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THERMAL CRACKING OF LOW-TEMPERATURE 
LIGNITE PITCH 

J o h n  S. B e r b e r ,  Richard L. R ice ,  and Delmar R. Fortney ' 

U .  S. Department  of the In te r ior ,  Bureau of Mines,  
Morgantown Coal  Resea rch  Cen te r ,  Morgantown, West Virginia 

INTRODUCTION 

The t a r  used in this  study was  produced by the Texas Power & Light Com- 
pany f rom a Texas lignite carbonized at  about 500"  C in  a fluidized bed. 
pi tch,  a s  used i n  this r e s e a r c h  p rogram,  i s  the t a r  distillation res idue  boiling 
above 350" C. This pitch is about 40 to 50 percent  of the crude t a r .  
complex resinous m a s s  of polymerized and polycondcnsed compounds (1) .  
an  amorphous solid m a t e r i a l  and quite br i t t l e  at  room temperature .  
ana lyses  average 84 pe rcen t  carbon,  8 percent  hydrogen, 5 percent  oxygen, and 
1 percent  each oi nitrogen and sulfur .  
which i t  i s  p repared ,  .being mainly mix tu res  of the higher homologs of the com- 
pounds contained in the dis t i l lable  fractions of the  t a r .  

The 

P i tch  is a 
It is 

Tce  pitch 

It is chemically s imi l a r  to the t a r  f rom 

The pitch is potentially usefu l  a s  a binder in the manufacture of products  
such a s  roofing cement ,  meta l lurg ica l  e lec t rodes ,  asphalt  paving, and pitch fibre 
pipe,  i f  i t s  cha rac t e r i s t i c s  c a n  be modified by physical and chemical  techniques to 
approximate those ol. asphal t  and bituminous b inders  (2). 

Resea rche r s  of the Bureau  of Mines,  U .  S .  Department of the Inter.ior, have 
investigated three methods f o r  changing the  lignite pitch charac te r i s t ics .  

Air-blowing, which i s  used successfully to  t r ea t  bituminous pitch by lower- 
ing the hydrogen content and increas ing  the softening point and the penetrability, 
was  not too effective with l igni te  pitch ( 1 ,  2).  - -  

Catalytic dehydrogenation (a) was found to be effective in reducing the 
hydrogen content of the  pi tch,  but ca ta lys t  cos t  p e r  pound of t rea ted  pitch is high, 
and the catalyst  recovery c o s t  would be prohibitive. 

The rma l  c racking  h a s  proven to be the m o s t  effective in changing the pitch 
cha rac t e r i s t i c s .  
ing of pitch and shows the va r i e ty  of products that  may  be obtained. 

This'  r e p o r t  c o v e r s  the p re l imina ry  work  done on thermal c rack-  

Thermal  cracking is widely used  in the petroleum industry,  par t icu lar ly  for  
the  production of olef ins .  
of coa l  tar.(A, ?), but s e ldom has been used in  the  t r ea tmen t  of pitch. 
ful  t r ea tmen t  of pitch by th i s  p r o c e s s  could upgrade the pitch into meta l lurg ica l  
coke ,  binders,  oxidation feedstock for  phthalic and maleic  anhydrides,  and gases  
such as hydrogen, methane,  and  ethylene. 

Thermal cracking h a s  also been used in  the t rea tment  
The success- 

The binding ability of the  c racked  pitch and oi l  distillation.pitch can be  
determined by the quality of meta l lurg ica l  e lec t rodes  produced using the pitches 
a s  binders.  Many f ac to r s  affect  the binding properties '  of the ma te r i a l s  being 
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used  a s  b lnders ,  with different producers  and consumers  using entirely d i f fe ren t  
s tandards ,  so the electrode quality t e s t s  were  used to he lp  evaluate the effective- 
nes s  of t he rma l  cracking of the lignite pitch. 

EQUIPMENT 

The thermal  cracking sys tem is shown in figures 1 and 2. The feed  tank 
( f igu re  2, A )  is made f rom a 13-in. length of 10-in. d iameter  schedule 40 pipe, 
to which a cone has  been added for  the bottom. 
e lec t r ic  hea te r s .  
drive.  
40, type 304, s ta in less -s tee l  pipe, heated by external e lec t r ic  h e a t e r s .  
h e a t e r s  a r e  controlled by outside surface thermocouples  welded to the reac tor .  
The r ece ive r  (E) is a 20-in. length of 4-in. d iameter  schedule 40 pipe. 
r ece ive r  is flanged so that i t  can  be bolted to the bottom of the r eac to r .  
denser  (F') is a 30-in. length of 6-in. d iameter  pipe,  swaged at  the bottom end to 
I-in.  d iameter  and flanged a t  the top. The top flange supports a water-cooled 
tube which in se r t s  into the condenser  body in the manner  of a cold f inger .  The 
knockout (G) is a 34-in. length of a 2-in. d iameter  pipe having a tangential gas  
inlet about 8-in. f rom the bottom. 
d iameter  pipe having a wa te r - sp ray  nozzle near  the top. 
s c rubbe r  dra ins  into a standpipe water -sea l  tank (I). 
piece of 6-in.  d lameter  pipe. 
m e t e r  capable of meter ing  1 ,000  cu ft of g a s  a t  s tandard conditions. 

The tank is heated by commerc ia l  
The feed pump (B) is a smal l  gea r  pump with a var iab le  speed 

The thermocracker  ( D )  is a 4-1/2 ft-length of 2-1/2-in. d iameter  schedule 
The 

The 
The con- 

The scrubber  (H) is a 30-in. length of a 4-in. 
The water  f r o m  the 

The wa te r - sea l  tank is a 
The gas  me te r  ( J )  is a laboratory- type wet - tes t  

PR OC E DURE 

Lignite pitch at  200" C was pumped f r o m  the feed tank through electrically 
The tempera ture  of the thermo-  heated l ines  into the top of the the rmocracke r .  

c r a c k e r  was maintained a t  approximately 790" C a s  indicated by the outside 
su r face  thermocouples .  At the end of a run, the flow of pitch was stopped and the 
pump was' flushed with a low-boiling t a r  fraction to keep the impel le r  of the pump 
f rom freezing. 
and gas .  
removed f rom the s ides  and weighed. 
weighed and analyzed. 
was weighed and then disti l led to 400" C ,  leaving a pitch residue. 
res idue  was  analyzed and, i f  found to  have the des i red  carbon-to-hydrogen atomic 
ra t io  (1 .  20 to 1 .80) ,  was used as a binder for e lec t rodes .  Distillate f rom the oi l  
may be oxidized to phthalic and male ic  anhydrides  o r  separa ted  into ac ids ,  bases ,  
and neut ra l  oils .  
sampled,  and analyzed by gas  chromatography.  

Reactions within the c r a c k e r  produced coke, c racked  pitch, oil,  

Cracked  pitch caught in the r ece ive r  was 
The oil  removed by the condenser  and knockout chamber  

Both the top and bottom of the c r a c k e r  were  removed,  and  coke was  

This pitch 

Gas f rom the c r a c k e r  was cooled and scrubbed,  then me te red ,  

RESULTS AND DISCUSSION 

Resul ts  of the the rma l  cracking t e s t s  a r e  given in tables 1 to  4. Of the four 
m a j o r  products obtained f r o m  the pitch--coke, c racked  pitch, oil ,  and gas--the 
coke averaged about 15 to 25 percent  of the feed  to the c r a c k e r ,  the c racked  pitch 
amounted to about 20 to 40 percent ,  the oi l  was about 20 to 30 percent ,  while the 
balance of the feed to the c r a c k e r  consisted of gas .  



Distribution and yield r a t e s  of products ( f i g u r e s  3 to 6 )  a r e  a s  expected con- 
s ider ing the reaction within the c r a c k e r  a t  different crude,pi tch.feed ra tes .  
the pitch is heated it begins to vaporize,  and the turbulenc'e of the vapors  splashes 
some of the iluid onto the hot wall  where i t  s t icks  and is coked. If enough heat is  
avai lable ,  the r e s t  of the pitch i s  vaporized and cracked.  ' As the cracked 
m a t e r i a i s  leave the hot zone,  heavy high-b<oiling mater ia l s  condense immediately 
and collect  in the r e c e i v e r . a s  cracked pitch; the oil and gas  vapors  pass  on to the 
condenser .  Ii there ' , i s  not enough heat available to vaporize all of , the pitch fed to 
the c r a c k e r ,  the unvaporized portion flows through the hot zone and into, the 
rece iver  without being completely cracked.  Such is the case  when the crude pitch 
feed ra te  is high, the residence t ime in the c r a c k e r  being shor te r  and less  time: 
being available for heat  to penetrate  the inter ior  of the pitch m a s s .  
pitch r a t e s  also lower the tempera ture  inside the c r a c k e r ,  reducing the amount of 
coke formed. 

As 

High crude 

:,. . 
Figures  3 a n d  4 appear  to ref lect  these effects.  The coke r a t e  increases  

m o r e  slowly and the c racked  pitch ra te  increases  m o r e  rapidly than does the 
c rude  pitch feed ra te .  
re la ted to the degree  of cracking and coking, the gas  production r a t e  decreases  
with the increase in c r u d e  pitch feed ra te , ( f igure  5 ) .  Gases a r e  produced, by cok- 
ing of pitch adhering to the c r a c k e r  wall ,  then these gases  a r e  c racked  to produce 
hydrogen and olefins.  
duced by devolatilization and thermal  cracking of the pitch and a r e  a l so  subjected 
to fur ther  cracking. 

Since the gases  a r e  formed by severa l . reac t ions ,  each 

In addition to gas produced f r o m  coke, other  g a s e s  a1z-e pro-  

A;$significant amount of ethylene was produced in the c racker .  
.. . 

Oil produced in the. 'cr&cker,  upon disti l lat ion,  yielded a pitch residue poten- 
tially useful a s  e lectrode binder,  paving m a t e r i a l ,  pitch f ibre  pipe,  or roofing 
m a t e r i a l ,  along with a dis t i l la te  that can  be fur ther  t reated to give valuable chemi- 
ca l  intermediates .  
p re l iminary  data on e lec t rodes  made  with the pitch a s  binder.  
carbon-to-hydrogen atomic rat io  of the pit& residue in relation to the crude pitch 
feed r a t e  (figure 7 )  again re f lec ts  the inhibition of cracking by relatively high 
c rude  pitch feed r a t e s .  

Table  3 gives charac te r i s t ics  of the pitch residue and some 
The decrease  in 

The oil i s  produced in two ways--by cracking of the pitch,  the m o s t  desirable 
method, and by devolati l ization of pitch without cracking.  
the oi l  production r a t e  c a n  i n c r e a s e  approximately in proport ion to the crude"pitch 
feed ra te  (figure 6) .  
degree of cracking,  a s  i s  shown by the drop  in the carbon-tolhydrogen atomic 
rat io .  

This is. the reason why 

However ,  the quality of the oil d e c r e a s e s  with decrease  in 

CONCLUSIONS 
( 

Thermal  cracking of low-temperature  lignite t a r  pitch converted the pitch 

1 into a mater ia l  that s e r v e d  as  a sat isfactory binder i n  the m,adufacture of carbon 
electrodes.  
e lectrodes fell within acceptable  ranges.  
c r a c k e r  significantly affected the ra te  of formation of p r o d w t s  and the composition 
of the pitch residue from'dis t i l la t ion of oil produced in the c r a c k e r .  

Compress ive  s t rength and electricT1 resis t ivi ty  of the result ing 
Crude pitch feed r a t e  to the thermo- 

c 
1 

'1 

i 
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The scrubber  (H) is a 30-in. length of a 4-in. 
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The wa te r - sea l  tank is a 
The gas  me te r  ( J )  is a laboratory- type wet - tes t  
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Lignite pitch at  200" C was pumped f r o m  the feed tank through electrically 
The tempera ture  of the thermo-  heated l ines  into the top of the the rmocracke r .  

c r a c k e r  was maintained a t  approximately 790" C a s  indicated by the outside 
su r face  thermocouples .  At the end of a run, the flow of pitch was stopped and the 
pump was' flushed with a low-boiling t a r  fraction to keep the impel le r  of the pump 
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was weighed and then disti l led to 400" C ,  leaving a pitch residue. 
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ra t io  (1 .  20 to 1 .80) ,  was used as a binder for e lec t rodes .  Distillate f rom the oi l  
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Resul ts  of the the rma l  cracking t e s t s  a r e  given in tables 1 to  4. Of the four 
m a j o r  products obtained f r o m  the pitch--coke, c racked  pitch, oil ,  and gas--the 
coke averaged about 15 to 25 percent  of the feed  to the c r a c k e r ,  the c racked  pitch 
amounted to about 20 to 40 percent ,  the oi l  was about 20 to 30 percent ,  while the 
balance of the feed to the c r a c k e r  consisted of gas .  



Distribution and yield r a t e s  of products ( f i g u r e s  3 to 6 )  a r e  a s  expected con- 
s ider ing the reaction within the c r a c k e r  a t  different crude,pi tch.feed ra tes .  
the pitch is heated it begins to vaporize,  and the turbulenc'e of the vapors  splashes 
some of the iluid onto the hot wall  where i t  s t icks  and is coked. If enough heat is  
avai lable ,  the r e s t  of the pitch i s  vaporized and cracked.  ' As the cracked 
m a t e r i a i s  leave the hot zone,  heavy high-b<oiling mater ia l s  condense immediately 
and collect  in the r e c e i v e r . a s  cracked pitch; the oil and gas  vapors  pass  on to the 
condenser .  Ii there ' , i s  not enough heat available to vaporize all of , the pitch fed to 
the c r a c k e r ,  the unvaporized portion flows through the hot zone and into, the 
rece iver  without being completely cracked.  Such is the case  when the crude pitch 
feed ra te  is high, the residence t ime in the c r a c k e r  being shor te r  and less  time: 
being available for heat  to penetrate  the inter ior  of the pitch m a s s .  
pitch r a t e s  also lower the tempera ture  inside the c r a c k e r ,  reducing the amount of 
coke formed. 

As 

High crude 

:,. . 
Figures  3 a n d  4 appear  to ref lect  these effects.  The coke r a t e  increases  

m o r e  slowly and the c racked  pitch ra te  increases  m o r e  rapidly than does the 
c rude  pitch feed ra te .  
re la ted to the degree  of cracking and coking, the gas  production r a t e  decreases  
with the increase in c r u d e  pitch feed ra te , ( f igure  5 ) .  Gases a r e  produced, by cok- 
ing of pitch adhering to the c r a c k e r  wall ,  then these gases  a r e  c racked  to produce 
hydrogen and olefins.  
duced by devolatilization and thermal  cracking of the pitch and a r e  a l so  subjected 
to fur ther  cracking. 

Since the gases  a r e  formed by severa l . reac t ions ,  each 

In addition to gas produced f r o m  coke, other  g a s e s  a1z-e pro-  

A;$significant amount of ethylene was produced in the c racker .  
.. . 

Oil produced in the. 'cr&cker,  upon disti l lat ion,  yielded a pitch residue poten- 
tially useful a s  e lectrode binder,  paving m a t e r i a l ,  pitch f ibre  pipe,  or roofing 
m a t e r i a l ,  along with a dis t i l la te  that can  be fur ther  t reated to give valuable chemi- 
ca l  intermediates .  
p re l iminary  data on e lec t rodes  made  with the pitch a s  binder.  
carbon-to-hydrogen atomic rat io  of the pit& residue in relation to the crude pitch 
feed r a t e  (figure 7 )  again re f lec ts  the inhibition of cracking by relatively high 
c rude  pitch feed r a t e s .  

Table  3 gives charac te r i s t ics  of the pitch residue and some 
The decrease  in 

The oil i s  produced in two ways--by cracking of the pitch,  the m o s t  desirable 
method, and by devolati l ization of pitch without cracking.  
the oi l  production r a t e  c a n  i n c r e a s e  approximately in proport ion to the crude"pitch 
feed ra te  (figure 6) .  
degree of cracking,  a s  i s  shown by the drop  in the carbon-tolhydrogen atomic 
rat io .  

This is. the reason why 

However ,  the quality of the oil d e c r e a s e s  with decrease  in 

CONCLUSIONS 
( 

Thermal  cracking of low-temperature  lignite t a r  pitch converted the pitch 

1 into a mater ia l  that s e r v e d  as  a sat isfactory binder i n  the m,adufacture of carbon 
electrodes.  
e lectrodes fell within acceptable  ranges.  
c r a c k e r  significantly affected the ra te  of formation of p r o d w t s  and the composition 
of the pitch residue from'dis t i l la t ion of oil produced in the c r a c k e r .  
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FIGURE 1 .  - Pitch Thermal  Cracking Apparatus. 
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FIGURE 2. - Thermal Cracking Sys tem.  
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3.  - Coke Rate Based on Crude Pitch Feed 
Rate - Thermal Cracking. 
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FIGURE 4. - Product Pitch Rate Based on Crude Pitch 
Feed Rate - Thermal Cracking. 
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F I G U R E  5. - Cas Production Rate Based on Crude Pitch 
F e e d  Rate - The'rmal Cracking. 
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FIGURE 7 .  - Carbon-to-Hydrogen Atomic Ratio of Oil 
Distillation Residue Based on Crude Pitch 
Feed Rate. 



COAL D E A S H &  A N D  HIGH-PURITY COKE 

Ward J .  R l o a m e r  , The L u m m u s  Company, N e w a r k ,  N e  J, a n d  
F ,  L, S h e a ,  G r e a t  L a k e s  R a s e a r c h  C o r p . ,  E l i z a b e t h t o n ,  T e n n e r e e a  
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I n  1 9 5 7 ,  The Lummus Company a n d  Great  L a k e e  C a r b o n  
C o r p o r a t i o n  b e g a n  a j o i n t  i n v e s t i g a t i o n  i n t o  t h e  qse o f  c o a l  
a s  a s o u r c e  o f  h i g h - p u r i t y  c o k e .  The  p r o c e s s  i n v o l v e d  t h e  p r o -  
d u c t i o n  of  a l o w - a s h ,  l o w - s u l f u r  d e a o h e d  c o a l  a o 1 , u a i o n  f r o m  
h i g h  v o l a t i i e  b i t u m i n o u s  c o a l ,  a n d  t h e  c o n v e r s i o n  o f  t h i s  c o a l  
s o l u t i o n  i n t o  c o k e  u s i n g  a m o d i f i c a t i o n  o f  t h e  Lummus d e l a y e d  
c o k i n g  o p e r a t i o n ,  

E x p e r i m e n t a l  work  on a b e n c h  s c a l e  was i n i t i a t e d  i n  
1 9 5 3  and c o m p l e t e d  i n  1 9 6 1 .  The e x p e r i m e n t a l  s t o p e  w a s  e x p a n d e d  
t o  i n c l u d e  t h e  p r o d u c t i o n  of d e a s h e d  c o a l  a s  w e l l  a e  t h e  h i g h -  
p u r i t y  c o k e  i n  e i t h e r  ' combined  o r  a l t e r n a t e  o p e r e t i a n s o  

Bench  p r o g r a m s  were c a r r i e d  oat o n  s e v e r a l  s c a l e s  o f  
o g e r a t i o n .  A c o n t i f i u o u s  ( b l o c k  o p e r a t i o n )  p i l o t  p l a n t  w a s  
b u i l t  and o p e r a t e d  t o  c o n f % r m  t h e  b e n c h  w o r k .  T h i s  u n i t  w a s  cap-  
a b l e  of  p r o c e s s i n g  c o a l  c o n t i n u o u s l y  a t  a p p r o x i m a t e l y  2 0 0  p o u n d s  
p e r  h o u r  t h r o u g h  t h e  f i l t r a t i o n  s t e p .  A t  t h i s  p o i n t ,  t h e  f i l t r a t e  
w a s  s t o r e d  f o r  f u r t h e r  c o n t i n u o u s  p r o c e s e i n g  t o  e i t h e r  d r a s h e d  
c o a l  p r o d u c t  ( p e r f o r m e d  i n  1 5 0 - 2 0 0  p o u n d  q u a n t i t i e s )  or h i g h -  
p u r i t y  c a k e  (500 p o u n d  q u a n t i t i e s )  ., 

S unna rv - 
A p r o c e s s  h a s  b e e n  d e v e l o p e d  t o  u p g r a d e  t h e  q u a l i t y  o f  

coal t o  a l o w - a s h ,  l o w - s u l f u r ,  l o w - c h l o r i d e  p r o d u c t ,  As a f u e l ,  
t h i s  m a t e r i a l  w o u l d  r e s u l t  i n  r e d u c e d  c a p i t a l  a n d  o p e r a t i n g  c o a t i  
f o r  power  s t a t i o n s ,  I n v e s t m e n t  c o s t s  w o u l d  b e  r e d u c e d ,  d u e  t o  
t h e  h i g h e r  h e a t i n g  v a l u e  a n d  c l e a n e r  f u e l .  O p e r a t i n g  c o s t s  wou ld  
b e  r e d u c e d  by c h a r g e s  a s s o c i a t e d  w i t h  t h e  t r a n s p o r t a t f o n  of a s h ,  
a s h  h a c d l i n g  a n d  d i s p o s a l  c o s t s ,  l o w e r  m a i n t e n a n c e  c o e t r ,  a n d  f l y  
a s h  r e m o v a l  c o s t s c  The s u b s t a n t i a l  r e d u c t i o n  i n  e u l f u r ,  a s h ,  and  
v o l a t i l e  m a t t e r  w o u l d  g r e a t l y  m i n i m i z e  a i r  p o l l u t i o n .  

O t h e r  p o t e n t i a l  a p p l i c a t i o n s  a r e  f o r  u s e  i n  g a s  t u r b i n e # ,  
a s  a r e d u c t a n t ,  a s  a r a w  m a t e r i a l  f o r  s y n t h e s i s  g a s ,  a a  a n  i n g r e d i e n  
i a  p r e p a r i n g  c o a l  b l e n d s  f o r  m e t a l l u r g i c a l  c o k e ,  o r  f o r  h i g h - p u r i t y  
c o k e .  

)' 
The e c o n o m i c  p o t e n t i a l  o f  t h e  p r o c e s s  i n  i t s  p r e s e n t  s t a g e  ' 

o f  d e v e l o p m e n t  i s  c o v e r e d  i n  T a b l e  5 .  The  p r o c e s s  h a s  c e r t a i n  i 

a s p e c t s  r e q u i r i n g  s u s t a i n e d  d e m o n s t r a t i o n  e f f o r t s  t o  o b t a i n  f i r m  
e c o n o n i c  b a s e s .  

1. 
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P r o c e s s  D e s c r i v t i o n  

F i g u r e  1 s h o w s  a s c h e m a t i c , f l o w s h e e t  f o r  t h e  p r o d u c t i o n  o f  
e i t h e r  d e a s h e d  c o a l  o r  h i g h - p u r i t y  c o k e  a s  i n v e s t i g a t e d  i n  t h i s  p r o -  
g r a m ,  I 

D e a s h e d  C o a l  - C r u s h e d ,  g r o u n d  a n d  d r i e d  raw c o a l  is f e d  t o  
a g i t a t e d  p r e m i x  t a n k s  w h e r e  i t  is m i x e d  w i t h  warm s o l v e n t .  The 
s l u r r y  is pumped t h r o u g h  a n  e x t r a c t i o n  h e a t e r  a n d  t h e n c e  t h r o u g h  
e i t h e r  i n - l i n e  r e a c t i o n  t u b e s  o r  t o  a g i t a t e d  d i g e s t i o n  t a n k s .  D i g e r -  
t i o n  was i n v e s t i g a t e d  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  6 5 0  t o  850'F a n d  
o v e r  a p r e s s u r e  r a n g e  o f  7 5  t o  135 p s i g .  R e s i d e n c e  t i m e s  v a r i e d  f r o m  
t h r e e  m i n u t e s  t o  t w o  h o u r s .  S o l v e n t - t o - c o a l  r a t i o s  were v a r i e d  f r o m  
l r l  t o  4 : l  

From t h e  d i g e s t i o n  t a n k s ,  t h e  c o a l  d i s p e r s i o n  1s f e d  t o  a 
r o t a r y  p r e s s u r e  p r e c o a t  f i l t e r  d e s i g n e d  f o r  o p e r a t i n g  a t . 1 0 0  p a i g  
a n d  7 0 0 ° F .  W a s h i n g  p r o v i s i o n s  a r e  i n c l u d e d .  

The  f i l t e r  z a k e  ( L ) f r  d i s c h a r g e d  i n t o  a c a k e  r e c e i v e r ,  
F i l t r a t e  a n d  w a s h  a r e  c o l l e c t e d  a n d  f e d  t o  t h e  p r o d u c t  a n d  r o l v e n t  
r e c o v e r y  o p e r a t i o n s ,  V a p o r s  f r o m  t h e  f i l t r a t e  r e c e i v e r  a re  c o r n p r e r s e d ,  
h e a t e d  a n d  r e c y c l e d  t o  m a i n t a i n  p r e s s u r e  o n  t h e  f e e d  s i d e  o f  t h e  f i l -  
t e r  d r u m ,  

F i l t r a t e  f l o w s  t h r o u g h  t h e  f i l t r a t e  h e a t e r s  i n t o  a vacuum 
p r o d u c t  r e c o v e r y  u n i t ,  V a p o r s  f r o m  t h i s  u n i t  p a s s  t o  a f l a s h  t o w e r  
w h e r e  t h e  b o t t o m  s t r e a m  is a l l  s o l v e n t  f o r  r e c y c l e ,  A s i d e  s t ream 
is t a k e n  o f f  a n d  i n  p a r t  is u s e d  f o r  s o l v e n t  make-up w i t h  t h e  re- 
m a i n d e r  p r o c e s s e d  f o r  b y - p r o d u c t  r e c o v e r y .  

O v e r h e a d  v a p o r s  f r o m  t h e  f l a s h  t o w e r  a r e  c o n d e n s e d ,  a n d  a I 

low b o i l i n g  f r a c t i o n  r e c o v e r e d  a s  a b y - p r o d u c t .  V a p o r s  f l a s h i n g  
f r o m  t h e  f i l t r a t e  r e c e i v e r  a r e  c o n d e n s e d  a n d  i n t r o d u c e d  as r e f l u x  i n t o  
t h e  b o t t o m  s e c t i o n  o f  t h e  f l a s h  t o w e r ,  

F i l t e r  c a k e  is c a l c i n e d  a n d  t h e  e p e n t  c a k e  u s e d  a s  f u e l  f o r  
t h e  p r o c e s s ,  Gas  a n d  d i s t i l l a t e  v a p o r s  f r o m  t h e  k i l n  c o m b i n e d  w i t h  
g a s e o  f r o m  t h e  f i l t r a t e  r e c e i v e r  a n d  f l a s h  t o w e r  o v e r h e a d s  a r e  p a s s a d  
i n t o  a l i g h t  o i l  s c r u b b e r .  The a b s o r p t i o n  o i l  -- t h e  i n t e r m e d i a t e 8  
c u t  f r o m  t h e  f l a s h  t o w e r  -- is s t r i p p e d  i n  t h e  f l a s h  t o w e r ,  L i g h t  
o i l  f r a c t i o n s  l e a v e  t h e  r y s t e m  f r o m  a d e c a n t e r  o n  t h e  f l a s h  tower 
o v e r h e a d  s t r e a m .  Gas f r o m  t h e  l i g h t  o i l  s c r u b b e r  i s  u r e d  f o r  p r o c e s r  
h e a t  

H i g h - P u r i t y  Coke - F o r  c o k e  p r o d u c t  t h e  same f l o w  p a t t e r n  
p r e v a i l s  t h r o u g h  t h e  f i l t r a t e  r e c e i v e r .  The f i l t r a t e  i s  pumped t o "  
a c o k i n g  h e a t e r  a n d  t h e n c e  t o  c o k e  d r u m s .  O v e r h e a d  v a p o r r  f r o m  t h e  
c o k e  d r u m s  p a r s  t o  a c o m b i n a t i o n  tower w h e r e  r e c y c l e  r o l v e n t  a n d  by-  
p r o d u c t  f r a c t i o n s  a r e  r e c o v e r e d ,  O v e r h e a d  v a p o r s  f r o m  t h e  t o w e r  p a r r  
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_ .  - .  - L - J : , J . - ; ~ ~ ~ L ,  ):as s e p a r a t o r ,  and  t h e n c e  t o  a l i g h t  o i l  s c r u b b e r . !  

a t ~ a v e  o p e r a t i o n s  w e r e  i n v e s t i g a t e d  on b o t h  8 b e n c h  , 

..:.- ;i;: ?L; ,nt  s c a l e  w i t h  t h e  e x c e p t i o n  o f  c a k e  c r l c i n i n g  w h i c h  was  
? c r : a z n ~ 2  o n i y  on b e n c h  s c a l e ,  V a r i a b l e s  i n v e s t i g a t e d  a r e  d i s c u s r e d  , 

I ... i.16 :oiAowing s e c t i o n s .  

' r a c L D J  , n d  O n e r a t i n t !  V a r i a b l e s  f o r  D e a s h e d  C o a l  - I- 

,I r e v i e v  o f  o u r  w o r k  on  s o l v e n t  d e a s h i n g  i n d i c a t e d  t h e  
0 7 c r n t i n y .  c o n d i t i o n s  n e c e s s a r y  t o  o p t i m i z e  t h e  p r o c e s s .  T h e s e  
Z L ~  be b r i e f l y  s u m m a r i z e d :  

.~ 

i :  .The d e v e l o p m e n t  of  a s t a b l e ,  h i g h - e x t r a c t i v e - e f f i c i e n c y  
i ~ i v i i i :  c r i p a b l a  o f  e s s e n t i a l l y  c o m p l e t e  r e c o v e r y  i n  t h e  vacuum r e c o v -  
2 : y  u n i z  'ca y r e l d  u e a s h e d  c o a l  was  a c c o m p l i s h e d  b y  s p e c i a l  t r e a t m e n t  
s z  L i ~ i : ~ : : - b ~ i i i ~ g  coal t a r  d i s t i l l a t e .  The r e q u i r e d  s o l v e n t  h a v i n g  
asce l ia : - . :  c c m p e r a c u r e  ~ t a b i  l i t y  and  h i g h  s o l v e n t  power  was  a t t a i n e d  
b y  r c f r a - : o t r L i n g  t h e  h i f i h - b o i l i n g  c o a l  t a r  d i s t i l l a t e ,  e m p l o y i n g  
" - L L > c > e  ,I. t : i a r m a l  d e c o m p o s i t i o n  and f r a c t i o n a t i o n  t o  e l i m i n a t e  t h e  l e a s  - - L i - 4 L - o - - y  , .- . -. a n d  l o w - b a i l i n g  c o n s t i t u e n t s .  G r a t u i t o u s l y ,  t h e s e  a r e  t h e  
; C L =  c f f e c t i v i  e r c r a c c i o n  c o m p o n e n t s ,  

2 Xicsve:y o f  f r o m  88  t o  9 5  w e i s h t  p e r c e n t  of  t h e  a v a i l -  
3 b i e  ~ a r b s n a c - s ~ s  m a t t e r  a t  e x t r a c t o r  p r e e s u r e s  i n  t h e  r a n g e  o f  5 t o  8 
. i ; - i s J ? h e i L s  and r i ; h  s o l v e n t - t o - c o a l  r a t i o s  i n  t h e  r a n g e  o f  2 o r  311  
w a s  Y c h i ? v e : d  u s i n g  ; h e  i e f r a c t o r i z e d  s o l v e n t  w i t h  A b o i l i n g  r a n g e  o f  
6 0 0  ~a 9 0 0 - F  T y p i c a l  e x t r a c t i o n  c o n d i t i o n e  w e r e  750°F, 7 5  p s i g ,  a t  
a a s L v e n ; - i o - c o ~ i  : d e 1 0  o t  311. 

\ 

2 ,  E x t r a c t i o n  a t  r e s i d e n c e  t i m e s  o f  5 t o  2 0  m i n u t e s  i n  a 
- . c - ; : r 3 u  s ~ i ~ t i z e r  v e s s e l  o r B  p r e f e r a b l y ,  i n  c o n t i n u r v s  i n - l i n e  
s s i ~ r r o a  n ~ ~ c : n g '  coils w h i c h  w o u l d  p e r m i t  a d i r e c t  c i r c u i t  f r o m  t h e  
a o : v r c t - c s z .  m i x i n g  t a n k  t h r o u g h  a c o n v e n t i o n a l  h e a t e r  w i t h  a d i s -  
c h a r g e  t o  d r ~ h e r  a r o t a r y  p r e s s u r e  p r e c o a t  f i l t e r  o r  a s u i t a b l e  
tyCro: lond ,% i3i B e n c h  e x t r a c t i o n s  w e r e  s u c c e s s f u l l y  c o n d u c t e d  a t  
no1G:ng t.irnSs ;f a s  l o w  as 3 m i n u t e s .  T h e r e  w e r e  d u p l i c a t e d  i n  a 
p i i c :  f ~ ~ i i - ~ e  h i a t e r  c o i l  d i s c h a r g i n g  t h e  h o t  c o a l  r o l u t i o n  c o n t i n u -  
o u s l y  ~ : h r ~ , g h  cr, e x p a n d e d  s e c t i o n  o f  t h e  t r a n s f e r  l i n e  t o  t h e  f i l t e r  
c h a r g a  t a n k ,  

4. A s h  r e m o v a l  f r o m  t h e  c o a l  s o l u t i o n  W A O  a c c o m p l i s h e d  a t  
i : - i r . i ~ r o r ,  r . i ~ c s  o f  2 0 0  t o  300 l b s f h r l e q .  f t ,  o f  f i l t e r  s u r f a c e ,  
? = e l : c i n d r y  r a t e s  of  2 0 0  K O  250 w e r e  s e c u r e d  i n  t h e  p i l o t  r o t a r y  
.,;J;OL~ p r c s s ~ r e  f i l t e r  a t  low p r e s s u r e  d i f f e r e n t i a l a ,  S m a l l - s c a l e  
:-zb a n  cocit: w a s h i n g  a n d  c a l c i n i n g  were p e r f o r m e d  t o  o b t a i n  c l o s e d -  
i y c i e  d a t a  a n  s o i b e n t  a n d  d i s t i l l a t e  d i s t r i b u t i o n .  I t  w a s  a n t i c i -  
p a ~ o d  t h a t  t h e  f i l t e r  c a k e  w o u l d  b e  w a s h e d  w i t h  a l i g h t  o i l ,  c a l c i n e d  
zni the spexit c a k e  u s e d  a s  n t e a m  f u e l  f o r  t h e  p r o c a r s  in A f u l l - s c a l e  
T l z n t ,  
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The b e n c h  a n d  p i l o t  p l a n t  o p e r a t i o n s  i n  g e n e r a l  C l o s e l y  
a p p r o a c h e d  t h e  g o a l 5  s e t  a t  t h e  s t a r t  o f  t h e  work  f o r  t h e  d e a s h e d  
c o a l  p r o d u s t i J n  p h a s e  of t h e  p r o g r a m .  I n  T a b l e  I ,  t h e r e  a r e  p r o -  
v i d e d  e x a m p l e s  of  t h e  d a t a  r e l a t i v e  t o  t h e  c o m p o s i t i o n  o f  t h e  raw 
c o a l ,  c o a l - t o - s o l v e n t  r a t i o s ,  t e m p e r a t u r e s  and  p r e s s u r e s  a n d  a n a l y s e s  
o f  t h e  c o a l  e x t r a c t  s o l u t i o n s ,  Y i e l d s  a r e  shown on  h e  b a s i a  o f  
b o t h  raw and a s h - f r e e  c o a l s .  T y p i c a l  c o a l  d e a s h i n g  r e s u l t s  a r e  
shown  in T a b l e  2 ,  

F 

A v a i  l a b l e  C o a l  C h a r g e  S t o c k s  

E x t r a c t i o n  of  c o a l  w i t h  p h e n a n t h r e n e  by e a r l i e r  w o r k e r s  
r e l a t e d  t h e  d e g r e e  of  e x t r a c t i o n  t o  t h e  r a n k  o f  t h e  T h u s ,  
a b o u t  95 p e r c e n t  o f  t h e  o r g a n i c  m a t e r i a l  i n  b i t u m i n o u s  c o a l  w a s  
d i s p e r s e d  as c o m p a r e d  t o  2 7  p e r c e n t  f o r  s u b b i t u m i n o u s  c o a l  a n d  23 
p e r c e n t  f o r  l i g n i t e  Bench  s t u d i e s  u s i n g  a p r e p r o c e s s e d  c o a l  t a r  
d i s t i l l a t e  s o l v e n t  m a r c h e d  t h e s e  e x t r a c t i o n  e f f i c i e n c i e s  f o r  t h e  
b i t u m i n o u s  c o a l  a n d  l i g n i t e  s t u d i e d ,  

The c o a l s  e x t r a c t e d  r a n g e d  i n  a s h  c o n t e n t  f r o m  5 t o  2 0  
w e i g h t  p e r c e n t  a n d  i n  s u l f u r  v a l u e s  f r o m  1 t o  o v e r  4 p e r c e n t .  I n  
e a c h  c a s e ,  i t  w a s  p o s s i b l e  t o  s e c u r e e x c e l k n t  r e m o v a l  o f  t h e  a s h  
a n d  a s u b s r a n r i a l  p o r t i o n  of  t h e  s u l f s r ,  c h l o r i d e s  a n d  o t h e r  c o n -  
t a m i n a n  t s - 

S u l f a t e  a n d  p y r i t i c  s u l f u r  were f u l l y  e l i m i n a t e d  w i t h  t h e  
a s h  a n d  t h e  o r g a n i c  s u l f u r  f o r m s  were n o t i c e a b l y  r e d u c e d . ,  I t  w a s  
a l s o  p o s s i b l e  t o  r e d u c e  t h e  v o l a t i l e  m a t t e r  c o n t e n t s  f r o m  o r i g i n a l  
v a l u e s  of  n e a r  40  p e r c e n t  t o  a r o u n d  1 5  t o  2 5  p e r c e n t  b y  d i s t i l l a t i o n  
o r  by s o l v e n t  p r e c i p i t a t i o n  (5) o f  t h e  d e a s h e d  c o a l  s o l u t i o n ,  

I m p r o v e m e n t  of  S o l v e n t  f o r  C o a l  D e a s h i n g  

I h e  w i d e - r a n g e  h e a v y  a n t h r a c e n e  o i l  f r a c t i o n  o r i g i n a l l y  
u s e d  i n  t h e  c o a l  s o l u t i o n  s t u d i e s  b o i l e d  b e t w e e n  600 'F  a n d  1 0 5 0 ° F .  
Bench  d e l a y e d  c o k i n g  o f  t h e  d e a s h e d  c o a l  s o l u t i o n s  g a v e  s o l v e n t  
l o s s e s  r a n g i n g  a s  h i g h  a s  30 t o  6 0  v o l u m e  p e r c e n t  t h r o u g h  p o l y m e r -  
i z a t i o n  of  t h e  h e a v y  e n d s  a n d  d e c o m p o s i t i o n  of t h e  l e s s  r e f r a c t o r y  
c o m p o n e n t s  of  t h e  s o l v e n t .  

A c c o r d i n g l y ,  s t u d i e s  were i n i t i a t e d  t o  p r o d u c e  a more 
s t a b l e  s o l v e n t ,  A s  a r e s u l t ,  t h e  e f f i c i e n c y  o f  t h e  c o a l  s o l v e n t  
w a s  i m p r o v e d  t o  a p o i n t  w h e r e  85 t o  b e t t e r  t h a n  90% s o l u t i o n  i s  
a c h i e v e d  o f  t h e  t o t a l  e x t r a c t a b l e  c a r b o n a c e o u s  m a t e r i a l  of  t h e  c o a l  
( l . e . ,  e x c l u d i n g  t h e  n o n s o l u b l e  f u s a i n )  

T h i s  p r e f e r r e d  p o l v e n t ,  f r e e d  o f  e a s i l y  p o l y m e r i z a b l e  
m a t e r i a 1 , i s  c a p a b l e  o f  e s s e n t i a l l y  c o m p l e t e  r e c o v e r y  f r o m  e i t h e r  
t h e  cos! s o l u t i o n  by vacuum s t r i p p i n g  o r  f r o m  t h e  d e l a y e d  c o k i n g  
o p e r a t i o n  a t  r e d u c e d  p r e s s u r e .  . 



S ~ l ~ o n r  ~ p g : a d i n g  i s  t h e  r e s u l t  of t w o  i m p o r t a n t  f a c t o r s .  
r l ~ s t ,  t h e  2 0 1  i rr i t  h o l l i n g  r a n g e  h a s  b e e n  n a r r o w o d  a n d ,  s e c o n d l y ,  
t h e  5 o l ~ e n t  h a s  S E ~ ~ I  , c a b i l i s e d  by  r e m o v a l  of  i t s  l e s s  r e f r a c t o r y  
( r e a d l l v  c r a c h e d ,  , , m p o n e n t s .  C o n t i n u e d  u s e  a n d  r e c y c l e - o f  t h i s  
q o l v e n t  i m p r o v e  1 c b  s t a h i l i t v .  

A h c i f f  d l s c u a s l o n  o f  t h e  v a r i a b l e s  i n  c o a l  s o l u t i o n  and  
c o k i n g  o f  i t s  d e a s n e d  ~ o l u t l o n  wlll o u t l i n e  t h e  r e a s o n s  f o r  t h e  
i m p r o v e m e n r s  -e:.ireri b y  t h e  c h a n n e s  I n  s o l v e n t  b o i l i n g  r a n g e  and  
c o m p o s i t i o n  n o t e d  < t D s v e .  

i :  i s  hnown rh,c  t h e  e f f e c t i v e  s o l v e n t s  f o r  c o a l  a r e  
t h o s e  t h a t  h a v e  a n  a n z u l a r  c o n f i e u r a t $ o n  of  t h e  r i n g s ,  a n d  t h a t  
h o i l  a b o ~ e  300 C < 5 / 2  F )  ( ' j  N o n a n g u l a r ,  o r  l i n e a r ,  c o n d e n s e d  
r i n g  s v s t e m 5  Ii,?'ra <I g r e a t l y  r e d u c e d  s e l e c t i v e  s o l v e n t  a c t i o n  on 
t h e  c c ~ r ~ s t l c ~ e n c s  :.r :,ai t h a t  a c t  a s  b i n d l n g  a g e n t s  f o r  t h e  
m i c e l l a r  p o , t i o n  (,t t h e  r o a l .  I t  i s  t h i s  r e m o v a l  o f  t h e  b i n d i n g  
m a t e r l a l  t h a t  l e a d s  t o   lie ~ o m p l e t e  d l s i n t e g r a t i o n  of  t h e  c o l l o i d a l  
n a t u r e  o f  t h e  c o a l ,  a n d  p e p t i z a t i o n  o f  t h e  m i c e l l e s  in t h e  s o l v e n t .  

a n  
f o  

B e c a u s e  o f  ~ h c  t e m p e r a t u r e a  a t  w h i c h  c o a l  d i s s o l u t i o n  
d s u b s e q u e n t  r e c o v e r v  o f  d e a s h e d  p r o d u c t s  a r e  e f f e c t e d ,  i t  was \\ 

und t h a t  c e r t a i n  h l p h  b o i l i n g  f r a - t i o n s  p o l y m e r i z e d  a n d  were 

\ l o s t  f r o m   he o r i z r n a ;  s ~ l v e n t .  TheBe v i s c o u s  f r a c t i o n s  a l s o  
d e c r e a s e d  f r l t r a t l o n  r a t e s .  They  w e r e ,  t h e r e f o r e ,  h e l p f u l l y  
r emoved  i n  r h e  : o u c s e  of r e f r a c t o r l z l n ~  t h e  s o l v e n t .  \ 

c 

The n a r r 3 w  : a n g e  s o ' i v e n t  f i r s t  p r e p a r e d  b y  d i s t i l l a t i o n  1 
a n d  e m p l o y e d  f o r  s o l u t l o n  y l e i d e d  8 3 . 9  p e r c e n t  o f  t h e  o r i g i n a l  1% 

e x t r a c t i o n s  I ( 

a s h - f r e e  c o a l  H o w e v e r ,  by s u c c e s s i v e  h e a t i n g 8  o f  t h e  r e c o v e r e d  
s o l v e n t  a n d  r e d i s t i l l a t l o n s  t o  t h e  o r i g i n a l  n a r r o w  b o i l i n g  r a n g e ,  (< 

t h e  e x t r a c t i v e  e f t i c L e n c y  was  i n c r e a s e d  t o  8 9  t o  93% in s u b s e q u e n t  

\ 
U s e  ? t  O t h e r  R e f r a c t o r y  A r o m a t i c  S o l v e n t s  

Nurc:ou3 r e f i n e r y  s t r e a m  f r a c t i o n s  s u c h  a s ,  f o r  e x a m p l e ,  < t h e r m a i - c r a c k e d ,  c a ~ - ; r d s k e d  h e a v y  c v c l e  o i l s  a r e  r i c h  i n  c o n d e n s e d  
r i n g  a r o m a t i c  c r ~ m p o u n d s  and t h e i r  a l k y l a t e d  homologues. F o r  e x a m p l e ,  
a 7 0 0 "  t o  1000'F c i a r i f l e d  s l u r r y .  o i l  h a s  b e e n  r e p o r t e d  a s  c o n t a i n i n k  
i n  e x c e s s  of  70% c o n d e n s e d  r i n g  a r o m a t i c s .  F u r t h e r ,  t h e r m a l  c r a c k i n g  
o f  t h i s  c l a r i f i e d  o i i  i n c r e a s e d  t h e  c o n c e n t r a t i o n  o f  t h e s e  a r o m a t i c s \  
t o  o v e r  9 0 %  a n a  t h e s e  a r e  p r e d o m i n a n t l y  c o n d e n s e d  r i n g  t y p e s .  I t  i s  \ 
c o n s i d e r e d  t h a t  t h e s e  c r a c k e d  r e f i n e r y  t a r s ,  a f t e r  f u r t h e r  r e f r a c -  , 
t o r i z l n e ,  c o u l d  p r o v i d e  a l o w - c o s t  c o a l  s o l v e n t  o f  h i g h  s o l u t i o n  i 

e f f i c i e n c y  c o m p a r a b l e  t o  t h a t  o f  t h e  c o a l  t a r  s o l v e n t s .  '\i 
Removal  of k 5 h  I 

T h e  e f t i c i e n c y  o f  c o a l  s o l u t i o n  d e a s h i n g  h a s  b e e n  a 
f u n c t i o n  o f  a s h  p a r t r c l e  s i z e  d i s t r i b u t i o n  r a t h e r  t h a n  o f  t o t a l  \ 

\ 
k 

h 
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a s h  c o n t e n t  of  t h e  i n i t i a l  h i g h  v o l a t i l e  b i t u m i n o u s  c o a l .  T h u s ,  
i t  h a s  b e e n  r e p e a t e d l y  d e m o n s t r a t e d  i n  t h e  b e n c h  a n d  p i l o t  s o l v e n t  
d e a s h i n g  s t u d i e s  on c o a l  s a m p l e s  w i t h  a s h  c o n t e n t s  v a r y i n g  f r o m  5 
t o  20  w e i g h t  p e r c e n t  t h a t  f i n a l  a s h  v a l u e s  o f  0 . 1  t o  0 . 3  c o u l d  b e  
o b t a i n e d  i n  t h e  t r e a t e d  c o a l  e x t r a c t s .  

L i s e w i s e  , i n o r g a n i c  c h l o r i d e s  h a v e  b e e n  i a r g e l y  e l i m i n a t e d  
w i t h  t h e  a s h .  C o a l s  c o n t a i n i n g  0 . 2 5  a n d  0 . 1 5  w e i g h t  p e r c e n t  c h l o r i n e  
were r e d u c e d  t o  v a l u e s  o f  0.004 t o  0 . 0 0 3 ,  r e s p e c t i v e l y .  I t  i s  
a s s u m e d  t h a t  c o a l s  o f  c o n s i d e r a b l y  h i g h e r  i n o r g a n i c  c h l o r i d e  c o n t e n t s  
c o u l d  b e  r e d u c e d  t o  s i m i l a r  low v a l u e s .  The h a r m f u l  c o r r o s i v e  
e f f e c t s  o f  a s h  a n d  c h l o r i d e s  on f u r n a c e  o p e r a t i o n  a r e  w e l l  known a n d  
t h e i r  e f f e c t i v e  r e d u c t i o n  i s  o b v i o u s l y  v e r y  d e s i r a b l e .  

S u l f u r  R e d u c t i o n  

The  d e g r e e  o f  b i t u m i n o u s  c o a l  d e s u l f u r i z a t i o n  b y  s o l v e n t  
d e a s h i n g  h a s  p r o v e n  t o  b e  a f u n c t i o n  o f  t h e  o r i g i n a l  r a t i o  o f  
i n o r g a n i c  s u l f a t e  a n d  p y r i t i c  s u l f u r  t o  t h e  o r g a n i c  f o r m s .  O r i g i n a l  
t o t a l  s u l f u r  c o n t e n t s  o f  1 t o  4 p e r c e n t  a r e  r e d u c e d  t o  v a l u e s  o f  
0 . 4  t o  1 w e i g h t  p e r c e n t  i n  t h e  e x t r a c t s .  

I t  i s  known t h a t  t h i s  r a t i o  i n c r e a s e s  w i t h  c o a l s  o f  
i n c r e a s i n g  t o t a l  s u l f u r  c o n t e n t ,  i . e . ,  i n  t h e  l o w e r  g r a d e  c o a l s  o f  
c o r r e s p o n d i n g l y  h i g h e r  a s h .  The f i n a l  s u l f u r  o f  t h e  d e a s h e d  c o a l  
t h e r e f o r e  r e l a t e s  t o  t h e  o r i g i n a l  o r g a n i c  s u l f u r  w h i c h  is o n l y  
p a r t i a l l y  r e m o v e d  i n  t h e  p r o c e s s ,  w h e r e a s  t h e  i n o r g a n i c  s u l f u r  is  
r e m o v e d  s u b s t a n t i a l l y  q u a n t i t a t i v e l y .  

T h u s ,  in T a b l e  1, c o m p l e t e  e l i m i n a t i o n  o f  t h e  p y r i t i c  
a n d  s u l f a t e  s u l f u r s  h a s  b e e n  a c h i e v e d  w i t h  a n  a c c o m p a n y i n g  2 6  
p e r c e n t  r e d u c t i o n  i n  o r g a n i c  s u l f u r ,  f o r  a n  o v e r a l l  s u l f u r  r e d u c t -  
i o n  o f  a b o u t  5 0  p e r c e n t .  

D e l a y e d  C o k i n g  

The o r i g i n a l  1 9 5 7  c o n c e p t  o f  t h e  c o a l  d e a s h i n g  p r o c e s s  
was t o  p r e p a r e  a c o a l  s o l u t i o n  w h i c h ,  a f t e r  f i l t r a t i o n  f o r  r e m o v a l  
o f  i t s  a s h ,  s u l f u r  a n d  o t h e r  c o n t a m i n a n t s ,  w o u l d  b e  c h a r g e d  t o  t h e  
c o n v e n t i o n a l  Lummui d e l a y e d  p e t r o l e u m  c o k i n g  p r o c e s s .  T h e  c o k e  
d rum v a p o r  w o u l d  p a s s  t o  t h e  c o m b i n a t i o n  f r a c t i o n a t i o n  tower f o r  
s e p a r a t i o n  o f  g a s  a n d  l i g h t  a n d  medium d i s t i l l a t e  f r o m  a t o w e r  
b o t t o m  c y c l e  o i l  w h i c h  w o u l d  b e  r e - u s e d  f o r  f r e s h  c o a l  s o l u t i o n .  

