and yields a s  a function of pitch 
feed ra te  temperature  between 1,200" and 1 ,450"  F. 

EQUIPMENT AND MATERIALS 

Figure 1 is a flowsheet of the system. The cracking unit consisted of a 93- 
inch length of 4-inch schedule 40, type 304, s ta inless-s teel  pipe, heated electri: 
cally. Total heating capacity of the c racker  was 13.74 kw. A 1-inch pipe 
extended up through the center  to within about 2-1/2 feet of the top and was per-  
forated with 1/4-inch openings to allow withdrawal of gas  and oil vapors from the 
reaction zone. 

Pitch utilized a s  feed mater ia l  was prepared by distilling crude low- 
temperature  lignite tar under vacuum to an atmospheric boiling point of 660" F. 
The pitch yield was about 45% of the ta r .  
t ies  of the pitch a r e  summarized in Table 1. 

Ultimate analysis and physical proper-  

PROCEDURE 

Pitch heated to 400" F was pumped from the feed tank by a gear  pump 
through electrically heated l ines  into the top of the thermal  c racker .  Pitch uti- 
l ized in  all the runs came f r o m  the same source and was analyzed each t ime for 
C and H content. No significant difference was found. A flow of purge gas  (11% 
C02 ,  8870 N2) swept products f rom the reaction zone. Cracked pitch was collected 
in the rece iver  and the oi l  was condensed and separated.  
the scrubber  and gas  me te r ,  then sampled and vented. 
las ted 1-1/2 hours ,  the pitch flow was stopped and the pump was flushed with tar 
distillate fraction (from tank) to keep the pump from freezing during shutdown. It 
is not likely that t rue steady state was achieved owing to change in reactor  geome- 
t ry  by build-up of coke. Steady 
s ta te  conditions a r e  believed to have been approached, however. 

Gas was passed through 
After each run, which 

Also, heat t ransfer  changed for the same reason. 

After the cracking unit cooled, it was opened a t  the top and bottom and the 
coke was removed from the walls. Cracked pitch was removed from the receiver 
and oil was drained from the condenser and knockout. Each of the three products 
was weighed to the neares t  one-tenth pound. 
to an  atmospheric boiling point of 752' F ,  giving about 20 to 30% distillate and 70 

The oil was distilled under vacuum 
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to 80% residue. 
softening point. .  If the tes t  resu l t s  were in the desi ied range,, the residue was 
used as  a n  electrode binder. The distillate was oxidized to phthalic and maleic 
anhydrides o r  separated.into acids,  bases ,  and neutral .oils; The neutral o i l s .  
were separated into n-olefins, paraffins, and aromatics .  , . 

This residue was tested for carbon and hydrogen content and for  

Gas produced. by the thermal cracking was analyzed by g a s  chromatography. 

RESULTS AND DISCUSSION 

Thermal  cracking was ca r r i ed  out at  temperatures  f rom 1 ,  200" to 1 ,450" F 
and pitch feed ra tes  varying from 5. 5 to 9. 5 lb /hr .  

A residence t ime (liquid basis)  of nearly 0. 70  second was found necessary 
to c rack  the pitch. 
was only slightly more  than 0. 55 second and cracking was not effected. Addition 
of a 2-1/2 foot length of pipe to  the c racke r  increased the residence time to 0.68 
second, an increase sufficient to crack the pitch. 

In initial t e s t s  with a 5-foot-long c racke r ,  the residence t ime 

Figure 2 shows the coke yield f o r  three different feed r a t e s  a t  the tempera- 
tures  investigated. 
indicating that the lower space velocity (gas  bas i s )  led to a g rea t e r  percentage of 
the pitch coming into contact with the hot wall of the c racke r .  The higher crack- 
ing temperatures  also produced more  coke. 
that had been used before, coke yields were  lower and cracked pitch yields were 
higher. 

Highest coke yields were obtained a t  the lowest feed ra te ,  

In the 2-1/2 inch diameter  reactor  

The oil  yield, shown in Figure 3 ,  was higher at the 5. 5 lb /h r  pitch ra te ,  but 

Possibly,  
a yield inversion occurred between 7. 0 and 9 .  5 lb /hr .  
decreased with increase in feed ra te  to a cer ta in  point, then increased. 
the oil is derived by two means during the cracking process:  
feed pitch, and ( 2 )  cracking, with the latter predominant a t  low ra t e s  and giving 
way to distillation a t  high r a t e s .  
carbon-hydrogen ratio of the oil  residue with increase in feed r a t e ,  as shown in 
Figure 4. Figure 4 also shows that the carbon-hydrogen ratio of the oil  residue 
increases  with increasing temperature,  this indicating the g rea t e r  cracking effect  
of higher temperatures.  

Thus,  the oil  yield 

(1 )  distillation of 

This s eems  to be verified by the idecrease in 

Gas yields, Figure 5 ,  appear to have been l e s s  affected by feed r a t e  until 

This indicates that higher cracking tempera- 
1 ,  300" F when the yields leveled out a t  different percentages,  the leveling plateau 
being higher a t  lower feed ra tes .  
tures  and longer residence t ime both tend to produce m o r e  gas  due to the g rea t e r  
amount of cracking that occurs .  

Typical mater ia l  balances a r e  given in Table 2. Product recovery was 
generally greater  than 90  percent. Some los ses  were incurred in removing the 
coke from the reactor and the cracked pitch from the receiver .  
balances had been established for the system in previous experiments and were 
published (l-). 
percent.  

Material  

In these ea r l i e r  tes t s ,  ma te r i a l  balances ranged from 91. 6 to 99. 1 

I 
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FIGURE 1. - Thermal  Cracking System. 
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GAS TRANSPORT THROUGH SECTIONS OF 'SOLID COAL 

F. S .  e r n ,  A. G. Sharkey, J r . ,  B. M. Thames, 
and R.  A .  F r i e d e l  

U.S. Department ,of the  I n t e r i o r ,  Bureau of Mines, 
P i t t s b u r g h  Coal Research Center ,  P i t t s b u r g h ,  Pa. 15213 

ABSTRACT 

Measurements were made f o r  hel ium and methane flowing through t h i n  d i s k s  of 
c o a l .  A t  room temper- 
a t u r e  and a p r e s s u r e  d i f f e r e n t i a l  o f  one atmosphere t h e  flows along t h e  bedding 
plane were: helium, 873 x cm2sec-l, and methane 1 . 2  x cm2sec-l. Flow 
rates were 50 percent  lower a c r o s s  t h e  bedding p lane  of t h e  c o a l  than along t h e  
c o a l  seam. 
mo1e-l f o r  methane f o r  f low measured e i t h e r  a long o r  a c r o s s  the  bedding p lane .  

Flow increased w i t h  p r e s s u r e  d i f f e r e n t i a l  and temperature .  

A c t i v a t i o n  e n e r g i e s  were 3.9 k c a l  mole- l  f o r  helium and 13.6 k c a l  

Knowing t h e  r a t e  a t  which gases  w i l l  d i f f u s e  through coa l  w i l l  h e l p  not  on ly  
i n  understanding r e a c t i o n s  t h a t  can alter t h e  p r o p e r t i e s  of c o a l ,  such as oxida- 
t i o n ,  b u t  a l s o  in s tudying  t h e  dra inage  of methane and o t h e r  combustible gases  
from c o a l  mines. Of a l l  t h e  methods of measuring d i f f u s i o n ,  varying from t h e  
de te rmina t ion  of massive emiss ion  from a coal-mine face to  t h e  measuring of desorp-  
t i o n  from micron-size p a r t i c l e s ,  gas  t r a n s p o r t  through s o l i d  c o a l  s e c t i o n s  appears '  
t h e  most promising. 
s e c t i o n s  o f  c o a l  c u t  p a r a l l e l  and perpendicular  t o  t h e  bedding p lanes  of the c o a l  
seam.  T e s t s  w i t h  a series of d i s k s  from v a r i o u s  l o c a t i o n s  i n  t h e  same mine have 
s h m  reproducib le  r e s u l t s .  Prev ious  i n v e s t i g a t o r s  have encountered d i f f i c u l t y  
io areasuring low flow rates through s o l i d  c o a l .  With a h igh  s e n s i t i v i t y  
(500,000 d i v i s i o n s  p e r  t o r r )  mass spec t rometer  w e  have measured t h e  flow of 
methane and o f  helium, a r e f e r e n c e  g a s ,  through s o l i d  s e c t i o n s  of  c o a l .  Methane, 
the c h i e f  component o f  f i r e  damp i n  a c o a l  mine, h a s  a very  low rate of  d i f f u s i o n  
a t  t h e  temperatures  u s u a l l y  found in  mines. 
gas  i n  c o a l  mines; flow mechanisms inc lude  d i f f u s i o n  through t h e  micropore s t r u c -  
t u r e  and permeation through the f r a c t u r e  system. 

F o r  t h e  p r e s e n t  experiments ,  t h i n  d i s k s  were prepared from 

CervikLI h a s  discussed t h e  flow of  

Labora tory-d i f fus ion  experiments  repor ted  by o t h e r  i n v e s t i g a t o r s  have been of 
two types .  
on ground c o a l  where g a s  p e n e t r a t i o n  i n t o  t h e  u l t r a f i n e  pore s t r u c t u r e  is d i f f u -  
s i o n  c o n t r o l l e d .  A second technique i s  t h e  d i r e c t  measurement o f  s flow a c r o s s  
a t h i n  s e c t i o n - - t h e  method used i n  t h i s  i n v e s t i g a t i o n .  Z w i e t e r i n g ?  and S c h i l l i n g z /  

One type of  experiment  is t h e  measurement o f  s o r p t i o n  o r  d e s o r p t i o n  

, 

s i o n  c o e f f i c i e n t s  on  methane s o r p t i o n  o n  powdered c o a l .  G r a h a d  and 
repor ted  d i f f u s i o n  c o e f f i c i e n t s  f o r  methane flow through a t h i n  sec-  

t i o n  o f  c o a l .  

Gas f ow rate,  1 -1 

S v i e t e r i n  21 Powder 27 2 x 10-1* 
Powder 73 6 3 x 10'10 

Graha& Disk 760 1 5  x 10-8 
Sevens ter5-l Disk 400 3 x 10'11 

P r e s s u r e  d i f f e r e n t i a l ,  
Investigator Coal form t o r r  cm sec 

Sch ill ingJ 5 



Sorp t ion  methods r e q u i r e  an estimate o f  su r face  a r e a ,  pa th  l e n g t h ,  and f r e -  
quen t ly  a temperature e x t r a p o l a t i o n .  
d e s o r p t i o n l l  r epor t ed  d a t a  i n  t e r n s  o f  cm3g-lsec-l .  
comparing gas f l o w  a t  va r ious  temperatures  and p r e s s u r e s .  The d a t a  presented i n  
t h i s  paper  may be more p rope r ly  de f ined  as flow r a t e s  than d i f f u s i o n  c o e f f i c i e n t s .  
The r a t e s  a r e  expressed a s  cm2sec-l based on t h e  volume o f  gas  t r a n s p o r t e d ,  t he  
geometric area o f  t h e  f ace ,  and t h e  th i ckness  of  t h e  coa l  d i s k .  

Hofer61 us ing  adso rp t ion  and Walker u s ing  
These d a t a  are u s e f u l  f o r  

EXPERIMENTAL 

Our experimental  procedure i s  a mod i f i ca t ion  of t h e  method r epor t ed  by 
S e v e n s t e r . l /  Coal d i s k s  were prepared from sound c o a l  samples s e l e c t e d  from t h e  
Bruceton Mine i n  the  P i t t s b u r g h  seam (hvab c o a l ) .  A sample was considered sound 
i f  i t  had no v i s i b l e  c racks  and i f  t he  helium flow m e t  s t anda rds  e s t a b l i s h e d  by 
t e s t i n g  a l a r g e  number o f  coa l  d i s k s .  The d i s k s  were c u t  and ground t o  13 t o  
1 9  uun d iame te r  and 1 to  6 mm th i ckness .  Disks about  1 mm t h i c k  were good f o r  
p re s su re  d i f f e r e n t i a l s  of  20 t o  120 torr ,  b u t  6 mm th i ckness  was necessa ry  f o r  
p re s su re  d i f f e r e n t i a l s  of about  1 atmosphere.  The d i s k s  were prepared so t h a t  
gas flow could be measured e i t h e r  a long o r  a c r o s s  the  bedding plane of t h e  c o a l .  
Each c o a l  d i s k  was sea l ed  wi th  epoxy cement t o  t h e  f l a r e d  end of a g l a s s  tube 
which had been fused i n s i d e  ano the r  g l a s s  tube (Figure 1).  T h i s  e s t a b l i s h e d  two 
bulbs  sepa ra t ed  by t h e  coal d i s k .  The bulbs  were evacuated t o  less  than 1 micron 
p r e s s u r e  over  a per iod of 18 hour s  a t  100" C .  A f t e r  evacuat ion bulb A was f i l l e d  
w i t h  hel ium o r  methane a t  20 t o  760 t o r r .  Bulb B w a s  opened a t  a p p r o p r i a t e  i n t e r -  
v a l s  and t h e  gas analyzed by m a s s  spectrometry.  Gas flows were measured a t  approx- 
imately 10" C i n t e r v a l s  between room temperature  and 100" C with t h e  temperature  
c o n t r o l l e d  with an e l e c t r i c  h e a t i n g  j a c k e t  and the rmos ta t .  Gas flow rates  were 
expressed as cub ic  cen t ime te r s  ( a t  s t anda rd  cond i t ions )  o f  helium o r  methane 
which would pass  pe r  second throu h a d i s k  1 square cen t ime te r  i n  c r o s s  s e c t i o n  
and 1 cen t ime te r  i n  th i ckness  (cmgsec-l). The p r e s s u r e s  i n  t h e  two b u l b s  remained 
e s s e n t i a l l y  cons t an t  du r ing  each  experiment.  

The p re t r ea tmen t  o f  t h e  c o a l  d i s k  s t r o n g l y  inf luenced t h e  i n i t i a l  rate o f  gas 
f low.  The s tandard p re t r ea tmen t  (evacuat ion a t  100" C f o r  18 hours)  was designed 
t o  evacuate  gases  from t h e  coal-pore system wi thou t  a l t e r i n g  the  c o a l .  Gas flow 
through a f r e s h l y  evacuated d i s k  was r ap id  a t  f i r s t  bu t  decreased w i t h  t i m e ,  and 
r ep roduc ib le  d a t a  could on ly  be obtained a f t e r  a n  induc t ion  per iod o f  s e v e r a l  days.  
A f t e r  3 days a cons t an t  flow r a t e  was observed. I n i t i a l  flow rates v a r i e d  with 
t h e  e x t e n t  of evacuat ion,  bu t  i n  a l l  cases t h e  d a t a  were r ep roduc ib le  a f t e r  a 
s t eady  flow r a t e  was e s t a b l i s h e d .  

RESULTS 

Data were obtained f o r  10 d i s k s  o f  varying th i ckness  and c u t  e i t h e r  a long o r  
a c r o s s  the  bedding p l ane  o f  t h e  coa l  seam. Helium flows were measured bo th  along 
and a c r o s s  the  bedding p l anes  a t  s e v e r a l  temperatures  between 24" and 100" C .  
Arrhenius p l o t s  gave a c t i v a t i o n  ene rg ie s  o f  3 . 9  k c a l  mole-1 f o r  flow i n  e i t h e r  
d i r e c t i o n .  The flow r a t e  a long the  bedding plane w a s  approximately t h r e e  times 
the  r a t e  a c r o s s  t h e  bedding p l ane .  Helium flows were measured a l s o  a t  a s e r i e s  of 
p r e s s u r e s  between 4 t o r r  and 760 t o r r  and a t  room temperature .  These d a t a  were 
e x t r a p o l a t e d  t o  zero f l o w  a t  z e r o  p re s su re  drop.  

Since the  flow va r i ed  d i r e c t l y  wi th  p r e s s u r e ,  helium flow rates could be c a l -  
c u l a t e d  a t  room temperature and a p re s su re  d i f f e r e n t i a l  o f  l atmosphere.  

Gas flows a t  room temperature  and a p res su re  d i f f e r e n t i a l  o f  1 atmosphere,  
observed d i r e c t l y ,  have been v e r i f i e d  by e x t r a p o l a t i o n  of a ser ies  of obse rva t ions  
a t  s e v e r a l  p re s su res  and temperatures .  
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Helium flow, cm2sec-latm-' x l o l o  
from temperature  d a t a  from pressure d a t a  d i r e c t  

Flow along 1114 786 780 

Flow across 361 325 300 

I n  l i k e  manner methane flows were measured both along and a c r o s s  t h e  bedding 
p l a n e  a t  s e v e r a l  t empera tures .  Arrhenius  p l o t s  (Figure 2 )  gave a c t i v a t i o n  energ ies  
o f  13.6 k c a l  mole- l  f o r  flow i n  e i t h e r  d i r e c t i o n .  
p r e s s u r e  (Figure 3 ) .  

Methane flow a l s o  v a r i e d  wi th  

Methane flow r a t e s  w e r e  ob ta ined  from t h r e e  sources .  

Methane flow, cm2sec-'atm-l x l o l o  
from temperature  d a t a  from pressure d a t a  d i r e c t  

Flow a long  1.2 1.2 1 .2  
Flaw a c r o s s  0.3 1.2 0.5 

DISCUSS ION 

The mechanism f o r  g a s  f low through coa l  could be molecular  d i f f u s i o n  through 
t h e  small pores ,  bulk d i f f u s i o n  through t h e  l a r g e r  pores ,  o r  permea ion  through 
t h e  f r a c t u r e  s y s t e m  o f  t h e  c o a l  bed. Zwieter ing and van Krevelen,- 8f u s i n g  mercury 
p e n e t r a t i o n ,  measured t h e  p o r e - s i z e  d i s t r i b u t i o n  f o r  a l o w - v o l a t i l e  b i t  inous 

t h e  v a r i o u s  flow mechanisms encountered i n  mine workings.  The r e p r o d u c i b i l i t y  
between c o a l  d i s k s  makes i t  u n l i k e l y  t h a t  f r a c t u r e  p o r o s i t y  was encountered i n  
t h e  l a b o r a t o r y  tests d e s c r  bed i n  t h i s  paper .  Di f fus ion  o f  gases  through porous 
s o l i d s  h a s  been d e s c r i b e d  
l a w )  and 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  square r o o t  of  t h e  molecular  weights  of 
t h e  gases .  This paper  h a s  confirmed t h e  a p p l i c a b i l i t y  of  F i c k ' s  l a w  b u t  n o t  t h e  
molecular  weight dependence. 
t h e  rate o f  methane; t h e  r a t i o s  observed were 800:l a t  room temperature  and 40:l 
a t  looo C. 
t h e  pore w a l l s  o r  by a c t i v a t e d  d i f f u s i o n  as suggested i n  r e f e r e n c e s  5 and 8. 

coal and found pores  v a r y i n g  from a few angstroms t o  50,000 A. C e r v i k  1y" descr ibed  

as p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  (F ick ' s  

For molecular  flow helium should d i f f u s e  a t  twice 

This might be expla ined  a s  d i f f u s i o n  modified by g a s  a d s o r p t i o n  on 

Flow along t h e  bedding p l a n e  was f a s t e r  than flow a c r o s s  t h e  bedding p l a n e .  
The assumption t h a t  t h e  rate of  g a s  t r a n s p o r t  would vary i n v e r s e l y  wi th  t h e  d i s k  
t h i c k n e s s  was supported where a d i s k  2.2 mm t h i c k  w a s  compared wi th  a d i s k  6 .0  mm 
t h i c k .  

alonfOthe 
Methane flow d a t a  o b t a i n e d  i n  t h i s  s tudy  (1.2 x 10-10m2sec-1atm-1 

bedding p l a n e ,  0.7 x 1 0 - l o  a c r o s s )  c a  
cdsec'Latm'l repor ted  by S e n e n s t e r . 2 7  The two experiments  were c a r r i e d  o u t  on 
d i f f e r e n t  c o a l s  and p o s s i b l y  d i f f e r e n t  o r i e n t a t i o n s  of t h e  bedding p lane .  
a c t i v a t i o n  e n e r g i e s  r e p o r t e d  h e r e  f o r  methane (13.6 k c a l  mole-I)  and hel ium (3.9 
k c a l  mole-1) are c o n s i s t e n t  w i t h  d a t a  i n  t h e  r e c e n t  l i terature.  K a y s e r g l  meas- 
u r e d  g a s  s o r p t i o n  on a 30-percent  v o l a t i l e - m a t t e r  c o a l  and repor ted  10.9 and 2.4 
k c a l  mole-1 r e s p e c t i v e l y  . 

be compared wi th  the va lue  0.28 x 10- 

The 
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THERMOCOUPLE 

TO MASS SPECTROMETER L 

TO GAS SAMPLE 
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Figure  1 . -  D i f f u s i o n  apparatus.  
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Figure 2 . -  Gas flow as a func t ion  of temperature .  Methane flow a l o n g  
and a c r o s s  t h e  bedding plane o f  P i t t s b u r g h  seam c o a l .  

