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LOW COST FUEL FROM DEGASIFICATION OF COALBEDS 

Maurice D e u l  

Bureau of Mines, P i t t s b u r g h ,  Pa .  

INTRODUCTION 

Coalbed d e g a s i f i c a t i o n  can provide s i g n i f i c a n t  q u a n t i t i e s  of l o w  c o s t  f u e l  w i t h  
none Of the d i f f i c u l t  problems a s s o c i a t e d  w i t h  o t h e r  processes  f o r  unusual  f u e l  pro- 
duc t ion .  The most compel l ing reasons  f o r  coa lbed  d e g a s i f i c a t i o n  f o c u s  on conserva- 
t i o n .  c o m p a t i b i l i t y ,  and p r e d i c t a b i l i t y ,  b u t  o t h e r  p o s i t i v e  f a c t o r s  such  as t h e  use  
of e x i s t i n g  technology, low c o s t  of product ion ,  proximi ty  t o  markets ,  f a v o r a b l e  envi -  
ronmental c i rcumstances,  immediate a v a i l a b i l i t y ,  and a r e s u l t a n t  enhancement i n  t h e  
e a s e  and s a f e t y  of producing c o a l  a r e  no less impor tan t .  

The s c i e n t i f i c  and t e c h n i c a l  b a s i s  f o r  coa lbed  d e g a s i f i c a t i o n  as a source  of 
p i p e l i n e  q u a l i t y  gas  has  a l r e a d y  been e s t a b l i s h e d .  A l l  t h a t  now remains i s  t h e  re- 
finement of the  techniques of gas  product ion  from coalbeds and f u r t h e r  e v a l u a t i o n  of 
t h e  gas content  of t h e  lower rank  deep subbi tuminous coalbeds of t h e  Western S t a t e s  
and of the  a n t h r a c i t e  of e a s t e r n  Pennsylvania .  The c u r r e n t  work on coalbed d e g a s i f -  
i c a t i o n  i s  a n a t u r a l  consequence of a methane c o n t r o l  r e s e a r c h  program i n i t i a t e d  by 
t h e  U.S. Bureau of Mines i n  1964 t o  deve lop  methods of making c o a l  mines s a f e  from 
explos ions  of methane-air mix tures .  

GAS CONTENT OF COALBEDS 

The gas  conten t  of coa lbeds ,  most ly  methane,  can be  d i r e c t l y  determined by 
measurement of samples of f r e s h l y  c o l l e c t e d  c o a l  c o r e s  ( ). It is becoming c l e a r  
now that t h e  amount of methane i n  c o a l  is roughly p r o p o r t i o n a l  t o  t h e  rank of the  
c o a l  and t h e  depth of t h e  c o a l .  Although most of t h e  s t u d i e s  t o  d a t e  have been 
conducted i n  bituminous c o a l s ,  t h e r e  i s  no reason  t o  expec t  t h a t  much of what Mott 
p o s t u l a t e d  ( ) about  the  methane produced d u r i n g  c o a l i f i c a t i o n  w i l l  n o t , b e  suppor ted  
by f u r t h e r  i n v e s t i g a t i o n .  C e r t a i n l y  the  deeper  P i t t s b u r g h ,  Pocahontas ,  Beckley, 
Mary Lee, and Hartshorne coalbeds a l l  contairr  enough gas  t o  warran t  s e r i o u s  
c o n s i d e r a t i o n .  

The composition of coalbed gas  is compatible  wi th  p i p e l i n e  q u a l i t y  gas .  K i m ' s  
r e p o r t  ( ) gives  a n a l y s e s  of 13 coalbed g a s e s ,  on ly  one of  which had a h e a t  of com- 
b u s t i o n  l e s s  than 900 B t u / f t 3 .  

The absence of HzS and SO2 i n  coalbed gas  makes i t  e s p e c i a l l y  d e s i r a b l e  because 
no s p e c i a l  gas  scrubbing i s  r e q u i r e d  b e f o r e  mixing w i t h  o t h e r  p i p e l i n e  gas .  

CONSERVATION 

The gas  i n  coalbeds,  e s p e c i a l l y  i n  minable  coa lbeds ,  w i l l  be  l o s t  u l t i m a t e l y ,  
u n l e s s  d e g a s i f i c a t i o n  is p r a c t i c e d .  More t h a n  200 m i l l i o n  c u b i c  f e e t  a day of 
methane i s  l o s t  i n  the  exhaus t  from bi tuminous c o a l  mines.  Almost a l l  of t h i s  gas  
could be c o l l e c t e d  f o r  use .  

A ton  of  bituminous c o a l  w i l l  y i e l d  about  25 m i l l i o n  Btu upon combustion. I f  
t h e  average conten t  of 250 f t 3  of gas  per  t o n  of bi tuminous c o a l  were t o  be recov- 
e r e d ,  t h i s  would amount t o  a 1 p c t  i n c r e a s e  i n  our  f u e l  r e s o u r c e s  f o r  such  c o a l s ;  
b u t  s i n c e  only a f r a c t i o n  of c o a l  i n  any coa lbed  is  e x t r a c t e d  and n e a r l y  a l l  t h e  
gas  can be recovered,  t h e  i n c r e a s e  i n  usable  r e s o u r c e s  a t t r i b u t a b l e  t o  t h e  conta ined  
g a s  is more l i k e  3 p c t  of t h e  produced c o a l .  I n  a n  age of  d e c l i n i n g  p r o d u c t i v i t y ,  a 
3 pct  increase  is indeed s i g n i f i c a n t .  



I 

PREDICTIBILITY 

Coalbeds can be  l o c a t e d  r e a d i l y .  The major bi tuminous coalbeds a r e  wel l  d e l i n -  
The gas e a t e d  and t h e  deeper coa lbeds  a r e  only  now be ing  e x p l o i t e d  i n  t h i s  count ry ,  

c o n t e n t  of a n  e n t i r e  coa lbed  can  be e s t i m a t e d  and t h e  resource  base  eva lua ted  w i t h  
only  a modest investment  a s  compared w i t h  t h a t  r e q u i r e d  f o r  convent iona l  g a s f i e l d  
e x p l o r a t i o n .  
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The Bureau of Mines has  developed methods f o r  r o u t i n e l y  determining the g a s  
c o n t e n t  of coalbeds and a s  o u r  techniques  become more r e f i n e d  and a l a r g e r  d a t a  base 
i s  e s t a b l i s h e d ,  even l e s s  e f f o r t  w i l l  be r e q u i r e d  t o  estimate a c c u r a t e l y  the  g a s  t h a t  
can  be recovered from bi tuminous coa lbeds  i n  t h e  United S t a t e s .  

USE OF EXISTING TECHNOLOGY 

The technology developed by t h e  o i l  and gas  i n d u s t r y  can  be  appl ied  now t o  pro- 
duce g a s  from permeable coa lbeds  such a s  t h e  P i t t s b u r g h  coalbed i n  wes tern  Pennsyl- 
vania  and West Virg in ia ,  t h e  Mary Lee coalbed i n  Alabama, and t h e  Beckley coalbed i n  
West V i r g i n i a .  
many y e a r s  ( ) on s t r u c t u r a l  h i g h s ,  much as from f a v o r a b l e  g a s  sands .  W e  know now 
t h a t  such geologic  s t r u c t u r e s  a r e  n o t  e s s e n t i a l .  The g a s  w e l l s  d r i l l e d  i n t o  coalbeds 
a r e  n o t  very product ive  i n i t i a l l y  b u t  w i t h  h y d r a u l i c  s t i m u l a t i o n ,  a w e l l  e s t a b l i s h e d  
o i l f i e l d  technique,  p r o d u c t i v i t y  can be  i n c r e a s e d  from 5- t o  20-fold ( ). 

Gas w e l l s  have been producing g a s  from t h e  P i t t s b u r g h  coalbed f o r  

Ear ly  exper imenta l  work h a s  a l r e a d y  shown t h a t  i t  w i l l  be  p o s s i b l e  t o  produce 
from more than  one coa lbed  from a s i n g l e  borehole .  I t  i s  n o t  uncommon f o r  s e v e r a l  
coa lbeds  to be  found w i t h i n  a few hundred f e e t  of  v e r t i c a l  s t r a t i g r a p h i c  s e c t i o n .  
Almost a l l  coal-bear ing strata c o n t a i n  m u l t i p l e  beds and a l though m u l t i p l e  seam 
mining is not common i n  t h e  United S t a t e s  as i t  is Europe, i t  is now being p r a c t i c e d  
w i t h  more frequency i n  t h e  s t a t e s  of Kentucky, c e n t r a l  Pennsylvania ,  Ohio, and 
West V i r g i n i a .  

Even o l d  ideas  f o r  producing o i l  from s t r a t a  by h o r i z o n t a l  d r i l l i n g  i s  be ing  
s u c c e s s f u l l y  a p p l i e d  t o  producing gas  from coalbeds .  
iments  conducted i n  t h e  P i t t s b u r g h  coalbed by t h e  Bureau of Mines where two s e t s  of 
h o r i z o n t a l  h o l e s  d r i l l e d  r a d i a l l y  i n t o  t h e  coalbed from s h a f t  bottoms have a l ready  
produced more t h a n  l b i l l i o n  c u b i c  f e e t  o f  p i p e l i n e  q u a l i t y  gas  ( ). 

Two n o t a b l e  examples a r e  exper-  

Another technique ,  widely used by t h e  petroleum i n d u s t r y ,  f o r  producing o i l  
from o f f s h o r e  o i l f i e l d s  by d r i l l i n g  a n g l e  h o l e s  from si tes on t h e  mainland, has  been 
s u c c e s s f u l l y  appl ied  t o  e x t r a c t i n g  gas  from coalbeds .  

The r e c i t a t i o n  of t h e s e  s u c c e s s f u l  e f f o r t s  does n o t  mean t h a t  f u r t h e r  develop- 
ment work is unnecessary.  It means only t h a t  re f inements  i n  these  methods must be 
sought  and t h a t  such r e f i n e m e n t s  r e q u i r e  no massive investment  i n  r e s e a r c h  and 
development. 

I 
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INTRODUCTION 

The recent ly  recognized energy shortage has generated an upsurge i n  government 
research devoted t o  both improving cu r ren t  technology t o  b e t t e r  u t i 1  i z e  known 
energy reserves and prov id ing  new technoloqy which w i l l  a l low the country t o  convert  
energy resources t o  reserves. Underground coal g a s i f i c a t i o n  (UCG) technology 
may p lay  an important r o l e  i n  both o f  t he  above categor ies.  

r e l a t i v e l y  shallow (<lo00 f t . )  deposits o f  bitumin:us, subbituminous and l i g n i t i c  
coal (1, 2, 3 ) .  Most recent ly  t he  Bureau o f  Mines Laramie Energy Research Center 
has conducted an underground g a s i f i c a t i o n  experiment a t  Hanna, Wyoming, i n  a 30 ft. 
th i ck  seam o f  subbituminous coal a t  a depth o f  400 ft. The r e s u l t s  f rom Hanna have 
been'more favorable than previous r e s u l t s  i n  the  U. S. and o the r  count r ies  (4) i n  
two important categor ies:  
produced and dur ing  a 6+month pe r iod  o f  optimum opera t ion  there was l i t t l e  o r  no 
gas leaka e from the underground system (3) .  However, a p p l i c a b i l i t y  t o  deeper 
deposits f>1000 f t . )  i s  no t  y e t  proven. 

I n  order t o  evaluate UCG's f e a s i b i l i t y ,  methods o f  measuring the  phys ica l  
and chemical occurrences i n  an inaccessible reac t ion  zone must be developed. While 
experiments a re  underway t o  implant soph is t i ca ted  ins t rumenta t ion  i n  the  g a s i f i  ca- 
t i o n  pathway i n  t h e  second UCG experiment a t  Hanna, such ins t rumenta t ion  would 
probably no t  be economically f eas ib le  i n  a commercial process. 
i s  o f  paramount importance t o  develop both inexpensive remote sensing and mater ia l  
and energy balance techniques t o  cont inuously evaluate the  i n  s i t u  process i n  
order t o  maximize g a s i f i c a t i o n  e f f i c i e n c y  and resource u t i l i z a t i o n .  
balance method der ived by Elder e t .  a l .  (1) has been app l ied  t o  data obtained 
from the  f i r s t  UCG experiment a t  Hanna. Results o f  these ma te r ia l  balance ca lcu la -  
t i ons  are presented as we l l  as the problems invo lved i n  measuring fac to rs  necessary 
f o r  performing a mater ia l  balance. 

Suf f i c ien t  technology i s  a t  hand t o  success fu l l y  produce a low-Btu gas from 

a gas o f  h igher  Btu content (125 Btu/scf)  has been 

Consequently, i t  

A mater ia l  

GEOLOGICAL CONDITIONS 

I n  at tempt ing t o  b u i l d  an underground reac to r  i n  a coal  seam, important f ac to rs  
t o  be considered are the ra te  and pressure o f  water i n f l u x  and the d i r e c t i o n a l  
permeab i l i t y  o f  the  coal. I n  add i t ion ,  s t r a t a  above and below the coal  seam must 
have s i g n i f i c a n t l y  lower permeab i l i t ies  than the coal i n  order t o  prevent leakage 
from the  reac t ion  zone. The r a t e  o f  water i n f l u x  i s  r e l a t e d  t o  both the  permeab i l i t y  
o f  the  seam and t o  the  hydros ta t i c  pressure. 
seam o f  choice, t he  Hanna #1, i s  180 t o  200 f e e t  below the water tab le .  A 80-90 
p s i g  hydros ta t i c  pressure i s  thereby imposed upon the  reac t ion  zone. 
important f a c t o r  i n  the  movement o f  water and gases w i t h i n  the seam i s  the  
d i rec t i ona l  nature and ex ten t  (both v e r t i c a l  and ho r i zon ta l )  o f  the na tu ra l  

I n  the  experiment a t  Hanna, the  

Another 
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f r ac tu res  w i t h i n  the coal seam (5, 6 ) .  
f r ac tu res  should a i d  i n  development o f  t r u e  i n  s i t u  process cont ro l .  

The Hanna #1 seam used dur ing t h i s  experiment i s  a 30-foot t h i c k  subbituminous 
coal  seam l y i n g  a t  a depth o f  350 t o  400 fee t .  
i s  i s o l a t e d  by outcrop on th ree  sides, and displaced by f a u l t i n g  on the fou r th  ( 2 ) .  
S t ra ta  above and below the coal cons i s t  o f  less permeable shales w i t h  15 f e e t  
above and 4 fee t  below the coal .  

A thorough understanding o f  these na tu ra l  

It dips t o  the northeast a t  6 t o  go, 

GASIFICATION TECHNIQUE USED AT HANNA 

While many techniques have been used i n  UCG (7), the chosen method i n  the 
Hanna experiment was the pe rco la t i on  o r  f i l t r a t i o n  method. Success o f  t h i s  method 
depends on the  development o f  s u f f i c i e n t  penneabi 1 i t y  between v e r t i c a l  boreholes 
t o  maintain a s u f f i c i e n t  f low of  g a s i f i c a t i o n  agent and product gas. The c r i t i c a l  
step i n  development of the  underground reac tor  i s  es tab l i sh ing  the i n i t i a l  l inkage 
between v e r t i c a l  boreholes, i .e., inc reas ing  a i r  acceptance by some means. There- 
fore,  the  water and the  na tu ra l  f r a c t u r e  d i r e c t i o n  i n  the coal p lay  obvious 
ro les  i n  a f f e c t i n g  the  UCG experiment. The i n i t i a l  permeab i l i t y  o f  the  coal seam 
t o  i n j e c t e d  a i r  i s  q u i t e  low (1-10 m i l l iDa rcys ) .  
pressures i n  excess o f  hyd ros ta t i c  pressure expels water f r o m  the na tura l  f rac tu re  
system thereby inc reas ing  permeab i l i t y .  
no t  p red ic tad le  unless the  na tu ra l  f r a c t u r e  d i rec t i ons  and the t ransmiss i v i t y  o f  
the coai a re  known. 