The  b e n c h  a n d  p i l o t  c o k i n g  o f  t h e  d e a s h e d  c o a l  S o l u t i o n  
p r o v e d  t o  b e  a l m o s t  r o u t i n e .  T h i s  c h a r g e  s t o c k  r e s e m b l e d  i n  many 
o f  i t s  c h a r a c t e r i s t i c s  a l o w  t e m p e r a t u r e  c a r b o n i z a t i o n  p i t c h .  
Lummus h a d  p r e v i o u s l y  i n  b e n c h  s c a l e  a n d  p i l o t  p l a n t  d e l a y e d  c o k i n g  
a p p a r a t u s  s u c c e s s f u l l y  c o k e d  b o t h  low a n d  h i g h  t e m p e r a t u r e  c a r b o n -  
i z a t i o n  p i t c h e s  a s  w e l l  a s  G i l a o n i t e  a n d  A t h a b a s c a  t a r  s a n d  p i t c h e s .  

n 



The r a n g e  ~f t e m p e r a t u r e s  a n d  g e n e r a l  o p e r a t i n g  c h a r a c t e r -  
i s t i c s  p r o v e d  s i m i l a r  to t h o s e  e m p l o y e d  f o r  t h e  s t o c k s  n o t e d  a b o v e .  
R e d u c e d  p r e s s ~ r e  is n e c e s s a r y  f o r  h i g h  s o l v e n t  (600-900'F) r e c o v e r y .  
T h u s ,  i t  i s  a n t i c i p a t e d  t h a t  f u l l  s c a l e  p l a n t  o p e r a t i o n  w o u l d  
p r o d u c e  c o k e s  w i t h  v o l a t i l e  m a t t e r  c o n t e n t s  a p p r o a c h i n g  t h o s e  
n o r m a l l y  e n c o u n t e r e d  w i c h  p e c r o l e u m  s t o c k s .  S u c h  c o k e s  w o u l d  b e  o f  
l o w  a s h  and  s a t i s i a c t o r v  s u l f u r  c o n t e n t s  a n d  w o u l d  b e  s e c u r e d  a t  
h i g h  y i e l d s .  \ 

( 

\ 

The p r o d u c t  d i s t r i b u t i o n  on c o a l  s o l u t i o n  a n d  on c o a l  a r e  
s u m m a r i z e d  i n  T a b l e  3 ,  b a s e d  o n  a 2:1 s o l v e n t  t o  c o a l  r a t i o .  I t  \ 

w a s  f o u n d  on e x a m i n a t i o n  o f  t h e  c o k e r  t o t a l  l i q u i d  p r o d u c t s  t h a t  
t h e  e x t r a c t i o n  s o l v e n t  h a d  b e e n  r e c o v e r e d  w i t h o u t  s i g n i f i c a n t  c h n a g e .  

' 
The  p r o p e r t i e s  of  t h e  c o k e r  f e e d  a n d  p r o d u c t  c o k e  a r e  l i s t e d  i n  1 

T a b l e  4 .  F 
An a l t e r n a t e  mechod o f  p r o d u c i n g  h i g h  p u r i t y  c o k e  u t i l i z e s  , 

t h e  p u r e  c o a l  e x c r a c t  a s  t h e  raw m a t e r i a l .  T h i s  may b e  p u l v e r i z e d  
i n  a b a l l  a n d  r i n g  o r  x i n g  r o l l e r  t y p e  m i l l ,  s u c h  as  i s  u s e d  f o r  
p o w d e r e d  c o a l  b u r n e r s .  The m i l l e d  p u r e  c o a l  is t h e n  u s e d  t o  fo rm a 
s l u r r y  w i t h  a r e f r a c t o r y  r e c y c l e  s t o c k ,  h a v i n g  a b o i l i n g  r a n g e  o f  

\ 
a b o u t  500-700'F, T h e  b o i l i n g  r a n g e  o f  t h i s  s t o c k  w i l l  v a r y  s o m e w h a t ,  
d e p e n d i n g  upon c o n d i t i o n s  i n  t h e  h e o t e r ,  t h e  c o k e  d r u m ,  a n d  t h e  r a t i o  
o f  s o l i d s  t o  l i q u i d ,  b u t  is s e l e c t e d  s o  t h a t  s u f f i c i e n t  l i q u i d  p h a s e  1 
r e m a i n s  i n  t h e  h e a t e r  c o i l s  s o  a s  t o  c o n v e y  t h e  m i l l e d  p u r e  c o a l  s 
w i t h o u t  c o k e  b u i l d - u p  i n  t h e  h e a t e r .  c 

A t h i r d  m e t h o d  o f  p u r e  c o k e  p r o d u c t i o n  c o n s i d e r e d ,  
p a r t i c u l a r l y  w h e r e  p r o d u c t i o n  o f  p u r e  c o k e  f r o m  c o a l  w o u l d  b e  
c o n d u c t e d  i n  c a n j u n c t i o n  w i c h  t h e  o p e r a t i o n  o f  a r e f i n e r y ,  i n v o l v e s  
u t i l i z a t i o n  o f  p e t r o l e u m  c o k e r  f e e d s t o c k  a s  t h e  l i q u i d  i n  w h i c h  t h e  ( 
s l u r r y  of p u r e  c o a l  i s  f o r m e d .  Where  a low c o k e  y i e l d  f e e d s t o c k  is 

H o w e v e r ,  c h e  p r o p o r t i o n  m i g h t  b e  v a r i e d ,  d e p e n d i n g  upon t h e  t y p e  o f  
c o k e r  f e e d s t o c k  e m p l o y e d  a n d  t h e  r a t i o  o f  s o l i d s  t o  l i q u i d  i n  t h e  
s l u r r y  c h a r g e d  L O  t h e  d e l a y e d  c o k e r .  

u s e d ,  t h e  c o k e  p r o d u c e d  w o u l d  b e  p r e d o m i n a n t l y  f r o m  p u r e  c o a l .  \ 

4 
A l t e r n a t e  P r o c e s s e s  f o r  C o a l  E x t r a c t  R e c o v e r y  \ 

\ 

\ 

, 

A s  a n  a l t e r n a t e  t o  t h e  r e c o v e r y  o f  c o a l  e x t r a c t s  o f  
o r i g i n a l  or d e c r e a s e d  v o l a t i l e  m a t t e r  c o n t e n t s  b y  d i s t i l l a t i o n ,  a s  
n o t e d  i n  T a b l e s  1 a n d  3 ,  i t  was d e t e r m i n e d  t h a t  t h e s e  p r o d u c t s  c o u l d  . 
b e  r e c o v e r e d  r e a d i l y  f r o m  s o l u t i o n  b y  p r e c i p i t a t i o n  w i t h  h y d r o c a r b o n  , 
s o l v e n t s .  T h u s ,  a p a r a f f i n i c  s o l v e n t  y i e l d e d  t h e  c o m p l e t e  d e a s h e d  
c o a l  e x t r a c t ,  w h e r e a s  i t  w a s  p o s s i b l e  t o  r e c o v e r  a d e a s h e d  c o a l  w i t h  
a v o l a t i l e  m a t t e r  c o n t e n t  6 0  w e i g h t  p e r c e n t  b e l o w  t h a t  o f  t h e  o r i g i n a l  
c o a l  w i t h  c o n t r o l  o f  i n t e r m e d i a t e  p r o d u c t  v a l u e s  b y  m a n i p u l a t i o n  o f  
t h e  a r o m a t i c i t y  of t h e  s o l v e n t  b l e n d s .  

, 
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TABLE 4 

DELAYED COKING O F  DEASHED COAL SOLUTION 

RESULTS OF COKER TEST RUN DC-13 

P r o p e r t i e s  of Feed.(’)  

Specific Gravi ty ,  100/60*F 
Softening Point.  *F (R&B) 
Benzene Insoluble.  Wt.70 

P r o p e r t i e s  of Coke 

Wt. P e r c e n t  of F e e d  

Density,  lbs/f t3  
By Weight of Volume 

Coke Drum Cokc Drv.7 
so. 1 Kc?. 2 

1.1926 l . ! 6 ! l  
ion. 5 
I?. 6 

158 
22.2 

25.7 

50.1 
Occupied in  Coke D r u m .  

By Weight of Water  66.7 
’ Displaced by Sample 

Volati le Mat te r ,  Wt. % 9.17 
Fixed  Carbon,  W t .  % 90.22 
Ash, Wte% 0.61 
Sulfur.  W t .  % 0 . 3 7  
Heating Value, BTU/lb. 1 4 , 5 2 0  

(1) Weight p e r c e n t  coal  e x t r a c t  
Benzene  insoluble,  weight  p 

. .  
. .  

. .  . .  
. .  

. .  . .  -. . .. . 

r 

\ 

\ 

22.3 

38.5 

51.3 

10.06 
89.’28 

0.66 
0.38 

-26.2 
ent- 2 I., 0 
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TABLE5 

rr-ovx'rr S T U D Y  - D T A S H E D  COAL PRODUCT 

D:ar.t Cost  513 ,400 ,000  d 24 000s OOO 
\ 

Cos t /Ton  / / M M  BTU CostrTon C'MM BTU 
Produc t  P r o d u c t  

$ 6 . 5 0  , 21.6 . . . ,  2 1 . 6  
' .  . 

R a w  b! a te  r ia ;  ( Cc L 1) 56 .50  
. .  

Lzkor ,  SILT) e r ~ :  s ion,  :. 14 3 . 8  . .9R . ' 3 ;2  
R Over.':cai 

4 . 3  
. .  

Cti i i t ics  1 . 3 0  4 . 3  ,' . 1 ; 3 0  , 

De ?- .. ,. : .. ,: 1 . 1 9  ' 3.9 1.06 3.5,  ' 

. 5 4  1 .8 . 4 0 '  ' - 1 . 6 .  

.c..-..on 

..., - ..-r.ce \ 4  a. -- .-. - - 
Tnsc... - . A - . , c c  4 :>:erest . . A 9  2 .9  , . 8 0  .: . . 2,7 

. 5  . - . I S  - . 5  - .I5 - s;;i.- , J4!S 

CY,,- LT?cra? n g  C o s t s  S11.71 38.R $11.27 ' 37.4 

3 y - 7  :occct c r ed  i t s  2 .60)  ( 8 . 6 )  (2.60) - ( 8 . 6 )  

y e t  C:c:ati'r.z Costs  $9. ! 1 30.2 $8.67 2A. 8 

- 
6 .6  - q : c - z ;  . 'r.vcst-ncnt Sc ' , i rn  2 . 2 4  7.4  2 .00  - 

s2*c,  ->:.ce, 911 .35  37.6 $10.66 35 .3  

39 .72  31.9 $9.03 29.6 

= 5 4 . 0 0  'tor.: 
- .  
d -  :L ? r i ce ,  

' 7 ~ 1  $ j . ? O , t o n )  , '  

S z . - s :  :, 

:. 

P l a n t  is a ' g r a s s - r c o t s '  facil i ty capable of hahdling run-of*minc cool 
f rom s?ockpile. 
LsSor  - SS.OO/rnan hour  including superv ie ton  and overhead .  

2 .  Utili t ies - Elec t r ic i ty  3.006/KMrH 
Steam Q$ .5O/M Ibe. 
Cooling Water  B$.O2/M Gallons 

4 .  

5 .  Vaint rnance  - 3OL of investment.  
6. 
7. 

Deoreciation - Stra ight  Line ove r  15 yea r  period. 

Insurance  & In t e re s t  - 5 %  of Plan t  Colt. 

By-product Credi t s  - 8.01 I.pound a v e r a g e  fo r  ne t  execs. dirtillate. 

I 

/ 

8 .  Pay-Out  - R Years. - -  - - 
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THE HEAT OF REACTION?% HYDROGEN AND COAL 

A. L. Lee, E. L. Feldkirchner, F. C. Schora,and J. J. Henry* 

Institute of Gas Technology 
Chicago, Illinois 

This investigation is a part of the study conducted at the Institute 
of Gas Technology (1,2,4,5,6,7,9,10,11) to obtain the necessary infor- 
mation for designing an efficient coal hydrogasification plant. A thor- 
m g h  literature search reveals that there is no reported data on the 
heat 3f reaction of hydrogen and coal. Therefore, two calorimeters were 
desisned, constructed, and operated, one to measure the heat of reaction 
m d  the other to meesure heat capacity by the drop method. The heat-of- 
reaction calorimeter can be operated at temperatures up to 1500'F and 
pressures up to 1500 psia; the drop calorimeter operates at atmospheric 
pressure and temperatures up to 1500°F. This paper reports the results 
of the following investigations : 

1. The heat of reaction of hydrogen with coals 
and coal chars after various degrees of gasi- 
fication. 

2. The heat of reaction of coa1,pretreatment. 

3 .  The heat capacity of coals and coal chars. 

APPARATUS 

The heat-of-reaction calorimeter built by Dynatech Corporation is 
shown in Figure 1. The sample is placed in the upper portion of the 
neck which is cold. The calorimeter body is filled with hydrogen and 
heated. The temperature of the calorimeter body is measured by foi2 
thermocouples and two platinum resistance thermometers. The sample is 
lowered into the body after the temperature has remained steady for 2 
hours. The change in temperature due to a reaction is then measured as 
a function of time. 

The drop calorimeter, which was also built by Dynatech, is shown in 
Figure 2 .  The sample is placed in the top f'urnace until it reaches the 
desired temperature. It is then dropped into the copper receiver,and 
the heat capacity of the sample is determined from the temperature rise 
and heat capacity of the copper receiver. 

EXPERIIQCNTAL FESULTS 
' J  
I' The major problem encountered in determining the heat of coal reac- 

tisns at high temperature and high pressure is prereaction, since coals 
1 Ceconpose when heated. Meaningful results can be obtained only if the 
A' czal and hydro&en react at conditions at which the desired temperature 
I and pressure are stabilized. Therefore, the method of introducing the 

sayple t2 the reaction conditions is critical. The coal must not react I befsre the conditions are set, and the pressure must not be disturbed 
!: 

when the coal is introduced. 

1 '  * Dynatech Corp. , Cambridge, Massachusetts. 
( 
> 
\ 
c 
f 
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The present method i s  t o  keep the  sample a t  room temperature ins ide  
t h e  ca lwimeter  drop tube so that t h e  reac t ion  will not take  place pre- 
maturely. 
:rm convect im and t o  ensure tha t  the.sample i s  i n  a cold zone while 
L..c ce l? r i ze t e r  i s  being s t a b i l i z e d  a t  the  reac t ion  cmciit ions.  

order t o  ca lcu la te  t he  heat  of reac t ion  from experimental 'data. The 
imzt b?Jance i s  bes t  expressed by: 

Convectim sh ie lds  are i n s t a l l e d  t o  prevent a la rge  heat loss 
L l  

Establ ishing ki heat balance around the  calorimeter w a s  necessary i n  

- 
where: AHR = heat of reac t ion  

' !I, = heat input  from t h e  neck heater  i n  
m = mass 

C = heat  capaci ty  P 
AT = temperature change 

chain 

(1) 

\ 

\s 

3?c!i term i n  Equation 1 must be e i t h e r  es tabl ished by ca l ib ra t ion  or 
acccra te ly  measured. The heat  capaci ty  of t he  calorimeter metal was de- 
tr'rixined i n  the drop calor imeter .  These da t a  a r e  shown i n  Figure 3 ,  

The e f f ec t ive  nCp o f  t h e  reac t ion  calorimeter w a s  ca l ibra ted  by a 
constant-heet-input technique i n  a hydrogen atmosphere a t  1000 ps i a  and 

After t he  Calorimeter constants  were determined, t he  e f f ec t ive  (mCpdT)'s 
o f  t he  convection sh ie ld ,  the  chain, and the  empty sample basket were 
cz l ibra ted  i n  t h e  calor imeter  t o  determine the  change of heat input wjth 
ti-", as shown i n  Equation 2 :  

,-*' 

4 ,~~.?cratures q-, from 840° t o  1460°F. The r e s u l t s  are presented i n  Figure 4. jy 

r 

where : K(A) = a constant dependent only on time 
4 = t i m e  

Combining Equations 1 and 2, we have: 

Eq-dation 3 was used t o  ca l cu la t e  t h e  heat-of-reaction da ta  reported i n  
t h i s  paper. 

\ 
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Design of a hydrogasif icat ion $??ant requi res  data on t h e  hea ts  of I reac t ion  of r a w  coal  i n  the coa l  pretreatment process, t h e  pre t rea ted  
Coal i n  the  low-temperature gas i f i e r ,  t he  residue from the  low-tempera- 

' I  t w e  g a s i f i e r  i n  t h e  high-temperature gas i f i e r ,  and t h e  residue from / iA? high-temperature g a s i f i e r  (4,6). The heat-of-react ion and heat capa- 
c i t y  measurements are given in Tables 1 and 2.  Figure 5 shows t h e  tem- 

j perature  and pressure p r o f i l e s  of a t y p i c a l  experimental m. 

DISCUSSION 
> Unt i l  now, the heat of the coa l  hydrogasif icat ion reac t ion  has only 

been determined by ca lcu la t ion .  

t o  check the v a l i d i t y  of t h e  ca lcu la ted  da ta .  

These ca lcu la t ions  have become more 
c Precise  as more da ta  became avai lable ,  but no measurements were made 
J 

/ I n i t i a l l y  ( i n  the absence of accurate  p i l o t  plant  yield data), t h e  
, :;eat of reac t ion  was estimated by assuming that coal  and carbon were ,, ewiva len t  and t h a t  the hydrogasif icat ion reac t ion  could be approxi- 

:-ited. by (j, 8 )  : 

i' C + 2H2 - CHq 
' This approach, of course, i s  very crude and could not be expected t o  

f r ial  e f f i c i enc ie s  of various gas i f i ca t ion  processes. 

'heat of reac t ion  from the heats of combustion of t he  r eac t an t s  and pro- 
, 'ducts. The heats of combustim of var ious coals  could be obtained by 

a Parr-bomb calorimeter o r  ca lcu la ted  by the modified Dulong formula. 
'But i f  one attempts t o  ca lcu la te  the heat of reac t ion  of hydrogen and 

7 coal  from heats of combustion, there axe two drawbacks. 
)cause t h e  ca lcu la t ion  involves taking t h e  differences of l a rge  numbers 

of the  same order of magnitude, chemical analyses of a l l  r eac t an t s  and 
1 products must be v e r y  accurate  and p i l o t  material balances must be quite 
) c l m e  t o  100 percent o r  else the  balance must be forced. If  t h i s  i s  
i /not the case, large e r r o r s  can be made i n  this  calculat ion.  

the ca lcu la ted  heat of reac t ion  dependent on the  qua l i ty  of the analy- ' t i c a l  data and on the  method used t o  force  t h e  balance. 
'drawback is  that the  ca lcu la ted  heat o f  reac t ion  i s  determined f o r  25'C, 
9 so no information i s  obtained on the reac t ion  heat a t  a c t u a l  r eac t ion  
' temperatiires. 

, of cc',irse, i f  the heat of r eac t ion  could be determined at one t e m -  
perature,  the heat of reac t ion  at  various temperatures could be cal- 

I c u l a t e d  from heat  capaci ty  data. Some heat capacity da ta  are ava i l -  
able i n  the literature f o r  coals  and cokes, but  none a re  ava i lab le  f o r  

' t h e  p a r t i c u l a r  coals  used here. Moreover, the measurement methods 
',u'sed so far are not very accurate .  In  most cases the gaseous decom- , pos i t i on  products were allowed t o  escape from the calorimeters during 
I coal  hcatup, and, consequently, the heat  capacity data are rather 
, douhtP,l. 

2 
from the  heat of  formation data f o r  C + 2H2 - CH4 and the p i l o t  p lan t  

ddata,with t h a t  obtained from the calor imetry s tudies  is  shown i n  Fig- 
J WE c. Iiote that the  p i l o t  p lan t  data were based on a 77'F reference 

give a r e l i a b l e  answer, but i t  could be usef'ul fo r  comparing the ther- 

The next approach, using p i l o t  p lan t  data ( 7 ) ,  w a s  t o  ca l cu la t e  the  

F i r s t ,  be- 

This makes 

The second 

v 

\ 

A c o n p r i s o n  of the  heats of reac t ion  of hydrogen and coa l  obtained 

i 

J 

, 
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‘c erperature,  while the present  experimental data were obtained a t  op- 
ereti:i; conditions. Noreover, the experimental data were obtained from 
coa l s  a t  four d i f f e r e n t  s tages  of react ion:  r a w  coal, pretreated coal, 
lw- t emperature g a s i f i c a t i o n  residue, and high- t emperature gas i f i ca t ion  
residue.  Ash balances were used t o  put these r e s u l t s  on a common basis .  
The ash balance ca l cu la t ions  gave t h e  percent of carbon gas i f i ed  i n  
each c D a l  or char .  Raw coa l  was as swed  t 3  have 0 s  carbon gasif ied.  
7 - L ~ s  Figure 6 shows t h e  general  trend of the  heat of react ion.  

Accurate heat-sf-react ion da ta  a r e  given i n  Table 1. Although the  
p i l o t  p l an t  data a r e  considerably scat tered,  the average value i s  not 
tm d i f f e r e n t  from that obtained by the  other  methods. The calorime- 
t r y  da t a  a l s o  show some sca t te r ing ,  which i s  due t o  the  hetemgeneous 
nature  of the  mal, and t h e  cha rac t e r i s t i c s  of the calorimeter and the 
s e n s i w  instruments. Examinations of the temperature measurement, the 
pressure measurement, the  temperature d i s t r i b u t i o n  i n  the  calorimeter, 
the  t o t a l  mass balance, and the ca l ib ra t ion  r e s u l t s  obtained from the  
cmstant -hea t - input  method and experimental runs on hydrogen and 2- 
aecane react ions ind ica t e  that the  data reported i n  Table 2 should not 
::zve T: deviation g rea t e r  t h a n  10%. 

This work i s  j o i n t l y  sponsored by the American Gas Association and 
tile U.S. Department of the  In te r ior ,  Office of Coal Research. Their 
suppopt is g r a t e f i l l y  acknowledged. Valuable advice and discussions 
riere provided by Drs. B. S. Lee, S. A. Weil, and C.  W. Solbrig of the 
I n s t i t u t e  of Gas Technology. J. R. WSando a s s i s t e d  i n  the experimen- 
t a l  :.:3rl.;. 
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Proximate Analysis, wt $ 

' Fixed Carbon , 

Moisture 
Vo lat i les 

Ash 
Total  

n t i m t e  Analysis, w t  % 
Cerbon 
Hydrogen 
Nitrogen 
Oxygen 
Sulrur 
Ash . 

Total  
Reactyon Temperature, OF 
Reaction Pressure,  p s i a  
Coal Reacted (Av J ,  % 
Carbon Gasified YAvg), % 
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, .-. HYDROGEN CYANIDE PRODUCED FROM COAL AND AMMONIA 

G. E .  Johnson,  'W. A .  Decker ,  A .  .J. Forney ,  and J. H. F i e l d  ' ,':' 
P i t t s b u r g h  Coal  Research C e n t e r ,  U .  S .  Bureau o f  Mines, 

4800 F o r b e s  Avenue, P i t t s b u r g h ,  Pennsylvania  15213 

I 
' INTRODUCTION, . 

Hydrogen c y a n i d e  (HCN) h a s  been one of  t h e  c o u n t r y ' s  s t r o n g e s t  growth 
pe t rochemica ls  i n  r e c e n t  y e a r s .  U .  S .  p r o d u c t i o n  h a s  i n c r e a s e d  from 174 m i l l i o n  
pounds i n  1960 to  350 m i l l i o n  pounds i n  1964,  a 1 0 0 - p e r c e n t  i n c r e a s e  over  t h e  
4-year  p e r i o d .  The growth of  p r o d u c t i o n  of  hydrogen c y a n i d e  h a s  been d i r e c t l y  
' r e l a t e d  t o  t h e  e x p a n s i o n  i n  p r o d u c t i o n  of  s y n t h e t i c  t e x t i l e s  from a c r y l o n i t r i l e .  
R e l a t i v e  growth and p r o d u c t i o n  of  hydrogen c y a n i d e  and a c r y l o n i t r i l e  i s  a s  
f o l l o w s  :. 

P r o d u c t i o n  o f  Hydrogen Cyanide and A c r y l o n i t r i l e  

Hydrogen cyanide,?' A c r y l o n i t r i l e ,  
Year m i l l i o n  l b  m i l l i o n  l b  

l o /  1960 174 229- 
1961 211 25%; 

360- 
10/  

1962 266 
455- 

10/ 
1963 293 
1964 350 593- 
1965 --- 371 ( 6  months)- 4 /  

About 50  p e r c e n t  o f  t h e  t o t a l  o u t p u t  of  hydrogen c y a n i d e  goes i n t o  t h e  
p r o d u c t i o n  o f  a c r y l o n i t r i l e ;  m o s t  of t h e  remainder  i s  u s e  i n  p r o d u c t i o n  of  
a d i p o n i t r i l e  and t h e  m a n u f a c t u r e  of methyl  methacry la te .1 '  However, i n  r e c e n t  
y e a r s  a c r y l o n i t r i l e  and a d i p o n i t r i l e  a r e  b e i n g  produced by p r o c e s s e s  which 
g e n e r a t e  hydrogen c y a n i d e  a s  a byproduct .? /  The b u l k  of  a c r y l o n i t r i l e  i s  a, 
used i n  p r o d u c t i o n  o f  a c r y l i c  f i b e r  (Or lon ,  A c r i l a n ,  Dynel ,  Z e f r a n ,  e t c . ) , -  
a s m a l l e r  amount i n  p r o d u c t i o n  of n i t r i l e  r u b b e r ,  t h e  a d i p o n i t r i l e  i n  manu- 
f a c t u r e  of  Nylon. 

The manufac ture  o f  sodium cyanide  u t i l i z e s  about  7 p e r c e n t  of  hydrogen 
c y a n i d e  p r o d u c t i o n .  The r e m a i n i n g  hydrogen c y a n i d e  goes t o  a l a r g e  number of 
r e l a t i v e l y  s m a l l  u s e s  i n c l u d i n g  f e r r o c y a n i d e s ,  a c r y l a t e s ,  e t h y l  l a c t a t e ,  l a c t i c  
a c i d ,  c h e l a t i n g  a g e n t s ,  o p t i c a l  l a u n d r y  b l e a c h e s ,  and p h a r m a c e u t i c a l s .  

The Andrdssod p r o c e s s  is  t h e  major  commercial  p r o c e s s  used f o r  producing  
hyj rogvl i  : / a i i d e .  It invo1v:s the r e a c t i o n  o f  methane,  ammonia, and a i r  over  
a p l a t i n u m  c a t a l y s t  a t  l , O O O o  t o  1,200' C . 2 1  
a l l o y e d  with rhodium (10 t o  20  p e r c e n t ) .  

The p l a t i n u m  c a t a l y s t  i s  u s u a l l y  

Convers ion  by t h e  Andrussow p r o c e s s  i n  a s i n g l e  p a s s  i s  l i m i t e d  t o  about  
69 p e r c e n t  o f  t h e  ammonia ( a b o u t  75 p e r c e n t  w i t h  gas  r e c y c l e )  and 53 p e r c e n t  
of  t h e  methane. A t y p i c a l  a n a l y s i s  of t h e  r e a c t i o n  g a s e s  l e a v i n g  a c a t a l y t i c  
r e a c t o r  i s  a s  f o l l o w s  i n  volume-percent :  Ni t rogen  56.3,  water  vapor  23.0, 
hydrogen 7 . 5 ,  hydrogen  c y a n i d e  6 .0 ,  carbon monoxide 4.4, ammonia 2 . 0 ,  methane 
0.5,  carbon d i o x i d e  0 .2 ,  and oxygen 0.1. 

a/ Reference  t o  t r a d e  names is  made f o r  i d e n t i f i c a t i o n  o n l y  and does n o t  imply 
endorsement  by t h e  Bureau o f  Mines. 
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In t h e  C a t a l y t i c  Degussa p r o c e s s  which i s  no t  i n  g e n e r a l  u s e  b u t  i s  s i m i l a r  
t o  t h e  Bureau of Mines method i n  t h a t  h e a t  i s  provided  e x t e r n a . l l y ,  t h e  o f f g a s  
from t h e  ammonia-methane r e a c t i o n  c o n t a i n s  more t h a n  20 p e r c e n t  h y d r o g e n , c y a n i d e .  
U t i l i z a t i o n  of methane and ammonia a r e  r e p o r t e d  a s  91 and 85 p e r c e n t ,  r e s p e c t -  
i v e  l y  . 

I n  i t s  s e a r c h  f o r  new u s e s  f o r  c o a l  t h e  Bureau of Mines has  been . i n v e s t i -  
g a t i n g  t h e  product ion  of hydrogen cyanide  from cpa.1. Although hydrogen c y a n i d e  
i s  p r e s e n t  i n  coke oven g a s e s ,  and a t  one time was r e c o v e r e d  a s  a b y p r o d u c t , '  
t h i s  s o u r c e  of t h e  gas  h a s  n o t  been commonly used i n  t h e  Uni ted  S t a t e s  s i n c e  t h e  
development  of t h e  newer methane-ammonia.processes. Although t h e  p r o d u c t i o n  of 

could  be c o m p e t i t i v e  i s  a problem o f  major  c o n c e r n .  

EQUIPMENT AND PROCEDURE 

. .  
hydrogen c y a n i d e  from c o a l  i s  t e c h n i c a l l y  f e a s i b l e ,  p r o d u c t i o n  i n  y i e l d s  t h a t  . ... 

. .  . 
F i g u r e  1 i s  a f lowshee t  of t h e  e x p e r i m e n t a l  u n i t .  Coal  ground t o  minus 300 

mesh i s  dropped i n  f r e e - f a l l  th rough a h e a t e d  r e a c t i o n  zone i n  t h e  p r e s e n c e  o f  
ammonia a t  r a t e s  up t o  1 .10 l b / h r .  A r e v o l v i n g - d i s k  f e e d e r  e s p e c i a l l y  d e s i g n e d .  
by t h e  Bureau of  Mines t o  feed  c o a l  a t  low r a t e s  was c o n s t r u c t e d ;  i t  d e l i v e r e d  " 

t o  w i t h i n  5 p e r c e n t  o f  t h e  d e s i r e d  feed r a t e .  

A s p e c i a l  c o a l  feed  sys tem i s  used to  p r e v e n t  a g g l o m e r a t i o n  and p o s s i b l e  
p lugging  o f  t h e  r e a c t o r  by h e a t i n g  t h e  c o a l  r a p i d l y  through i t s  p l a s t i c  r a n g e  
(about  400' C ) .  

The r e a c t o r  i t s e l f  i s  a & - f o o t  l e n g t h  o f  v i t r e o u s  r e f r a c t o r y  m u l l i t e ,  
1 -1 /8  i n c h e s  I D  and 1-3/8 i n c h e s  OD, j a c k e t e d  w i t h  t w o  e l e c t r i c a l  r e s i s t a n c e  
h e a t e r s .  The t o p  h e a t e r  (maximum t e m p e r a t u r e  850" C) is 1 2  i n c h e s  l o n g  and i s  
wound w i t h  Nichrome w i r e .  It s e r v e s  a s  p r e h e a t e r  f o r  t h e  c o a l  and g a s .  A 
Kantha l  h e a t e r  (Al-Cr-Co-Fe a l l o y ,  maximum t e m p e r a t u r e  1,250' C) e n c l o s e s  t h e  
c e n t e r  20 i n c h e s  of  the t u b e ,  o r  t h e  r e a c t i o n  zone.  The bot tom s e c t i o n  o f  
t h e  r e a c t o r  is exposed t o  t h e  atmosphere f o r  r a p i d  c o o l i n g  o f  t h e  p r o d u c t  g a s e s .  

The bot tom of  t h e  r e a c t o r  tube f i t s  i n t o  a 4 - l i t e r  s i d e - a r m  f l a s k  o r  c h a r  
r e c e i v e r  i n  which t h e  h e a v i e r  s o l i d s  a r e  c o l l e c t e d .  The f i n e  s o l i d s  and carbon 
b lack  produced a r e  c o l l e c t e d  i n  an  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 .  A f t e r  t h e  
product  g a s e s  l e a v e  the p r e c i p i t a t o r  t h e y  p a s s  t h r o u g h  a c o o l e r ,  t h e n  t h e y  a r e  
e i t h e r  metered o r  s e n t  th rough a b s o r b e r s  t o  remove t h e  hydrogen  c y a n i d e  f o r  
a n a l y s i s .  

A l l  of  t h e  p i p i n g  and v e s s e l s  a r e  s t a i n l e s s  s t e e l  o r  g l a s s  i n  o r d e r  t o  
c o u n t e r a c t  t h e  c o r r o s i v e  n a t u r e  o f  t h e  g a s e s .  S i n c e  t h e  g a s e s  a r e  t o x i c ,  t h e  
u n i t  is c o m p l e t e l y  e n c l o s e d ,  and t h e  e n c l o s u r e  i s  w e l l  v e n t i l a t e d  t o  p r e v e n t  
any a c c u m u l a t i o n  o f  escaped  g a s e s .  The whole s t r u c t u r e  (6  f t  x 6 f t  x 15 f t  
h i g h )  is  covered  w i t h  s teel  s h e e t i n g .  It  h a s  an e x h a u s t  blower (400 cfm) on t h e  
r o o f  and a c c e s s  doors  a t  bo th  ground and 8 - f o o t  l e v e l s .  F i g u r e  2 shows t h e  
e x t e r i o r  of  t h e  u n i t  and f i g u r e  3 shows i t s  i n t e r i o r .  

3 
Product  gas  can be  r e c y c l e d  t o  t h e  t o p  o f  t h e  r e a c t o r  a d j a c e n t  t o  t h e  

cooled  f e e d  t u b e  a l o n g  wi th  p a r t  of  t h e  f e e d  gas .  T h i s  f l u s h e s  away any tar 
v a p o r s  which might  a d h e r e  t o  t h e  walls and c a u s e  p l u g g i n g .  The remainder  o f  
t h e  f e e d  gas  (0 t o  10 s c f h )  e n t e r s  t h e  r e a c t o r  w i t h  t h e  c o a l .  Ammonia, he l ium,  
methane,  n i t r o g e n ,  o r  a i r ,  or m i x t u r e s  of  t h e s e  g a s e s  fed  from c y l i n d e r s  have 
been used a s  feed g a s .  1 
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Before s t a r t u p ,  t h e  system i s  purged w i t h  i n e r t  gas .  A f t e r  t h e  r e a c t o r  
h a s  been h e a t e d  t o  1,250 '  C t h e  d e s i r e d  f lows  of c o a l  and gas .  a r e  s t a r t e d .  
Ammonia and n i t r o g e n  OK h e l i u m  a r e  t h e  g a s e s  u s u a l l y  used.  The g a s  f low i s  
g e n e r a l l y  s p l i t ,  p a r t  e n t e r i n g  t h e  t o p  of  t h e  r e a c t o r  a d j a c e n t  t o  t h e  cooled  
f e e d  t u b e ,  a n d  t h e  remainder  e n t e r i n g  w i t h  t h e  c o a l .  

The powdered c o a l  is fed  through a s t e a m - j a c k e t e d  tube  (5/16Linch OD) which 
e x t e n d s  i n t o  the  p r e h e a t  zone of t h e  r e a c t o r .  .The c o a l  l e a v e s  t h e  end o f  t h e  
feed t u b e  which is a t  t h e  t e m p e r a t u r e  of t h e  s team t o  e n t e r  t h e  p r e h e a t  zone of 
850' C .  The tempera ture  of the  c o a l  r ises  v e r y  suddenly  to  850" C because  o f  
t h e  h i g h  h e a t - t r a n s f e r  r a t e  t o  t h e  small p a r t i c l e s .  The c a r r i e r  gas  ( u s u a l l y  
he l ium,  an i n e r t  g a s )  f e d  wi th  t h e  c o a l  keeps  t h e  p a r t i c l e s  i n  motion and h e l p s  
p r e v e n t  agglomera t ion  a s  t h e  c o a l  r a p i d l y  p a s s e s  through i t s  p l a s t i c  r a n g e .  

Proximate and. u l t i m a t e  analyses-/are made of  t h e  c h a r  and h e a v i e r  
s o l i d s  c o l l e c t e d  i n  t h e  c h a r  r e c e i v e r  and of t h e  l i g h t e r  s o l i d s  c o l l e c t e d  by 
t h e  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 .  Mass s p e c t r o m e t r i c  and chromatographic  a n a l y s e s  
a r e  made on s p o t  samples  of t h e  product  gas .  For c y a n i d e  d e t e r m i n a t i o n s ,  
metered amounts of  p r o d u c t  gas  a r e  bubbled t h r o u g h  t w o  s c r u b b e r s  i n  series 
c o n t a i n i n g  s o l u t i o n s  of  sodium h y d r o x i d e .  T i t r a t i o n  w i t h  s i l v e r  n i t r a t e  s o l u -  
t i o n  d e t e r m i n e s  t h e  t o t a l  c y a n i d e  p r e  sent  .i/ 

EXPERIMENTAL RESULTS AND DISCUSSION 

The i n i t i a l  tes ts  were made w i t h  a m e t a l l i c  r e a c t o r  tube ,  bu t  because  of 
low y i e l d s  o f  hydrogen  c y a n i d e  and f a i l u r e  o f  t h e  m e t a l  a t  t h e  t e m p e r a t u r e s  
employed, t h e  m e t a l  t u b e  w a s  r e p l a c e d  by a c e r a m i c  r e a c t o r  tube .  

In a l l  t h e  t e s t s  o f  t h i s  r e p o r t  w i t h  hvab c o a l ,  P i t t s h r g h  seam c o a l  from 
Bruce ton ,  Pa., was u s e d .  I t s  u l t i m a t e  a n a l y s i s  i s  a s  fo l lows  i n ' p e r c e n t :  
Carbon 7.5.6, ash 8 . 4 ,  oxygen 8.0, hydrogen  5 .1 ,  n i t r o g e n  1.6, and s u l f u r  1 .3 .  

The e f f e c t  of  v a r y i n g  t h e  coal-ammonia f e e d  rates is i l l u s t r a t e d  i n  t a b l e  1. 
Hydrogen c y a n i d e  y i e l d s  were computed from t h e  wet-chemical  method of a n a l y s i s  
which is  c o n s i d e r e d  t h e  more r e l i a b l e  method s i n c e  i t  was de termined  from pro-  
p o r t i o n a t e d  gas samples  t a k e n  c o n t i n u o u s l y  throughout  t h e  t e s t  (sample volume 
o f  0 .2  t o  2 cu f t ) .  Only s p o t  gas samples  (sample volume 0.01 c u  f t )  were used 
f o r  t h e  chromatograph and mass s p e c t r o g r a p h  a n a l y s e s .  

I n  t e s t  C-241 t h e ' c o a l - f e e d  r a t e  was 0.37 l b / h r  and t h e  ammonia-feed r a t e  
was 1 c u  f t / h r .  ( A l l  p r o c e s s  g a s  volumes r e p o r t e d  are c o r r e c t e d  t o  s t a n d a r d  

. c o n d i t i o n s  of  0" C and 760  mm mercury  p r e s s u r e . )  A hydrogen c y a n i d e  y i e l d  o f  
0 .6  c u  f t  p e r  cu  f t  o f  ammonia r e a c t e d  was o b t a i n e d ,  c o r r e s p o n d i n g  to about  
1 2  p e r c e n t  hydrogen c y a n i d e  i n  t h e  product  g a s .  

I n  t e s t  C-243 t h e  h v a b  c o a l - f e e d  r a t e  w a s , r e d u c e d  t o  0.19 l b / h r ,  whi le  t h e  
ammonia-feed r a t e  was i n c r e a s e d  t o  2 . 3  cu  f t / h r .  A y i e l d  o f  0.4 c u  f t  hydro-  
gen c y a n i d e  per c u b i c  f o o t  of  ammonia consumed w a s  o b t a i n e d ,  c o r r e s p o n d i n g  t o  
a b o u t  13  p e r c e n t  hydrogen c y a n i d e  i n  t h e  product  gas .  

The  y i e l d  of hydrogen  c y a n i d e  per  pound o f  c o a l  was approximate ly  doubled 
when t h e  c o a l - f e e d  r a t e  was h a l v e d  and t h e  ammonia-feed r a t e  doubled ( tes ts  
C-241 t o  2 4 3 ) ,  w h i l e  t h e  hydrogen  c y a n i d e  y i e l d  p e r  c u b i c  f o o t  of  ammonia con-  
sumed decreased  by one - t h i r d .  
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Table  1.- Data from T e s t s  w i t h  hvab  Coal and Ammonia w i t h  Helium a t  1 ,250° C 

Product  g a s ,  p e r c e n t  
T e s t  HCNL’ H,S N& H2 O-, N, CO ’ C 0 2  C& CZ% C 3 H 8  C8H10 

C-241 11.8 0.0 0.0 77.7 0 .1  6.7 9.6 0 . 3  5.1 0.4 I 0 . 1  0.0 
C-243 13.1 .O 17.5 68 .6  .9 6.8 4 . 0  .1 1.0 .o .o 1.1 
C-239 13.2 .1 .5 75.9 .1 4.4 10.6 .5  6 .9  .6 . I  . 3  
C-198 5 .4  . 3  .O 78.3  .3 3 .5  11.1 .3  5.7 .5  .o .o 

Feed Y i e l d ,  cu  f t  
T o t a l  

Coal  o f f  gas  Length H C N I C ~  HCNICU 
He 3 N Y 3 r  f e e d ,  H e - f r e e ,  of  r u n ,  HCN/lb f t  N& f t  N b  

c u  f t / h r  cu  f t / h r  l b / h r  c u  f t / h r  min c o a l  f e e d  consumed 

C-241 1 - 0 0  1.00 0.37 5.06 3 0  1.59 0.60 0.60 
C-243 0 .49  2.35 .19 4.90 30 3.31 .27 .40 
C-239 .98 1.00 .73 5.59 15  1.01 .74 .76 
C-198 2.12 0.20 .37- .40 3.61 15  0.51 .98 .98 

- 11 W e t - a n a l y t i c a l  method of  a n a l y s i s  f o r  HCN o n l y ;  o t h e r  components a r e  t h e  
a v e r a g e  of  2 chromatograph and 2 mass s p e c t r o m e t e r  a n a l y s e s ,  HCN-free b a s i s .  

In t e s t  C-239 ( t a b l e  1) t h e  c o a l - f e e d  r a t e  was i n c r e a s e d  t o  0 .73  l b / h r ,  
whi le  t h e  ammonia f low w a s  m a i n t a i n e d  at  1 cu  f t / h r .  A hydrogen c y a n i d e  y i e l d  
of  about  0 .8  cu f t  per  c u b i c  f o o t  ammonia r e a c t e d  was o b t a i n e d ,  e q u i v a l e n t  t o  
about  13 p e r c e n t  hydrogen c y a n i d e  i n  t h e  p r o d u c t  gas .  

In t h e  n e x t  l i s t e d  t e s t ,  C-198, t h e  c o a l - f e e d  r a t e  was 0.37 t o  0.40 l b / h r ,  
w h i l e  t h e  ammonia f low was o n l y  0.2 cu f t / h r .  The hydrogen c y a n i d e  c o n t e n t  i n  
t h e  p r o d u c t  gas  was o n l y  5 p e r c e n t ,  t a b l e  1, b u t  c o n v e r s i o n s  o f  a b o u t  100 
p e r c e n t  o f  t h e  ammonia were o b t a i n e d  with 1 cu  f t  of  hydrogen c y a n i d e  formed 
per  c u b i c  f o o t  of ammonia used.  This y i e l d  o f  hydrogen c y a n i d e  a p p r o x i m a t e s  
t h e  s t o i c h i o m e t r i c  y i e l d  a c c o r d i n g  t o  t h e  f o l l o w i n g  r e a c t i o n s :  

C + N& - HCN + H 2  
C& + HCN + 3H2. 

In t y p i  
a c t i o n ,  t h e  
i n c l u d e  . t h e  
h e a t e d  t o  h i  

c a l  commercial  u n i t s  u s i n g  c a t a l y s t s  f o r  t h e  methane-ammonia re- 
ammonia c o n v e r s i o n  a t t a i n e d  is  a b o u t  75 p e r c e n t .  Y i e l d  v a l u e s  
s l i g h t  amount o f  hydrogen c y a n i d e  t h a t  may be formed when c o a l  i s  
gh t e m p e r a t u r e s  w i t h o u t  a d d i n g  ammonia. 

In g e n e r a l ,  t h e  t e s t s  of t a b l e  1 i n d i c a t e  t h a t  an  e x c e s s  c o a l  f e e d  is  
d e s i r a b l e  i n  o r d e r  t o  a t t a i n  maximum u t i l i z a t i o n  o f  t h e  ammonia s i n c e  t h e  
ammonia is by f a r  t h e  more e x p e n s i v e  raw m a t e r i a l .  

? 
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' I. TesCs. With .Coals  .of D i f f e r e n t  Rank 

. .  . 
In a d d i t i o n  t o  t h e  h,yab - c o a l ,  l i g n i t e ,  subbi tuminous ,  l o w - v o l a t i l e  b i -  

tuminous ,  and a n t h r a c i t c  c o a l s .  c o a l  c h a r ,  and a c t i v a t e d  carbon were' t e s t e d  as 
raw m a t e r i a l s  f o r  p r o d u c i n g  hydrogen c y a n i d e .  I t  is thought  t h a t  t h e  v o l a t i l e  
m a t t e r  i n . c o a 1  r e a c t s  with t h e  ammonia t o  form hydrogen c y a n i d e ,  t h e r e f o r e  
c o a l s  w i t h  h i g h e r  v o l a t i l e  c o n t e n t  should  produce more hydrogen c y a n i d e .  
v o l a t i l e - m a t t e r  c o n t e n t s  on a m o i s t u r e - f r e e  b a s i s  of t h e  v a r i o u s  m a t e r i a l s  
t e s t e d  a r e  as  f o l l o w s :  

The 

V o l a t i l e  
m a t t e r ,  

Tes  t I d e n t i f i c a t i o n  of  c o a l  Source of  c o a l  percent  

C-123, 124 , .  Hvab, P i t t s b u r g h  seam Bruce ton ,  Pa. 34.0 
125,  198,  
239,  241,  
243 

C -207 A c t i v a t e d  c a r b o n ,  Union Carb ide  an,d 2.0 
Grade SXWC Carbon Corp .  

c - 2  10 A n t h r a c i t e  A n t h r a c i t e  Research 7 . 6  
C e n t e r ,  S c h u y l k i l l  
Haven, Pa. 

C -246 Subb, Laramie seam E r i e ,  Colo.  38 .5  

C -249 Lvb, Pocahontas  #3 seam Stepheson ,  W .  Va. 17 .5  

C-252 L i g n i t e ,  unnamed seam Beulah ,  N .  Dak. 41 .1  

C-254 P r e t r e a t e d  hvab,-  Bruce ton ,  Pa.  32 .6  1/ 

P i t t s b u r g h  seam 

- 1/  

T a b l e  2 shows t h e  r e s u l t s  of t h e s e  t e s t s .  L i g n i t e  w i t h  4 1  p e r c e n t  v o l a t i l e  
m a t t e r  produced t h e  most hydrogen  c y a n i d e ,  0 . 4  cu f t  per  c u b i c  f o o t  of  ammonia 
consumed; a c t i v a t e d  c a r b o n ,  c o n t a i n i n g  t h e  l e a s t  v o l a t i l e  m a t t e r  (2 .0  p e r c e n t ) ,  
produced t h e  l e a s t  hydrogen  c y a n i d e ,  0.007 c u  f t  per  c u b i c  f o o t  of ammonia 
consumed. 

T r e a t e d  with a i r  a t  ZOOo C .  

The chemical  n a t u r e  o f  t h e  v o l a t i l e  m a t t e r  and t h e  oxygen c o n t e n t  of  t h e  
c o a l  may a l s o  a f f e c t  t h e  hydrogen c y a n i d e  y i e l d .  The r a t i o  o f  H, t o  CO i n  t h e  
o f f  g a s e s  v a r i e d  from 2 . 3  t o  1 f o r  subb  c o a l  and 2.4 t o  1 f o r  l i g n i t e  t o  7 to  10 
t o  1 f o r  hvab.  The h i g h e r  carbon monoxide v a l u e s  o b t a i n e d  u i t h  subb c o a l  and 
l i g n i t e  a r e  d u e  t o  t h e  h i g h e r  oxygen c o n t e n t s  o f  t h e s e  c o a l s ,  be ing  1 7 . 1  and 20.3 
p e r c e n t ,  r e s p e c t i v e l y ,  compared w i t h  8.0 p e r c e n t  f o r  t h e  hvab  c o a l .  
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Table  2 . -  Data  from T e s t s  w i t h  Var ious  Coals  and Ammonia w i t h  Helium a t  1.250" C 

I 
I Product  g a s ,  p e r c e n t  

I T e s t  HCNL' H2S & H 2  02 N 2  CO C 0 2  C t 4  C2H4 C 3 H 8  

' C-246 Subb 5.4 0.0 0.0 64.2 0.0 4.9 28.0 0 .5  2 .4  0.0 0.0 , C-249 Lvb 4 .2  .O .O 78.9  .1 14.2 3.6 .O 3.0 .2  t r .  
C-252 L i g n i t e  6 .4  t r .  .O 64.6 .1 6 . 1  26.3 .5 2.4 .O .O 
C-254 P r e t r e a t e d ,  hvab 3 . 8  .1 .O 72.3  .8  10.6 14.3 .O 1 . 9  .O .O 

C-207 A c t i v a t e d  carbon .25 .O .O 70.0 .O 23.0 6.6 .1 0 . 3  .O .O 

I 

j C - 2 1 0  A n t h r a c i t e  0 .2  .o .o 73.4 . 3  21.4 2.9 .4 1 .5  .o .o 

9 Feed 
T o t a l  

S o l  i d s  o f f  g a s  'Length 
He 9 NH3 9 f e e d ,  He-f ree ,  o f  r u n ,  

i 
I c u  f t / h r  c u  f t / h r  l b / h r  cu  f t / h r  min 

1 C-246 Subb 0.91 1.00 0.42 6.88 30 
C-249 Lvb .97 1.00 .47 3.92 30 
C-252 L i g n i t e  1 .06 1.00 .37-.40 6.38 15  
C-254 P r e t r e a t e d ,  hvab 1.04 1.00 .35 5.80 30 
C -210 A n t h r a c i t e  1 .02 1.15 -37- .40 4.15 15 

f C-207 A c t i v a t e d  carbon 1.06 1.15 .62 3 .23  15  

/ Y i e l d ,  cu f t  
1 HCN/cu f t  HCN/cu f t  
J HCN/lb c o a l  f e e d  consumed 

,I C-246 Subb 0.88 0.37 0.37 
C-249 Lvb .34 .16 .16 

/ C-252 L i g n i t e  1.05 .41  . 4 1  
! C-254 P r e t r e a t e d ,  hvab  .63 .22 .22 

C-210 A n t h r a c i t e  . 0 2 l 2 /  .007 .007 > C-207 A c t i v a t e d  carbon .013- .007 .007 

) 
I 

L/ 
- 2 1  

W e t - a n a l y t i c a l  method o f  a n a l y s i s  f o r  HCN o n l y ;  o t h e r  components a r e  t h e  
a v e r a g e  of  2 chromatograph and 2 mass s p e c t r o m e t e r  a n a l y s e s ,  HCN-free b a s i s .  
Per pound of  carbon.  