L-10760 



L 

t 

0 
'0, 

0 
N 

0 
Q) 

0 
U 

0 
0 
0 
OD 

0 
0 
(D 

0 
0 
U 

0 
0 
N 

0 

pc 
0 

I 
-1 

I 



I. I n t  rociuct Lon 

The presence of a t o m  and rree radicals i n  a methane-air flame 
Drocuces not only carbon Ciioxidi': and water b u t  a l so  a l a rge  number of 
t r a c e  const i tuents  i n  part .-per-nil l ion and part -per-bi l l ion concentra- 
t i o n  l eve l s .  These include the oxides of nitrogen, unsaturated hy- 
drocarbons, and p a r t i a l l y  oxygenated species.  This paper w i l l  discuss 
the  e f f e c t s  of flame chemistry on ethylene and the oxides of nitrogen. 
It w i l l  be shown t h a t  similarities d o  e x i s t  i n  the formation of these 
s9ecies i n  flames a t  atmospheric pressure, but  the dissimilarities are 
of 5vcn g rea t e r  i n t e r e s t  than the  similarities. I n  pa r t i cu la r ,  ethy- 
lent? i s  found i n  much higher concentrations i n  the flame than NO and 
YO2 desp i t e  t h e  f a c t  that it i s  thermodynamically unst.able whereas the 
ni t rogen oxides are not.  

Studies of the react ions of nitrosen, n i t r i c  oxide, and oxygen at 
hish ternperatwe ind ica t e  that the formation and disappearance of 
n i t r i c  oxide, t h e  pri.mar;r oxide of nitrogen found i n  flames and f l u e  
prx?.ucts, occLir a t  ver.7 low rates.' With the add i t iona l  f a c t  that, i n  

Kauhan, F. an: Gecker, L. J., "Seventh Symposium ( In t e rna t iona l )  
on Combust ion, Butterworths, London, 57 (1958 ) . 

t h e  methane-air flame and i;.s hot reac t ion  products, where there i s  
usually l i t t l e ,  i f  any, oxur:;en as such, it i s  apparent tha t  the occur- 
rence of the oxides of nitroTen are d u e  t o  processes involving t h e  re- 
a c t i o n  intermediates of  the fuel-oxygen react ion.  Details of such 
elementary processes are not known. The evidence obtained from studies  
on hydrogen-nitric oxide and hydrocarbon-nitric oxide flames indicates  
t h a t  i f  any n i t r i c  oxide e x i s t s  i n  t h e  react ion products, it i s  i n  
equilibrium amounts' ( t h a t  i s ,  7:rith nitroqen and oxygen). 

' i!clfhard, Y. G. and Parker, W. G . ,  " F i f t h  3rmposim ( In t e rna t iona l )  
on Corrbustion," Reinhold, 71'- (1355;:. 

3 oen.;:al pat torn of' :c;dr.ozarbori oxidation i n  flames has been 
_. ,__ . ._ --,:;-,,:el;; :-,;;<iief &'t:hol;-:- - .r.ar,;.- of the  , ( ; t a i l ed  reazt ions remain t o  
:=cr 1dr:ntified and reaswed .' 
_._. 

It has been incicated" t h a t  i n  oxygen-rich 
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sa tura ted  hydrocarbon flames, hydrocarbons lower than the  i n i t i a l  f u e l  
a r e  formed through t h e  reac t ion  sequence . / 

4 OH + C, -, H20 + C n '2n+l 'n-1 H2n-2 + ''3 

This i s  the  case when t h e  i n i t i a l  r ad ica l  formed i s  higher than ethyl ,  
the CHs rad ica l  being s p l i t  off t o  form the  next lower o le f in .  In  t h e  
methane-air flame, however; ethylene and other  C2 species  are expected 
t o  arise as a result of the  recombination of methyl r ad ica l s  

From this point o f  view, ethylene formation i n  flames might, be expected 
t o  follow the pat tern of the  cracking reac t ion  of methane. However, 

it must be noted, as will be emphasized i n  t h i s  paper, t h a t  the rate 
of formation and decay of ethylene (as w e l l  as the oxides of ni t rogen)  
cannot be considered as merely a pure pyrolysis  o r  d i r e c t  t h e m 1  re- 
ac t ion ,  t he  chemistry o f  combustion grossly in t e r f e r ing  and competing 
with these  mechanisms. 

11. Experimental 

pressure burner. The burner, schematically depicted i n  Figure 1, con- 
sists of a long v e r t i c a l  tube, approximately 3/4 inch i n  diameter, 
through which various methane-air mixtures are fed, surrounded by a 
larger annular region providing a secondary feed t o  the  flame. By 
means of batch-sampling with a quartz microprobe' and ana lys i s  with a 

This work w a s  car r ied  out w i t h  a large,  single-port  atmospheric 

See Reference 3, Chapter 9. 

Varian Aerograph series 1200 Chromatographic unit  (employing a flame- 
ion iza t ion  de tec to r ) ,  concentration p r o f i l e s  f o r  t he  various f l a t  
methane-air flames were obtained. A batch sampling time of about 15 
Seconds was used in most cases.  The ad jus tab le  quartz probe was con- 
nected t o  the  sampling and de tec t ion  loop by means of Teflon-tubing. 
The diameter of t h e  porous p l a t e  burner w a s  5.2 cm. Aeration of  the 
primary mixture w a s  varied from 84% t o  100% t o  120% of t h e  s toichio-  
metr ic  a b  required f o r  combustion. Primary mixture flow r a t e s  were 
varied from 1 5  t o  30 SCF per hour, and secondary air flow r a t e s  were 
varied from 10 t o  20 SCF per hour. 
of molecular s i eve / s i l i ca  g e l  column. 
were separated'from o the r  flame products by means of a column of 
Poropak-5 (50-80 mesh). 
52OC t o  ensure good peak readout. 
methane was employed in the  study with no fu r the r  pur i f ica t ion .  

NO and NOn were separated by means 
Ethylene concentration prof i les  

The columns were operated a t  a temperature Of 
Matheson Ultra-High Pur i ty  grade 
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III. Results an6 T'iscussion 
\ 

\ 

A. Oxiccs of I\Iitroqcn 

The format.ion of t h i  o s idcs  of nitro;;t.n i n  methane-air flames i s  
frequnntl:: considt.r-3-d as a s idc reac t ion  of t.li~? combustion process; 
the  oxides i'ormiq b e c a a c  air i s  heatdd t o  a hi<h i;ornperature. Tlic 
data presented here ind ica t e s  that  t h i s  i s  not the case. 

Figurcs 2 and 3 anc Tab12 1 i n d i c a t e  t ha t  NO2 i s  found i n  t h e  
"preheat" 3r t ransport  region between t h e  surface of t hc  f l a t  flame 
burner and the flame. The concentration of NO2 incrc?a.ses from zero 
t o  as much a s  10 spm over t h i s  1 mm dis tance.  ( I n  inost cases, a l l  
reported concentrations are reproducible t o  w i t h i n  k1 ppm. ) 

af te r  t h e  flame snoi:r both a n  increase i n  the t o t a l ,  NO + NO2, and a 
 an^:-‘ i n  t ! : ~  r a t i o  between these two species.  For a stoichiometric 
x t h a n e - a i r  flame with a secondary stream of a i r  the Concentrations are 
'7.5 ?,pm of NO2 ana 0 ppm of' NO a t  a height of 0 . 1  c m .  A t  a height of 
1.1 CE (about 1 . 0  ern above the flame), the concentrations along the  
cen te r l ine  of the burner have become 2 . 0  ppm of NO2 and 11.0 pprn of 
?IO. The dccrc-ase i n  t he  concentration of NOa i s  5 .5  ppm while t h e  in- 
zrease i n  MO i s  1 1 . 0  ppm. Both Figures 1 and 2 i nd ica t e  that t h e  bulk 
species (ni t rogen oxides) concentrations are e s s e n t i a l l y  constant in 
t h e  region above the flat flame. 

Beyond t h i s '  "f'lame zone" the ;inal r a t i o  of NO t o  NO2 i s  s t rongly 
affected by the conditions i n  the  
For example, i n  a stoichiometric flame t h e  NOe i s  observed in increase 
from about 2 ppm a t  a height o f  1.1 em t o  almost 5 ppm at 3.6 cm above 
the  burner. The NO concentration decreases from about 1 0  ppm t o  7 ppm 
over t h i s  same dis tance.  The t o t a l  concentration remains constant at 
1 2  ppm. 

A model of t he  detai led chemistry of NO and NOa was developed t o  
explain the r a t e s  of formation observed for the oxides of nitrogen. 
The react  ion s e t  includes the following react ions:  

The measured concentrations of the oxides of ni t rogen before and 
-,!? 

cooling'' region above the flame. 

N2 +- 0 NO + N 
NO + N -, N a  + 0 
0 2 + N 4 N O + 0  
NO + 0 02 + N 

2FiOZ 4 2NO + 02 (MI + NO + 0 - r?02 + (MI 

The inportance o f  these rcact ions f o r  NOo2 formation in flames can be 
cotermined 'E;; compariw; t;!x calc!ilat:;d time required f o r  each of these 
react ions to f o m  t h e  obsr;r.vcc amount of NO and NOn w i t h  t he  ac tua l  
time avai lable  f o r  rpact ion i n  t h e  flame. I n  t h i s  way, the r e l a t i v e  
imcortancc. gr t.il.-: react ions can be determinec. The r e s u l t s  arc ex- 
;;-e;csec f G r  t k ~ ; .  r s e c i f i c  r.t.<ions. The rtTions, of  course, are not 
irla.;?encE-ni b u t  arc; c lo se ly  linkecl t o  each other  (Table 11). The 
3roclr:ss can be vir!:aliz-rl. as f'ollows: The f u e l - a i r  mixtlure leaves 
t h e  blirner and flows thro:qh :.h? preheat reZion. H w e ,  the  gases 

t h e  burner. Tkie preheatrid m i z t u r e  then ir;nitr;s, c a u s i n f , a  rapid change 
r a n i G i - , -  increase i n  temp.;.raturc; becadso of tho heat flowing back t o  
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i n  composition and a f u r t h e r  increase i n  temperature. 
changes i n  composition from a f u e l - a i r  mixture t o  combustion products 
together  wi th  t he  s t e e p  temperature gradients  make the  flame ana lys i s  
complex -hence, the segregation of t he  flame in to  regions which a re  
easier t o  handle by conventional ca lcu la t ions .  

I n  the preheat region, NOa i s  formed by rapid formation of NO and 
subsequent complete oxidation of t he  NO t o  N 0 2 .  The calculated r e s i -  
dence times of reac t ions  1, 2, 3, and 4 are i n  good agreement with 
t h e  ac tua l  residence time i n  the system. F i  ure 4 shows that the t o t a  
concentration of t h e  oxides of nitrogen (NOx? increases while NO2 de- 
creases .  The k i n e t i c s  o f  reac t ion  5 adequately describe the decompo- 
s i t i o n  step,  while react ions 1 and 3 accounted f o r  the  increase i n  
(NO + N O 2 ) .  
remains constant. The reac t ion  of NO w i t h  atomic oxygen roughly pre-  
d i c t s  (within *10 ppm) the  observed oxidation. 

I n  an attem t t o  r e f ine  the  ca lcu la t ions  fo r  t he  system, reac- 
t i o n s  1 through were combined w i t h  a mathematical model of a f l a t  

so that a complete time-temperature composition h is tory  of 

These rapid 

Beyond the combustion region, the concentration of NOx 

W e i l ,  S. A. ,  S t aa t s J  W. R. and Rosenber R. B.,  h e r .  Chem. Soc. 
(Div. Fuel Chem. ) Prepr in ts  l.0, No. 3,  8 4  (1966). 

W e i l ,  S. A. ,  I n s t i t u t e  of Gas Technology R e s .  B u l l .  No. 2, 
Chicago (1964 ) . 

7 

t h e  feed mFxture could be determined. T h i s  calculat ion,  performed on 
a n  e lec t ronic  computer, did not serve t o  improve the  d i s p a r i t y  between 
observed and ca lcu la ted  values. 
rate constants present ly  ava i lab le  i n  the  l i t e r a t u r e .  The combustion 

The computation usedsthe data f o r  

Schofield, K., Planet Space Sei .  2, 643 (1967). 

i 

react ions were described by an overa l l  k ine t i c  expression of t h e  form 

The sources of t h e  atomic species were assumed t o  be the  equilibrium 
set of react ions : 

20 + M 02 + M 
2 N  + M NE + M 

The numerical p red ic t ions  f rom t h i s  model show that t h i s  mechanism 
can produce only about 1 ppm of NO and a l m o s t  no NO2. 
source of e r r o r  i n  the  model i s  the assumption of  equilibrium o f  0 and 
N. It i s  w e l l  known that these s p e c i y  e x i s t  i n  concentrations greater) 
than equilibrium ( f o r  N2 and O2 i n  a non-reacting" system) but the 
exact concentrations at various points i n  an atmospheric pressure flame 
a r e  not known. 

The most obvious 
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B. Ethylene 

The concentration of t t h i l e n e  i n  various regions of a flame i s  
s t rongly dependent upon t h e  fuel/air r a t i o  i n  the  primary mixture. 
For a fue l - r ich  mixture (84$ of s toichiometr ic  air i n  the  primary mix- 
t u r e  with a secondary air  s t ream),  the peak ethylene concentration i s  
almost 800 ppm. Th i s  occurs at  a radial pos i t ion  of about 0.7 em from 
the  burner center l ine  ( the  burner diameter i s  2.G em). 
concentration a t  the  center l ine  i s  about b50 ppm. For a stoichiometric 
primary f u e l - a i r  m i x t u r e ,  t h e  maximum ethylene concentration occurs at 
t h e  Same point but i t s  concentration i s  only 400 ppm. The concentra- 
t i o n  a t  the center l ine  of t h i s  flame i s  almost zero. For a fuel- lean 
flame (120% of s toichiometr ic)  the  maximum concentration o f  about 300 
ppm occurs a t  t he  burner center l ine .  This concentration decreases 
slowly w i t h  d is tance from the  center  out t o  2 cm. A t  t h i s  point, d i l u -  
t i o n  by the  secondary air  becomes large,  and the concentration decreases 
from about 240 ppm t o  about 50 ppm between 2.0 and 2.5 cm. 
ures 5 and 6. ) 

One s t r i k i n g  d i f fe rence  between NOx and C2H4 i s  i n  the  radial 
concentration p ro f i l e s .  A s  noted, both the fue l - r i ch  and t h e  s to ich io-  
metric flames show peak ethylene concentrations at  0.7 em from the 
burner center l ine .  By contrast ,  t h e  peak NOx concentration occurs a t  
the center l ine  i n  both of these flames, t h e  concentration decreasing 
with increasing dis tance.  The sha e of the  NO, vs. d i s tance  curve 
changes as a funct ion of the  f u e l / % , r  r a t i o  but the pos i t ion  of the 
maximum concentration i s  always at the burner center l ine .  

A second d i f fe rence  between NO, and C2H4 involves the  postcombus- 
t i o n  react ions.  E th  lene  forms i n  the v i s i b l e  flame region i n  concen- 
t r a t i o n s  as high as 800 ppm. 
combustion region w i t h  3 ppm or  l e s s  pe r s i s t i ng  t o  a height of 3.5 cm 
above the  burner. Consequently, the conditions i n  t h e  post-combustion 
region a r e  of primary importance i n  determining the final emissions 
of C2H4. By contrast ,  t he  t o t a l  concentration of NOx i s  determined 
by the  flame and not by t h e  post-combustion react ions.  The t o t a l  NOx 
concentration remains constant i n  t h i s  region w i t h  only t h e  r a t i o  of 
NO t o  NO2 changing. For example, the concentration of NO, produced by 
a s toichiometr ic  flame i s  about 1 2  ppm. Leaving the  flame front ,  the 
combustion products w i l l  contain about 2 ppm of NOa and 1 0  ppm of NO. 
A t  a height of 3.5  cm, the  concentrations are 5 ppm of NO2 and 7 ppm 
3f NO with the t o t a l  concentration remaining constant.  

C. Ethylene Formation i n  Methane-Air Flames 

We have experimentally characterized the formation of ethylene 

The ethylene 

(See Fig- 

Most of t h i s  ethylene r eac t s  i n  the  post- 

(C2H4) i n  a flat methane-air flame. 
these important conclusions : 

0 Oxjgen has two important e f f e c t s  on CZH4 formation. 1) Oxygen o r  
air in the  r m r y  methane-air mixture decreases t h e  production 
of C2H4. 
The d i f fus ion  of secondarj  air  i n t o  the flame increases  the  C2H4 
formation, with the  increase being g rea t e s t  f o r  fue l - r i ch  primary 
mixtures. We have developed a hypothesis f o r  t he  e f f e c t  of O2 t o  
explain this anomoly which i s  consis tent  w i t h  s t u d i e s  of ethylene 
formation i n  other  systems. 

Analysis of t he  data has yielded 

27 Oxygen from the  secondary air  has t h e  opposite e f f e c t .  
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0 A methane-air flame does produce s ign i f i can t  amounts of C2H4 i n  
the combustion products. A s  much as 3 ppm have been observed. 
However, almost 800 ppm of C2H4 i s  present in the  v i s i b l e  reac t ion  
zone of t he  flame. 

0 All of the C2H4 forms i n  t h e  v i s i b l e  reac t ion  zone. Most of t h i s  
CnH4 reacts  ( t o  form COa and H20) downstream of the flame. Quench- 
ing  t h e  flame by impinging it on a cold surface could g rea t ly  in-  
c rease  the amount of C2H4 i n  the  combustion products by preventing 
t h e  downstream reac t ions  of C2H4. 

Hypothesis f o r  Ethylene Formation 

We a r e  pos tu la t ing  t h a t  ethylene forms v i a  a reac t ion  of some 
species,  a s  ye t  undetermined with oxygen. T h i s  can be i l l u s t r a t e d  as 
follows : 

Q + 02 C2H4 + products (10) 

(11) 

The oxygen has an a l t e r n a t e  reac t ion  path ava i lab le  t o  i t :  

CH4 + 202 - CO2 + 2H20 

Thus, t he re  i s  a competition f o r  the  ava i lab le  oxygen between species 
0. (which forms e thylene)  and CH4 (which does not form e thylene) .  
i s  probable t h a t  t h i s  i s  not the only path by which ethylene forms, 
another being - 

It 

2CH4 -, C2H4 + 2H2 

By so  doing, it decreases t h e  formation of ethylene v ia  

(12  1 
The e f f e c t  of oxygen i n  t h e  primary methane-air mixture i s  t o  

consume CH4. 
Reaction 12.  The e f f e c t  of oxygen from the  secondary a i r  is t o  en- 
hance Reaction 1 and thereb; increase ethylene formation. 