The most r e l i a b l e  method o f  l i n k i n g  boreholes p r i o r  t o  g a s i f i c a t i o n  i s  t h a t  

Thus the  

However, i n j e c t i o n  o f  a i r  a t  

The degree o f  permeab i l i t y  increase i s  

An experiment i s  planned t o  evaluate these parameters (8). 

o f  reverse combustion(3). A f i r e  i s  i q n i t e d  i n  t h e  borehole t o  be vented and a i r  
i s  f e d  t o  t h i s  combustion zone by i n j e c t i o n  i n t o  an adjacent borehole. 
combustion f r o n t  propagates countercurrent t o  the gas f low. This i s  i n  cont ras t  
t o  forward combustion wherein the  combustion f r o n t  proceeds i n  the same d i r e c t i o n  
as t h e  gas f low. 
forward combustion mode are: 

f rac tu res  i n  the coal i s  obv ia ted  because the ta rs  are no t  dr iven i n t o  the coal 
ahead o f  t he  combustion zone. 

combustion f r o n t  w i l l  proceed toward the  source o f  a i r .  

The p r a c t i c a l  advantages o f  a reverse combustion mode over a 

The p o s s i b i l i t y  o f  t a rs ,  produced from carbonizat ion,  p lugging the na tura l  1. 

2. D i rec t iona l  con t ro l  o f  combustion f r o n t  movement i s  a t ta ined  because the  

During establishment o f  l inkage between wel lbores using reverse combustion, 
t w o  d i s t i n c t  phases have been found by monitor ing a i r  i n j e c t i o n  ra te  and pressure. 
I n i t i a l l y  a i r  i s  i n j e c t e d  a t  r e l a t i v e l y  h igh  pressure (250-300 ps ig )  and low flow 
ra tes  fo r  a per iod o f  severa l  days. During t h i s  time a narrow combustion f ron t  
proceeds toward the source o f  a i r .  When breakthrough between wel lbores occurs, 
an abrupt drop i n  pressure occurs a f t e r  which the  f low o f  gas i s  r e l a t i v e l y  un- 
r e s t r i c t e d .  The gas produced dur ing  the  l inkage process i s  usua l ly  o f  h igh Btu 
content (approx. 175-200 B tu /sc f )  w i t h  h igh  methane and low carbon monoxide content 
c h a r a c t e r i s t i c  o f  a carbon iza t ion  gas. 
a l low ing  h igh  volume-low pressure gas f low, g a s i f i c a t i o n  r a t h e r  than carbonizat ion 
becomes the  predominant mode. 
monoxide and l o w  methane conten t  i n  the  product gas. 

regimes, one o f  l i n k i n g  a t  h igh  pressure and the  o ther  o f  g a s i f i c a t i o n  a t  low 
pressure. 

However, once breakthrough i s  achieved 

Gas i f i ca t i on  i s  character ized by high carbon 

Thus a g a s i f i c a t i o n  scheme using the  perco la t ion  method consists o f  two 

The l i n k i n g  process, being o f  shor t  dura t ion  and low gas f low rates,  
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27.4 
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39.4 

4.6 
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19.2 
11.8 
19.7 
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9.4 
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21.7 
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24.1 
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14.9 
15.7 
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11.5 
23.2 
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1.00 
1.05 
0.70 
1.29 
1.04 
1.00 
1.13 
1.04 
9.94 
1.07 
1.06 
1.19 
1.08 
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1.02 
1.03 
0.21 
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1.00 
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1.03 
1.04 
1.10 
1.09 
1.26 
1.33 
1.19 
1.17 
1.13 
1.06 
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\ 
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u t i l i z e s  on ly  a small f r a c t i o n  o f  the coal t h a t  i s  eventua l l y  a f fec ted  betwee'n 
a P a i r  of boreholes. 
can be severe (75% gas l oss )  dur ing the  l i n k i n g  phase. 
t i o n  has not been observed a t  Hanna. 
ey fec t ive  gas seal dur ing  t h i s  low pressure opera t ion  ( 3 ) .  

Due t o  the high pressure involved, leakage from the  system 
Leakage dur ing  gas i f i ca-  

The seam water apparently ac ts  as an 

FACTORS INVOLVED I N  A MATERIAL BALANCE 

A p re requ is i t e  f o r  ca l cu la t i ng  a mater ia l  balance on a system i s  a de ta i l ed  
knowledge o f  the  reactants and products. 
t o  determine the  prec ise  s to icho imet ry  o f  t he  coal t o  be gas i f ied .  
and mineralogical  examination o f  a core taken from the  Hanna # 1  coal seam reveals 
the l ack  o f  homogeneity w i t h  respect t o  depth. 
f i xed  carbon/vo la t i le  matter r a t i o ,  and C / H  r a t i o  o f  samples from a 30-foot core. 

I n  the  case o f  UCG, i t  i s  impossible 
A chemical 

Table 1 l i s t s  the ash content, 

Depth 

378.7 
379.3 
381.5 
383.0 
383.5 
384.0 
384.5 

386.0 
386.5 
387.0 
387.5 
388.0 
388.5 
389.0 
390.0 
391.5 
392.0 
393.0 
393.5 
394.0 
394.5 
395.0 
396.0 
396.5 
397.0 
399.0 
400.0 
400.5 
401.0 
402.0 
402.5 

1/ Moisture f ree  I a Moisture and a! 

385.5 

TABLE 1. - Core Analysis o f  Hanna #1 Coal 
Seam as a Function o f  Depth 

Fixed Carbon/ 
V o l a t i l e  Matter % Ash - C/H Ratio-?/ 

~ ~~ 

12.5 
12.9 
11.7 
13.8 
12.6 
12.5 
12.9 
12.8 
12.0 
13.2 
12.4 
13.2 
12.9 
13.3 
12.9 
12.1 
14.3 
13.4 
12.8 
13.0 
12.9 
11.9 
12.8 
12.9 
13.1 
13.4 
13.6 
13.8 
13.4 
13.5 
13.1 
12.9 
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MATERIAL BALANCE CALCULATIONS 

Mate r ia l  balance equations may be w r i t t e n  as fo l lows: 

Hydrogen Balance (H): H ( f rom char)  + H ( f rom v o l a t i l e  mat te r )  + H ( f rom format ion water) 

= H ( t o t a l  i n  products) 1) 

Carbon Balance (C): 

Oxygen Balance (0): 

C ( f rom char)  + C ( f rom v o l a t i l e  mat te r )  = C ( t o t a l  i n  products) 

0 ( f rom char)  + 0 ( f rom v o l a t i l e  mat te r )  + 0 ( f rom format ion water) 

2)  

= 0 ( t o t a l  i n  products) - 0 ( f rom a i r )  3) 

Then l e t :  
x = pounds o f  char en te r ing  the  reac t ion  zone 
y = pounds o f  v o l a t i l e  mat te r  en te r ing  the reac t i on  zone 
z = pounds o f  water en te r ing  the reac t ion  zone 

Subs t i t u t i ng  the data from Table 2 i n t o  the  mater ia l  balance equations: 
H = 0 .0083~ + 0 . 1 1 6 ~  + 0.111~ 
C = 0 . 9 7 0 ~  + 0 . 4 9 8 ~  
0 '  = 0 .0003~  + 0.347.~ + 0 . 8 8 9 ~  
Where 0' = 0 ( t o t a l  i n  products) - 0 ( f rom a i r )  

S o l v i n g  thesp equations f o r  x i  y and z w i t h  quan t i t i es  expressed i n  pounds: 
X = l . l O C  + 0.930' - 7.45H 
y = -0.12C + -1.820' + 14.55H 
z = 0.05C + 1.840' - 5.67H 

From Table 2 the weight r a t i o  o f  v o l a t i l e  mat te r  t o  char i s  0.92; the weight 
r a t i o  o f  moisture and ash f r e e  (maf) coal t o  char i s  1.92; and the weight r a t i o  
o f  maf coal t o  v o l a t i l e  ma t te r  i s  2.08. 

1 . 9 2 ~  = weight o f  maf coal  completely g a s i f i e d  and 
2.08 ( Y  - 0 . 9 2 ~ )  = weight maf coal carbonized on ly  

This mater ia l  balance has been app l ied  t o  a 6L,-month operat ional  per iod  i n  
f i ve  day increments. Dur ing  t h i s  pe r iod  both n i t rogen and argon balances showed 
t h a t  there  was l i t t l e  o r  no leakage from the underground system and thus a leak 
f ree system i s  assumed i n  the  mater ia l  balance. Add i t iona l  assumptions are steady 
s ta te  cond i t ions  dur ing the  pe r iod  considered, carbonizat ion a t  900°C, no 
condensation o f  products p r i o r  t o  gas sampling a t  t he  surface, no react ions o f  
oxygen w i t h  any mater ia ls  o t h e r  than coal, and the labora tory  carbonizat ion assays 
i n d i c a t e  the  stoichiometry o f  the  char and v o l a t i l e s  under seam reac t ion  condi t ions.  
The r e s u l t s  o f  t h i s  ma te r ia l  balance are l i s t e d  i n  Table 3 along w i t h  average 
a i r  i n j e c t i o n  rates, average gas product ion ra tes  and average product gas heat ing  
values f o r  t h e  periods ind ica ted .  

tons w i t h  1171 tons carbonized on ly  and 1815 tons completely gas i f ied .  
resu l t s  are based on the  l i nkage  and g a s i f i c a t i o n  o f  three pathways o f  80, 90, and 
100 feet, respect ively,  r a d i a t i n g  from the  o r i g i n a l  i g n i t i o n  p o i n t  t o  th ree  
d i f f e ren t  wellbores used as a i r  i n j e c t i o n  po in ts .  Assuming t h a t  a cy l i nde r  o f  coal 
30 ft. i n  diameter was accessible t o  g a s i f i c a t i o n  f o r  each pathway, approximately 
4700 tons of maf coal were ava i l ab le  f o r  gas i f i ca t i on .  
t i o n  e f f i c iency  was 63%. From Table 3 the  average energy recovered f r o m  the  coal  
af fected was 58%. The produc t  o f  these two e f f i c i e n c i e s  y i e l d s  an ove ra l l  energy 

Therefore:  

The t o t a l  amount o f  coal  a f fec ted  dur ing  the pe r iod  considered was 2986 
These 

Therefore, t he  coal u t i l i z a -  
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Element 

H 
C 
0 
N 
S 

1 
\ 
\ 

Coal Char V o l a t i l e  Mat te r  
w t .  % Pounds w t .  % Pounds wt. % Pounds 

6.04 6.04 0.83 0.43 11.60 5.61 
74.33 74.33 97.02 50.34 49.82 23.93 
16.67 16.67 0.03 0.02 34.65 16.65 

1.94 1.94 0.93 0.48 3.04 1.46 
1.02 1.02 1.19 0.63 0.81 0.39 

These data i nd i ca te  . tha t  
i n  the seam o f  i n te res t ,  
and the  C/H r a t i o  remain 

To ta l s  

wh i l e  the  ash content var ies w ide ly  w i th  respect t o  depth 
the r a t i o  o f  f i x e d  carbon t o  t h a t  o f  v o l a t i l e  mat te r  
re1 a t i  ve l y  constant. 

100.00 100.00 100.00 51.90 99.92 48.04 

I n  assessing a mater ia l  balance f o r  a UCG experiment, several assumptions 
must obviously be made. 
which a re  gained o r  l o s t  by the  system. More impor tan t ly  i t  i s  d i f f i c u l t  t o  
d i r e c t l y  measure the  amount o f  coal  a f fec ted  and the  manner i n  which i t  was 
a f fec ted .  
t i ons  have shown t h a t  the  process occurs i n  two d isc re te  steps: 
and complete g a s i f i c a t i o n .  
over t h e  surface o f  the  coal w i t h  carbonizat ion occur r ing  f i r s t  fo l lowed by complete 
gas i f i ca t i on  o f  the  remaining char. Water f r o m  the coal i t s e l f  o r  na tu ra l  ground- 
water i n f l u x  from the seam i s  present a t  o r  near t h e  region of  reac t ion .  
p r a c t i c a l  purposes a i r ,  v o l a t i l e  matter from coal ,  char from coal, and water a re  
Present i n  the reac t ion  zone where the  carbon iza t ion-gas i f i ca t ion  processes occur. 

Although i t  i s  no t  d i f f i c u l t  t o  se t  up a mater ia l  balance i n  theory,  p r a c t i c a l  
considerat ions o f  UCG make i t  extremely d i f f i c u l t  t o  measure a l l  o f  the q u a n t i t i e s  
involved. 

I t i s  d i f f i c u l t  t o  measure the  t o t a l  quan t i t i es  of water 

However, excavation o f  previous UCG experiments and 1aborator.y simula- 
carbon iza t ion  on ly  

I n  UCG a stream o f  the  g a s i f i c a t i o n  agent i s  passed 

For 

Obtaining a mater ia l  balance thus invo lves :  

1. 

2. 

Measurement of the  g a s i f i c a t i o n  agent ( a i r ) .  

Assuming t h a t  t he  mater ia l  t o  be g a s i f i e d  enters the  system i n  two 
d i sc re te  par ts :  (a )  the products o f  carbonizat ion of t he  coal a t  900°C, and 
(b )  the  char remaining a f t e r  carbonizat ion.  

3. 

4. 

Est imat ing the  quant i t y  o f  water en ter ing  the underground s,ystem. 

Measuring the volume and composition o f  the  products. 

The app l ica t ion  o f  E lder 's  method (1 )  o f  mater ia l  halance t o  t h e  Hanna # 1  
coal i s  based on a p rec is ion  carbonizat ion assay a t  9OO0C, the  r e s u l t s  o f  which 
are  l i s t e d  i n  Table 2 along w i t h  the  u l t ima te  analysis.  

TABLE 2. - Elemental d i s t r i b u t i o n  i n  coal, char 
and v o l a t i l e  matter from 100 pounds o f  moisture and ash 

f ree  Hanna # 1  Coal 
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recovery e f f i c i ency  o f  37% based on r e s u l t s  o f  t h i s  ma te r ia l  balance ca l cu la t i on .  

This mater ia l  balance i s  on l y  a chemical i n t e r p r e t a t i o n  o f  the process based 
on many assumptions. The area l  and v e r t i c a l  sweep e f f i c i e n c i e s  are unknown. I n  
add i t ion ,  t h i s  f i r s t  experiment was designed no t  t o  op t im ize  opera t ing  parameters 
b u t  t o  provide pre l im inary  in fo rmat ion  f o r  designing o ther  experiments t o  evaluate 
UCG f e a s i b i l i t y .  
e f f i c iency  f o r  the pe r iod  considered i s  h igher  than t h a t  achieved i n  any previous 
UCG experiment f o r  the  length  o f  t ime considered here. 
include cor ing  and downhole measurements t o  b e t t e r  es tab l i sh  the  sweep e f f i c ienc ies  
and the  geometry o f  t he  coal area a f fec ted .  
idea  of t he  ove ra l l  resource u t i l i z a t i o n  e f f i c i e n c y  than the  ma te r ia l  balance 
ca lcu la t ions  . 