T e s t s  were made t o  d e t e r m i n e  t h e  e f f e c t  t h a t  oxygen i n  t h e  t r e a t i n g  gas  
would have on t h e  y i e l d  of hydrogen c y a n i d e .  It  was thought  t h a t  t h e  h e a t  f o r  
r a i s i n g  t h e  t e m p e r a t u r e  of  t h e  r e a c t a n t s  t o  r e a c t i o n  t e m p e r a t u r e  c o u l d  be s u p p l i e d  
by d i r e c t  c o n t a c t  w i t h  a h o t  f l u e  gas  c o n t a i n i n g  oxygen i n s t e a d  of by e l e c t r i c  
h e a t i n g  ( t a b l e  3 ) .  I n  t e s t  C - 1 2 5 ,  a maximum y i e l d  of  hydrogen c y a n i d e  was pro-  
duced f o r  t e s t s  wi th  a i r  i n  t h e  t r e a t i n g  gas--0.12 cu f t  of  hydrogen c y a n i d e  per 
c u b i c  f o o t  o f  ammonia consumed, or 9.2 p e r c e n t  hydrogen c y a n i d e  i n  t h e  product  
g a s .  When more than 0.5 percent .  a i r  w a s  fed  i n t o  t h e  r e a c t o r ,  m o i s t u r e  condensed 
on t h e  w a l l s  of  t h e  s o l i d s - c o l l e c t i o n  f l a s k ;  t h e  y i e l d  of  hydrogen c y a n i d e  d e -  
c r e a s e d .  The m o i s t u r e  c o u l d  have been a b s o r b i n g  t h e  hydrogen c y a n i d e  s i n c e  
hydrogen  c y a n i d e  i s  h i g h l y  s o l u b l e  i n  water. T h i s  approach  was abandoned. 



Table 3 . -  P r o d u c t  Gas Analyses  and Y i e l d s  o f  Hydrogen Cyanide from 
T e s t s  w i t h  hvab  Coa l .  Ammonia, and A i r  a t  1,250" C 

Product  g a s ,  p e r c e n t  Length Feed 
of  r u n ,  N&, A i r ,  Coal ,  

T e s t  HC&' C& NH3 H 2  N2 CO min c u  f t / h r  du  f t / h r  l b / h r  

C-123 10.3 1.1 10.2 62.8 16.2 9.7 20 5 .90  0.52 0.17-0.20 
C-124 10.9 0 .6  6.9 62.1 1 7 . 2  13.2 20 2.96 .53 .17 -  .20 
C-125 9.2 .4  9.6 48.4 31.5 10 .1  2 0  3.08 1.08 . 1 7 -  .20 

\ 

T o t a l  Y i e l d ,  c u  f t  
. o f f  g a s ,  HCN/cu f t  HCN/cu f t  N& 

cu f t / h r  HCN/lb c o a l  NKq f e e d  c on s ume d 

C-123 4.18 2.30 0.073 0.078 
C-124 3.05 1 . 7 7  .112 .120 
C-125 3.70 1.82 .110 .123 

\ 

- 1/ W e t - a n a l y t i c a l  method of  a n a l y s i s  f o r  HCN o n l y ;  o t h e r  components a r e  t h e  
a v e r a g e  of 2 chromatograph  and 2 mass s p e c t r o m e t e r  a n a l y s e s ,  HCN-free b a s i s .  

T e s t s  With Methane and Ammonia 

Tests were made w i t h o u t  c o a l  feed %ut  w i t h  amnonia and methane t o  de termine  
t h e  r e s u l t i n g  hydrogen c y a n i d e  y i e l d s  f o r  compar ison .  I n  one s e r i e s  of t e s t s  
2 .0  cu  f t / h r  o f  methane w a s  r e a c t e d  w i t h  ammonia i n  f lows  v a r y i n g  from 0.3 t o  
2 .5  cu  f t / h r  a t  1 ,250 '  C .  A s  i l l u s t r a t e d  i n  f i g u r e  4 ,  y i e l d s  of  0 .18  to 0.61 
cu  f t  o f  hydrogen c y a n i d e  per  c u b i c  f o o t  of  ammonia consumed were o b t a i n e d ,  
e q u i v a l e n t  t o  1 .2  t o  13.8 p e r c e n t  hydrogen c y a n i d e  i n  t h e  product  gas .  The 
y i e l d  o f  hydrogen c y a n i d e  reached a maximum a t  a f e e d  r a t i o  o f  methane t o  a m o n i a  
o f  a b o u t  1 t o  1. 

' A s e r i e s  of tes ts  w a s  made i n  which the methane and ammonia f low r a t e s  
were main ta ined  a t  2 and 1 c u  f t / h r ,  r e s p e c t i v e l y ,  w h i l e  t h e  r e a c t o r  tempera ture  
was i n c r e a s e d  from l , O O O o  t o  1,275' C .  Hydrogen c y a n i d e  y i e l d s  are  p l o t t e d  
w i t h  tempera ture  i n  f i g u r e  5,  i n d i c a t i n g  i n c r e a s e d  hydrogen c y a n i d e  y i e l d s  wi th  
i n c r e a s e d  t e m p e r a t u r e .  
per  c u b i c  f o o t  of  ammonia consumed were o b t a i n e d  a t  t h e  h i g h e r  t e m p e r a t u r e s ,  
w h i l e  a t  1,000" C o n l y  0.07 cu  f t  of  hydrogen c y a n i d e  p e r  c u b i c  f o o t  o f  amnonia 
consumed was formed. 

Maximum y i e l d s  of a b o u t  0.6 c u  f t  of hydrogen cyanide  

To e x p l o r e  t h e  use  of c o a l - d e r i v e d  g a s e s  i n  t h e  f o r m a t i o n  of hydrogen 
c y a n i d e  from amnonia, s y n t h e t i c  m i x t u r e s  of a low- tempera ture  c a r b o n i z a t i o n  
g a s ,  a coke  oven g a s ,  and a producer  gas  were p r e p a r e d  and r e a c t e d  with amnonia 
a t  1.250" C .  
ra t io  o f  1 t o  1. I n  f i g u r e  6 t h e  hydrogen c y a n i d e  y i e l d s  o b t a i n e d  a r e  p l o t t e d  
w i t h  t h e  methane' c o n t e n t s  o f  t h e  c o a l  g a s e s .  
were produced w i t h  i n c r e a s i n g  methane c o n t e n t s  of  the f e e d  g a s .  

Gas f lows  were a d j u s t e d  t o  g i v e  a minimum methane-to-ammonia 

I n c r e a s i n g  hydrogen c y a n i d e  y i e l d s  
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ECONOMIC EVALUATION 

The Bureau o f  Mines Process  E v a l u a t i o n  Group: Morgantown, W. V a . ,  made a 
p r e l i m i n a r y  c o s t  s t u d y  of  an  i n t e g r a t e d  p l a n t  t o  produce hydrogen c y a n i d e  
by r e a c t i o n  of ammonia w i t h  c o a l .  
r e s u l t s  i n c l u d i n g  a y i e l d  o f  0.6 c u  f t  of hydrogen c y a n i d e  p e r  c u b i c  f o o t  o f  
ammonia. E l e c t r i c a l  h e a t i n g  was assumed a s  i n  t h e  b e c c h - s c a l e  tes ts ;  a p l a n t  
c a p a c i t y  o f  40 m i l l i o n  pounds p e r  y e a r  was chosen.  The t o t a l  e s t i m a t e d  
c a p i t a l  inves tment  was $12,930,000 i n c l u d i n g  c o s t s  f o r  power g e n e r a t i o n .  

The c o s t  s t u d y  was based on e x p e r i m e n t a l  

Based on a c o a l  c o s t  o f  $4.00 per  ton and an ammonia c o s t  o f  $100.00 per  
t o n ,  t h e  o p e r a t i n g  c o s t s  b e f o r e  p r o f i t  and t a x e s  would be 5.82 c e n t s  p e r  
pound o f  hydrogen c y a n i d e  product  a l l o w i n g  byproduct  c r e d i t .  A d d i t i o n  o f  
1 2 - p e r c e n t  g r o s s  r e t u r n  on inves tment  would g i v e  p r o d u c t i o n  c o s t s  of  9.7 c e n t s  
per pound of  product  when $4.00 per  t o n  c o a l  i s  used .  The c u r r e n t  marke t  
p r i c e  i s  11.5 c e n t s  per  pound.81 

C r e d i t  h a s  been a l lowed i n  t h e  c o s t  f i g u r e s  f o r  a 7 . 6 - p e r c e n t  y i e l d  of  
carbon b l a c k  and t h e  e x c e s s  c h a r  produced i n  t h e  p r o c e s s .  Some of t h e  c h a r  
and t h e  scrubbed product  g a s  ( c o n t a i n i n g  a b o u t  75 p e r c e n t  hydrogen)  are 
consumed i n  t h e  steam p l a n t  f o r  power g e n e r a t i o n .  E l e c t r i c a l  h e a t i n g ,  which 
was used i n  t h e  t es t  u n i t  and a l s o  i n  t h e  c o s t  f i g u r e s ,  i s  one o f  the most 
e x p e n s i v e  t y p e s  of  h e a t i n g ,  a c c o u n t i n g  f o r  g r e a t e r  t h a n  40 p e r c e n t  o f  t h e  
c a p i t a l  c o s t s  i n  t h e  e s t i m a t e .  I f  c h e a p e r  c o n v e n t i o n a l  h e a t i n g  c o u l d  be u s e d ,  
p r o d u c t i o n  c o s t s  would be lowered c o n s i d e r a b l y .  

CONCLUSIONS 

Hydrogen c y a n i d e  h a s  been produced from c o a l  and amnonia a t  1,250" C i n  
b e n c h - s c a l e  s t u d i e s .  The u s e  o f  a m e t a l  r e a c t o r  w a s  u n s u c c e s s f u l  because  t h e  
metal f a i l e d  a t  t h e  t e m p e r a t u r e s  r e q u i r e d ,  and t h e  y i e l d  of  hydrogen  c y a n i d e  
was low. The y i e l d  was improved g r e a t l y  when a r e f r a c t o r y  ceramic  r e a c t o r  w a s  
u s e d .  

Hydrogen c y a n i d e  y i e l d s  a p p r o x i m a t i n g  s t o i c h i o m e t r i c  o f  1 c u  f t  of  hydrogen 
c y a n i d e  p e r  c u b i c  f o o t  of  ammonia r e a c t e d  were o b t a i n e d  a t  l o w  f l o w s  of  ammonia. 
A t  higher amnonia f l o w s ,  ammonia c o n v e r s i o n  o f  about  75 p e r c e n t  w a s  o b t a i n e d ,  
which is  t h e  u s u a l  c o n v e r s i o n  a t t a i n e d  i n  commercial  u n i t s  u s i n g  n a t u r a l  gas  
and a p l a t i n u m  c a t a l y s t .  

The l o w - v o l a t i l e  c o a l s  gave low y i e l d s  of hydrogen c y a n i d e ;  t h e  h i g h -  
v o l a t i l e  c o a l s  gave t h e  b e s t  y i e l d s .  The r e s u l t s  i n d i c a t e d  that  t h e  hydrogen 
cyahi.de is produced by r e a c t i o n  o f  amnonia w i t h  t h e  hydrocarbons  i n  t h e  c o a l .  
Y i e l d s  o f  hydrogen c y a n i d e  from r e a c t i o n  o f  ammonia w i t h  gas  m i x t u r e s  con-  
t a i n i n g  methane are d i r e c t l y  r e l a t e d  t o  t h e  methane c o n t e n t  of t h e  g a s .  

Cost  s t u d i e s  i n d i c a t e  t h a t  hydrogen c y a n i d e  c a n  be produced from c o a l  
and aunnonia a t  a p r i c e  a p p r o x i m a t i n g  t h e  p o s t e d  sales p r i c e .  
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F i g u r e  2. E n c l o s u r e  s u r r o u n d i n g  hydrogen c y a n i d e  u n i t .  
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Figure  3 .  Hydrogen cyan ide  r e a c t o r .  
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h6SSBAUER SPECTROSCOPY OF IRON I N  COAL 

John F. Lefelhocz*, Robert A .  Fr iede l '  , and Truman P. K o h m d  

*Depafiment of Chemistry, Carnegie I n s t i t u t e  of Technolow 
'Pit tsburgh C o a l  Research Center, Bureau of Mines, U.S. Department of t h e  I n t e r i o r  

P i t t sburgh ,  Pennsylvania 15213 

INTRODUCTION 

Meta l l ic  elements (Na, Mg, A l ,  S i ,  K, C a ,  T i ,  Fe) which occur abundantly i n  
the a s h  obtained f ron  t h e  combustion of coa l s  are present  i n  t h e  o r i g i n a l  coa ls  
p a r t l y  as inorganic cons t i t uen t s  o r  minerals.  The i d e n t i f i c a t i o n  of minerals 
present  usua l ly  does not account q u a n t i t a t i v e l y  f o r  s eve ra l  of t h e s e  elements, and 
it i s  supposed t h a t  some sort of organic bonding with t h e  coa l  i s  involved. The 
nature of t h i s  bonding i n  most coals has not been determined. Changes i n  t h e  i n f r a -  
red spec t r a  of l i g n i t e s  and brown coa ls  following a c i d  and alkali t rea tment  i nd ica t e  
the  presence of me ta l l i c  salts of carboxylic ac ids  (1,2,3). For h igher  rank coals,  
i i t t l e  or  nothing i s  known about t h e  s i r u c t u r e s  of t he  metallic elements 

organicall jr  bound". I n  t h e  case of i ron ,  f o r  example, it has no t  been determined , whether t he  so-ca l led  "organict1 i r o n  is  i n  t h e  f e r rous  or f e r r i c  state, t o  what 
Element fr  elements the i r o n  i s  bonded, o r  whether t h e r e  i s  more than  one form of 

The term "organic" must be in t e rp re t ed  with care; t h e  nature of 
t h e  bonding is uncer ta in ,  and p resumbly  could be ion ic ,  coordinate,  o r  organo- 
me ta l l i c .  

organic i ron .  

Mineral components oontaining i ron  can o f t en  be i d e n t i f i e d  pe t rographica l ly .  
P y r i t e  (FeS2) is  common, both as d i s t i n c t  nodules and as veins,  o f t e n  in te r twined  
with carbonaceous macerals. 
revealed, however, many examples which lacked a co r re l a t ion  between Fe and S 
d i s t r i b u t i o n s .  
sugges t ing  incorpora t ion  i n  an  a luminos i l i ca t e  g e l  o r  kao l in i t e .  
parallelism of Fe and Ca (but not Si, Al, K, or S) i n  one specimen suggested the 
presence of Fe as carbonate o r  poss ib ly  oxide. 
f a i r l y  uniform d i s t r i b u t i o n  with no ftpparent c o r r e l a t i o n  with o the r  ash-forming 
elements. This presumably could be  organic" i ron .  

An e l e c t r o n  microprobe s tudy  of s e v e r a l  coals (4)  

I n  some cases Fe was d i s t i n c t l y  a s soc ia t ed  wi th  S i  and AI., 
A s t r o n g  

I n  some cases t h e  Fe shared 

M'dssbauer spectroscopy has been employed t o  s tudy  the chemical p r o p e r t i e s  of 
i ron  i n  a grea t  v a r i e t y  of na tura l  materials: oxides and oxyhydroxides ( 5 , 6 ) ,  
sulfides (7,8) , numerous si l icate minerals (5,6,9,10,11,~)~. i lmen i t e  and r e l a t e d  
t i t an ium minerals (5,13), siderite ( 6 ) ,  jarosites (5,14), l o l l i n g i t e  (15); ordinary 
chondrite meteorites (16) , carbonaceous chondr i tes  (13, a n  achondr i te  (16), and 
seve ra l  tektites (11). 

Recent genera l  articles on Mzssbauer spectroscopy (18,19,20,21,22) discuss  
t h e  i n t e r p r e t a t i o n  of spec t r a  i n  terms of t h e  chemical state of i ron ,  inc luding  
i t s  oxidation state, bonding, and environmental symmetry. 
quadrupole s p l i t t i n g  (A), l i n e  width ( r ) ,  l i n e  i n t e n s i t i e s ,  and a comparison of 
t h e  spec t r a  obtained at room temperature and at liquid-Ng temperature are useful. 

We have undertaken Mgssbauer s tud ie s  t o  cha rac t e r i ze  non-mineral i r o n  i n  

The isomer s h i f t  ( d ) ,  
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cua l .  A mjor aa\;antage or' t h e  bf6ssbauer technique i s  t h a t  t h e  i ron  i s  observed 
without a l t e r i : i g  i t s  chemical state o r  eniiiroluuent. 
nilnber Oi' t h e  mjor deinents present  :Bakes it poss ib l e  for small: amounts of i ron  
t o  >e obser.;ed i n  r a t h e r  l a r g e  amoun':,s 01' c m l .  Sa:nples of whole c o a l  and v i t m i n  
as free as 2oss ib le  from n i n e r a l s  xere se l ec t ed  i n  w d e r  t o  iyiinimize mineral-iron 
in te rzerence ,  and a I'ew saiqles vhose chemical ana lys i s  i nd ica t ed  "organic" iron 
were included. 

ES'ERIMENTAL PROCEDURES 

The r e l a t i v e l y  low a ton ic  

I 

Nine specixens, yri train or vhole-coal, of seven coa l s  w i t h  rank from l i g n i t e  
Their des igna t ions  and geographic or ig ins  (72:. C) t o  a n t h r a c i t e  (93;: C) were ased. 

are given i n  Table 1, i n  o rde r  of inc reas ing  carbon content.  

Table 2 i s  a compilation of the a n a l y t i c a l  d a t a  for C, H, N, S, Fe, ash, and 
0 (by  d i f f e rence )  on samples of these  materials, as determined by the Coal Analysis 
group a t  t h e  Bureau of Mines. 
ana lys i s .  
with 23;; H C l  t o  e x t r a c t  any i r o n  present  as carbonates, oxides, sulfates, e t c .  
P y r i t e  i ron  was then  removed by t r e a t i n g  t h e  HC1-leached c o a l  with 25;; €IN& t o  
d i s s o l v e  t h e  i ron  conbined wi th  sulfur; the e x t r a c t  was evaporated t o  dryness t o  
expe l  oxides of n i t rogen ,  and t h e  res idue  was disso lved  i n  HC1. I n  each case t h e  
i r o n  was reduced with SnC12, t h e  s l i g h t  excess of which was eliminated with HgC12. 
"he reduced i ron  was titrated w i t h  potassium dichromate. "Organic" i r o n  was then 
ca l cu la t ed  by sub t r ac t ing  t h e  two ac id-so luble  i ron  conten ts  from t h e  t o t a l  i ron .  
The Zesul t ing  iron conten ts  are l i s t e d  i n  Table 2 as: t o t a l ,  HC1-soluble, py r i t e ,  
and organic . 

MEssbauer spec t r a  were obta ined  on coa l  samples that were ground i n  a mortar 

The t o t a l  i r o n  i n  t h e  coal was determined by ash 
HC1-soluble i r o n  was determined by t r e a t i n g  a sepa ra t e  powdered sample 

and pestle. 
7.14 em2, was made by g lu ing  
the bottom of a c i r c u l a r  w a l l  mde from a paper card. 
p laced  i n t o  t h i s  c e l l .  
p lace .  The sample mass p e r  u n i t  area was thus  
Inorganic  i r o n  compounds and mineral  samples were ground and mounted e i t h e r  
between t w o  l u c i t e  sheets held together with Duco cement, o r  by mixing the s o l i d  
with ace tone  and Duco cement and alluwing t h i s  mixture t o  harden on a l u c i t e  sheet.  
This latter method was used on ly  when t h e  sample would not i n t e r a c t  with acetone 
o r  the cement. A l l  of t h e  materials 
used i n  t h i s  i nves t iga t ion  contained n a t u r a l  i r o n  with presumably 2.19 atom $ FeS7. 

The M'dssbauer spectrometer incorpora tes  a Nuclear Science and Engineering 
Corporation Model-B lathe-type d r ive  modified i n  t h i s  l abora to ry  for  automatic 
opera t ion .  The opera t ing  m o d e  employs constant ve loc i t  advanced i n  increments 
of C.05 mm s-'. The d e t e c t o r  of t h e  14.4-kev Co57 -. Fegf gamm r a d i a t i o n  i s  a 
Reuter-Stokes propor t iona l  t ube  containing lo$ methane i n  krypton, feeding  through 
a single-channel ana lyzer  set at 11 - 17 keV. Absorbers were mounted on t h e  
moveable t a b l e  pe endicuLar t o  t h e  r ad ia t ion  beam. 
of - 5 di of c o 5 F d i r f u s e d  i n t o  chromium metal. A Bird-Atcrmic scanning count 
i n t e g r a t o r  and Varian c h a r t  recorder  p l o t  t h e  number of counts i n  a constant t i m e  
i n t e r v a l  a t  each ve loc i ty  i n  succession. 

A c y l i n d r i c a l  c e l l ,  open on one end with a c i r c u l a r  ape r tu re  of 
a shee t  of l u c i t e  1/52" t h i c k  with Duco cement t o  

A 3.50-g sample was t hen  
The t o p  window, also 1/32" l u c i t e ,  was then cemented i n  

he ld  oonstant at 0.4% g cmm2. 

The area f o r  t h e s e  samples was a l s o  7.14 cm2. 

The s t a t i o n a r y  source cons i s t s  

Powdered samples of sodium ni t ropruss ide  gave a n  isomer s h i f t ,  r e l a t i v e  t o  
t h e  CoS7-Cr source, of -0.11 mm s-l, and a uadrupole s p l i t t i n g  of 1.68 m &I-'. 
With this source a l i n e  width of 0.25 mm s-' was obseNed wi th  an  absorber contain- 
i ng  5 ny cmS of Fe as K4Fe(CN)e.3&0. 
s e t t i n g  i s  about 2:: of the v e l o c i t y  and t h e  es t imated  unce r t a in ty  i n  derived 
s p e c t r a l  parameters is - 0.05 mm sL. 

The es t imated  uncer ta in ty  i n  t h e  ve loc i ty  

The counting t ime at each v e l o c i t y  was - 5 
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minutes, y i e ld ing  c 600,000 counts and a r e l a t i v e  standard devia t ion  < 0.135. 

+ 4.00 mm s-'. 

L. 
The v e l o c i t y  region scanned f o r  each sauple was from -2.OC mm s-l t o  about 

Most measurements were made a rooi; temperature. A c ryos t a t  m d e  from 
I' S t y r O f a  $as mounted on t h e  moveable t ab le  0: t h e  instrument ;or low-terqerature I measurements. The sample was placed i n  t h i s  and submerged i n  liquid N2. The 
, spectrum of each coal sample was run twice a t  room temperature, befcke and a f t e r  
, t h e  s p e c t m  was taken at l i q u i d 4 2  temperature. 

The data from 

J an IB1 7C40 computer. Isomer s h i f t s  are repor ted  ( i n  m s-') with r e spec t  t o  t h e  
, 

S p e c t r a l  parameters were genera l ly  read  from p l o t t e d  spec t r a .  
sample F ( a )  were f i t t e d  t o  a double Lorentz curve by a leas t - squares  program using 

i s m e r  s h i f t  of sodium n i t rop russ ide .  
as t h e  v e l o c i t y  d i f f e rences  between t h e  minima of two as soc ia t ed  absorp t ion  l i n e s .  

Quadrupole s p l i t t i n g s  are repor ted  ( i n  mm s-') 

I DATA 

/ 

J Each spectrum shows neither,  e i t h e r ,  or both of j u s t  two components: (1) a close 
doublet  similar t o  those  of p y r i t e  and mrcasite, and (2) a wide doublet  similar 
t o  those  of many f e r rous  compounds. Table 3 lists the Mossbauer paramters, 
inc luding  t h e  f r a c t i o n a l  peak absorptions,  for  w h a t  we w i l l  c a l l  r e spec t ive ly  t h e  
p y r i t e  and non-pyrite resonances. Isomer s h i f t s  and quadrupole s p l i t t i n g s  obtained 

/ with our instrument on sane powdered i ron  campounds and minerals which were 
regarded as p o s s i b i l i t i e s  f o r  the non-pyrite spectrum appear i n  Table 4. 

Room-temperature spec t r a  f o r  t h e  nine coa l  samples are i l l u s t r a t e d  i n  Figure 1. 

J 
/ The parameters observed f o r  t h e  p y r i t e  i r o n  are: isomer s h i f t  ( d )  = +0.54 

mm s-l; quadrupole s p l i t t i n g  ( A )  = 0.58 m s-I. 
p y r i t e  absorp t ion  as shown i n  F igure  1 have: d = +l.38 mm s-'; A = 2.62 mm s-'. 
The computer ana lys i s  of sample F ( a )  ind ica ted  both l i n e s  i n  t h e  spectrum had 

All of the coa ls  having a non- 
' 
p '  

c widths ( r )  of 0.39 mm s-l; t h e i r  i n t e n s i t y  r a t i o  is with in  57; of un i ty .  

f wi th  d = +0.65 m s-l and A = 0.58 mm s-l f o r  p y r i t e  and d = +1.47 mm s-' and > A = 2.78 mm s-l f o r  t h e  non-pyrite i ron .  

INTERPRETATION 

The isomer s h i f t  is a func t ion  of nuc lear  p rope r t i e s  and t h e  e l e c t r o n  dens i ty  

I 
i Liquid-N2 spec t r a  showed t h e  same absorp t ion  peaks as at room temperature, 

i 
Y 

at t h e  absorbing nucleus r e l a t i v e  t o  that of the source or a s tandard  absorber,  
such as sodium n i t rop russ ide  (23,24). 
nucleus, due e s s e n t i a l l y  only t o  s e lec t rons ,  increases ,  t h e  isomer sh i f t  decreases 

' [a lgebra ica l ly .  Thus, f e r rous  compounds have a more p o s i t i v e  isomer shift t h a n  
f e r r i c  compounds, as the a d d i t i o n a l  3d e l e c t r o n  of t h e  former inc reases  the d sh ie ld ing  e f f e c t  on t h e  3s e lec t rons  and thereby  decreases t h e i r  d e n s i t y  at t h e  

f nucleus (18). 
\ 

As the e l e c t r o n  dens i ty  at the i r o n  

For ferric i ron ,  isomer s h i f t s  ( r e l a t i v e  t o  sodium n i t rop russ ide )  
have been observed i n  t h e  range 4.1 t o  +1.1 mm S'l, and f o r  f e r rous  iron from 
-0.1 t o  +1.6 mm S-'. i; 

I 
Quadrupole s p l i t t i n g  i n t o  a two-line spectrum occurs when t h e  i r o n  nucleus 

 he f i e l d  c o n s i s t s  of t w o  p a r t s ,  (1) that f i s  i n  an  asymmetric e l e c t r i c  field. 
i produced by t h e  e l ec t rons  of t h e  iron atom, inc luding  those  shared wi th  ad jacent  
1 atoms, and (2) that r e s u l t i n g  from charges of t h e  surrounding atoms; each part 
J can con t r ibu te  t o  asymmetry at t h e  nucleus. 

s p l i t t i n g s  from zero  t o  about 2.3 nun s-l; here  t h e  asymmetry is  caused c h i e f l y  by 
charges of t h e  surrounding atoms. 
t o  - 3.3 mm s-I. 

F e r r i c  compounds shm quadrupole 

Ferrous compounds show larger values,  frm zero  
Ferrous i r o n  can e x i s t  i n  e i t h e r  a high-spin or a low-spin 

J 
1 
i 
I 

r 
I 
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Table 3 .  Room-texperature M'dssbaaer s p e c t r a l  parameters fo r  coa l  samples" 

?,TiL c i r o n  I'Jon-Pyrite i ron  
i - 

S a q l e  1so:ner Quadru2ole F rac t iona l  Is  omer Quadrupole Frac t iona l  
No. shift I s 2 l i c t i n g  absorption s h i f t  t w&iyy abs orp t  ion 

( I l m  s-1  j ('L"1 s-1 ) 0 (m 3-1) (:?I 
- N.O.* - - N.O.* A ( a )  - 

B (a) C.->, . /  
c (3) - N.O. 1 *39 2.65 2 -3 

( b )  - N.O. 1 . 3 L J  2.63 2.1 

1.5 - - N.O. 

- 

- - N.O. D ( a )  G.;l 0.>5 /.J 
\ 

( b )  0.23 0.4. 3.6 - - N.O. 

E (a )  0.3G 0.32 22.7 1.41 2.70 2.6 

( b )  0 . A  G . 3  2 - 3  
( c )  o.>c 0.,3 1.7 - - N.O. 

F ( a )  - N.O. 1.38 2.62 11.0 

(b) - N.O. 1-39 2.65 5.5 \ 

\ 

- - N.O. 

\ - 
\ 

- 
- G ( a )  - N.O. 1.38 2.65 1.5 

( b )  - - N.O. 1.38 2.65 1.0 \ 

H ( a )  0.54 0.60 1.3 1-39 2.65 1.5 
( b )  0.59 0.66 1.7 1.36 2.60 1.7 

I (a) - N.O. N.O. 
(b )  0.56 0.65 1.0 - N.O. 

\ 

! 

\ 
- - - 

* Weighing 3.50 and d i s t r i b u t e d  evenly over -(.14 em2. 

May include marcasite.  

t With respec t  t o  c e n t e r  of sodium ni t ropruss ide  spectrum. 

. .  i- Zero-point uncertain by 0.10 m s-'. 

t N.O. = not observed; i n  genera l ,  < O.y{. 

\ 
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Figure 1. 
represents - 600,000 counts. 
m e t a l ,  
add 0.11 mm 8'' to the indicated values. 

M'ksbauer spectra of coal samples. I n  maet -see, sach point 
The m c e  was Cos' diffused into chromlm 

To convert the velocity scale to the sodium nitroprusside scale, 
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s t a t e ,  depending on the  strength of the ligand f i e l d  around the  cent ra l  iron 
atom. 
results in  considerable asymmetry at the  nucleus; low-spin ferrous compounds have 
smaller f i e l d  asynrmetries, which a re  due chiefly t o  the  external environments only. 

I n  t he  high-spin configuration t h e  large asymmetry of the valence s h e l l  

Py r i t e  and m r c a s i t e ,  respectively s tab le  and metastable T o m  of FeS2, a r e  
low-spin ferrous compounds. Isomer s h i f t s  and quadrupole s p l i t t i n g s  observed i n  
t h i s  laboratory (Table 4) a r e  i n  agreement with those of Temperley add Lefevre (8). 
The parameters of the two minerals a r e  s o  similar that  t he  spectra cannot be 
resolved when both a re  present. A comparison of the data i n  Tables 3 and 4 
confirms the  conclusions fran petrographic (25) and x-ray d i f f rac t ion  (26) studies 
that  t h e  i ron  su l f ide  i n  coal consists m i n l y  of pyrite.  

From the  Mksbauer data on the  non-pyrite iron Observed i n  several  coal 
samples (Figure 1 and Table J ) ,  it can safe ly  be concluded that t h i s  iron i s  i n  a 
high-spin ferrous s t a t e .  
both isomer shift and quadrupole s p l i t t i n g  has been reported only i n  octahedrally- 
coordinated high-spin ferrous compounds, s o  it is  highly probable that the  non- 
pyr i te  i ron  i n  c o a l s  i s  i n  octahedral coordination. Neither the  ana ly t i ca l  nor 
t h e  Mksbauer data yields a d i s t inc t ion  between inorganic or  orgsnic minerals or 
compounds. 

velocity dlfference of 0.0973 mm s-' (27), and t h e  minimum observable l i n e  \width 
(I') i n  a MGssbauer spectrum is twlce this, 0.195 mm s-'. Inhomogeneities i n  the  
source and absorber, instrumental "noise", unresolved quadrupole s p l i t t i n g ,  and 
atomic spin-spin relaxation e f f ec t s  (22,28,29) increase the  apparent l i n e  widths, 
and fur ther  widening occurs with th ick  absorbers (30). 
observed with our instrument is  0.25 mm s-l f o r  a very t h i n  absorber. 
of r = 0.39 mm sa observed f o r  the strongest non-pyrite i ron  spectrum (sample F(a)) 
indicates that t h i s  doublet is  caused by a f a i r l y  well-defined i ron  compound or 
mineral, though some inhomogeneity may be present. 

Furthermore, the combination of such high values of 

The natural l i n e  width (r,) of the  FeS7 gamma radiation corresponds t o  a 

The minimum width ye have 
The value 

A large number of i ron  compounds have strong M&sbauer absorptions (large 
recoil-free f rac t ions)  at room temperature. 
or no absorption at roan temperature, but at l i q u i d 4 2  temperature t h e  in tens i ty  
is strongly enhanced (31J2). 
which m u s t  be cooled t o  liquid-N, temperature before resonant absorption is 
detected. 
d-FeOOH give nonresonant absorption a t  roan temperature. 
exhibit  an ef fec t  at liquld-N2 temperature. 
is interpreted t o  man t h a t  t he re  a r e  no compounds present i n  s ign i f icant  amounts 
that do not have appreciable resonant absorption at room temperature. 

second-order Doppler e f f ec t  (22) decreases the  isomer s h i f t  8s t h e  temperature i s  
increased. Quadrupole s p l i t t i n g s  for high-spin ferrous canpounds a r e  affected 
by temperature much more strongly than those of other i ron  ccmpounb because the  
population of the dc leve ls  of iron i n  an octahedral f i e l d  is determined by a 
BoltzlarM dis t r ibu t ion  (18,22). For example, FeS04"&0 shows a change of d 
from +1.53 t o  t1.56 mm s-l and of A f rm 3.19 t o  3.47 mm s" i n  going from roam 
t o  liquid-nitrogen temperature (18). 
spectrum i n  car1 of d from +l.38 t o  +1.47 mm 6-l ana of A fran 2.62 t o  2.78 m sa 
is i n  agreement with our assignnent t o  this c lass  of compounds. 

I n  some iron compounds where t h e  M&mbauer absorption ord inar i ly  shows a 
6-line hyperfine s t ruc ture  as a result of a magnetic f i e l d  at t h e  nucleus, very 

Some ferrous compounds show little 

We have observed tNs ef fec t  with ferrous stearate,  

Eerzenberg and Toms ( 5 )  have observed that samples of y-Fe;?% and 
These would probably 

Lack of such an e f f ec t  i n  the coals 

Isomer shifts and quadrupole s p l i t t i n g s  depend on the  temperature. A 

The observed change i n  the  non-pyrite iron 



r; 
f i n e l y  conminuted samples show instead a two-line p a t t e r n  at room temperature as 8 
r e s i l t  of t h e m 1  d is rupt ion  of the  cacroscopic magnetic domains. 
( 3 3 )  observed t h i s  e f f e c t  i n  a-Fe203 i n  p a r t i c l e s  of - 50-8 diameter, b u t  a t  
1 i q d i d - N ~  t e q e r a t u r e  t h e  b- l ine p a t t e r n  was observed. 
s p l i t t i n g  in the  coal spec t ra  a t  roo-or 1 i q ~ i d - N ~  temperatures probably r u l e s  out 
the p o s s i b i l i t y  that t h e  non-pyrite doublet  i s  caused by a magnetically ordered 
msterial (such as Fe203, Fea04, FeC3, FeS, o r  metal) present  as very1 small p a r t i c l e s .  

KKndig e t  a l .  
1 

1 
1 

The absence of any magnetic 

i 

, Inequal i ty  i n  the  i n t e n s i t y  of t h e  components of a doublet  m y  result f rm 
the  ardsatropy of t h e  absorpt ion cross  sec t ion  r e l a t i v e  t o  t h e  c r y s t a l  axes when 
(1) a s ingle-crys ta l  absorber is oriented p r e r e r e n t i a l l y  with respec t  t o  t h e  d o p t i c a l  axis, or (2)  t h e r e  is sn iso t ropy  i n  t h e  r e c o i l l e s s  f r a c t i o n  of t h e  s p l i t  
312 s t a t e ;  t h e  l a t t e r  condi t ion r e s u l t s  i n  unequal absorpt ion even with powdered 

' samples (Coldanskii  e f f e c t )  (20,21). Most of t h e  samples used i n  t h i s  work were 
' 

powdered, so only t h e  second e f f e c t  could be operat ive,  except f o r  b i o t i t e ,  which 
was mounted as a sheet .  The e s s e n t i a l  equal i ty  of i n t e n s i t y  of t h e  two non- 
p y r i t e  c o a l  spectrum l i n e s  would el iminate  any compounds showing unequal absorpt ion 

I i n  powdered samples as poss ib le  causes of t h i s  absorpt ion.  

( A t  t h e  present  state of Mgssbauer spectroscopy, t h e  i d e n t i f i c a t i o n  of an 
unknown compound from i t s  spectrum can only be made by f ind ing  a h a m  compound 
havlng t h e  same spectrum and temperature dependence. We have been unable t o  f i n d  
any published combination of s p e c t r a l  parameters, f o r  e i t h e r  na tura l  or synthe t ic  
i ron  compounds, which match t h a t  of t h e  non-pyrite i r o n  i n  coal .  Ankerite 
(Table 4 ) ,  which has not been reported previously,  l ikewise does not match. 

spec t ra  f o r  which we have been a b l e  t o  obtain data (5,6,~,9,10,11,14,18,31,34,35, 

s i l i c a t e  s e r i e s  (o l iv ines ,  pyroxenes) i n  which t h e  Fe/Mg r a t i o  varies. 
s i l i c a t e  minerals show two or more coupled Mossbauer doublets,  e l l n l n a t i n g  from 
considerat ion nany poin ts  near t h e  c o a l  point  on t h e  p l o t s .  
apparent 2- l ine  spectrum with d and A similar t o  t h e  coa l  spectrum, b u t  with 
decidedly unequal i n t e n s i t i e s  (our measuement), which p e r s i s t  i n  powdered samples 
(6), and which can be resolved i n t o  a coupled doublet  (g), whereas t h e  c o a l  
spectrum is  symmetrical. 
uncer ta in t ies  of measurement, it is apparent that 
d i s t i n c t  from any compound whose Mossbauer spectrum is known. Minerals excluded 
include oxides and oxyhydroxides, s u l f i d e s  and r e l a t e d  compounds, t h e  carbonates 
s i d e r i t e  and ankerite, t i t a n i a n  minerals,  and t h e  many s i l i c a t e s  examined. 

Some fe r rous  complexes of pyridines  (35) and 1,lO-phenanthrolines (37) have 

1 

,I 

' 
+,36,37,38,39,40). 

I 

I n  Figures 2 and 3 we have p l o t t e d  A versus d f o r  a l l  s i n g l e -  or two-line i r o n  

Attent ion is c a l l e d  t o  t h e  v a r i a t i o n s  i n  d and A with in  isomorphous 
Many 

B i o t i t e  gives an 

, I  ' 

/ 

r' 
>, I 

Even consider ing t h e  compositional v a r i a t i o n s  and t h e  
t h e  non-pyrite i r o n  in c o a l  is 

s i m i l a r  t hmgh  non-matching d and A values. 
non-pyrite i ron  could be bound t o  he te rocycl ic  ni t rogen aromatic groups i n  t h e  

These cmpar i sons  suggest t h a t  the 

coa l  macemls, or poss ib ly  i n  a clay-l ike s i l i c a t e  mineral  or gel .  
4 '  

f . 

, 
1; 
I 

An attempt was made t o  c o r r e l a t e  t h e  Mzssbauer absorp t ion  i n t e n s i t i e s  i n  t h e  
coa ls  wlth t h e  a n a l y t i c a l  data. M'dssbsuer s p e c t r a  were determined on mixtures of 
p y r i t e  i n  carbon, and t h e  f r a c t i o n a l  peak absorpt ion was p l o t t e d  awnst t h e  mas8 
f r a c t i o n  of p y r i t e  i ron .  
a n a l y t i c a l l y  determined amount of i r o n  as "pyrite" d i d  agree with the above plot ,  
but  i n  o thers  t h e  agreement was poor. This may be due t o  t h e  inadequscy of t h e  
chemical method f o r  determining p y r i t e  iron, and t o  d i f f e r i n g  mrtrix e f f e c t s  i n  
t h e  c o a h  and t h e  s tandards.  
non-pyrite i ron  absorpt ion i n  coa ls  and the  amount of 
t h e  chemical analyses ,  although t h e  sample with t h e  h ighes t  'organic" i ron,  
Jewell Valley c o a l  F ( a ) ,  showed t h e  s t ronges t  non-pyrite Morrsbauer spectrum. 

I n  a f e w  coa l  samples t h e  M'dssbauer absorp t ion  and the 

Likevise, a poor c o r r e l a p n  WBB found between t h e  
organic'' iron deduced fran 

i 



Table 4 .  Room-?;ergerature isomer s h i f t s  and quadrupole s p l i t t i n g s  f o r  
po1ycr;stalline i r o n  compounds and n;inerals 

4 This  Work G t  her Work 
Compound or hlineral d*> hS d+; AS Ref. ( 

P y r i t e ,  FeS2 

Marcasite, FeS, 

S i d e r i t e ,  (Fe,Mg)Ch 

Ankerite , ( C a ,  Mg , Fe )COS 

Olivine,  (Mg,Fe)zSiOr 

B i o t i t e ,  K(Mg,Feh(AlSbOlo)(OH)2 

T o m l i n e ,  Na(Mg,Fe )3Als(BO3 13 (Sieole) (OH14 

Ferrous s u l f a t e ,  FeSO4'7HzO 

Ferrous ace ta te ,  Fe( C2H302 ) Z  

Ferrous s t e a r a t e ,  Fe(C1&502)2 

Non-pyrite i r o n  i n  coa l  

0.54 

0.51 

1.47 

1.46 

1.39 

1.36 

1.30 

1.56 

1.45 

o.66t 

1.38 

0.60 0'- 55 

0.50 0.52 

1.78 1.47 

1.50 - 

2 -95 1.39 

1.27 
1.46 2.50 

Fe+2 1.19 
2.38 Fe" 1.44 

Fe*3 0.99 

3 -05 1-33 

2 -23 - 

0.70t - 

2.62 - 

0.61 

0.51 

1.80 

- 

3.04 

2.41 
2.81 

2.10 
2.61 
0.91 

3 e 1 9  

- 
- 

* Respect t o  center  of sodium nit roprusside spectrum. , 
t A t  l i q u i d  nitrogen temperature; no resonant absorption observed a t  room temperature. ] 
9 I n  m s-'. \. 
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aigure 2 .  Representati.re p l o t  of quadrupole s p l i t t i n g  versus isomer shift 
( r e l a t i - r e  t o  sodium n i t rop russ ide )  for:  - f e r r i c  
and n ine ra l s  (A); ----- f e r rous  compounds ( 0 )  and minera ls  ( 0 ) ;  
f e r r a t e  compounds (x), and t h e  non-pyrite i r o n  found i n  coal (*). 

compounds ( A )  

i 2  
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Figure 3 .  
r e l a t i v e  t o  sodium ni t ropruss ide  
po in t s  which are observed toge the r  i n  t h e  same mineral o r  compound. Dsshed l i nes  indicate' 
t h a t  a f e r r i c  spectrum is assoc ia ted  with t h e  p lo t t ed  fe r rous  point.  Synthetic compounds: 
1 - f e r r i a n i t e  ( synthe t ic  mica), 2-synthetic pyroxenes, 3-synthetic olivines,  4-welding glass 
>-germanium spinel,  6-oxy-salts, 7-carboxylates, 8-halides, 9-pyridine complexes, 10- \ 
phenanthroline complexes, l l - f e r rous  hemoglobin. N a t u r a l  mterials: A-sctinollte, B- 
b i o t i t e ,  C-clay minerals, F-fayalite and o l iv ine ,  M-cllnopyroxenes, P-orthopyroxenes, \ 
R-ankerite, S-s ider i te ;  T-tourmaline, X-tekti tes,  *-non-pyrite i ron  i n  coal.  

Enlarged sec t ion  of Figure 2, showing quadrupole s p l i t t i n g  versus isomer s h i f t  
f o r  two-line ferrous spectra.  Lines connect pairs of 
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CONCLUSION 

I n  sumnary, seve ra l  c o a l  sanples  conta in  a form of i r o n  which e x h i b i t s  a 
h i t h e r t o  unobserved M'dssbauer spectrum, i n  add i t ion  t o  t h e  well-known p y r i t e  
s p e c t m .  Tne non-pyrite i ron  i s  fe r rous ,  i n  a high-spin conf igura t ion ,  i n  
cc tahedra l  s ;me t ry ,  and apparent ly  i n  a r a t h e r  wel l -def ined  state Comparisons 
with known compounds suggest that t h i s  i r o n  m y  be bound i n  t h e  cdl macerals t o  
he te rocycl ic  n i t rocen  aromatic groups, though a clay-like s i l i c a t e  minera l  or g e l  
is a p o s s i b i l i t y .  
most s u i t a b l e  coa l  samples f o r  f u r t h e r  s t u d i e s  of t h i s  i r o n  by chemical and o ther  
m e t b d s .  
coa l  with syn the t i c  ccapounds o r  analogs.  We in tend  t o  pursue t h i s  l i n e  Of 
i n r e s t i G t i o n .  
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REACTIONS OF COAL AND RElATED MATERIALS I N  MICRWAVE DISCHARGES I N  H 2 ,  H20 AND A r  

1 ,  

Yuan C .  Fu and Bernard D .  Blaustein,  

U. S. Bureau of Mines, P i t t sburgh  Coal Research Center ,  . 
4800 Forbes Avenue, P i t t sburgh ,  Pennsylvania 15213 

INTRODUCTION I 

Recent inves t iga t ions  on the reac t ion  of carbon i n  a high frequency discharge have 
shown t h a t  i t  produces methane, ace ty lene  and minor amounts of o t h e r  hydrocarbons 
i n  the  hydrogen d ischar  e,=/ but produces pr imar i ly  an H2-CO mixture downstream 

non-exis tent  except t h a t  c a r r i e d  out  by Letor t  e t  a1.4/  and by Pinchin.'/ Though 
some work on coa l  i n  a plasma j e r 6 - 9 1  has been repor ted ,  the  c h a r a c t e r i s t i c  of 
those reac t ions  i s  genera l ly  the thermal decomposition of coa l  by rap id  hea t ing  
t o  high temperatures i n  an i n e r t  atmosphere. 

In  a microwave-generated d ischarge ,  hydrogen o r  water vapor can be exc i ted  or 
d i s s o c i a t e d  i n t o  atoms, ions and e l e c t r o n s  a t  temperatures much lower than those 
a t t a i n e d  i n  a p l a s m  j e t .  The present  s tudy i s  concerned with the  r e a c t i o n s  of 
var ious  c o a l s ,  a polynuclear hydrocarbon, and g r a p h i t e ,  in microwave discharges 
i n  H 2 ,  water vapor and A r .  The r e su l t s  a r e  compared in terms of the  product y i e l d  
and d i s t r i b u t i o n  i n  each type of d i scharge .  
r e a c t i o n s  of the  var ious  c o a l s  and t h e  o t h e r  m a t e r i a l s  suggest  t h a t  t h e  amount and 

from a water discharge.-/ 9 Simi lar  vork with respec t  t o  c o a l ,  however, is almost 

Differences observed between the 

type of v o l a t i l e  material, carbon content ,  and the  type of t h e  carbonaceous material, 
as wel l  as the type of the  gas  d ischarge ,  a r e  a l l  f a c t o r s  a f f e c t i n g  t h e  product y i e l d  
and d i s t r i b u t i o n .  The d i f f e r e n c e  between c o a l  and g r a p h i t e  i n  t h e i r  behavior toward - .  
water vapor i n  t h e  microwave discharge is of p a r t i c u l a r  i n t e r e s t .  
d i scharge ,  the graphi te  y i e l d s  almost no hydrocarbons but  only an H2 + CO mixture 
while  the  coal  y i e l d s  appreciable  amounts of C2H2 and CH4 i n  a d d i t i o n  t o  H2 + CO. 
Experiments using DzO and Ar.discharges , ind ica te  t h a t  t h e  D20 and the  water  a c t u a l l y  
do p a r t i c i p a t e  in the  r e a c t i o n s  with c o a l  t o  form hydrocarbons. It is a l s o  demon- 
s t r a t e d  t h a t  the C2H2 y i e l d  from c o a l  i n  the  hydrogen d ischarge  can be d r a s t i c a l l y  
increased by condensing a t  a low temperature p a r t  of t h e  primary products formed 
during the  discharge r e a c t i o n .  

In  t h e  water 
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EXPERIMENTAL 
The experiments were c a r r i e d  out  i n  a static system 4 t h  the d ischarge  produced by 
a Raytheon microwave genera tor  i n  the  a i r -cooled  Ophthos c o a x i a l  c a v i t y  a t  2450Mcl 
sec. Chemical ana lyses  and origins of t h e  vi t ra ins  of t h e  d i f f e r e n t  c o a l s  used a r e  
given i n  t a b l e  1. 
g r a p h i t e  powder (325 mesh, United Carbon) and chrysene (c18H12) were used f o r  
comparison. 
u s e d .  
t r a p  p r i o r  t o  s torage .  
i n  high vacuum. 

A l l  the  v i t r a i n s  were -200 mesh. Ultra p u r i t y  spectroscopic  

As r e a c t a n t  gases ,  a 9.7:1 H2-Ar mixture, H20-Ar mixtures  and A r  were 

The uater vapor was obtained from d i s t i l l e d  water  degassed 
The H2 and A t  were obtained from c y l i n d e r s  and passed through a l i q u i d  N2 

I n  the  experimental procedure, a knom weight of g r a p h i t e  o r  coa l  powder was placed 
i n  a c y l i n d r i c a l  Vycor tube ( I D  - 11 m, vol  - 32 ml) and degassed in a high vacuum 
a t  an e leva ted  temperature-(150°C f o r  graphi te  and 100°C f o r  c o a l )  for a h a l f  t o  
one hour t o  remwe the  moisture and the a i r  adsorbed on t h e  carbon. ' A  known 
pressure of the r e a c t a n t  gas o r  gas  mixture measured by a Pace Engineering pressure 
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t ransducer  vas then introduced i n t o  the r e a c t o r  tube. For the  H20-Ar mixture, a 
known pressure of  t h e  water vapor was f i rs t  introduced t o  the r e a c t o r  containing 
t h e  degassed carbon, and then a known pressure of the  argon was introduced while  
t h e  water was condensed in the  end of the  tube by dry  i c e  and acetone. The port ion 
of the tube cooled by t h e  dry i c e  was so small compared t o  the  t o t a l  volume t h a t  no 
corr=ctim CI? p r e e e ~ r e  reeding s p p ~ ~ r !  t o  he necensary. The dinrhnrgc wan then 

produced with the carbon in the  discharge zone. The gaseous products were analyzed 
by -8s spectrometer .  

'Lhe s o l i d  product obtained from the  high v o l a t i l e  bituminous coal in t h e  H 2  discharge 
w a s  analyzed by i n f r a r e d  spectrometer .  
t h e  r e a c t o r  wall o r  by so lvent  (benzene or acetone)  e x t r a c t i o n .  In some ins tances ,  a 
r e a c t o r  c o n s i s t i n g  of a tube divided by a f r i t t e d  Vycor d i s c  was used. 
placed on the  d i s c  and KBr powder was introduced on the  o t h e r  s i d e  of t h e  d i s c .  
During t h e  discharge,  t h e  lovcr  end of t h e  tube was immersed in l i q u i d  N2, thus  
permi t t ing  the condensable low v o l a t i l e  products  to  pass through the d i s c  end be 
adsorbed on the sur face  of the  K B r  powder. This was l a t e r  removed, pressed i n t o  
a p e l l e t ,  and examined by i n f r a r e d  a n a l y s i s .  