For the  fue l - r i ch  and s toichiometr ic  flames (Figures 5 and 6 ) ,  
there  i s  a considerable d i f fe rence  i n  t h e  C2H4 concentrations between 
the  burner center l i n e  and 0 .7  em from the  center  l i ne ;  t he re  i s  more 
ethylene at 0.7 ern than a t  the  center  l i n e .  
of some physical o r  chemical difference between the  two points  that i s  
caused by some outs ide inf luence on the system because temperatures 
and species  concentrations across  a f l a t  flame burner would otherwise 
be uniform. 

This must be t h e  r e s u l t  

The poss ib i l i t y  of temperature d i f fe rences  causing C2H4 concen- 
t r a t i o n  differences w a s  rulzd o u t ;  previously obtained p r o f i l e s  show 
that the  temperature d i f fe rence  between these  two points i s  only a few 
degrees K e l v i n  - not enough t o  account fo r  a 150-350 ppm concentration 
6 i f  rerence.  

d i f fe rence  i n  C2H4 concentrations between the two sampling points 1.3 
the  r e s u l t  o f  d i f f e r i w  O2 concentrations.  Essent ia l ly ,  02 di f fuses  
i n t o  t h e  pr imarj  reaTtion zone from the secondary a i r  stream. 
cen t r a t ion  gradient results where the re  i s  approximately 0.5-3$ more 
O2 at a r ad ia l  o s i t i o n  of 9.7 cm than at the  center  l i n e  of the bWner 
(Figures 7 and 8 ) .  
i n  excess of what i s  formkd at the  center  l i n e .  

It appears that O2 enhances the formation of C2H4 and t h a t  the 

A con- 

The addi t iona l  O2 at 0.7 cm then causes C2H4 t o  form 
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The O2 s r o f i i e s  show that no oxygen from the secondary i s  present 

a t  the  burner x m t e r  l i n e .  Therefore, the  vaiue of the C2H4 concentra- 
t i o n  a t  t h i s  point i s  the  valuc that Frould appear !inifomnly a c m s s  the 
burner shoulc: no secondar:: a i r  c s i s t .  

Beyond a ' radial  posi t ion of 3.7 cm (Figures 5 an2 6 ) ,  the  lower 
concentrations of ethylene a r e  probably caused by lover  temperatures 
overshadowing O2 enhancement. More extensive d i l u t i o n  by secondary 
a i r  w i l l  l a so  account f o r  part of the  concentration decrease. I n  this 
region t h e  formation reac t ion  or  reac t ions  would have the poten t ia l  
o f  being speeded up by the addi t iona l  O2 founa nearer the secondary. 
However, the lower temperatures would have the  opposite e f f e c t  of  slow- 
% the  formation reac t ion .  Apparently, temperature i s  the  stronger 
of  the  two e f f ec t s .  This r e s u l t s  i n  l e s s  C2H4 being produced at  t h e  
edges of the  burner. 

The data  ind ica te  t h a t  there  is a l s o  some upper l i m i t  of O2 con- 
cent ra t ion  i n  the primary, above which C2H4 formation i s  no longer 
detectably enhanced by secondary 02. For a 120% of stoichiometric 
flame composition, where considerable excess O2 a l ready  e x i s t s  i n  the  
primary reac t ion  zone, the  highest  C2H4 concentration i s  a t  the  center  
l i n e  and s t ead i ly  decreases away from the center  l i n e  (Figure 9) .  

We bel ieve the excess 02 from the primary stream overshadows any 
e r f e c t  of O2 from the secondary stream. For example, i f  some species 
C; r eac t s  w i t h  O2 t o  form C2H4 and the  reac t ion  i s  fast enough so  t h a t  
a l l  of Q reacted p r io r  t o  sampling, then t h e  addi t ion  of even more O2 
(from the  secondary) would not r e s u l t  i n  de tec t ing  more C2H4: 

where n > 1. 

Tormat ion. Some re l a t ed  experiments by Robertson and Matsonyreported 
by Minkoff and Tipper') i n s i c a t e  tha t  the add i t ion  of s m a l l  quant i t ies  

L i t e r a t u r e  lends support t o  the pos tu la te  of O2 enhanci ethylene 

Minkoff, G;, J. and Tipper, C.F.H. ,  "Chemistry of Combustion 
Reactions, London, Butterworths (1962). 

of O2 - up t o  2% - t o  a fue l - r ich  acetylene mixture can increase ethy- 
lene  production. More recent ly ,  Fenimore and Jones, inves t iga t ing  
ethglene flamesiofound the  ame indica t ions  of O2 enhancement. Thg work of Haskell on the  pyrolysis of propane between 350' and 700 C 

Heskell, X.  W.,  Disser t .  Abst. J8, SO (1958). 

shows t h a t  an increase i n  ethylene formation i s  caused by the  addi t ion 
of smali amounts o r  02. The a p p l i c a b i l i t y  of Haskel l ' s  work t o  the 
combustion of CH4 i-, however, i n  doubt. 
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Sthylene i n  Combustion i'rocucts 

O u r  subsecuent s t u d i e s  of ethyiene r'ormation rill center  around / 
::I:, pi3-q- react ion region because l i t t l e  or no formatiun occurs i n  
ctiier regions of' t h i s  s p e c i f i c  flame. The C2H4 concentration drops 
i::-:iZt ica1l.j j u s t  beyond the  reac t ion  zone and then remains e s sen t i a l ly  
constant.  The drop i n  concentration i s  approximately .'io0 ppm (Figure 
- 7 ) )  ana i s  probably due t o  t h e  reac t ion  of CH4 wi th  O2 t o  form COz and 
fi&. The resul t  i s  a f i n a l  concentration of 0 . 5  t o  3 ppm j u s t  beyond 
t h s  react ion zone. The f l u e  gas e x i t i n g  from t h e  experimental chamber 
a l s o  contains about 3.0 ppm of  C2H4. This concentration can presm-  
ab ly  be enhancec i f  t h e  C2H4 react ions are prevented from occurring, 
such as by quenching. 

IV. Conclusion 

The data of t h i s  work have confirmed t h a t  the formation of the 
oxides of nitrogen i n  atmospheric methane-air flames i s  primarily deter-  
r jned by t h e  combustion chemistry w i t h  t h e  chemistry of heated a i r  

methane flame system: a )  t h e  decomposition of NO2 t o  NO, and b )  forma- 
t i o n  o f  addi t ional  NO from N2 and Oa-derived flame species.  The d i s -  
pa,.it;r between calculated and observed values As a t t r i b u t e d  t o  t h e  lack 
of a quant i ta t ive inc lus ion  of the e f f e c t s  of superequilibrium" con- 
c x t r a t i o n s  o f  N ana 0 atoms. , 

Ethylene i s  shown t o  form t o  a very l a rge  extent within t h e  combus- 1 

/ 

3La;ring a secondary r o l e .  Two d i f f e r e n t  processes describe the  NOx- i 

1 

1 

t i o n  zone of the flame ( v i s i b l e  region) .  
uc t s  contain l i t t l e  ethylene,  concentrations approaching one par t  per 
thousand or observed i n  this  flame region. Ethylene formation i n  flames 
i s  seen t o  be dependent upon post-combustion react ions whereas NO and 
NO2 formation depend on ly  upon flame zone react ions.  

Although t h e  f i n a l  f l u e  prod- 
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I '  

Table I. CONCENTRATION CHANGES OF NO AND NO2 WITH INCREASING 
HEIGHT OF THE BURNER FOR A STOICHIOMETRIC 

--AIR FUME WITH AN AIR SECONDARY 

0.1 c m  A b o v e  B u r n e r  

0.0 0.0 0.0 
7.5 7 -  1 5.7 
7.5 7 - 1  5.7 

1.1 c m  A b o v e  Burner 

NO 11.0 2 .0  0.0 
NO2 2.0 5.6 3 . 5  
NO + NO2 13 .0  7.6 3 -  5 

Conc . Increases 

NO 
NO 2 
NO + NO2 

+11.0 +2.0 0.0 
-5 .5  -1.5 -2.2 
+5.5 +0.5 -2.2 
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Table 11. CALCULATED AND ACTUAL RESIDENCE TIMES* 

I n  t h e  Preheat Region 

N2 + 0 + NO + Ni 
02 + N + NO + 0 
N2 + 02 - 2NO 
NO + 0 + NO2 
2NO + 02 + 2NO2 

In the Combustion Region 

N2 + 0 - NO + N j  
02 + N - NO + 0 
2N02 2NO + 02 

N2 + 02 - 2NO 

In the   cool^ Region 

NO + 0 -, NO2 
2NO + 02 -. 2N02 

Calculated Actual. ' Difference* 
Seconds 

0.587 X 

2.0 x 101 
2.12 x 10-2 
4 . 2 5  x 1015 

0.35 X 

0.78 X lo-' 
1.1 x lo1 

5.0 x io -2  
4.8 x i o L 5  

1.22 x 10-2 
1.22 x 10-2 
1.22 x 10-2 
1.22 x 1Q-2 

1.04 X 10-1 

1.04 X 10-I 
1.04 -X 10-1 

6.25 x 
6.25 x lo-' 

-0.634 X l o q 2  
- 
-2.0 x 101 
+o.go x 10-2 
-4.25 x i o L 5  - 

-0.965 x io-1 

-0.922 X 10-1 
TL.1 x lo1 

-1.25 X 
2 . 8  X 1015 

' 
'The comparison of these reactions has been made on the basis of 
the residence time of reaction necessary t o  form the experimental 
observed quantity of NO,. 

* Seconds calculated minus seconds actual .  
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CH. -*+ AIR A+ COOLANT 

SECONDARY GAS 
FLOW STRAIGHT 

-I G N ITER / 
TRANSVERSE 

THERMOCOUPLE OR 
SAMPLING PROBE 

A X I A L  
THERMOCOUPLE OR 
SAMPLING PROBE VIEWING PORT 

Fig. 1. -BURNER DESIGNED TO DETERMINE CHEMISTRY OF 
NITROGEN OXIDES PRODUCED IN METHANE-AIR FLAMES 

-_ - ------- -- --- ~ 

---- -- 

\ Figure 2. WTAL CONCENTRATION OF ClXIDES OF NITROGEN IN A 
METHANE-AIR STOICHIOMETRIC AT THE BURNER CENTER 
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unis HEIGHT ABOVE BURNER, cm 

Figure 3. TOTAL C9NCENTRATION OF OXIDES OF NITROGEN I N  A 
EVEL-RICH (64% of Stoichlornetric) FLAME AT BURNER CENTER LINE 

12.0 
RUN NO. 

DISTANCE FROM BURNER CENTERLINE, cm, 
(0) (b) ~-36287 

Figure 4. TOTAL COTTCEIFT&TION OF AITROSEN FOR A 
IKEiTHAhT-AIR S T G I C H I O I E m R I C  F’LAMX AT a) 3.1 cm 

AND b) 1.1 zr, AE\T BURNER 
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RAMAL 
-2.0 -3.0 

A-IQh382 
WSITION,cm 

Figure b ETHYLENE CONCENTRATION AS A FUNCTION OF 
RADIAL POSITION AT 0.1 cm ABOVE THE BUFUZR FOR 

STOICHIOMETRIC CHI-AIR FLAME 

\ 

-1.0 -2.0 -SO 
h-elOtl38~ 

MOUL KSlTIC1J,cm 
-€  

Mgure 6. ETHYUNE CONCENTRATION AS A FUNCTION OF 
RADIAL POSITION AT 0.1 cm ABOVE THE BURNER FOR 84% 

OF STOICHIOIGTFUC CH4-AIR FLclME 
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i o  

-1.c' -2.0 -3.0 
RADIAL POSITION, an 

€ 

Figure 'Z OXYGEN CONCENTRATION I N  84% OF STOICHIOMEZTRIC 
CHc-AIR FjX4E (From Secondary Air Only) AT a) 1.1 cm 

AND b) 0.5  cm ABOVE BURNER - 
( a )  

-1.0 -2.0 -3.0 
RADIAL POSITION, cm 

Figure 8. OXYGEIL' CO~lCETlTTRATION IH 190$ OF STOICEIdFEI%IC 
CH4-AIR ELAME ( F r m  Szcon2ary Air Only)  AT a) 1.1 cm 

AND b) 0.5 cm AE3OVE SURFER 
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Mgure 9 .  E;THyLENE CONCENTRATION A S  A FUNCTION OF 
RADIAL P O S I T I O N  AT 0 . 1  cm ABOVE BURNER FOR 120% OF 

STOICHIOMETRIC CH4-AIR FLAME ' 
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Fas t -F low Kinetic S tudies  of Methane Reactions with Atomic Oxygen at  Room 
Tempera tu re  

R. V.  Se rauskas  and R. A. Keller 

/ 

Insti tute of Gas Technology, IIT Center  
Chicago, Illinois 

1. Introduction 

Many contributions to kinetic r a t e  knowledge have  resu l ted  f r o m  premixed 
flame s t u d i e ~ . ' * ~ * ~  A flame, consisting of a mul t i - reac t ion  complex medium, lends 
1. R. M. F r i s t rom.  and A. A. Westenberg, "Flame Structure." McGraw-Hill, New 

York (1965). 
2. S. W. Benson, "The Foundations of Chemica l  Kinetics," McGraw-Hill, New York, 

276 (1960). 
3. N. Basco  and R.G.W. Norrish,  Can. J. Chem.18. 1769 (1960). 
i tself  to unambiguous kinetic ana lys i s  only with difficulty. Specifically, the  m o r e  
recent  f lame s tudies  of combust ib le  methane mix tu res4  have d i rec ted  much inter-  
4. R. M. F r i s t rom.  C. Grunfelder.  and S. Favin. J. Phvs.  Chem. 64. 1386 and - 

1393 (1960). 
est of la te  toward the  elementary'reactions in  the methane oxidation scheme. New 
and improved techniques fo r  the study of a tom and rad ica l  reac t ions  have led to re- 
newed kinetic studies which have confirmed some  e a r l i e r  r e s u l t s  and have been at 
odds with others.  T h e  addition of var ious  chemically per turb ing  agents  to the 0- 
a tom/CH4 system, f o r  example,  allow for the study of some e l emen ta ry  oxidation 
reac t ions  a t  room t e m p e r a t u r e  by the more convenient and unambiguous flow-dis- 
cha rge  techniques. However the r e s u l t s  in a l l  c a s e s  have not been uniform, expec- 
ially i n  sys t ems  containing ~ x y g e n . ~  
5 .  F. Kaufman, in " P r o g r e s s  in  Reaction Kinetics," Vol. 1 (ed. G. Por te r ) .  Perga-  

mon P r e s s .  New York, 1 (1961). 
In this work, a number  of methane-oxygen reac t ions  have been  studied em- 

ploying a fast-flow reac t ion  system. coupled d i rec t ly  with a Bendix model  3015 
time-of-flight m a s s  spec t romete r .  N and H-a tom t i t ra t ions  as wel l  as Woods-Bon- 
hoef fer  d i scharges  are  employed in  generating the ac t ive  species.  

II. Exper imenta l  

The  reaction s y s t e m  employed is depicted schematically in  F igu re  1. A 
Woods-Bonhoeffer d i scharge- f low sys t em is in  t r a in  with a Bendix model  3015 time- 
of-flight m a s s  spec t romete r .  Atoms o r  rad ica ls  en te r  in the cen t r a l  annular space  
in  the reac t ion  t ra in .  Reac tan t s  en te r  through the cen t r a l  tube fitted with a Teflon 
"Swage" gland to p e r m i t  movement  along the reac t ion  t r a in  axis. In this way, the 
d is tance  of the mixing r eg ion  f r o m  the molecular  leak  (aluminum foil  d i sk  with a n  
0.005 inch pinhole) c a n  b e  varied.  A 40 l i t e r / s e c  Stokes'  pump thrott led through a 
l inear  flow velocity of about 10 m e t e r s / s e c  and a reac t ion  reg ion  p r e s s u r e  in the 
10 to 1000 mi l l i t o r r  range .  Knowing the volumetr ic  flow ra t e ,  v, and the diameter,  
- d, of the reactor,  the distance,  z, of the tube mouth f r o m  the  T u F  sampling leak 
can  be re la ted  to the time variaTle. t. i n  an  absolute fashion bv the relation: 

nai t = ( )z-I 4v 
T h i s  reaction holds s t r i c t ly  fo r  the  c a s e  of a cy l indr ica l  r eac to r  and l amina r  
The  methane, used without fu r the r  purification, w a s  Matheson Ultra-High Pur i ty  
grade.  Matheson R e s e a r c h  g rade  HC1 wag employed i n  the catalytic study. Ma- 
theson High P u r i t y  g r a d e  NO, w a s  redisti l led in  vacuo for  u s e  in the generation of 
OH radica ls .  The oxygen used w a s  Ultra-High Pur i ty  grade  Matheson, employed 
without fu r the r  purification. 

Oxygen a toms  w e r e  genera ted  by two methods: (1) the d i scha rge  of a 1 to 9 
OJAr  mix tu re  ( 2 )  the v e r y  rapid gas-phase  t i t ra t ion  of NO by N atoms (N +NO' 
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Nz+O), the N a toms  being generated by discharging N,. 
generated by the rapid gas  phase  t i t ra t ion of NO, with H a toms  (H'NO,' NO'OH), 
the H a toms being generated by d ischarge  of a 5 %  H2/95% A r  mixture  containing a 
t r a c e  of water  in o r d e r  to aid dissociation (The walls of the reaction t r a i n  were  
coated with phosphoric acid to g ive  low, reproducible wall- recombination effects.) 
In a l l  ca ses  the tempera ture  remained within 1" of 298°K. 

LII. Resul t s  and Discussion 

The hydroxyl r ad ica l s  w e r e  

A. Methane-0-atom Reaction with HC1 Cata lys t  

At room tempera ture  the reaction between methane and a tomic  oxygen is ex- 
t r eme ly  slow because  the reaction has  a hea t  of activation between 8-9 kcal/g-mole. '  
Consequently, if one wished to study the reaction, the investigation mus t  be con- 
ducted a t  elevated t empera tu res  o r  a suitable catalyst  m u s t  be added fo r  room temp- 
e r a t u r e  studies. 

W e  selected hydrogen chloride gas as a catalyst  f o r  this  study because  it is 
known to acce le ra t e  the reaction between methane and a tomic  nitrogen. 

The following react ions may be considered in  this  system: 

H C l + O  O H + C 1  
k OH +O -b O , + H  

C1 +CH,$' H C P  CH3 

CH3 +O CH2+ OH 

CHZ+O C O + H + H  (5)  
CO +OH k6 C 0 3  H 

CHI +OH k,7 HzO+CH3 

CHI +O CH3+OH 

CHI +H '' CH3'Hz 

CH3 + 0 2  l S l o  HO, +CHz 
HC1 +O lSl1 C10 +H 
c 1  +o, ~ 1 Z C 1 0 + 0  

Thio reaction scheme yields a s e r i e s  of 12 simultaneous different ia l  equations that 
are ext remely  difficult to solve analytically. 

e rgy  of activation of 8 kca l /g-mole  o r  more .  A t  300°K. the difference in r a t e  be- 
tween a reaction with Ea = 4 kcal /g-mole  and one with 8 kca l /g -mole  is a factor  of 
about 10'. Thus, two react ions with approximately equal  r eac t an t  concentrations 
and frequency f ac to r s  will  differ in  ra te  by 1000 if  they have  such an  activation en- 
e ruv  difference. 