Even so, the r e s u l t s  are encouraging. The o v e r a l l  enerqy 

Physical assessment w i l l  

These data w i l l  g ive  a much b e t t e r  

FUTURE RESEARCH 

A second experiment (8)  a t  Hanna i s  p resent ly  underway u t i l i z i n g  an oxygen 
blown system, an improved we l l  l i nkage system, and i n  s i t u  ins t rumenta t ion  cons is t i ng  
of  both ac t i ve  and passive acoust ic techniques, surface and subsurface r e s i s t i v i t y ,  
and i n  s i t u  temperature and pressure measurements t o  b e t t e r  de f ine  the  combustion 
zone. A “ l i n e  d r i ve ”  system w i l l  be i n i t i a t e d .  This involves movement o f  a 60- 
f o o t  long combustion f r o n t  a t  r i g h t  angles t o  the  major na tu ra l  permeab i l i t y  d i r e c t i o n  
i n  the coal  p rov id ing  i n t ima te  contact  between the  g a s i f i c a t i o n  agent and the coal. 
Coal u t i l i z a t i o n  e f f i c i e n c y  should be improved over t h a t  est imated from the f i r s t  
UCG experiment. 
est imated here f o r  the f i r s t  experiment has been se t .  
should lead t o  development of process con t ro l  and process eva lua t ion  techniques 
as we l l  as s i g n i f i c a n t l y  improved process i n t e r p r e t a t i o n  f o r  determining the 
f e a s i b i l  it! o f  UCG. 

A t a r g e t  o f  50% o v e r a l l  energy e f f i c i e n c y  ra the r  than the  37% 
This second experiment 

CONCLUSIONS 

A UCG experiment has been success fu l l y  conducted i n  a t h i c k  seam of subbituminous 
western coal w i t h  encouraging resu l t s .  
l i n k  wellbores success fu l l y  have no t  occurred dur ing  the  Hanna p r o j e c t  so long as 
reverse combustion was used t o  l i n k  adjacent wel lbores.  Seam water, ra the r  than 
posing a problem, appeared t o  be an asset i n  prevent ing gas leakage i n  the  under- 
ground reac t ion  system. A ma te r ia l  balance technique based on the  carbonizat ion 
proper t ies  o f  coal has been used t o  est imate an energy recovery e f f i c i e n c y  o f  58% 
from the  coal affected, a coal u t i l i z a t i o n  e f f i c i e n c y  o f  63%, and an o v e r a l l  energy 
recovery e f f i c i e n c y  o f  37%. Many problems remain t o  be solved i n  UCG such as a 
greater degree o f  process cont ro l ,  bu t  r e s u l t s  o f  the  f i r s t  UCG experiment a re  
espec ia l l y  encouraging even though i t  was n o t  designed t o  opt imize operat ing para- 
meters. n e  second UCG experiment now underway should y i e l d  higher coal  u t i l i z a t i o n  
e f f i c i enc ies  and o f f e r  a feas ib le  technique f o r  recover ing energy from coal seams 
unsui ted t o  cur ren t  coal  mining techniques. 

Problems o f  gas leakage and the  a b i l i t y  t o  
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Various scenarios using hydrogen as a general energy medium in 
the future have been proposed based upon its outstanding environment- 
al compatibility, its ultimate derivation from an inexhaustible feed- 
stock material (H20) and its high flexibility. At least until the 
next century, however, the overwhelming uses of hydrogen will be as a 
chemical feedstock, in chemical and metallurgical processing opera- 
tions and the production of clean synthetic fuels. In particular, 
the conversion of coal into synthetic natural gas and liquefied syn- 
thetic fuels will require large amounts of hydrogen. Both present 
and projected demands for hydrogen require that new, higher efficien- 
cy and lower cost production methods be developed. 

cycle processes that consume natural gas, oil or other petroleum pro- 
ducts as the feedstock material. The principal methods include steam 
reforming and y t i a l  oxidation both of which are followed by the 
shift reaction ' ) .  Thermal efficiencies of such processes in terms 
of the combustion value of hydrogen produced compared to that of the 
input fossil fuels typically range from 50-80%. Only a small frac- 
tion of the hydrogen consumed presently is produced by water elec- 
trolysis in spite of the simplicity of the process, the product puri- 
ty, and the good efficiency achievable in the electrolysis step it- 
self by advanced methods (up to s70-90%). This is due largely to 
the low overall efiiciency (i.e., ~ 3 5 % )  when electric generation and 
DC conversion steps from a base load thermal power plant are included. 
Much attention has recently been given to the closed cycle thermochem- 
ical decomposition of water in which heat at moderate temperatures 
(<lOOO°C) is used to carry out a series of reactions,(') the net re- 
sult of which is: H20 + H2 + 1/2 02. All other chemical intermediates 
in the process are recycled, ideally. Detailed analysis indicates 
that overall thermal efficiencies of 40-60% might be achieved. While 
numerous closed cycle processes have been theoretically proposed, none 
have yet been successfully operated in an integrated mode. Serious 
technical barriers, including corrosion, kinetics, system stability 
and design, combined with licensing uncertainties, the projected high 
cost of high temperature nuclear heat and process components shed 
serious questions on the viability of multi-step closed cycle processes 
for hydrogen generation, at least in this century. Thus it appears 
that open-cycle processes to make hydrogen will be very important for 
the foreseeable future. 

Currently the vast majority of hydrogen produced is made by open- 

The primary objective of this paper is to describe a new open 

The concept stems 
cycle technique which will utilize coal or coal char from gasifica- 
tion to produce electrolytically pure hydrogen. 
from our earlier high temperature fuel cell program, during which an 
electrolytic water dissociation cell usin n oxygen ion conductive 
membrane was proposed ( * )  and demonst~atedq~y. By introducing a 
reducing gas at the cell anode, the voltage required to produce hydro- 
gen from water is lowered. The new method is to use a ceramic mem- 
brane that is both an electron conductor as well as oxygen ion conduc- 
tor. Thus the cell can operate in a "self-driven" mode, i.e., no 
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electrical driving force or electrodes are needed. Such a cell is 
shown schematically in Figure 1. Steam is passed over one side of 
the membrane while carbon monoxide is passed over the opposite side 
of the membrane. On the "cathode" side, the steam reacts at the sur- 
face with two electrons to yield hydrogen gas plus an oxygen ion, 
which is transported through the electrolyte to combine at the "anode" 
surface with carbon monoxide to form carbon dioxide plus two electrons. 
This process, operating without electrical input, has been named GEZRO. 
It should achieve overall thermal efficiencies, as defined earlier, 
of at least 60-70%. 

The net reaction for the process is the well-known water gas 
shift reaction: H20 + CO = CO2 + H2. Because the reactants are 
separated, the product hydrogen does not have to be purified with 
respect to CO or Con. This has important implications to ammonia 
synthesis, for example, where CO impurity in the hydrogen acts as a 
catalyst poison. A l s o ,  the input carbon monoxide need not be pure. 
For this reason, GEZRO is particularly adaptable for integration into 
coal liquefaction or gasification technology. Figure 2 shows a possi- 
ble cycle using gas obtained from coal which has been partially oxi- 
dized in air as the feed to GEZRO. Nitrogen from the air and coal 
contaminents such as sulfur also enter the GEZRO reactor; gas clean- 
up is accomplished subsequently at lower temperatures. On the steam 
side, a portion of the steam is reduced to hydrogen and the remainder 
is recycled. Heat exchangers, not shown in the diagram, would be used 
80 that ininimai heat input wouid be required. Figure 3 shows a cycle 
in which GEZRO is incorporated into a high BTU coal gasification 
scheme, such as HYGAS. In this cycle, hydrogen and steam from GEZRO 
are fed directly into the second stage gasifier (both hydrogen and 
steam are required to maintain proper heat balance in the gasifier) 
to react with coal and char and yield methane. The remaining char 
is partially burned in air to provide the input gas for GEZRO. 

in which the cell voltage is zero (short circuit condition), For 
this case an effective average thermodynamic cell voltage, v, may 
be dgfined by = r!, where r is the electrolyte specific resistance, 
and j is the average current density. Thus, r, which depends on the 
membrane material, and v which is related to the driving force for 
the reaction (proportional to temperature and oxygen partial pressure 
differential) integrated over the reactor length, determine the out- 
put of the cell in terms of oxygen ions transported per unit area of 
membrane. For typical membrane compositions, it can be shown that by 
operating with countercurrent gas flows, it is theoretically possible 
at 8OO0C, to oxidize 8 0 %  of the CO to COZ while converting half of 
the input steam to hydrogen when the input steam flow rate is twice 
the input CO flow rate. In general, the process is expected to oper- 
ate at between 7 O O O C  and 1 0 0 0 ° C  at any required pressure. 

selection of a suitable membrane and our experimental program has 
centered in this area. Materials requirements include the following: 

The GEZRO reactor can be considered as an electrochemical cell 

The critical problem in the development of a GEZRO reactor is the 

(1) High oxygen ion conductivity, 
( 2 )  High electronic conductivity, 
( 3 )  Thermal stability, 
( 4 )  Stability toward reactants and products, 
( 5 )  Stability toward contaminants, 
(6) Mechanical stability and strength, and 
(7) Fabrication capability (thin and gas tight). 
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TheSe-PrOperties are similar to those required by high temperature 
fuel Cells., with the important exception that electronic conductivity, 
instead of'being undesirable, is required. Indeed, the optimum condi- 
t*on for GEZRO is that the transport number for electrons (te-1 is 
equal to that for oxygen ions (to=), so that to= = te- = 0.5. The 
severe operating environment, which includes corrosive and reactive 
gases (e.g., HzS, SO2, COS) as well as a wide range of reducing con- 
ditions atm < Po, < lO-'atm) at high temperatures, rules out 
many possible materials. 

Because of its well-established use in experimental fuel cel'ls,. 
zirconia has been chosen as the initfal candidate membrane base ma-. 
terial. When certain oxide materials containing a cation in the +2 
or +3 oxidation state are added to monoclinic ZrO,, the ZrO2 is sta- 
bilized in a cubic fluorite crystal structure. The stabilization 
Process leaves several percent oxygen ion vacancies in the structure 
and lead's to significant ionic conduction. The ionic conductivity 
at a given temperature generally increases with the nature of the 
additive in the order CaO < Y203 < SC.203. The use of Y203 as a 
stabilizer appears attractive as a compromise between cost, long-term 
stability, reactivity toward sulfides, and reasonable conductivity. 
A maximum in the conductivity of the Y203-Zr02 system occurs at about 
7-8 m/o Y203, at which point the purely ionic conductivity is about 
O.ln-'cm-'at 1000°C. 
oxides into the ionically conducting fluorite lattice is expected to 
introduce electronic conductivity, provided the additive goes into 
the structure and is not merely segregated along grain boundaries.. 

A program to synthesize and screen various three and four com- 
ponent ceramic compositions by means of microstructure analysis, elec- 
trical conductivity measurements, and transport number measurements. 
is. in progress. Table I summarizes some of the compositions which 
have so far been successfully prepared and which have been sintered 
into dense, gas-tight shapes. The sintering conditions were found.to 
be critical in achieving good materials properties. In general, sin- 
tering was carried out at temperatures between 150OOC and 1900OC in 
an atmosphere of either. air or wet hydrogen; wet hydrogen atmospheres 
generally approximate the oxygen partial pressures used in the GEZRO 
process.. Oxides of Mn, Zn, Ce, U, and Fe have been successfully 
added to yttria-stabilized zirconia to form pure single phase mater- 
ials. Ad'ditive.contents have ranged from 4.1 m/o to 13.4 m/o in 
compositions based on 7-8 m/o Y203-stabilized zirconia. Other prepar- 
ations involving 2-20 m/o of additive, and using other transition 
metals have been attempted or are in progress. 

several of the above compounds using,a two-probe AC technique. 
num Easte electrodes (Engelhard #6082) were applied to sintered bar 
samples.which made pressure contact- with platinum foil spacers in a 
sample holder constructed of alumina. Measurements were carried out 
as a function of temperature in the range between 500OC and 1000°C and 
as a function AC frequency in the range between 400 Hz and 50 kHz, in 
either pure nitrogen or carbon monoxide atmospheres. Figure 4 shows 
the results for selected compositions. In most cases, the plot of 
thelogarithm of conductivity (u) vs reciprocal temperature is linear.. 
The most conductive and the lowest activation energy (0.47 ev) 
material yet measured is the 7 m/o MnzO3 composition. Unfortunately, 
a severe decrease in the conductivity resulted within 70 minutes 
after' carbon monoxide was introduced at high temperature. Post-run 

The addition of compatible transition metal 

EIectrical conductivity measurements have been completed on 
Plati- 
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examination r e v e a l e d  t h a t  r educ t ion ,  probably t o  poor ly  conducting 
Mn+' ox ida t ion  state, had occurred .  Both ZnO and CeO2 a d d i t i v e s  a r e  
more promising. A s  shown i n  F igu re  4 t h e  composition c o n t a i n i n g  8.1 
m/o  ZnO i s  somewhat more conduct ive  than  the  13.4 m/o ZnO mater ia l .  
Measurements f o r  t h e  13.4 m / o  ZnO composition i n  carbon monoxide re- 
vealed no s i g n i f i c a n t  d e t e r i o r a t i o n  i n  t h e  conduc t iv i ty  even a f t e r  
s e v e r a l  hours exposure .  S i m i l a r  r e s u l t s  were ob ta ined  i n  t h e  case  of 
8 .1  m/o CeO2 where measurements i n  both  CO and N2 a r e  shown f o r  com- 
pa r i son  i n  F igu re  4 ;  i n  t h i s  case, t h e  reducing  atmosphere lowered the  
conduc t iv i ty  somewhat, b u t  t h e r e  was no change i n  a c t i v a t i o n  energy. 
F i n a l l y ,  one f o u r  component system, con ta in ing  2.8 m/o UO2 and 7.6 
m/o Fe304  w a s  measured s i n c e  earlier work had i n d i c a t e d  t h i s  m a t e r i a l  
t o  b e  a p o t e n t i a l  mixed conductor.  Although t h i s  m a t e r i a l  h a s  been 
prepared  i n  t h e  form of dense ,  gas t i g h t  d i s c s ,  such p r e p a r a t i o n s  a r e  
n o t  always r e p e a t a b l e .  I n  a d d i t i o n ,  e f f o r t s  t o  p repa re  t u b u l a r  shapes 
by means of plasma s p r a y  techniques  have n o t  l e d  t o  s u i t a b l y  dense 
m a t e r i a l .  

Measurement of t r a n s p o r t  numbers f o r  oxygen ions  and e l e c t r o n s  
f o r  the above and o t h e r  p o t e n t i a l  materials, is  a l s o  underway. 
These measurements are be ing  made by t h e  emf-technique i n  which t h e  
v o l t a g e  genera ted  by d i f f e r e i n g  known oxygen p a r t i a l  p r e s s u r e s  on 
e i t h e r  s i d e  of a disc sample i s  measured and compared w i t h  t h e  
t h e o r e t i c a l  v o l t a g e  obta ined  f o r  p u r e  oxygen i o n  conduction. 