1 

The sample was obtained e i t h e r  by scraping 

The coal vas 

TABU 1. - Analysis of v i t r a i n r  (moisture f r e e  b a s i s ,  percent)  

0 Vola t i  l e  I\ 

C H N S (by d i f f . )  m t t e r  

A n t h r a c i t d l  91.06 2.49 0.96 0.83 2.89 1.77 6.1 
Low v o l a t i l e  

1.53 20.2 9 pninou&l 89.57 4.67 1.25 .81 2.17 

4 . ,,&k~$~IA 81.77 5.56 1.71 .97 5.87 2.06 39.2 
.. -5/ Ligni te21 66.45 5.40 .31 1.40 22.84 3.06 44.0 

Dotrance n i n e ,  &high Valley C o a l  Co. ,  Luzerne County, Pennsylvania. 
Pocahontar lo. 3 Bed, Buckeye No. 3 Mine, Page Coal and Coke Co., 
Stephenson, Wyoming County, West Virginia.. 
Bruceton, P i t t sburgh  Bed, Allegheny County, Pennsylvania. 
Beulah-Zap Bed, North Uni t ,  Bculah Mine, Knife l i v e r  C o a l  U b i -  Co., 
Beulah, Mercer County, North Dakota. 

2/ 
3/ 
4' 

RESULTS AND DISCUSSIOH 

A l l  resu l t .  were obtained from experiments using 5 mg of the  carbonaceour arterial 
in each d ischarge  a t  35 watts of power input .  For consis tency,  an i n i t i a l  t o t a l  
pressure of about 25 UD y1s used for most runs, but  in  the runs with H20 vapor i t  
tar v a r i e d  i n  the range of 12 t o  25 m. 
intended t o  be 60 seconds i n  mort NIIl, but  the d i r c h r g e  would 80t r u s t a i o  i t r e l f  
in s o y  runs. It i r  rurpected that the  r o l i d  product (probably polymuclur  hydro- 
carbons)  formed u y  teed t o  draw away the electroar i n  the d i rcharge  to form negative 
ions and c r e a t e  a rhor tage  of e n e r g e t i c  species in  the gas  phase. &never, under the  
experimental  condition. crployed,  a l a r g e  part of the reaction occurred wi th in  30-60 
seconds, and p r o l a g e d  t reatment  r e s u l t e d  . p l y  i n  IQY c h n g e  in the product d i r t r i -  
bu t ion  and a l i t t l e  lacreare i n  t h e  e x t e n t  of t h e  g a r i f i c a t i o n .  A few rum were 
u d e  f o r  ar long .E 3 r i n u t e s .  

The time of the discharge reac t ion  -8 

Hydrogen-Argon and Argon D i r c h r g e s  
I n  p r e l i r i n a r y  runr  with g r a p h i t e  i n  a n  82 d i r c h r g e ,  we attempted t o  i n t e r p r e t  
the d a t a  on the  bar is  of the hydrogen balance before  and a f t e r  reaction. It 
appear., horcver ,  t h a t  apprec iab le  
f o t r a t i o n  of r o l i d  product or were 

w n t r  of hydrogen were consumed i n  the 
taken up by t h e  carbon. Therefore, t o  al lov 
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i n t e r p r e t a t i o n  of the d a t a ,  A r  was introduced i n t o  the  r e a c t a n t  gas  a s  an i n t e r n a l  
s tandard .  
type o r  d i s t r i b u t i o n .  

Table 2 summarizes the r e s u l t s  obtained from t h e  reac t ions  of each mater ia l  i n  
microwave discharges i n  an H2-Ar (9 .7 : l )  mixture and i n  A r .  
c o a l  i s  p a r t i a l l y  g a s i f i e d  t o  g ive  H q ,  CO, and C2H2 a s  the major gaseous products ,  
CQ2, CHq, and minor amounts of o t h e r  hydrocarbons (C2 and C3 hydrocarbons. 
b iace ty lene  and benzene were d e t e c t e d ) ,  in  a d d i t i o n  t o  a s o l i d  p r o d k t  and r e s i d u a l  
c h a r .  
increased as compared with the A r  d ischarge;  the  t o t a l  amount of carbon g a s i f i e d  is 
a l s o  increased.  In t h i s  d i scharge ,  C2H2, CO, and CH4 a r e  t h e  main c o n s t i t u e n t s  of 
the gaseous product, and minor amounts of o ther  hydrocarbons a r e  a l s o  formed as i n  
the  A r  d ischarge.  Comparison of the  severa l  60-second runs ind ica ted  t h a t  t h e  n e t  
amount of hydrogen remaining a f t e r  the  reac t ion  was decreased,  except  f o r  high 
v o l a t i l e  bituminous c o a l  and l i g n i t e .  Besides t h a t  converted t o  hydrocarbons, p a r t  
of the  hydrogen was probably consumed i n  the formation of s o l i d  product or  was 
taken up by the coa l  res idue .  With high v o l a t i l e  bituminous coa l  and l i g n i t e ,  
g a s i f i c a t i o n  was ex tens ive  and r e s u l t e d  in  a n e t  increase  of hydrogen. 

The percent  of carbon converted t o  gaseous hydrocarbons increases  with the v o l a t i l e  
m a t t e r  of coa l  as shorn i n  f i g u r e  1, suggest ing t h a t  a rap id  r e l e a s e  of the v o l a t i l e  
matter and i ts  subsequent gas phase reac t ion  i n  a discharge may be the  determining 
f a c t o r s .  Figure 1 includes the d a t a  f o r  g r a p h i t e .  L i g n i t e ,  with the  h ighes t  
v o l a t i l e  matter, however, gave only small amounts of hydrocarbons i n  both d ischarges .  
The high oxygen content  of the l i g n i t e  r e s u l t s  i n  h igher  y i e l d s  of carbon oxides  and 
water but apparent ly  i n h i b i t s  hydrocarbon formation. Water vapor ,  i n  a discharge,  
can reverse  the reac t ions  of hydrocarbon f o m t i o n  by r e a c t i n g  with the  hydrocarbon 
s p e c i e s  t o  form carbon oxides  and hydrogen.- 

The presence of A r  in the  system gives  no not iceable  e f f e c t  on product 

I n  t h e  A r  d ischarge,  

In the  H2-Ar d i scharge ,  the  percent  of carbon forming gaseous hydrocarbons is 

Chrysene did not  behave p a r t i c u l a r l y  d i f f e r e n t  from c o a l  i n  both discharges;  t h e  
e x t e n t  of g a s i f i c a t i o n  was appreciably small, approximately t h e  same as t h a t  f o r  
a n t h r a c i t e .  I n t e r e s t i n g l y ,  the carbon contents  of the  chrysene and t h e  a n t h r a c i t e  
a r e  a l s o  c l o s e  t o  each o ther  and a r e  much h igher  than the  o t h e r  c o a l s .  

For c o a l  i n  genera l ,  the  higher  the  carbon content  the  lower t h e  v o l a t i l e  mat te r .  
The e x t e n t  of the r e a c t i o n  of g r a p h i t e  with H2 was very much smaller under 
comparable condi t ions ,  probably due t o  the absence of v o l a t i l e  matter. The main 
products  from g r a p h i t e  were C% and C2H2; however, the  hydrogen balance Indica ted ,  
f o r  example, t h a t  with an i n i t i a l  p ressure  of t h e  H2-Ar mixture of  25 m Hg, the  
percentage of the i n i t i a l  hydrogen present  in each component of t h e  product is H2, 
7 7 . 6 ;  CH4, 9.2; C2H2, 3.3; C2 + C3 hydrocarbons, 1 .6;  and t h e  remainder (8.3%) was 
apparent ly  consumed i n  the formation of polymer or was taken up by the  g r a p h i t e . 2 1  

I t  is  i n t e r e s t i n g  t o  note  t h a t  C2H2 accounted f o r  75-92% of the  gaseous hydro- 
carbons produced from coal  i n  both d ischarges .  
of coal  usua l ly  g ives  CHq as the  major hydrocarbons. 
a microwave hydrogen discharge system, t r a n s p o r t  of carbon from t h e  s o l i d  t o  the  
vapor phase takes  p lace  by bombardment of the  carbon by e n e r g e t i c  ions  and e l e c t r o n s ,  
and that  the ’pr”seous carbon spec ies  could react w i t h  H atoms or CH spec ies  t o  form 
hydrocarbons . 2 1  
c o a l  except  t h a t  H and CH spec ies  would a l s o  be evolved from the coal i n  a d d i t i o n  
t o  gaseous carbon spec ies ,  even i n  the  absence of  an i n i t i a l  hydrogen. 
predominance of C2R2, however, is  a l s o  observed i n  r a p i d  hea t ing  of c o a l  by var ious  
high temperature methods such a s  plasma je t ,=/  laser be&/ and f l a s h  h e a t i n g . E f  
etc. A cornpariron of our experimental r e s u l t s  with those obtained v l t h  an A r  plasma 
j e t  by Bond e t  a l . l /  i n d i c a t e s  t h a t  the percentage of carbon converted t o  C2H2 In 
our  system is somewhat lower, but  the  e f f e c t  of v o l a t i l e  mat te r  on the  hydrocarbon 

Hydrogasif icat ion or carboniza t ion  
It has been suggested t h a t ,  in 

A s f m i l a r  mechanism appears co apply t o  t h e  system containing 

The 

4 
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I y i e l d  is  q u i t e  similar.  
bituminous c o a l  (VM 5 39.2%) i n  t ab le  2 i s  9.2% i n  the  H2-Ar d i scharge  as compared 
t o  12.5'1. i n  the  A r  plasma f o r  a c o a l  of similar v o l a t i l e  matter conten t .  

The conversion of  carbon t o  C2H2 f o r  the high v o l a t i l e  

TABLE 2. - Reactions of c o a l  and r e l a t e d  ma te r i a l s  
i n  microwave d ischarges  of H? and A r  1 

Percent of c present a s  ,/ Pressure ,  
m Time,  Yield x l o4 ,  mole/g of s o l i d  Gasebus Gaseous 

U a t e r i a l  H,, A r  sec  H? clll C2H2 CO CO? products hydrocarbons 

hvab 22.7 2.3 60  63.9 4.7 31.1 21.1 
22.7 2 .3  60 53.6 10.2 28.6 20.2 
23.4 2.4 60  12.5 4.5 27.0 23.6 
22.8 2.4 90  11  3,9 29.8 22.2 
21.8 2.3 105 L/ 4 .8  21.0 ' 16.9 
21.9 2 .3  110 1 1  3.6 20.0 16.0 
- 25.7 1 7  3.3 .1 1.2 7 . 1  
- 24.0 60 56.4 .9 13.4 23.0 
- 23.6 180 44.0 1.1 16.5 22.6 

lvb  23.8 2.5 34 1/ 4 . 1  15.5 7 .3  
21.6 2.2 60  1/ 3 .8  17.5 8.1 - 23.5 60 15.3 .3 3.6 7.7 

L ign i t e  21.6 2.2 60 25.4 2.1 9.3 66.2 
22.6 2.3 180 22.9 2.1 7.7 80.3 
20.7 2.1 180 26.0 2.1 7 .3  69.2 
- 24.7 32 50.4 .7 6.9 61.7 
- 23.0 6 0  18.4 .6 5.0 68.4 

An th rac i t e  21.6 2.2 60 11 4.2 8.3 4.0 
22.6 2.4 60 11 4.6 9.6 3.0 - 24.0 60 .3 t r a c e  t r a c e  2.0 

Chrysene 22.7 2.4 10 11 6.5 12.8 2.0 
20.0 2 . 0  30  11 10.4 5.8 t r a c e  - 22.0 30  l z .6  .8 2.6 t r a c e  

Graphite 22.4 2.3 60  11 3.5 2.5 t r a c e  
22.6 2.4 60  11 3.4 1.8 trace 

11 Net decrease of hydrogen was indica ted .  
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Sol id  Product I 

The s o l i d  product ob ta ined  from coa l  is brownish and is similar t o  t h a t  usua l ly  
observed from the  thermal treatment of c o a l .  Uo apprec iab le  amount of s o l i d  product 
was formed from a n t h r a c i t e  or from l i g n i t e .  Though the  ex ten t  of the gas i f i ca t ion  
f o r  the  chrysene was n o t  apprec i ab le ,  t h e  o r i g i n a l  white powder was instantaneously 

s p e c t r a  of the s o l i d  product and the  r e s i d u a l  char obtained from the h igh  v o l a t i l e  
bituminous coa l  i n  the  H2-Ar d ischarge  showed the  usua l  a l i p h a t i c  C-R bands and 
some weak aromatic bands which a r e  typ ica l  of p i t c h  and coal. 

converted t o  a broun s o l i d  upon the i n i t i a t i o n  of  both d ischarges .  The inf ra red  < 

* 7  
1 

i 
t 

E f f e c t  of Cooling by Liquid Nitrogen 
S ince  the ind ica t ions  are t h a t  the  wnter formed can r e t a r d  the hydrocarbon formation 
and t h a t  the hydrocarbons produced may undergo f u r t h e r  des t ruc t ive  r eac t ions ,  it can 
be expected t h a t  a r ap id  quenching of t he  primary products should g ive  a pronounced 
e f f e c t  on the r e s u l t .  Experiments were c a r r i e d  out  i n  a r e a c t o r  cons i s t ing  of the  
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tube divided by a f r i t t e d  Vycor d i s c .  
subjec ted  t o  r e a c t i o n  in the  H2 discharge while the lower end of t h e  tube was cooled 
in l i q u i d  N2. Though the process of condensing water and some hydrocarbons a t  t h i s  
temperature is d i f f u s i o n  c o n t r o l l e d ,  the e f f e c t  is pronounced, a's shown in t a b l e  3. 
For both the bituminous c o a l  and the l i g n i t e ,  the y i e l d  of the  hydrocarbons, CqH2 
in p a r t i c u l a r ,  was g r e a t l y  increased .  The amount of Hg remaining and the  amount of 
CO produced a f t e r  the  r e a c t i o n  were a l s o  decreased. 
hydrocarbon y i e l d  can be a t t r i b u t e d  mainly t o  subsequent hydrocarbon formation by 
r e a c t i o n  of H2 and co; t h i s  hydrocarbon y i e l d  is g r e a t l y  enhanced b$ rap id  removal 
of  H 2 0  formed. 

The coa l  was placed on the d i s c ,  and was  

Therefore ,  the  increase  of 

Water-Argon Discharge 

There is a marked d i f f e r e n c e  between the  products obtained from g r a p h i t e  and coa l  in 
a water discharge.  In t h e  discharge i n  H20-Ar  mixtures ,  a s  shown i n  t a b l e  4 ,  g raphi te  
y i e l d s  hydrogen and CO but  p r a c t i c a l l y  no hydrocarbons; while the c o a l s  y i e l d  an 
apprec iab le  amount of CZHZ and some CH4 in a d d i t i o n  t o  H2 and CO. The amounts of 
H q  and carbon oxides produced in the  r e a c t i o n  with g r a p h i t e  rere s to ich iometr ic .  
The e x t e n t  of g a s i f i c a t i o n  was a l s o  rpuch g r e a t e r  f o r  the c o a l s  than f o r  the  graphi te .  
The a c t i v e  hydrogen s p e c i e s  produced in the  water discharge did n o t  r e a c t  f u r t h e r  
with the  g r a p h i t e  or the  CO formed from i t  t o  produce s i g n i f i c a n t  amounts of hydro- 
carbons.  This is  f u r t h e r  evidence demonstrating t h a t  the presence of water vapor 
r e t a r d s  hydrocarbon formation. 

For  the  reac t ion  of a given c o a l  i n  aR2aAr d ischarge ,  an i n i t i a l  H 2 0  pressure of 
less than 12 mm Hg appears  t o  g ive  t h e  optimum g a s i f i c a t i o n  end hydrocarbon 
product ion.  Higher i n i t i a l  H20 pressures  cause a decrease i n  both g a s i f i c a t i o n  
and hydrocarbon product ion.  So long as the H 2 0  pressure is not a t  i t s  h ighes t  
v a l u e s ,  more hydrocarbons a r e  formed than i n  the  A r  d ischarge.  (Also, with the 
h igher  i n i t i a l  H f l  pressures ,  the  discharge could not  be i n i t i a t e d  r e a d i l y  and 
would not  s u s t a i n  i t s e l f  f o r  as long as 60 seconds, perhaps due t o  too la rge  an 
increase  in the  t o t a l  gas pressure in the  r e a c t o r . )  The d a t a  seem t o  ind ica te  
t h a t  60 seconds may have been too long a period f o r  the  maximum product ion of 
hydrocarbons. The formation of the  hydrocarbons should be a maximum a t  the  t i m e  
when a p la teau  of the e x t e n t  of coal  g a s i f i c a t i o n  is a t t a i n e d ,  and prolonged 
t reatment  probably a l lows  t h e  remaining H20 vapor t o  d i f f u s e  i n t o  t h e  discharge 
zone, g iv ing  an adverse e f f e c t .  It w a s  a l s o  not iced  t h a t ,  a t  an i n i t i a l  H 2 0  
pressure  of less than 1 2  mm, the  hydrogen content  of the  products exceeded t h a t  
which could possibly be der ived  from the  s to ich iometr ic  amount of t h e  H20 
i n i t i a l l y  present .  

These r e s u l t s  seem t o  i n d i c a t e  the  following. The a c t i v e  hydrogen spec ies  formed 
in the  Hq0 discharge p a r t i c i p a t e  in t h e  r e a c t i o n s  which lead t o  the  formation of 
hydrocarbons from (some o f )  the  s p e c i e s  der ived from the  c o a l .  This occurs 
d e s p i t e  the r e t a r d i n g  e f f e c t  of H 2 0  on hydrocarbon formetion. (If t h e  H 2 0  
pressure  is too h igh ,  t h i s  lat ter e f f e c t  decreases the hydrocarbon y ie ld . )  
Presumebly, the  c o a l s  when g a s i f i e d  supply enough C B  spec ies  t o  a l l o w  hydro- 
carbons t o  be formed,even though the a c t i v e  oxygen spec ies  present  react with 
some of  the gaseous carbon and CH s p e c i e s .  On the  o ther  hand, g r a p h i t e  produces 
n e g l i g i b l e  amounts of CH s p e c i e s  in a H20-Ar  d i scharge ,  and t h e r e f o r e  cannot 
produce hydrocarbons s ince  t h e  r e a c t i o n  of the CO formed with the a c t i v e  hydrogen 
spec ies  i s  re ta rded  by the  H 2 0  present .  

L i g n i t e ,  with its high v o l a t i l e  matter conten t ,  was extens ive ly  g a s i f i e d  but gave 
a r e l a t i v e l y  low hydrocarbon y i e l d ,  presumably due t o  the  i n h i b i t i o n  by i t s  high 
oxygen content .  For  l i g n i t e ,  t h e  production of COq was a l s o  h igher  in the  R20-Ar 
d i scharge  than in t h e  Hq-Ar or A r  discharge.  Again, the  e x t e n t  of g a s i f i c a t i o n  
for chrysene was r a t h e r  small. 
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Deuterium Oxide-Argon Discharge 

I t  i s  of i n t e r e s t  t o  o b t a i n  f u r t h e r  evidence a s  t o  whether water is a c t u a l l y  involved 
i n  the  r e a c t i o n  with c o a l  t o  form hydrocarbons i n  a d d i t i o n  t o  t h e  production of 
H2 + CO. 
bituminous coa l  in a D20-Ar  mixture was analyzed by t h e  high r e s o l u t i o n  mass 
spectrometer .  A t  a reso lu t ion  of 1 p a r t  in 20,000, p r e c i s e  masses f o r  double ts  and 
i n  some ins tances  t r i p l e t s  t h a t  occurred a t  the  same nominal masses could be used 
t o  i d e n t i f y  completely deutera ted ,  monodeuterated and nondeuteratedl s p e c i e s  present  
in the  product. For example, peaks due t o  C2H2 (mass = 26.0156), C2D (26.0141) and 
CN (26.0031) were observed a t  the nominal mass of 26 and peaks due t o  C2D2 (28.0282), 
N2 (28.0061) and CO (27.9931) were observed a t  the  nominal mass o f  28. The whole 
spectrum up t o  the  nominal mass of 44 contained peaks a t t r i b u t e d  t o  a l l  spec ies  
present  including minor amounts of oxygenated and N-containing compounds, but the  
major products were H2, HD, D 2 ,  C2H2, C2HD, C2D2 and p a r t i a l l y  deutera ted  methanes 
in a d d i t i o n  t o  D20, DHO, H20 and carbon oxides .  Thus i t  is apparent  t h a t  D20 is 
i n i t i a l l y  d i s s o c i a t e d  i n t o  D ,  OD and p o s s i b l y  an active oxygen s p e c i e s  which in 
t u r n  recombine t o  give D20 and D2, or  react with the a c t i v e  spec ies  der ived  from 
c o a l  such as H, CH, C1,  C g  and CO, e t c . ,  t o  g ive  DHO, HD, CO, C02 and deutera ted  
hydrocarbons. 

The gaseous product obtained from t h e  r e a c t i o n  of the  high v o l a t i l e  

CONCLUSIONS 
I n  t h e  microwave discharges of H 2 ,  H20 and A r ,  c o a l  is g a s i f i e d  t o  g i v e  gaseous 
hydrocarbons and carbon oxides  p lus  a s o l i d  product  and r e s i d u a l  c h a r ,  

I is a l s o  produced e i t h e r  by d i s s o c i a t i o n  of  t h e  water vapor or by d e v o l a t i l i z a t i o n  
of the  coal in the  H 2 0  and/or  A t  discharges.  
d i scharge ,  hydrogen is consumed r a t h e r  than produced (except f o r  hvab coal and 
l i g n i t e ) .  The y i e l d  of the  hydrocarbons is h i g h e s t  i n  the hydrogen discharge and 
t h a t  of carbon oxides is highes t  i n  the  water d ischarge .  Both t h e  hydrogen and 

{ the  water discharges g ive  g r e a t e r  e x t e n t s  of g a s i f i c a t i o n  and y i e l d  more hydro- 
carbon products than the  A r  d i scharge ,  i n d i c a t i n g  the occurrence of gas  phase 
r e a c t i o n s  of H, OH, and a c t i v e  oxygen spec ies  wi th  t h e  a c t i v e  s p e c i e s  der ived 
from the  c o a l .  The g a s i f i c a t i o n  of c o a l  in the  w a t e r  d ischarge is o f  p a r t i c u l a r  
i n t e r e s t  because i t  produces H2 + CO ( - 1:l) p lus  C2H2 and CQ. 
conten t  of t h e  l i g n i t e  r e s u l t s  i n  a h igher  y i e l d  of carbon oxides  but  apparent ly  
i n h i b i t s  the hydrocarbon formation i n  the  discharge.  The hydrocarbon y i e l d  from 
the  l i g n i t e  o r  o t h e r  c o a l s  in t h e  hydrogen d ischarge ,  however, can  be increased 
dramat ica l ly  by r a p i d l y  condensing part of the product spec ies  produced, e s p e c i a l l y  

Hydrogen 

But, in most cases in t h e  hydrogen 

/ 
1 
' 
J 

The high oxygen 

,' 
i H20,  dur ing the d ischarge  reac t ion .  

L C2H2 accounts f o r  as nuch as 9ZZ of the  gaseous hydrocarbons produced, and, except ing 
f o r  l i g n i t e ,  the amount of the hydrocarbons is r e l a t e d  t o  the v o l a t i l e  m a t t e r  of coa l .  
The e x t e n t  of n a s i f i c a t i o n .  however. is increased  with the  v o l a t i l e  matter content  
of c o a l  including l i g n i t e .  
of the  species der ived from the  v o l a t i l e  material and o ther  s p e c i e s  p r e s e n t  in  the 
d ischarge ,  another  i n t e r e r t i n g  s tudy would be  t o  employ a flow system in  khich c o a l  
is d e v o l a t i l i z e d  by ordinary means and t h e  evolved gases  are subsequent ly  reac ted  
in a discharge.  

Thus, i f  t h e  hydrocarbons are formed by t h e  recombination 
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CHEMICAL REACTIONS IN A CORONA DISCHARGE I. BENZENE 

1 
. .. M. W .  Ranney'. 

Wm. F . O'Connor 

I Department of Chemistry 
Fordham University 

New York, New York 10458 

INTRODUCTION 
'7 

Corona discharges ( s i len t )  have been used to initiate chemical reactions for  
well over 150 years'with much of the ear ly  work being confined to  inorganic gases.2 How- 
ever ,  the only commercially significant development over' the years has  been the process 
for  synthesizing ozone by subjecting oxygen to a corona discharge3 (ozonizer). Most early 
investigators encountered ser ious difficulties in studying the interaction of high voltage 
electricity with organic molecules. Equipment was unreliable and dangerous, and the 
complexity of the reaction product mass  precluded definitive performance evaluation. Slnce 
World War 11, technology has  advanced to  the point where high frequency power can  be 
generated and controlled a t  reasonable cost  and many new dielectric mater ia ls  such a s  
fused quartz, alumina and mica mat a r e  a ~ a i l a b l e . ~  Modern analytical techniques afford 
the opportunity to determine the composition of the product mix. 

1 

/ 
! 

'I 

Corona electrons are accelerated by the applied voltage to a n  energy.levelof 1 

1 
10-20 electron volts, which is sufficient to break the covalent bond. T h i s  represents  a very 
efficient approach when compared with high energy radiolysis (m.e.v. range)  where the 
actual chemical work is effected by secondary electrons with an energy of 10-25 e.v., 
formed after a series of energy-dissipating steps. Potentially, corona energy can deliver 
e lectrons to the reaction s i te  a t  the desired energy level to give products which are not 
readily obtainable by m o r e  conventional means. The energy available in the corona dis- 
charge is somewhat above that commonly encountered in  photochemistry (up t o  6 e.v. ). 

) 

> 
i 

Bertholot reduced benzene to c @ 8  in 1876 in what appears  to be the f i r s t  
Losanitsch obtained the exposure of a n  aromatic  compound to the corona discharge. 

following products f rom benzene in  a n  electrical discharge: ( CgH6)2, biphenyl, (C72Hgg) 
and (C6H6)90,6 Benzene vapor treated a t  300° in  a n  ozonizer tube gave resinous products 
with a 6/4 carbon-hydrogen ratio.7 Linder and Davis exposed benzene vapor to 37,000 
volts and found biphenyl, gaseous products and evidence of polymerization.8 The early 
work y i t h  benzene reactions in  various ty 

genation of benzene flowing down the walls of,an ozonizer tube and found 1,3-and 1,4-  

1, 
s of electrical discharges i s  reviewed in 

\d 
t considerable detail by Clocker  and Lind. 'Brown and Rippere investigated the hydro- 

s is tent  with polystyrene. !4 ( 
cyclohexadiene, biphenyl and a resinous m a s s  which gave an infrared spectrum con- i' 

10 1 
I 

!' 

In recent  y e a r s ,  benzene has  been subjected to direct  electrode discharge 
and glow discharges induced by microwave'' and radiofrequency'l energy. In this  paper, 
we report  some of our observations for  the reaction of benzene in a corona discharge. 

\ 
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A PPA RA TUS 

The corona reactor  system used in this study i s  shown in Figure 1 and the reactor 
/details a r e  given in Figure 2 .  
'*sure and, with slight modification, under recycle conditions. The use of the threaded rod 
;center electrode affords a more uniform and higher treating potential than i s  obtained with a 
'cylindrical electrode. l3 The electrode threads concentrate surface i r regular i t ies  thereby 
'eliminating severe discharge points. The copper electrode s e r v e s  a s  a cooling coil and 
af fords  direct observation of the corona. In a typical run, the benzene reservoi r  temper-  
-ature is set  a t  5 3 O ,  the helium is adjusted to 100 ml/min. and af ter  a two minute purge, an 
electrical potential of 15,000 volts is applied. A brilliant blue corona i s  established, the 
intensity being a.function of helium flow, pressure,  benzene content and the applied voltage. 

!Benzene t raverses  the corona reactor  a s . a  vapor and is condensed by the cold water t rap  

The system is designed to run a t  atmospheric o r  reduced pres-  

I 

nd collected. Yellow solids gradually deposit in the flask a t  the bottom of the reactor  and , 's eventually adhere to the dielectric surfaces in the reactor .  Some benzene and the more  
volatile reaction products a r e  condensed in the -70 and -195" t raps .  See experimental 
section for further details. 

RESULTS A N D  DISCUSSION 
,( 

t . J  
The excitation of benzene vapor in a corona discharge provides an 8.5% con- 

version to identifiable products. The major products a r e  a benzene soluble polymer (6%): 
la benzene insoluble polymer (0 .7%),  biphenyl (0 .3%) ,  ,and acetylene (1%). The compo- 
sition of the product mix obtained is given i n  Table 1 .  The overall yield obtained under 

'our  experimental conditions is s imi la r  to that produced in a radiofrequency glow discharge 
I;( lo%, with longer residence t ime)  and somewhat higher than Streitwieser obtained using a 
microwave'' induced glow discharge (5%). The corona discharge gives a considerably 
higher proportion of polymer than is obtained from these other energy sources .  Benzene 

ubstitution products such as toluene, phenylacetylene and ethylbenzene were observed in  
he microwave discharge but were not noted in this study o r  i n  the radiofrequency inves- 
igation. The high yield of fulvene in the radiofrequency discharge i s  surpr is ing in view of 
ts tendency to polymerize o r  add oxygen under ra ther  mild conditions. The sum of the 
arbon and hydrogen analyses for  the polymeric fraction obtained by Stille in the glow dis -  
harge of benzene (86-94 per cent )  suggests some fixation of oxygen and/or  nitrogen during 
ischarge o r  product work-up. l2 The pressure for  these electrodeless glow discharge 
tudies was of the order  of 20 mm. o r  l e s s ,  while the corona reac tor  was operated a t  
tmospheric pressure.  'Schiiler, using a n  electrode discharge in benzene, obtained pro-  
ucts  s imilar  to those produced in the microwave glow discharge. lo 
1 

cnzene fraction, biphenyl fraction and polymeric material f o r  purposes of discussion. 
, f te r  'initial studies indicated that the components of the -7O.and - 1 9 5 O  t raps  were 
imilar  to those in the benzene t rap,  these samples were combined. The acetylene 
ontent of the low temperature t raps  was determined by weight l o s s  pr ior  to mixing 
iith the benzene. 

' .  

12 

I 

The reaction products obtained in this study a r e  roughly categorized as the 

cnzene Fract ion 

The exposed benzene, a s  collected in the cold t raps ,  is bright yellow. The 
allowing reaction products have been identified in  this fractlon: I, 3-cyclohexadiene, 
,4-cyclohexadiene, fulvene and cyclohexene. The approximate p e r  cent yield for  each 
f these consntuents is given in Table 2. The data were  determined using a 100 foot 
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TABLE 1 

Product Dstr ibut ion in the Corona Discharge of Benzene, 15KV 

Yield-Per Cent Yield-Per Cent Radiofrequency@) 
Benzene Exposed of Product Mix Yield, Per  Cent Product 

Benzene insoluble polymer 0.7 
Benzene soluble polymer (a) 6.0 
Biphenyl 0.3 

Phenyl, benzyl substituted 
0-. m-,  and p-Terphenyl 0.1 

1,3-and 1,4-Cyclohexadiene 0.1 
Fulvene 0.01 
Acetylene 1 0  

cyclopentenes (b) 0.3 

- 
TOTAL 8.5 

8.2 
70.5 
3.5 
1.2 

3.5 
1.2 
0.1 

11.8 
100.0 

2.0 
N.D. 

N.D. 
N.D. 
I , O  

10.0 
2.0 (f) 

(a) Polymer fraction includes mater ia ls  f rom 250 molecular weight and up. 
(b) Includes several phenyl and benzyl substituted cyclopentenes s imilar  to biphenyl and 

o-terphenyl in vapor pressure .  See discussion. 
(c) See reference No. 12. 
(d) N. D. - -  not determined. 
(e) Benzene and toluene soluble polymer. 
(f) Acetylene l%, allene 1%. 

support-coated open tubular column with a squalane liquid phase and appropriate calibration 
standards (Figure 3 ) .  No significant change is noted in the cyclohexane content when 
compared with s tar t ing benzene. The increase in the methyl cyclopentane peak is ascribed 
'to i t s  higher vapor pressure  thus affording some accumulation of this mater ia l  in the 
benzene distillate and a concomitant depletion in the benzene feed stock. Cyclohexene is 
produced in very low yield, as  expected, because of the degree of hydrogenation required 
during i t s  short  residence time in this single pass reactor .  

The reduction of benzene to the cyclohexadienes is interesting a s  
1,3-cyclohexadiene i s  therm'odynamically unstable with respect to benzene, cyclohexene 
and cyclohexane. l4 The synthesis of 1,3-cyclohexadiene under these conditions is 
analogous to  the conversion of oxygen to ozone which a l so  represents  a n  energetically 
unfavorable process. The momentary energy input and the rapid removal of the activated 
species  f rom the reaction zone affords this material. in low yield., A s  expected, the 
more  s table  1,4-cyclohexadiene i s  produced in higher y e l d  (3/1) .  Additionally, 
1,3-cyclohexadiene would be expected to polymerize a t  a rapid rate  under these con- 
ditions. The thermodynamic instability of 1,3-cyclohexadiene i s  demonstrated by i t s  
gradual disappearance from the sample af ter  a few days standing a t  room temperature. 
The yields of both the l ,4-and 1,3-cyclohexadiene are somewhat higher than pre-  
viously reported by Brown and Rippere. The yields reported by these workers  af ter  
24 hours exposure to a 15 KV'corona discharge in  a counter-current hydrogen s t ream 
were 0.02 and 0.01 per cent respectively. The major  variable in  technique which likely 
accounts for  this difference.in yields i s  the use of benzene vapor in our work, versus  
the hydrogenation of a thin liquid benzene film running down the annular dielectric sur- 
face by Brown and Rippere. . 
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I The ultraviolet spectrum. f o r  the benzene fraction was obtained by running 
differentially against pure benzene in isooctane. A broad absorption band with a maximum 
a t  258 rnp i s  ascribed to the 1,3-cyclohexadiene. An additional absorption a t  242 rryl and 
a tailing into the visible region with a broad maximum a t  360-370 r y  i s  a lso observed. 
These spectral features are  consistent with those reported for  fulvene, the non-aromatic 
i somer  of benzene.15 Blair and Bryce-Smith found fulvene in the photochemical irradiation 
of benzene in what appears  to be the f i r s t  direct  conversion of a n  aromatic  hydrocarbon to 
a non-aromatic hydrocarbon. l6 Fulvene co-distilled with benzene, but could be separated 
f rom benzene using the 100 ft. squalane column (Figure  3 ) .  Fulvene prepared by the 
method of Meuche gave the s a m e  retention time and spectral features.I7 Additional evidence 

li 

\ 

\ 

for  assignment of the fulvene peak included i ts  disappearance from the chromatogram after 
the sample was refluxed with maleic anhydride (color  disappears  ) or  exposure to a free 
radical catalyst. The Diels-Alder reaction product with maleic anhydride was isolated and 
hydrolyzed to give the adduct, 7-methylene-5-norbornene -2, 3-dicarboxylic acid. The 
melting point and infrared data for  this adduct were identical with the sample prepared 
using fulvene synthesized from cyclopentadiene and formaldehyde. l2 

The formation of the 1,3,5-hexatrienyl diradical has  been suggested a s  an 
intermediate in the photochemical decomposition'' and the radiofrequency discharge12 of 
benzene. Material isolated in the photochemical excitation gav.e a W spectrum similar  
to 1,3,5-hexatriene, but displaced by 7.5 mp and, more  disturbing, the investigators 
were  able to separate the mater ia l  f rom benzene by fractional distillation. No experi- 
mental evidence was given in  the radiofrequency study. In our work, 1,3,5-hexatriene 
could not be detected ( l e s s  than 100 ppm) in  the benzene fraction using the squalane 
column. No spectral evidence was noted in  the ultraviolet although the region of in- 
t e r e s t  i s  complicated by the  presence of 1,3-cyclohexadiene. l 9  

The unidentified peak in the chromatogram (Figure  3 )  gives a negative 
t e s t  for a n  acetylenic hydrogen (ammoniacal cuprous chloride solution) and does not 
disappear after the sample is subjected to free radical catalysis  for  several  hours. Thus, 
the open chain, acetylenic i s o m e r s  of benzene, hexa-I ,  3-diene-5-yne. 1,4-hexadiyne, 
1,s-hexadiyne and l.S-hexadien-3-yne do not appear  to  account for  this peak. The 
possibility of valence i s o m e r s  of benzene such a s  bicyclo (2.2.0) hexa-2, 5-diene, 
"Dewar benzene", were excluded based on the observation that the peak was stable to 
prolonged heating a t  looo. The valence isomers  would be expected to convert to 
benzene under such conditions. 2o 

TABLE 2 

(a) Product Distribution in Dscharged  Benzene Fraction 

Product Yield % Benzene Exposed 

1.3 -Cyclohexadiene 0.03 
1.4 -Cyclohexadiene 0.09 
Fulvene 0 01 
Cyclohexene 0.01 
Unidentified 0.02 

(a) Quantitative data obtained by GLC using squalane column and appropriate calibration 
standards. I 
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Biphenyl Fraction 

The low molecular weight compounds, soluble in isooctane and hot methanol, 
were primarily biphenyl and 0-, m-,  and p-terphenyl. These products were identified by 
gas-liquid chromatography using a silicone gum rubber column (Figure 4 ) and a Carbowax 
20M column with appropriate standards. The peaks were trapped and analyzed by infrared 
and NMR spectroscopy f o r  confirmation. Biphenyl was present in sufficient quantity to be  

Quantitative data, obtained using the silicone column with appropriate calibration curves 
a r e  presented in Table 3 .  With the possible exception of biphenyl, the yields are very 
low considering the overallconversion noted. The 0-, m -  and p-terphenyl ratio (1/0.4/1) 
indicates a preference f o r  the para position beyond that expected for  random attack. 

I 

' 

readily detected in the initial infrared spectrum and w a s  isolated by suhimation. \ 

,% 

- __  - - . -  . -~ - - - _  ~ 

If hydrogenation of the polyphenyls by hydrogen radicals generated "in situ" I 

'i is to be considered a pr imary  reaction mechanism, one would expect to see components 
corresponding tothe possible hydrogenated species of biphenyl and the terphenyls . This 
does not appear to  be the case ,  however, as  no significant peak can be ascribed to a 
hydrogenated o-terphenyl compound. The small  peaks before biphenyl and after o-terphenylt 

small  proportions which have not been completely identified. The f i r s t  peak, (eluted 
before biphenyl) amounting to  l e s s  than 0.1 per cent of the total yield, was initially 
ascr ibed to a mixture of the possible hydrogenation products of biphenyl. On the Carbowax' 
column a t  lower temperatures  this peak i s  eluted between phenylcyclohexane and I-phenyl- 
cyclohexene. Initial infrared examination of this peak af ter  trapping indicated an intriguing 
similarity with the peak (s) noted af ter  o-terphenyl and with the polymer fractions. The 

in the chromatogram (Figure  4 ) actually include four or more, components present  in \ I  

''> 

\ 
possibility that this component was a low molecular weight precursor  to polymer formation 
prompted further study. Infrared indicates a phenyl substituted aliphatic compound con- 
taining some olefinic unsaturation, and the spectrum is not consistent with the anticipated 
phenyl cyclohexenes . Careful examination of the spectrum indicates that the following 
phenyl substituted compounds a r e  not present on the basis  of the indicated missing 
absorptions - phenyl cyclohexane ( 1010, 1000, 888, 865 cm- '  ), 1-ppylcyc lohexene  
(922, 805 c m - l ) ,  and 3-phenylcyclohexene (855, 788, 675 c m - l ) .  
i s  consistent with a non-conjuga'ted benzylcyclopentene system with absor  tions a t  
1070, 1030, and 960 cm-' and the expected aromatic substitution bands.' Two 
additional absorptions are noted, one a t  850 c m - l  which may be attributed to vinyl 
protons and a phenyl substitution band a t  730 c m - l .  This  likely results from biphenyl 
contamination, but it i s  interesting to note that benzylidenecyclopentane has  a n  absorption 
a t  732 cm- '  with the remainder  of the spectrum being s imilar  to the benzylcyclopentenes. 

The spectrum 

NMR data provides strong evidence for  a rigid ring system (non-olefinic 
protons poorly resolved 1-3 ppm ), non-conjugated olefinic protons a t  5.7 ppm and phenyl 
protons a t  7.1 ppm. The olefinic protons are complex, giving a closely-spaced doublet 
superimposed on a broad absorption, suggesting the presence of both ring and exocyclic 
unsaturation. Additional sharp proton resonances are noted a t  1.2 ppm (methyl) and a 
doublet a t  2.7 ppm which is attributed to benzylic protons. The lack of olefinic protons 
downfield from 5.7 ppm would rule  out the benzylidene compounds and likely any sim- 
i l a r  s t ructures  wherein -the unsaturation i s  conjugated with the phenyl moiety. The 
olefinic protons in cyclopentadiene a r e  found at 6.42 ppm and were not obvious in this 
fraction. However, absorptions due to a minor component could have escaped detection 
because of limited sample s ize .  The difficulty encountered in isolating the components 
of this peak precludes definite s t ructural  assignments, but the reaction of phenyl 
radicals  with fulvene followed by H radical termination and hydrogenation to give 
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phenyl o r  benzyl substituted cyclopentenes is clearly indicated. The following, reaction 
scheme is proposed to account for  the experimental observations: 

The inherent complexity of the product mix is illustrated by IV above which 
could be 1-, 3-and 4:benzylcyclopentene. Preliminary m a s s  spectral data f o r  this sample, 
as isolated from the chromatographic separation, indicates m/e values of 156 and 158, 

compounds such a s  I11 would a l so  have a m a s s  of 156. Mass 91, corresponding to the 
benzyl  radical is prominent a s  i s  m a s s  77, the phenyl radical, although this would be  

!,'expected to a r i s e  from.the biphenyl (154) contamination. Other features  of the spectrum 
are being evaluated. The low yield is  reasonable in view of the limited probability f o r  
radical termination and hydrogenation compared with the high reactivity of these olefins 
( o r  the diene precursors) 'under  the reaction conditions. The glow discharge work of 
Schzler indicates the absence of any products with vapor pressure  s imi la r  to biphenyl 
and the other related l i terature  generally does not @ve details beyond biphenyl analysis 
and g r o s s  polymer propert ies  .' 

i 

I corresponding to the cyclopentadienes I, I1 and the cyclopentenes IV, V.  Ring substituted 

j 

1' 
The peak a f t e r  o-terphenyl (F igure  4) actually consis ts  of. 3-4 components 

when analyzed by varying the chromatographic conditions. This  peak has  the, same retention 
time as diphenyl fulvene and i s  in  the s a m e  general range a s  noted f o r  a commercially 
available hydrogenated terphenyl, Monsanto HB-40. This complex peak was  trapped (with 
t race  o-terphenyl contamination) a s  a yellow liquid which gave a n  infrared spectrum 
identical-to the polymer fractions and very s imilar  to the peak.before biphenyl. Again, 
phenylknzylcyclopentenes are indicated and the spectrum bears little resemblance to 
the hydrogenated terphenyl spectrum. The NMR spectrum i n  carbon tetrachloride showed 
aromatic  protons a t  7.1 ppm,, a broadened olefinic proton resonance a t  5.7 ppm and non- 
olefinic protons from 0.8-3.5 ppm with poor resolution. These extremely complex 
olefinic and non-olefinic resonances a r e  typical of protons i n  a fixed r ing system such 
as cyclopentene. The i,ntegration f o r  these resonances allows approximation of an 
average s t ructure  containing a cyclopentene ring system substituted with one phenyl and 
one benzyl group. The reactions appear analogous to  those responsible f o r  the components 
of the peak before biphenyl with termination being with a phenyl radical ra ther  than the 
hydrogen radical. The m a s s  spectrum f o r  this mater ia l  a s  trapped f rom the chromatographic 
analysis shows prominent peaks a t  m a s s  232 and 234 corresponding to  VI and, VU below. 
The benzyl and phenyl radical peaks a r e  a l so  evident a t  m a s s  values of 91 and 77 
respectively. Evaluation of the find s t ruc ture  details is continuing. The following is 
believed to be representative of the many reactions which are possible under the 
experimental conditions, to give a variety of closely related compounds: 
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The actual structural definition must await isolation of sufficient quantities of the com- 
ponents for NMR studies under various conditions. The possibility of a hydrogenated 
p-terphenyl was carefully considered, but the only s t ructure  even remotely consistent 
with the infrared and NMR data would require that the center  ring of p-terphenyl be 
non-aromatic with m'ono-substituted phenyl groups attached. Such a mater ia l  could be 
formed by preferential hydrogenation of the center  r ing of p-terphenyl (statistically 
unlikely ) or by the reaction of phenyl radicals and 1,3 -cyclohexadiene as follows: 

(3) 

X 

This  mechanism requires  the formation of hydrogenated or tho terphenyl derivatives such 
as VIII, which were not noted by gas-liquid chromatography o r  infrared. 

TABLE 3 

Biphenyl Fraction (a) 

Yield % 
Exposed Benzene 

Biphenyl 0.30 
o - Terphenyl 0.05 

p-Terphenyl 0.05 
0.05 

Phenylbenzylcyclopentenes ( C l e )  0.25 
TOTAL 0.72 

m - Terphenyl 0.02 

Benzyl and phenyl cyclopentenes (C12 1 

Yield 
% Reaction Products 

3.5 
0.6 
0.2 
0.6 
0.6 

-% 
(a) Quantitative data were obtained by GLC, using a silicone gum rubber column with 

appropriate standard calibration curves based on peak height. 



Polymeric Products 

The material which adheres  to the glass  dielectric surface in the reactor  is 
a high melting solid ( 3  320°), insoluble in benzene and a l l  common solvents. The  infrared 
spectrum and the carbon-hydrogen ratio a r e  essentially the same a s  noted f o r  the benzene 
soluble material. The benzene soluble polymer was fractionated into three molecular 
weight ranges based on solubility in isooctane. The polymers a r e  all yellow with the in- 
tensity increasing a s  the molecular weight decreases .  The ultraviolet spectrum f o r  the 
low molecular weight polymer shows a gradual tailing into the visible region. The 
physical property data for the polymeric fractions are summarized in Table 4 .  

Infrared data indicate that the polymeric fractions a r e  structurally s imilar  
to the low molecular weight products identified a s  benzyl and phenyl substituted cyclopentenes. 
The infrared evidence already presented f o r  the low molecular weight products i s  applicable 
to the polymeric products and need not be repeated. The data a r e  consistent with an average 
repeating unit containing the cyclopentene ring s t ructure  substituted with phenyl o r  benzyl 
groups. NMR data for  the polymers were obtained in carbon tetrachloride a t  the cell holder 
temperature (40"). The spectrum obtained fo r  the 300 molecular weight polymer fraction 
is presented i n  Figure 5. The extreme broadening of the proton resonances is associated 
with the complex, long range roton coupling in a r i s d  system and the motional averaging 
commonly noted in polymers .'2 Scanning the s a m e  sample a t  90°-in tetrachloroethylene did 
not significantly improve the resolution. The NMR spectrum of the- polymer in .pyridine 
(Figure 5 ) gives some improvement in the high field proton resolution, indicating a doublet 
a t  2 .6  ppm (benzylic protons ) and a complex methyl "proton resonance. The spectra  a r e  
s imilar  to those obtained for  the low molecular weight precursors  containing unresolved , 

ring protons. The NMR spectra generally eliminate polymer formation by:way of phenyl 
and hexatrienyl radicals a s  suggested for the radiolysis of benzene.23 The aliphatic 
proton portion of the spectrum i s  very s imilar  -to that reported f o r  cyclopentadiene polymers 
by Davies and W a s ~ e r m a n n . ~ ~  The cyclopentadiene polymers had a molecular weight 
range of 1200-2300, ah 'max.a t  320-360 mp and non-olefinic proton to olefinic proton rat io  
of approximately 3/1. 

The data a r e  consistent with polymer formanon by way of phenyl radical 
( o r  excited benzene) reaction with the fulvene produced to  give phenyl o r  benzyl substituted 
cyclopentadienes which then polymerize to g v e  a polycyclopentene chain with pendant 
phenyl and/or benzyl groups. The average non-olefinic to olefinic proton ratio of 2.9 
indicates that the many possible s t ructures  s imi la r  to XI (5 /2)  predominate over  the 
al ternate  type s t ructures ,  XI1 (7 /0) ,  24 assuming our analogy to cyclopentadiene type 
polymers is valid. 

Q 
&,  XI 

( 4 )  

Many s imi la r  s t ructures  must be considered, including those derived f r o m  phenyl attack 
on the ring with polymerization through the exocyclic vinyl group of fulvene. 
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Mechanism I 
The available evidence is thus not consistent with the generally proposed 

i-iiechaii;si;i 0: i ; ~ : j . ~ ~ i  f ~ i i i ~ a t i s i i  based ~ i i  the iaiidoiii bui:d-i;p d 2 PO:? (pheiijjl~iiej chain 1 

accompanied by hydrogenation, 
radiofrequency discharge of benzene, evidence was presented which clearly indicated that 
the polymer contained consecutive para  linkages suggesting poly (p-phepylenes ) as the 
predominant s t ructure .12 Schcler observed that the polymer (C H 1.03, M.W. 503) was 
a phenyl substituted aliphatic chain based on infrared evidence.16 Patrick and Burton have ‘ 
demonstrated that hydrogen a toms are not involved to any significant extent in polymer 
formation when liquid benzene i s  irradiated with a 1.5 m.e.v. source. 

o r  the interaction with the hexatrienyl d i r a d i ~ a l . ~ ’  In the 

24 ’. \ 

In the corona discharge many types of energy t ransfer  a r e  occurring, varying 
‘i 

’ 

f rom photolysis (visible corona)  to relatively high energy electrons responsible f o r  frag- 
mentation. The  low yield of biphenyl in this single pass reactor  suggests that phenyl radical 
production through loss  of a hydrogen radical i s  not the pr imary reaction route leading to 
polymer formation. Considerable energy should be available to excite benzene to relatively 

separate. the H radical. At any given time the number of these excited benzene molecules 
should greatly exceed the phenyl radical population. Fulvene i s  produced f rom benzene by 
ultra-violet energy (200 mp, about 112 kcals, o r  4 . 9  electron volts).25 Thus, the formation 
of this benzene i somer  with a resonance energy (11-12 kcals/mole) intermediate between 
benzene and 1,3 cyclohexadiene may be energetically favorable in the corona environment. 
Fulvene has been shown to polymerize rapidly under s imilar  conditions with no reversion 
to  benzene.25 The uniformity of the phenyl (benzyl) -cyclopentene ratio throughout all 
polymer fractions makes it difficult to accept a mechanism based solely on random attack 
by phenyl radicals on the growing fulvene polymer. The initial synthesis of a monomeric 
unit comprised of the benzylcyclopentadiene system with subsequent diene type polymer- 
ization i s  consistent with all our  observations. The phenyl radical produced i n  the dis- 
charge should collide with the nearest  benzene molecule which will be excited to a 
relatively high vibrational energy level. The following reaction sequences are suggested 

high vibrational levels which would be somewhat below that energy required to actually - \  

\\ 1 

1 
\ 

for the phenyl radical: 

U 

R e * = +  
XIV 

Reaction (5) i s  the typical termination reaction by radical coupling leading to  biphenyl. 
The intermediate radical in (6) would be expected to  lose hydrogen mo e readily than 
i t  would add to another benzene molecule to give polymer formation.2d The possibility 
of ring contraction in the excited intermediate, accompanied by a n  intramolecular shift 
of a hydrogen atom i s  suggested in reaction (7). The benzylcyclopentadiene XV so 
obtained would be a very active monomer leading to the polymeric products observed. 
Although our data support polymer formation by the mechanism indicated, we cannot 
rule  out participation by the cyclohexadienes and acetylene, both of these being noted 

a - e n e -  CkEketewr-eentper-at-. 
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FIGURE 6 PROPOSED REACTION MECHANISMS 
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, , .  
The relatively low yield and the complexity of the reaction products does not 

I allow an unequivocal designation of reaction mechanism o r  of the mode of energy transfer in 
the corona environment. However, where possible. we have proposed reaction mechanisms 
which a r e  consistent with our resul ts  to date. These mechanisms are summarized in  Figure 
6. Studies a r e  underway to obtain deuterium exchange data in the corona reactor ,  and mass  
spectral  data a r e  being evaluated. 
extended to other volatile compounds. 