As a f i r s t  approximation, we might e l imina te  a l l  of the react ions with an en- 

0, ~~ 

Using this criterion, Table 11s6 shows that Reaction 7 through 11 can  be  elim- 
6. K. Schofield. Planet. Space Sci. 15. 643 (1967). 
h a t e d  f rom the reaction scheme. We w i l l  show l a t e r  that  an  e r r o r  h a s  apparently 
been introduced by eliminating Reaction 9. 
ly  i s  sufficiently high to offset  the activation energy  difference.  

eumption specif ies  that the rate expres s ions  f o r  all of the act ive spec ies  be  se t  
equal  to zero. F o r  example. the r a t e  of format ion  of chlor ine a toms  is a r  follows: 

The concentration of H atoms- apparent- 

A second approximation involves the  "steady- s ta te  assumption." This  as- 

7 d(C1) = kl(HC1)(0) - ~ ~ ( C ~ ) ( C H I )  

kl(HC1)(0) - k,(Cl)(CHI) = 0 

(13) 

(14) 
Using the steady- r ta te  as rumpt ion  yields the following equation: 

The  following equations a r e  obtained by using the s teady-state  assumpt ion  for CHz, 
CH* and OH: 
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(21) 2k,(HC1)(0) 
kZ(O) + k6(COj 

(OH) = 
The r a t e s  of the reac t ions  of 0. CO, and C 0 2  can now be writ ten and simpli- 

f ied using the above expres s ions  fo r  the concentrations of the active species.  

(22) 
- -  2klkZ(HC1)(0)' d(o) - -3kl(HC1)(0) - k,(0) + k6(co) dt 

(24) - -  d(COz) - 2kikb(HC1)(O)(CO) 
dt  kZ(0) + k,(CO) 

F o r  the conditions of this  study, (CO)<1/5  (0) so that  kz(O@ b ( C 0 ) .  The 
r a t e  expression fo r  the d isappearance  of atomic oxygen is. therefore:  

(25) 

(26) 

(27) 

+- d(O) -5k,(HC1)(0) 
d t  

Integrating this expres s ion  yields - 
With t = t ime  8 2, z = r e a c t o r  distance,  and u = l inear  flow velocity. 

l n ( 0 )  - -5kl(HGl)t + l n ( 0 ) O  

U 
l n ( 0 )  = -5kl(HC1E + l n ( 0 ) O  

Therefore ,  a plot of l n ( 0 )  vs. z should yield a s t ra ight  line. Figure 2 shows the 
exper imenta l  data  plotted in this  manner .  The react ion exhibits f i r s t - o r d e r  behav- 
i o r  between 100 and 300 mm,  but deviates  f rom this  behavior beyond this.point. It 
a lmos t  appea r s  that  the reac t ion  s tops short ly  beyond the 300-mm point. Our an- 
a lys i s  wi l l  concentrate  on the f i r s t  300 m m  of the reactor .  In this region the slope 
of the cu rve  yields a r a t e  constant of 2.65 X 10-15cu cm/pa r t i c l e - sec .  If this  r eac -  
tion has  a s te r ic  fac tor  of 0.1, the activation energy  i s  about 5 kcal/g-mole.  

Th i s  value for  the r a t e  constant i s  consis tent  with the postulated mechanism. 
The r a t e  expres s ion  for  0 atom disappearance (Equation 25) shows that Reaction 1 
is the s lowert  o r  ra te-control l ing s tep  of the mechanism.  Comparison of the value 
of kl(2.65 X lo-'') with the values  in Table LI shows that this  is indeed the case.  

of tha r a t e  conrtants  and the var ious concentrations:  

' 

Equation 23 for  the format ion  of CO can b e  simplified by applying the values 

d(dCtO) = kl(O)(HCl) (28) 
Substituting the expres s ion  fo r  the 0 atom concentration yields - 

(29) 
"go) - kl(HCl)(0)oe -5kl(HCl)t 

Integrating Equation (29) yields  - 
(CO) = 9 (0 1 [l - e -5kl(HC1E 3 (30)  - 

The r a t e  expression fo r  CO, can now a h a  be integrated: 
-5 kl(HC l) t  

(CO,) = ,- (HC1)(0), Ct+ e 5kr(HC1) - ' I  ( 3 1 )  _ .  
The integrated expres s ions  show the c o r r e c t  quali tative detai ls  for  the reac-  

tion, but the quantitative predict ions a r e  not accurate .  F o r  example, the equations 
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predic t  that CO should be p r e s e n t  in g rea t e r  concentrations than COz. Figure  3 
shows that t h i s  effect is indeed observed. However, the quantitative predictions 
a r e  not in ag reemen t ;  the predicted r a t e s  of format ion  a r e  too low. 

The amount 
of CO formed i n c r e a s e s  by a fac tor  of 5 (in the ea r ly  s t ages  of the  reac t ion)  a s  the 
init ial  HCI concentration is increased .  

exper imenta l  data. 
the reac tan ts  and products.  About 8 0 %  of the 0 a toms  that r e a c t  a r e  recovered  as 
e i ther  CO o r  CO,. 
amount of wa te r  is quite small and the  amount of Oz fo rmed  is a l s o  sma l l  and can- 
not be  accura te ly  de te rmined  because  of the l a r g e  background 0, concentration. 
Within these  l imitations.  the m a s s  balance i s  good and indicates that the data are 
in te rmal ly  consistent. F r o m  this, i t  appea r s  that  the reac t ion  scheme  is incom- 
ple te. 

Reaction (9). 
ently high. H a toms  a r e  formed by Reactions ( 2 )  (a v e r y  f a s t  reaction),  (5), and (6). 
Therefore ,  they m a y  be p re sen t  in a sufficiently high concentration to make  Reac- 
tion (9)  significant. Reaction (9 )  produces both CH3 and OH radica ls .  CH3 reac ts ,  
via CH2, to fo rm CO. and the CO is oxidized to CO, by OH. 
action (9 )  should provide for  f a s t e r  r a t e s  of CO and COz formation. 

Another qualitative fea ture  of the reac t ion  is shown in  F igu re  4. 

This i s  predicted by Equation ( 3 0 ) .  
The equation's pred ic t  the qualitative but not the quantitative f e a t u r e s  of the 

The da ta  quality has  been de termined  f r o m  a m a s s  balance on 

The reaction a l so  f o r m s  wa te r  and molecu la r  oxygen. The 

The m o s t  probable d iscrepancy  in the proposed scheme i s  the elimination of 
This  reaction can  be rap id  if the concentration of H a t o m s  is suffici- 

Hence, inclusion of Re- 

B. Poss ib le  Influence of Excited 0 2  

The  above da ta  shows that about 25% of the or ig ina l  methane  will  be  convert-  
ed to products  (CO + COz) ove r  a reaction zone length of 350 mm. F i g u r e  5 p re -  
s en t s  s o m e  data fo r  this sys tem,  comparing the reac t ion  of d i scharged  0, with CHI 
to that of 0 a toms  genera ted  in the t i t ra t ion  of NO with N a toms.  Curve  A indicates 
the format ion  of CO, f rom a CH4/HCI mix tu re  using 0 a t o m s  genera ted  in the gas-  
phase  t i tration: N + NO4 N,+ 0. Curve B gives the da ta  f o r  the same s y s t e m  a f t e r  
adding about 15 X l o - )  m m  Hg of ground-state 0, to the a tom s t r eam,  which a l so  
contains about 15 X m m  Hg of 0 a t o m s  as de termined  by the  gas-phase  t i t r a -  
tion. Discharged 0, (with about 1 5  X lo-'  mm Hg of 0 a t o m s  and 15 X m m  of 
Hg of 0,) used  in p lace  of the 0 a tom s t r e a m  obtained by t i t ra t ion  y i e lds  Curve  C. 
which shows cons iderable  enhancement of the combustion p r o c e s s  o v e r  Curves  A 
and B. 
fec t  of molecular  oxygen on 0 a tom reac t ions :  
the  chemica l ly  per turb ing  agent for  t hese  sys tems.  

The only difference between Curves  C and B is that the f o r m e r  p r e s e n t s  da ta  
for the CH4/HCl /0  sys t em i n  the p re sence  of excited molecular  0, while the l a t t e r  
involves only added ground-state 0 2 .  In a n  e l ec t r i ca l  discharge,  the following pro-  
cesses can  take place: 

The da ta  of Curves  A and B lend suppor t  to the possibil i ty of a specific ef- 
exc i ted-s ta te  molecu la r  0, may be 

o2 - zo(3~) (32)  

0 2  2 0 (  'D) (33 )  

O 8 C  P,+ O('D)' Oz('A g ) +  O('P) 

(34 )  

(35)  

02(% - ) +  O('P)- O J l A  ) + O ( ) P )  ( 3 6 )  
g g + 

The radiative loss r a t e  constant for  O2 ('E 
sec. and 10-"cc/particle-sec.  f o r  O,(lA 
chemica l  reaction s y s t e m s  a t  modera t e  
7 .  A. M. Fal ick  and B. H. Mahan, J. Chem. Phys.  47, 4778 (1967). 
i n e r t  toward sa tura ted  hydrocarbons,  0 2  LA 
f ree- rad ica ls .  and unsa tura ted  compounAs.) 

) m a y  be a s  l a r g e  a s  10- '3cc/particle- 
) ,g thus  allowing Oz('A 
to rapid flow rates. '  

) to i n t e r f e r e  i n  
(Although quite 

1 is known to r e a c t  readi ly  with atoms, 

I t  is a160 poseible that such reac t ions  a s  
Hg(63P)+ M' Hg(6'S)+ M* 
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concentration lower than the  detectable l imi t  (about 1.60 X 1013 molecu le s / cu  c m  
in this c a s e )  within 0.01 sec .  
s t r a t ed  by a crude e s t i m a t e  employing the  following simplified steady- s ta te  scheme: 

The problem of HCHO formation can  then be  demon- ' 

O + H C 1  kAO O H + C l  (37) 

C 1 + C H 4  ko CH3+HC1 ( 3 8 )  

Then, 

C H 3 + 0  Q0 H C H O + H  (39 1 
HCHO + 0 k4° non-carbonyl products  (40) 

(41) 
d k13 - d [CH,] - d [HCHOj = - - - -  

dt  d t  d t  

Thus, 
[HCHOI = % kC11 (45) 

k40 
With [HCHO] = 0.5 m i l l i t o r r  and P C l ]  = 20 mi l l i to r r ,  and with an  est imated 
lo-' '  cu c m / m o l e - s e c ,  the  m o s t  re l iab le  da t a  for Reaction 40 yields a value k '  

k4r38 X 
" 2 5  mil l i to r r ,  a n  amount  readi ly  de tec tab le  by the 3015 TOF. 

cu  c m / m o l e - s e c ,  which would m a k e  the  s teady-s ta te  value of h C H 0 1  
In short ,  if carbonyls 

a r e  in t e rmed ia t e s  in  the r eac t ion  of CH, with 0 a t o m s  a t  room tempera ture ,  our re- 
su l t s  demand that they be  p r e s e n t  a s  reac t ive  spec ie s  (such a s  formyl  radicals,  
HCO) r a t h e r  than s tab le  molecules .  

D. Reaction of OH with CH4 

' T h e  p r i m a r y  s c h e m e  as soc ia t ed  of OH rad ica l s  in the flow reactor is as  fol- 
lows: 

O H + O H  H 2 0 + 0  (46) 
(47 ) O + O H  J o  O , + H  

O H + C H 4  C H 3 + H 2 0  (48)  

(49 1 

k 

Y 0-H 
OH(adsorbed+ quenched) 

OH f (wal l )  

(The  ini t ia l  reac t ion  to produce OH h a s  k,>> kg, k,, and k,, and hence the  conversion 
of H into OH i s  cons ide red  to be  instantaneous.)  In the  absence  of methane, the kg 
s tep  i s  noncontributing and  - 

Rate(OH) - - + dt dLOH1- - -k6010HjZ- k70 [b l ~ O ~ - ~ o H ~ O H ~  (50)  

S ince  k6o and k,o a re  comparable  a t  room temperature ,  we may  a s s u m e  a 
Th i s  yields k70[OJ = ste?dy:state condition for  0 a t o m s  such that  d[Ol/dt = 0. 

k60 LOHi and hence, 



In the p re sence  of CH,. k,, contr ibutes  and, assuming that CHI does  not a l t e r  the 
kinetic wal l  behavior of OH,- 

\ 

- (kgo [CHJ + Y OH) b ~ l  (52 )  

(53  1 
Both Equations 17 and 18 a r e  of the fo rm - 

d -  2 - -Aay +b) 
(with y = [OH] ) which may be solved by the substitution - 

Ir =.,6 Y 
aY 

which yields  
( 5 4 )  

( 5 5 )  = .-bt 
PO 

[CH4] is a s sumed  essent ia l ly  constant s ince  i t s  concentrat ion i s  59 t imes  g rea t e r  
than [OH] in  this  system. 

F igu re  6 presen t s  some recent  data  on the fast-flow reac t ion  between CH4 
and OH. ( 0 indicates  the react ion without CH,; 0 indicates  the reac t ion  in the 
p re sence  of CH4.) 

In this  system, k&<2k60 and (k,,[CHJ + y )<< 2k6, [OH1 These  numer ica l  
values  m a k e  i t  difficult to u se  the method of ini t ia l  r a t e s  to analyze the  data. How- 
ever ,  i t  is possible  to  use  the integrated r a t e  eqx2tion (55).  This  equation can be  
simplified by expanding the exponential t e rm,  e- , as  a power series, neglecting 
the higher  powers  of bt s ince they a r e  much less than unity: 

I 

( 5 6 )  
wj- l + ( r )  b z =  1 + b t  

Z 

o r  rear ranging  Equation (56) yields - 
y-l" 1 (a + by,-')] + yo- 1 (57 )  

Z 

Thus, a plot of y-' agains t  z ( rec iproca l  of [OH] v e r s u s  distance, z, f r o m  inlet) 
should be l inear .  F r o m  the difference in s lopes of two such s t ra ight  l ines  (one fo r  
a run with CH4, one f o r  a run  without i t )  one can  obtain k4, the r a t e  constant in ques-  
tion. 

SLOPE, equal  to the s lopes  of the y-'  v e r s u s  z curves  fo r  the run  with d H 4 a n d  the 
run  without. respectively, yields - 

, 
The data  plotted in  F igu re  7 show the predicted l inear  relation. 
F r o m  Equation 57. the definitions of a. b. and y, and set t ing SLOPE and 

- COHI yo) [Vo(SLOPEo) - 2k601 (58 )  
-r 

F r o m  Figure  10 and the 3015 sensitivity value for  OH (1 .60  X 10" pa r t i c l e s /  
cu cm = 10 units), and using the repor ted  value6 f o r  bo (2.5 X 
w e  have - cu cm/pa r t - sec )  

< 
2k60 = 80 unit-' sec-' 
[OH&(CH4) - 10 units 

\ = 7.0 units 

SLOPE c H4 
0.0326 unit- ' c m -  ' 

\ SLOPE, = 0.0474 unit-' cm-' 
In the run  with CHI, the !low ra t e  v 
58.94 sec-'. Since [CH,J = 2.43 X CH4 10l6 molecules /cu  cm, we have ks0 

recent ly  repor ted  by Creiner .8  and about 3 t imes  lower than that repor ted  by Wilson 
8. N. R. Greiner ,  J. Chem. Phys. 490 (1967).  

= 2.635 X l o 3  cm-sec- ' .  Thus, bo EH4] = 

cu cm/par t ic le -sec .  This  i s  roughly an o r d e r  of magnitude lower than that 
2.42 X 



and Westenberg.9 In the absence  of data a t  o ther  t empera tu res  we m a y  use the 
9. 

approximate  coll ision theory argument' that the ra'te constant i s  given by - 

which g ives  an activation energy  of 5.65 kca l /mole  for the CH4+ OH reaction. 

tion p r o c e s s  for a hydrocarbon i s  the abs t rac t ion  of a hydrogen a tom f rom the hydro- 
carbon by a tomic  oxygen or hydroxyl. 

W. E. Wilson and A.  A .  Westenberg, "11th Symposium (International)  on Com- 
bustion," Combustion Institute (1967). 

(59  1 l o - l ~ -  5 e - E a / R T  
k80 = 

Whether a t  high o r  low tempera tures ,  a chain propagation s tep  i n  the combus- 

The generalized hydrogen atom abs t rac t ion  reaction can be written" 
R H 4 - B '  . ' ' H ' ' '  B ' T + H B  (60)  R m l  m.? 

10. 

where  m ,  and m z  a r e  the bond o rde r s ,  i n  the t rans i t ion  state,  of the "breaking bond" 
R'  * 'H and the "forming bond" H' ' 'B. 

H. S. Johnston, "Gas P h a s e  Reaction Rate Theory," Ronald P r e s s ,  New York 
(1966). 

This  bond-order concept has  i t s  intuitive 
appea l  to the chemis t  and s t ruc tu ra l  chemis t  on the b a s e s  of bond length, bond 
strength, and coordinating valence. Thus, in a single covalent bond involving one 
p a i r  of shared  e l ec t rons  a s  in  Hz o r  HC1, the bond o r d e r  is 1. 
since one may see tha t  t h e r e  a r e  th ree  pairs contributing to bonding (a so-called 
"0 Z n ~ 4  o rb i ta l"  configuration) the bond o r d e r  t h e r e  i s  3. 
heBe i s  to r e m e m b e r  that, in the bimolecular reac t ion  above, the underlying assump- 
tion is that the s u m  of bond o r d e r s  r e m a i n s  constant throughout such abstraction 
reactions.  That is, ml+  mz = 2. 

the t rans i t ion  s ta te  given b y  

In nitrogen, however, 

The impor tan t  resu l t  

One may  then t r e a t  such reac t ions  by a s suming  a valence bond potential f o r  

V = DRH - CRH(mIP)  - DHB(rnz4) + V r  I 
I 

where  the D's are the bond dissociation energ ies ,  V r  is the  energy  of repulsion 
a r i s ing  f r o m  the parallel e l ec t ron  sp ins  on R and B, and q are  empi r i ca l  p a r a m e t e r s  
indicating the s t rength  of the  in te rmolecular  valence forces.  
whe're t r i p l e t  states a r e  involved (two para l l e l  e l ec t ron  sp ins  on the  same species),  
twice the repuls ion .energy  h a s  to b e  included for a m o r e  reasonable  es t imate .  

lo9 c u  cm-mole- ' - s - '  fo r  the OH+ CH4' CH,+ HzO reaction. 
activation energy  for  such a reac t ion  is about 5 to 6 kcal-mole-' .  
bond o r d e r  method y ie lds  about 5 kcal-mole- '  as  a n  activation energy. 

hanced in the p x e n c e  of d i scharged  r a the r  than t i t ra ted  oxygen. Our  first inter-  
p re ta t ions  assoc ia ted  this ex t r a  activity with excited 0,. namely (a  g) 0,. Table ZII 
is a ,brief compendium of r a t e  constants and activation ene rg ie s  a s  calculated by the 
bond energy-bond o r d e r  method. 

about 10.000 t imes  m o r $  rap id  than the ground-state Oz reac t ion  a t  flame tempera-  
t u re s .  Although the  'cg 
(coll isional and rad ia t ive)  fo r  this spec ies  a r e  much too shor t  to complete w'th that 
for  the 'Ag state (46 minutes) .  
i s  expected. Each  of the r a t e  constants" in Table 111 i s  computed by the prescr ip t ion  
11 .  
of activated complex theory.  Success ive  var ia t ion  of the p a r a m e t e r s  of Equation 8 
l eads  to a "saddle point curve ."  o r  cu rve  of s t eepes t  ascent. The maximum of this 
path may  be taken a s  the activation evergy, Ea. Assuming a l inear  complex, one 
can readi ly  calculate the r a t e  constant f r o m  