Addi t ive*  m/o 
Z n O  8 . 1  

13.4 
8.1 

CeO 8.1 
8.1 
4 . 1  

~ 1 - 1 2 0 3  7.0 
U02/Fe 301, 2.8/7.6 

Table I 
S i n t e r i n g  Temperature 

t o  Produce Dense Sample 
1510", 5 h r .  , a i r  
1510°,  5 h r . ,  a i r  
1700°,  5 h r . ,  w e t  H Z  
1510°,  5 h r .  , a i r  
1500°,  5 h r . ,  w e t  H P  
1510°, 5 h r . ,  a i r  
1510°,  5 h r . ,  a i r  
1900°,  16-1 /2  h r . ,  w e t  HZ 

T i m e  , Atmosphere 
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*All  compositons based  on  7-8 m/o Y20s - s t ab i l i zed  Z r O 2 .  
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DESIGN OF A WOOD WASTE-TO-OIL PILOT PLANT 

Els io  D e l  B e l ,  Sam Friedman, Paul M. Yavorsky 
and Henry H. Ginsberp 

P i t t sburgh  Enerm Research Center, U.S. Department of t he  I n t e r i o r  
Bureau of Mines, 4800 Forbes Avenue, P i t t sburgh ,  Pa. 15213 

I 

The Pi t t sburgh  Energy Research Center of t h e  U.S. Bureau of Vines has, 
f o r  a number of years,  been involved i n  proprams f o r  the  conversion of coa l  
t o  f u e l  o i l .  
t h a t  low-rank coa ls  could be hydropenated with carbon rronoxide and stealp, 
is  cur ren t ly  beinp developed. An in t e re s t ing  and s i g n i f i c a n t  of fshoot  of 
t h i s  work was the  observation t h a t  l i pn in ,  c e l l u l o s i c  r ra te r ia l s ,  and p l a s t i c s  
could be converted t o  o i l  by the  same chemical processin?. 
p o t e n t i a l  e x i s t s  f o r  the  d isposa l  of vas t  arounts of environrrental po l lu t an t s  
and the  c rea t ion  of a rep len ishable  enerey source. 
equiva len t  of one b i l l i o n  tons of dry,  rrineral matter-free organic waste w i l l  
be  generated i n  t h e  U.S. i n  1974. 
Btu o r  approximately 17 pc t  of t h e  t o t a l  estimated 1974 energy consumption i n  
t h e  country. Bas ica l ly  the  waste-to-oil process involves the  r eac t ion  of carbon 
monoxide and steam with organic waste mater ia l  i n  t h e  presence of sodiurr 
carbonate c a t a l y s t  a t  temperatures of 250°-400" C and 2 , 0 0 0 4 , 0 0 0  p s i r  
p ressure .  The technica l  f e a s i b i l i t y  of t he  process was demonstrated i n  
batch autoclave and bench-scale continuous process un i t  runs2' 3; t h e  r e s u l t s  
and observations from t h i s  work was  t he  b a s i s  f o r  t he  design of a p i l o t  p l an t  
f o r  converting 1-3 tons per day of wood chips t o  o i l .  
cu r ren t ly  being constructed on t h e  s i te  of the  Bureau of Mines Meta l lurp ica l  
S t a t ion  a t  Albany, Oregon. An ove ra l l  process-flow diagram i s  presented i n  
F igure  1. 

Wood Chips Drying and Grinding 

One such process,  based on the  f ind inps  of F ischer  & Schrader '  

Thus, t h e  

Estimates i n d i c a t e  t h a t  t he  

The enerpy value of t h i s  waste is  12-16 x 10 

. 

This p i l o t  u n i t  is 

The wood chips (1/4" x 2" x 2" maximm s i ze )  w i l l  be withdrawn frolp 
t h e  s torage  b i n  by t h e  t a b l e  feeder and fed  i n t o  a ro ta ry  dryer where the  
moisture content w i l l  be reduced from 45 t o  4 w t  pc t .  The dry chips will 
b e  pulverized t o  -50 mesh i n  a hamermi l l  and then conveyed pnemat i ca l ly  
i n  an i n e r t  gas stream t o  the  wood f l o u r  surge bin. 

Feed Systems 

The area of p r inc ipa l  d i f f i c u l t y  encountered i n  the  operation of the  
bench-scale continuous units was the  feeding of t h e  wood o i l  s l u r r y  i n t o  t h e  
reac tor .  This problem is  caused by the  f ib rous  na ture  of the  c e l l u l o s i c  
w a s t e  material and i t s  low-bulk density.  Accordingly, t h ree  sepa ra t e  feed 
systems were designed i n t o  the  wood-to-oil p i l o t  p lan t ;  nanely, 

1. Wood-oil slurry feed 
2. Pre t rea ted  wood-oil slurry feed 
3. Solids feed 

I n  the  wood-oil slurry feed system, the  pulverized wood w i l l  be continuously 
nixed with some of t h e  product o i l  t o  form a s l u r r y  containing 30 w t  pc t  so l id s .  
This s lu r ry ,  which is extremely s t i f f ,  w i l l  be in j ec t ed  i n t o  the r eac to r  feed 
l i n e s  by a high-pressure plunger pump with spec ia l  check va lves  t o  minimize 
fouling. 
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The p re t r ea t ed  wood-oil s lu r ry  system is very s imi l a r  t o  the  wood-oil 
s l u r r y  feed technique wi th  the  exception t h a t  t he  r a w  wood chips w i l l  f i r s t  
undergo a p a r t i a l  carboniza t ion  to  inc rease  t h e i r  bulk density.  Hopefully, 
s l u r r i e s  of g rea t e r  t han  30 w t  pc t  concentration of wood can be prepared 
through t h i s  technique. The pretreatment w i l l  involve hea t inp  the  raw wood 
chips with some add i t iona l  w a t e r  to 500" F i n  a closed vesse l .  A p ressure  
of approximately 700 p s i g  w i l l  be  developed froE the s t e a r .  Af te r  process 
conditions have been maintained fo r  a f ixed  t i m e  period, t he  p r e t r e a t e r  and 
its contents w i l l  be cooled t o  150" F by means of an ex te rna l  pump loop and 
an a i r  cooled hea t  exchanper. The p re t r ea t ed  wood w i l l  then be separated 
from the water by vacuum f i l t r a t i o n ,  d r ied ,  pulverized t o  -50 mesh, mixed 
with recycle o i l ,  and f e d  t o  t h e  reac tor  a s  described previously. 

Direct s o l i d s  feeding  of wood f l o u r  w i l l  be accomplished by a lock-hopper 
system. This method of opera t ion  p e r m i t s  t h e  g r e a t e s t  throuphput per reac tor  
volume but is q u i t e  complex and d i f f i c u l t  t o  operate.  Basically the  feed system 
cons i s t s  of two pressure-balanced lock hoppers which w i l l  be used a l t e rna te ly .  
The process gas,  carbon monoxide, nust be used t o  pressur ize  the  feed system 
because of p a r t i a l  p ressure  considerations;  i.e., the  p a r t i a l  p ressure  of t he  
carbon monoxide i n  t h e  r e a c t o r  would be reduced considerably i f  i n e r t  gas were 
used t o  p re s su r i ze  t h e  lock  hoppers. 
a ro t a ry  feeder  i n s t a l l e d  on t he  e x i t  s i d e  of each lock hopper. 
a lock  hopper a t  atmospheric pressure  w i l l  be f f l l e d  with -50 mesh wood f i o u r  from 
the s torage  bin.  
s o l i d s  fed t o  r eac to r  v i a  t h e  ro ta ry  feeder. 
p ressure  i n  t h e  vessel is  reduced to atmospheric by f i r s t  venting t o  a carbon 
monoxide surge tank and f i n a l l y  t o  a f l a r e  stack. The surge tank, which is not 
shown i n  f igu re  1, is used t o  capture mst of t he  carbon rronoxide from the  lock 
hopper f o r  re-compression and reuse i n  the  next cycle.  
recyc le  o i l  w i l l  be pumped separa te ly  i n t o  the  reac tor  so t h a t  the des i red  r a t i o  
of wood-to-oil can be maintained. 

Meterinp of the  s o l i d s  w i l l  be e f f ec t ed  by 
l 

During operations,  

The u n i t  w i l l  then be pressurized t o  operatinp pressure  and the 
When a lock hopper is empty, the  

In  t h i s  feed system, 

Cata lys t s  and Process Gas 

Sodiun. carbonate s o l u t i o n  w i l l  be prepared and pm-ped continously i n t o  the 
reac tor  by means of a high-pressure plunger pump. 

Carbon Eonoxide process gas w i l l  be taken from 35,000 scf tube trailers and 
compressed to  opera t ing  pressure  i n  a non-lubricated, non-contaminatinp d iaphragp  
type compressor. 
interchanger and sparged in to  the  reac tor .  
H2:CO molar r a t i o s  w i l l  be used as the process gas. 

The compressed process gas w i l l  be preheated i n  a gas-gas 
Later,  synthes is  gases of var ious  

Reaction and Subsequent Processing 

The reac t ion  w i l l  t ake  p l ace  continuously a t  temperatures i n  t h e  range of 
250"-400" C and pressures  of 1,500 to  4,000 psig. 
reac tor  w i l l  b e  cooled t o  200" C i n  an air-cooled bottoms cooler  and pressure  
reduction w i l l  be e f f e c t e d  by a pressure  reducing valve operating on a reac tor  
l i q u i d  l e v e l  con t ro l l e r .  
the  remaining w i l l  be co l l ec t ed  i n  a bottoms tank and then pumped t o  a centrifuge 
where o i l  and water a r e  separated.  
s o l i d s  and t ransfer red  t o  a hold tank. 

The l i qu id  flow from the  

A s  the  pressure  is reduced, some l i q u i d  w i l l  f l a sh  and 

The o i l  w i l l  then be f i l t e r e d  t o  remove any 
Residual gases from the  f l a s h  tank w i l l  

\ 

E 
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be measured, analyzed continuously f o r  carbon mnoxide,  carbon dioxide, and 
hydrogen and f la red  i n  t h e  f l a r e  s tack .  

The reac tor  off-gases w i l l  be cooled i n  a gas-gas interchanger and then 
undergo a pressure reduct ion by means of a reducing valve operating on a pressure 
cont ro l le r .  The gas w i l l  then be cooled t o  80" C i n  an off-gas cooler ,  measured, 
analyzed continuously f o r  carbon monoxide. carbon dioxide, and hydrogen, and 
f i n a l l y  f lared.  

The plant  has t h e  c a p a b i l i t y  of producing 3 b a r r e l s  of o i l  per  day from wood 
waste. 
t o  55-gallon drums. 
content ,  benzene so lubles  and inso lubles ,  asphal tenes ,  v i scos i ty ,  and hea t ing  
value. 
completion of the  wood-to-oil program. 

The product o i l  w i l l  be co l lec ted  i n  an o i l  hold tank and then t ransfer red  
Routine product o i l  a n a l y s i s  w i l l  include water and s o l i d s  

Present plans call  f o r  the  processing of o t h e r  orpanic  waste products upon 
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Photosynthesis as a Model f o r  Photochemical Hydrogen Generation 

David J .  Graves and James G .  Stramondo 

Unive r s i ty  of  Pennsylvania, Ph i l ade lph ia ,  Pa.  

In t roduc t ion  

Using s o l a r  r a d i a t i o n  a s  a n  energy source has  been considered fo r  
yea r s ,  and a l a r g e  number of  attempts have been made t o  harness  t h i s  
seemingly "free" and c l ean  energy d i r e c t l y .  Most of t he  successful  
techniques r e l y  on t h e  heat ing e f f e c t  of long wavelengths o r  on d i r e c t  
photovol ta ic  production of  an e l e c t r i c  cu r ren t .  Attempts a t  conversion 
o f  s o l a r  r ad ia t ion  t o  a chemically s to red  form of energy have been 
l a r g e l y  unsuccessful  f o r  one o r  a number of the following reasons:  
1) t h e  energy of a s i n g l e  photon of most of t he  l i g h t  which reaches 
t h e  e a r t h ' s  su r f ace  i s  i n s u f f i c i e n t  t o  br ing about a reasonably endo- 
thermic r eac t ion ;  2) t h e  s t o r e d  r e a c t i o n  products tend t o  recombine 
t o o  r e a d i l y  before  they  should; 3)  the r e a c t i o n  products do no t  
combine r e a d i l y  enough a t  the  des i r ed  t i m e ;  4 )  t h e  r e a c t a n t s  o r  
r e a c t i o n  products a r e  h igh ly  co r ros ive ,  t o x i c ,  expensive o r  otherwise 
d i f f i c u l t  to  work wi th ;  5) s ince  only a weakly endothermic photo- 
chemical r eac t ion  can be brought about,  a l a r g e  volume of  r e a c t i o n  
products  must be s t o r e d  f o r  use during dark per iods.  

photochemical process f o r  s p l i t t i n g  water i n t o  hydrogen and oxygen. 
The novel ty  of t h e  proposed method l ies i n  t h e  f a c t  t h a t  t h e  energy 
o f  two photon captures  i s  added together  i n  t h e  cyc le  j u s t  a s  p l a n t s  
add photon energies  during photosynthesis .  I n  t h i s  way, a highly 
endothermic r e a c t i o n ,  such a s  the pho to lys i s  of water ,  can be brought 
about  by photons o f  r e l a t i v e l y  low energy and the  f i v e  problems j u s t  
mentioned can be l a r g e l y  el iminated.  Hydrogen i s  an e s p e c i a l l y  
i n t e r e s t i n g  r e a c t i o n  product ,  a s  many r ecen t  a r t i c l e s  have pointed ou t ,  
because it can be burned t o  produce h e a t ,  used i n  a f u e l  c e l l  t o  
produce e l e c t r i c i t y  d i r e c t l y ,  o r  used as a chemical feedstock f o r  coal 
l i que fac t ion ,  e t c .  

W e  have r e c e n t l y  begun a f e a s i b i l i t y  study on a closed-cycle 

Ene rge t i c s  of Pho to lys i s  and the  Solar  Spectrum 

w a t e r  t o  oxygen and hydrogen i s  56.7 kcal/mole (1.23 e l e c t r o n  v o l t s )  . 
However, from the  r e l a t i o n s h i p  E = 45v, one can c a l c u l a t e  t h a t  only 
photons of a wavelength less than about 504 m w i l l  have s u f f i c i e n t  
energy t o  do t h i s  and only about 15% o f  the  inc iden t  s o l a r  energ 
the e a r t h ' s  su r f ace  s a t i s f i e s  t h i s  c r i t e r i o n .  (See Figure 1). T i e  
d i f f e r e n t i a l  curve,  which shows absorpt ion bands f o r  H20, 02, e t c . ,  i s  
taken from Levine e t  a l .  (1). An in t eg ra t ed  curve a l s o  i s  shown. Even 
a 100% e f f i c i e n t  conversion process would f a i l  t o  be of much i n t e r e s t .  
If two equal ly  e n e r g e t i c  photons could funnel t h e i r  energies  i n t o  one 
r e a c t i o n ,  though, t h e  wavelength l i m i t  would be doubled and about 64% 
of  t h e  inc iden t  r a d i a t i o n  could be u t i l i z e d .  A three-photon process in  
which t h e  energy requirement i s  equal ly  divided would r e s u l t  i n  a wave- 
l eng th  l i m i t  of 1512 nm, and about 84% of t h e  inc iden t  r a d i a t i o n  would 
be s u i t a b l e .  