' 
I 

\ 

Investlgation of the utility of corona chemistry will be 
' I  

EXPERIMENTAL 
\ 

Materials: F isher  thiophene-free benzene contained t race quantities of 
methyl cyclopentane, cyclohexane and toluene. Chromatogram (squalane ) of original 
mater ia l  was used as reference for  irradiated benzene evaluation under the same GLC 
conditions. 

\ 

Reference mater ia ls  for  chromatographic identification were generally used 
as obtained from commercial  sources ,  Most of these mater ia ls  were of sufficient purity to 
identify the major peak. However, mono-phenyl fulvene, obtained from Aldrich, gave no 
peak on the silicone column and infrared indicated extensive hydroxyl and carbonyl ab-  
sorptions. 1,3,5-hexatriene from Aldrich gave two major and two minor peaks on the 
squalane column. Infrared27 indicated largely the t rans isomer  with only a small c is  ab- ) 
sorption at 818 ern-'. 1 

890, 765 c m - l )  and ultraviolet (A1 = 242 mu, 4 2 = 360 m u )  were in good agreement 
l i terature  values: '5 ' 

Fulvene was prepared by the method of Meuche. l7 Infrared (1662, 925, 

Reaction Conditions 
\ 
\ 

, 

\ 

The equipment used in these experiments was presented i n  Figures 1 and 
2. Helium was bubbled through the benzene reservoi r  (55") a t  100 ml/min. to car ry  4.2 
~ ( 0 . 0 5 4  moles)  benzene through the corona reactor  per hour. The reac tor  temperature 
was 45": 2". A total of 101 gm. (1.3 moles)  benzene was passed through the 15 KV, 60 
cycle, corona discharge in 23.7 hours .  A small  helium purge was maintained throughout 
a l l  sampling operations and necessary downtime to preclude oxidation. 

Product Isolation and Analysis ! 

At the conclusion of the run, the reactor  was  partially filled with benzene 
and refluxed on a s team bath for  2 hours. ?he berizene.soluble material f r o m  the column 
was combined with the yellow brown solid which collected i n  the lower receiver. The 
insoluble material was swelled by b e k e n e  and generally loosened from the glass di- 
e lectr ic  surface. This  insoluble material was filtered off, washed several  times with 
chloroform and dried overnight at 70" in a vacuum oven. The reactor  was cleaned 
with.a 5 per cent  hydrofluoric acid solution to remove final traces of polymer after 
each run. Benzene insoluble polymer - 0.7 gm. yellow brown color, % C 86.95, %H 
7.17, C/H 1.01. 

The benzene containing al l  solid products f rom the reactor  and pot 
residue was reduced t o  30 ml. volume by vacuum distillation a t  50". Considerable 
foaming was encountered, requiring careful control of the distillation. The 30 ml. Of 

\ 
i 
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brown benzene solution was added to 300 ml. isooctane a t  room temperature. A yellow solid 
precipitated immediately and was collected by filtration. After several  washings with hot 
methanol, the material was dried for  8 hours a t  70° in a vacuum oven. Benzene soluble 
polymer - Fraction 1, 2 . 3  gm.,  M. W .  4360, % C  88.32, % H  7.18, C/H 1.02. 

The isooctane-methanol solution was reduced to 100 ml. volume (all 
methanol removed) by vacuum distillation a t  60". The solution was a bkilliant yellow 
color a t  this point. On cooling to room temperature, a small proportion of a deep yellow 
polymeric solid precipitated and was collected by filtratlon. After washing with hot 
methanol, this yellow material was dried at  70Ofor 8 hours in a vacuum oven. Benzene 
soluble fraction 2, 0 . 2  gm., M . W .  1555, % C  87.26, %H 7.09, C/H 1.03. 

The isooctane-methanol soluble portion was reduced to 20 gm. by vacuum 
distillation and sufficient benzene added to  insure solubility of ell components. The per 
cent solids was determined for  this sample, being careful to . l imit  sublimation of biphenyl 
(about 2 hours a t  70° in a vacuum oven). This sample contains the low molecular weight 
products and a yellow resinous polymer. Qualitative analysis f o r  the low molecular weight 
components was accomplished by gas-liquid chromatography using the following liquid 
phases: silicone gum rubber, Carbowax 20 M, and Reoplex 400. Quantitative data were 
obtained on the silicone column (Figure 4 )  using calibration curves (peak height) pre-  
pare-d from appropriate standards. The concentration of the small  peak eluted before 
biphenyl was estimated using the biphenyl calibration curve and the peak af te r 'o - te r -  
phenyl was estimated using a commercial hydrogenated terphenyl mixture (Monsanto 
H B - 4 0 )  a s  a reference. The F & M 500 gas-liquid chromatograph equipped with a 
standard thermoconductivity detector was used f o r  these analyses. These low molecular 
weight products (biphenyl, 0-, m - ,  p-terphenyl.and phenylcycloalkenes, M. W. up 
to -250) amount to 0.72 g m s .  (See Table 3 ) .  Peak confirmation was provided by infra- 
red and NMR analysis af ter  fraction collection f rom the chromatographic separation. 

' 

The concentration of the low molecular weight resinous polymer was 
determined by subtracting the total biphenyl fraction weight f rom the total isooctane- 
methanol soluble mater ia l .  A sample of this material was placed in  the vacuum oven 
a t  100" unnl the GLC t race  indicated neglipble biphenyl content and the molecular 
weight was determined. Benzene soluble fraction 3, 3 . 5  grn., M. W .  305, %C 87.23, 
%H 7.09, C/H 1.03. Prolonged heating a t  150" in  air gwes a hard, brittle yellow film. 
Infrared analysis indicates oxidation is involved in  the d r p n g  process .  

The benzene fraction was initially examined by GLC using 100 ft. 
support coated open tubular columns containing Carbowax 1540 poly (ethylene glycol ) 
and squalane (Figure 3 )  as  the liquid phase. Quantitative data were obtained a t  4 5 O  
on the squalane column with a helium flow of.3.0 ml/min. The Perkin Elmer  Model 
2.80 gas-liquid chromatograph, equipped with a s t ream splitting device and hydrogen 
flame detector was used f o r  these analyses. Peak identification was by comparison 
with commercial  standards and the synthesized fulvene. Additionally, the beniene 
fraction was  refluxed in  pressure  bottles with maleic anhydride, azobisieobutyronitrile, 
and ammoniacal cuprous chloride solution pr ior  to  chromatographic analysis to  note 
peak changes due to adduct formation, polymerization or presence of acetylenic hydro- 
gen. Acetylene content was estimated f rom weight l o s s  of the -7O"and -195" t raps .  
The vapor space above those cold t raps  and the gas s t ream directly below the corona 
were analyzed by infrared using an 8 c m .  gas cel l .  Although the study was  not 
exhaustive, several samplings were  made and only acetylene was detected. 
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h/lethylacetylene, a l lene and butadiene were not present in sufficient quantity to be detected. 

The yellow ,benzene f rom several runs ( 1000 m l t  ) was fractionated and 
900 mi. distillate obtained from 79-80". The distillate was refluxed with maleic anhydride 
until color less  and the benzene removed a t  reduced pressure.  Dilute sodium hydroxide 
solution was added and the resulting solution was extracted several times with chloroform. 
After  acidification with dilute hydrochloric acid, the solution was extrayted with ether. 
The et1ie.r was removed af te r  drying to give a white solid which, on recrystallization from 
chloroform and pet e ther ,  gave the adduct 7-methylene-5-norbornene-2, 3-dicarboxylic 
acid \VI ich melted a t  146°-1500. The infrared showed maxima a t  1553, 875 and 710 cm-', 
(lit  ("' 1555, 874, 712 cm- ' ) .  Fulvene was prepared in  low yield ( less  than one per cent )  
f rom cyclopentadiene and formaldehyde with sodium ethoxide catalyst. l7 The adduct was 
prepared by adding maleic anhydride to the crude fulvene reaction product in  Freon I13 
(b .p.  47.6O) and refluxing until colorless. After removal of the solvent, hydrolysis and 
recrystallization yielded the adduct, m .  p. 147-150°, which gave properties identical with 
the f u l v e n e  adduct obtained from the corona discharge. Bryce-Smith obtained a melting 
range of 105-110° for  this adduct which was likely a mixture of the ex0 and endo isomers.25 
Stille prepared the fulvene-maleic anhydride adducr with a melting point of 149-150" which 
may be a single isomer.12 

Through the courtesy of the Perkin Elmer  Company a t  Norwalk, Con- 
necticut, the discharged benzene was analyzed by combination of gas-liquid chromatography 
and m a s s  spectroscopy. The peak attributed to fulyene gave a parent m a s s  of 78 and 
fragments at m / e  77, 52, 51, 50 and 39 in  good agreement with the literature. I' Con- 
firmation of other ass ignments  was obtained by this technique and the one unidentified 
component on the squalane column gave a parent m a s s  of 78. 

Molecular weight and carbon-hydrogen determinanons were made by 
Schwarzkopf Microanalytical Laboratories, New York, New York. Molecular weight 
was determined in benzene by vapor pressure  osmometry. 
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VAPOR PHASE DECOMPOSITION O F  
AROhIATIC 'HYDROCARBONS BY ELECTRIC DISCHARGE 
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I n t r o d u c t i o n  

Decompos i t ion  of o r g a n i c  compounds i n  p r e s e n c e  o f  e l e c t r i c  dis-  
c h a r g e  g e n e r a l l y  i n v o l v e s  f r a g m e n t a t i o n  a n d  p o l y m e r i z a t i o n  i n d u c e d  by 
i n e l a s t i c  c o l l i s i o n  w i t h  h i g h  e n e r g y  e l e c t r o n s .  When hydrogen  is 
a d d e d ,  a c t i v e  hydrogen  a t o m s  p r o d u c e d  b y  e l e c t r i c  d i s c h a r g e  a l s o  pa r -  
t i c i p a t e  i n  t h e  d e c o m p o s i t i o n  r e a c t i o n s .  The r e a c t i o n  mechanisms a r e  
complex  i n v o l v i n g  e x c i t e d  m o l e c u l e s ,  f r e e  r a d i c a l s ,  a n d  i o n s .  

I n  t h i s  l a b o r a t o r y  h y d r o c r a c k i n g  o f  c o a l ,  c o a l  v o l a t i l e s  a n d  r e -  
l a t e d  mater ia ls  b y  e l e c t r i c  d i s c h a r g e  i n  hydrogen  w a s  s t u d i e d .  I t  is 
p o s t u l a t e d  by Given1 t h a t  coa l  ( v i t r i n i t e )  m o l e c u l e s  c o n t a i n  a r o m a t i c  
a n d  h y d r o a r o m a t i c  s t r u c t u r e s  a n d  p r o b a b l y  f u s e d  a r o m a t i c  r i n g  n u c l e i  
l i n k e d  t o g e t h e r  b y  m e t h y l e n e  o r  e t h y l e n e  g r o u p s  f o r m i n g  h y d r o a r o m a t i c  
r i n g s .  Many o f  t h e  r e p l a c e a b l e  h y d r o g e n s  i n  t h e  s t r u c t u r e  are sub- 
s t i t u t e d  b y  h y d r o x y l  o r  c a r b o n y l  g r o u p s .  Shor t  a l k y l  g r o u p s  a n d  
a l i c y c l i c  r i n g s  may a l s o  be a t t a c h e d  a s  s i d e  c h a i n s .  I n  p y r o l y s i s  
a t  500 - 6 O O 0 C . ,  d i s s o c i a t i o n  o f  h y d r o x y l  g r o u p s  a n d  d e h y d r o g e n a t i o n  
o f  n a p h t h e n i c  r i n g s  t a k e  p l a c e .  T h e s e  ac t s  l e a d  t o  f o r m a t i o n  o f  OH 

\ 

\ 

\ 

'6 1 

t 
a n d  H r a d i c a l s  wh ich  i n  t u r n  h e l p  t o  b r e a k  t h e  l i n k a g e s  be tween aromatic 1 
n u c l e i ,  f o r m i n g  smaller ,  p a r t l y  aromatic v o l a t i l e  f r a g m e n t s ,  and  a t  
t h e  same t i m e  l e a v i n g  a more aromatic r e s i d u a l  s t r u c t u r e  b e h i n d .  

On t h e  o the r  hand ,  h i g h  p r e s s u r e  h y d r o g e n a t i o n  o f  coal  g i v e s  p a r t i a l '  
o r  c o m p l e t e  h y d r o g e n a t i o n  o f  t h e  aromatic s t r u c t u r e .  When t h i s  is sub- 
s e q u e n t l y  c r a c k e d ,  t h e  l i g h t  p r o d u c t s  t e n d  t o  be a l i p h a t i c  r a t h e r  t h a n  
aromatic h y d r o c a r b o n s .  I t  was t h o u g h t  t h a t  h y d r o c r a c k i n g  o f  coal by 
e l e c t r i c  d i s c h a r g e  m i g h t  be somewhere be tween p y r o l y s i s  a n d  h i g h  p r e s s u r e  
h y d r o c r a c k i n g .  I n  t h e  c o u r s e  o f  s t u d y  i t  w a s  t h o u g h t  i m p o r t a n t  t o  t es t  
t h i s  h y p o t h e s i s  by s u b j e c t i n g  s e v e r a l  aromatic o r  h y d r o a r o m a t i c  compounds 
t o  e l ec t r i c  d i s c h a r g e  i n  a h y d r o g e n  stream f o r  be t te r  u n d e r s t a n d i n g  of 
t h e  p r o c e s s .  O r g a n i c  compounds s e l e c t e d  were m-cresol, d - m e t h y l n a p h t h a l e n  
t e t r a h y d r o n a p h t h a l e n e ,  d e c a h y d r o n a p h t h a l e n e ,  a n d  9 ,  1 0 - d i h y d r o p h e n a n t h r e n d  

1 

E x p e r i m e n t a l  A p p a r a t u s  a n d  P r o c e d u r e s  

? 
1 

The a p p a r a t u s  c o n s i s t e d  of a v a p o r i z e r ,  a p r e h e a t e r ,  a d i s c h a r g e  
reactor ,  and  a p r o d u c t  c o l l e c t i n g  s y s t e m :  The o r g a n i c  compound was f e d  
i n t o  t h e  v a p o r i z e r  a t  a c e r t a i n  rate a n d  v a p o r i z e d .  Hydrogen was a l s o  

P. H.  G iven ,  p r e s e n t e d  A m .  Chem. SOC. ,  J a n u a r y ,  1963 i n  
C i n c i n n a t i ,  Oh io  



461 

f e d  i n t o  t h e  v a p o r i z e r  a t  a c e r t a i n  f l o w  rate a n d  mixed  w i t h  t h e  o r g a n i c  
v a p o r .  The r e s u l t a n t  m i x t u r e  w a s  t h e n  f e d  i n t o  t h e  reactor t h r o u g h  
t h e  p r e h e a t e r .  The l i q u i d  p r o d u c t s  c o n d e n s e d  i n  a water cooler were 
c o l l e c t e d  i n  a r e c e i v e r  a n d  t h e  g a s e o u s  p r o d u c t s  were c o l l e c t e d  i n  a 
l i q u i d  n i t r o g e n  t r a p .  T h e s e  p r o d u c t s  were a n a l y z e d  by mass s p e c t r o -  
s c o p e  a n d  v a p o r  p h a s e  c h r o m a t o g r a p h  employ ing  a 6 f t .  column of 10% 
s i l i c o n e  r u b b e r ,  SE-30 a n d  60-80 Chromosorb  P .  

I 

The d i s c h a r g e  reac tor  was f a b r i c a t e d  w i t h  q u a r t z  a n d  w a s  o f  a 
c o n c e n t r i c  t u b e  d e s i g n  s imi la r  t o  a n  o z o n i z e r .  The i n s i d e  o f  t h e  i n n e r  
b a r r i e r  (40 mm OD a n d  38 mm I D )  and  t h e  o u t s i d e  o f  t h e  o u t e r  b a r r i e r  
(48 mm OD a n d  46 mm I D )  were c o a t e d  w i t h  c o n d u c t i v e ,  t r a n s p a r e n t ,  t i n  
o x i d e .  The fo rmer  was c o n n e c t e d  t o  t h e  h i g h  v o l t a g e  t e r m i n a l  a n d  t h e  
l a t t e r  t o  g round .  I n  t h i s  a r r a n g e m e n t  t h e  e l e c t r i c  d i s c h a r g e  w a s  
s u s t a i n e d  i n  a n  a n n u l a r  space, 46 mm OD, 40 mm ID, and  200 mm l o n g .  
The i n s i d e  bar r ie r  t u b e  w a s  f i l l e d  w i t h  s t a i n l e s s  s t ee l  wool and  a 
t h e r m o m e t e r  w a s  p l a c e d  i n  t h e  c e n t e r .  T h i s  t h e r m o m e t e r  and  three therm- 
istors a t t a c h e d  t o  t h e  o u t s i d e  e l e c t r o d e  were u s e d  t o  d e t e r m i n e  t h e  
reactor  t e m p e r a t u r e .  The reactor was i n s u l a t e d  w i t h  g l a s s  wool,  and  t h e  
reactor  t e m p e r a t u r e  was m a i n t a i n e d  a t  a p p r o x i m a t e l y  30OoC. f o r  a l l  t h e  
r u n s .  

The e l e c t r i c  d i s c h a r g e  power was s u p p l i e d  by Peed ing  t h e  o u t p u t  
o f  a 1 0 , 0 0 0  Hertz,  30 k i l o w a t t  i n d u c t o r - a l t e r n a t o r  t o  t h e  p r i m a r y  of  
a 50 k i l o v o l t  t r a n s f o r m e r  a n d ,  i n  t u r n ,  t o  a t u n e d  c i r c u i t ,  t o  t h e  
reactor a n d  t o  t h e  h i g h  v o l t a g e  i n s t r u m e n t a t i o n .  The e l ec t r i c  d i s c h a r g e  
power was d e t e r m i n e d  by m e a s u r i n g  t h e  area o f  p a r a l l e l o g r a m  o n  t h e  
o s c i l l o s c o p e 2 .  

When making t h e  r u n ,  hydrogen  w a s  f e d  i n t o  t h e  reactor a t  a d e f i n i t e  
f l o w  rate a n d  t h e  e l ec t r i c  d i s c h a r g e  w a s  a p p l i e d  t o  h e a t  t h e  r e a c t o r .  
When t h e  reactor t e m p e r a t u r e  w a s  s tab i l ized  a t  a b o u t  3 O O 0 C . ,  t h e  f e e d  
o f  t h e  o r g a n i c  compound w a s  s t a r t e d .  The d i s c h a r g e  power s u s t a i n e d  f o r  
t h e  r e a c t i o n  w a s  i n  a r a n g e  f rom 1 4 0  t o  170 w a t t s .  

E x p e r i m e n t a l  R e s u l t s  a n d  D i s c u s s i o n s  

F o r  c r e s o l - h y d r o g e n  m i s t u r e s ,  t w o  r u n s  were made u s i n g  t h e  empty 
reactor a n d  three r u n s  were made by f i l l i n g  t h e  reactor s p a c e  w i t h  
p o r o u s  o r  a c t i v a t e d  aluminum o x i d e  g r a i n s .  F o r  a l l  t h e  r u n s ,  t h e  reactor 
p r e s s u r e  m a i n t a i n e d  a t  300 mm Hg. E x p e r i m e n t a l  r e s u l t s ,  i n c l u d i n g  
p r o d u c t  d i s t r i b u t i o n ,  are l i s t e d  i n  T a b l e  1. The p r i n c i p a l  p r o d u c t s  
were p h e n o l ,  t o l u e n e ,  b e n z e n e ,  a l i p h a t i c  h y d r o c a r b o n s ,  c a r b o n  d i o x i d e  
a n d  water. Among t h e  a l i p h a t i c  h y d r o c a r b o n s ,  a c e t y l e n e  w a s  p r e s e n t  i n  
t h e  l a r g e s t  amount a n d  a b o u t  8% w a s  u n s a t u r a t e s  e x c e p t  f o r  Run 5. I n  
t h i s  r u n  t h e  c o n c e n t r a t i o n  o f  u n s a t u r a t e s  w a s  55 %. T h i s  is p r o b a b l y  
due  t o  a h i g h e r  hydrogen  c o n c e n t r a t i o n  i n  t h e  f e e d  c a u s i n g  somewhat 

T. C. Manley, T r a n s .  Am. Electro Chem. SOC. 84 83, 1943  
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more e f f i c i e n t  h y d r o g e n a t i o n .  
C H5-OH a r e  90 and  73 Kcal/mol.  r e s p e c t i v e l y .  D e s p i t e  t h i s ,  i t  was 
o t s e r v e d  t h a t ,  i n  t h e  p roduc t s ‘ .  p h e n o l  was i n  h i g h e r  c o n c e n t r a t i o n  
t h a n  t o l u e n e .  

The bond e n e r g i e s  of C6H5-CH3 a n d  

U s e  o f  aluminum o x i d e  p a c k i n g  i n  t h e  d i s c h a r g e  s p a c e  w a s  i n t e n d e d  , 
t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  i n c r e a s i n g  t h e  e n e r g y  y e i l d .  Narrowing  
t h e  g a s e o u s  d i s c h a r g e  g a p  w i t h  d i e l e c t r i c  p a c k i n g s  may c p u s e  t h e  fo l low-  \ 
i n g  two e f f e c t s  on  t h e  d i s c h a r g e :  (1 )  i n c r e a s e  of d i s c h a r g e  c u r r e n t  
f o r  t h e  same d i s c h a r g e  power d i s s i p a t e d ,  a n d  (2 )  i n c r e a s e  o f  g a s e o u s  
s p a c e  breakdown f i e l d  s t r e n g t h ,  i f  t h e  g a p  d e c r e a s e s  beyond a c e r t a i n  
l i m i t .  The e x a c t  n a t u r e  o f  t h e  e l e c t r i c  d i s c h a r g e  employed  i n  t h i s  s t u d y  
is st i l l  d e b a t a b l e . 3 , 4  
p r i m a r y  r e a c t i o n  ra te  o f  t h e  o r g a n i c  v a p o r  w i t h  e i t h e r  h i g h  e n e r g y  
e l e c t r o n s  or a c t i v e  hydrogen  atoms may be  dependen t  o n  d i s c h a r g e  c u r r e n t  
d e n s i t y  and  f i e l d  s t r e n g t h ,  i f  t h e  s y s t e m  p r e s s u r e  a n d  p a r t i a l  p r e s s u r e  
o f  t h e  r e a c t a n t  a r e  c o n s t a n t .  I n  e l e c t r i c  d i s c h a r g e  p r o d u c t  o f  ozone .  
a n  i n c r e a s e  i n  ozone  c o n c e n t r a t i o n  a f t e r  f i l l i n g  t h e  d i s c h a r g e  g a p  w i t h  
v a r i o u s  d i e l e c t r i c  p a c k i n g s  is a l s o  r e p o r t e d  by Mor inaga  a n d  Su2uk i .S  
I n  t h i s  s t u d y  f o r  a p p r o x i m a t e l y  t h e  same c o n c e n t r a t i o n  o f  c r e s o l  v a p o r ,  
t h e  u s e  o f  aluminum o x i d e  g r a i n s  i n  t h e  d i s c h a r g e  s p a c e  a p p e a r e d  t o  in -  
c r e a s e  t h e  e n e r g y  y i e l d  somewhat ,  b u t  n o t  c o n c l u s i v e l y .  

However,  i t  c a n  be r e a s o n a b l y  assumed t h a t  t h e  ) 

\ 

j 

\ 
I n  a l l  t h e  r u n s ,  t h e  f o r m a t i o n  o f  brown s o l i d  f i l m s  w a s  o b s e r v e d  

o n  t h e  reactor w a l l  o r  o n  t h e  s u r f a c e  o f  t h e  g r a i n s .  These  s o l i d  f i l m s  

t o l u e n e .  I t  is presumed t h a t  t h e y  are i n d i c a t i n g  p o s s i b l y  h i g h l y  cross- 
l i n k e d  p o l y m e r i z e d  p r o d u c t s  d e r i v e d  from t h e  c r e s o l .  The e n e r g y  y i e l d  
f o r  f i l m  f o r m a t i o n  was e s t i m a t e d  t o  be i n  a r a n g e  from 30 t o  5 0  g/KWH; 
c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  f o r  t he  f r a g m e n t a t i o n  p r o d u c t s .  

were n o t  a n a l y z e d  b u t  t h e y  were i n s o l u b l e  i n  m e t h y l e t h y l e k e t o n e  or 1 

I 
E x p e r i m e n t a l  r e s u l t s  f o r  t h e  p o l y c y c l i c  compounds are  summarized 

i n  T a b l e  2 .  M e t h y l n a p h t h a l e n e  v a p o r  i n  hydrogen  was tested u n d e r  p r e s -  
s u r e s  o f  760 and  74 mm Hg. The p r i n c i p a l  l i g h t e r  p r o d u c t s  were a l i p h a t i c  
h y d r o c a r b o n s ,  benzene  a n d  t o l u e n e .  A t  t h e  h i g h e r  p r e s s u r e  t h e  c o n c e n t r a -  
t i o n  o f  t h e  l i g h t e r  a l i p h a t i c  h y d r o c a r b o n s  w a s  i n  t h e  order C2)c3>C4>C5. ~ 

A t  t h e  lower p r e s s u r e ,  however ,  t h i s  o r d e r  w a s  r e v e r s e d .  I n  b o t h  cases ,\ 

a b o u t  32 - 35% were u n s a t u r a t e s .  The e n e r g y  y i e l d  w a s  a p p r o x i m a t e l y  
d o u b l e d  by l o w e r i n g  t h e  p r e s s u r e .  ‘I 

F o r  t e t r a h y d r o n a p h t h a l e n e ,  t h r e e  e x p e r i m e n t s  were made u n d e r  d i f -  ) 
f e r e n t  p r e s s u r e s .  Among t h e  1 i g h t e r  a l i p h a t i c  h y d r o c a r b o n s  p roduced ,  
t h e  C2 f r a c t i o n  was p r e s e n t  i n  t h e  l a r g e s t  amount ,  i n  wh ich  e t h y l e n e  
w a s  i n  h i g h e s t  c o n c e n t r a t i o n  f o l l o w e d  by a c e t y l e n e  and  e t h a n e .  The 

T h i s  i n c r e a s e  w a s  e s s e n t i a l l y  due  t o  t h e  i n c r e a s e  i n  C2 a n d  C un- 

7 0  mm H g  was twice a s  h i g h  as t h a t  a t  760 mm Hg. A c o n s i d e r a b l y  h i g h e r  

t o t a l  p e r c e n t a g e  of u n s a t u r a t e s  i n c r e a s e d  as t h e  p r e s s u r e  d e c r e a s e d .  7 

s a t u r a t e s .  A s  o b s e r v e d  f o r  m e t h y l n a p h t h a l e n e ,  t h e  e n e r g y  y e i q d  a t  .: 
1 
4 

R .  W. L u n t ,  Advanced Chem. Ser ies ,  “Ozone C h e m i s t r y  a n d  Techno logy” ,  
Am.  Chem. S O C . ,  p .  286  (1959)  1 

\ 

I 

M .  S u z u k i  and  Y. Nai to ,  P r o c .  J a p a n  Academy, 2 4 6 9  (1959)  \ 

K .  Morinaga and  M .  S u z u k i ,  B u l l .  Chem. SOC. ,  J a p a n  35 4 2 9  (1962) 
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e n e r g y  y i e l d  t h a n  f o r  t h e  o t h e r  two r u n s  was o b s e r v e d  a t  t h e  i n t e r m e d i a t e  
p r e s s u r e ,  300 mm Hg. 

When d e c a h y d r o n a p h t h a l e n e  w a s  t e s t e d ,  one  e x p e r i m e n t  w a s  made u n d e r  1 760 mm Hg u s i n g  6.7% c o n c e n t r a t i o n  i n  hydrogen .  Ano the r  r u n  w a s  made 
u n d e r  300  mm Hg u s i n g  67% c o n c e n t r a t i o n .  I n  t h e  l a t t e r  r u n ,  a h i g h e r  

/ e n e r g y  y i e l d  w a s  o b t a i n e d .  
c 2  a n d  C 3  f r a c t i o n  and  a l s o  u n s a t u r a t e  c o n c e n t r a t i o n  w a b  h i g h e r .  

The g a s e o u s  p r o d u c t s  were e s s e n t i a l l y  i n  t h e  C2 f r a c t i o n ;  a b o u t  50% 

showed two p e a k s .  They were n o t  i d e n t i f i e d  b u t  by t h e  combined  r e s u l t s  
of t h e  VPC a n d  m a s s  s p e c t r o s c o p e  one  o f  t h e  p e a k s  w a s  t e n t a t i v e l y  
i d e n t i f i e d  a s  butflbenzene. B i p h e n y l ,  wh ich  is a l i k e l y  d e c o m p o s i t i o n  
p r o d u c t ,  w a s  n o t  found .  F o r  t h e  p o l y c y c l i c  aromatic and  h y d r o a r o m a t i c  
compounds t e s t e d  i n  t h i s  s t u d y ,  t h e  e n e r g y  y i e l d  from e lec t r ic  d i s c h a r g e  
h y d r o c a r c k i n g  f o r  p r o d u c t i o n  o f  t h e  l i g h t e r  h y d r o c a r b o n s  w a s  i n  t h e  f o l -  
l o w i n g  o r d e r :  

The p r o d u c t  d i s t r i b u t i o n  w a s  r icher  i n  t h e  

One e x p e r i m e n t  w a s  made t o  t e s t  d i h y d r o p h e n a n t h r e n e  i n  hydrogen .  ' b e i n g  u n s a t u r a t e d .  Vapor p h a s e  c h r o m a t o g r a p h y  o f  t h e  l i q u i d  p r o d u c t  

I 
' 

/ 
I 

As o b s e r v e d  i n  cresol r u n s ,  s o l i d  f i l m s  were formed on  t h e  reactor W a l l ,  
b u t  t h e y  were n o t  a n a l y z e d .  

I 

The number of e x p e r i m e n t s  are n o t  s u f f i c i e n t  t o  p e r m i t  d r a w i n g  a 
I 

c o n c r e t e  r e l a t i o n s h i p  be tween  e n e r g y  y i e l d  a n d  m o l e c u l a r  s t r u c t u r e .  
The r e s o n a n c e  energies  of b e n z e n e ,  n a p h t h a l e n e ,  a n d  p h e n e n t h r e n e  are 
39, 7 5 ,  a n d  110  Kcal, r e s p e c t i v e l y .  I t  is r e a s o n a b l e  t o  a s sume  t h a t  

' t h e  c o n d e n s e d  a r o m a t i c  r i n g  s t r u c t u r e  a b s o r b s  l a r g e  amounts  of e n e r g y  
and  r e q u i r e s  h i g h  e n e r g y  f o r  c r a c k i n g .  The r a d i a t i o n  e f f e c t  o n  v a r i o u s  
p o l y c y c l i c  aromatic compounds were s t u d i e d  by Weiss e t  a16. They d i s -  

,\ c u s s e d  c o r r e l a t i o n s  be tween  t h e  r a d i a t i o n  s t a b i l i t y  and  v a r i o u s  strut- 
$ 1  t u r a l  f a c t o r s .  These  i n c l u d e  r e s o n a n c e  e n e r g y ,  e lec t ron  a f f i n i t y ,  I and  i o n i z a t i o n  c o n s t a n t .  S i n c e  t h e r e  is a close s i m i l a r i t y  be tween  

r a d i a t i o n  a n d  e l e c t r i c  d i s c h a r g e  i n  p r i n c i p l e ,  f u r t h e r  i n f o r m a t i o n  a l o n g  
t h i s  l i n e  would be h e l p f u l  f o r  a be t t e r  u n d e r s t a n d i n g  of t h e  e lectr ic  
d i s c h a r g e  h y d r o c r a c k i n g  p r o c e s s .  

b 

/ o f  t h e  t h i s  s t u d y .  
h y d r o c r a c k i n g  o f  aromatic or h y d r o a r o m a t i c  hydroca rbons ,  d i s s o c i a t i o n  
o f  t h e  s i d e  c h a i n s  a n d  r u p t u r e  o f  t h e  r i n g s  are f o l l o w e d  by s e c o n d a r y  

f r e a c t i o n s  i n v o l v i n g  t h e  decomposed s p e c i e s ;  t h i s  leads to  t h e  f o r m a t i o n  
o f  aromatic or a l i p h a t i c  l i g h t e r  compounds.  Ene rgy  r e q u i r e m e n t  t o  form 
t h e s e  l i g h t e r  compounds a p p e a r  t o  be  too h i g h  f o r  p r a c t i c a l  applica- 

[ t i o n s .  The f o r m a t i o n  o f  t h e  s o l i d  p o l y m e r i z e d  p r o d u c t s ,  w h i c h  t a k e s  

E l u c i d a t i o n  o f  t h e  r e a c t i o n  scheme i n  d e t a i l  is beyond t h e  s c o p e  
However,  it w a s  i n d i c a t e d  t h a t  i n  e lec t r ic  d i s c h a r g e  

\ 
1 
I 
\ 
v ' ~  J. Weiss, C. H. C o l l i n s ,  J .  S u c k e r ,  a n d  N. Carc ie l lo ,  I n d .  Eng. Chem, 

$ P r o d .  R e s .  a n d  Deve lopmen t ,  3 ,  73 (1964)  
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p l a c e  i n  p a r a l l e l  w i t h  f r a g m e n t a t i o n ,  as s e e n  f o r  cresol r u n s ,  r e q u i r e s  
c o n s i d e r a b l y  less e n e r g y .  S t u d y  on  t h e  f o r m a t i o n  o f  po lymer  f i l m s  
s t a r t i n g  w i t h  v a r i o u s  monomers a n d  u s i n g  t h e  p r e s e n t  d i s c h a r g e  sys tem 
p r e s e n t s  a n  e x t r e m e l y  i n t e r e s t i n g  problem which  is c u r r e n t l y  u n d e r  
i n v e s t i g a t i o n .  

T h i s  is a p a r t  of t h e  work s u p p o r t e d  by t h e  O f f i c e  of C o a l  R e s e a r c h ,  
U. S. Depar tment  o f  I n t e r i o r .  
s u p p o r t  . 

The a u t h o r  is t h a n k f u l  f p r  t h e i r  g e n e r o u s \  

\ 

\ 
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HYDROCARBONS AND CllRBON FROM A ROTATING ARC HEATER 

C. Hirayama and D. A. Maniero 

Westinghouse Elec t r ic  Corporation, Pittsburgh, Pa. 

INTRODUCTION 

A br ie f  description of the ro ta t ing  arc heater u t i l i z e d  i n  th i s  work, 
and some preliminary hydrocarbon processing data, were described a year 
ag0.l A more detailed description of t he  hbater, and some of the  operat- 
ing charac te r i s t ics  have a l so  been presented within t h e  past  year.2 The 
a r c  heater consists e s sen t i a l ly  of water-cooled, to ro ida l  electrodes,  i n  
which the a rc  i s  rapidly ro ta ted  as a result of in te rac t ion  of the  a rc  
current with a magnetic f i e ld .  
device w i t h  a r a t ing  of 3 megawatts i n to  the arc. Both a l t e rna t ing  and 
d i r ec t  current power operation are possible w i t h  t h i s  device. 
most a rc  devices previously reported3 8pe of the long arc ,  high voltage 
type which are operated on d.c. only. 

The heater i s  a high current,  low voltage 

I n  contrast ,  

We wish t o  report ,  herewith, some of the res.ilts obtained more recently 
i n  the  pyrolysis of methane a t  atmospheric and at slightly elevated pressures. 

The feed gas was commercial grade methane of 96 per cent pu r i ty  which 
w a s  injected i n t o  the  heater a t  ambient temperature. 
t ro l l ed  by regulating the pressure drop across a sonic or i f ice .  

The f lar rate was  con- 

The arc heater w a s  operated only on a.c. parer at electrode separations 
of 0.38, 0.75 and 1.0 inch. 
2200 k i l o w a t t s ,  with thermal e f f ic ienc ies  between 25 and 76 per cent, de- 
pending on operating conditions. 
t he  nozzle was choked w i t h  a graphite p l a t e  which had an o r i f i c e  of 0.5 or  
0.75 inch diameter i n  the center of the plate.  
high as 100 psig. 

The arc power with methane ranged from 550 t o  

For operation at elevated chamber pressure, 

The chamber pressure was as 

The heater w a s  operated a t  two d i f fe ren t  f i e l d  c o i l  currents t o  determine 
a r c  ro ta t ion  velocity on the  degree of reaction. 

The products of the  reaction were quenched and collected through a 
water-cooled copper probe, 118 or  1/4 inch I . D . ,  inserted about an inch 
inside of t he  nozzle. 
a fiber f i l t e r  (Purolater C o . )  t o  separate the  carbon, then collected a t  
appropriate in te rva ls  i n  ga8 s a p l i n g  tubes on a manifold, a8 previously 
described .1 

The product from the probe was first passed through 
' 

The gas analyses were made mas8 spectrometrically. A t yp ica l  composi- 
t i on  of a sam3le is  shown i n  Table I; Table I1 shows the  approldmate material 
balance based on the  &/C ratios of the  feed and product gases. 
variation with operating conditione is In t he  relative concentration of 
t he  d i f fe ren t  species. 

The only 
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TABLE I. COMPOSI'IION OF GASEOUS PRODUCT, M O U  PERCENT 

~ ~ a c y 4 ~ ~ ~ c & I & a  
77.68 1.27 0.09 5.81 13.58 1.01 0.12 0.32 0.14 

TABU 11. MATERIAL BALANCE OF PRODUCTS IN MOLE PERCENT 
c o c q  cy4 s c & = ' a c  

73.06 1.19 0.08 5.46 12.77 0.95 0.11 0.30 0.13 15.00 

Electron micrographs w e r e  obtained on a number of the carbon samples 
by repl icat ing an amyl acetate suspension on a carbon film. 
w e r e  obtained by packing the soot in to  a disc-sarnple holder and i r rad ia t ing  
with Cu K-a radiation. 
nearly ident ical  as  possible for all of the  samples. 
i n t ens i ty  were compared against  AUC graphite measured under ident ica l  conditione. 

X-ray spectra 

The sample packing and i r rad ia t ion  w e r e  kept as 
The d-spacing and line 

RESULTS AM, DISCUSSION 

from the high temperature pyrolysis of methane. 
C2H2, and carbon, w i t h  varying concentration of C&, depending on the degree 
of reaction. The diacetylene and benzene axe fonned from the  polymerization 
of the acetylene; t h e  methyl acetylene, although not 
conversion of 
of d i a c e t y l e n e y  The C,H, is  an intermediate in the  C'&+ C,H, reaction. 
There i s  a s l i g h t  e r r o r  i n  the material  balance since the  hydrogen content 
of the  soot was not taken i n t o  account because of sampling d i f f icu l ty .  
soot  usually contains about one percent of hydrogen, and the presence of 
aromatic consti tuents is  evident from the  odor. 

As shown i n  Table 11, the product consists of species which are expected 
The primary products are H2, 

intermediate in the  
t o  C2H2, is known t o  be a minor product found i n  the pyrolysis 

The 

Considering the d i f f i c u l t y  of obtaining exact experimental parameters 
during an experiment, qu i t e  good correlat ion was obtained between the  degree 
of reaction and a r c  enthalpy, whereas the correlat ion was poor with respect 
t o  the ne t  enthalpy increase of the gas. Figure 1 shows the re la t ive  degree 
of methane pyrolysis as  a function of the a r c  enthalpy. The curves show the 
comparison between runs made at 2500 and 1500 amperes f i e l d  c o i l  current. 
The former e f fec ts  an arc ro t a t ion  velocity approximately 66 percent greater 
than t h a t  a t  the 1500 amps f i e l d  c o i l  current. There i s  a s ignif icant ly  
steeper slope at higher a r c  rotat ion velocity,  this r e s u l t  probably arising 
from the  greater  degree of mixing. 
enthalpies,  where the system is a t  equilibrium, or near equilibrium condition. 
A minimum jus t  above the c r i t i c a l  enthalpy (or i n i t i a t i o n  temperature). 

Note that the curyes saturate a t  high 

The electron micrographs of t h e  soot,  quenched at the heater nozzle, 
,500X magnification, Figure 2, shows spherical  par t ic les  of less than 

100 at 2l t o  approximetely 5000 A diameter. The nature of the  background is not 
knonw at present, but  blow-ups of the photomicrographs t o  approximately 
153,OoOX suggests that t h e  cloud consis ts  of extremely f ine ,  smokey carbon 
dust. 
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The d-spacings ob ained from the x-raa diffraction of the soot varies 
between 3.45 and 3.49 B ,ocompared to 3.35 A for pure, crystalline graphite. 
The lower value of 3.45 A was obtained on the carbon collected from the high 
pressure runs, where the residence times were up to seven times longer than 
the runs at atmospheric pressure. The degree of crystallinity of the soot, 
based on the x-ray intensity, varied Prom two to ten percent of:AUC graphite. 
The x-ray crystallinity, as suspected, is a function of the residence time. 

It was of interest to plot the major product compositions on a semi- 
log plot, as a function of reciprocal arc enthalpy since the latter is pro- 
portional to the temperature in the gas. 
for acetylene and hydrogen are approximately the same, whereas the slope for 
carbon is much steeper. The difference in slopes for carbon, as compared to 
CBH2 and H,, clearly shows the different mechanisms f o r  the formation of these 
species. 

Figure 3 shows that the slopes 

I 

i 

I 
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Fig. 1. Methane conversion as functions of arc enthalpy and a rc  ro t a t ion  

Fig. 2. Electron micrographs of carbon a t  25,500X 
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THE REARRANGEMENT OF METHANE AND METHYL CHLORIDE I N  A MICROWAVE 

DISCHARGE 

J. P. Wightman 

Vi rg in i a  Poly technic  I n s t i t u t e ,  Blacksburg, V i r g i n i a  

N. J. Johnston 

NASA - Langley Research Center ,  Hampton, V i r g i n i a  

I.  INTRODUCTION' 

I n  a prev ious  pape r (1 )  the rearrangement of a s e r i e s  of 
hydrocarbons inc luding  methane i n  a microwave d i scha rge  was reported.  
The work reported he re  i s  an i n v e s t i g a t i o n  of the e f f e c t  o f  t he  
in t roduc t ion  of a f u n c t i o n a l  group i n  methane on t h e  n a t u r e  o f  both 
t h e  gaseous and s o l i d  products  of rearrangement. Such measurements 
should u l t ima te ly  support  a model of t he  rearrangement mechanism 
i n  a microwave discharge.  Methane and methyl c h l o r i d e  werc passed 
s e p a r a t e l y  i n  t he  absence of a d i l u e n t  through a microwave d i s -  
charge.  

11. EXPERIMENTAL 

A. Ma te r i a l s  

Methane ( u l t r a h i g h  p u r i t y  grade) was obta ined  from t h e  
Matheson Co. and used wi thout  f u r t h e r  p u r i f i c a t i o n .  The fo l lowing  
a n a l y s i s  was suppl ied wi th  t h e  methane: C02 - (5  ppm; O 2  
N - 19 ppm: C2H6 - 14 ppm: C3H8 - ( 5  ppm. Methyl c h l o r i d e  
(gigh p u r i t y  grade) was obta ined  from t h e  Matheson Co. and used 
without f u r t h e r  p u r i f i c a t i o n .  

5 ppm; 

B. Apparatus and Procedure 

The rearrangements were c a r r i e d  o u t  i n  a h igh  vacuum 
flow system. The power source f o r  t h e  microwave d i scha rge  was a 
Raytheon generator(Mode1 KV-1?4) and was opera ted  a t  a power l e v e l  
corresponding t o  about 40 r . f .  wa t t s  a t  2450 Mc. The g e n e r a t o r  
was connected t o  an air-cooled cavity(Raytheon - KV s e r i e s )  by a 
coax ia l  cable .  Two procedures were used depending upon whether 
an a n a l y s i s  of t h e  gaseous products  was be ing  made o r  whether s o l i d  
f i l m  w a s  being depos i ted  f o r  subsequent a n a l y s i s .  I n  t h e  former 
c a s e ,  t h e  pa ren t  gas  w a s  passed through a v a r i a b l e  l eak  valve 
(Veeco - V L ) .  The p res su re  i n  a t y  i c a l  experimental  run was 0.15 
t o r r  a t  a mass flow r a t e  of 1 x lo-' moles/min. and a l i n e a r  flow 
r a t e  of 20 cm./sec. I n  t he  l a t t e r  c a s e ,  t h e  pa ren t  gas  vas  passed 
through a Teflon needle  va lve  (Fischer-Porter)  . The p r e s s u r e  i n  a 
t y p i c a l  experimental  run was O.5Oitorr. Normal depos i t i on  t ime 
was 20 min.  

c h l o r i d e  were determined using a mass spec t rometer (Assoc ia ted  
E l e c t r o n i c s  I n d u s t r i e s  - MS-10). The sampling volume was l o c a t e d  
about 140 c m .  downstream from t h e  discharge.  A f t e r  e s t ab l i shmen t  
of a constant  flow r a t e ,  t h e  pa ren t  gas  s t ream was sampled. An 
off-on valve upstream from t h e  d ischarge  allowed t h e  system t o  

The gaseous rearrangement products  of methane and methyl 
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be pumped down wi thout  a l t e r i n g  the  s e t t i n g  of the v a r i a b l e  leak. 
Between analyses  pumpdown r e s u l t e d  i n  f a s t e r  a t ta inment  of s teady 
s t a t e  concen t r a t ions  of rearrangement products.  Flow was again 
s t a r t e d  and the d i scha rge  i n i t i a t e d  with a Tes la  c o i l .  A f t e r  
e s tab l i shment  of  a c o n s t a n t  flow rate t h e  discharged g a s  stream 
was sampled. 

The s o l i d  polyermic f i lms  were removed mechanically 
from the  wal ls  of t h e  Pyrex tubing. The i n f r a r e d  s p e c t r a  of t he  
f i l m s  of both gases  w e r e  ob ta ined  using e i t h e r  a Perkin-hlmer 
421 o r  621 spectrophotometer.  The e l e c t r o n  sp in  resonance s p e c t r a  
of the nea t  f i l m s  from both  gases  were obta ined  on a Varian ESR 6 
spectrometer.  Elemental analyses  of both f i lms  were made by 
G a i l b r a i t h  Labs. 

111. RESULTS 

’ A. Gaseous Products  

1. Mass s p e c t r a  

Selected peaks  from the mass s p e c t r a  of methane and 
methyl ch lo r ide  ob ta ined  with the  d i scha rge  on and o f f  a r e  shewn 
i n  F igures  l a  and lb.  The most significant f e a t u r e s  i p  t h e  methane 
spec t r a (F igure  l a )  were t h e  incrTase i n  t h e  m / e  = 2 (H- ) peak and 
t h e  decrease i n  t h e  m/e = 1 5  (CH3) peak when methane W ~ S  passed 
through the discharge.  Trace q u a n t i t i e s  of higher  molecular weight 
hydrocarbons were a l s o  noted. The most s i g n i f i c a n t  f e a t u r e s  o f  
t h e  methyl+chloride s p e c t r a  (Figure lb) w e r e  t h e  increaae i n  the  
m/e - 2 (H2)  peak, t h e  appearance o$ t h e  m/e = 30 (C2H6) peak and 
the  decrease i n  t h e  m/e = 50 (CH3C1 ) peak when methyl c h l o r i d e  
w a s  passed though t h e  d i scha rge .  F u r t h e r ,  HC1 w a s  noted when 
t h e  l i q u i d  ni t rogen cooled  t r a p  downstream from t h e  discharge 
w a s  opened. 

B. Sol id  F i l m s  

A s o l i d  f i l m  was observed t o  form i n  the d ischarge  region 
when e i t h e r  methane o r  methyl c h l o r i d e  was passed through t h e  d i s -  
charge.  Both f i l m s  were cha rac t e r i zed  i n  s e v e r a l  ways. 

1. Elemental a n a l y s i s  

Empirical formulas f o r  t h e  s o l i d  f i lms  were e s t a b l i s h e d  
by elemental  a n a l y s i s .  The formulas f o r  t h e  s o l i d  f i lms  formed 
form methane and methyl c h l o r i d e  w e r e  (CH1.5)x and (CHo.65Clo.045 1 
r e s p e c t i v e l y  . 

2 .  I n f r a r e d  s p e c t r a  

T h e  i n f r a r e d  spectrum of t h e  f i l m  obta ined  from methane 
i s  shown i n  F igure  2 where a nea t  sample was used. Peaks a sc r ibed  
t o  t h e  f i l m  were noted i n  t h e  regipn of t h e  following frequencies5 
2900, 1700, 1450, 1380 and 880 c m  . The assignments of t hese  
f r eauenc ie s  fol low t h o s e  g iven  by Je sch  e t  a l ( 2 ) .  The band a t  880 
c m  hay b e  due t o  rocking  v i b r s f i o n  of -CH i n  a mul t ip l e  carbon 
atom chain.  
t i o n .  The band a t  1450 c m  
s c i s s o r s  v i b r a t i o n .  The band a t  1700 cm-‘ was probably due gy 
carbonyl formed on exposure of t h e  f i l m  t o  a i r .  The 2900 c m  band 

The band a t  1290 cm i s  c h a r a c g e r i s t i c  of -CH deforma- 3 i s  c h a r a c t e r ’ s t i c  of - CH2 symmetric 
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i s  due t o  C-H s t r e t c h i n g  v i b r a t i o n .  

The i n f r a r e d  spectrum of t h e  f i l m  obta ined  from methyl 
c h l o r i d e  is  shcyln i n  F igure  3 where a nea t  sample was used. The 
low i n t e n s i t y  peaks were a c h a r a c t e r i s t i c  of t h e  methyl ch lo r ide  
f i lms  whether run a s  a nea t  sample o r  a s  a KBr p e l l e t .  Peaks 
a sc r ibed  t o  the  f i l m  
f requencies :  2900,  1700,  1580, 1440 and 875 c m  . The peak a t  
1380 c m  observed i n  t h e  methane fi lm- s absent  i n  t h e  methyl 

c h l o r i d e  f i l m .  

were noted i n  t h e  region-pf t h e  fo l lowing  

chlor ide f i lm  and a new peak a t  1580 c m  iis observed i n  t H e  methyl 

3 .  Elec t ron  sp in  resonance 

The e l e c t r o n  sp in  resonance s p e c t r a  of t h e  f i l m s  pro- 
duced from methane and methyl c h l o r i d e  a r e  shown i n  F igures  4a 
and 4b. A s i g n i f i c a n t l y  l a r g e r  f r e e  sp in  concent ra t ion  on t h e  
o rde r  of one thousand times g r e a t e r  was noted i n  t h e  case  of t h e  
methyl ch lo r ide  f i lm.  No f i n e  s t r u c t u r e  was observed i n  t h e  case  
of  t he  methyl c h l o r i d e  f i l m .  g-values f o r  both f i lms  w e r e  
e s s e n t i a l l y  i d e n t i c a l  t o  t h e  value f o r  p i t c h ( g  = 2 .000) .  