F o r  oxygen spec ies  

Recently, o u r  r e s u l t s  indicated a room t empera tu re  rate constant of about 
This  implies that the 

The bond energy- 

W e  have a l s o  indicated that the combustion of methane is  significantly en- 

From the above table, i t  i s  obvious that the CH,+ O,( 'ag) reac t ion  should be  

s t a t e  of 0, indicates a n  even g r e a t e r  reaction, the l ifetimes 

t Thus, no significant concentration of t h i s  ' c g  spec ies  

S. W. Mayer and L. Schieler.  J. Phy s. Chem. a 2628 (1968). 

= KT k T  . Q* 
-Ea/RT 

k r a t e  

where  the 0, and .QB a r e  reac tan t  par t i t ion  functions, Q$ is the parti t ion function of 
the complex. R i s  the a s  constant (in cal-mole-1 -deg-1 i f  Ea  is in  cal-mole-1). k is 
Boltzmann's constant, % is  P lanck ' s  constant, and K is the t r ansmiss ion  coefficient 



fo r  the  potential  b a r r i e r .  
t e m  is  less than the potential a t  that point, t h e r e  is a finite probabili ty of finding the  
sys t em in  the configuration beyond that  point. 
coefficient, and the "process"  is r e f e r r e d  to a s  quantum-mechanical  "tunnelling." 
In any event, Equation 6 2  can b e  readi ly  calculated for  m o s t  simple reac t ions  and 
h a s  been shown to give ve ry  re l iab le  es t imated of the  r a t e  cons tan ts  for  a g r e a t  
number  of e l emen ta ry  reactions.  

a s  the  corresponding reac t ions  with 0 atoms. 
r eac t ions  of O,( 'Ag) with CH,' rad ica ls  o r  with unsa tura ted  hydrocarbon intermed- 
i a t e s  might  be  quite competit ive with a t tack  b y  oxygen atoms.  
bes t  va lues  fo r  0 atom a t tack  on CH, give an  activation ene rgy  of 10.5 kcal-mole-' .  
However,  the r a t e  constants fo r  reaction of 0 a toms  with CH,' m a y  be  comparable  
t o  CH,' reac t ion  with excited O,, s ince  each reac t ion  involves encounter  between 
spec ie s  having free valences.  The actual concentration of exc i ted  0, m a d e  by a n  
electrical d i scha rge  (concentration in  the downstream effluent) m a y  b e  a s  high as  
10% of the total  p r e ~ s u r e . ~  Th i s  would mean  that  in  the expe r imen t s  with CH, and 
HC1 i t  would b e  reasonable  to expect  that concentrations of the o r d e r  of 20 m i c r o n s  
Hg(about 6 X lo', mo lecu le s / cu  c m )  of '& O2 w e r e  available in  the reac t ion  zone. 
Assuming that  the reac t ion  r a t e s  of 0 2 ( l A g )  and O('P) a t o m s  with CH3 are similar, 
one would expect  about a three-fold i n c r e a s e  in  oxidation r a t e  in  the e l ec t r i ca l  d i s -  
cha rge  experiment .  

J V .  Conclusions 

Quantum mechanically,  even though the  ene rgy  of a s y s -  

Th i s  probabili ty if the t r ansmiss ion  

It should be observed that the reac t ions  in  Table I11 for  CHI + 0 2  are  not a s  f a s t  
However, one would expect  that the 

For  example,  t he  

Although both HC1 (and Cl,) catalyze the reac t ion  of CH, with 0 and 0 2 ,  the  ex- 
tent  of the reac t ion  a t  room t empera tu re  is smal l .  We could de t ec t  no quantitative 
evidence for the formation of any carbonyls  o r  carbonyl  f r a g m e n t s  during the c o u r s e  
of the oxidations (this, however,  does not preclude the i r  p r e s e n c e  as v e r y  shor t -  
lived in t e rmed ia t e s  in  such sys tems) .  
produced no effect  on the reac t ion  of 0 a toms  with CHI. 
N O  stream gave no evidence of any r a t e  changes.  
cantly enhances the formatlon of combustion products.  
t ively attr ibuted to the p r e s e n c e  of excited ( 'Ag)02 in  the system. 
CH, with OH rad ica l s  h a s  been studied a t  roon 
of 2.42 X cc /pa r t i c l e - sec .  

V.  Acknowledgements 

'j The p r e s e n c e  o r  absence  of ground-state  0 2  
Addition of 0, to the N + 

Discharged 02, however, signifi- 
Th i s  r e s u l t  has been  tenta- ' The reac t ion  of 

temperature ,  yielding a r a t e  constant 

\ 

The  au tho r s  of th i s  pape r  are  deeply indebted to the  A m e r i c a n  G a s  Associa- 
tion for  their suppor t  in  th i s  work. 
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Table I. ACTIVATION ENERGIES 

Heat of Activation, kcal /  g- mole  

4 
1 1  
8-9  
8 

2 53 
2 58 
2 60 

Table 11. RATE CONSTANTS FOR REACTIONS AT 300°K 
cu cm/part i c l e -  sec 

k l  = Unknown 

k, 2 .06  X l o - "  

k3 = 1 .53  X 
k,, a s s u m e d  to be between 

k,, a s s u m e d  to be between 

kb- 2 X 

- l o - "  
- l o - "  

/ 
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Table IZI. ACTIVATION ENERGIES AND RATE CONSTANTS FOR HYDROCARBON- 
OXYGEN AND METHANE-OXYGEN REACTIONS (cc-mole-'- s e c - l )  

0 J 3 C g -  ) OA'Ag) W C g +  ) 
S p e c i e s  (Ground State) (Excited State) (Excited State) 

With H, 
58 kcal -mole- '  35 kcal -mole- '  20 kca l -mole - '  Ea 

k (300°K) 4 x 1 x io-" 1 x 10-6 

k (1000°K) 3 3 x io4 1 x 105 

W i t h  CHI 

Ea 5 7  34 19 
k (300°K) 6 X 4 x 10-14 2 x 10-6 

k (1000°K) 6 6 X 10' 5 x 106 

\ 
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LOG (01, arbitrary units 

0 
%l 
0 
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CHEMISTRY OF HIGH TEMF'ERATURE~SPECIES AT LDW TEhPERATUIE 

W. F. Libby 

University of California at Los Angeles 
Los Angeles, C a l i f o r n i a  9 W 4  

s p e c i c s .  

l e s s ,  ;.:ethane r e z d i l y  p o l y a c r i z c s  when a s o l u t i o n  i n  l i q u i d  argon 

We hcvc found t h a t  i n  c o n c e n t r a t i o i i s  0% a p c r c c n t  0: 

is ir..- . L ~ U I L I ~ c d  .? .. - .. w i t h  co>zil'; 60 gamiia r a d f a t i o i i .  It forms a polyincr 

w i th  g c n c r a l  for:;:ula of C 2oFi40 which is  v c r y  s i m i l o r  t o . t h a t :  

found c z r l i c r  i n  s o l i d  c x t h j n c  a t  Liquid ni.tro2c.n t c m p r a t u r c a .  (1) 

It, is  our  p r e s e n t  suggestion") t h a t  t h e  mechanism of poly-  

m e r i z a t i o n  may i n v o l v e  t h e  Auger t r a n s i t i o n  i n  t h c  argon atom, 

i . c .  t h e  p o l y a c r  is formed on ly  when a n  i n n e r  e l e c t r o n  i n  argon is  

ion ized .  The r e s u l t i n g  e x p i o s i o n  caused by s u c c e s s i v e  Auger t r a n s -  

i t i o n s  would produce a c o n g r e g a t i o n  of p o s i t i v e  a rgon  i o n s  i n  the  

i r i c d i a r e  v i c i n i t y  of t h e  o r i g i n a l  p o i n t  of i n t e r n a l  level e x c i t j t i o n  

acd each of t h e  i o n s  would t h e n  be  n e u t r a ' l i i e d  b y  e l e c t r o n  t r a n s f f r  

f roin cictiiane s o l u t e  s i n c e  tlic s r a o n  i o n i z a t i o n  p o t c n t i a l  i s  h i g h c r .  

Thus about  20 n c t h a n c  ions  would bc produced w i t h i n  a r a d i u s  of a 

few 1 0 ' s  of Angstroms of t h c  o r i g i n a l  s i t e .  

izat io; :  of t h c s c  ions  by e l c c t r s n s  b c i q  a f a s t  o r  v e r t i c a l  p rocess  , 

( i n ,  t hc  s e n s e  of t h e  Frarsk-Condon P r i n c i p l c )  would cause  d i s s o c i a t i o n  

, 

The subsequen t  n c u t r a l -  

o; t:. ., -.,..I, 

3'  .... .. sac t o  f o r a  r a d i c a l s  an2 f r a g n n t s  such i is  C11, C11 and CH 2 

7;t;i.s~ t?.cn w o a l l  sclrs~r;ac.r.t:y r ~ c o : z : ) ~ ~ c  f o r  t!;crc woitld be. l i t t l c  c l sc  . 

Tor tki .2 t o  do .  Ykis t i i c o r y  is s t i l l  uaCL.r cs;icri a t 3 1  ; r . s t .  ;:e a r e  

stu2yin;: tiic c f c e c t s  on t1.c i s a t o p i c  c o z p o s i t i o n  of thc  poly;..:cr i.i.rsus 
e' 



\ ,- 

t h a t  o r  t h e  o t h e r  p r i n c i p a l  product  e t h a n e ,  and we a r e  f u r t h e r  

s tudy ing  t h e  small e f f e c t  od d i l u t i n g  the methane on t h e  mole- 

c u l a r  we igh t  of  t h e  polymer. 

The a b i l i t y  of hydrocarbon i o n s  t o  r e a c t  a t  low t e m p e r a t u r e s  

i n  t h e  p re sence  of  i o n i z i n g  gama r a d i a t i o n  h a s  been well known 

f o r  a long t ime i n  t h a t  t h e  ha rden ing  o f  the p l a s t i c  polymer poly-  

e t h e l e n e  by g a m a  r a y s  has  been w e l l  s t u d i e d .  It is  o u r  p r e s e n t  

b e l i e f  t h a t  t h i s  t o o  is an  i o n i c  p r o c e s s  i n  most p a r t . ( 3 )  

once a g a i n ,  t o  s a y  t h a t  t h e  proof  i s  complete  would be  a n  exagger-  

a t i o n .  It would seem on ba lance  t h a t  a t  low t empera tu res  i o n i c  

p rocesses  may be dominant and t h a t  a t  o r d i n a r y  t empera tu res  they  

a r e  v e r y ,  v e r y  impor t an t  i n  r a d i a t i o n  chemis t ry  i n  g e n e r a l .  

Though 

P a r t  B Carbon Vapor a t  Low Temperature 

Our s t u d i e s  of t h e  chemical  r e a c t i o n s  of  ca rbon  v a p o r  w i t h  

co ld  benzene and w i t h  diamond s u r f a c e s  w i l l  be d i s c u s s e d .  It i s  

c l e a r  t h a t  ca rbon  atoms a r e  a b l e  t o  r e a c t  w i t h  benzene even a t  77'K. 

It is not c e r t a i n  t h a t  t r a c e  amounts of  oxygen may n o t  be  involved 

i n  a c r i t i c a l  way a l s o .  

Our a t t e m p t s  t o  p r e p a r e  t o  grow diamonds by e v a p o r a t i n g  carbon 

vapor  on t o  seed diamonds under  h i g h  vacuum c o n d i t i o n s  w i l l  be  des-  

c r i b e d  and any p r o g r e s s  towards t h i s  g o a l  d i s c u s s e d .  It seems c l e a r  

t h a t  t h e  q u a l i t y  of t h e  vacuum may be  a l l  impor t an t  i n  t h i s  p rocess .  

We indcsed a r e  u s i n g  t h i s  a s  an example of t h e  p o s s i b l e  chemical  v a l u e  

of t h e  ex t r eme ly  h i g h  vacua t h a t  a r e  a t t a i n a b l e  in  t h e  s p a c e  chambers 

i n  the  ae rospace  i n d u s t r y  and i n  t h e  l a b o r a t o r i e s  such  a s  J e t  Propul-  

s i o n  Laboratory and,  of c o u r s e ,  jn o r b i t i n g  s a t e l l i t e s .  It seems t o  
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i 
us t h a t  we shou ld  be a b l e  t o  develop a chemis t ry  of s u r f a c e s ,  wliicli 

h a s  been h i g h l y  i n h i b i t e d  because of a i r ,  i f  ve t ake  tlie p a i n s  t o  

e l i m i n a t e  a i r  and t h i s  may be a chemical  b e n e f i t  of t h c  space  cnviron-  

ment. 

Chemistry of P o s i t i v e  Ions.  V I .  P o s i t i v e - I o n  Chemistry 
i n  S o l i d  Metliaiie. Donald R. Davis ,  W. F. Libby and 
W. G. Mcinschcin.  J. Chem. Phys. 45, 4481-(1966). 

(’) Polyrncr P roduc t ion  i n  t h e  Gama  R a d i o l y s i s  of Piethane i n  
Liquid Argon. W. F. Libby, P e t e r  Hamlet, J a i  M i t t a l  
and J e f f r e y  Moss. T o  be pub l i shed  in  The J o u r n a l  of 
The American Chemical S o c i e t y .  

( 3 )  The Chemistry of I o n i c  S t a t e s  i n  S o l i d  S a t u r a t e d  Hydrocarbons. 
L a r r y  Kevan and W.  F .  Libby. Advances i n  Photochemistry,  
V o l .  2, I n t c r s c i e m c e  P u b l i s h e r s ,  New York, 183-(1964). 
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A decade ago it  w a s  s t i l l  said t h a t  t h e  chemis t ry  o f  atomic 
carbon was the  f i r s t  page o f  t h e  book o f  o r g a n i c  chemis t ry ,  and 
tha t  tha t  page was b lank .  But even  i n  t h e  l a te  f o r t i e s  and e a r l y  
f i f t i e s  there  were already some markings on t h e  page .1  
s e n t  r a p i d  development of t h e  f i e l d  s t a r t e d  about  1 9 6 1  when i t  
was proposed t h a t  the  b a s i c  r e a c t i o n  mechanisms of  atomic 
carbon w i t h  hydrocarbons w a s  b y  i n s e r t i o n  i n t o  C-H and C-C 
b o n d s . 2 ~ 3  That b lank  f irst  page i s  now u i t e  w e l l  f i l l e d  i n  as 

The r e a s o n  tha t  t h e  s t u d y  of a tomic carbon came so la te  i s  

The pre- 

far as t h e  b a s i c  o u t l i n e s  are concerned. 1 

t ha t  t h i s  s p e c i e s  i s  so  r e a c t i v e  t h a t  it i s  d i f f i c u l t  t o  produce 
i n  c o n t r o l l e d  c o n d i t i o n s .  Now, however, a t  least f o u r  techniques  
have been used: 
from g r a p h i t e 6 , 7 , 8 ,  and laser f1ash .g  
been demonstrated but  w i l l  no t  be reviewed here. 

n u c l e a r  r e c o i l 4 ,  ph tochemis t ry5 ,  e v a p o r a t i o n  
Other methods have a l s o  

Nuclear Recoi l  Techniques 

Nuclear r e c o i l  was t h e  f irst  technique used and it has  
s u p p l i e d  the b u l k  and t h e  backbone of what w e  know a t  p r e s e n t  
of atomic carbon.4 
r e a c t i o n .  For i n s t a n c e  on s i m p l y  i r r a d i a t i n g  C'* w i t h  h igh  
energy gamma r a y s  (> 20 MeV) t h e  f o l l o w i n g  p r o c e s s  o c c u r s  

~ ' 2  i r  + C" + n 
The C l 1  a s  i n i t i a l l y  produced may possess  a very  l a r g e  amount 
of k i n e t i c  energy (- 100 kev) .  T h i s  is  l o s t  i n  s u c c e s s i v e  
c o l l i s i o n s .  When t h e  energy of t h e  atom f a l l s  i n t o  t h e  chemical 
energy range below 130 eV i t  may r e a c t  t o  combine. Label led  
molecules a r e  formed by t h i s  means and may be assayed  b y  
radiogaschromotoqraphy. 

C o n s i d e r a t i o n s  o f  atomic phys ics  r e q u i r e ,  and experiment  
confirms,  t h a t  as t h e  carbon atoms r e a c h  t h e  chemical  e n e r  v 
range  t h e  are i n  a low-lying e l e c t r o n i c  s ta te ,  e i t h e r  i n  %, 
ID or IZ.'a,b 

Radioac t ive  carbon i s  produced by  a n u c l e a r  

They may however r e a c t  w h i l e  t h e y  are s t i l l  "hot" ,  



1. e.  have excess  k i n e t i c  energy.  Th i s  i s  r a t h e r  an  advantage,  
however, s i n c e  one  m a y  c o n t r o l  t h e  energy of  r e a c t i o n  b y  t h e  
use  of modera tors .  I n  a system c o n t a i n i n g  a l a r g e  excess  of 
a r a r e  gas ,  e s s e n t i a l l y  a l l  r e a c t i o n s  occur  a f t e r  t h e  carbon 
atoms have bpen t h e r n a l i z e d .  

The n u c l e a r  ne thod  nay be used wi th  e i t h e r  C" o r  C". 
Hcwever t h e  h a l f - l i f e  of C 1 4  is s o  g r e a t  t h a t  prolonged 
i r r a d i a t i o n  i s  r e q u i r e d  be fo re  enough i s  produced. This has 
l e d  t o  s e r i o u s  d i f f i c u l t i e s  wi th  r a d i a t i o n  damage e f f e c t s .  
Most c u r r e n t l y  a c c e p t e d  d a t a  was ob ta ined  u s i n g  C " .  

Photochemical Techniques 
U.V. p h o t o l y s i s  can  be  used t o  produce atomic carbon,  

e. g .  wi th  carbon suboxide .  5 
c3oz + hV * CzO + CO 

* c + 2co 
Atomic carbon is produced only  i f  very  s h o r t  wave l e n g t h s  
(- 1500 A') a r e  used .  Th i s  type  of method has  been employed 
both  i n  t h e  gas  and s o l i d  phase.  It  i s  however s e v e r e l y  
r e s t r i c t e d  by t h e  t r anspa rency  of  t h e  medium t o  t h e  needed 
r a d i a t i o n .  For t h i s  r e a s o n  methane i s  t h e  only  a lkane  whose 
r e a c t i o n s  wi th  a tomic  carbon have been s t u d i e d  by t h e s e  means. 

Evapora t ion  Technioues 

evapora ted  from a hea ted  g r a p h i t e  rod6 ,  a carbon a r c 7 ,  o r  an  
exploding  f i l amen t8 .  The carbon vapor may be d e p o s i t e d  on a 
s u r f a c e  on which i t  i s  al lowed t o  r e a c t .  

Seve ra l  t e c h n i q u e s  have been developed i n  which carbon i s  

. This  t echn ique  t e n d s  t o  be r e s t r i c t e d  t o  t h e  s tudy  of  
r e a c t i o n s  of a tomic carbon on s o l i d  s u r f a c e s .  The i n t e r -  
p r e t a t i o n  of gas-phase r e a c t i o n s  would p r e s e n t  d i f f i c u l t i e s  
because of e x t e n s i v e  p y r o l y s i s  and p h o t o l y s i s  on t h e  evapora t ing  
body. 

Lzser  F l a s h  Tech?iaues 

technique  i n  which a l a s e r  i s  used.  A p u l s e  i s  focused  onto  
a carbor! s u r f a c e  f3rming a s n a l l  ho t  s p o t  from which carbon 
evapora t e s .  3 e a c t i o n s  wi th  a low-pressure g a s  can be s t u d i e d  
because the  hot  s p o t  is  so  m a l l  and s h o r t  l i v e d  t h a t  ex tens ive  
p y r o l y s i s  does  n o t  o c c u r .  