A t  25"C, the  free energy change f o r  t h e  conversion of l i q u i d  

a t  

The e f f i c i e n c y  of  such conversion processes a s  w e l l  a s  t h e  f r ac t ion  
of t he  spectrum which can be u t i l i z e d  must, of  course,  a l s o  be 
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considered. 
(Figure 2) which decomposes t h e  energy f l u x  a s  a funct ion of  wave- 
length i n t o  photon f l u x  vs .  wavelength r e l a t i o n s h i p s ,  both 
d i f f e r e n t i a l  and i n t e g r a l .  
of energy which can be captured from any given photon i s  no more 
than t h a t  of  t h e  l e a s t  ene rge t i c  photon i n  whatever photon population 
w e  a r e  considering. 
p a r a l l e l s  what w e  would expect t o  ob ta in  i n  a photochemical e x c i t a -  
t i o n  process.  (The manufacturers of s o l a r  c e l l s  f a c e  a s i m i l a r  
dilemma. 
must decrease the band gap and thus t h e  output  vo l t age  of t h e  c e l l . )  
By multiplying t h e  i n t e g r a l  photon f l u x  a t  a given wavelength by t h i s  
minimum photon energy and comparing wi th  i n t e g r a l  ene rg ie s  found 
from Fig. 1, we can f i n d  a conversion e f f i c i e n c y  and a l s o  an e f f i -  
ciency based on t h e  t o t a l  s o l a r  energy f lux .  For the  s i n g l e  photon 
process,  t hese  e f f i c i e n c i e s  a r e  90% of the  photons with s u f f i c i e n t  
energy, but only about 10% r e l a t i v e  t o  t h e  whole spectrum. For a 
two-photon process the  e f f i c i e n c i e s  a r e  67% f o r  t h e  populat ion (up t o  
1008 nm) and 37% f o r  t he  e n t i r e  spectrum. For t h r e e  photons, t he  
population e f f i c i ency  ( f o r  wavelengths t o  1512 nm) has dropped t o  52% 
because SO l i t t l e  energy i s  ex t r ac t ed  from each photon, t h a t  the 
spectrum e f f i c i ency  inc reases  only t o  38%. A s  an a l t e r n a t e  t o  draw- 
i n g  each of t he  two o r  t h r e e  photons from t h e  same populat ion,  we can 
d iv ide  the  t o t a l  population i n t o  two ( o r  more) sub-populations,  a 
s h o r t  wavelength high energy band and a long wavelength low energy 
band. 
a reasonably l a r g e  f r a c t i o n  of  t h e  spectrum, w e  w i l l  henceforth l i m i t  
ourselves  t o  such schemes. W e  a l s o  w i l l  assume t h a t  t h e  low wave- 
length l i m i t  i s  set  low enough t o  capture  a l l  of the high energy 
photons. The e f f i c i e n c y  of a two-photon process depends on two 
fac to r s :  t h e  upper wavelength cu to f f  po in t  f o r  t h e  e n t i r e  populat ion,  
X u ,  and the  wavelength, X c ,  a t  which t h e  change from one sub-population 
t o  another takes place.  The o v e r a l l  e f f i c i e n c y  c a n - b e  l i m i t e d  by too 
few photons i n  t h e  high energy band, too f e w  i n  t h e  low energy band, 
o r  i n s u f f i c i e n t  photon energy i n  t h e  low energy band t o  make up a 
t o t a l  of 56.7 kcal/mole. 
inf luence of X u  and X c  on e f f i c i e n c y  has  been c a l c u l a t e d  and i s  shown 
i n  Figure 3.  
determines the  number of photons i n  each band. For wavelengths 
below 1008 nm, t h e  peak e f f i c i e n c y  corresponds exac t ly  t o  t h e  e f f i -  
ciency obtained by drawing photons from t h e  same populat ion because 
each photon has a t  l e a s t  h a l f  of t he  required energy. However, it i s  
now possible  t o  use  photons beyond 1008 nm by d iv id ing  t h e  energy 
unequally.  An i n t e r e s t i n g  r e s u l t  which emerges i s  t h a t  a new upper 
wavelength l i m i t  of 1280 nm e x i s t s .  Beyond t h i s  p o i n t  t h e  photon 
energies  a r e  i n s u f f i c i e n t  even though the  t o t a l  number of photons i s  
increased. A t  t h i s  wavelength and t h e  optimum X c  of  830 nm t h e  
e f f i c i ency  is  59% of the whole spectrum and 75% of t h e  photon 
population absorbed, a considerable  improvement over t h e  two-photon 
e f f i c i e n c i e s  obtained from a s i n g l e  population d i v i s i o n .  In  c los ing  
t h i s  s ec t ion  we should point  out  t h a t  w e  have completely neglected 
fluorescence,  competing r eac t ions ,  e t c .  which produce non-unitary 
quantum y ie lds .  Actual e f f i c i e n c i e s  may be considerably l o w e r  than 
those which we have given here .  

The photosynthetic Cycle 

To do t h i s  w e  can c o n s t r u c t  from Figure 1 a second p l o t  

We w i l l  next  assume t h a t  t h e  amount 

Such an assumption is  q u i t e  r e a l i s t i c  and 

To capture  a l a r g e r  f r a c t i o n  of t h e  s o l a r  spectrum, they 

Since we have already found t h a t  two-photon processes  can use 

Using the  da t a  i n  Figures  1 and 2 ,  t h e  

Eff ic iency i s  a r a t h e r  s t rong  funct ion of  Xc which 

Having decided t h a t  a two-photon process can e f f i c i e n t l y  capture  
a s i g n i f i c a n t  f r a c t i o n  of t h e  s o l a r  r a d i a t i o n ,  p a r t i c u l a r l y  i f  wave- 
lengths  up t o  1280 nm can b e  used and d i f f e r e n t  populat ions a r e  chosen 

1 

, 
1 

I ,  
3 



24 

f o r  each of t h e  two photons, we now consider  how t o  couple t h e i r  
energy. 
so a b r i e f  d e s c r i p t i o n  o f  n a t u r e ' s  scheme as i t  i s  
s tood,  w i l l  be g iven  f i r s t  ( s e e  Figure 4 )  

forms a s t rong ox idan t  ( c h l  a d 7 0 )  and a weak reductant  (reduced 
plastoquinone).The s t r o n g  oxidant regenerates  t he  o r i g i n a l  c h l  a 670 
by an unknown series of r e a c t i o n s  ( c o l l e c t i v e l y  c a l l e d  t h e  H i l l  Reac- 
t i o n )  which u l t i m a t e l y  extract an e l ec t ron  from water i n  the presence 
of mt+ And C l - ,  l i b e r a t i n g  oxygen gas and hydrogen i o n s .  
quinone regenerates  i t s e l f  by con t r ibu t ing  i t s  e l ec t ron  t o  a chain of 
cytochrome compounds. A s  the e l e c t r o n  f a l l s  toward a more oxidized 
s t a t e ,  pa r t  of  i t s  energy is  trapped by convert ing ADP (adenosine 
diphosphate) t o  ATP (adenosine t r iphosphate)  an energy source molecule 
used i n  c e l l u l a r  r e a c t i o n s .  The e l e c t r o n  even tua l ly  winds up i n  a 
compound c a l l e d  p l a s tocyan in .  This e n t i r e  scheme of photon trapping 
and e l ec t ron  t r a n s p o r t  r e a c t i o n s  i s  r e f e r r e d  t o  a photosystem 11. 

The second series o f  r eac t ions  i s  c a l l e d  photosystem I .  A pig- 
ment P700 i s  exc i t ed  by t h e  second photon, con t r ibu t ing  i t s  e l ec t ron  
t o  an unknown compound X and thereby c r e a t i n g  a ve ry  s t rong  reductant .  
The weak oxidant ,  P700+ r e t u r n s  t o  i t s  o r i g i n a l  s t a t e  by ex t r ac t ing  
t h e  e l ec t ron  from p la s tocyan in .  The compound X con t r ibu te s  i t s  . 
excess e l ec t ron  t o  a s l i g h t l y  less s t rong  r educ tan t ,  ferredoxin.  
The reducing energy of ferrodoxin i s  used t o  c r e a t e  a second type of  
energy s to rage  and t r a n s p o r t  molecule, NADPH, from NADP. This 
compound then supp l i e s  t h e  energy t o  c r e a t e  carbohydrates from carbon 
dioxide and c a r r y  o u t  o t h e r  endothermic c e l l u l a r  r e a c t i o n s .  

The Proposed P h o t o l y t i c  Cycle 

photosynthesis.  S p e c i f i c  dyes a r e  shown, bu t  t hese  a r e  f o r  conven- 
ience only and t h e i r  choice was d i c t a t e d  pr imari ly  by what has 
a l r eady  been descr ibed i n  t h e  l i t e r a t u r e .  
system I1 i s  a scheme based on t h e  dye methylene blue.  
photon, it e x t r a c t s  an e l e c t r o n  from Fe++ forming the  c o l o r l e s s  
leucomethylene b lue  and FetS+. 
s t e p s  and 2 e l e c t r o n s  a r e  t ransported.)  
documented i n  t h e  l i t e r a t u r e  (5) .  
molecule, such as one o r  more cytochromes, would e x t r a c t  t he  e l ec t ron  
and c a r r y  it t o  a second system containing a dye such a s  ac r id ine .  

Upon photon e x c i t a t i o n ,  the a c r i d i n e  i s  converted t o  an acr idan.  
Unlike the  methylene blue system, t h e r e  i s  l i t t l e  o r  no tendency fo r  
t h e  r eac t ion  t o  spontaneously reverse i t s e l f .  
p lus  Fe* tend t o  r e a c t  and regenerate  the  f e r rous  ion plus o r i g i n a l  
dye. 
e l e c t r o n  donors f o r  a c r i d i n e ,  a wide v a r i e t y  of compounds including 
a l l y l t h i o u r e a ,  i sop ropy l  a l coho l ,  e thanol ,  t o luene ,  e thylene diamine 
t e t r a a c e t i c  a c i d ,  and a sco rba te  are e f f e c t i v e  ($,*z), so  the c a r r i e r  
and donor molecules probably w i l l  not be too c r i t i c a l .  

than t h a t  of t h e  hydrogen e l ec t rode .  
i c a l l y  capable o f  producing hydrogen gas given a source of  protons.  
W e  pos tu l a t e  t h a t  i t  w i l l  be q u i t e  easy t o  use the  energy of the 
reduced acr idan t o  reduce one of t h e  viologens (methyl viologen, 

The cyc le  i s  ve ry  s i m i l a r  t o  t h a t  involved i n  photosynthesis,  
r e s e n t l y  under- 

(2, 2, I ) .  
Chlorophyll a 670 i s  a p i  ment which when photochemically excited 

The plasto-  

The cyc le  shown i n  Figure 5 i s  q u i t e  s i m i l a r  i n  p r i n c i p l e  t o  

Corresponding t o  photo- 
Excited by a 

(Actual ly  the r eac t ion  occurs i n  two 
This r e a c t i o n  i s  well  

We then p o s t u l a t e  t h a t  a c a r r i e r  

Leucomethylene blue 

Although t o  o u r  knowledge cytochromes have n o t  been t r i e d  a s  

The reduced ac r idan  molecule has a redox p o t e n t i a l  more negative 
It i s  the re fo re  thermodynam- 
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benzyl viologen, etc.) which is slightly less negative in redox 
potential than the acridan. It is known that reduced viologen 
molecules plus protons will regenerate the oxidized viologen, 
liberating hydrogen gas, in the presence of the enzyme hydrogenase 
(8) * 

The scheme as shown is incom lete because the electron has been 
obtained by the conversion of F e d  to Fe++.f and the proton source has 
not been shown. Obviously the Hill Reaction would be the ideal answer 
to this problem, but since it is unknown, we will borrow a few reac- 
tions from a proposed thermochemical hydrogen cycle to illustrate how 
the problem could be handled with known reactions (2): 

2Fe C13 --f 2Fe C12 + C12 1) 
C12 + M .(OH)2 + M C12 + 50, + H20 2) 
M C12 + 2H20 3 )  

g 

The temperatures at which these reactions proceed are 300"C, 50 to 
90°C, and 350°C respectively. Now we add three simple reactions 
representing crystallization and dissolution of a gas and solid: 

+ M~(OH)~ + 21x1 g 
g 

2Fe* + 6 C1- + 2FeC13 4) 
2HC1 + 2H+ + 2C1- 5) 
.2FeC12 + 2Fe* + 4C1- 6 )  

7) 

The net result of all six reactions is therefore 

2Fe+++ + H20 + fo, + 2H+ + 2Fe'+ 
Our cycle is therefore closed, the ferric ion returned to ferrous ion, 
oxygen liberated, and the hydrogen ions needed for hydrogen production 
are supplied. 
with low grade'heat from photons not used in the primary photochemical 
reactions. 

Such an additional set of reactions could be supplied 

An important consideration in successfully carrying out all of 
the foregoing reactions is obviously separation of the various steps. 
Ferric ion, a strong oxidant, certainly would react very vigorously 
and rapidly with the acridan or viologen, strong reductants. 
Fortunately, coupling the dyes and even the hydrogenase enzyme to 
a solid surface presents little difficulty, so the circulation of 
fluids over beds of solid material can be carried out readily. 
is one simple expedient to separate the reactants, but of course 
there are others too. 

In summary, an examination of the mechanisms involved in photo- 
synthesis, of previous work on photosensitive synthetic dyes, and of 
some pertinent theory suggest that it should be possible to split 
water into hydrogen and oxygen with moderate efficiency using a 
significant fraction of the photons in sunlight. Considerable 
experimental work is needed to verify the possibility of coupling 
certain steps in the suggested sequence and to determine the ease with 
which individual reactions could be segregated to prevent undesirable 
energy "short-circuiting" react ions . 

This 



26 
Acknowledgment 

We a r e  pleased t o  acknowledge support  of  t h i s  work by t h e  Nat ional  
Science Foundation (Grant GK43641). 

References 

1 

Levine, S . ,  e t  a l . ,  So la r  Enerpy, 2, 11 (1958). 
/ 

I Arnon, D .  e t  a l .  Nature,  190, 601 (1961). 

Whatley, F. and Losada M . ,  "The Photochemical Reactions of  
photosynthesis ,"  i n  Photophysiolopv, (A.C. Giese, ea.) 
Academic P r e s s ,  New York (1964). 

New York, p.  558 (1971). 
Mahler, H .  and Cordes, E . ,  Biological  Chemistry, Harper and Row, 

Ainsworth, S . ,  J. Phys. Chem., 64, 715 (1960). 

Sweetser, P . ,  Anal. Chem., 39, 979 (1967). 

Mil l ich,  F . ,  and Os te r ,  G .  J.  Am. Chem. SOC.,  81, 1357 (1959).. 

Peck, H.  and G e s t  H .  J .  B a c t e r i o l . ,  71, 70 (1956) 

Wentorf, R .  and Hanneman, R. , "Thermochemical' Hydrogen Genera- 
t i o n , "  Report 7 3 0 2 2 2 ,  General E l e c t r i c  Company, 
Schenectady, New York (1973). 

i 



I 

\ 

1 
\ 

27 

Figure 1. 

100 

a80 
N = 
V . 
n 
E60 : 
c 
2 

I40 
X 
3 
.J 
L 

i z o  
w z 
w 

-li----- 
% OF TOTAL ENFhOl FLUX 

loo 1 

0 
200 600 1000 I400 I800 

WAVELENGTH - I NU 1 

80 2 
% 
E 
d 

X 

L 

I- 

60 

3 

!$ 

20 g 

40 $ 
W 
.J a 

W 
I- 
f 

3 

Solar Energy Flux at the Earth's surface (1) between 
200 and 2000 nm and the integrated flux curve. About 
10 percent of the total radiation has a wavelength 
greater than 2000 nm and is not shown. 

WAVELENGTH - (nm) 
Figure 2 .  Photon Flux at the Earth's surface, differential and 

inte ral. This data was derived from Fig.1 using 
E = 4 v. 