4. S o l u b i l i t y  s t u d i e s  

A n  ex tens ive  series of l i q u i d s  w e r e  t e s t e d  a s  p o s s i b l e  
Solvents  f o r  t h e  f i lms  p r i o r  t o  NMR measurements. S o l u b i l i t y  of 
t h e  methane f i l m  was observed only i n  t he  case  of  hexamethyl- 
phosphoamide and concd. H2S04. 

I V .  DISCUSSION 

I n v e s t i g a t i o n s  of ch lo r ina t ed  hydrocarbons i n  a micro- 
wave d ischarge  have n o t  been repor ted  i n  t h e  l i t e r a t u r e  prev ious ly .  
Swif t  e t  a 1  (3)  however have inves t iga t ed  t h e  e f f e c t  of  an r f  
d i scharge  on CC14 i n  t h e  absence of  a d i l u e n t .  A number of  
ch lo r ina t ed  gaseous products  were r epor t ed  i n  a d d i t i o n  t o  a 
ch lo r ina t ed  polymer. The p r e s e n t  work ind ica t ed  a l i m i t e d  number 
of  gaseous products .  The r e s u l t s  a r e  c o n s i s t e n t  wi th  t h e  argu- 
ment t h a t  molecules i n  a xicrowave d ischarge  a r e  sub jec t ed  t o  a 
g r e a t e r  degree of  f ragmentat ion than  i n  an r f  d i scharge  thereby  
l i m i t i n g  b o t h  t h e  number aild ;he complexity of gaseous products .  

From t h e  previous  work of Vastola  and Wightplan (1) t h e  
fol lowing p o s t u l a t e  could be advanced: i f  a pa ren t  hydrocarbon 
has  a hydrogen t o  carbon (H/C) r a t i o  g r e a t e r  than about 1.6,  a 
hydrogen s a t u r a t e d  s o l i d  f i lm  w i l l  b e  produced on passage of t h e  
hydrocarbon through a microwave d ischarge  i n  a d d i t i o n  t o  hydrogen. 
Conversely,  i f  a pa ren t  hydrocarbon has  a (H/C) r a t i o  less than  about 
1.6 a hydrogen d e f i c i e n t  f i l m  w i l l  be produced and no hydrogen 
w i l l  be observed. 

t h i s  p o s t u l a t e  i f  a func t iona l  group i n  introduced i n t o  t h e  hydro- 
carbon molecule. Methyl c h l o r i d e  was chosen s i n c e  i t  r ep resen t s  
a s t r a igh t f a rward  ex tens ion  of t h e  methane case .  Methyl c h l o r i d e  
has  a (H/C) r a t i o  of 3 and i f  t h e  C 1  i s  neglec ted ,  t he  formation 
of  a hydrogen s a t u r a t e d  f i l m  would be  pred ic ted .  However, HC1 
was observed a s  a rearrangement product .  Hence t h e  C 1  can n o t  
be neglec ted  and y e t  assuming t h e  l i m i t i n g  case  of  a 1:l cor res -  
pondence between CH3C1 and HC1, t h e  (H/C) r a t i o  of t he  remaining 
fragment would be 2.  Thus t h e  formation of  a hydrogen s a t u r a t e d  
f i l m  would s t i l l  be p red ic t ed  b u t  which i n  f a c t  w a s  n o t  observed. 

The p r e s e n t  work i s  an a t tempt  t o  t e s t  t h e  v a l i d i t y  of 
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I n s t e a d  a hydrogen d e f i c i e n t  f i l m  was produced. The formation of 
a hydrogen d e f i c i e n t  f i l m  from a p a r e n t  molecule which h a s  a high 
enough (H/C) r a t i o  t o  form a hydrogen s a t u r a t e d  f i l m  can be a t t r i -  
buted t o  two f a c t o r s .  I n  t h e  f i r s t  i n s t a n c e ,  C 1  p r e f e r e n t i a l l y  
appears  i n  the  g a s  phase as i s  i n d i c a t e d  by t h e  low percentage of 
C 1  i n  t h e  f i l m ,  t h e  absence of a s i g n i f i c a n t  C-C1 absorp t ion  peak 

i n  t h e  i n f r a r e d  spectrum(Figure 3)  and t h e  presence of  HC1 down- 
s t ream from the  d ischarge .  The extension of t h i s  work t o  o t h e r  
f u n c t i o n a l  groups i s  a n t i c i p a t e d  t o  determine i f  t h i s  i s  a genera l  
scheme. I n  t h e  second i n s t a n c e ,  t h e  tendency t o  form hydrogen i n  
a microwave discharge i s  aga in  noted i n  t h e  case of methyl c h l o r i d e  

hydrocarbons conta in ing  func t iona l  groups,  t h e  formation of hydrogen 
i s  favored even a t  t h e  expense of t h e  formation of a hydrogen 
d e f i c i e n t  f i lm. The formation of e thane observed as a product  of 
t h e  methyl c h l o r i d e  d ischarge  could be  due t o  the  recombination 
of  methyl r a d i c a l s  produced i n  the discharge.  

not  been ex tens ive ly  c h a r a c t e r i z e d .  The recent  work of Jesch  e t  a1 
( 2 )  descr ibed t h e  i n f r a r e d  a n a l y s i s  of a series of f i lms  produced 
from hydrocarbons i n  a glow discharge.  Direct comparison between 
t h e  p r e s e n t  r e s u l t s  and those of Jesch  e t  a1 i s  not  p o s s i b l e  s i n c e  
t w o  d i f f e r e n t  types  of e l e c t r i c a l  d i scharges  were used. The type 
of d i scharge  used d r a m a t i c a l l y  a l t e r s  t h e  n a t u r e  of both the  gaseous 
and s o l i d  rearrangement products  a s  i n d i c a t e d  above 

a r e  s i m i l a r  t o  those  r e p o r t e d  previous ly(1)  f o r  t h e  hydrogen 
d e f i c i e n t  f i lms  formed from ace ty lene ,  benzene and naphthalene.  
The c o l o r  of t h e  methyl c h l o r i d e  f i l m  w a s  dark (brownish-black) 
c h a r a c t e r i s t i c  of hydrogen d e f i c i e n t  f i l m s  i n  c o n t r a s t  to  t h e  l i g h t  
yellow methane f i l m  c h a r a c t e r i s t i c  pf hydrogen s a t u r a t e d  f i lms .  
The high e l e c t r o n  s p i n  concent ra t ion  of t h e  methyl c h l o r i d e  f i l m  
ibad a l s o  been o b e r v e d  f o r  t h e  hydrogen d e f i c i e n t  f i l m  from acetylene.  

appear t o  be h i g h l y  c ross - l inked  as evidenced by t h e  n e g l i g i b l e  
s o l u b i l i t y  i s  l i q u i d s  used as s o l v e n t s  f o r  o t h e r  polymeric systems. 
The methyl c h l o r i d e  f i l m  c o n t a i n s  a greater number of f r e e  e l e c t r o n s  
than t h e  methane f i l m  i n d i c a t i v e  of a s i g n i f i c a n t  number of unsaturated 
valences i n  t h e  methyl c h l o r i d e  f i lm.  The methyl c h l o r i d e  f i l m  
appears  t o  be c h a r a c t e r i z e d  by  a g r e a t e r  degree of unsa tura t ion  
than t h e  methane f i lm.  Highly unsa tura ted  polymeric systems have 
been found d i f f i c u l t  to  analyze by i n f r a r e d  spectroscopy* which 
h a s  a l s o  been noted i n  t h e  p r e s e n t  r e s u l t s .  D e f i n i t i v e  NMR work 
would be h e l p f u l  i n  e l u c i d a t i n g  t h e  n a t u r e  of  these  polymeric f i l m s .  

as i n  t h e  case of methane(Pigures l a  and l b ) .  Apparently f o r  

Films formed i n  var ious  types of e l e c t r i c a l  d i scharges  have 

The p r o p e r t i e s  of t h e  f i l m  produced from methyl c h l o r i d e  

The f i l m s  produced from both methane and methyl c h l o r i d e  

* p r i v a t e  communication w i t h  D r .  Vernon Bell(NASA - Langley Research 
Center)  
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FATTY ACIDS AND n-ALKANES IN GREEN 
RIVER OIL SHALE: CHANGES WITH DEPTH 

Dale L. Lawlor and W. E. Robinson 

Laramie Petroleum Research Center, Laramie, Wyoming 

I 
INTRODUCTION 

Maqy papers have been published relating fatty acids to n-alkanes in ancient sedi- 
ments. Breger (1) postulated that n-alkanes may be formed in sediments by beta- 
keto acid decarboxylation. Jurg and Eisma (5) demonstrated in the laborator) th6: 
a homologous series of n-alkanes can be produced by heating the C22 fatty aci6 ir. 
the presence of bentonite. Cooper and Bray (3 suggested that odd-carbon-numbered 
n-alkanes and odd-carbon-numbered fatty acids may be produced from naturally occur- 
ring even-carbon-numbered fatty acids by a free-radical decarboxylation mech-plsin 
Mair ( I )  and Martin and coworkers (a) have discussed the relationship between fa-r ,? 
acids and n-alkanes in petroleum genesis. 

If fatty acids are converted to n-alkanes in sediments, a distributional relation- 
ship would likely be apparent between the two compound classes. Such a relationship 
would be most relevant if both the acids and the alkanes were indigenous to each 
sample taken from one geological formation. In this respect the Green River Forma- 
tion is ideal for study of the relationship between fatty acids and n-alkanes. This 
formation represents 6 million years of accumulation of organic debris from a highly 
productive Eocene lake which existed approximately 50 million years ago. A 900-foot 
core representing 3 million years of the Green River Formation was sampled and the 
fatty acids were extracted and analyzed. 

An earlier paper (5) presented a correlation between the carbon number distribution 
of the fatty acids and the carbon number distribution of the n-alkanes in the 
Mahogany zone portion of the Formation. The present paper tests the postulate that 
n-alkanes are formed from fatty acids by maturation processes resulting from the 
time differential existing between the bottom and the top of the core. The results 
showed that both maturation and changes in organic source material explain the dif- 
ferences in samples taken from several stratigraphic positions in the formation. 

EXPERIMENTAL 

Ten oil-shale samples were taken from the Green River Formation, nine from a 900- 
foot core (Equity Oil C o . ,  Sulfur Creek No. lo), and one from the Mahogany zone. 
The stratigraphic positions and the oil yields of the 10 samples are presented in 
table 1. The samples were the same as those used by Robinson and coworkers (2) in 
a study of the distribution of n-alkanes at different stratigraphic positions within 
the formation. 

The samples, ground to pass a 100 mesh screen, were treated with 10 percent hydro- 
chloric acid to remove mineral carbonates and to convert salts of acids to free 
acids. 
ml of 7 percent borontrifluoride in methyl alcohol for 6 hours. This reaction con- 
verted free and esterified acids to methyl esters. 
filtered, and washed with methyl alcohol until the washing was clear. The filtrate 
was transferred to a separatory funnel, water was added, and the solution wae 
extracted with successive portions of carbon tetrachloride until the solvent was 
colorless. 
night using anhydrous sodium sulfate. 
from the carbon tetrachloride solution by urea adduction. 

Two-hundred grams of each of the acid-treated samples were refluxed with 400 

The reaction mixture was cooled, 

The carbon tetrachloride solution of the methyl esters was dried OV(? 
The fatty acid methyl esters were isolated 



TA?.LE 1, - StratigraphiL po:itio;. ar.d pyrolytic cil 
yields of the oil-shale samples 

Approximate pyrolytic 
Samp le Stratigraphic position, oil yield, gallons per 
Vamber feet from surface ton of shale 

0 
i 

3 

5 
6 

6 
9 

) 

I. - 

I 

93 0 
1036-105b 
1056 - 1081 
1152-11 i a  
123b-12-1 
1450-1L62 
1597-1628 
1668 -1696 
1786 -1825 
168G - 19 i- 

60 
35 
34 
42 
it8 
39 
35 
37 
28 
20 

F a t t y  acid methyl esters were further purified by thin layer chromatography using 
silica gel The thin layer plate was developed with a mixture of n-hexane, ethyl 
ether. acd acetic acid (9O/lO,'lj. The adsorbcnt zone where esters occur was scraped 
from the plate and extracted with a solution of 10 percent methyl alcohol in carbon 
tetrachloride The solvent was remoLed from the methyl esters by evaporation at 
room temperature under a stream of nitrogeg" The carbon number distribution of these 
isolated fatty acid methyl esters was determined 5y mass spectrometry using the 
intensity parent peak as a measure of the quantity 

Carboxyl aqd ester coqtents were determined f o r  the 10 shale samples by analytical 
procedurts deieloped by Fester and hsbixon ( I ) .  

RESirLTS AbD DISCJSSIOK 

Thc fatty acid distribution with,depth (table 2), shows that the predominant acid at 
various stratigraphic depths within the formation is not constant. The sample number, 
percentage, acd chain length of the predominant acid of the samples are: No. 0, 16.2, 

9.2, c28; No. 6, 12.8, C14; No. 7, 12.6, Clb; No. 8 ,  12.1, c28; and No. 9, 23.9, c28. 
The C28 acid is the predominant acid in five of the samples, and is among the three 
most abundant acids in all the other samples except samples 1 and 4 where it is pres- 
ent in small amounts. The C20 acid content in samples 5 through 9, despite being 
more abundant in nature than the C1g and e21 acids, is less than the C1g and C21 
acids in these samples. The c18 acid is quite low in samples 1 and 2 relative to 
the other eight samples. The C32 acid is present in large amounts only in sample 
Yo. 0. There appears to be no consistent relationship between the acids of one Sam- 
ple to that of another sample. This lack of relationship may bcdue to differences 
in source material or environmental changes rather than maturation changes. 

Significant differences are apparent i n  the .relative distribution of the fatty acids 
and the n-alkanes from published data (Q), shown in figures 1 and 2, where the data 
from four samples are plotted for comparative purposes. These particular samples 
were chosen because they represent three stratigraphic levels below the Mahogany zone 
sample approximately equi-distant from each other. If maturation of sediments causes 
decarboxylation of fatty acids to form n-alkanes, a relationship between the distri- 
bulion. of the two components would be expected. Except for sample No. 0, little. 
similarity is evident. 
postulate is 11r.true and n-alkanes are not produced from fatty acids having one more 

C30; NO. 1, 14.1, C24; NO. 2, 21.7, c28; NO. 3, 9.8, c28; NO. 4, 16.6, C24; NO. 5, 

Since the distributions correlate poorly, either the original 
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TA5L,E 2. - Carbon number distributions of fatty acids 

Fcttv acids, wt percent of total 
Carbon Sample number 
Numb e r 0 1 2 3  h 5 6 7 8 9 

14 
15 
16 
17 

19 
20 
21 
22 
23 ' 

24 
25 
26 
27 
28 
29 
30 
31 
32 

ia 

5.1 7.1 
3.0 3.4 
2.7 7.1 
2.0 4.0 
3.4 2.6 
2.4 3.4 
2.7 8.2 
2.4 7.1 
7.4 8.8 
4.7 4.7 
7.1 14.1 
3.7 7.6 
12.1 11.8 
2.7 2.6 

11.1 4.2 
2.7 1.3 

16.2 1.3 
1.7 0.4 
7.1 0.4 

2.8 
2.8 
2.4 
1.9 
2.1 

1.9 
2.2 
3 . o  
4.4 
6.2 
5.0 
13.3 
8.2 
21.7 

5.1 
8.6 
2.5 
2.9 

1.8 

6.3 :.3 8.0 12.8 
6.3 2.8 7.2 2.1 
5.6 4.0 5.8 6.4 
4.9 2.9 5.1 5.9 
4.2 4.2 5.i 8.0 
3.5 3.8 4.0 4.3 
2.8 L.5 2.9 4.2 
2.8 5.6 3.6 4.8 
4 . 9  9:; 5.8 11.6 

4.2 16.6 3.3 8.0 

8.4 11.8 6.5 4.9 
6.3 3.7 8.0 2.7 
9.8 4.0 9.2 9.8 
4.2 1.2 4.3 1.5 
7.7 1.1 5.8 2.5 
4.2 0.3 4 . 0  0.8 
4.9 0.5 3.3 0.9 

5.6 i2.5 5.8 3.8 

3.5 8 . 3  1 . 5  3.8 

12 .,6 
6.3 
7.8 
4.3 
7.4 
3.6 
2.9 
3.6 
8.3 
4.7 
6.3 
3.4 
5.9 
4.9 
8.5 
2.9 
3.2 
1.6 
1.6. 

11.4 6.5 

9.4 5.4 
2.4 2.0 
7.4 6.1 
2.0 2.0 
2.0 1.3 
2.0 1.7 
10.7 13.0 
3.4 3.3 

2.7 2.6 
4.1 5.2 
3.4 3.7 
12.1 23.9 
2.7 2.4 
2.7 2.8 
2.0 1.3 
2.0 1.1 

8.1 3.7 

8.7 12.0 

carbon atom or other factors are more significant. One factor to consider is that 
the fatty acids recovered from the lower portions of the core may not be representa- 
tive of the acids originally present since they may be residual acids from selective 
maturation. 

Groups of even numbered acids vary in abundance as shown graphically in figures 1 
and 2. Sample No. 0 has predominant acid peaks between c26 and C30, sample No. 4, 
between C22 and C26, sample No. 6, between C22 acd C28, and sample No. 9, between 
C22 and c28. The latter two samples show the greatest overall similarity. 

The carboxyl content of the shale generally decreases with depth, table 3, beginning 
with sample No. 0 having 23.6 mg of carboxyl per gm of organic carbon and ending 
with sample No. 9 having 4.8 mg of carboxyl per gm of organic carbon. This general 
decrease in carboxyl content with depth, and a corresponding increase in the n-alkane 
content, as shown by Robinson and coworkers (9, implies that the fatty acids may 
have been converted to n-alkanes by decarboxylation. 

The ester content of the samples, table 3, did not show a trend; this is in contrast 
to the trend shown by the acids. Random distributions found for the ester samples 
reflect more accurately changes in organic source material than do the acid 
distributions. 

Maturation changes are evident in the decreasing amount of carboxyl content with 
depth, the increasing amount of n-alkane content with depth, and the decreasing 
ratio of odd to even-carbon-numbered n-alkanes. Source material or environmental 
changes are evident in the variations in the amount and carbon number of the domi- 
nant fatty acids, and n-alkanes and the random distribution of ester content with 
depth. 



1. 

2 .  

3 .  

4 .  

5 .  

TABLE 3. - Carbowl and e s l e r  conten ts  of t h e  
10. s h a l e  s a m l e s  

Samp 1 e Carboxyl, E s t e r ,  
Number mgf rn carbon mgfgm c a r b o d f  

0 23.6 36.6 
1 18.3 22.2 
2 10.1 33.9 

4 3.8 26l.7 
5 6 7  1; .q 
6 ~ 4 . 0  37.1 
7 4.7 26.0 
8 4.9 42.9 
9 k.8 29.3 

.?I! - -  -- 

- 1' Ca,culated a s  COOH 
?/  1ns . i f f ic ien t  sample. 

CONCLUSIONS 

73e  p o s t u l a t e  t h a t  f a t t y  a c i d s  from the  organic  d e b r i s  i n  t h e  Green River  Formation 
may form n-alkanes of one l e s s  carbon atom was found t o  be s u b j e c t  t o  ques t ion .  
Rela tab le  f a t t y  ac id  and n-alkane d i s t r i b u t i o n s  were shown t o  be p r e e e n t  in t h e  
younger por t ions  of the Formation but  the o l d e r  por t ions  showed l i t t l e  r e l a t i o n .  

b a t b r a t i o n  and organic  source m a t e r i a l  d i f f e r e n c e s  may account f o r  t h e  obeenved dis- 
t r i5ut ;ons of f a t t y  a c i d s  i n  s e c t i o n s  of Green River Formation o i l  sha le .  Evidence 
of matLration i s  found i n  the  decreasing amount of odd-carbon-numbered n-alkanes and 
i n  the decreasing amount of carboxyl conten t  wi th  depth. Evidence of organic  source 
m a t e r i a l  d i f f e r e n c e s  i s  found i n  the i n c o n s i s t e n t  d i s t r i b u t i o n  of t h e  predominant 
f a t t y  a c i d s  from sample t o  sample. 

The e s t e r  content  is not  r e l a t e d  t o  the f r e e - a c i d  conten t ,  i n d i c a t i n g  d i f f e r e n t  
formative h i s t o r i e s .  
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ELECTRICAL PROPERTIES OF IODINE COXPLEXES OF ASPHALTENES 

Gustave A. S i l l  and Teh Fu Yen 

Mellon Institute I 
Pittsburgh, Pennsylvania 152 13 

INTRODUCTION 

Polynuclear aromatic hydrocarbons generally form charge-transfer 

complexes with halogens. Some of the fused aromatic hydrocarbons, e.g., 

perylene, violanthrene, yield solid complexes exhibiting extremely good 

semiconduction ( l , 2 ,3 )  while others, e.g., coronene, show only fair to 

poor semiconduction (4). 

containing polymers have been investigated for possible differences in 

A number of charge-transfer complexes of aromatic 

electrical properties (5,6,30). 

A polymeric dielectric may be converted to a polymeric semi- 

conductor by increasing the aromaticity of the insulator, followed by 

complex formation with a halogen (7,8). The increase in aromaticity can 

be effected by radiation--e.g., cyclization of polyethylene and followed 

by dehydrogenation (7); or by heat--e. g., pyrolysis or graphitization to 

a pyropolymer (8). 

a wide range of interesting electrical properties. 

lhe resulting products when treated with iodine exhibit 

From a structural standpoint asphaltenes (9) are considered to 

consist of two-dimensioned fabrics of condensed aromatic rings, intermingled 

with short aliphatic chains and fused naphthenic ring systems (10). 

diffraction (11,12) and ESR investigations (13) have indicated that these 

aromatic oyotemo tend to form otacko of graphite-like lryrro rurroundrd 

X-ray 

by a disorganized zig-zag chain structure of saturated carbons. 

they may 

Morphologically 

be considered a s  a highly associated "multipolymer" (14), the 
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uiolecular weight of which can vary from a few thousand ( u n i t  o r  p a r t i c l e  

weight)  t o  a few m i l l i o n  (mice l le  weight)  (IS). 

roughly 15; i n  d iameter ,  a r e  considcred t o  b e  pericondensed ( ~ 3 , i B ) .  

The aromatic  c e n t e r s ,  

It 

has been demonstrated t h a t  a s p h a l t i c s  can form c h a r g e - t r a n s f e r  complexes, 

due t o  the presence of such aromatic  systems (20). 

Most polynuclear  a romat ic  compounds form w e l l  def ined  c r y s t a l s ,  

I 

the  iodine complexes of  which a r e  s t a b l e  and s t o i c h i o m e t r i c  i n  composition. 

Asphal t ics  a r e  mesomorphic (17) owing t o  the  raridom d i s t r i b u t i o n  and i s o -  

t r o p i c  o r i e n t a t i o n  o f  t h e  s t r u c t u r a l  u n i t s ,  and i t  i s  t o  be a n t i c i p a t e d ,  

therefore ,  t h a t  t h e  conduct ion mechanism w i l l  be  d i f f e r e n t  from t h a t  of 

the c r y s t a l l i n e  environment (due t o  d i f f u s i o n  and phonon processes)  (16). 1 \. Since t h e r e  i s  a d i f f e r e n c e  i n  the  conduct ion mechanism between c r y s t a l l i n e  

and amorphous a romat ics ,  one would l i k e  t o  know whether t h e  mesomorphic 

n a t u r e  of a s p h a l t i c s  would r e t a r d  or i n h i b i t  t h e  c o n d u c t i v i t y ,  and i f  so )I 

t o  what e x t e n t .  I 
r 

The aims of t h i s  r e s e a r c h  were two-fold. The f i r s t  was simply 

t o  observe where a s p h a l t e n e s  f a l l  i n  t h e  c o n d u c t i v i t y  range and t o  

determine t h e  e x t e n t  t o  which c o n d u c t i v i t y  can  be enhanced by iod ine  com- 

p lex  formation. The second was a more g e n e r a l  s tudy  of t h e  e l e c t r i c a l  

p r o p e r t i e s  of a s p h a l t i c s  as another  approach t o  a b e t t e r  understanding 

of t h e i r  s t r u c t u r e .  To t h e  a u t h o r s '  b e s t  knowledge, t h e r e  i s  no publ ished 

work on the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of  t h e s e  materials. Iodine  may 

be v i s u a l i z e d  as a t r a c e r  o r  i n d i c a t o r  f o r  condensed aromatic  systems, 

even when bur ied  i n  a m a t r i x  of p a r a f f i n i c  o r  c y c l o p a r a f f i n i c  m a t e r i a l .  

It was thought, t h e r e f o r e ,  t h a t  iod ine  complex formation and i t s  e f f e c t  

. 
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on the ovcrall electrical properties of the asphaltene might yield inde- 

pendent information of the size anti distribution of the aromatic centers 

in these multipolymers. 
I 

ESPERIPfEhTAL 

Res 1 stance Eka sur cment s 

A General Radio type-1230b electrometer was used for specimens 

with resistance less than 1012 ohms (ambient ,temperature), and a Cary 

model 31 electrometer was used for specimens of higher resistance. In 

each case a glass vessel equipped with a ball joint and appropriate 

e1ec:rostatic snielding was coupled to the head of the electrometer (Fig. 1). 

specimen (approximately 1 x 0.5 x 0.1 cm) was pelleted with a Beckman KBr 

Each 

press at 7.09 x lo3 kg/cm2 between two pieces of 52 mesh platinum screen. 

The pellet was degassed for eight hours and the electrical measurements 

made in a vacuum of 5 x Torr. Using the high resistance leak method, 

a standard resistor served as calibrating reference (21); data were taken 

under conditions of both falling and rising temperature, a minimum of 30 

minutes being allowed for equilibration at 10" levels. Upon completion 

of the temperature dependence measurements, the physical dimensions of 

the specimen b l o c k  were obtained with a travelling microscope (1OX) with 

an x,y micrometer attachment (0.0001 cm precision). 

Preparation of Sample 

The asphaltene sample was prepared by our standard procedure ( 9 ) .  

Two native asphaltenes were investigated, one from the Boscan crude oil 

from Venezuela (Sample VY), the other from the Baxterville crude from 



Xississippi (Sample GS). 

individual asphaltenes were made up in fixed concentration and samples 

of varied composition prepared by mixing appropriate quantities o f  these 

stock solutions at room temperature and lyophylizing at reduced pressure 

Stock solutions in benzene of iodine and of the 

I 

to yield powdered solids with a homogeneous iodine distribution. These 

samTles were analyzed before and after the electrical measurements for 

$1 by ignition in oxygen, reduction with hydrazine sulfate, and poteniometric , 
titration of the resulting iodide with &NO3 using a Beckman model K 

automatic titrator. Usually there was no observable loss of free iodine 

during electrical measurements; lO-l5$ loss of iodine was found after 

degassing. The iodine values used in the present work are those values 

obtained after completion of the electrical measurements for the entire 

specimen. 

\ 

< 

\ 
\. 
V 

Treatment of Data 

The resistance values along with the corresponding temperature 

data and dimensions of the specimen were key punched on IEiM cards and 

evaluated on an IBM 7090-1401 digital computer system. Given A, the area 

of the cross section, and L, the Length of the specimen, the resistivity, 

\ 

4 

p, can be evaluated from the resistance, R, as follows: 

temperature dependence of the resistivity is then evaluated by the relation- 

p = AR/L. The 
< 

ship: 4 
PT = 00 exp (+kT), i 

where k is Boltzman's constant, E is the energy gap in eV and po is the 

resistivity extrapolated to ,$ = 0. 

30-in. plotter (300 steps; l/5OO-in. per step) the temperature dependence 

data were fitted to straight lines (F ig .  2) as given by the equation 

By use of a California Computer Products % 
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3' 

I 

/ 

3 

2 b 

t 

V 

log p = log pJ-€E/(2kT In 10) 

From the digital output, p250c and E can be obtained. 

was limited to values under LO V; in this region Ohm's law was followed. 

The temperature range examined was from ambient to 90°C. 

The applied voltage 
I 

There is error involved in any single measurement of resistance, 

owing to systematic errors in the electrometer; errors also enter in the 

measurement of the dimensions of the specimen. That the results were not 

influenced by such systematic errors is evident from the two sets of data 

for two different preparations of an asphaltene (VY)-iodine complex, as 

given in Table I. The uncertainties in the per cent iodine and sample 

size may be judged from the variations in the independent measurements. 

Despite these variations, the resistivity at 2 5 O C  and the energy gap are 

within ca. 5% of the mean values. 

Infrared Analysis 

Differential IR spectra were obtained from a scan of an iodine- 

containing asphaltene versus a reference asphaltene at equal asphaltene 

concentration in CSg (the iodine-containing sample is normalized to lo@$ 

asphaltene for purposes of comparison) using a Beckman IR-12 instrument. 

A control scan of asphaltene in CS2 solution against itself a l s o  was made 

for each sample. 

X-ray Diffraction 

A Norelco x-ray diffractometer equipped with a CuxGL radiation 

source and a geiger tube detector was used to study the asphaltene-iodine 

system. In order t o  record the shift of the d-spacing due only to change 

in mass absorption coefficients, adamantane was added to an asphaltene- 

iodine complex (24% I) and t o  the original asphaltene. 

(260) reflections due to the adamantane mixed with the VY asphaltene were 

Strong (111) and 
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found at 5.7 and 4.9& for the W asphaltene-iodine complex shifts were 

observed to 5.5 and 4.7A, respectively. The spacing is reproducible t o  
I 

9. a i .  

Eleztron S?in Resonance 

ESR spectra were taken with a Varian V-4502 x-brand EPR spectrometer 

system in conjunction with a 12-inch magnet and a "Fieldial." 

intenslty observed was used as a guide for the spin concentration of the 

asphaltene (VY)-iodine complexes and native asphaltene (VY) (13). 

The relative 

RESULTS 

A l l  asphaltene-iodine samples studied gave repeatable linear 

relations in the temperature range investigated as shown in Fig. 2. 

is no significant deviation from Ohm's law through the range 2.5 to 97 V 

as indicated by Fig. 3 in the temperature interval 313" to 372"K. 

There 

The native asphaltenes (Points 1, Fig. 4) fall generally in the 

insulator range. 

- b, then increases sharply, to c, and finally drops, 5 to a, as iodine 
content rises. Both complexes appear to yield curves of similar shape. 

Upon the addition of iodine the resistivity f;Lls, 5 to 

The gap energy values for the asphaltene-iodine complexes are plotted 

versus their iodine contents (Fig. 5). . The smallest energy gap measured 

in each case was -Q.5eVf but the absolute minimum is uncertain, These 

minima (points b) correspond to the sharp transitions of resistivity shown 

in Fig. 4.. 

Scanning in the far IR region revealed no C-I stretching frequencies 

for those iodine complexes for which 0 was determined. However, the dif- 

ferential IR measured in the 7OO-l2OO cm-1 did show an additional band at 
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. .  
10E.G ~ r , ~ - l  {i;ig. 6) , and f r e s h l y  ;,rc,,ar'cd asi 'i~alecl-ic-iodine cosplexes i n  

CSz a l s o  c s i i i b i t ed  a n  enhanccmcnr i n  abso rp r ion  'in t h e  regiofi  of lOC0 t o  

11 jO cn-1, w:IicIi i s  g e n e r a l l y  ascl-iilcu t o  complex iormation.  

Tile x - r a y  spectrograms i n  rile region 20 = 2 - 42" of t h e  asphal tene '  

(mi ) - iod ine  ' s y s t c a  y i e l d e d  i n  aiiior;),ious p a t t e r n  with broad halos a s  shown 

i n  X g .  7. 

t h e  j .  j i  b a n d . s t i l 1  appeared a s  ii siioulder.  

was fornad a t  a;oound 8.7a. 

band. has a p p a r e n t l y  disappeared and the  8.7x band became c l e a r l y  v i s i b l e .  

l i i s rc  i s  a gene ra l  o v e r a l l  dec rease  of  t o t a l  i n t e n s i t y  a s  $1 i n c r e a s e s  

s i n c e  the  i o d i n e  i t s e l f  absorbs an i n c r e a s i n g l y  l a r g e  f r a c t i o n  o f  t h e  

d i f f r a c t e d  x-rays.  

i n t e n s i t y  r e d u c t i o n  has  made t h e  disappearance o f  t h e  3.51 shou lde r  d i f -  

. .  
For samples with an iodinc content  of l e s s  t i a n  5 p e r  cen t ,  

I n  t h c  meantime a new band 
' 

AT b i g h e r ' i o d i n e  conhenis (>IO$), t h e  3.5i  
" 

". 

.. . 
I n  t h e  p re sen t  case,  t h e  no i se  Level coupled with t h e  

f i c u l t  K O  d e t e c t .  

I n  gcnera1, the . .  ESR,spectra  ob ta ined  f r o q t h e  a spha l t ene - iod ine  

samples i n d i c a t e d  a n  incre ,ase  i n  f r e e  r a d i c a l  concen t r a t ion  with increase 

- i n  iod ine  con ten t .  The i n c r e a s e  i n  r e l a c i v e  i n t e n s i t y  f o r  an a spha l t ene  

( W j - i o d i n e  complex , . conta in ing  2@ I ove r  t h e  corresponding n a t i v e  a spha l -  

t e n e s  i s  about  3.8 fo ld .  
. .  

DISCUSSIOX' 

I n  a l l  t h e  samples s t u d i e d ,  i nc lud ing  b o t h . n a t i v e  asphalcenes 

and t h e i r  iodine.  adducts ,  a nega t ive  temperature  c o e f f i c i e n t  o f  r e s i s t i v i t y  

w a s  ob ta ined .  

by t h e  p l o t s  shown.in Fig.  2: 

t h e  concen t r a t ion  of t h e  charge c a r r i e r s  (ho le s  and e l e c t r o n s ) ,  bu t  t he  

The l i n e a r i t y  of log  D v s .  r e c i p r o c a l  T .is s u b s t a n t i a t e d  

The r e s i s t i v i t y  is i n v e r s e l y  r e l a t e d  t o  

f a c t  t h a t  t h e  number of c h a r g e - c a r r i e r s  i n c r e a s e s  exponen t i a l ly  w i t h  tempera- 

t u r e  does n o t  enable  a cho ice  t o  be made between e l e c t r o n i c  o r  i o n i c  conduct ion 
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mechanisms. However, t h e  vol tade  dependence f o r  the  c u r r e n t  a t  a r e l a t i v e l y  

low e l e c t r i c  f i e l d  is l i n e a r ,  i n d i c a t i n g  t h a t  Ohm's law is v a l i d  (Fig.  3 ) .  

This  adherence to Ohm's law suppor ts  t h e  b e l i e f  t h a t  t h e  conduct ion i s  

e l e c t r o n i c  (19). 

I 

The f a c t  t h a t  t h e  asphal tene- iodine  sample e x h i b i t s  (Fig. 6 )  

s t r o n g  enhancement of a b s o r p t i o n  near  1080 crn'l sugges ts  t h a t  an iodine  

molecule  forms a donor-acceptor  complex with t h e  aromatic  p o r t i o n  of t h e  

asphal tenes .  It i s  known t h a t  t h e  iod ine  molecule forms such a charge- 

t r a n s f e r  complex wi th  benzene and o t h e r  a l k y l a t e d  benzenes, and t h a t  

t h e s e  complexes, i n  g e n e r a l ,  e x h i b i t  bands from 9 9  cm'l to 1200 cm'l 

(24,25). 

t h e  a x i a l  model (model A of Mull iken)  while  t h e  acceptor  molecule  i s  s i t t i n g  

Arguing from analogy,  i t  is p l a u s i b l e  t h a t  t h e  complex assumes 

perpendicular  t o  t h e  p lane .  of t h e  aromatics  (26). 

to '  l o c a t e  any C - I  s t r e t c h i n g  f requencies  i n  t h e  400-600 cm-1 reg ion  sup- 

Fur ther ,  our  f a i l u r e  

p o r t s  t h e  view t h a t  i o d i n a t i o n  of t h e  asphal tene  samples d i d  not  occur'. 

Xost c h a r g e - t r a n s f e r  complexes of i o d i n e  with a romat ics  are 

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

which x-ray d i f f r a c t i o n  i n d i c a t e s  t o  be amorphous (2).  

X-ray r e s u l t s  a l s o  ind ic 'a te  a low degree of order  f o r  t h e  asphal tene-  

An except ion  t o  t h i s  i s  t h e  v i o l a n t h r e n e - i o d i n e  system, 

i o d i n e  Complexes. I f  t h e  acceptors  (I2) a r e  homogeneously d i s t r i b u t e d  i n  

t h e  hos t  mat r ix  ( a s p h a l t e n e ) ,  t h e s e  systems may be considered analogous 

t o  t h e  impuri ty  or va lence-cont ro l led  semiconductor systems. Disappearance 

of t h e  3 . 5 i  spac ing  of  t h e  (002) band means t h a t  t h e  layered  s t r u c t u r e  of 

a s p h a l t e n e  m u s t  have been a l t e r e d  (Fig. 7). 

s a t u r a t e d  carbon i n  the s t r u c t u r e ,  d i d  n o t  change i n  t h e  complexing process .  

The 4.68, y-band, due t o  t h e  



495 

:"ne ~ C I J  hznd A: S . ? h  thcn nay bo i u c  to t h e  cx;>ansion of the zironatic 

d 
:- / 
I 

i' 

I 

intcrplsnzr. distazia to aliow for coir,plexing by the iodine no;ecule. 

thc case of  the ;>eryicnc-iodinc s y s t c n s ,  Liie spacing found at 10.7A was 

interpreced ( 3 )  a s  the distance bctwecn perylene moleculcs when iodine 

moiccnlcs  were sandwiched between tiic aromatic layers. The present ob- 

served value o f  &.?A can be viewed as the sua of the intcrplanar distance 

In 
0 

(5.5.:) and the iodine length '(4 x l.j$). 

linked layers resembles that o i  an intercalation compound of graphite 

Tile picture of these inter- 
. .  

(Fig. 6). 

Beferring again to Fig. 4, the room temperature resistivities for 

the t w o  nztive asphaltenes are seen t o  be in tne insulator range (>lo14 Ohm). 

Upon addition of the iodine, the resistivity decreases about six decades 

or a niLlion fold. This is essentially the same behavior as that observed 

for  polymeric charge-transfer complexes such as poly(viny1pyridium TCNQ) 

ar.6 i t s  derivatives. 

centration wnicn at best increases the conductivity six decades. Here 

These polymeric salts are dependent upon the TCNQ con- 

!lave to point out that it is not easy to prepare a polymeric charge- 

Slough (5) nade a number of rransfer complex with good semiconduction. 

polymeric complexes.from arosatic-containing polymers, with acceptors such 

G S  cetracyanoechylene, chloranil, etc., and found the conductivities of 

these conplexes were not measurably higher than those of the original poly- 

meric donors. 

systems needed to open a path for charge carriers. 

These mesomorphic materials may lack the order of the K -  

More likely, the 

aroGtic systems are too small to form stable charge-transfer complexes. 



For pure polynuclcar arom.i;ic hydrocarbons, donor-acceptor 

Irlescs, cxpccially the iodine coinpicscs (2,3), exhibit increases in 
I ,  

com- 

con- 
I 

ductivity of 12 to 16 decadcs when compared to the parent hydrocarbon. 

The enhancement in conduction by the addition of iodine can be illustrated 

by comparison of  the complexes with a valence controlled semiconductor, a typical 

esample being nickel (11) oxide doped with lithium oxide (22). 

parison is made between this system and the aromatic-iodine complexes. The 

trends in resistivity with the concentration of impurity are quite similar. 

\ , 
In Fig. 9 a com- 

\ 

- Asphaltenes contain fused ring aromatics, the peripheral hydrogens 

\ 
\ 

of which are substituted heavily by short chain alkyl groups (23). 

to the relatively large porportion of methyl groups (20$) and the large 

average layer diameters (La - 1$), the asphaltic molecule can be viewed 

as a typical aromatic donor ( D ) ;  halogens such as iodine can behave as an 

Owing 

a 
~ 

7 

acceptor ( A ) .  

orbitals of the two moieties, the dative structure (D'A') should result 

Through charge-transfer by overlapping of the molecular I 
! 

in which asphaltene is the positive ion. \ , 
Fig. 4 clearly indicates that the increase of conductivity follows 

two different paths, the first 5 to b, is the path followed for small in- < 
crements of iodine, terminating at k with fixed composition (VY, 15.5%; 

GS, lo.&); the other, c to rl, is for higher percentages of iodine. 

Line & represents the 

1 

transition state. The curve &may be extrapolated 1 
to a resistivity value of 5.8 x 106 ohm-cm, corresponding to that for pure 

1 

12 (27)'. The same results 

a minimum corresponding to 

complex. Apparently in 

were found (23) for violanthrene-iodine system with 

a 2 : l  iodine-violanthrene molar ratio for the 

Fig. 4 corresponds to a stoichiometric ratio of 
a 

\ 
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a stable complex where conductivity is at a maximum. 

for iodinc contents less than that corresponding to the minimum the amount is 

insuiiisicnt to form the complex. At tile resistivity is highly sensitive 

It is assumed that 

I 

to the number of iodinc molecules. When c is passed, excess iodine acts 
(is (in impurity in the stoichiornctric complex. 

reflecccd by the energy gap plot in Fig. 5. The same fixed composition 

(VY, 15.5';;; GS, 10.W;) is obtained in cither plot. 

the energy gap value is ca. 0.5cV suggesting favorable condicions for  

conduction. 

The transition at a is also 

At these minima, 

A number of aromatic-iodine complexes have been reported (2,3) 

and from their phase diagrams (either temperature or density vs. mole 

per cent of iodine) the complexes are found to be stoichiomecric (29).  

For example perylene-iodine can have 2 : 3  or l:3; pyranthrene-iodine i s  

1:2; violanthrene-iodine is 1:2; pyrene-iodine is 1:2. In all cases for 

peri-type aromatics the ratio of 12 to aromatic is higher than unity. 

Since the diameter of the aromatic system in asphaltics falls in the 

range 8-l$ (12), the system would be comparable in size to violanthrene 

or perylene. 

Assuming the composition at the transition '(q 15.5%; GS, lo.@) 
is stoichiometric, then for any given ratio of aromatic and iodine, 

the molecular weight of the asphaltene can be calculated. We have taken 

the liberty of calculating this weight for W and GS asphaltenes based 

on sample ratios of  1a:asphaltene of 2:1, 3:2 and 1:l. Since all layers 

contain the aromatic moieties and the sample is free of wax contamination, 

the molecular weight obtained is that of the unit sheet weight (weight of an 

average sheet containing both aromatic and saturated carbon atoms). These 



values are listed in Table 11. Next, provided aromaticity is also known 

(fa for W, 0.35; for GS, O.5l), the disk weight (weight of aromatic 

carbon atoms in a single sheet) and the layer diameter also dan'be approxi- 

mated. These values are also listed in Table 11. Experimental values 

for the W and GS asphaltenes from a previous paper (15) are included: It i 
is of interest that the unit weight values obtained from GPC, mass spectrometry, 

x-ray diffraction and the electron microscopic measurements agree in general 

magnitude with the weights obtained by the present method. 

disk weight of GS calculated from resistivity from that obtained by mass 

\ 

Deviations of the 

spectrometry may by due to the polydispersity of the GS asphaltene (e.g., 

Mw/MN for VY is 1.27; for GS, 1.74 (15)). i 
\\ From Table 11, the asphaltene-iodine complexes formed appear to 

correspond to an 12:asphaltene ratio of about l .5 : l .  This composition is 

shown in model A of Fig. 8. 
J 

Actually aromatic disks of the size present 

in asphaltenes should be able to accomodate more than one molecule of iodine. 

\ 

i 

Finally the increase in the free spins, as demonstrated by the 

EPR spectra, may be indicative of an increase in carrier concentration (2). 

The nature of these charge carriers will have a strong bearing on the 

conduction mechanism and will be the subject of a separate investigation. . < 

7 
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925°C. x lO"2 
Sn.:>Lc SL>." "Iodine  ..\ (cm)  I. (cm) OLlrn-cn E (CVY 

' /  

/ 25 16.6 1.266.L 0.1053 1.61, 1.825 

27 17.2 1.2592 0.1192 1.773 2. 007 

23 i7.1 1.252, 0.0994 1.75c 1.742 

(a )  Sane n a m e r s  used i n  curves 9 5  Fig. 4; Sample Nos. 2j, 25, and 27 are from 
\ one ?reparatLon;  Sample Nos. 24, 28, and 29 are  f r o s  an-  
d o t h e r  p r e p a r a t i o n .  

i 
c 

I 

1'1 
\I 
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1 R e s i s t i v i t y  C z l c u l a t i o n  

2: 1 
j : 2  
1: i 

27?Od k570 %9e 2330 1k.6f 22.6 
2080 34jO 727 1750 12.6 19.5, 
1360 2290 484 1170 10.3 16.0 

? x-ray DL f f r s c t  ionh 

- - - 11.9 17.0 (La) 

E 1 ec t ron X i  cros  cope" J - ~ .- 
( P a r t i c l e  weight)  3440 LO30 - - - - 

(a) Weight 0; a s i n g l e  s h e e t  conta in ing  both  aromatic  and s a t u r a t e d  carbon atoms 
(see 2. P. Dickie  and T. F. Yen, A. C. S. , Div. Petroleum 
C'nem. , P r e p r i n t s ,  M i a m i  meeting, A p r i l ,  1967). 

L 
( b )  Weight of a romat ic  carbon atoms i n  a s i n g l e  s h e e t .  

( c )  Diameter of a r o n a t i c  c l u s t e r ;  s e e  T. F. Yen, J. G. Erdman, and S. S. Pol lack,  
Anal. Chem. , u, 1587 (1961). -. 

(d )  Calcula ted  based on 254t'lR (LOO-t ;  where R i s  t h e  r a t i o  of 12 t o  asphal tene  
ana t i s  t h e  %I corresponding t o  t h e  t r a n s i t i o n  i n  r e s i s t i v i t y  and 
gap energy.  

\ 
( e )  Calcula ted  from fa  x ( u n i t  weight) .  

(f) La = (2.62 CA);/', CA from d i s k  vcight without  c o n t r i b u t i o n  o f  hydrogens. 

( g )  From p e l  permest ion chromatography d a t a  on t h e  n a t i v e  asphal tene ,  number average 

( h )  Expcrio.cn:ai d c t ;  from J. P. Dickie  and T. F. Yen, A. C. S., Div. Petrolen= 

r d i e c u l a r  weight .  1, 

C:ics. , P r e p r i n t s ,  Miami rr,eet;ng, A p r i l ,  1967. , 

( i )  J. P. DLciiic ar.d T. F. Yen. A .  C. S., D i v .  Petroleum Cilem., P r e p r i n t s ,  
11, 39 (1%6). 
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THE ELECTRON S P I N  RESONANCE SPECTRA OF CELLULOSE 

CHARS TREATED WITH HALOGENS* 

Evidence for Donor-Acceptor Complexes in Coals and Chars 

R.M. Elofson and K.F. Schulz 

Research Counci I of AI berta 
Edmonton, Alberta 

INTRODUCTION 

Coals and low- and medium-temperature chars have been shown to be paramagnetic 
by bulk magnetic susceptibility measurementsl,2fr3 and by electron spin resonance studies4r5t6. 
I f  due care i s  taken to eliminate errors, reasonable agreement in the estimate of the number of 
unpaired electrons present can be obtained'. While there i s  agreement on the existence of 
paramagnetic centres in these materials, the origin and nature of these free radicals i s  not 
understood8,"10,'?,12. 
these unpaired electrons arise from donor-acceptor forces present in these materials. 

I t  i s  the purpose of this article to present new evidence to suggest that 

One way of studying the nature of free radicols i s  by observing the behavior of the 
electron spin resonance signals when the substrate i s  treated with adsorbed gases and other reagents. 
Early workers in the field found that poramagnetic gases such as oxygen affected only the spin- 
lattice relaxation times of chars prepared at from 300" to 5OOOC. For chars prepared in the 550' 
to 800" temperature range, however, reversible line broadening occurred with an apparent 
decrease in  free radical concentration a t  higher oxygen pressures. Removal of oxygen restored 
the original signal, which indicated that the phenomenon was due to  physical and not chemical 
processes. Halogens were at  first found to have no effect on coals and chars and the oxygen 
effect was attributed to  spin broadening due to the paramagnetism of the oxygen molecules. 
Similar results to oxygen were obtained with nitr ic oxide. 

In 1963 W y n n e - J o n e ~ ~ ~  and co-workers found that e.s.r. signals in chars obtained 
by heating polyvinylidene chloride (saran) were affected by adsorption of halogens. These 
workers noted that IBr, ICI, I,, Br,, and C12 caused partial or complete reduction i n  spin 
concentration at  constant line width. The original signal was not restored by outgassing in vacuo 
at room temperature but could be partially restored by reheating the specimen at  100°C in vacuo. 
Since, as mentioned above, no halogen effect had been obtained on coals or more common chars, 
these authors attributed the susceptibility to halogens of these saran chars to a high degree of 
porosity. Reinvestigation of the interaction of a series of cellulose chars with iodine, bromine 
and hydrogen iodide i n  this laboratory has shown pronounced effects on the electron spin resonance 
of some of these materials. 

EXPERIMENTAL 

&llulose chars were prepared by fint charring cellulose powder (Whatman Cellulose 
Powder, Standard Grade) in an autoclave at 195"-2OO0C under nitrogen. Subsequently this char 

* Contribution No. 360 from the Research Council of Alberta, Edmonton, Alberta. 
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was heated under nitrogen in a Vycor tube to  the desired temperature and held at temperature for 
one hour. Aliquots of the chars were then treated with a lawe.excess of 0.1 M solutions of iodine 
or bromine in carbon tetrachloride. After standing i n  the solutions for twenty-four hours, the 
samples were washed once with carbon tetrachloride and dried. Samples for e.s.r. measurements 
were ploced i n  3 mm. 0.d. glass tubes and evacuated. 

Samples to  be treated with hydrogen iodide were placed in open 3 mm. 0.d. tubes 
placed in the cavity of the spectrometer and purged with purified nitrogen. Ga ious  hydrogen 
iodide (Matheson) was passed directly over the sample in the cavity. Excess hydrogen iodide was 
removed after treatment by subsequent purging with nitrogen. 

Electron spin resonance measurements were performed with a Varian Model 4500 
electron spin resonance spectrometer fitted with a TE102 cavity and a 100 Kc modulation attachment. 
Saturation phenomena were avoided by working at 10 db attenuation and check for saturation were 
made. Line widths ond spin concentrations were measured from first derivative cutves, generally 
by direct inspection but in the case of very wide and very narrow signals resort was made to 
graphical integration. A standard 500" cellulose char, used for calibration, was standardized 
against DPPH, CuSO, and a Varian Standard char. The amount of sample was always less than 
10 mg. and asymmetric line shapes were not observed, indicating the absence of serious skin effects. 