We have r e c e n t l y  developed9 a v a r i a n t  of t h e  evapora t ion  

While t h e  u s e  or" a lase- f l a s h  r e p r e s e n t s  an advantage i n  
t h a t  r e a c t i o z s  ir. t h e  gas  phase can be t r e a t e d  i t  s t i l l  s h a r e s  



w i t h  o t h e r  evapora t ion  t echn iques ,  t h e  d i sadvan tage  t h a t  a 
range  of carbon s p e c i e s  C I ,  C Z ,  C 3  e t c .  a r e  formed. 

Comparison o f  Techniques 
All t echn iques ,  though g e n e r a l l y  used under  d i f f e r e n t  

c o n d i t i o n s ,  t e n d  t o  g i v e  very  similiar r e s u l t s  in s o  fa r  as a 
comparison can  be made. However S k e l l  has  r e p o r t e d  appa ren t ly  
s i g n i f i c a n t  d i f f e r e n c e s  i n  h i s  evapora t ion  t echn iques ,  which 
Would t end  t o  i n d i c a t e  t h a t  s p e c i e s  of  lower energy are  involved? 

t In p a r t i c u l a r  a c e t y l e n e ,  a h igh  energy product  normally found 
when atomic carbon r e a c t s  w i th  hydrocarbons i s  conspicuous ly  
absent when t h e  p a r t i c u l a r  method i n  q u e s t i o n  i s  used.  T h i s  
appa ren t  d i s  repancy has not  y e t  been r e s o l v e d .  One p o s s i b l e  
explana t ion18 stems from the f a c t  tha t  i n  t h i s  t echn ique  a lone  
there 1s a n  a p p r e c i a b l e  d e l a y  between p roduc t ion  and r e a c t i o n  
of the  carbon atoms. Conceivably t h i s  might a l low complexlng 
of t h e  carbon atoms, r educ ing  t h e i r  r e a c t i v i t y ,  something t h a t  
commonly happens t o  a c t i v e  s p e c i e s  on  ag ing  i n  o r d i n a r y  vacumms. 
Such complexed s p e c i e s  could  a c t  as carbon atom donors ,  w i t h  
r e a c t i o n s  similar t o  bu t  less e n e r g e t i c  t h a n  those  of f ree  
carbon atoms. Indeed a t i m e  dependence of r e a c t i v i t y  i s  found 
I n  t h e s e  experiments7,  though t h i s  has been a t t r i b u t e d  t o  
decay o f  s p i n  s ta tes .  

S m a r y  of  F ind ings  
So much I s  now know‘of t h e  r e a c t i o n s  of  a tomic carbon t h a t  

it I s  imposs ib l e  t o  g i v e  a b r i e f  y e t  comprehensive review.  
Reac t ion  wi th  ino rgan ic  o x i d e l l ,  wi th  n i t r o g e n 1 1  and w i t h  

\ , hydrogena2 are reviewed e l sewhere .  With hydrocarbons t h e r e  a r e  
three p r i n c i p a l  modes of pr imary r e a c t i o n s .  
1) I n s e r t i o n  i n t o  a C-H bond 

1 
i 

\ 
e.g.  C l l  t CD3CH3 + DC”CDzCH3 + o t h e r  p roduc t s  

+ 
DC” 1 CD 

1 
As expec ted  the  a c e t y l e n e  formed i n  such r e a c t i o n  w i t h  C D i C H i  
I s  e l t  er C”D 5 CD or C”H : CH wi th  l i t t l e  C”D 5 CH be ing  
formed Ca . 

\ 2 )  I n s e r t i o n  i n t o  a C = C bond 
e .g .  C l ’  t CDz = CHz + C D Z  = C 1 ’  = CHZjor o t h e r  products )  

As expec ted  t h e  a l l e n e  formed by t h i s  r e a c t i o n  i s  C”  ce  t e r  
l a b e l e d  and h a s  t h e  hydrogen i s o t o p e  d i s t r i b u t i o n  shown.Ca 
3 )  Abs t rac t lon  t o  form CHz 

C” + RH + C ’ I H z  
P r i m a r y  modes 1) and 2 )  y i e l d  and in t e r rned ia t e  adduct  

which i s  h igh ly  e x c i t e d  due t o  t h e  energy re leased .  in forming 



the  new bonds. The f u r t h e r  f a t e  of  such complexes depends 
on t h e i r  s p i n  s t a t e s  and on how r a p i d l y  energy i s  moved by 
c o l l i s i o n a l  d e a c t i v a t i o n .  This  t p i c  i s  w e l l  understood and 
Is f u l l y  d i s c u s s e d  e l sewhere .  1 3  3 

I n s e r t i o n  i n  C-C and C-F bonds has not  been observed.  
I n s t e a d  i n  p e r f l u o r o c a r b o n s  t h e  dominant r e a c t i o n  appears  t o  
be a b s t r a c t i o n  t o  form C-F, f luoromethyne.9 The probable  
e x p l a n a t i o n  f o r  t h i s  p a t t e r n  of pr imary i n s e r t i o n  w i l l  be 
d i s c u s s e d .  
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FEACTIONS OF C 1 ,  C2, C3, C 4  

Fhilip S. Ske l l  

The Pennsylvania State University 
University Park, Pennsylvania 16802 

ABSTRACT 

Evapration of gmphite has been carried out producing the 

following species i n  proportions which vary w i t h  the method of 

vaporization and ageing. 

c1 +’ ’D, % 
C2 !hiplet, Singlet 

C3 Singlet, Triplet 

c4 
Ihe reactions o f  these species, with a range of substrates in 

condensed w e  (low temperature) wi l l  be reported: alkrrnes, cyclc- 

alkanes, alkenes, alkynes, alcohols, aldehydes, ketones epoxides 

-1 halides. 



a i o u  intensity a r c  under high vacuum have rcccn:ly 'ocen rcported from this 

~ laboratory.  

In an effort  to find react ions of a tomic carbon whic!i r.ight not be classified \ 

a s  normal  carbene p rocesses ,  the react ions of aroi-.iic carbon with carbonyl 

compounds were studied. The reaction of carbon a t o m s  with acetone cocondensed i 
1 

1 ' on a liquid nitrogen cooled su r face  produced carbon monoxide and propylene in 

1 good yield ( s e e  Table I). 

Table I 

Compound Y ielda 

co 5 9 . 6 %  

CH2 = CHCH3 5 4 . 2 %  

a calculated a s  M m  product/MmC1 vaporized 

The production of Carbon monoxide and propylene in nea r ly  equal amounts 

suggested the following react ion sequence: 

0 

3 CH = CI-IC13 
2 

- _  
~i : h i s  sche.Te w e r e  operat ive,  the react ion w a s  novel deoxygenation p rocess  

tG Traduce the subvalent carbene species  and would thus provide an  opportunity 

to generate  a wide va r i e ty  of ca rbenes  a t  low t empera tu res .  

s cheme ,  the react ion of acetone with C I 4  enriched e l ec t rodes  was examined. A S  

T o  tes t  the proposed 
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This  method \ \ a s  found to bc a genvral prepara t ion  of alkyl carbenes and the 

data gathered on product distribution f rom the deoxygenation method closely 

r e semble  those f r o m  tosy! hydrazone decompositions.  

T h r e e  such compar i sons  a r e  given below: 

b7 

CI 7 

92 

9 3  

L J  N ' I>- 

28 5 t r ace  

21 10 2 

7 1 

6 .  1 

IJ3 3 3  2 

( tosy l  hydrazone) 

(deoxygenation) 

( t -h)  

(de ox) 

Thus,  i t  a p p e a r s  that deoxygenation produces an  in te rmecia te  ve ry  s imi la r  

to  the p rocess  genera l ly  a s s u m e d  to be a r a rbene  preparation. 

that the s imi la r i t i es  between reaction a t  a liquid nitrogen cooled sur face  and a 

decomposition performed a t  - 1 ~ 0 "  a r e  so g rea t .  

activation energy f o r  the in t ramolecular ,  ca rbene  reactions.  

I t  is quite striking 

We feel th i s  indicates a low 

Deoxygenation \ \ as  cxtcnded t o  other ma te r i a l s .  

oxide deoxygenated to  propylene and carbon monoxide. 

I t  was  observed that propylene 

F r o m  the above da ta ,  \ \ c .  feel that  oxygen abs t rac t ion  is a convenient method for 

the generation of c a r b e n e s  and  rad ica ls ,  f r ee  of complexing a t  low temperatures .  
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would be expected from the scheme, the propylene gave a mola r  activity 0.039 

while the Carbon monoxide was found have a molar  activity 0.91. This  established 

that Carbon monoxide did indeed a r i s e  

and that the propylene was formed in a 

e lectrodes.  

1 
f rom a deoxygenation p rocess  involving C 

p rocess  not involving carbon f r o m  the 

As a second check, the reaction forming propylene should a l so  be intramolecular 

i f  a carbene were  involved since simple hydrogen t r ans fe r  is a l l  that  is required 

for  product formation. A mixture of acetone d /do  = 1 . 2 5  was subjected to the 

reaction conditions and the resultant propylene analyzed by m a s s  spectroscopy. 

The ra t io  propylene d /do = 1.32, confirming the intramolecular  cha rac t e r  of 

the p rocess .  

6 

6 

The d i m e r  of the carbene,  2,3-dimethyl-2-butene,  was not observed.  This  

may be attr ibuted to the relat ive rapidity of hydrogen t r ans fe r  as  opposed to the 

ra te  of diffusion of dimethyl carbene through the acetone matr ix .  

that the p rocess  of Carbon a tom insertion into carbon-carbon double bonds does 

not take place into carbonyl functionfsince such an adduct (I) would be expected 

to give ei ther  dimethyl ketene (11) o r  isobutylene oxide (111). 

It a l so  appea r s  

e. 

IC \ 
' i . - 0  

CH CH 
\3 

CH3 

____) 

CH2 - 
CH3 

Neither of these products were  formed. 
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RECENT SPECTROSCOPIC STUDIES OF HIGH-TEMPERATURE 

MOLECULES 

G .  Herzberg 

National Research Council of Canada, 
Ottawa, Ontario 

ABSTRACT 

Molecules that are important in hlgh temperature studies 

of gases may be studied spectroscopically not only in 

absorption at high temperature but also in emission or 

absorption in electric discharges or their afterglows, or in 

absorption in flash photolysis of various parent compounds. 

Recent spectroscopic work on high-temperature molecules oy 

all of these methods will be described. This work includes 

studies of diatomic hydrides (BH, AlH, CH, SIH,) of several 

homonuclear diatomic molecules and ions (H2, C2, C2 , N2 , 
02, Mg2, Si21 and a few heteronuclear non-hydride molecules 

(BF, CF, NF, NC1, SO). A good deal of work on spectra of 

triatomic free radicals has been done and will be briefly 

described. 

- +  

/’ 

/ 
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SPECTROSCOPY OF HIGH 'PEMPERATURE M O I E U L E S  

B 

I 

, 

Leo Brewer 

Inorganic hhterials Research Division of 
Iawrence Radiation Laboratory and Department of Chemistry 

University of California, Berkeley, California $720 
.- ... . _..__II_ -. - .  teapeys 'ure  3.1 m-z:es, :'i- n.rcsY :::2 s i . i i l ? r  C O ~ ~ L C ~ S  s_" hi?.':? 

excita:.ton 2 : ~  thz  con.,i:nticil:.: :';,?u-ces 0:'  , ; ;>ec:r -  c Z  111 ::I t.;npt?:st:iTa 

1olocules. ~ ~ ; y . ~ v e r ,  sy,ec".a f Y 3 . i  suc;; I O U T C C Z  'trc.: , . I%>. : .  

resolve hecause of t h e  l i i l i i  e l e c t r o n i c ,  vi'a,,$icr:al, 2::! r c t z t i c r d  

e x c i t  s t i o n  rosu l t in ;  i n  s x t e n s i v s  overla..:iin:: o f  spec': r i l  S;i;ds. 

o f  i a p u r i t y  ! ro lea i l ss  i?cr:osco the c t > , q l i , c a t  1 ~ 1 : ~  lus t o  overlo,:?inq. 

Zxcitat i , ;n  

It i s  i?rportant t o  o j t a i r ,  'coaj le te  ana1:lses o f  t h e  3rild 3yste.m o f  

h iyh  temperaturo molecules t o  e s t a b l i s h  t h o  spectroscopic  c o n s t a t s  needed 

f c r  c a l c u l a t i o n  of t b  hixh zenpersturo t'nei-aodynaqic proper t ies .  

p a r t i c u l a r  the  e s t s b l i s n w n t  o f  ?'ne der-nerocios  n.112 enerq ies  of  a l l  

In 

, low ljrlnz c l e c t r m i c  s t a t e s  i s  v e r y  inportant .  

The f a i l u r s  o f  conventional uzt'hods t o  produce the  needed. i n f o r i a t i o n  

has s t i v l a t e d  a v a f i e t y  o f  ne:I apsrosches. This papnr will d iscuss  t h e  

pote;-.tial advantages ar.d hnnditapa of t h e  new n3ti;oZs and w i l l  suzgest 

o t he r ai) I, ro  ac I .ea. 

A ra ther  widely appl ied  method i n  ?he l a 3  fow years  involves  t h e  . .  

entrapsont  of  hi;,.:? t,-;mperaturs molecules i n  a r a r s  :as o r  o t h e r  inert 

rnatricee at l i q u i d  hydro,ren o r  helium tsmperatures .  This :nsthod of fere  

a sirnclffYcat.tfon o f  t'm ana lys i s  o f  t b  spectrum i n  t h a t  on!: would expect 

t h e  e n t r s p x d  molecules t o  bo i n  t he i r  1o:~ost ' c l o c t r o n i  - a n d  v i b r a t i o n a l  

s t a t z s .  

af a sia.1, e pr.,jr.:eeiar. .zr i3in-  fro.3 t c i r :  v"= 9 1 e v : l  o f  tile ?round e l e c t r o n i c  

';"ne absorpt ion spectr :m sf g2 i:. a matr ix  i s  found t o  consis t  
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iWTRM ISOMTION I N F W D  SPECTROSCOPY 
OF HIGH TEMPEXATUlU3 SpEClES 

J. L. Margrave, J. W .  Hastie and 3. 11. Hauge 
Department of Chemistry, Rice Universi ty  

Matrix i s o l a t i o n  i n  rare gases has  been widely used f o r  in f ra red  

s tud ie s  of react ive spec ies .  

s tud ie s  of  high temperature species  is  apparent i f  one compares t h e  usua l  band 

widths of gas phase absorpt ion s p e c t r a  t o  those obtained i n  matrix i so l a t ion  

spectra. 

s h i f t  measurements of v i b r a t i o n a l  bands which i n  t u r n  can be used t o  calculate  

accurate  force  constants .  

antisymnetric s t r e t c h  (vg )  can often s e t  c lose  l M t s  on t h e  bond angle. 

Alternat ively,  isotope shifts of t h e  v1 and y can be used i n  combination 

t o  determine the  bond angle but t he  measurements are sometimes made d i f f i c u l t  

because of t h e i r  r e l a t i v e l y  low absorption i n t e n s i t i e s .  

An advantage of matrix i so l a t ion  f o r  in f ra red  

I n  f a c t  t he  narrow band widths of'ten make possible  accurate  isotope 

For XY2 t r ia tomic  molecules isotope s h i f t s  of the  

A simple use may be made of t h e  isotope s h i f t s  of some diatomic 

molecules t o  determine t h e i r  anharmonicity. A comparison of the  measured 

anharmonicity of a molecule trapped i n  a rare gas matrix t o  i t s  gas  phase value 

serves  88 a n  ind ica t ion  of t h e  e f f e c t  of t h e  matrix on t h e  shape of the  po ten t i a l  

energy curve. T h e  following t a b l e  l i s t s  wexe for matrix iso la ted ,  using Ne or A r ,  

end gas phase molecules. 

UF 

L i C  1 

s i 0  

uexe ( cm-l) 

matrix f s o l a t e d  gas phase / 

9.4 - .1 8.0 
+ 3.1  - 1 

7.8 - 3 
+ 

4.2 

6 .O 



It i s  c l e a r  from the  above t a b l e  t h a t  anharnionicities are af fec ted  only a very 

s m a l l  %mount, i f  a t  a l l ,  'by a ra re  gas r ia t r i s .  

t h e  

T h i s  is t r u e  f o r  L i F  even tl!ough 

value s h i f t s  about 50 cm-'from t h e  gas phase t o  an argon matrix. 

Isotope s h i f t  rneasurements of t h e  v, f o r  symmetric t r ia tomic  XY2 

molecules may be exac t ly  r e l a t e d  t o  t h e  bond angle by t h e  following equation: 

where 2a equals the bond angle and UI 

frequency. 

e f f e c t  which i n  most cases has  l i t t l e  inf luence on t h e  measured bond angle ,  

i s  t h e  zero-order antisymmetric s t r e t c h  
3 

I n  prac t ice  one uses measured v, values  and est imates  t h e  anharmonic 

-1 It a l s o  follows from t h e  above equation t h a t  a t 0.1 cm e r r o r  i n  
0 the isotope s h i f t  measurement of vg w i l l  cause a bond angle c lose t o  180 

less w e l l  determined than one close t o  90'. 

instruments it Secomes d i f f i c u l t  t o  d i s t inguish  between bond angles  of 160' and 

180'. 

a lower l i m i t .  The t r ia tomic  molecules l i s t e d  i n  t h e  following t a b l e  have been 

s tudied i n  our laboratory and f o r  t h e  f e w  cases (eg.  NiF2, CUF2 and ZnF2) where 

t h e s e  molecules have a l s o  been s tudied by o ther  inves t iga tors  t h e  agreement 

t o  be 

The e f f e c t  i s  such t h a t  with present  

Although f o r  these  cases a n  isotope s h i f t  measurement can c l e a r l y  e s t a b l i s h  

with our  work i s  very good. 

Bond angles  (degrees)  

T h i s  work Microwave This work 

117 2 119.3 z*2 160 - 170 

163 - 170 110 - 3 113.5 c*2 
+ 

110 : 2 - KiF2 154 - 167 

100.5 : 2 100. g FeF2 1.55 - 1-70 

34 +_ 2 c rF2 160 - 180 



sfl2 
TiF'2 

1 
184 

Bond Angles (degrees) 

This  work Microwave This work 

P + - 3  - kCk 180 

I20 +, 4 vc k - 180 

It is  apparent from t h e  above data  t h a t  t h e  bond angle decreases s l i g h t l y  as t h e  

c e n t r a l  atom s i z e  i s  increased down a column of t h e  per iodic  t ab le .  One a l s o  

notes  t h a t  a l l  of t h e  i s o e l e c t r o n i c  18 valence-electron molecules l i s t e d  above 

are bent as predicted by Walsh ru l e s .  The bent configuration of TiF2 indica tes  

t h a t  i t s  d-electrons a r e  involved i n  the  bonding t o  a considerable extent .  

Inf ra red  absorp t ion  da ta  obtained for Group I V  d i f luor ides ,  SiF2, 

GeF2, SnF2, ana PbF2 are given i n  t h e  following t ab le  along with other  molecular 

parameters. The f o r c e  constants  for GeF2, SnF2 and PbF2 were calculated with 

t h e  assumption of a zero stretch-bend in t e rac t ion .  The force  constant values for 

CF2 a r e  taken from Mill igan and Jacox J.C.P. 48, 2265, (1968) and for SiF2 from 

V. M. Khanna e t  a1 J.C .P. 47, 5031 (1967). 

mm@ CF2 SiF2 GeF2 sfl2 pbF2 

ki 6 .O 5 .M 4.07 3.52 3 .@ 

1.40 0.44 0.32 0.16 0.11 

k E  1.45 0.31 0.22 0.17 0.10 

r X-Mx (8) 1.30 1 - 5 5  (1.73) (1.92) (2.01) 

bond angle 104.9 100.9 $:4 P t 3  (90) 

I$-bK( kcal/mole) 108 153 115 114 104 

k1rx-m /?+-Mx 7.2 5.2 6.1 5.9 5.8 

( x  100) 

It is  apparent from the  above t a b l e  that k l  v a r i e s  ra ther  smoothly 

through the  Group I V  series t h i s  i s  not the case however f o r  t h e  %-Mx energies. 