8 o r - V  . . 
60’ 

m 
;f 

s 40- 
3 
t 

W 
2 
W 

W 
(3 Q 

W 
0 

W 

5 20 

a 
a 

n -  

- 

“200 400 600 800 1000 

X -  

P 7 0 c P 7 0 0  
W 

Red. Plastocy”x. n Plastocyanln 

Ox. Cytochrome; ~ If””. Cytochromes 

n 

n 
CHLOROPHYLL a t 6 7 0  J+ILOROPHYLL a 670 

28 

h, WAVELENGTH - n m  

Percentage of the total Solar Flux which can be used 
in a two-photon process in which each photon is drawn 
from a different population. The upper cutoff wave- 
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The proposed photochemical 
cycle to split water. The 

Hfl 112 02+ 2 H *  ferric to ferrous conver- 
sion with attendant release 
of oxygen is discussed in 

x 
Figure 4. The coupled reactions of 

photosynthesis as presently the text. 
understood. 
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BIOPHOTOLYSIS OF WATER TO HYDROGEN AND OXYGEN 

L. 0. Krampitz 
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The concept of the  biophotolysis of water with the formation of oxygen 
and hydrogen is the bringing together of two biological f ields of scientific 
endeavor, each of which has made phenomenal p rogres s  during the l a s t  
decade o r  two. The two a r e a s  of progress  r e fe r r ed  to a re :  (1) a g rea t e r  
understanding of the molecular events which occur in photosynthesis, and 
(2) a grea te r  understanding of molecular events i n  microbial  metabolism, 
Although thermodynamically feasible, heretofore not much thought has been 
given to the possibility of biophotolysis. 

The photosynthetic apparatus which consists of two photosystems 
operating in se r i e s  can, by capturing two quanta of radiant energy, place 
an electron f r o m  the water-oxygen couple (to. 8 volts pH 7. 0 )  to a negative 
value as much as -0.7 volt which i s  0.3 volts m o r e  negative than the hydrogen 
electrode. 
following photosynthetic equation: 

A minimum of eight quanta of radiant energy are requi red  for the 

2HzO t 2A hv ) 2AHz t 0 2  

where A is a n  electron acceptor (Hill reagent). A variety of compounds may  
se rve  as Hi l l  reagents. F o r  the purpose of employing these  photosynthetic 
electrons for  the reduction of protons to hydrogen by the action of a bacterial  
hydrogenase, the acceptor must  have a n  oxidation-reduction potential near  the 
potential of the hydrogen electrode and in i ts  reduced s ta te  s e rve  as  a substrate 
f o r  the hydrogenase. Several  anaerobic non-photosynthetic and photosynthetic 
bacteria form hydrogen during some of their  metabolic processes.  
the immediate precursor  of electrons for  the reduction of protons as catalyzed 
by these hydrogenases is reduced ferredoxin, a sma l l  molecular weight 
iron-sulfur protein. 
molecular weight is in the normal pathway of electron t ransfer  i n  the 
photosynthetic apparatus. 

Usually 

A s imi la r  species of protein although sma l l e r  in 

In this la t te r  ca se  the reduced fe r redoxin  reduces 

i 



30 

triphosphopyridine nucleotide (TPN) which in tu rn  is the source of electrons 
for the  reduction of ca rbon  dioxide to  plant materials.  With some anaerobic 
bacteria it has been demonstrated that reduced TPN can  reduce ferredoxin 
with sufficient kinetics i n  sp i te  of the unfavorable thermodynamic ba r r i e r  of 
approximately 0.1 volt. 
of hydrogen as catalyzed by the  bacterial  hydrogenase. 

The electrons of reduced ferredoxin are the precursors  

The first experiments which demonstrated the biophotolysis of water to 
oxygen and hydrogen consisted of a two-stage reaction mixture. 
stage employed the c l a s s i ca l  method of S a n  Pie t ro  and colleagues who 
demonstrated that spinach chloroplasts could photosynthetically reduce TPN 
by the oxidation of water ,  providing ferredoxin was present. Five pmoles 
of TPNH were prepr red  and added to the second mixture containing the 
components l i s ted  in Table 1. 

The first 

Table 1 

HYDROGEN FORMATION FROM TPNH -- NO GENERATING SYSTEM 

per ml 

'Tris buffer pH 7.6 100.0 pmoles 
Glutathione (SH) 2.0 pmoles 
TPNH 5.0 pmoles 
Na pyruvate 
DPN 

20. 0 pmoles 
1.0 v o l e s  

Lactic dehydrogenase 9 units 
C. kluyveri  hydrogenase 
Fe r redox in  
- -  0.4 ml 

500 Pg 

Total volume 10 ml, a rgon  atmosphere, temp. 35°C 

Hydrogen evolved 
lumoles 1 

15 min  3.2 
30 min 3.2 
45 min 3.2 

The important components for this discussion a r e  TPNH. the bacterial  
hydrogenase prepara t ion  f rom Clostridium kluyveri and buffer. At the 
bottom of the table i s  given the  quantity of hydrogen evolved f rom TPNH. 
Control experiments demonstrated that hydrogen evolution was totally 
dependent upon the presence  of TPNH. The quantity of hydrogen is l e s s  

F 
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than the  TPNH added but it could be shown that the activity of the hydrogenase 
was los t  shortly a f te r  the beginning of the experiment. 
of hydrogenases is that they a r e  labile, particularly to the presence  of oxygen. 
In this case,  although the experiment was conducted under a n  atmosphere of 
argon, the oxidized TPN formed f r o m  the oxidation of TPNH to hydrogen 
inactivated the enzhrne. 

A general  charac te r i s t ic  

In an attempt to overcome the inhibition by T P N  of hydrogenase activity 
and the thermodynamic b a r r i e r  between TPNH and the hydrogen electrode in 
these anaerobic bacteria,  we investigated the probability of employing photo- 
synthetic bacteria. Photosynthetic bacteria although they cannot u se  water as 
an  electron source use  reduced organic o r  inorganic substances f o r  photo- 
synthetic electron donors and in many cases  c a n  form hydrogen photosynthetically 
f rom these substrates.  Rhodopseudomonas capsulata, a photosynthetic bacterium, 
can fo rm copious quantities of hydrogen from malate under anaerobic conditions 
providing no elemental nitrogen or fixed fo rms  of inorganic nitrogen are  present. 
The photochemical sys tems present i n  spinach chloroplasts are a l so  labile, having 
a short-lived mechanism f o r  forming TPNH. The photosystems present  i n  the 
blue-green alga, Anacystis nidulans, were therefore employed. F r e s h l y  harvested 
cells of the alga a r e  impermeable t o  most organic substrates.  Lyophilization 
under appropriate conditions render the ce l l s  permeable to  severa l  substances 
including TPN and photosystems I and  11 rema in  active and reasonably stable, 
These cells were employed to  p repa re  reduced TPN (TPNH) photosynthetically, 
using water a s  the electron donor. 
o r  in the presence of 1.1 dimethyl-3-(3.4 dichlorophenyl) urea  (diuron1 a specific 
inhibitor for photosystem II. 

No reduction of TPN occurred  in the dark  

Lyophilized ce l l s  of R. capsulata a r e  permeable to  reduced TPN and 
contain a very active mala& dehydrogenase. 
chemical reactions c a n  reduce oxalacetate to malate with the reduced TPN. 
In contrast  to  f resh ly  harvested ce l l s  the lyophilized ce l l s  cannot photosynthetically 
fo rm hydrcgen f r o m  malate. With a mixture of freshly harvested ce l l s  and the 
lyophilized cells, small quantities of oxalacetate and subs t ra te  amounts of 
reduced TPN (obtained photosynthetically with the algae) hydrogen was obtained 
PhotosyntheticaRy in quantities equivalent t o  the amount of reduced TPN added. 
&r example, with 10 pmoles of TPNH, 20 mg (dry weight) f resh ly  harvested 
R. capsulata, and 5.0 mg lyophilized cells in a total volume of 2 m l  under a n  
atmosphere of a rgon  and exposed to  22, 000 lux of white light, 10 pmoles of 
hydrogen were obtained in 45 minutes. 

These ce l l s  by well known bio- 

- 
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The events may be summarized a s  follows: 

Water t algae t T P N  t light 

TPN + oxalacetate + lyophilized E .  c a p s d a t a  .-)TPN t malate 

Malate t f r e s h  5. capsulata t light .-> hydrogen -t oxalacetate 

)TPNH t oxygen 

Omitting the microorganisms and electron c a r r i e r s ,  the sum of the equations 
become: 

Water t light -) hydrogen t oxygen 

In a one-stage experiment, by combining the following components : 
40.0 mg Anacystis nidulans, 2.5 pmoles TPN, 50.0 m g  (dry weight) f reshly 
harvested 2. capsulata, 12.0 mg lyophilized ,R. capsulata in a total volume of 
5 m l  under an atmosphere of argon with 175, 000 lux of white light, 2 kmoles of 
hydrogen were formed i n  30 minutes. Apparently the hydrogenase of the photo- 
synthetic bacterium is sufficiently stable to the oxygen liberated by the 
photosynthetic activity of algae to form hydrogen from the photosynthetically 
formed TPNH. 

The experiments c i ted here  a s  well a s  other conclusively show that 
hydrogen can be  formed by the biophotolysis of water. 
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A LONG-RANGE APPROACH TO THE NATURAL GAS SHORTAGE 
UTILIZING NONFOSSIL RENEWABLE CARBON 

D. L. Klass 

Institute of Gas Technology 

Chicago, Illinois 60616 

INTRODUCTION 

The production of substitute natural gas (SNGI from petroleum liquids, coal, and oil shale to 
alleviate the natural gas shortage has received considerable developmental effort. Commercial SNG 
processes based on these fossil feeds will undoubtedly play important roles in the future of the U.S. 
gas industry and help to maintain it as a methane marketer over the next few decades. But fossil 
feeds for the production of SNG are s t i l l  finite natural resources, and ultimately depletion will 
occur. A very promising long-range practical solution to  this problem is to convert a major source of 
continuously renewable nonfossil carbon to  SNG.l,* 

One source of nonfossil carbon that has been considered is organic wastes3 The growing 
environmental and pollution problems caused by the generation of organic wastes in the United 
States provides an opportunity to combine improved waste-disposal technology, for recycling 
valuable waste components into the economy, with energy recovery in the form of SNG. Table 1 
summarizes the results of a recent study to survey the various types o f  organic wastes generated in 
the United States and the amounts that are collected and available for conversion t o  syn f~e ls .~  At 
SNG yields per ton of dry waste of 10,000 cubic feet, about 8.8 trillion cubic feet of SNG could be 
produced each year if a l l  o f  the wastes could be processed. This i s  obviously not possible; al l  of the 
wastes could not be collected for this purpose even i f  laws were passed requiring total collection and 
a concerted effort were made to achieve it. However, i f  total collection did occur, the amount of 
SNG that could be produced would sti l l  fall far short of the US. annual demand for natural gas, 
which is  currently about 24 trillion cubic feet. Organic wastes offer a significant source of 
supplemental synfuels, but are not the total answer to fossil fuel depletion. Another source of 
nonfossil renewable carbon must be utilized. 

The most promising source of this carbon is water- and land-based biomass produced from ambient 
carbon dioxide and solar energy by photosynthesis.'*2 Biomass is defined as all growing organic 
matter, such as plants, trees, grasses, and algae, and, in a real sense, is perpetually renewable. The 
production of SNG from lowcash-value, high-fuel-value biomass would offer a major, controllable, 
nonpolluting, storable source of fossil fuel substitutes. It has been estimated that 146 billion tons of 
biomass, most of which is wild and not controlled by man, i s  produced on the earth each year: so 
at the same SNG yield used for organic wastes above, about 1.6% of this amount of biomass would 
provide enough raw material to meet all of our natural gas demand. With the advanced state of U.S. 
agricultural practice, it is conceivable that the conversion of solar energy to SNG via biomass could 
be achieved to establish what might be called "A Perpetual Methane Economy." 

The concept of A Perpetual Methane Economy reduces itself to  the development of suitable 
methods for planting, growing, harvesting, transporting, and converting biomass to SNG. The 
purpose of this paper i s  t o  review the important facton related to the development of this concept. 
Although liquid fuels and syncrudes can also be produced from biomass? they are not included in 
the review. 
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Table 1. ESTIMATES OF AVAILABLE ORGANIC WASTES. 1971 

Total Organic Organic 
Wastes Generated Solids Available 

Source -106 tons/yr 

Miintire 200 76.0 

Urb;in Refuse I 2 0  7 I .o 
Logging and Wood Mairti Itctiiriiig 
Residues 55 5 .o 

Agricialture Crops ;itid Food Wastcs 3'10 22.6 

I nd ti st rial W a s t e s  44 5.2 

Municip;ll Scwagc Solids 1 2  I .s 
Miscellaiirotas Orgmiic W:astc..; 50 

Total 880 
- 5 .o 

136.3 
- 

Net Oil Potential. IO" hhl I0')X I 7 0  

Net Gas for Fuel Potential. I O 1 ?  CI- 8.8 

SYSTEM DESIGN 

I .36 
8-1 24-  2157 

The overall design o f  a biomass-to-SNG system depends on several parameters such as the type, size, 
number, and location of the biomass growth and processing areas. In the ideal case, the SNG 
production plants would be located in or near the biomass growth areas to minimize the cost of 
transporting the harvested biomass to the plants, all the nonfuel effluents of which are recycled to 
the growth areas. If this kind of "synfuel plantation" could be developed, it would be equivalent t o  
an isolated system with inputs of solar radiation, air, carbon dioxide, and minimal water, and one 
output, SNG. A schematic design of such a system is depicted in Figure 1. The nutrients are kept 
within the ideal system so tha t  the addition of external fertilizers and other materials is not 
necessary. Also, the environmental and disposal problems are eliminated. 

Onsite production of synfuel from the biomass would be facilitated in land-based synfuel 
plantations and near water-based growth areas where the natural water currents might function as a 
transport vehicle for the biomass to move it to the conversion plant sites. The gasification plants 
would be strategically located onshore with respect t o  biomass supply, recycling, and SNG 
transmission or transportation facilities. 

The achievement of optimum system designs will be necessary to  make the manufacture of SNG 
from biomass a commercial reality. The scope and size o f  commercial SNG plantations alone will 
demand careful planning and total integration of each operation because any errors in design will 
result in operating difficulties that can seriously affect the continuity of production, efficiencies, 
and economics. 

The risks in such a large venture will have to be minimized by evolutionary development in a logical 
sequence of steps, such as system synthesis, preliminary analysis, small-scale demonstration, 
second-stage analysis, moderate- to  large-scale demonstration over a prolonged time period, final 
analysis and system optimization, and full-scale commercialization. The business and political 
problems associated w i th  each system cannot be overlooked either, because any new industry of 
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this magnitude will undoubtedly hrme i t s  quota of skeptics among those who can benefit from the 
technology. The development program must produce the information needed t o  prove the viability 
of the concept beyond any doubt. 

BIOMASS PRODUCTION 

In the last few decades, the production of biomass for foodstuffs applications has been significantly 
improved through the use of modern techniques and equipment. Higher yields and more nutritious 
strains of crops have been developed as a result of these advanced methods, and much of the 
information could be applied to the development of low-cash-value, high-fuel-value biomass for 
SNG production. Also, our basic knowledge o f  photosynthesis has advanced so that specific biomass 
crops and growth methods can be optimized together to improve production. 

A broad range of biomass production technology is available because the crops can either be land- 
or water-based. Suitable crops might include certain land-based, high-yield grasses and water-based 
algae, which can be grown in either fresh water or seawater. The goal of any program undertaken to  
develop and select the best biomass forms for SNG manufacture is to  choose the highest yield, 
highest fuel-value crops that require minimum labor during planting, growth, and harvesting, and 
that not only survive but thrive in most climates. Also, it i s  desirable to  use crops that have no 
large-scale markets as foodstuffs or materials. As expected, no one crop meets all of the desired 
characteristics, but, fortunately, numerous biomass species meet many of the idealized 
requirements. 