RESULTS 

In Figures 1 and 2 are summarized the results of iodine and bromine treatment on line 
width and spin concentration as measured at  room temperature. The untreated chars prepared at 
625" and 650"show a marked decrease in line width as compared with those prepared at  higher 
or lower temperature -an  effect attributed to exchange4. I t  i s  seen that both iodine and bromine 
remove this intense narrowing in the 625" and 650" chars. Neither has o significant effect on the 
300" to 500" chars but both broaden further the signal from the 700" char. The broadening due to 
bromine i s  not as great as that due to iodine and for the 600" char, in particular, the broadening 
effect of the bromine i s  minimal. The effect on spin concentration shows that line broadening i s  
accompanied by a considerable drop in concentration in both the bromine and iodine treated chars. 

Measurements made at 78°K showed that whereas the signals for the 300" to 500" chars 
were broadened somewhot, those from the iodine- and bromine-treated chars i n  the 600" to 700" 
range were narrowed. Washing the iodine-treated chars with cold 0.1 M sodium thiosulfate 
solution restored the original narrow signals. This showed that no chemical reaction had occurred 
to alter the signals. 

Treatment of a series of chars with hydrogen iodide gas for sixty hours resulted in 
reduction of the signal strength and broadening of the signals as shown in  Table 1. The broadening 
for the 300°, 400" and 500" chars was moderate but that of the exchange narrowed chars (600" 
to 700") was extensive. Cold 0.1 M sodium thiosulfate produced no further change in the signals 
but refluxing for twenty-four hours with thiosulfate restored the original signals14. The restored 
signals of the 600", 625", 650° and 700' chars were sensitive to air whereas the restored signals 
of the 300", 400" and 500" chars were not. The e.s.r. signals of the untreated chars refluxed 
with 0.1 N Na, S, 0, were unchanged. 
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TABLE I 

/ 
I 

./ 

i 

i 

\ L 

Y' 

J 

Effect of Hydrogen iodide on Free Radical Content of Chars 

Electron Spin Resonance Signals 

spins/g in  vacua and width i n  gauss* 
1 

Hi Treotment Na, S, 0,O. 1 M 
Temperature Untreated 60 hours Refluxed 24 hours 

Char 

300 

400 

500 

600 

2.1 x 1010 
4.9 

2 . 3 x  1019 

5.1 1019 

6.1 

4.8 

1.4 x 10"O 
0.45 

2 . 0 ~  1017 
7.9 

5.3x 10 l8  
8.3 

3.3x 1019 

1.3 1019 

5.9 

19.1 

8 .3x  1017 

2 . b X  1019 

5 . 4 x  1019 

5.76 

6.3 

4.1 

1.4 x 1020 
0.49 

625 1.3 x 10"' 1.7 1019 9.8 1019 
, 0.40 22.4 0.49 

650 1.0 x 1020 4 . ~ ~  1019 1.0 x 1020 
1.4 41 .O 1.2 

700 7 .4x  1019 1;2 1019 7.2 1019 
1.4 43 2.0 

* Width measured between points of maximum slope. 

DISCUSSION 

Two aspects of these results must be considered -the interaction with the halogens 
which are typical electron occeptors and the interactions with hydrogen iodide. In agreement 
with Wynne -Jones and co-workers, we are of the opinion that iodine, and to a lesser extent 
bromine, can form donor-acceptor complexes with the chars and in so doing affect the e.s.r. 
signals. Presumably the iodine and bromine act as acceptors and aromatic ring systems of the 
char act as donors in these complexes. The low-temperature chars, 300" to 500°, having few 
aromatic ring systems as large or larger than four or five rings1', are not affected by iodine or 
bromine. The 600" char apparently has a high enough donor abi l i ty - low enough ionization 
potential - t o  interact with iodine but not sufficient to react definitely witti bromine, which i s  a 
much weaker acceptor. Both bromine and iodine readily form complexewith the 625", 650" 
and 700" chars. The fact that the signals of the halogen affected chars are narrowed on cooling 
to 79OK i s  also indicative of donor-acceptor interaction between halogens and aromatic moietiesle. 
It i s  possible that lack of porosity i s  sufficient explanation of the failure of the 300" to 500" chars 
to be affected by iodine',. 
char suggests that the electrophilicity and not the size of the adsorbed molecule i s  important. 

However, the difference between iodine and bromine on the 600" 

J 
/ 



The line broadening at 79OK of the 300°, 400' and 500' chars treated with halogens 
i s  not only indicative of no complex formation between halogen and the aromatic system but also 
suggests that the init ial  signals of these chars are due to complexes between quinonoid acceptors 
and carbocyclic donorsI6. This i s  further borne out by the effects of hydrogen iodide on these 

, 
I 

I 

In order to illustrate the relative importance of charge-transfer complexes in these 
cham a plot has been made in Figure 3 of the number of free radicals vs. carbon content. There 
has also been plotted the reciprocal of crystallite size in  no./g. vs. carbon content calculated 
from the work of Hirschl' and van K r e ~ e l e n ~ ~  assuming that there i s  an average crystallite height 
of three graphitic layers and that there i s  no unordered material. It should be noted that the 
average height of the crystallites would be somewhat less than three in  the low temperature cham 
and possibly somewhat greater than three i n  the higher temperature chars. In any event, i t  i s  
seen that in  the 600' to 650° range the number af crystallites clasely approximates the number of 
free radicals, accounting for the results of Schuyera2. In fact these latter cham are apparently 
composed of l i tt le but charge transfer complexes in  close proximity to one another which explains 
the intensive exchange narrowing of the e.s.r. signals of these materials. The decrease in  free 
radicals at higher temperatures i s  at least i n  part due to the decrease in  number of cr)+staIlites 
at higher charring temperatures. 

Extendiw the conclusions on cellulase chars to coal and related materials, suggests 
that e.s.r. signals i n  a l l  the& materials result from donor-acceptor complexes which, while 
reaching a maximum of importance i n  anthracites and 600' to 70O0 chars, may s t i l l  be of 
significance in lower rank coals and humic acids. Such a conclusion find, suppolt from a number 
of other aspects of the behavior of coal and humic acids. Charge-transfer forces between coal 
and solvent can be used to  explain the order of effectiveness of coal solvents. Thus catechol 
and anthracene oils, which am donor molecules, are very effective in  extracting or dispersing 
coal OT humic materials. Charge-tmnsfer equilibria can also rationalize the failure of coal 
extmcts once dried to redissolve completely in the original solvent used for extraction. FIW 
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radicals in  coals and chars are physically affected by oxygen, as indicated by line broadening of 
the e.s.r. signal, but are stable to  chemical attack. Such behavior could be explained as due 
either to spin-spin coupling of the oxygen molecule with the free electron of the charge-transfer 
complex or to formation of new donor-acceptor complexes between aromatic centres and oxygena4. 

The so-called molecular weight of humic acids and cool extracts should be re-examined 
in  the light of the concept of donor-acceptor complexes. Thus molecular weight determinations 
of humic acids in  catechola5, a substance conceivably capable of breaking up dbnor-acceptor 
complexes of humic acids, resulted i n  a low molecular weight estimate. Determinations on apparently 
similar material i n  sulfalane, a poor complexing agent, produced very much higher estimates of 
molecular weight 6 .  

finally, cools and related materials have a well-known broad absorption band at 
1600 cm -l i n  the infrared region which has defied interpretation. 
have been shown to produce strong and broad absorption in this r e g i ~ n " ~ ~ " ~  in  aromatic systems, 
as shown in Figure 4, and hence may be the cause of this band in coal and chars. 

Donor-acceptor phenomena 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 
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Effect of I, and Br, on l ine widths of 
cellulose chars measured in vacuo at 
room temperature. 
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treated with 0.1 M Br, in CCI, 
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Figure 2. 

Effect of , and Br, on spin concentrations 
in cellulose chars measured in vacuo at 
room tempera tu re 

m no treatment 
A treated with 0.1 M I, in CCI. 

treated with 0.1 M Br, in CCI 
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Figure 3 .  

Comparison of the number of free radicals 
with the size of crystallites in cellulose chars. 
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.number of free radicals per gram vs .  
Carbon content 
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vs. Carbon content 
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Figure 4. 

The influence of charge transfer forces 
on infrared spectra. 

A. Tetrakis [p-dimethylaminophenyl] ' 

B. Iodine complex of tetrakis 
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INFRARED SPECTRA OF OXYGEN-18 LABELED CHARS 

R.  A .  F r i e d e l  

P i t t s b u r g h  Coal Research  C e n t e r ,  Bureau of Mines,  
U.S. Department o f  t h e  I n t e r i o r , P i t t s b u r g h ,  Pa. 

! 
R. A .  Dur ie  and Y .  Shewchyk 

Commonwealth S c i e n t i f i c  and I n d u s t r i a l  Research  O r g a n i z a t i o n ,  
Chatswood, New Sou th  Wales, A u s t r a l i a  

SUMMARY 

Chars of four  0-18 l a b e l e d  compounds were p repa red .  I n f r a r e d  s p e c t r a  were 
examined f o r  i s o t o p i c  s h i f t s .  On t h e  b a s i s  o f  a few pub l i shed  r e s u l t s  on pure  com- 
pounds t h e  s h i f t s  f o r  C = O 1 8  a t  1600 cm-l were  expec ted  t o  be -20 cm-l o r  more.  The 
observed  s h i f t s  a r e  less t han  5 cm-l; t h i s  r e s u l t  may i n d i c a t e  t h a t  c h e l a t e d  c a r -  
bony l s  a r e  no t  involved .  However, ve ry  s t r o n g  hydrogen bond'ing as i n  c h e l a t e d  
con juga ted  carbonyl  s t r u c t u r e s  may be r e s p o n s i b l e  f o r  t h e  small s h i f t s .  
l a b e l e d  c h e l a t e  i s  be ing  p repa red  a t  t h e  CSIRO l a b o r a t o r i e s  i n  o r d e r  t o  i n v e s t i g a t e  
t h i s  p o i n t .  

An 0l8- 

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

Chars - 
Since  t h e  e a r l y  work a t  t h e  Bureau o f  Mines on ca rbohydra t e  char&/ t h e  

i n f r a r e d  s p e c t r a  of c h a r s  ( 5 500" C) o f  v a r i o u s  chemica ls  have been  s t u d i e d . m /  
S p e c t r a l  i n v e s t i g a t i o n s  of s t r u c t u r e  o f  c h a r s  have inc luded  s t u d i e s  o f  t h e  e f f e c t  
of e l e m e n t a l  c o n s t i t u t i o n ;  t h e  e f f e c t  o f  i n t r o d u c i n g  oxygen i n t o  c h a r s  o f  hydro- 
ca rbons  i n d i c a t e d  t h a t  s p e c t r a l  a b s o r p t i o n  bands ,  p a r t i c u l a r l y  t h e  i n t e n s e  1600 cm-1 
band, were a t t r i b u t a b l e  t o  oxygenated s t r u c t u m s . 4 ' 6 I I /  
has  been  u t i l i z e d ;  a s u c c e s s f u l  s t u d y  of deu te r ium l a b e l i n g  was c a r r i e d  o u t  by com- 
p a r i n g  i n f r a r e d  s p e c t r a  o f  c h a r s  o f  a n  a l i p h a t i c  hydrocarbon and a co r re spond ing  
deu te roca rbon .  From t h i s  s t u d y  d e f i n i t e  ev idence  w a s  o b t a i n e d  f o r  a s s ignmen t  o f  
t h e  730-910 cm-1 a b s o r p t i o n  bands  t o  CH o u t - o f - p l a n e  aromatic v i b r a t i o n s . = /  
f u r t h e r  i n d i c a t i o n s  were  found t h a t  t h e  most i n t e n s e  band i n  cha r  s p e c t r a ,  1600 cm-i, 
was a t t r i b u t a b l e  t o  oxygenated  s t r u c t u r e s .  

A more d i r e c t  i n v e s t i g a t i o n  of the s p e c i f i c  s t r u c t u r e s  r e s p o n s i b l e  f o r  t h e  1600 
cm'l band seemed d e s i r a b l e .  
judged t o  be  a d i r e c t  method w i t h  good chances  f o r  s u c c e s s .  Three s t r u c t u r e s  were 
cons ide red  on t h e  b a s i s  o f  t h e i r  i n t e n s e  a b s o r p t i o n ,  n e a r  1600 an-1 ,  t o  be  p o s s i b l e  
s o u r c e s  of t h e  1600 c m - 1  band i n  c h a r s :  

(1) Carbonyl g roups  i n  k e t o n e s ,  q u i n o n e s ,  o r  c o n j u  a t e d  c h e l a t e  s t r u c t u r e s  
should  show a s h i f t  t o  l o w  f r equency  i n  go ing  from GOLg t o  C=018; ( 2 )  a r o m a t i c  
n u c l e i  should  produce no change i n  s p e c t r a l  f requency;  (3)  aromatic n u c l e i  w i t h  
enhanced i n t e n s i t i e s  due t o  oxygenated  s u b s t i t u e n t s  on t h e  r i n g  s h o u l d  n o t  undergo 
any a p p r e c i a b l e  f requency  s h i f t  i n  t h e  1600 c m - l  r e g i o n ;  a s h i f t  shou ld  occur  i n  
t h e  C-0 s t r e t c h  r e g i o n  a t  1100 cm-1. 

I s o t o p e - l a b e l i n g  of c h a r s  

A l so  

Char r ing  of compounds l a b e l e d  w i t h  oxygen-18 w a s  
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Coa l s  

S t u d i e s  of t h e  1600 c m - l  band i n  c h a r  s p e c t r a  may produce in fo rma t ion  on t h e  
o r i g i n  o f  t h e  same band i n  t h e  s p e c t r a  o f  c o a l s .  S p e c t r a l  d a t a  from c h a r s  o f  
c a r b o h y d r a t e s  would be  p a r t i c u l a r l y  a p p l i c a b l e  f o r  comparison w i t h  c o a l  s p e c t r a  as 
ca rbohydra t e  c h a r s  p roduce  s p e c t r a  n e a r l y  i d e n t i c a l  t o  s p e c t r a  of c o a l s . u /  
t u n a t e l y  018- labe led  c a r b o h y d r a t e s  are not a v a i l a b l e .  

Unfor- 

In fo rma t ion  on  t h e  i n t e n s e  1600 cm-' band i n  c o a l s  has  been ob ta ined  i n  s t u d i e s  
of a b s o r p t i o n  i n t e n s i t i e s  f o r  many pure  compounds i n  a n  e f f o r t  t o  de te rmine  what 
s t r u c t u r e s  could produce  t h e  1600 cm-l a b s o r p t i o n . j /  The p r i n c i p a l  t y p e  of s t r u c -  
t u r e  found t o  have  s u f f i c i e n t  i n t e n s i t y  i s  t h e  con juga ted  c h e l a t e d  carbonyl  group. 
These groups  can on ly  produce t h e  1600 band i f  a l l  o r  n e a r l y  a l l  o f  t h e  oxygen i n  
t h e  c o a l  is i n  t h e  form of hydroxyl  c h e l a t e d  ca rbony l  groups .  

018-Labeled Compounds 

The minimum s p e c t r a l  s h i f t  i n  t h e  i n f r a r e d  s p e c t r a  f o r  a l a b e l e d  ca rbony l  
group (C=018) r e l a t i v e  t o  an  un labe led  group (C=O16) i s  -40 cm-l,  on t h e  b a s i s  of 
t he  s imple  r a t i o  o f  t h e  reduced  masses .  Hooke's law f o r  t h e  s t r e t c h i n g  v i b r a -  
t i o n  of ~=016 i s :  u16 = 2rrc J =, where 

mC + m016 
; u = f r equency ,  cm-1; k = c o n s t a n t ;  

%mol6 
p16 = 

For  C=OL8 t h e  same e q u a t i o n  a p p l i e s ;  d i v i d i n g ,  

'or ~ 1 8  = 
Jl.05 ' 

For  
c h a r  o r  c o a l  spec t rum is due  t o  a s imple  ca rbony l  s t r u c t u r e ,  t h e  co r re spond ing  
l a b e l e d  carbonyl  group shou ld  produce  a n  a b s o r p t i o n  band s h i f t e d  t o  1560 cm-l. I f  
t h e  s t r e t c h i n g  v i b r a t i o n  ,of t h e  ca rbony l  s t r u c t u r e  is complex t h e  s imple  va lue  ob- 
t a i n e d  from t h e  reduced  mass c a l c u l a t i o n  w i l l  d i f f e r  somewhat from 40 crn-l. A 
ke tone  i n v e s t i  a t e d  by Karaba tsos? /  showed a n  a p p r e c i a b l e  d e v i a t i o n ;  2 ,3-d imethyl -  
3-pentanone-018 shows a s h i f t  of 31 c m - l  i n s t e a d  of t h e  expec ted  40. T h i s  s h i f t  
i s  i n  t h e  neighborhood p r e d i c t e d  by F r a n c i s E I  f o r  a mixed v i b r a t i o n  composed of 
abou t  80 p e r c e n t  C=O s t r e t c h  and 20 p e r c e n t  C-C s t r e t c h .  With c o n j u g a t i o n  t h e  
s h i f t  does  no t  change f o r  t h e  benzenoid ca rbony l  compounds: Benzoic  a c i d ,  t w o  
b e n z o a t e s ,  benzophenone, and benzoquinone. 

= 1600 cm-1, "18 = 1560 c m - l i  Au = -40 c m - l .  I f  t h i s  1600 c m - l  band i n  a 
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A V ,  cm-1 

Benzoic a c i d  (monomer) -32- 111 

111 Methylbenzoate  -31- 

Cinnamyl n i t r o b e n z o a t e  

Benzophenone 

p -Benzoquinone 

Benzoylchlor ide  -25- 11/ 

151 Benzamide -24- 

The decreased  s h i f t  f o r  benzamide is  a t t r i b u t a b l e  & g r e a t e r  p a r t i c i p a t i o n  o f  
o t h e r  groups of t h e  molecule  i n  t h e  carbonyl  v i b r a t i o n . -  A p p a r e n t l y  t h e  same 
e x p l a n a t i o n  may be g i v e n  f o r  t h e  d e c r e a s e d  s h i f t  observed  f o r  b e n z o y l c h l o r i d e .  It 
i s  s u r p r i s i n g  t h a t  t h e  s h i f t s  observed  i n d i c a t e  no p a r t i c u l a r  i n c r e a s e  due t o  con- 
j u g a t i o n  w i t h  a n  a r o m a t i c  r i n g .  
by comparison of  t h e  s p e c t r a  of n i t romethane-018 and nitrobenzene-018.16,17/) 
F u t u r e  i n v e s t i g a t i o n s  o f  more a l i p h a t i c  k e t o n e s  may produce d i f f e r e n t  r e s u l t s .  

The only p u b l i s h e d  i n d i c a t i o n  o f  t h e  e f f e c t  o f  conjugated  c h e l a t i o n  i s  on  

(A l a r g e  e f f e c t  due t o  r i n g  c o n j u g a t i o n  is  observed 

b e n z o i c  a c i d  dimer:  

A U ,  cm-1 

Benzoic a c i d  dimer -20 

Benzoic a c i d  monomer -32 

Thus hydrogen bonding is s e e n  t o  produce a s i g n i f i c a n t  d e c r e a s e  i n  t h e  OI8 
s h i f t  o f  a conjugated  c a r b o n y l  sys tem.  It was a n t i c i p a t e d  t h a t  t h e  s p e c t r a  of c h a r s  
having  carbonyl  groups  e n r i c h e d  i n  0l8 may shaw s h i f t s  f o r  t h e  1600 c m - l  band of 
-20 t o  -30 cm-l. 
s o r p t i o n  bands a r e  broad .  

Such s h i f t s  i n  char s p e c t r a  would.be m e a s u r a b l e ,  even  though ab-  

Experiment  a 1 

On t h e  i n i t i a t i o n  o f  t h i s  work o n l y  t h r e e  u s a b l e  0 l 8 - l a b e l e d  o r g a n i c  compounds 
were commercial ly  a v a i l a b l e .  They were i n v e s t i g a t e d  i n  t h e  f o l l o w i n g  o r d e r :  
L i n o l e i c  a c i d ,  p h e n o l ,  and b e n z o i c  a c i d ;  sodium phenate  and sodium benzoate-018 
were a l s o  prepared  and c h a r r e d .  F i r s t  the u n l a b e l e d  compounds were c h a r r e d  under  
v a r i o u s  c o n d i t i o n s  i n  o r d e r  t o  de termine  t h e  most f a v o r a b l e  c o n d i t i o n  f o r  produc- 
i n g  i n t e n s e  1600 cm-l bands.  
monosubs t i tu ted  benzenes  i n  o r d e r  t o  produce c o a l - l i k e  a b s o r p t i o n  bands i n  t h e  730- 
900 cm-1 aromatic band r e g i o n  were u s u a l l y  so h i g h  t h a t  o t h e r  s p e c t r a l  d e t a i l s ,  
i n c l u d i n g  t h e  1600 c m - I  band,  were weakened. 

Tempera tures  r e q u i r e d  t o  e l i m i n a t e  t h e  a b s o r p t i o n  of  

Samples of  OI6 compounds were p laced  i n  a g l a s s  t u b e  o r  a steel  bomb, s e a l e d  
or u n s e a l e d ,  i n  vacuo o r  under  n i t r o g e n .  Amounts of  sample used were 50-100 mg 
because  of t h e  s c a r c i t y  of OI8  samples .  
350" C t o  620" C; times were v a r i e d  from 1 t o  5 8  h o u r s .  

P y r o l y s i s  t e m p e r a t u r e s  were v a r i e d  from 



L i n  o l e  i c a c id  - 0' 
Two samples were i n v e s t i g a t e d :  ( a )  A s a m p l e  o f  22 p e r c e n t  018-enriched a c i d  

( k i n d l y  g i v e n  by D r .  A .  Miko, of t h e  Yeda Research and Development Co., Rehovoth, 
I s r a e l ) ,  and (b) a commercial s a m p l e  of  38  p e r c e n t  e n r i c h e d  a c i d .  The b e s t  condi -  
t i o n s  found f o r  o b t a i n i n g  1600 cm-l bands were 400° C ,  2 h o u r s ,  under  1 atmosphere 
of n i t r o g e n  i n  a s e a l e d  pyrex  tube .  The 22 p e r c e n t  e n r i c h e d  sample w a s  d o n a t e d ,  
w i t h  t h e  warning t h a t  p o l y m e r i z a t i o n  probably  had o c c u r r e d ;  i t  i s  ais0 p o s s i b l e  
t h a t  p o l y m e r i z a t i o n  o c c u r r e d  i n  t h e  38 p e r c e n t  e n r i c h e d  sample. Yeda h a s  t a k e n  
l i n o l e i c  acid-018 o f f  t h e  m a r k e t .  

Phenol-018, 86 p e r c e n t  

P y r o l y s i s  o f  phenol  of 86 p e r c e n t  OI8 enrichment  w a s  c a r r i e d  o u t  a t  tempera- 
t u r e s  n e a r  550" C f o r  a b o u t  18 h o u r s  i n  a s e a l e d  tube  under  n i t r o g e n .  

Sodium phenate  

The 0 I 8 - l a b e l e d  p h e n a t e  w a s  n o t  prepared  because o f  i n s u f f i c i e n t  phenol-018. 
Sodium phenate-016 was p r e p a r e d  from o r d i n a r y  phenol  and c h a r r e d .  
s i m i l a r  t o  those  used f o r  p h e n o l .  

Benzoic  a c i d - 0 I 8 ,  95.6 p e r c e n t  

C o n d i t i o n s  were 

Condi t ions  were s i m i l a r  t o  t h o s e  used f o r  phenol .  

Sodium benzoate-0I8  

A n i t r o g e n  atmosphere a n d  a t e m p e r a t u r e  of 500' C were used .  P y r o l y s i s  t imes 
were a b o u t  24 hours .  

I n  a l l  samples e x c e p t  t h e  sodium phenate  and sodium b e n z o a t e ,  c h a r  was ob- 
t a i n e d  i n  t h e  form o f  a t h i n  f i l m  o n  t h e  w a l l s  o f  t h e  s e a l e d  t u b e .  These f i l m s  
were s u f f i c i e n t l y  t h i n  t o  g i v e  s p e c t r a  of good q u a l i t y  d i r e c t l y ;  d a t a  o b t a i n e d  from 
such  f i l m s  was q u a l i t a t i v e  o r  s e m i - q u a n t i t a t i v e  as t h i c k n e s s e s  o f  t h e  f i l m  v a r i e d  
c o n s i d e r a b l y .  I n  a l l  c a s e s  s p e c t r a  were a lso o b t a i n e d  by means of KC1 p e l l e t s  
which were b e t t e r  f o r  q u a n t i t a t i v e  a b s o r p t i o n  measurements. 

S p e c t r a  were de te rmined  f i r s t  o n  g a s e s  produced.  Then t h e  samples  were washed 
w i t h  hexane a n d / o r  benzene a n d  t h e  s p e c t r a  of  t h e  s o l u b l e  p r o d u c t s  were o b t a i n e d .  
The b e n z e n e - i n s o l u b l e  c h a r  w a s  t h e n  i n v e s t i g a t e d .  

Ultimate a n a l y s e s  o f  a l l  of t h e  c h a r s  are g i v e n  i n  t a b l e  1. 

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

R e s u l t s  ob ta ined  on t h e  f o u r  s u b s t a n c e s  i n v e s t i g a t e d  show t h a t  t h e  s p e c t r a l  
s h i f t s  are very small o r  n e g l i g i b l e  ( t a b l e  2 ) ;  no s h i f t  was d e f i n i t e l y  d e t e c t a b l e  
f o r  any o f  t h e  c h a r s .  I n  f i g u r e  1 t h e  s p e c t r a  of  c h a r s  from benzoic  a c i d - 0 I 6  and 
-0l8 are g i v e n ;  t h e y  are p r a c t i c a l l y  i d e n t i c a l ,  i n c l u d i n g  t h e  p o s i t i o n s  of the  
two 1600 cm-l bands. 

1600 cm-I bands were o b t a i n e d  i n  a l l  , c h a r s  b u t  i n  no c a s e  were t h e y  i n t e n s e  
bands .  T h i s  i s  a p o s s i b l e  i n d i c a t i o n  t h a t , c a r b o n y l  groups may n o t  have been i n -  
v o l v e d .  For l i n o l e i c  a c i d  a n d  b e n z o i c  a c i d  it is  n e a r l y  c e r t a i n  t h a t  n o  oxygen- 
c o n t a i n i n g  group could  be an i m p o r t a n t  c o n t r i b u t o r  t o  t h e  1600 cm-l band ,  as t h e  
oxygen c o n t e n t s  of t h e  c h a r s  were found t o  b e  n e g l i g i b l e .  Hydrocarbon s t r u c t u r e s  
could  have  produced t h e  weak bands found. 



/ 
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T a b l e  1.- U l t i m a t e  a n a l y s e s  o f  c h a r s  

c - .  H ' " 0 " ' S t a t e  

Table  2 . -  N e g a t i v e  s p e c t r a l  s h i f t s  of oxygen-18 l a b e l e d  chars 

S p e c t r a l  s h i f t ,  
cm-1 11 

L i n o l e i c  ac id -0 I8  < 5  
(22 and 36 p e r c e n t )  

Phenol-018 (86 p e r c e n t )  < 5  

Benzoic a c i d - 0 I 8  (95 .6  p e r c e n t )  < 5  

Sodium benzoate-018 ' < 5  

- 1/ Bands were b r o a d .  Small s h i f t s  were d i f f i c u l t  t o  measure a c c u r a t e l y .  



The phenol c h a r s  a l s o  showed no s h i f t  from lbOU cm-', even though one char  con-  
t a i n s  20 p e r c e n t  oxygen. 
d o e s  n o t  produce c a r b o n y l  groups .  The 1600 c m - l  band observed i n  t h e  spec t rum o f  
t h e  phenol c h a r  must be due t o  aromatic a b s o r p t i o n  enhanced by oxygen-conta in ing  
s u b s t i t u e n t s  on  t h e  a r o m a t i c  r i n g s  ( e t h e r s  and p h e n o l s ) .  

It i s  n o t  s u r p r i s i n g  i f  t h e  p y r o l y s i s  of  phenol  a t  550" C 

The char  of sodium benzoate  a l s o  shows a n e g l i g i b l e  s h i f t .  If w a s  t h e  most 
l i k e l y  p o s s i b i l i t y  f o r  producing  a n  i s o t o p e  s h i f t ,  as t h e  e l i m i n a t i o n  of  oxygen 
encountered  i n  t h e  c h a r s  of  l i n o l e i c  and b e n z o i c  a c i d  does  n o t  o c c u r  f o r  t h e  c h a r  
of  sodium benzoate .  The s i z e a b l e  p e r c e n t a g e  of  oxygen p r e s e n t  i n  t h e  c h a r ,  4 p e r -  
c e n t ,  i s  l i k e l y  t o  e x i s t  i n  t h e  c h a r  a s  carbonyl  groups o f  some s o r t ;  even  so ,  no 
a p p r e c i a b l e  s h i f t  is observed .  

The l a c k  of a p p r e c i a b l e  s h i f t  i n  t h e  s p e c t r a  of 018-labeled c h a r s  may be a t t r i -  
b u t a b l e  t o  ex t remely  s t r o n g  a s s o c i a t i o n  ( c h e l a t i o n ,  or  o t h e r ) .  With t h e  s i z e a b l e  
oxygen c o n t e n t  of some of  t h e s e  c h a r s  t h e r e  are presumably some c a r b o n y l  groups p r e -  
s e n t .  
bonding have been i n v e s t i g a t e d .  A s  ment ioned above ,  t h e  spectrum of benzoic  a c i d -  
OI8 shows a smaller s i f t  f o r  t h e  a s s o c i a t e d  dimer a c i d  (-20 cm-l)  t h a n  f o r  t h e  f r e e  
monomer (-32 c m - l ) . g 7 '  These r e s u l t s  a r e  f o r  a r a t h e r  weakly a s s o c i a t e d  a c i d  d imer ;  
t h e  v i b r a t i o n  of t h e  C=O group i n  t h e  d imer  o b v i o u s l y  i n v o l v e s  p a r t i c i p a t i o n  of  
o t h e r  groups  i n  t h e  molecule .  For  a more s t r o n g l y  hydrogen-bonded c h e l a t e ,  as  
a c e t y l a c e t o n e ,  t h e  p a r t i c i p a t i o n  of o t h e r  groups i n  t h e  molecule  would be g r e a t e r  
and t h e  s h i f t  p robably  would be less. On t h i s  b a s i s  t h e  small s h i f t s  i n  c h a r s  are 
e x p l a i n a b l e .  C e r t a i n l y  t h e  n e g l i g i b l e  s h i f t  observed  f o r  c h a r s  does  n o t  exc lude  
t h e  p r e s e n c e  o f  C=O groups  i n  s t r u c t u r e s  p r o d u c i n g  t h e  1600 cm-1 band.  I n  o r d e r  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  s t r o n g  c h e l a t i o n  on  t h e  C=OI8 s h i f t  p r e p a r a t i o n  o f  d ibeneo-  
y lmethane ,  H5Cg-C018-CH2-C018-C6H5, is  b e i n g  c a r r i e d  o u t  a t  t h e  CSIRO l a b o r a t o r i e s .  
L i t t l e  o r  no e018 s h i f t  i s  e x p e c t e d .  I f  a n  a p p r e c i a b l e  s h i f t  i s  observed  f o r  t h i s  
compound it w i l l  be n e c e s s a r y  t o  conclude t h a t  c h a r s  do  n o t  c o n t a i n  s t r o n g l y  c h e l a t e d  
c a r b o n y l s .  

U n f o r t u n a t e l y  no O18-labeled p u r e  compounds having  very  s t r o n g  hydrogen- 

F u r t h e r  s t u d i e s  w i l l  be  c a r r i e d  o u t  on l a b e l e d  c h a r s  as o t h e r  Ol8-conta in ing  
compounds become a v a i l a b l e .  It i s  e x p e c t e d  t h a t  p r i c e s  of t h e s e  compound w i l l  de-  
c r e a s e  g r e a t l y ,  f o r  cheaper  methods of p r e p a r a t i o n  a r e  b e i n g  d e v e 1 o p e d . d  
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. .  Introduction 

The recovery of nitrogen bases is o'f particular interest. in 
chemical plants that operate in conjunction with coal-carbonization 
facilities.. . Traditionally, nitrogen bases' such as ammonia, pyridine, and 
quinoline have been recovered by processes that involve acid extraction 
followed by neutralization with caustic soda or lime. , 2, 
have inherent disadvantages with regard to excessive consumption,of acids 
and bases as well as concomitant waste-disposal problems'. 

Such processes 

Recently, several processes have been developed for nitrogen- 
base recovery by regenerative cyclic techniques. For example, recovery . ' 

of ammonia from coke-oven gas and pyridine from coke-oven light oil have 
been reported.. These processes for recovery of nitrogen bases are 
characterized by the use of an aqueous acid solution for the extraction 
step followed by a high-temperature stripping, or springing, operation 
that liberates the nitrogen bases and simultaneously regenerates the acid 
extractant. The selection of an appropriate acid extractant for a 
particular nitrogen-base system is an important factor in designing or 
developing a regenerative process. Previously reported studies3 , ') 
have demonstrated that mqnoammonium acid phosphate is a suitable extractan,t 
for ammonia recovery, whereas either phosphoric acid or monopyridinium 
sulfate is adequate for pyridine recovery. However, the theory for 
selection of appropriate reagents for regenerative nitrogen-base recovery 
has not been developed and, consequently, the general applicability of 
this recovery technique has not received significant attention. 
object of this paper to demonstrate that readily available thermodynamic 
data can be used to determine the feasibility of a regenerative technique 
for recovery of partkular nitrogen bases:'The discussion is based on 
the behavior of particular acids during the extraction and springing 
operations. 
for recovery of pyridine and quinoline' from coal-tar fractions. 

* 5, 

It is the 

Data are also presented on the extraction and springing steps 

Discussion. of the Regenerative Technique 

The general scheme for a regeneratlve recovery process for 

See References. 



I 
regeneration. The system can be seen in Figure 1 as a generalized flow 
diagram. Usually, nitrogen bases are recovered from streams in which 
they are present in low concentrations (about 0.1 to 5 % ) ,  such as coke-oven 
light-oil streams. 

Selection. of Reagents for Regenerative Systems 

The selection of an appropriate acidic extractant for a particular ' 
nitrogen base 1s the initial problem encountered in developing a regenerative' 
process. Although such factors as solubility, volatility, decomposition, and 
side reactions must be- considered, the acid component essentially must be 

, 

I 

\, 

Free Hydronium Protonated Water 
Base Ion Base 

The temperature dependence of the equilibrium constant follows 
the expression 

where 
AH = the heat of reaction, and 
R = the gas constant. 

I 
I 

( 2 )  I 

! 
I 

It is desirable that the ratio (KT-/KT~) be less than unity for a \i 
I 
. 

reagents for regenerative systems, the ionization equilibria of acids and 
bases have been examined. I 

regenerative system (AH, the heat of reaction, must be negative). 

In an effort to develop suitable parameters for the selection of 

I 

_ _  
involves the equilibrium reaction 

B + H ~ O +  = BH+ + H ~ O  

In a discussion of acid-base systems, the following equations are 1 
applicable. Acid extraction of a nitrogen base (B) from a hydrocarbon Stream' 

( 

( 3 )  ' 
which can be represented by an equilibr 

1 um- constant 

i 



I 
1 

I 5 31 

The ionization constant of the base involves the equll~brlum 
i 

( 5 )  B + H20 = BtI+ + 011- 
i 
i 

expressed by an ionization constant 
I 

I 
Kb = lBHfl [OH-] ( 6 )  

f,. I 13 I 

By usina the lonlzati@n const<int f o r  I i 2 0  

K, = IOH-I ( H ~ O + I  ( 7 )  
,/ 

and combining Equations 4 ,  6, and 7, the following expression L S  obtained to 
show the concentration of protonated base in ancaqueous extract. 

I 

The dependence of [BH'] on [ H 3 0 +  
the strength of any acid (HA) by using the 
of the acid. 

HA + H20 = H30+ + A- 

Combining (11) with (8) give's 

can be represented in terms of 
equilibrium dissociation constant 

[HA] 'I2 [Bl ( B H + ~  = !ib Kc 
KW ,' 

' of base, the concentration [BH+] can be increased by increasing the 
Equation 1 2  indicates that, fo r  a given concentration [B] and strength 

strength of acid (Ka). 

[BH'I a: Ka 1/2 

d A similar discussion of the regeneration step is pertinent. 
, reaction involved is \ 

I 
+ BH+ + H ~ O  = B + H ~ O  

', The equilibrium constant f o r  the reaction can be represented as 
6 .  

b,, 

11) 

12) 

Kb) 

(13) 

The 
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and  c a n  be e x p r e s s e d  i n  t e r m s  of Equa t ion  8 t o  g i v e  

[BH+]l I2  T h e r e f o r e  
[ B l  =I?) I 

! 
I 

I 
i 

(16) ' 

Thus,  f o r  a g i v e n  c o n c e n t r a t i o n  [BH'] i n  t h e  aqueous e x t r a c t ,  t h e  c o n c e n t r a -  ~ 

t i o n  [ B ]  of  b a s e  is h i g h  f o r  b a s e s  o f  l o w  b a s e  s t r e n g t h  (Kb). i 
From E q u a t i o n s  1 2  and 1 7 ,  t h e  f o l l o w i n g  g e n e r a l i z a t i o n s  c a n  be i 

made c o n c e r n i n g  t h e  s e l e c t i o n  o f  an a c i d  a n d . a  b a s e  f o r  r e c o v e r y  of n i t r o g e n  
b a s e s  by a r e g e n e r a t i v e  process. To g e t  good e x t r a c t i o n ,  maximize [ B H + )  by 
u s i n g  a n  a c i d  w i t h  a s  l a r g e  a v a l u e  f o r  K a  a s  is  p o s s i b l e ,  c o n s i s t e n t  w i t h  
o t h e r  r e q u i r e m e n t s  of t h e  process. To g e t  good r e g e n e r a t i o n ,  maximize [B] 
( a  b a s e  w i t h  a s m a l l  Kb v a l u e  s h o u l d  be i n v o l v e d ) .  i 

1 

n e n t s  ' f o r  r e g e n e r a t i v e  s y s t e m s ,  . ,  

A c c o r d i n g l y ,  s u i t a b i e  s y s t e m s  a p p e a r  t o  i n v o l v e  an a c i d  e x t r a c t a n t  
w i t h  a l a r g e  Ka v a l u e  a n d  a n i t r o g e n  b a s e  w i t h  a s m a l l  Kb  v a l u e .  
w i t h  t h e  above ,  t h e  ApK was examined a s  a u s e f u l  g u i d e  i n  s e l e c t i n g  compo.- 

C o n s i s t e n t ;  
1 

1 
pK = - l o g  K (19)  1 

where 

ApK = (pKb -pKa) , and ( 2 0 )  
ApK i s  e x p r e s s e d  as t h e  a b s o l u t e  v a l u e  of (PKb - p K a ) .  I t  is 

a n t i c i p a t e d  t h a t  t h e  larger  t h e  ApK of a s y s t e m ,  t h e  b e t t e r  it w i l l  f u n c t i o n !  
i n  a r e g e n e r a t i v e  r e c o v e r y  p r o c e s s .  T h e r e f o r e  i t  a p p e a r s  t h a t  r e c o v e r y  o f  
n i t r o g e n  bases is  f a c i l i t a t e d  by c o m b i n a t i o n s  o f  r e l a t i v e l y  weak b a s e s  and 
r e l a t i v e l y  s t r o n g  a c i d s  or r e l a t i v e l y  s t r o n g  b a s e s  and weak acids.  / 

\ Sys tems  f o r  Recovery of  Ammonia and P y r i d i n e  Bases 
\ 

As mentioned a b o v e ,  s e v e r a l  p r o c e s s e s  have  p r e v i o u s l y  been 
r e p o r t e d  f o r  r e c o v e r y  o f  ammonia and p y r i d i n e  bases from coke-oven p r o d u c t  
streams. The d a t a  on ammonia and p y r i d i n e  are c o n s i s t e n t  w i t h  t h e  d i s c u s s i o l  
p r e s e n t e d  above,  T a b l e s  I and 11. E x p e r i m e n t a l l y  it h a s  been  demons t r a t ed  I 

monoammonium p h o s p h a t e ,  n e i t h e r  p h o s p h o r i c  acid n o r  s u l f u r i c  a c i d  can be 
u s e d  (H2PO4- is s u i t a b l e  f o r  N H 3  r e c o v e r y ,  whereas  H3PO4, HS04-, and H 2 S 0 4  

t h a t ,  a l t h o u g h  ammonia can  be  r e c o v e r e d  i n  a r e g e n e r a t i v e  manner u s i n g  

are n o t  a p p l i c a b l e ) .  '. 

'q 
( 

\ 

'6 I t  h a s  also been shown t h a t  p y r i d i n e  c a n  b e  r e c o v e r e d  s u c c e s s f u l l  
w i t h  e i t h e r  HjPOl or HSOq-;  however,  n e i t h e r  H2P04- n o r  H2S04 c a n  be 
employed. 

k 
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1, 

The use of the parameter ,pK does not appear to fit the observed I 
I 1 behavior of all the systems examined. 

\ 

However, the elementary ionlzation 
ionization equilibrium theory explains certain inconsistencies with ApK 
values. For example, in general, (1) systems in which both components have 
pK values greater than about 6 are not useful since interaction is too weak 
to effect extraction, 
less than about 6 are not useful since interaction is too strong tor 

(2) systems in which both componcnts,have pK values 

' dissociation of the acid-base salt during regeneration, and ( 3 )  when el ther 
' component is a strong acid or a strong b a s e ,  the system is not applicable 
I because interaction is too strong for regeneration of the reagent. 
I 
I Recovery of Pyridine and Quinoline from Coal-Tar Fractions 
/ 

A regenerative system for recovery of pyridine from coal-tar 
fractions has been examined on the basis of the above consideration ot ApK. 
Values of ApK for the pyridine - HS04- and pyridine - H3P04 systems are 
6 . 8 5  and 6 . 6 4 ,  respectively, Table 11. Each system was examined to determine 
the behavior of these acids in the extraction and regenerative steps. Data 

I on the quinoline regenerative recovery system are presented for comparison. 
Ionization data on quinoline (Kb = 6 . 3  x pK = 9 . 8 7 )  suggest that 
either H S 0 4 -  or H3PO4 could be used as the sxtractant. 
of ApK are 7.95 and 3.22.  Since HSO4- gives a larger value of ApK, the 
recovery of quinoline with quinolinium acid sulfate solution as the extractant 
was examined for comparison. 

The respective values ' 

Experimental 

Data on the extraction of pyridine and quinoline bases were 
obtained by using conventional laboratory equipment consisting of a stirred 
1-liter 3-neck flask equipped with a bottom outlet stopcock. Single-stage 
extraction tests were conducted over the temperature range 0 to 5 5  C. The 
data on the pyridine -,sulfuric acid system are presented in Table 111, and 
data on the pyridine - phosphoric acid and the quinoline - sulfuric acid 
systems appear in Tables IV and V, respectively. The extraction data 
indicate that the nitrogen bases can be concentrated in the aqueous phase 
by the extraction technique. 

To examine the vapor-liquid equilibrium data for the pyridine - 
phosphoric acid system, the pyridine - sulfuric acid system, and the 
quinoline - sulfuric acid system, solutions were prepared of various 
strengths. of acid and concentration of the respective nitrogen bases. Acid 
strengths covered the range 20 to 40 percent and base-to-acid mole ratios 
varied from 0.6 to 1.9. 

An Othmer equillbrium still was used to determine concentrations 
of pyridine and quinoline in the vapor and liquid phases for the various 
sample solutions. 

Discussion 

The Othmer equilibrium data indicate that pyridine concentration 
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i n  t h e  v a p o r  i n c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of a c i d  ( c o n s i s t e n t  w i t  
E q u a t i o n  1 7 )  and,  a t  a g i v e n  level of a c i d  s t r e n g t h ,  w i t h  i n c r e a s i n g  p y r i -  
d i n e - t o - a c i d  mole r a t i o ,  see F i g u r e s  2 and 3, Tables V I  and V I I .  

Al though i t  was e x p e c t e d  t h a t  q u i n o l i n e  s h o u l d  behave s i m i l a r  to  
p y r i d i n e ,  s u c h  w a s  n o t  t h e  case. Q u i n o l i n e  w a s  r e a l i z e d  i n  t h e  d i s t i l l a t e  i 
o f  t h e  Othmer s t i l l ;  however ,  t h e  q u i n o l i n e  c o n c e n t r a t i o n  lis s i g n i f i c a n t l y  
lower t h a n  p y r i d i n e  f o r  a g i v e n  mole r a t i o  o f  b a s e  t o  a c i d .  Two f a c t o r s ,  ,~ 

l o w  v a p o r  p r e s s u r e  and  l o w  s o l u b i l i t y ,  c a u s e  problems i n  t h e  q u i n o l i n e  I 

s y s t e m .  Because of t h e  r e l a t i v e l y  poor  s o l u b i l i t y  of q u i n o l i n e  i n  wa te r  ; 
-(0.08 g/100 m l  a t . 2 5  C ) ,  r e c o v e r y  of q u i n o l i n e  as  a d i s t i l l a t e  p r o d u c t  
depends  on t h e  l i m i t a t i o n s  o f  a s t eam d i s t i l l a t i o n  sys tem.  Accord ing ly ,  
t h e  d i s t i l l a t e  c o m p o s i t i o n  is a f u n c t i o n  of t h e  v a p o r  p r e s s u r e  of q u i n o l i n e  ': 
a t  t h e  b o i l i h g  p o i n t  o f  t h e  mixed l i q u i d  p h a s e .  Because o f  t h e  low v o l a t i l -  
i t y  of q u i n o l i n e ,  o n l y  a b o u t  2 w e i g h t  p e r c e n t  q u i n o l i n e  is  r e a l i z e d  i n  t h e  
d i s t i l l a t e  d u r i n g  t h e  r e g e n e r a t i o n  s t e p .  Thus,  t y p i c a l  Othmer e q u i l i b r i u m  
d a t a  a r e  n o t  r e a l i z e d  f o r  q u i n o l i n e .  

T h e r e f o r e ,  a l t h o u g h  q u i n o l i n e  can b e  r e c o v e r e d  by a c y c l i c  1 

r e g e n e r a t i v e  p r o c e s s ,  t h e  s y s t e m  is  n o t  a n a l o g o u s  t o  t h e  p y r i d i n e  system. 
The q u i n o l i n e  sys t em a p p e a r s  s u i t a b l e  on t h e  b a s i s  of ApK d a t a ,  b u t  o t h e r  
f a c t o r s  s u c h  as s o l u b i l i t y  and v o l a t i l i t y  mus t  be c o n s i d e r e d  f o r  p r a c t i c a l  
a p p l i c a t i o n .  

Summary 

A method fo r  s e l e c t i n g  r e a g e n t s  fo r  r e c o v e r y  of weak b a s e s  from 
h y d r o c a r b o n  streams h a s  b e e n  d e v e l o p e d ,  b a s e d  on thermodynamic i o n i z a t i o n  
e q u i l i b r i u m  c o n s t a n t s .  A n , a c i d  can be s e l e c t e d  f o r  r e c o v e r y  of a g iven  
base a c c o r d i n g  t o  t h e  v a l u e  o f  ApK c a l c u l a t e d  f o r  t h e  sys tem.  Exper imen ta l  
data  h a v e  been p r e s e n t e d  on  t h e  p y r i d i n e  - s u l f u r i c  a c i d  s y s t e m ,  t h e  
p y r i d i n e  - p h o s p h o r i c  a c i d  s y s t e m ,  and t h e  q u i n o l i n e  - s u l f u r i c  acid system 
a n d  d e m o n s t r a t e  t h e  u t i l i t y  and l i m i t a t i o n s  o f  t h e  method. 

The t e c h n i q u e  s h o u l d  also be a p p l i c a b l e  t o  development  o f  systems \ 

When it is r e q u i r e d  t o  e f f e c t i v e l y  remove n i t r o g e n  ' 
f o r  r e c o v e r y  of  acids from e f f l u e n t  streams by e x t r a c t i o n  w i t h  s e l e c t e d  
n i t r o g e n  b a s e  r e a g e n t s .  
i m p u r i t i e s  i n  c o n j u n c t i o n  w i t h  a s u b s e q u e n t  r e f i n i n g  o p e r a t i o n  on a hydro- 
c a r b o n  stream, a r e g e n e r a t i v e  p r o c e s s  may a l so  b e  a p p l i c a b l e ;  however, 
p r o v i s i o n  must  b e  made f o r  a d e q u a t e  r emova l  of n i t r o g e n  bases by u s i n g  a 
s u f f i c i e n t  number of e x t r a c t i o n  s t a g e s .  

'I 
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Table I 

Data on Regenerative Recovery Systems 
for Nitrogen Bases1) -- 

NH3 
NH3 
NH3 
NH3 

Pyridine 
Pyridine 
Pyridine 
Pyridine 

Ka- 

7.52 10-33) 
1.20 x 10-22) 

1.20 x 10-Z2) 

Nitrogen Bases Extractant 

6.23 x 

- 4 )  
6.23 x 
7.52 x 10- 33) 

- 4 )  

1) Handbook of Chemistry and Physics 
Publishing Co., Cleveland, Ohio, 

1 
Kb- 

1.79 10-5 
1.79 x 10-5 
1.79 10-5 
1.79 10-5 
1.71 10-9 
1.71 
1.71 
1.71 

44th Ed., Chemical Rubber 
963. 

2) 
3) 
4) Completely dissociated. 

Ka for second hydronium-ion dissociation. 
Ka f o r  first hydronium-ion dissociation. 

' Table I1 

ApK Values for Acid-Base Systems 

Sys terns 

NH3- (NH4) H2P04 
NH3-H3P04 
NH3-NH4HS04 
NH J - H ~ S O ~  
Pyridine- (PyH) H2P04 
Pyr idine-H 3P04 
Pyridine- (PyH) HS04 
Pyridine-H2S04 

Q!i 

2.46 
2.63 
2.83 

1.55 
6.64 
6.85 

* 

* 

Suitability of System 

Yes 
No 
No 
No 
No 
Yes 
Yes 
No 

* ApK Not applicable. 
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I T a b l e  111 
E 

i With  P y r i d i n i u m  S u l f a t e  S o l u t i o n  
L I 

I 

I 

E x t r a c t i o n  of P y r i d i n e  B a s e s  from Lig$t  O i l  

Mole R a t i o  o f  P y r i d i n e  i n  P y r i d i n e  i n  
P y r i d i n e  t o  H 2 E 4  Washed L i g h t  O i l ,  % E x t r a c t ,  % T e s t  N o .  i 

1 
2 
3 .  
4 

I 
1, 

1 .68  
1.67 
1 . 6 3  
1.54 

0 .15  
0.12 
0.08 
0.05 

29 
29 
28 
27 

~ * I n  e a c h  test ,  l i g h t  o i l  c o n t a i n i n g  0.44 p e r c e n t  of P-bases  w a s  
washed w i t h  a l e a n  p y r i d i n i u m  s u l f a t e  s o l u t i o n  ( m o l e  r a t i o  1 .05 )  
prepared by a d d i n g  c r u d e  P-bases  t o  a 30 w e i g h t  p e r c e n t  s u l f u r i c  

1 a c i d  s o l u t i o n .  