The ratio of klrX-MX /%-m might be expected t o  remain constant through the  Graup I V  

/ 

1 

/ 

/ 

/ 



s e r i e s  and i n  f a c t  does f o r  G e ,  Sn, and Pb d i f luor ides .  The deviat ion of t h e  r a t i o  

from an average value of 6 for SiF2 and CF2 seems t o  ind ica te  a strengthening of 

t h e  F-SiF bond by acproximately 20 kcal and a srenke2ity of the P-Z-3 bond b j  approtimst,ely 

20 kca l .  

d -obi ta l  involveaent i n  the bonding. 

due t o  s t rong f luorine-f luorine or f luorine- lone p a i r  repuls ion.  

pointed out by others  t h a t  t h e  q u i t e  high value of t h e  bond-bond i n t e r a c t i o n  force 

constant for CF2 i s  good evidence for  s t rong  f luor ine- f luor ine  in te rac t ion .  

A strengrthening OP t h e  F-SiF bond might be a t t r i b u t e d  t o  ~ 0 x 0  type of 

The wzakening of the F-CF bond might w e l l  be 

It has been 

Inf ra red  d a t a  obt3ined for t h e  first row t r a n s i t i o n  metal d iha l ides  are 

given i n  the  following t 3 b l e .  

a r 5 i t r a r i l y  adding 0.7A(Ne--k-) t o  t h e  messured frequency i n  a Neon-matrix. 

force  constsnts  have been ca lcu la ted  using a three constant  valence force  f i e l d .  

The gas phase frequencies  have been estimated by 

The 

40 C a  

sc45 
T i  

V5l 
Cr'2 

:.ln5 5 
56 
59 
58 
63 
64 

48 

Fe 

co 
i i i  

C J  

Zn 

Trans i t ion  Metal Dif luorides  
v3(Most Abundant) A(Ne-Ar) u3(Ne)+0.7( A) kl-kE 

Neon Argon 

Isotope cm-1 m-1 ca-1 - 
581a 56ia 20 5 95 2.17 
700.2 635 *5 14.7 710.6 3.34 
753.3 740.6 E .6 762.1 4 . O j  

743.3 733 -7 9.6 750.0 3.80 
680.5 654.8 25 -7 698.5 3.18 
722.6 703.6 22 .o 740.0 3.67 

746 e3 723 *6 22.7 762.2 4.02 
801.2 780.6 20.6 815.6 4.57 
767.0 744.4 22.6 782.8 4.33 
782 .o 764 .o 18.0 794 -6 4.48 

753.3 731 *8 21.5 768.3 4.00 

G e  655b 648b 7 669 3.82 

a. 

b.  J. ! I .  -as t ie ,  R .  . auge, and .J. L. :Iargrave, J. Phys. Chem. ( i n  press)  (1968). 
A .  Snelson, J. Phys. Chen., 70, 320s (1965). 
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The s t r e t c h  fo rce  constants f o r  t h e  d i f luo r ides ,  d ich lor ides  and t h e i r  

r a t i o  %re l i s t e d  i n  t h e  following t a b l e .  

and Zn have been taken from k r o i  e t  a1 J.C.P. 36, 2879 (1962). 
The d ich lor ides  of Mn, Fey Coy N i ,  Cu 

Ca 

s c  

T i  

V 

C r  

Mn 

Fe 

co 

PI i 

cu  

Zn 

Ze 

2.17 

3.34 

3 .80 
3.18 

4.03 

3.67 
4 .OO 

4.02 

4.57 
4.33 
4.48 
3.82 

( 1.88) 

(2.27) 

2.19 

(1.79) 
1-99 
2.23 
2.30 
2.51 

2.43 
2.67 
2.17 

- 
- 
1.74 

1.84 

1-79 
1-75 

- 

1.82 

1.78 
1.68 
1.76 

The r a t i o  of s t r e t c h  fo rce  constants i s  almost invar ian t  and 

provides a convenient means of es t imat ing  t h e  unmeasured d ich lor ide  fo rce  

constants.  The estimated values a re  bracketed i n  t h e  above tab le .  

I ,  

In f r a red  s p e c t r a  obtained f o r  S e Q ,  Te@ and TeO a r e  l i s t e d  

i n  t h e  following; t a b l e .  

S e b  974 924 7 .oo 

TeQ 84 5 827 5.75 

TcO 791 5.25 I 

Polymeric forms of these  s p c i e s  have a l s o  been i d e n t i f i e d  i n  t he  matrices.  

Mass spectrometric s tud ie s  have ind ica ted  that fhe  polymeric species &O 
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e x i s t  i n  t h e  high temperature vapors. 

spec ies  i s  almost completely monomeric SiO, m a t r i x  i s o l a t i o n  leads t o  extensive 

polymerization even at r e l a t i v e  S i 0  t o  rare gas concentrations of 1/1OOO. 

Simi lar ly  t h e  e l e c t r o n i c a l l y  similar high temperature species,  BF i s  d i f f i c u l t  

t o  i s o l a t e  i n  these  mztrices. 

However for t h e  S i0  system where t h e  vapor 

Reactions of NaF and SiF2 and Na f SiF2 have been s tudied  by co- 

condensation of both species .  

t e n t a t i v e l y  assigned t o  NaSiFB and NaSiF2. These products decomposed when 

t h e  condensate w a s  warned t o  r o m  temperature t o  form elemental S i  and 

New absorpt ion bands were observed and are 



i n  the prescnce  of an oicfin is: gcncral ly  regarded to procccd through a l r e e  divalent 

carbon intermediate ,  thcrc  is  much question as to the nature of the intcrmediate 

when alpha-eiimination rcact ions a r e  c a r r i e d  out i n  thc prcscncc of olciins to 

f o r m  cyclopropanes.  

a s  direct ly  t ransfer r ing  the  CXY moiety to olefin forming cyclopropanes without 

the intermediacy of z f r e e  carbene ,  but r a t h e r  a carbene  complex o r  carbenoid. 

Some species as ICH ZnI and LiCRCl have been postulated 2 2 

O n  the other  hand, indications a r e  that the action of base  on CHF X ( X  = C1, Br)  

yield a f r e e  carbenic  spec ies ,  CFz .  

2 

In the instance of dichlorocarbene produced through alpha-elimination, there  

i s  much cont roversy  as to whether  the intermediate  carbene is  a f r e e  o r  a complexed 

spec ies .  The aim of th i s  work  was  to resolve this conflict  by comparing the 

react ivi ty  of an unambiguously f r e e  dichlorocarbene with that of the species  f rom ' 

alpha -elimination. 

Unambiguously f r e e  dichlorocarbene w a s  produced via chloroform pyrolysis:  

chloroform was  passed  through a pyrolysis  zone (-1400") which led into a high 

vacuum sys tem,  allowing molecular  flow to a cooled solution of substrate .  

subs tances  leaving the pyro lys i s  chamber  experienced a 10 

before encountering the s t i r r e d  liquid solution of olefin and hydrocarbon solvent. 

The  dichlorocyclopropanes formed under these conditions are  the products derived 

frorx the reaction of free dichlorocarbene with the oleiin substrate .  

oi c ichlorocarbene w a s  found to add s tercospecif ical ly  to the 2-butenes a s  does 

rhe dichlorocarbene f r o m  b a s e  and chloroform. 

The 

second f r e e  fiight - 5  

This  var ie ty  
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Reactions were run in which olefin pa i r s  were  allowed to compete for  the 

f r ee  dichlorocarbene. Resul ts  of these competitions were compared with those 

for  dichlorocarbene systematical ly  generated by a number of alpha-elimination 

react ions in a var ie ty  of solvents, and over  an extensive tempera ture  range. 

The reactivity of trichloromethyllithium. a dichlorocarbene p recu r so r  stable 

a t  low tempera tures  (- -80") was a l so  studied. The mode of react ion of this 

compound with olefins i s  of g rea t  in te res t ,  since i t  can conceivably r eac t  by 

both a carbene and an organometallic route. 
\ 

Arrhenius  plots were  made for  the relat ive react ivi t ies  of pa i r s  of olefins. 

A common line was obtained independent of the mode of generation of the dichloro- 

\ carbene.  with alpha-elimination o r  pyrolysis of chloroform. 
\ 

Since all methods of generating dichlorocarbene gave an  intermediate  showing 

the same selectivity i t  follows that a l l  generate  the same intermediate ,  f r ee  

dichlorocarbene. 

\\ 
\ 



PREPARATIVE PROSPECTS OF "HIGH TEMPERATURE" SPECIES 

Thomas D .  Coyle ,  F .  E. Brinckman, J .  J .  R i t t e r  
N a t i o n a l  Bureau o f  S tandards  

Washington, D .  C .  20234 

and 

Gera ld  F .  Kokoszka 
S t a t e  U n i v e r s i t y  o f  New York 
P l a t t s b u r g h ,  N e w  York 12901 

Much of t h e  emphasis  of t r a d i t i o n a l  h igh  tempera ture  chemis t ry  i n  t h e  

p a s t  two decades has been  p laced  on t h e  e l a b o r a t i o n  of  thermodynamic, 

k i n e t i c ,  and s t r u c t u r a l  f e a t u r e s  o f  chemical sys tems.  Less  a t t e n t i o n ,  

p e r h a p s ,  has been g i v e n  u n t i l  q u i t e  r e c e n t l y  t o  the i m p l i c a t i o n s  o f  t h e  

r e s u l t s  of h igh- tempera ture  i n v e s t i g a t i o n s  f o r  t h e  s y n t h e t i c a l l y  o r i e n t e d  

chemis t .  It  has become i n c r e a s i n g l y  e v i d e n t ,  however, t h a t  t h e  v a r i e t y  

o f  unconvent iona l  and i n t r i n s i c a l l y  i n t e r e s t i n g  s p e c i e s  a c c e s s i b l e  i n  

s i g n i f i c a n t  c o n c e n t r a t i o n s  under  e n e r g e t i c  regimes are p o t e n t i a l l y  v a l u a b l e  

r e a g e n t s ,  and t h a t  t h e s e  r e a c t i v e  i n t e r m e d i a t e s  can provide  the means f o r  

s y n t h e s e s  o f  novel  sys tems n o t  y e t  ach ieved  by more u s u a l  r o u t e s .  

From the s y n t h e t i c  v iewpoin t ,  t h e  a v a i l a b i l i t y  o f  p o t e n t i a l  i n t e r -  

media tes  under e n e r g e t i c  c o n d i t i o n s  i s  o f  pr imary importance,  and t h e  

n a t u r e  of  t h e  e x c i t a t i o n  employed i s  perhaps secondary .  Accordingly,  

"high tempera ture" . techniques  i n  t h e  l i t e ra l  s e n s e  are  b u t  one f a c e t  o f  

a more genera l  s y n t h e t i c  r a t i o n a l e ,  which a lso embraces a l t e r n a t e  modes 

o f  e x c i t a t i o n  s u c h  as e lectr ic  o r  microwave d i s c h a r g e  procedures  and 

photochemical s y n t h e s e s .  Even more g e n e r a l l y ,  one may ex tend  t h i s  

s y n t h e t i c  v iewpoin t  t o  t h e  r a t i o n a l  u t i l i z a t i o n  o f  s t a b l e  compounds, 

themselves  formed by e n e r g e t i c  r o u t e s ,  which p r o v i d e  s o u r c e s  o f  preformed 



i 

I 

submolecular  e n t i t i e s  n o t  o t h e r w i s e  a v a i l a b l e  f o r  s y n t h e t i c  e x p l o i t a t i o n .  

Thus, t h e  e n e r g e t i c  s y n t h e s i s  may provide  t h e  s t a r t i n g  p o i n t  f o r  a 

d e r i v a t i v e  chemistry t h a t  might n o t  b e  a c c e s s i b l e  by e x c l u s i v e l y  h igh  

energy procedures .  

I n  t h i s  paper ,  w e  d e s c r i b e  some r e c e n t  a c t i v i t i e s  i n  t h e  a u t h o r s '  

l a b o r a t o r i e s  u t i l i z i n g  t h i s  somewhat permiss ive  view o f  "h igh  tempera ture"  

p r o c e s s e s  as  a s y n t h e t i c  t o o l .  

The p r e p a r a t i o n  o f  c a t e n a t e d  systems i n v o l v i n g  e lements  o t h e r  than  

carbon i s  an  area i n  which s y n t h e s i s  has  t r a d i t i o n a l l y  r e l i e d  h e a v i l y  

on t h e  " e n e r g e t i c  chemistry"  approach.  

r e a c t i o n s  are a p p l i c a b l e  under  some c o n d i t i o n s ,  much o f  t h e  s y n t h e t i c  

p r o g r e s s  i n  t h e  area o f  c a t e n a t e d  hydr ides  and h a l i d e s  of  t h e  r e p r e s e n t a -  

Cive elements ,  f o r  example, has  r e l i e d  e i t h e r  on h y d r o l y t i c  procedures  

u s i n g  d e r i v a t i v e s  i n  which t h e  c a t e n a t i o n  i s  "preformed" by h i g h  tempera ture  

p r e p a r a t i v e  r o u t e s ,  o r  on thermal  o r  d i s c h a r g e  e x c i t a t i o n .  Thus, s y n t h e s i s  

o f  c a t e n a t e d  h a l i d e s  has  been f r e q u e n t l y  achieved  by d i s c h a r g e  r o u t e s  

involv ing  c h l o r i d e s  o r  compounds of t h e  h e a v i e r  ha logens .  Procedures  

involv ing  f l u o r i d e s  have been g e n e r a l l y  u n s u c c e s s f u l ,  and it is  f r e q u e n t l y  

assumed t h a t  t h e  r e a c t i v e  s p e c i e s  i n  f l u o r i d e  d i s c h a r g e s  are i n c o m p a t i b l e  

w i t h  r e t e n t i o n  o f  homoelemental bonding.  In t h e  c o u r s e  o f  i n v e s t i g a t i o n s  

While convent iona l  condensa t ion  

o f  t h e  d i s c h a r g e  r e a c t i o n s  o f  c o v a l e n t  f l u o r i d e s  o f  e lements  such as 

boron,  s i l i c o n ,  germanium, and phosphorus,  w e  have demonst ra ted ,  mass 

s p e c t r o m e t r i c a l l y  and i n  bulk ,  t h e  occurrence  o f  c a t e n a t i o n  i n  f l u o r i d e -  

based sys tems.  I n  more complex systems involv ing  s i l i c o n ,  halogen 

r e d i s t r i b u t i o n  and c a t e n a t i o n  t o  mixed h a l o p o l y s i l a n e s  has  been observed .  

\ 



Some of t hese  compounds have subsequent ly  been prepared  by a l t e r n a t e  

r o u t e s  and i n v e s t i g a t e d  i n  d e t a i l  by NMR double resonance techniques .  

Of more g e n e r a l  occu r rence  i n  microwave-excited f l u o r i d e  plasmas is 

r e a c t i o n  w i t h  o x i d e s  o r  oxygen i t s e l f  t o  produce oxyhal ide  s p e c i e s  such 

as OBF and O S i F z  which appear  t o  undergo a s e r i e s  of secondary r e a c t i o n s  

t o  produce an array o f  simple and polymeric oxyf luo r ides .  P rogres s  made 

t o  d a t e  toward t h e  e l u c i d a t i o n  of p roduc t s  and o f  p r i n c i p a l  r e a c t i o n  

pathways s u g g e s t s  that r e l a t i v e l y  s t r a i g h t f o r w a r d  fou r -cen te r  a d d i t i o n  

r e a c t i o n s  of t h e  p r i n c i p a l  o x y f l u o r i d e  i n t e r m e d i a t e s  a r e  involved .  

The well-known d i s c h a r g e  s y n t h e s i s  o f  t h e  boron subha l ides  provides  

a ready source  of t h e s e  compounds, which exemplify a c l a s s  of r eagen t s ,  

a c c e s s i b l e  by e n e r g e t i c  routes,  f o r  which a n  e x t e n s i v e  d e r i v a t i v e  chemistry 

can be deve loped .  

have now been p r e p a r e d .  

metallic r e a g e n t s  have been observed i n  which t h e s e  compounds func t ion  a s  

a formal source o f  BX groups .  A comparison i s  sugges ted  w i t h  t h e  high- 

tempera ture  boron-halogen chemis t ry  i n v e s t i g a t e d  by o t h e r s ,  i n c l u d i n g  

t h e  p o s s i b i l i t y  that  t h e  nominally s t a b l e  subha l ides  may f u n c t i o n  under 

some  c o n d i t i o n s  as  low tempera ture  sou rces  o f  h igh  tempera ture  s p e c i e s .  

A number o f  h i t h e r t o  unrepor ted  organo d e r i v a t i v e s  

Reac t ions  wi th  a number of o r g a n i c  and organo- 

Photochemical e x c i t a t i o n  i s  a p a r t i c u l a r l y  a t t r a c t i v e  source  of a 

more s e l e c t i v e  ene rgy  i n p u t  i n  sys tems,  such  a s  o rganometa l l i c s ,  that  

a r e  p o t e n t i a l l y  deg radab le  by more r i g o r o u s  h igh- tempera ture  procedures .  

New s y n t h e t i c  r e s u l t s  in organoboron photochemistry i n c l u d e  t h e  syn thes i s  

of an  e thyny l  d e r i v a t i v e  o f  t h ree -coord ina te  boron. The r e l a t i o n s h i p  

o f  photochemical and o t h e r  e n e r g e t i c  p rocesses  has  been probed i n  s t u d i e s  

o f  f r e e  r a d i c a l  chemis t ry  of phosphorus.  The r a d i c a l s  PCla and PCl4 have 

been c h a r a c t e r i z e d  and  t h e i r  chemical consequences i n v e s t i g a t e d .  

, ,  



I 

\ 
I 

1 
I 

. 

THE USE OF SPECIES FORMED BY HIGH TENPERATURE 
WAPORATION IN CHEElICAL SYNTHESIS 

P. L. Timms 

over t h e  l as t  t h i r t y  years ,  t!icrc i:ns bccr. ;ra: i n -  i i i tcrest  

i n  the  h iyh  t e m e r a t u r c ,  vacuuir evanora t ion  oi r.any s a l f i  e l c l e n t s  

and cospounds t o  form t h i ?  f i i a s .  s p e c i a l  a l l o y s  i i n d  ncti s o l  ? i : . x c x .  

A s  a r e s u l t ,  netiiods and a;r??arati.ie net; e x i s t  i o r  t h c  eva-,orntjon of a t  

l e a s t  a nrar. an iiour O F  r o s t  nr . ter i ; i ls  ;t any tcr:~er;lttirtt t p  ;5?3D:.  

at  r r e s s u r e s  of l,? t o r r  o r  lower. -6 

There has also been incrensinr.  sttidy o f  v2ror  s?ec ies  for;:8ecl 

when ma te r i a l s  

i d e n t i f i e d  b v  t h e i r  mass s p e c t r a  o r  u l t r a -v io l e t  s l ;cc t ra .  and va?or 

equ i l ib r ium measurerrents have been made. 

v.?pclrize a t  above lCKV°C. TI:e spec ie s  have -os t ly  Ecen 

Atorns of t h e  meta ls  and r e t a i l o i d s ,  vapors of low vale t i t  

conpounds, and vapors o f  some normal v a l e n t  CoKyounds, forced a t  Iiif.11 

temperatures,  a r e  a l l  "h i rh  cnerpy" sPec ies .  They nay he capable  of  

chemical r eac t ions  no t  shoc.n bv  the  o r i T i n a l  n n t c r i n l  i n  t he  condensed 

phase a t  lower temperatures.  

and commonplace genera t ion  f o r  ocher purposes,  t he  poss ib l e  use  of high 

temperature vapors a s  reaqents  i n  chen ica l  syn fhes i s  has been overlooked 

u n t i l  t h e  l a s t  few yea r s .  