A preliminary assessment of biomass production as it relates to SNG has been performed, and a few 
indepth studies are in progress to  assist in the selection of optimum biomass forms.’V6 Some of the 
important parameters that were studied included biochemical energy transfer classification, solar 
energy capture efficiency. growth rate and cycles, yields, nutrient needs, water needs, carbon 
content and fuel value, insolation, temperature, and rainfall. These studies have attempted to 
quantify the relationship of these parameters and their importance in selecting the proper biomass 
types and production methods. It is not the purpose of this paper t o  review this information in 
detail; instead, the major conclusions will be summarized. 

One major conclusion is that it appears sufficient yields of certain plants can be obtained to provide 
suitable raw material for conversion to large quantities of SNG. Examples of biomass that may 
prove to be optimum crops include land crops of Sudangrass, napiergrass, sorghum, sugarcane, 
sunflower, kenaf, and eucalyptus, sycamore, and poplar trees; freshwater crops of water hyacinth 
and the unicellular algae, Chlorella and Scenedesmus; and seawater crops such as Macrocystis 
pyrifera (giant kelp). Several of these crops are capable of production a t  yields of 20 t o  30 tons dry 
organic matter/acre-year, and some have been reported to be produced a t  yields over 60 
tondacre-year. Also, the fuel values generally range from about 5000 to  8000 Btu/dry Ib. These 
crops are believed suitable for SNG production. 

Another important conclusion from these studies is that relatively large areas o f  land or water are 
needed to grow enough biomass to  supply the U.S. fuel needs. For example, at a yield of 50 
tons/acre-year of dry biomass, about 169,000 square miles are required at an overall thermal 
efficiency of conversion of 35% to SNG to replace al l  of the US. natural gas demand with SNG as 
indicated in Table 2.l This area corresponds to a square 411 miles on each edge and might be 
considered to  be a major roadblock to commercialization of a biomass-to-synfuel industv. But, on 
further examination, it does not Seem t o  be an insurmountable barrier, especially when considered 
in light of the problem solved. First, this area i s  about 5.6% of the Lower-48-State area. Idle 
farmland and deserts comprise about 6.4% of the Lower 48 States now. When compared with the 
surface areas of the oceans, a small portion of which might be devoted to  biomass production, a 
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411-mile square Seems to be an insignificant part of the whole. Also, it is  possible to conceive of 
combined foodstuffs and biomass-for-fuel production, so some growth areas might serve dual 
functions. In some cases, symbiotic relationships might lead to further improvement in both 
biomass forms. Finally, it should be realized that the preliminary studies that have been made are 
based primarily on existing information. Major improvements in yield, fuel value, and other 
important properties might emanate from field-test programs. 

Table 2. POTENTIAL SNG PRODUCTION FROM BIOMASS" 

AVERAGE AREA REQUIRED, sa miles 

PERCENT OF PRESENT DEMANDt 10 ton/acre-yr 25 ton/ocre-yr 50 ton/acre-yr 

1.66 12,000 5,000 2,800 
10 72,000 30,100 17,000 
50 361,500 150,500 84,500 
100 723,000 301,000 169,000 

*Based oil i i idicated d ry  yields n l  over:iII 1lieriii:il cff iciei icy of 
conversion to SNG of 35'A :ind I'kicl villuc of (7500 Ut i i /dry IO. 

A - 103- 1580 

No field tests of any significant size are yet in progress to optimize biomass production methods 
and specific biomsss crops for SF!': manofacture. Howeve:, the US. Pdavy has awounced plans to 
begin such a program with giant kelp off the California coast.7 

BIOMASS CONVERSION TO SNG 

Methane can be produced from biomass by digestion, pyrolysis, and hydrogasification as shown in 
Figure 2. Digestion is a biological process that occurs in the absence of oxygen and in the presence 
of anaerobic organisms a t  ambient pressures and at temperatures of 95'tol 50°F.The biomass is 
supplied to the anaerobic digesters as a water slurry and is converted to  an intermediate-Btu gas 
(450 to 800 Btuhubic foot) that i s  essentially a two-component gas containing methane and carbon 
dioxide. This product is easily upgraded to pipeline gas (SNG) by removal of carbon dioxide in 
conventional amine scrubbers or by other methods. IGT's BiogasTM Process (Figure 3) is an 
example of such processe~.~ 

Biomass can also be converted to SNG by pyrolysis. Pyrolysis consists of thermal decomposition of 
the feed a t  low pressure in the 900° t o  170OoF range. However, the initial product gas is generally a 
Iow-Btu gas (100 t o  450 Btukubic foot) that contains low concentrations of methane and higher 
concentrations of carbon monoxide, carbon dioxide, and hydrogen. In addition, by-products of 
char and oxygenated liquids are formed; these are often used to supply the heat for the pyrolysis 
units. I f  SNG is the desired end product, the pyrolysis gas must first be adjusted in composition by 
"shifting" the molar ratio o f  hydrogen to  carbon monoxide in a shift converter to about 3: 1, which 
corresponds to  the stoichiometric ratio needed to convert the carbon monoxide to  methane in the 
methanator. The gas is then scrubbed to remove carbon dioxide, and the resulting gas, which 
contains methane, carbon monoxide, and hydrogen, is methanated to  yield SNG. The process 
developed by West Virginia University for solid-waste pyrolysis should also be suitable for biomass 
pyrolysis.8 

In the hydrogasification process, part of the biomass feed i s  first converted to hydrogen by partial 
oxidation or steam-reforming followed by shifting to increase the hydrogen content as high as 
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possible. The hydrogen-rich gas i s  then reacted with the remaining biomass a t  500' t o  150OoF and 
500 to 2500 psi to  hydrogenate it and yield a product gas high in methane. The gas is then upgraded 
to SNG by shifting, scrubbing, and methanating as in the pyrolysis process. 

As might be expected, each of these three processes is not energetically suitable for all types of 
biomass. Some types o f  biomass, especially those in the water-based category, usually Contain large 
quantities of intracellular water, as high as 90 to  95%. I f  this type of feed is pyrolyzed or 
hydrogasified, the water must be  removed before thermal treatment, or a large amount of feed 
energy is consumed in the process simply in driving off the water before gasification.' The curves in 
Figure 4 illustrate the effect o f  moisture content on the energy available for conversion o f  
heatdried biomass to SNG. For example, if a biomass containing 70%moisture is heatdried to a 
moisture content of 30%, only 62% of the energy content is available for conversion to  SNG. 
Anaerobic digestion is preferred for those feeds high in moisture because the process requires large 
amounts of water. Airdrying of biomass is the most economical drying method i f  it is needed. 

Table 3 l ists representative examples that have been reported of methanecontaining products made 
from various biomass plants. Available information on actual experimental data is limited because 
t h e  biomass-to-synfuels concept has only recently begun to  receive attention. Only a few research 
groups are developing data at present, but the data base is expected to  expand rapidly in the near 
future. 

Table 3. EXAMPLES OF F U E L  GAS PRODUCTION FROM BIOMASS 

ECONOMICS AND ENERGETICS 

The economics of biomass conversion to SNG are in a preliminary stage of development. However, 
some idea of the cost structure can be obtained from existing information. Table 4 illustrates the 
energy cost of several selected biomass species. With the exception of the edible portion of corn, 
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whose energy cost was calculated from current market prices, the price range varies from $0.42 t o  
$l.BE/rnillion Btu, which places biomass energy in a range competitive with the current costs of 
fossil fuel energy. Of course, the cost of converting biomass to SNG must be added to the biomass 
energy costs. 

Table 4. SELECTED COST ESTIMATES OF BIOMASS ENERGY 

Estimated Cost, 
Biomass Yield, dry tondacre-yr Fuel Value, Btu/dry Ib $/lo6 Btu 

Corn - -7 .- >7* 0 .s 00'E 9.70' 

Corti Silage15 15 .<I h.500 1.31 

Corn Silage15 (1.5 h.500 I .88 

Conit'er 1' - 7.000 I .25.  

~ o p ~ a r l '  10 7.X00 0 . w  

Sugarcane(' 25 7 ..5 00 0.b3 

K e 113 fb 20 7.500 0.0 I 

Ken:ifi 0 7.500 I .40 

.75 

.00 

Land or Water B : W ~  1 2 0  x ,000 0.79-1.46' 

Land or Water B:isetl ' 50 x ,000 0.42-0.X7' 

Land Basedb 30 7.500 0.65 

A few cost estimates have been reported on the conversion of biomass to  SNG as shown in Table 5. 
There is a wide diversity of plant sizes, conversion efficiencies, and capital requirements in this 
particular tabulation, but the SNG price ranges from only $0.73 to $3.50/million Btu. One of the 
available SNG-fromcoal projections is  also included in this table for comparison. 

An interesting factor in the production o f  biomass alluded t o  in Table 4 concerns the energy budget 
of the system, Le., the total energy into the system and the product energy returned. Few studies of 
this type have been made. One of the indepth studies computed the energy budget of US. corn 
production and included all of the nonsolar energy inputs into the system such as electric power, 
equipment fuels, and the energy needed t o  manufacture ammonia fertilizer which is made primarily 
from natural-gas-derived synthesis gas.17 Some of the information developed in this study has been 
convened to thermal energy production efficiency (energy idenergy out) and nonsolar energy 
input/lb of corn produced and plotted versus year (Figure 5). Less energy was expended t o  produce 
a pound of corn in 1940, which means that the energy input is utilized less efficiently today. 

This kind of energy budget treatment is directly related t o  SNG because one of the important 
factors that has largely been ignored in the development of new energy supplies concerns the net 
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energetics of  the system.' Valid comparisons of different systems cannot result from only synfuel 
cost estimates and capital and operating cost projections; these factors do not necessarily correlate 
with net energy production. Nor can valid comparisons be made simply by calculating the thermal 
efficiency or the energy in and out of a process. All o f  the energy inputs involved in planting, 
harvesting, transportation, fuel production, and recycling of product streams should be considered. 
It i s  essential that these factors be lumped together with economics in the fully integrated system. 
Since the primary objective is to  produce new fuel supplies, more fossil fuel substitutes must be 
produced as salable end products than the fossil fuels consumed in the system. Even then, the 
selection of the best of several systems is a difficult one to make. 

For example, let Ef, Ex, and E represent the energy content of the dry biomass, the sum o f  the 
external nonsolar energy inpug into the total system, and the energy content of salable fuels, 
respectively. Diagrammatically, the system can be represented as follows: 

A- 114 -2106 

Then the ratio, (Ep-E,)/Ex, which can be termed the Net Energy Production Ratio, indicates how 
much more (or less) salable fuel energy is produced than that consumed in the integrated system i f  
the external energy consumed is replaced, and it is assumed that the biomass feed energy is zero. 
This is a reasonable assumption because the energy value of the biomass is derived essentially 100% 
from solar radiation. Net Energy Production Ratios greater than zero indicate that an amount of 
energy equivalent t o  the sum of the external energy inputs and an additional energy increment of 
salable fuel are produced; the larger the ratio, the larger the increment. The ratio 100 Ep/Ef is the 
Fuel Yield Efficiency and is a measure of how much biomass energy i s  diverted to other than salable 
fuels in the system. The ratio 100 Ep/(Ef + E,) i s  the overall Fuel Production Efficiency of the 
system. 

'The rationale presented here is also applicable to  synfuels from fossil feeds. 
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In Table 6, a comparison of selected end product costs, as either SNG or biomass energy, and the 
calculated Net Energy Production Ratio for each end product is presented. A correlation exists 
between these ratios and the biomass energy costs listed, namely, the higher the energy cost, the 
lower the ratio. However, the corresponding correlation does not apply to the listed SNG cases. The 
Net Energy Production Ratio is therefore a useful tool when considered together with the energy 
costs to  evaluate synfuel systems and, especially, to bring out the importance of the external energy 
inputs. 

Table 6. COMPARISON OF ESTIMATED EN0 PRODUCT COST AND 
NET ENERGY PRODUCTION RATIO 

Fuel Elficiency Net Energy 
Biomass Convsrrion Process Yield, %a End Product End Product Cost, $/lo6 Btu Production Ratiob 

Rice (U.S.A.)18' None RKC 2R.7flL' 0.07 10 0.KO' 

Corn IU.S.A.)l7 Nonc ('urn 9.7fld I .x2f 

Giant Kelp. Floalingl" Uigc\rion 70 LN(; '.4K 5.078 

Land Bawd N"W Hiom:i\* 0.115 17.40'' 

Land Bawd" Air Dry. I'yroly\i\ ( , , I  SN(; 2 .0'1 ' 74' 

Lnnd or Water Bawd 1o Utgl'<lioii 35 SN(; 0.73 I O  I 77 3.7'11 

alM) Ep/Ef 

blEp -E,I/E, 

'Average price of S?O.OO/ 100 Ih iind 7SOU Blu/dry lh :IIWIIICJ. 

dFroni Table 4 

JCalculated from conditions assumed in Rcierrncc 20 iur w w r  conwrhm 111 wliicli 2.7'4 o i  lccd 
energy equivalent required asexternal energy inpot 011 gaciilcalivn. Fucl Ywld Flitciency iF 35'(. 
and assuming 3.670 of biomass energy conlenl 15 required ac energy input i n  gruwlh phorc as ill 
Reference 6: NEPR = (0.35 -0.073)/0.073. 8-124-2161 

For biomass having an energy content of 6000 Btu/dry Ib, a plot of Net Energy Production Ratio 
versus the total external energy input as a percentage of t h e  feed energy equivalent (100 Ex/Ef) 
provides the two curves shown in Figure 6 for Fuel Yield Efficiencies of 66.6% and 100%. If the 
following two systems selected from Figure 6 are compared, which is preferred? 

IS the first system preferable because it has a higher Fuel Production Efficiency, or is the second 
system preferable because it has a higher Net Energy Production Ratio? Consideration of this kind 
of information in conjunction with economics is necessary to make an intelligent choice. Also, in 
this simplified treatment, the boundary is not drawn regarding the size of the system. Thus, tractors 
may be used to  plant and harvest biomass. The fuel requirements of the tractors are certainly part 
of E,, but is the energy expended in manufacturing the tractors also part of E,? lndepth studies 
are necessary to  decide these questions. 
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€N€,QGET/cs OF TWO SEL ECT€D SYSTEMS 

E, = 1500 Btu 

SALABLE FUEL 
Ef BIOMASS = 6000 c Btu Ep = 6 0 0 0  Btu 

(Ep - Ex)/Ex = 3.0 
100 Ep/(Ef t Ex) = 80% 

Ex= 300 Btu 

BIOMASS +SALABLE FUEL 
Ef = 6 0 0 0  Btu Ep = 4000 BtU 

(Ep - Ex)/Ex J 12.3 
100 Ep/(Ef + E,) = 63% 

A-114-2109 

SUMMARY 

The concept reviewed in this paper to attain A Perpetual Methane Economy by conversion of 
biomass t o  SNG is technically feasible. After suitable development, the commercialization of an 
SNG industry using lowcash-value, high-fuel-value biomass raw materials will probably be 
economically attractive and permit conservation of our valuable fossil fuel reserves. Since the basic 
technology is already on hand, large-scale programs to  refine the technology and t o  develop 
intergrated systems should be started without delay before fossil fuel depletion causes greater 
energy supply problems. 
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DIAGffAM OF BfOMASS- TO-SNG SYST€At 
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FIG. 2.  SCHEMATIC DIAGRAM OF THE THREE PRINCIPAL METHODS OF 
METHANE PROYX/CTION FROM BIOMASS 
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Fig. 3. EXAMPLE OF Bf0GASrM PROCESS DESfGN USfNG BfOMASS FEEDS 
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Fig. 5. TffERMAAL EN€RGY PRODUCTION 
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METHANOL OR AMMONIA PRODUCTION FROM SOLID WASTES 
BY THE C I T Y  OF SEAllLE 

Robert G. Sheehan, P.E. Richard F. Co r le t t ,  P.E. 