\ 

T a b l e  I V  

E x t r a c t i o n  of P y r i d i n e  B a s e s  from L i g h t  Oil 
(30  P e r c e n t  P h o s p h o r i c  A c i d  a t  55  C) I 

i 
I 

I Mole R a t i o  of P y r i d i n e  i n  P y r i d i n e  i n  P y r i d i n e  i n  
?est N o .  P y r i d i n e  t o  H 3 E 4  L i g h t  O i l ,  % Washed L i g h t  O i l ,  % .  E x t r a c t ,  % 

1.0 
1 . 0  
0.70 
0.92 
0.95 

5.67 
2.10 
4.60 
4.60 
4.60 

0.44 
0.40 
0.24 
0.59 
0.58 

1 9 . 5  
19.2 
14.5 
18.1 
18 .6  

I 

I,) One-s tage  wash. 
!) Two-stage wash. 
I 

.\ 

I' 
i 

i 

I 
t 
3 
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Mole Ratio of 
Test No. Quinoline to H 2 s 4  

1 
2 

Table V 

Extraction of Quinoline from a Tar Fraction 
With Sulfuric Acid1 8 2, 

I 

\ 

Acid Extract, % ' 
Quinoline in 

36.7 
35.7 

m e  bases. 

1.46 ' 

1.41 

Quinoline in 
Washed Oil-, % 

1.59 
2.06 

1) Tar fraction contained 12.1 weig t percent quino 
2) Extractant contained 30 weight percent, H2S04. 

i 
I 
! 

Table VI 

Pyridine Concentrations in Vapor at Equilibrium With 
Refluxing H 2 E 4  Solutions - Othmer Still Data 

< 

Initial H2SO4 
Concentration, Mole Ratio of Pyridine Content 

wt % Pyridine to H2E4 of Vapor, wt % \ 

20.4 
19.9 
30.9 
30.4 
30.6 
40.3 

1.63 
1.95 
1.60 
1.81 
1.98 
1.60 

4.7 
21.1 
10.4 
23.8 
41.6 
21.3 

r 
'1 
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T a b l e  VI11 

P y r i d i n e  C o n c e q t r a t i o n s  i n  Vapor a t  E q u i l i b r i u m  With  
R e f l u x i n g  H3pO4 S o l u t i o n s  - Othmer S t i l l  Data I 

I n i t i a l  H3P04 P y r i d i n e  C o n t e n t  
C o n c e n t r a t i o n ,  E q u i v a l e n t  Ratio of of Vapor,  

w t  % P y r i d i n e  t o  Acid  w t  % 

10.45 
10.44 
1 0 . 4 1  
19.88 
20.42 
20.40 
20.34 
31.20 
30.38 
31.08 
30.98 
31.06 

0 . 6 0  
0.80 

0.40 
a 0.60 

0 . 8 1  
0.97 
0.60 
0.80 
0.98 

0.98. 

0. 9ga) 
0.99b’ 

a )  
b) P y r i d i n e  replaced w i t h  p ico l ine .  
c) Analyzed as p i c o l i n e .  

P y r i d i n e  c o n t a i n e d  23.4 p e r c e n t  p i c o l i n e .  

0 . 5 4  
2 .08  
6 .86  
0 .0  
0 .87  
4.72 

13.84 
1.11 
6 .52  

21.46 
19.92 
21.65‘) 
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I X P R O F J C T I O N  

Luminescence i s  t h e  emission of noneguilibrium o r  nonthermal radiatio;  
as opposed t o  incandescence. A number of materials have been observed 
t o  l,mine?:ce !:.hen placed i n  a r'lame. This phenomenon, ca l led  candolu- 
rr.ineszence, c q s t  be d is t i rgu ished  from thermoluminescence - i n  which 
a x a t ? r i a l  i s  exc i te?  by r a d i o a c t i v i t y  or other  means but luminesces 
~n l : :  7 . h 2 n  r a i ~ ~ c  t o  a higher temperature - and from incandescence and * 

lurnirescxxe of t he  flame i t s e l f .  The blue luminescence of an aerated 
!i:Cthtln.- flax:. is an example of the  la t ter .  Candoluminescence i s  of 
- i nt;::r?st from two standpoints - t h a t  of obtaining a better understand- 
i n -  cf f l m e s  2nd f l m e - s o l i d  in te rac t ions ,  and secondly t h e  possibi l -  
it:;, though remot?, of developing a new.method of gasl ight ing.  The 
wwl: reported here  was supported i n  par t  by t h e  American Gas Association. 

Cm5nliuninescence has been known and s tudied f o r  many years.  It 
vas probably f i r s t  reported by Balmain i n  1842 ( 3 )  i n  h i s  descr ipt ion 
of th? material boron n i t r i d e ,  which he was t h e  f i r s t  t o  prepare. 
Apparently the phenomenon vas not recognized with o ther  mater ia ls  u n t i l  
it 1uas r e p o r t e j  by Donau i n  1913 ( 5 ) .  The subject  was reviewed by . 
L. T. Xinchin i n  1938 (8)  and by E.C.W. Smith i n  1 9 4 1  (11). 

The materials t h a t  luminesce i n  flames share t h e  c h a r a c t e r i s t i c s  
of phospiizrs genera l ly ;  t h a t  i s ,  they are comprised of a co lor less  
c r y s t a l l i n e  host  or matrix material i n t o  which a small concentration 
of foreign atoms o r  ions,  ca l led  t h e  ac t iva tor ,  i s  incorporated.  The 
r a d i a t i o n  i s  t y p i c a l l y  continuous and extends over only a s m a l l  wave- 
l ength  range, thus  having a d e f i n i t e  color .  The co lor  i s  usually 
c h a r a c t e r i s t i c  of' t h e  a c t i v a t i n g  ion  and can a l s o  be obtained with 
2 tkr  means of e x c i t s t i o n ,  such a s  u l t r a v i o l e t  l i g h t  o r  cathode r a y s .  

?>:citation by a hydrogen flame has been used i n  most s tud ies  of 
candolminescence, although Tiede and Buescher reported t h a t ,  i n  ad-  \ 
d i t i o n  t o  hydrogen, flames o f  e thyl  alcohol,  hydrogen su l f ide ,  and 
carbon d i s u l f i d e  exc i ted  t h e  luminescence of boron n i t r i d e  ( 1 4 ) .  E X C I -  1 

t a t i o n  by t h e  flame of c i t y  gas has a l s o  been reported ( 9 ) .  

The exis tence o f  t h e  phenomenon at r e l a t i v e l y  low temperatures has 
not been s e r i o u s l y  questioned. The temperature range here  i s  from 
t h e  temperature a t t a i n e d  when a flame impinges on a t h i n  f i l m  of phos- 
nhor spread on a cool metal support up t o  a br ight  red heat .  This 
upper l i m i t  i s  based on t h e  observation of Tiede and Buescher ( 1 4 )  
t h a t  blue luminescence occurred when a flame touched boron n i t r i d e  i n  

E. L. Nichols ( 1 0 )  claimed t h a t  at much higher  temperatures he had 

, 
\ 

1 
I 

L 

a carbon boat heated e l e c t r i c a l l y  t o  redness. 

rsbserved l i g h t  outputs  from mater ia ls  heated i n  an oxyhydrogen flame 
t h a t  :.rere severa l  times g r e a t e r  than  t h e  l i g h t  output from a blackbody 
a t  thc- same temperature. Apparently t h i s  work was inspired by the 



l imel ight  which w a s  produced bG4keating a cyl inder  o f  lime with an 
oxyhydrogen flame. 
be brought t o  t h e  flame from time t o  time was i n t e r p r e t e d  t o  mean 
t h a t  s o m e t h m  other  than t h e m a 1  r a d i a t i o n  was inmlved (8 ) .  
Neunhoeffer (3) repor t s  tha t  Lhe na tura l  chalks from which t h e  lime 
was Prepared contain rare ear ths .  If  t h i s  were known t o  Nichols, it 
would no doubt have suggested t o  him that t h e  r a r e  e a r t h s  were ac t iva-  
t o r s  i n  a luminescence process. However, t h e  work of  la ter  inves t i -  
ga tors  indicated that the l imel ight  was similar t o  the l i g h t  of t h e  
Welsbach mantle i n  t h a t  both are only exci ted thermalky. 

Nichols appl ied his  "Dhosphors" on ceramic adjacent t o  a uranium- 
oxide-coated 8rea. and heated both areas evenly w i t h  an  oxyhydrogen 
flame. 
t h e  uranium oxide vas taken t o  behave e s s e n t i a l l y  as  a blackbody and 
t o  have t h e  same temperature as t h e  companion material. Many mixtures 
Of  co lor less  oxides u i t h  small amounts of r a r e  ear ths ,  o r  w i t h  some 
o ther  elements t h a t  were a l s o  regarded as ac t iva tors ,  had a g r e a t e r  
emittance than uranium oxide. E.C.W. Smith (11) repeated some of 
Nichols 's  experiments and obtained similar emittance readings.  He 
then proceeded t o  determine o r  approximate the  a c t u a l  temperature o f  
t h e  two coatings - a matter of some d i f f i c u l t y .  By means of thermo- 
couples made of extremely f i n e  wires, he was able t o  show lwge d i f -  
ferences i n  the temperatures of t h e  two coatings - di f fe rences  s u f f i -  * 
c i e n t  t o  conclude tha t  at  incandescence temperatures there was no 
emission o ther  than thermal. This conclusion has been confirmed by 
Sokolov and h i s  eo-workers (12), (13). 

genera l ly  accepted as the major source of energy f o r  the low-temper- 
ature e x c i t a t i o n  (1) , ( 7 ) ;  earl ier Donau ( 5 )  and Nichols (10 con- 
s idered an oxidation-reduction mechanism, and Neunhoef fer  ( 9  1 thought 
that e lec t rons  i n  the flame were responsible.  Smith, and Arthur and 
Townend (l), ( 2 )  inves t iga ted  t h i s  quest ion w i t h  phosphors composed 
of calci1.m oxide ac t iva ted  w i t h  manganese, antimony, o r  bismuth. They 
found that: 
1. Activated oxides t h a t  luminesce i n  hydrogen flames a l s o  luminesce 

when subjected t o  t h e  a c t i o n  of hydrogen atoms produced i n  an  e lec-  
t r i c a l  discharge.  When subjected t o  t h e  la t ter  a c t i o n  and heated 
e l e c t r i c a l l y ,  t h e  color  of the luminescence approached t h e  co lor  
produced i n  t h e  flame. Presumably, the temperature of the heated 
oxides approached the temperature of oxides i n  the flame. 

hydrogen i s  burned under reduced pressure.  T h i s  e f f e c t  w a s  pre- 
sumed t o  be caused by a decrease i n  t h e  number o f  three-body 
c o l l i s i o n s .  These c o l l i s i o n s  remove hydrogen atoms by recombination. 

3 .  The luminescence i s  s t rongest  i n  hydrogen, e r r a t i c  and very f a i n t  
i n  town gas, and absent i n  carbon monoxide flames. It i s  a l s o  
absent i n  methane and ethylene flames t e s t e d  a t  pressures  from 
atmospheric t o  10 em Hg. 

4. The luminescence i s  extinguished when small amounts of hydrocarbon 
gases or vapors are added t o  t h e  hydrogen. 

The f a c t  that a fresh port ion of the lime had t o  

Observations were made of both a reas  with an o p t i c a l  pyrometer; 

I n  hydrogen flames, a t  l e a s t ,  recombination of hydrogen atoms i s  I 

2. The i n t e n s i t y  of hydrogen flame luminescence increases  when t h e  



I -4:c~rciiny t o  recent  s tud ies  o ;i42 flame mechanisms, hydrogen atoms are 
m>zs?Iit i_n the methane-air flame as well as  i n  t h e  hydrogen flame (15). 
This it aypna!-eC! reasonable t o  search f o r  phosphors t h a t  candoluminesce 
i n  th3  :?,t!isnL7-air flame. This search and t h e  study of t h e  character- 
i s t l - s  of t h i s  phmonenon were the object ives  o f  our invest igat ion.  

I 
\ 

?.!-I; c pial s 

R-rc zarthc: vere obtaineci as ?..?.'?:I pure oxides from Lindsay i 

Ci?c.:-:iccl P i v i s i o n  of Amrican lo tash  and Chemical Corporation. Other 
z h m i .  :?-ls vert rcsearch  grade. 

Ca1ci.w OxiSe Phosphors 

I Calcium and rare .earth n i t r a t e  solut ions were prepared and mixed 
i n  the required amounts. The mixed n i t r a t e  so lu t ion  was slowly poured 
i n t c  hot mionium carbonate so lu t ion  with s t i r r i n g .  The prec ip i ta te  
vas C i l t : ? m d ,  mshed v i t l i  hot ammonium carbonate solut ion,  d r i e d  a t  
13C)°C, and i g n i t e d  a t  900°C for 30 minutes. 
:wr? prcpared by p r e c i p i t a t i o n  from t h e  n i t r a t e  i n  the same manner. ! 

-The pure r a r e  e a r t h  oxides 

Y t t r i u m  Europium Tunastate - (YO. ~ E u o .  I)PO~WO~ - and Gadolinium 

T!ie required amounts of the  oxides ( tungs t ic  ac id  i n  t h e  case of 
t j q s t e n )  wme mixed, heated i n  a platinum cruc ib le  a t  1000°C f o r  2 
hours, :-round with mortar and pes t le ,  and reheated a t  1000°C f o r  2 
hours. The X-ray p a t t e r n s  of t h e  two-products showed t h a t  i n  both a 

Europ.i.um Molybdate - ( Gdo. &uo. 1 >Os. Mooa 
I 

new phase had been .formed. ,( 

Screcninp; Tests  
I 

Mounting s t r i p s  about 2 cm wide and 1 0  em long were made of insu la t ing  
f i r e  br ick  and of  copper sheet. Phosphor powder, t h i c k  enough t o  hide ' 
the  surface of t h e  s t r i p ,  w a s  pressed on t o  it with a spatula .  The 
nearl:i v e r t i c a l  face  o f  t h e  s t r i p  was observed a s  it was passed through 

' 
a methane-air flame (bunsen burner) and a hydrogen d i f fus ion  flame i n  
a dark room. ( 

I Spectra 

T h r n e  d i f f e r e n t  methods of  mounting the phosphors were used i n  
o b t a i n i w  t h e  spec t ra .  
a ture ,  t h e  phosphor w a s  appl ied as a paste t o  a s i l i c o n  carbide rod. 
Pastes made with monomethyl e s t e r  o f  ethylene glycol  seemed t o  adhere 
a f t e r  drying somewhat b e t t e r  than those made w i t h  o ther  l i q u i d s .  The 
s i l i c o n  carbide rod, about 6 mm i n  diameter, w a s  he ld  between two 
vater-cooled electrical  terminals t o  allow the  e l e c t r i c a l  current  
passing between the terminals  t o  heat  t h e  s i l i c o n  carbide rod and t h e  
phosphor. 

on the f r i t t e d  d i s k  o f  a Gas-dispersion tube. 
operated as  a porous-plat€ burner (Figure 1) without p-imary air. 

When we wished t o  observe the e f f e c t  o f  temper- 

iYhen hydrogen was used as a fuel ,  t h e  phosphor could be coated dry  1 
The f r i t t ed  d isk  was 

I 

b Knoiin ai-,o~ints of o t h e r  gases could be added t o  t h e  hydrogen. 
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methane-air flame was t o  be used. The p l a t e  was 1 i n .  square x l/$ in .  
t h i c k  w i t ! i  trro l /k- in .  copper tubes soldered t o  the back f o r  cooling 
water. P la t ing  t h e  face w i t h  s i l v e r  was found t o  be necessary t o  pre- 
vent slow Poisoiling of t h e  phosphor by the  copper. The phosphor vas 
se t t led  onto the  p l a t e  from a water suspension. The p l a t e  was mounted 
fac ing  upwards at about 45' t o  t h e  hor izonta l  and the flame of a 

The phosphor i jas coated on a water-cooled eo r p l a t e  when a 

1 National Welding Equipment Go. Type-3A blowpipe w a s  d3,rected downward 
j o n t o  i t .  

I A Beckmail DK-2 spectrophotometer w i t h  an I P  28 photomultiplier was 

A s l i t  opening of 0 . 4  mm without an  aux- 

used t o  record spectra .  The backplate of the lamp housing was removed 
t o  al1o:s d i r e c t  entrance of the rad ia t ion  from the exci ted phosphor 
i n t o  t h e  spectrophotometer. 
i l i a r y  l igh t -ga ther ing  system gave s u f f i c i e n t  e n e r a .  Varying l i g h t  
i n t e n s i t y  Prom t h e  f l i c k e r i n g  of t h e  flame was troublesome and made it 
necessary t o  use  the highest  t i m e  constant and the slowest recording 
r e t e  of t h e  instrument. The porous-plate burner gave t h e  s t e a d i e s t  
rad ia t ion .  

RZSULTS I 

Screening tests t o  discover phosphors t h a t  candoluminesce i n  methane- 
a i r  flames o r  i n  hydrogen flames were run on a number of commercial 
phosphors and on o thers  prepared i n  our l abora tor ies .  The la t ter  were 
p r i n c i p a l l y  rare ear ths  - pure and i n  calcium oxide. The phosphors 
were spread on f i r e - b r i c k  slabs and on copper s t r i p s  - t h e  lat ter t o  
hold down the temperature of t h e  phosphor a t  least momentarily - and , 
t e s t e d  by impi,agement i n  both hydrogen and methane-air flames. Sev- 

r e s u l t s  a r e  shown i n  Tables 1 and 2. These r e s u l t s  should be regarded 
as t e n t a t l v e  r a t h e r  than conclusive. 

A few addi t iona l  phosphors not l is ted i n  the tables were t e s t e d .  ' Three General E l e c t r i c  s i lver -ac t iva ted  zinc s u l f i d e s  (NOS. 118-2-3, 
118-2-11, and 118-3-1) showed emission i n  the blue.  Their  spectra ,  
abtained wi th  a hydrogen d i f f u s i o n  flame on a f r i t t e d  g l a s s  disk,  
showed that the emission w a s  t h e  band spectrum of S2 and t h a t  no cando- 

p o s i t i o n  of the phosphor. 
showed both candoluminescence and t h e  band spectrum o f  S2 (Figure 27. 
A boron n i t r i d e  sample from Carborundum' Co., Electronics  Divis ion 
showed weak, green luminescence i n  hydrogen and methane flames. Two 
recent ly  developed rare e a r t h  phosphors, (YO. s EUO. 1)203-W03 and 
( Gdo. eEuo. 2 )  2 0 3 -  MOOS were prepared a n d  tested ( 4 )  . 
i n  hydrogen and metharle flames on the f i r e - b r i c k  s t r i p .  

o t h e r  than candoluminescence. 

( v h i t e  t o  yellowish white),  by t h e  absence of a maximum o f  emission 
i n t e n s i t y  v i t h  increasing temperature of  the phosphor, and by equal 
mission \?hen the  phosphor i s  heated t o  t h e  same temperature w i t h  o r  

e i t h o u t  t h e  flame. 
e l e c t r i c a l l y  neated s i l i c o n  carbide rod, and temperature equivalence 
'was indicated by t h e  emission o f  t h e  phosphor a t  2.25 microns. 

, eral phosphors that candolumenesce i n  both flames irere found. Detailed 

)luminescence w a s  present ( 6 ) .  The S2 was undoubtedly formed by decom- 
Zinc s u l f i d e  ac t iva ted  by s i l v e r  and cop er 

Both luminesced red 

, 
,was probably thermal. 

Light emission in some of the screening tes ts  may have had a source 
The emission from magnesium germanate 

T h i s  i s  indicated by t h e  co lor  of t h e  emission 

For th i s  tes t ,  t h e  phosphor was mounted on t h e  

Light 

J 

! 
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Table 1. LIGHT EMISSION OF Y"TRIUM OXIDE AND RARE EARTHS (Pure and 

in CaO) IN HYDROGEN AND METHANE-AIR FLAMES 

Element 

Y t t r i u m  

hnthanm. 

Neodymium 

Samarium 

G a d O l i n l u m  

Dyspmsium 

Holmium 

Erbium 

Ytterbium 

- Fure oxide. 

Atomic 
No. a 
39 Y 
- 

57 la 

59 Pr  

60 Nd 

62 9m 

64 cd 

66 Dy 

67 H@ 

68 Er 

70 Yb 

Metal 
Conc 
in 
CaO. 

vtF 
0.2 
1.0 
Po' 

0.2 
1.0 
PO 

. 0.2' 
1.0 
PO 
0.2  
1 . 0  
Po 

0.2 
1.0 
PO 
0.2 
1.0 
PO. 
0.2 
1 .0  
PO 

0.2 
1.0 
Po 
0.2 
1.0 
Po 
0.2 
1.0 
PO 

3 i t h  €L LU W- 
h t  m s s l o n  

- r  

On 
cu 

Trace 
Trace 
Weak 

Trace 
Trace 
Weak 

Trace 
Trace 
N i l  

Trace 
Trace 
N i l  

Trace 
Trace 
N i l  

Trace 
Trace 
Strong 

Trace 
Trace 
N i l  

Trace 
Trace 
N i l  

Trace 
Trace 
N i l  

Trace 
Trace 
N i l  

On 
F i r e  

?M& 
Weak 
Trace 
Trace 

Weak 
Weak 
Trace 

S t m n g  
Strong 
Trace 

Trace 
Weak 
Trace 

Trace 
Trace 
N i l  

Trace 
Weak 
Strong 

Trace 
Weak 
N i l  

Trace 
Weak 
Trace 

Trace 
Weak 
Trace 

Trace 
Trace 
N i l  

on 
cu 

N i l  
N i l  
Trace 

N i l  
N i l  
N i l  

N i l  
Trace 
N i l  . 

N i l  
N i l  
N i l  

Trace 
N i l  
N i l  

N i l  
N i l  
Trace 

N i l  
N i l  
N i l  

N i l  
N i l  
N i l  

N i l  
N i l  
N l l  

N i l  
N i l  
N i l  

on 
Fire 
m 
N i l  

3: 

N i l  
N i l  
N i l  

Strong 
s t rong  
N i l  

N i l  
N i l  
N i I  

Trace 
Trace 
N i l  

N i l  
N i l  
W e a k  

N i l  
N i l  
N i l  

N i l  
N i l  
Trace 

N i l  
N i l  
N i l  

N i l  
Trace 
N i l  

Color 
Viole t  ! 

I Viole t  
Green 
and 
Orange 

Lavender 4 
lavender 
Green 
-and 
Orange I 

Red 
Red I 
Red 

Vio le t  
Lavender 
Red 

O e e  
orange -- 
Viole t  
Vio le t  
Red 

Lavender 
Blue 

! 
I 

-- 
Aqua t o  Blue 
Aqua 
Red 

Blue 
White 
Red 

Lavender 
Red i -- 

I 

1 
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emission i n  a few cases may be 
es vas shom i n  t h e  case of t h e  s i l v e r - a c t i v a t e d  zinc su l f ides .  

by decomposition of t h e  phosphor, 

The manganese-activated zinc phosphate (Sylvania No. 151)  phosphor 
appeared to give t h e  most in tense  luminescence emission i n  methane-air 
flames o f  m y  tes ted ,  and, accordingly, i t s  l i g h t  emission was inves t i -  - aated fur ther .  \Then the  phosphor was coated on a f r i t t e d  disk and t h e  
E i s k  used as  e porous-plate burner, a steady emission w a s  obtained with 
a hyerocen dif ' fusion f'lame. However, no emission could be obtained i n  
t h i s  manner v h m  the  f r i t t e d - d i s k  burner was f e d  w i t h  Qure methane o r  
v i t h  a --thane-air mixture.  O n l y  when the phosphor w a s  brought into a 
i3dnsnn flair.? -;:as t he  l i g h t  emission observed. We do not know t h e  cause 
sf t h i s  e f f s c t .  A g r e a t e r  concentration of hydrogen atoms i n  t h e  hydro- 

play a. r o l e .  The high d i f f u s i v i t y  and o ther  properties 

i hz't zause i t s  flame t o  burn c l o s e r  t o  t h e  s o l i d  surface 
r L  o r  grea te?  importance. 

S s s c t r e  recor2ed with t h e  Beclanan DK-2 spectrophoto.meter were used 
t o '  zonpare t he  l i g h t  emission of t h i s  phosphor i n  the hydrogen flame 
v i t h  i t s  emission i n  t h e  methane-air flame. The phosphor was coated 
on 2 s i l i c o n  carbide r o d  for this experiment. No s i g n i f i c a n t  d i f f e r -  , 
ence o ther  than that of t h e  emission from t h e  flame i t se l f  was observed 
('izurc, 3 ) . I 

T!ie e f f e c t  o f  temperature on the  l i g h t  emission of t h e  phosphor was 
i nvasti.?at?5 by e l e c t r i c a l l y  heat ing the s i l i c o n  carbide rod. 
nethanerair  flame impinging .on the  phosphor-coated rod, and with the 
spectrophotometer focused on t h e  rod near  one of i t s  water-cooled ends, 
t h e  L i & t  emission increased t o  a maximum with an  increase i n  e l e c t r i c a l  . 
hGatin5, then decreased t o  near e x t i n c t i o n  with f u r t h e r  heating. This 
agrees wi th  the  observat ion of  Neunhoeffer (9)  that the  hydrogen flame. 
candoluminescence of calcium oxide impregnated w i t h  various ac t iva tors  ' 
e s h i b i t  s temperature m a x i m a .  

When'the phosphor w a s  heated t o  a s t i l l  higher temperature, thermal 'i emission appeared. When t h e  emission o f  the phosphor was corrected 
f o r  the emission of t h e  flame, no e s s e n t i a l  difference i n  emission a t  
high temperatures with and without the  flame was evident.  These experi- .' 
ments indicated that  t h e  low-temperature l i g h t  emission experienced 
with this. phosphor i s  candoluminescence, but t h a t  candoluminescence i s  
not  involved i n  t h e  high-temperature emission. 

This phosphor w a s ' t h e  only one o f  severa l  t e s t e d  that  luminesced i n  
E carbon monoxide flame. The question o f  e x c i t a t i o n  i n  t h i s  flame by 
high-energ;; species o t h e r  than  hydrogen atoms was not pursued. 

Spectra of the  luminesccnces from severa l  phosphors excited by 
hydrogen burning on t h e  surface of a s in te red  g l a s s  d i s k  were obtained, ' 
a& the e f f e c t  o f  t h e  a d d i t i o n  o f  small amounts of carbon monoxide and 
methan? t o  t h e  f u e l  w a s  observed. The.phosphors were calcium s i l i c a t e  ' 
a z t i v a t e c  with lead and manganese (Sylvania No. 290), calcium oxide , 
a c t i v a t e d  v i t h  ytterbium, calcium oxide ac t iva ted  with praseodymium, 
and s a l c i m  oxide a c t i v a t e d  w i t h  samarium. The spec t ra  obtained from 
the  f5rst  three  of t h e s e  phosphors when they  a r e  exci ted w i t h  pure 
hj-d?Ggen burning on a f r i t t e d  d i s k  are shown i n  Figure 4. The Sylvania 1, 
KG. 24.9 phosphor emits wi th  a broad peak i n  t h e  green. Praseodymium- 
ecti:retc.c c a l 2 i m  oxide shows two peaks - one at 595 millimicrons / 

(p110:.1) and a weaker one a t  490 millimicrons (blue-green).  Ytterbium- 1 

With a 

I 
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a c t i v a t e d  calcium oxide a l s o  sh&J two peaks - one at  375 millimicrons,  
which i s  i n  t h e  u l t r a v i o l e t .  Samarium-activated calcium oxide a l s o  
emits with a similar peak i n  the u l t r a v i o l e t  and another at  570 , 

mllllmicrons (yel low),  as shown i n  Figure 5. 

The e f fec t  of t h e  addi t ion  of small amounts (1 t o  10  volume percent)  
Of carbon monoxide o r  methane t o  t h e  hydrogen burning on t h e  f r i t t e d  
d i s k  was d i f f e r e n t  for each of these phosphors. Luminescence of the  
Sylvania No. 290 phosphor was s u b s t a n i t a l l y  unchanged with addi t ion  of 
as much a s  105 o f  the carbon monoxide o r  methane. Lwipescence of t h e  
Praseodymium-activated calcium oxide was not g r e a t l y  a f f e c t e d  by ad- 
d i t i o n  of 1" o f  the carbon monoxide o r  methane, b u t  decreased rap id ly  
with g r e a t e r  amounts. 
obtained with 6 2  carbon monoxide or 846 methane. The luminescence of 
t h e  ytterbium-activated calcium oxide was even more s t rongly  quenched 
by t h e  addi t ion  of carbon monoxide o r  methane. With these  phosphors, 
only the i n t e n s i t y  of t h e  luminescence was af fec ted .  

t h e  luminescence was a l s o  affected,  as shown i n  Figure 5. 
a d d i t i o n  of carbon monoxide, emission by this phosphor i n  both wave- 
length  regions decreased i n  i n t e n s i t y ,  and, a t  about 3% carbon monoxide, 
emission i n  the 375-millimicron region had v i r t u a l l y  disappeared. 
570-millimicron peak, however, was replaced by two narrower emission 
bands with peaks a t  about 560 and 595 millimicrons. With f u r t h e r  addi- 
t i o n  of carbon monoxide t h e  i n t e n s i t y  o f  t h i s  emission increased t o  a 
maximum several times more in tense  than the o r i g i n a l  peak emission, 
then  decreased. These e f f e c t s  were not observed upon the addi t ion  o f  
methane t o  the flame. 
Fn t h e  two cases i s  shown i n  Figure 6. 

from a water suspension onto a water-cooled copper plate. 
were obtained i n  this way w i t h  methane-air exc i ta t ion .  

s i l i c a t e  (Sylvania No. 161) by t h e  cooling of the copper p l a t e  was very 
pronounced. (Figure 7 ) . 
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Figure 4 .  E M I S S I O N  SPECTRA OF PHOSPHORS EXCITED BY A 
HYDROGEN D I F F U S I O N  FLAME 
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I and r o t a r y  k i l n s  f o r  t h e  hea t ing  and cool ing  of s o l i d s  r e q u i r e s  t h a t  
The r a t i o n a l  des ign  of  equipment such a s  s h a f t  c o o l e r s ,  h e a t e r s ,  

t he  thermal  p rope r t i e s  of t h e  s o l i d s  be  known. Thermal conduc t iv i ty  i s  
one of these  p r o p e r t i e s  t h a t  t o  measure n e c e s s i t a t e s  e l a b o r a t e  equipment 

I and tiqe-consuming techniques.  

A r ap id ,  s imple method has  been developed €or determining t h e  
thermal conduct iv i ty  of s o l i d s . '  The s o l i d s  can be e i t h e r  porous or  non- 
porous and of e i t h e r  high o r  low conduct iv i ty .  I f  high-conduct ivi ty  , mate r i a l s  a r e  t e s t e d ,  then  both t h e  thermal  conduct iv i ty  and h e a t  capa- 

I c i t y  caq be s imultaneously measured by t h e  method. 

The procedure involves  preparing a c y l i n d r i c a l  b r i q u e t t e  of t h e  

l q u e t t e  i s  heated t o  a cons t an t  temperature  a f t e r  which it i s  suspended ' i n  an open-end g l a s s  tube and cooled by a known flow of n i t r o g e n  o r  any 
o t h e r  nonreact ive gas. The thermal  conduct iv i ty  i s  then computed from 

(.a d i g i t a l  computer comparison of  t h e  cool ing  curves f o r  t h e  t e s t  s o l i d  
' versus  a r e fe rence  s o l i d  of  known thermal  p r o p e r t i e s  and s i m i l a r  s i z e  1 t h a t  has  undergone t h e  same hea t ing  and cool ing cyc le .  The method was 

v a l i d a t e d  by us ing  t h e  known thermal  p r o p e r t i e s  of lead ,  aluminum, and 
s i lver  and computing t h e  t h e o r e t i c a l  cool ing  curves.  The t h e o r e t i c a l  , curves w e r e  i n  close agreement wi th  t h e  experimental ly  measured cool ing  
curves for  these  m a t e r i a l s .  

. t e s t  s o l i d  th'at has a thermocouple loca t ed  i n  t h e  cen te r .  This b r i -  

Theory 

I The mathemat ica l .bas i s  f o r  determining thermal  conduc t iv i ty  by 
t h e  descr ibed  method i s  d iscussed  i n  a paper  by Newman') and is sum- ' marized as follows. 

( 1. 
Consider a c y l i n d r i c a l  b r i q u e t t e  as shown i n  Figure 

t i o n  i n  t h e  x-d i rec t ion  i s  (see nomenclature for  d e f i n i t i o n  of t h e  v a r i -  
The d i f f e r e n t i a l  equat ion  f o r  unsteady s ta te  h e a t  t r a n s f e r  by conduc- 

1 .  
1 For a b r i q u e t t e  of t h i ckness  Za, the c e n t r a l  p lane  being a t  x = 0 and 
) assuming: 
i ' 1) uniform temperature a t  the s t a r t  of cool ing  o f  t h e  i n i t i a l l y  h o t  
1 br ique t te  
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then t = to when e = 0 

2) t h e  f i n a l  temperature  of the  b r i q u e t t e  w i l l  be t h e  temperature of 
t h e  surroundings : I 

t h e r e f o r e  t = t, when e = *go 

consequently -k (2;) - = 0 a t  x 0 

3 )  t h e r e  is no h e a t  flow ac ross  t h e  c e n t r a l  plane because of symmetry: { 
I 

The h e a t  balance on t h e  b r i q u e t t e  su r face  is made by equat ing  h e a t t r a n s -  
f e r r e d  to  the  s u r f a c e  by conduction with h e a t  t r a n s f e r r e d  from t h e  su r f ac  
by convect&,on.. In  d i f f e r e n t i a l  form, t h e  hea t  balance i s :  ' 

-k d t  = h ( t  - t,) a t  x = +a 
. (a4 % 

Newman') showed t h a t  t h e  s o l u t i o n  to  Equations (1) through 
i n  terms of a dimensionless  temperature  r a t io  Yx is: 

ma 
(I+$ ma2 +ma) cospn 

where A n =  and 

pn are de f ined  as t h e  f i r s t ,  second, t h i r d ,  etc.,  r o o t s  of 
cendenta l  equat ion:  

P n  TAN pn - I /ma = 0 

The s u r f a c e  t o  s o l i d  thermal resistahce r a t i o ,  ma, 

ma = k/ha 
and Xa is  de f ined  as: xq = a e / a 2  
where t h e  thermal  d i f f u s i v i t y  is: a = k/p Cp 

( 5 )  

(5 )  expressed 

t h e  t rans-  

(7) 

S i m i l a r i l y  , cons ide r ing  r a d i a l  h e a t  t r a n s f e r  , t h e  . r ad ia l  br iquet t l  
h e a t  balance i s  

The i n i t i a l  cond i t ion  equat ion  is: 

t o t o  WHEN' 8 = 0  

The f i n a l  temperature equat ion  is: 

t =  1, WHEN 8 .  - 
The boundary cond i t ion  equat ions  are: 

- k  (g)=O AT r = O  

(12) i 
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and - k  (%)= h ( t - t s )  AT f = R  

Solving Equations (11) through (15) gives:  

and Pn ar,e t h e  f i r s t ,  second, t h i r d ,  etc. ,  r o o t s  of the equation: 

P n J I ( f i n )  - I/mr Jo(Pn) =.O ( 1 8 )  

The su r face  t o  s o l i d  thermal r e s i s t a n c e  r a t i o ,  mr is  

frIr = k / h R  (19 1 

and . .  

I x ,  = a8/R2 
( 2 0 )  

The complete d i f f e r e n t i a l  equat ion  f o r  t h e  case shown i n  Fig.  1 
i s  : 

~ and t he  so lu t ion  to  Equation ( 2 1 )  is: 

I f  t h e  cen te r  temperature def ined a t  r = 0 ,  x = 0 i s  tc, then , eqn. 2 2  becomes: . .  
I 

= Yr Y, tC’+S 
t o  ’tS 

Yc=  - 
where y, and YX are eva lua ted  a t  r = 0 and x = 0. 

1 
i 
l o r  change i n  c e n t e r  temperature f o r  a c y c l i n d r i c a l  b r i q u e t t e  i s  a func t ion  
I o f ,  time ( 8  ) , dens i ty  ( e )  , thermal conduct iv i ty  (k) , the sur face  hea t  
) t r a n s f e r  c o e f f i c i e n t  (h)  , s p e c i f i c  hea t  (C,) and t h e  b r i q u e t t e  dimensions 
I as expressed by Equation (23). 

The preceding mathematical ana lys i s  shows t h a t  t h e  r a t e  of cool ing ,  

The experimental  technique can now be descr ibed i n  terms of th; 
~ p ~ v i o u s  d iscuss ion .  
, s u e d  experimental ly  f o r  a mate r i a l  of known thermal and phys ica l  prop- 
‘erties (s tandard b r i q u e t t e )  , t h e  su r face  h e a t  t r a n s f e r  c o e f f i c i e n t  can be 

I f  t h e  change i n  c e n t e r  temperature wi th  t i m e  is Rsa- 

ca l cu la t ed  from Equation (23), s i n c e  i t  is  the  only  unknown. 
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flow r a t e  of the cool ing  gas and the  geometry and s i z e  of the  br ique t te .  
I t  i s  independent of a l l  o t h e r  phys ica l ,  thermal,  o r  chemical proper t ies  
of t h e  b r ique t t e .  Therefore ,  any o t h e r  b r i q u e t t e  having s i m i l a r  dimen- 
s ions  and cooled a t  the same flow rate w i l l  have the  same value f o r  (h). 

The surface h e a t  t r a n s f e r  c o e f f i c i e n t  (h )  i s  a func t ion  of the 

Once (h)  has  been determined using the  s tandard b r i q u e t t e ,  the 
thermal conduct iv i ty  of  any t e s t  m a t e r i a l  can b e ,  determiped from Equa- 

. t i o n  (23) s ince  a l l  o t h e r  v a r i a b l e s  a r e  known. 

A computor program has been w r i t t e n  which through an i t e r a t i v e  
process  determines t h e  best va lue  of (h)  which makesthe ca l cu la t ed  
va lues  f o r  t he  dimensionless  temperature r a t i o  equal  t o  the experimental 
va lues  obtained when t h e  s tandard  b r i q u e t t e  i s  cooled. 

With (h)  deter&ned, another,  computor program is  run f o r  t he  test  
specimen. Thermal conduc t iv i ty  i s  now t h e  unknown v a r i a b l e  and through 
another  i t e r a t i v e  scheme, the b e s t  va lue  f o r  (k) t h a t  makes t h e  calcu- 
l a t e d  and experimental  va lues  f o r  the temperature r a t i o s  equal  i s  found. 

The inpu t  d a t a  f o r  bo th  programs c o n s i s t  of dens i ty ,  s p e c i f i c  
hea t ,  time, b r i q u e t t e  dimensions, and s e v e r a l  experimental  values fo r  
the temperature r a t i o .  The ou tpu t  from the f i r s t :  program (s tandard)  i s  
the b e s t  value f o r  ( h ) .  Using t h i s  value f o r  ( h ) ,  the  second program 
used t o  determine the  k value  €or  any test material. If  a highly conduc- 
t i v e  material i s  t e s t e d ,  then  i t  is  poss ib le  t o  determine i t s  hea t  capa- 
c i t y  s i n c e  t h e  s o l i d  thermal  r e s i s t a n c e  w i l l  be  s m a l l  compared t o  the 
su r face  thermal resistance. A t r a n s i e n t  h e a t  balance can be w r i t t e n  f o r  

. the test solid cool ing  i n  a s t ream.of  coolan t  gas. 

VpCp dt 
de 

= hA (t - ts) 

I n  the above equat ion,  t = tc s i n c e  the  thermal g rad ien t  i n  the s o l i d  i s  
'neglected.  I n t e g r a t i n g  Equation (24 )  and us ing  the dimensionless temp- 
e r a t u r e  r a t i o ,  Yc g ives :  

Yc = exp(hA/pCpV) e (25) 
Thus, i f  the i n t e r n a l  s o l i d  thermal r e s i s t a n c e  i s  neg l ib l e ,  a p l o t  of 
t h e  experimental  Yc ve r sus  e d a t a  on semilog paper  should be l i n e a r  as 
shown by Equation ( 2 5 ) .  The hea t  capac i ty ,  Cp, can be ca l cu la t ed  from 
the s l o p e  of the l i n e  for Yc versus  e s i n c e  (h) is the same as f o r  the 
s t anda rd  b r i q u e t t e  and the dens i ty ,  p ,  and t o t a l  su r f ace  area, A, fo r  
the test material are a l s o  known. 

Materials and Experimental  Work 

A primary advantage of the t r a n s i e n t  technique f o r  determining 
thermal  conduc t iv i t i e s  is the ease and swif tness  w i t h  which t h e  experi-  
ment can be conducted. 

I n  so f a r  assunple  prepara t ion  is concerned, any s o l i d  that C a n  
be b r i q u e t t e d ,  c a s t ,  or f a b r i c a t e d  around a c e n t r a l l y  loca t ed  r i g i d  

c 
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thermocouple ( x  = 0; r = 0)  may ue  t e s t ed .  Finished tes t  sazple ciriin- 
d e r s  should be approximately one inch i n  diameter ,  and one-haif i n c h  ir. 
he igh t ;  however, o t h e r  dimensions can be used. 

Experimental Apparatus 

The experimental  apparatus  (see Figure 2 )  c o n s i s t s  simply of a 
3-inch diameter g l a s s  tube approximately 3 feet i n  length.  One end of 

, the  tube .is completely s toppered except  f o r  a one-half iAch c i r c u l a r  
opening through which the  coolan t  gas flows. The o t h e r  end of t h e  tube 

I i s  open t o  the  atmosphere. A smal l  e lec t r ic  furnace i s  Lised t o  hea t  
1 the  b r i q u e t t e ,  and an automatic s i n g l e  po in t  temperature recorder  con- 

nected t o  the embedded thermocouple i s  used t o  measure t h e  cen te r  temp- 
e r a t u r e  of the  b r i q u e t t e .  

Experimental Procedure 

The experimental  procedure is t h e  same f o r  both the  s tandard and 
tes t  b r i q u e t t e s .  E i the r  the  s tandard  (aluminum was chosen s i n c e  i t s  
thermal p rope r t i e s  are w e l l  e s t a b l i s h e d ) ,  o r  t h e  test b r i q u e t t e  i s  con- 
nected t o  t h e  temperature recorder  by way of the thermocouple lea&.  
The b r i q u e t t e  is heated u n t i l  t h e  c e n t e r  temperature has  reached a con- 
stant , predetermined value.  The b r i q u e t t e  i s  then quick ly  removed from 

1 the  furnace and suspended i n  t h e  cool ing t u b e  with the cool ing  gas flowing 
a t  a cons tan t  r a t e .  The b r i q u e t t e  i s  usua l ly  cooled t o  the temperature 
of t he  cool ing gas wi th in  2 0  minutes. 

D a t a  Processing 
I 
i For the  s tandard  b r i q u e t t e  , t he  experimental  dimensionless temp- 

e r a t u r e  r a t i o  versus  t i m e  d a t a  p o i n t s  f o r  t he  s tandard b r i q u e t t e  along 
wi th  t h e  known thermal p r o p e r t i e s  a r e  used t o  c a l c u l a t e  t he  su r face  co- 

t e f f i c i e n t ,  h ,  i n  t he  fol lowing manner. A d i g i t a l  computer program is  ’ w r i t t e n  t o  compute Yc from Equations ( 6 )  through (231. By i t e r a t i o n  . and assuming var ious  values  of  ( h ) ,  t he  computed values  of Yc can be 
! made t o  converge on each of s e l e c t e d  experimental  Yc versus  e d a t a  
i p o i n t s .  Thus, f o r  a s e l e c t e d  d a t a  p o i n t ,  t he  b e s t  experimental  (h) i s  

t h a t  which when used i n  Equations (8) and ( 1 9 )  r e s u l t s  i n  equal  values  
f o r  t h e  computed and experimental  Yc va lues .  

\ 
t For low conduct iv i ty  tes t  materials, the  same method i s  used t o  

\ 
1 

determine t h e  b e s t  experimental  value of k by us ing  the h determined f o r  
the s tandard  and t h e  o t h e r  p r o p e r t i e s  of t he  tes t  ma te r i a l .  I f  the t es t  
m a t e r i a l  i s  a good conductor as d iscussed  i n  t h e  theory s e c t i o n ,  then 
exper ience  has  shown t h a t  h should be computed from the experimental  
cool ing  curve and then t h i s  va lue  i s  used tommpute k by t h e  same method 
as f o r  low conduct iv i ty  test ma te r i a l s .  

t 
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Discussion and R e s u l t s  

Three b r i q u e t t e s  of aluminum, lead and s i l v e r  were made to  
test  the  v a l i d i t y  of the  experimental  technique s ince  t h e i r  thermal 
p r o p e r t i e s  were a v a i l a b l e  from the  l i t e r a t u r e  a s  shown i n  Table I .  
S in te red ,  dense hemati te  (Fe 0 ) and a b r i q u e t t e  of porous carbon 
made from a p a r t i a l l y  devola t ized  coa l  w e r e  used as tes t  mater ia l s  
For t h e s e  ma te r i a l s ,  a l l  p r o p e r t i e s  except  the  thermal Conduct ivi t ies  
shown i n  Table I w e r e  previously measured. Cooling curves f o r  each 
b r i q u e t t e  were measured f o r  a n i t rogen  flow r a t e  of 0 . 9  scfm. Sur -  
face  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  l e a d ,  s i l v e r  and alumixC - vere 
ca l cu la t ed  by t h e  method discussed i n  the  d a t a  processing sec t ion .  
For these ma te r i a l s  , t h e  l l t e r a t u r e  conduct iv i ty  values  were used t o  
c a l c u l a t e  t h e  su r f ace  c o e f f i c i e n t .  T a b l e  I shows t h a t  the  ca l cu la t -  
ed o r  experiment@ h va lues  f o r  each metal  a r e  nea r ly  i d e n t i c a l .  
This r e s u l t  is c o n s i s t e n t  with the  t h e o r e t i c a l  b a s i s  of t he  exper-  
iment and may be considered as e s t a b l i s h i n g  the  v a l i d i t y  of the method. 
Also as a d d i t i o n a l  evidence,  aluminum was choosen as  the  s tandard and 
k values  f o r  l ead  and s i l v e r  were ca l cu la t ed  using the  h value f o r  alu- 
minum. Table I shows t h a t  the  ca l cu la t ed  o r  experimental  k values were 
wi th in  0.5 percent  of t he  l i t e r a t u r e  values .  The conduc t iv i t i e s  f o r  
hemati te  and porous carbon w e r e  ca l cu la t ed  using aluminum as the  stand- 
ard.  F igu re  3 shows t h e  experimental  da t a  po in t s  with the  s o l i d  l i n e s  , 
ca lcu la t ed  from t h e  theory.  Note t h a t  t h e  l i n e  f o r  the carbon i s  cur- 
ved whereas those f o r  t he  metals  and hemati te  a r e  l i n e a r .  As discuss- ' 
ed previously,  a l i n e a r  cool ing  curve is obtained i f  t h e  sur face  t o  
s o l i d  thermal r e s i s t a n c e  r a t i o s  a r e  r e l a t i v e l y  l a rge .  
meta ls ,  l ead  which has  the  lowest conduct iv i ty  and thermal d i f f u s i v i t y  
cooled the  f a s t e s t .  This  r e s u l t  i s  explained by examination of eqn. 
(25) which shows t h a t  f o r  s i m i l a r  gas flows and b r i q u e t t e  dimensions, 
t he  rate of cool ing  f o r  d i f f e r e n t  materials i s  determined by the  hea t  
conten t ,  pC . I t  can be seen  i n  Table I t h a t  the  h e a t  conten t  f o r  lead  
is the  lowegt of a l l  metals tested. 

I 

2.3 I 

1 

i 

Note t h a t  f o r  t h e  

. Summary 

A r a p i d ,  s i m p l e  method f o r  determining thermal conduct iv i ty  f o r  a s o l i d  
has  been developed. 
e i t h e r  high o r  low conduc t iv i ty .  
t e s t e d ,  then both conduct iv i ty  and h e a t  capac i ty  can be simultaneously 
measured from one cool ing  experiment. The method was va l ida t ed  by using 
t h e  known thermal p r o p e r t i e s  of l ead ,  aluminum, and s i l v e r  and the 
experimental  coo l ing  curves i n  a comparsion wi th  the  computed r e s u l t s .  

The s o l i d  can be e i t h e r  porous o r  non-porous and of 
If high conduct iv i ty  ma te r i a l s  a r e  

1 
I 

1 
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Nomenclature 

Half he ight  of b r i q u e t t e ;  f t  

Area; f t 2  

Coe f f i c i en t  i n  i n f i n i t e  series s o l u t i o n  f o r  temperature dis c r i -  
but ion i n  Br ique t t e  

Spec i f i c  hea t ;  BTU/lb O F  

Overa l l  heat t r a n s f e r  c o e f f i c i e n t ;  BTU/hr f t 2  OF 

Surface hea t  t r a n s f e r  c o e f f i c i e n t ;  BTU/hr f t 2  .OF 

Thermal conduct iv i ty ;  BTU/hr f t 2  O F / f t  

Axial  sur face  r e s i s t ance ;  dimensionless 

Radial  su r f ace  r e s i s t a n c e ;  dimensionless 

Heat f l ux ;  BTU/hr 

Maximum rad ius  of b r i q u e t t e ;  f t  

Radius of b r i q u e t t e ;  f t  

Half width of i n f i n i t e  p l a t e ;  f t  

Temperature; OF 

Temperature a t  c e n t e r  of b r i q u e t t e ;  OF 

I n i t i a l  temperature of b r i q u e t t e ;  OF 

Temperature of cool ing gas;  OF 

Distance of d i r e c t i o n ;  f t  

a8 - - - Dimensionless t i m e  parameter f o r  a x i a l  component 
0 2  

= a8 
r2 

= Symbol f o r  temperature r a t i o ,  a x i a l  component; dimensionless 

= Symbol f o r  temperature r a t i o ,  r a d i a l  component; dimensionless 

=(k/eCp) Thermal d i f f u s i v i t y ;  f t 2 / h r  

= T i m e ;  minutes o r  hours 

= Densi ty ;  w f t 3  

Dimensionless t i m e  parameter f o r  r a d i a l  component 
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Table I 
THERMAL AND PHYSICAL PROPERTIES 

Aluminum S i l v e r  L e a d  
a .01842 .02059 

R 

P 

cP 

PCP 

h ( e x p e r i m e n t a l )  

k ( e x p e r i m e n t a l )  

k ( l i t e r a t u r e )  

a (experimental)  

. 0 4 2 0 8  .04210 

1 6 8 . 5 0  655.20 

. 2273  - 0 5 7 8  

38.30 3 9 . 3 1  

5 . 5 8  5 . 7 0  

2 4 0 . 3  

1 2 1 . 7  240 .0  

3 .178* 6 . 1 1 3  

* 
A v e r a g e  of l i terature  sources 

. 0 1 8 4 2  

. 0 4 i i 7  

707 .43  

. 0 3 0 6  

2 1 . 6 5  

5.60 

1 8 . 9 9  

1 9 . 0 0  

.8770 

H e m a t i t e  
.01842 

. 0 4 2 0 8  

306 . O O  

-2090 

6 3 . 9 5  

5 . 5 8  

1 2 . 1 0  

n o n e  

.1892 

. 01958  

. O f 1 2 1  1 

I 

/ 7 5 . 0  

. 2 3 6 0  I 

17.70 

5 . 5 8  

. 0 3 0 7  

n o n e  

- 0 0 1 7 3  
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