Yet d e s r i t e  t h e i r  phys ica l  c h a r a c t e r i s a t i o n  

Tlle purpose of  t h i s  paper i s  t o  d i scuss  the  cond i t ions  

necessary tn  use h ieh  temperature snec ie s  i n  syn thes i s ,  t o  i n d i c a t e  t;:c 

s y n t h e t i c  p o t e n t i a l i  t i es  o f  s u c ! ~  spec ie s ,  and t o  s u r m r i s e  tlie r e s u l  ts 

of r e l evan t  researc!. un t l en r3y  i n  the  nuellor's 1ahorat::ry. 

Conditions f o r  usin: h i  :h t e rpe rz t i i r e  vapors I n  synt:!csis 

. _  ::ilenevcr a va?or i s  fornicd b y  h e a t i n r  n : . .aterial i:, t h e  

condensed ;.h.?sc, t:le enerzy sup?l ied  ovcrconcs tile forces  rJ:li (:h lioitl ti.e 



molecules o r  atoms toge the r .  Rela t ive  t o  the  condensed phase of t he  

m a t e r i a l  a t  room tempera ture ,  t he  vapor is a spec ie s  of h iqher  energy. 

For a ma te r i a l  wi th  a normal b o i l i n g  poin t  of above 150OoC, t h e  

d i f f e r e n c e  i n  f r e e  energy between the  s o l i d  a t  room temperature and 

i t s  vapor a t  room tempera ture  w i l l  usua l ly  be above 30 Kcals p e r  mole. 

The vapors of meta ls ,  w i th  a few except ions ,  w i l l  be atomic spec ie s  

wi th  f r e e  energ ies  of formation of +30 t o  +180 Kcals r e l a t i v e  t o  t h e  

s o l i d  metal. Such atomic spec ie s  may have a chemical r e a c t i v i t y  f a r  

g r e a t e r  than t h a t  of  t h e  o r i g i n a l  meta ls .  

Cf course ,  t h e  vapors formed by evapora t ion  a t  high temperatures 

a r e  n o t  s t a b l e  a t  o r d i n a r y  temperatures and w i l l  immediately condense to  

reform t h e  s t a r t i n g  m a t e r i a l .  

r e a c t i o n s  only wi th  t h e  r e l a t i v e l y  few o t h e r  molecules which a r e  s t a b l e  

a t  high temperatures.  tiowever, t h e  p o t e n t i a l  r e a c t i v i t y  of t h e  high 

temperature vapors towards a wide range of compounds can be exp lo i t ed  by 

cocondensing t h e  h igh  tempera ture  vapor and the  vapor of another  compound 

on a s u r f a c e  a t  -196'. 

genera ted  under high vacuum and passes  by a c o l l i s i o n  f r e e  pa th  t o  a cold 

s u r f a c e ,  on t o  which ano the r  molecule i s  a l s o  be ing  condensed. The high 

temperature spec ie s  w i l l  e i t h e r  r e a c t  wi th  i t s e l f  on the  co ld  su r face  o r  

wi th  t h e  o the r  molecule. Which r e a c t i o n  is  favored depends on both 

themadynamic and k i n e t i c  f a c t o r s .  

energy l e s s  than about 5 Kcals can occur to  a measureable ex ten t  a t  -196O, 

They can thus be made t o  undergo gas-phase 

This r equ i r e s  t h a t  the  high temperature vapor i s  

Only r eac t ions  wi th  an a c t i v a t i o n  

bu t  f o r t u n a t e l y  t h e  r e a c t i o n s  of many high temperature spec ie s  do have 

very  low a c t i v a t i o n  ene rg ie s .  
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Synthetic possibilities of high temperature species 

Two types of uses are seen for cocondensation reactions of 

hieh temperature species with ordinary molecules at low temperatures. 

In the first, the high temperature atom or molecule will become 

incorporated in another molecule with which it reacts. This use has 

been well illustrated by published work on carbon and silicon vapor, and 

by reactions of other high temperature species such as boron monofluoride, 

silicon difluoride, and silicon dichloride . It is to be expected that 

atoms and homonuclear molecules of almost all metals and metalloids, and 

molecules like BCZ, Sic, SiO, etc., will all react with other molecules 

to form new compounds which contain the species. 

1 

In the second use, the high temperature species may be used as 

powerful and selective reagents for removal of halogens and other active 

atoms from molecules. Although nearly all metals miqht serve in this 

role,  it is to be expected that the greatest selectivity will be shown by 

the later transition metals, for which intermediates may be Eoverned by 

particular complexing ability. 

Present work in the author's laboratory 

A. Methods of Evaporation 

Two main methods are being used to evaporated metals and other 

raterials inside a chamber with liquid nitrogen cooled walls, at a 

pressure less than torr. 

The first is electron bombardment heating using a Varian "e-Gun", 

which permits downward evaporation from a rod of material. 

materials which melt before evaporation, a molten drop is held on the end of 

For  those 



t h e  rod by su r face  t ens ion .  

vapor i ses  from t h e  t i p .  

one gram an hour f o r  most meta ls  b o i l i n g  below 30OO0C, and f o r  carbon, 

s i l i c o n ,  and boron. The method has the  disadvantage t h a t  i t  does not  

allow evapora t ion  of very  l a r g e  q u a n t i t i e s  of metals.  There is  a l s o  

some unce r t a in ty  about t h e  temperature a t  which evapora t ion  i s  occuring, 

and t he  e l e c t r o n i c  state o f  t he  vapor s p e c i e s  formed. 

have been problems due to  s t r a y  e l e c t r o n s  ind ide  t h e  vacuum chamber 

e x c i t i n g  the vapor which is be ing  cocondensed wi th  t h e  h igh  temperature 

The rod can be advanced as mate r i a l  

The method g ives  a r a t e  of evapora t ion  of about 

Occasionally t h e r e  

rpec ie s .  

The second method is simple evapora t ion  from r e s i s t i v e l y  heated 

It is  easy mlybdenum boa t s  or b a s k e t s ,  wi th  o r  wi thout  alumina l i n i n g s .  

to  evaporate 1 to 3 g. an  hour of metals l i k e  copper or s i l v e r ,  and i t  

will probably prove t h e  b e s t  method f o r  most meta ls  b o i l i n s  below 300OoC. 

It can be r ca l ed  up t o  permi t  evapora t ion  of many grams of  a metal. 

B. Reactionm of Xomr be ing  s tud ied  

Boron. Atom 

The r e a c t i o n s  of boron wi th  hydrogen h a l i d e s ,  boron t r i c h l o r i d e ,  

phosphorus t r i c h l o r i d e ,  and some organic  compounds have a l r eady  been 

2 repor ted  by the  au tho r  . Fur the r  r eac t ions  be ing  c a r r i e d  out  a l l  tend t o  

confirm t h e  idea  t h a t  boron atoms r e a c t  d e s t r u c t i v e l y  wi th  most compounds. 

Free r a d i c a l  po lymer isa t ion  occurs, and t h e  y i e l d s  of products i n  which 

boron has  undergone simple i n s e r t i o n  i n t o  a bond o r  any s i m i l a r  process,  

are always low. 

S i l i c o n  Atom 

One r e a c t i o n  of  s i l i c o n  atoms, t h e i r  i n s e r t i o n  i n t o  the  Si-H bond 
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3 of trimethylsilane, has already been reported by Skell . 
silicon has been reacted with B F 

series SiF4,n(BF2)n (the firat two members of this series, SiF3BF2, and 

SiF2(BF2I2, have resulted from the action of SiF 

The only new volatile material obtained from the cocondensation of B2F4 

and Si atoms, has been characterised as SiF(BF2)3. 

assigned from its mass spectrum, "B and 19F nmr spectrum, and infrared 

spectrum. 

In this work, 

in an effort to make compounds in the 2 4  

on boron at 2000°C). 4 

This structure was 

The compound Si(BF2)4 was not formed. 

Iron Atoms 

Iron has been cocondensed with a large excess of benzene in' an 

effort to make the as yet unknown compound dibenzeneiron, Fe(C6H6)*. On 

Warming the cocondensate to about -50' under vacuum, most of the benzene 

could be pumped off. 

liberating benzene, and a little diphenyl and hydrogen, 

metallic iron. 

temperature in the presence of one atmosphere of hydrogen, there was no 

explosion. 

cyclohexane. 

was being formed. 

than usual as it would be reduced to cyclohexane under very mild conditions. 

The formation of dibenzeneiron would be consistent with the data so far 

obtained, but more work is necessary to prove its existence. 

On warming further to Oo, the cocondensate exploded 

The residue was 

If the cocondensate was allowed to warm from -50" to room 

The volatile material which could be pumped off was then mostly 

The results suggest that a very unstable iron benzene compound 

The reactivity of benzene in the compound was far higher 

This work with iron atoms does demonstrate that cocondensation 

reactions may be a useful route to unstable zero-valent transition metal 

complexes. 
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Nickel Atoms 

Nickel was cocondensed with carbon d ioxide .  On warmin:: the  

cocondensate a l i t t l e  above -196' some carbon monoxide was evolved. 

About 15% of t he  n i c k e l  depos i ted  was recovered a s  n icke l  carbonyl,  

t h e  rest remained a s  a black n i c k e l  oxide,  approximatine t o  N i O  i n  

composition. 

t h e  equation 

The y i e l d  of Ni(C0)4 was about 752 of t h a t  requi red  by 

5 N i  + 4C02 - Ni(CO), + 4SiO 

Nickel vas a l s o  condensed wi th  boron t r i f u o r i d e  t o  t r y  t o  

o b t a i n  #i(BF)4. 

of a n icke l  bo r ide  and the  known complex NiF2.BF3. 

s tepwise  reduct ion  of t h e  boron t r i f l u o r i d e  was obtained. 

Reaction occured bu t  t h e  product seemed t o  b e  a mixture 

Ho evidence of 

Copper and S i l v e r  Atoms 

Copper has been found to  be a very  e f f e c t i v e  reagent f o r  

removing c h l o r i n e  from R-C1 bond and coupling the  boron atoms. 

copper stoma and BC1 

formed i n  40% of the  y i e l d  requi red  by t h e  equat ion  

2Ch + 2BC13 - 2(11Cl B2C14 

When 

w e r e  cocondensed i n  a 1:6 mole r a t i o ,  B2C1,, was 3 

Using copper atoms and CH BC12 ,  a s i m i l a r  y i e l d  of t h e  new 3 

compound 1,2-dimethyl-l,Z,-dichlorodiboron was obtained. 

cha rac t e r i s ed  by i ts  mass spectrum and i t s  "B and proton nmr spectrum, 

and by its q u a n t i t a t i v e  

a t  -8OO. The cocondensation r e a c t i o n  of copper with (CH3)2BCl was very  

complex, althounh an uns t ab le  compound (CH3)4B2 may have been among the  

products.  

This w a s  

reconversion t o  CH BC1 on treatment wi th  ch lo r ine  
3 2  



Cocondensation of copper atoms generated by electron 

bombardment heating with a mixture of BC13 and SiC14, gave B2C14 

and SiC13BC12. 

molybdenum boat at lGOOo with the same mixture, gave B2C14 but 

no Sic1 Bel2. 

the copper vapor or of the SiC14 which can occur with electron 

bombardment heating . 

Cocondensation of copper evaporated from a 

i 

This is an example of electronic excitation either of 3 

1 

Silver atoms, formed by evaporation from molybdenum boats, 

react with B-C1 compounds in a similar way to copper atoms, but the 

yields are much poorer. 

from the surface where cocondensationtakes place. 

The bulk of the silver is recovered as metal - 
i 
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THE OXmATION O F  HYDROGEN CHLORIDE I N  ELECTRODEZESS 
RADIOFREQUE3CY DISCHARGES 

Raymond F. Baddour and D. F. Flamm 

Department of Chemical Engineering 
bbssachusetts Institute of Technology, Cambridge, bbssachusetts 02139 

A s tudy  of t h e  ox ida t ion  of Hydrogen Chloride i n  e lec t rode-  
less glow discharges  between 3.75 and 150 torr i s  descr ibed .  A 
c y l i n d r i c a l  qua r t z  r e a c t o r  was used a t  2 4 5 0  mHz i n  a tapered  wave- 
guide  sec t ion .  Other work done a t  7 and 20  mAz used c y l i n d r i c a l  
v e s s e l s  with e x t e r n a l  s l eeve  e l e c t r o d e s  and pil lbox-shaped r e a c t o r s  
wi th  e x t e r n a l  e l e c t r o d e s  pa in ted  onto  t h e  f l a t  t o p  and bottom sur -  
f aces .  Power a t  20 mHz w a s  coupled from a se l f - exc i t ed  o s c i l l a t o r  
through a coupling c o i l  i n  t h e  tank and a t  7 mIiz a h e l i c a l  reasonator  
w a s  used. 

For s u f f i c i e n t l y  high d r i v i n g  f requencies  t h e r e  is not  

., 

s u f f i c i e n t  t i m e  dur ing  a cyc le  f o r  e l e c t r o n s  t o  be swept t o  the  
w a l l s  of a d ischarge  r eac to r .  E lec t ron  l o s s  i s  then  con t ro l l ed ,  
i n  a non-at taching gas ,  by d i f f u s i o n .  For a cons tan t  e l ec t ron  
momentum c o l l i s i o n  frequency vm, t he  average power inpu t  per  u n i t  

and i ikewise  t h e  e l e c t r o n  energy 

where 

kvm E = Edc - - 2w 

v& 
w2 + vm2' 

i s  given by 

Edc s i n  2u t  

i~ t h a t  energy obtained i n  a d.c.  e lectr ic  f i e l d  of magnitude 

equa l  t o  the  a.c. R . M . S .  value and where w i s  the  frequency of 
t h e  appl ied  f i e l d ,  k is  t h e  average f r a c t i o n  of energy l o s t  per  
c o l l i s i o n  and i s  assumed cons t an t ,  m i s  the  e l e c t r o n  mass, and 
E, is t h e  peak appl ied  f i e l d ,  and p i s  the  mobi l i ty .  

a 
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The behavior  is  expla ined  by the  balance between e l e c t r o n  at taci i -  
ment and detachment processes in  t h e  d i f f e r e n t  reg ions  of t h e  
d ischarge .  

' Limited d a t a  were a l s o  

H20 + C 1 2  = 

obta ined  on t h e  r eve r se  r e a c t i o n  

. 
1 2 H C 1  + p 2  

which gave some evidence  t h a t  a t  moderate p re s su res  t h e  r e a c t i o n  
approached an asymptot ic  composition a t  long res idence  t i m e .  

€or e l e c t r o n s  i s  v i b r a t i o n a l  e x c i t a t i o n  of €IC1 and subsequent 
i n f r a r e d  r a d i a t i o n .  

F ina l ly  it is shown t h a t  a major method of  energy loss 

b 

I '  
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FREE ENERGY CHARTS FOR HIGH TEMPERATURE CHEh4ICAL CALCULATIONS 

T. B. Reed 
Lincoln Laboratory, * Massachusetts Institute of Technology 

Lexington. Massachusetts 021 73 

To calculate the degree of chemical reaction for  

a A + b B +  ... = m M + n N +  . . .  (1) 

AG(T) = AH(T) - TAS(T) . (2) 

a t  any temperature, i t  is necessary to h o w  the Gibbs free energy change 

One can then find the concentrations of the reactants and products from the equilibrium 

constant K 
- 

m n a b  
M N A B  A G = - R T I n K z - R T P n p  p /p p (3) 

where p is the activity of each reactant. 

gaseous a t  the reaction temperature, p is approximately equal to the par t ia l  pressure.  

The heat capacitites, and other thermodynamic properties of elements and com- 

F o r  reactants whose standard s ta te  is  

pounds, a r e  not simple functions of temperature  and a r e  usually presented in extensive 

tabulations such as JANAF Tables. 

the non-linear te rms  largely cancel so  that to a very good approximation 

However, in forming AG from these properties, 

AG(T) = &  - ThS (4) 

where now AH and & a r e  respectively the asymptote and slope of a plot of AG vs T, 

and may differ by j-lO% from AH(T) and AS(T). 

formation of A f  0 varies  from the s t ra ight  line AG = -402.3 + 77.2T by a t  most 

0.08% between 1,000 and 2, 300°K, while AH(T) varies by 1.5% and S ( T )  var ies  by 

5% over this range. 

For  instance, the free energy of 

2 3  

It is possible to summar ize  a grea t  deal of the data on chemical reactions in 

the form of families of s t ra ight  lines on plots of AG vs T. Free e n e r p o f  reactions 

for  the formation of the chalcogenides, halides and hydrides, disassociation of poly- 

atomic gases and ionization of elements are assembled here as a convenient summary 

of the thermodynamic data on these reactions. The s t ra ight  line values of AH and 2 
a r e  tabulated. 
*Operated with support from the U.  S. A i r  Force.  

_-- .- 



A plot of AG vs T has  a number of advanuges in the presentation of free energy 

data. I t  enables the relat ive reactivity of various mater ia ls  to be easi ly  visualized 

over  a wide range of temperature .  

that melting points and boiling points of reactants a r e  recorded. The charts  become 

simple nomograms in severa l  ways. A fixed value of K lies on a line passing through 

the origin s o  that by adding one sca le  it i s  possible to read K o r  p for reactions involving 

only one gas. Other scales can be constructed to give the results of compound reactions 

such  as hydrogen reduction of oxides. The free energy change is proportional to the emf 

of electrochemical reactions so  that a separate  scale  gives this conversion. 

* /  

Phase changes a r e  marked by changes in slope so 

At temperatures above 2, OOOOK many of the diatomic gases begin to dissociate. 

Above 10, OOOOK most .molecules have dissociated to a toms and the atoms begin to 

ionize thermally to give electrons and ions. F o r  dissociation and ionization a t  one 

atmosphere total p ressure ,  It is possible to read on the free energy charts  the degree 

of dissociation o r  ionization and the partial p ressures  of molecules, atoms, ions, and 

electrons. By moving the sca le  it is possible to read these quantities at any other total 

p ressure .  The use d the charts  in measuring very high temperature i s  discussed. 

The major s.mrce of entropy change in chemical reactions involving at least  one 

gaseous species is the production or consumption of gas, since the entropy of a mole 

of gas is much higher than that of the corresponding solid o r  liquid. 

apparent on examining the charts  that the entropy change is given approximately by 

? AS = f kAn, where An is the increase in  the number of moles of gas for the reaction. 

For the formation of the chalcogenides and halides, the constant k is.approximately 

40-50 e. u. /mole. but is s m a l l e r  for  reactions involving dissociation' o r  ionization. 

Provided that the reactions a r e  all written for one mole of g a s ,  the free energy charts 

then show a series of paral le l  lines of slope AS. From this i t  is seen  that the 

relative magnitude of AG i s  determined primarily by 

of oxides, sulfides. etc. stays constant over  a wide range of temperatures. 

It becomes 

- 

- 
' 

and the relative stability 

The  oxygen pressure  a t  equilibrium between a metal and its oxide o r  between 

a n  oxide and a higher oxide provides a scale of stability toward oxidation s imilar  to 

the EMF o r  electronegativity scale .  

p ressure .  - log po (analoKous to the definition of pH as the negative log of hydrogen 

We define "p0" as the negative log of oxygen 

2 

4 
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