SEATTLE CITY LIGHT 
Seatt le,  Washington 98104 

MATHEMATICAL SCIENCES NORTHWEST, INC. 
Bellevue, Washington 98004 

I. INTRODUCTION 

S o l i d  waste d isposa l  on an acceptable environmental and cos t  basis i s  one o f  
the most nagging, cos t l y ,  and unpleasant problems fac ing  Sea t t l e  and o ther  c i t i e s  
i n  America. Escalat ing cos ts  f o r  d isposal  l abo r  and t ranspor ta t ion  and the  d i f f i -  
c u l t y  o f  f i nd ing  su i tab le  l a n d f i l l  s i t e s  has caused what was simply an unhandy p r o b  
l e m  a decade ago t o  become a major problem f o r  t h e  City. 

I n  the  1960's, t he  federal  goverment  and indus t r y  began t o  emphasize devel- 
opment o f  major new a l t e r n a t i v e s  t o  the  h i s t o r i c  methods o f  s o l i d  waste disposal .  
A number o f  new handl ing and disposal  methods have reached development ma tu r i t y  and 
a r e  ava i l ab le  f o r  app l i ca t i on .  The pas t  decade has a lso  seen widespread acceptance 
o f  t he  f a c t  t h a t  a f f luence and waste need no longer  by synonymous. Terns l i k e  "re- 
cyc l i ng "  and "urban ore" t y p i f y  a changing a t t i t u d e  toward what W B S  once sjmply 
garbage. Publ ic demands f o r  environmental reform, prudent land  use, and economy i n  
p u b l i c  services, have a l l  s imultaneously crested i n  a time o f  f u e l  cos t  increases, 
power shortages, and a recogn i t i on  t h a t  t e r r e s t r i a l  resources are f i n i t e .  

Committee o f  the Sea t t l e  City Council, i n  December o f  1973, commissioned the  Engi- 
neer ing and L igh t i ng  Departments o f  Sea t t l e  t o  aggressively undertake a program of 
u t i l i z i n g  the  l a t e n t  ma te r ia l  and energy po ten t i a l  o f  Sea t t l e ' s  municipal  s o l i d  
wastes. 

I n  May o f  1974, an interdepartmental  r e p o r t  appropr ia te ly  t i t l e d  SEAlYLE'S 
SOLID WASTES.. .AN Uh'TAPPED RESOURCE (1 ) was presented t o  the  Mayor w i t h  the  revela- 
t i o n  t h a t  o f  numerous s o l i d  waste disposal  opt ions,  t h e  conversion o f  s o l i d  waste 
t o  methanol, as suggested by T. Reed ( 2 , 3 ) ,  appeared t o  be the  most environmentally 
advantageous and economical. 
of the Seat t le  study. 

methanol o r  t o  a bu lk  c o n f e t t i - l i k e  a i r - c l a s s i f i e d  f u e l ,  were found t o  be as c o s t l y  
o r  more c o s t l y  f o r  Sea t t l e  than continued waste disposal  i n  l a n d f i l l s .  I t  was 
l a t e r  found t h a t  the  bu lk  f u e l  a l t e r n a t i v e  i s  imprac t ica l ,  leav ing  methanol produc- 
t i o n  as t h e  most promising a l t e r n a t i v e  from an economic standpoint .  Conversion o f  
waste i n t o  methanol may a l so  be a method f o r  achieving f u e l  independence f o r  the  
C i t y ' s  motor f l e e t  and a modest reduc t ion  o f  a i r  p o l l u t i o n  from City vehic les.  
These po ten t i a l  benef i ts,  p l u s  the  oppor tun i ty  f o r  e l im ina t i ng  dependence on land- 
f i l l s ,  except f o r  i n e r t  mater ia ls ,  caused the  City t o  undertake more in tens ive  i n -  
ves t iga t ions  of the  f e a s i b i l i t y  of s o l i d  waste conversion. 

I n  June of 1974, the Sea t t l e  f i r m  o f  Mathematical Sciences Northwest, Inc.  
(MSNW), was re ta ined t o  do an  i n tens i ve  study o f  the  technical  f e a s i b i l i t y ,  econom- 
ics ,  and environmental impact o f  conversion o f  Sea t t l e  s o l i d  waste t o  methanol, and 
use Of methanol as a v e h i c l e  f u e l .  (4 )  The MSNW study confirmed t h a t  the proposed 
conversion process was t e c h n i c a l l y  feas ib le ;  however, ne i the r  the  quan t i t y  o f  
methanol produced nor the  system economics were found t o  be as a t t r a c t i v e  as 

I n  t h i s  context ,  the Mayor o f  Sea t t l e  and t h e  Chairman o f  the  U t i l i t i e s  

Table 1 s u m r i z e s  the  comparative economic f i nd ings  

B r i e f l y  stated, a l l  p r a c t i c a l  d isposal  a l t e r n a t i v e s  except conversion t o  
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i n i t i a l l y  believed. Nevertheless, t he  process s t i l l  showed promise as being supe- 
r i o r  t o  l a n d f i l l .  
same basic technologies f o r  t he  manufacture o f  amnonia. These f i nd ings ,  p lus  fur-  
t h e r  v e r i f i c a t i o n  t h a t  methanol i s  a p o t e n t i a l l y  p r a c t i c a l  automotive fuel  (5,6.7), 
have caused the  City o f  Sea t t l e  t o  i n t e n s i f y  p r o j e c t  planning. 

11. PROCESS DESCRIPTION 

make i t  more convenient t o  convey and pyrolyze. Fol lowing coarse g r ind ing ,  ferrous 
mater ia ls  are removed magnet ical ly,  f o l l ow ing  which the remaining residues--paper, 
wood, glass, yard wastes, domestic wastes, organics, and p las t i cs - -a re  charged i n t o  
a py ro l ys i s  system. 

I n  add i t ion ,  t he  study d isc losed an oppor tun i ty  f o r  using the  

The process as envis ioned f o r  t h e  C i t y  cons is ts  o f  g r ind ing  the  s o l i d  waste t o  
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\ 
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There are  several py ro l ys i s  systems c u r r e n t l y  being developed. One system 
t h a t  i s  i n  the  l a t e  stages o f  la rge  scale and successful demonstration i s  the  Union 
Carbide Corporation's Purox system (8) .  
i n t o  the  top o f  a s t ruc tu re  s i m i l a r  t o  a b l a s t  furnace. As the  s o l i d  waste migrates 
downward, it i s  heated by r i s i n g  gases generated from the  ox ida t i on  o f  residues a t  
the  bottom o f  the  vessel. 
p rov id ing  the necessary heat f o r  t he  conversion o f  the  c e l l u l o s i c  ma te r ia l s  i n t o  
add i t i ona l  carbon monoxide p lus  hydrogen. The gas leav ing  t h e  top  o f  the reac tor ,  
which cons is ts  l a r g e l y  o f  carbon monoxide, hydrogen, and water vapor, i s  then proc- 
essed through a closed gas-cleaning system i n  which water and o the r  i m p u r i t i e s  are 
trapped. 
carbon monoxide t o  one-part hydrogen p lus  impur i t i es .  

The f i r s t  step f o r  subsequent t reatment o f  t he  gas as c u r r e n t l y  envis ioned 
i s  an absorpt ion process t o  remove s u l f u r  compounds and conver t  the  s u l f u r  t o  i t s  
elemental s ta te .  This i s  t o  be done f o r  p o l l u t i o n  con t ro l  reasons and t o  p ro tec t  
t h e  ca ta l ys ts  used i n  subsequent synthesis operations. The ob jec t i ve  o f  t h i s  step 
should be t o  achieve a gas concentrat ion o f  0.5 ppm o r  less  s u l f u r .  Fo l low ing  t h i s  
step, a water-gas s h i f t  i s  employed t o  a l t e r  t he  carbon monoxide-hydrogen r a t i o .  
I n  t h i s  t r a d i t i o n a l  process, steam i s  added t o  the  gas stream i n  the  presence o f  a 
c a t a l y s t  and under appropr ia te  pressure and temperature cond i t ions .  The quan t i t y  
o f  hydrogen and carbon d iox ide  i n  the  i n l e t  c lean gas i s  approximately doubled and 
halved, respec t ive ly ,  so t h a t  t he  s h i f t e d  gas has a composition o f  about one-part 
carbon monoxide t o  two-parts hydrogen, the s to ich iomet r ic  r a t i o  requ i red  f o r  
methanol synthesis. 
i s  l a rge  and must be purged down p r i o r  t o  the  synthesis step. 

The product synthesis step, w h i l e  r e q u i r i n g  complex equipment, i s  r e l a t i v e l y  
s t ra igh t fo rward .  Under cond i t ions  o f  heat and pressure and i n  the  presence of a 
ca ta l ys t ,  the carbon monoxide and hydrogen are  spontaneously combined i n t o  methanol. 
A l te rna t i ve l y ,  the  s h i f t  reac to r  may be designed t o  more completely s h i f t  carbon 
monoxide i n  the  i n l e t  gas t o  carbon d iox ide  and hydrogen. The hydrogen, i n  CM- 
b ina t i on  w i th  nitrogen, may then be reacted by the  t r a d i t i o n a l  method, us ing  cata- 
l y s t s ,  t o  produce ammonia gas. 
t i o n  i n  the head-end py ro l ys i s  step i s  more than s u f f i c i e n t  t o  meet the  requ i re -  
ments o f  ammonia synthesis i n  t h i s  case. 

The product y i e l d s  computed i n  t h i s  study were 370 pounds o f  methanol per 
ton  o f  s o l i d  waste, o r  445 pounds o f  amnonia per ton  of s o l i d  waste. 
basis,  these amounts represent p o t e n t i a l  y i e l d s  o f  approximately 100,000 tons o f  
methanol per year (31-mi l l ion  ga l lons  per year )  o r  120,000 tons o f  amnonia per 
year, s t a r t i n g  f r o m  550,000 tons per  year o f  municipal  s o l i d  waste. While these 
amounts o f  chemical products seem la rge  t o  c i t y  goverment, they represent on ly  a 
small percentage o f  na t iona l  product ion f o r  these products. What i s  o f  i n te res t ,  
o f  course, i s  t h a t  they represent p o t e n t i a l  revenues w i t h  which t o  reduce the  
f u t u r e  cost  o f  s o l i d  waste disposal .  

I n  t h i s  system, s o l i d  waste i s  charged 

This hot gas permeates upward through the  s o l i d  waste, 

The product gas leav ing  the  system cons is ts  o f  approximately two-parts 

The amount o f  carbon d iox ide  produced i n  the  s h i f t  reac t i on  

By-product n i t rogen r e s u l t i n g  from oxygen produc- 

On an annual 
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Both the  methanol and amnonia processes a re  establ ished commercial processes. 
The raw mater ia l  now used f o r  t h e i r  manufacture i s  p r i m a r i l y  natura.1 gas. 
con tex t  o f  f ue l  conservat ion,  then, the  product ion o f  chemical methanol o r  ammonia 
from s o l i d  waste represents  conservat ion o f  na tura l  gas which might otherwise have 
been used f o r  these products. The Btu content o f  t h e  products was found t o  exceed 
the  ex terna l  energy requ i red  by a f a c t o r  o f  2.5 t o  3.0, depending on t h e  product. 
Th is  f a c t o r  i s  measured a t  the  p l a n t  boundary; the  ove ra l l  energy balance o f  the 
process may be p o s i t i v e  or negative, depending upon the u l t i m a t e  product uses and 
r e l a t e d  thermal e f f i c i e n c i e s .  

111. PROJECT ECONOMICS 

I n  the  

S o l i d  waste d isposa l  - no t  chemical product ion - i s  the  p r o j e c t ' s  pr imary 
purpose. 
cos t  o f  long-haul t r a n s p o r t  and san i ta ry  l a n d f i l l  operat ions.  
combined cos t  i s  c u r r e n t l y  $4.90 pe r  ton and pro jec ted  t o  increase s i g n i f i c a n t l y  by 
1978. The ind i f fe rence p o i n t  f o r  t h i s  p r o j e c t  i s  t h a t  s i t u a t i o n  p r e v a i l i n g  when the 
py ro l ys i s  f a c i l i t y  and the  chemical synthesis p l a n t  operate a t  an annual n e t  cos t  of 
$3.3 m i l l i o n  per year (1978). 
posal i s  continued. 
made t o  the  p ro jec t  f o r  d isposa l  serv ice  i n  an amount equal t o  what conventional 
d isposal  would have cost. 
o f  $3.3 m i l l i o n .  

pr ices.  
ammonia), one may pos tu la te  t h a t  w i t h  the  d imin ish ing  supply and r i s i n g  cos t  o f  
na tu ra l  gas ( the usual feedstock f o r  such p lan ts ) ,  e i t h e r  p l a n t  a l t e r n a t i v e  o f f e r s  
the  d e f i n i t e  p o s s i b i l i t y  o f  s i g n i f i c a n t l y  be t te r i ng  the marginal economics i nd i ca -  
t e d  above. 
ammonia would e n t i r e l y  o f f s e t  t he  d isposa l  gain, y i e l d i n g  f ree s o l i d  waste disposal 
(1978). Even more favo rab le  p r i c e s  were developed using assumed esca la t ion  values 
over the  e n t i r e  p r o j e c t  l i f e t i m e .  Such expectat ions are no t  u n r e a l i s t i c  and should 
leave an a t t r a c t i v e  p r o f i t  margin f o r  any i n d u s t r i a l  p a r t i c i p a n t  i n  the  p ro jec t .  
The r e l i a b i l i t y  o f  s o l i d  waste supply and the  po ten t i a l  advantage o f  City f inanc ing  
of the p ro jec t  makes i t  a p o t e n t i a l l y  a t t r a c t i v e  product source f o r  t he  p r i v a t e  
sector. I n  assessing product r i s k ,  one must consider p reserva t ion  o f  t he  c e l l u l o s e  
content o f  s o l i d  waste. 
being ex t rac ted  from t h e  s o l i d  waste supply stream, product product ion would suffer. 
A decrease i n  c e l l u l o s e  feed r e s u l t s  i n  more than a propor t iona l  l oss  i n  the  
methanol o r  ammonia produc t ion  ra te .  

I V .  CITY BENEFITS AND CONSIDERATIONS 

S o l i d  waste d isposa l  cos t  i s  a major cons idera t ion  t o  any c i t y  contemplat- 
i n g  a change i n  i t s  d isposa l  system. 
view any change as i n e v i t a b l y  more c o s t l y  simply because u n t i l  recent years, t h a t  
has been t h e  h i s t o r y  o f  t h e  indus t ry .  

Recent rap id  changes i n  t h e  economics o f  energy--the r i s i n g  cos t  and scar- 
c i t y  o f  fuel f o r  long-haul d isposal  p lus  the  grea ter  oppor tun i t ies  f o r  en ter ing  
the  energy marketplace as an  energy producer--have besun t o  change t h a t  t r a d i t i o n a l  
view o f  d isposal  economics. 
toward l a n d f i l l  d isposal  a r e  border ing on h o s t i l i t y  because o f  the environmental 
and land  use compromises t h a t  charac ter ize  such operations. 

age i s  t h a t  pub l i c  serv ices  are  dependent on automotive f u e l .  The City o f  Seatt le,  
f o r  example, found i t s e l f  w i t h  on l y  60 percent o f  i t s  usual gaso l ine  f o r  City 

Therefore, t h e  p r o j e c t  f i n a n c i a l  t a r g e t  t o  equal o r  beat i s  the  combined 
I n  Seatt le,  t h i s  

This w i l l  be the  cos t  t o  the  City i f  l a n d f i l l  d i s -  
From a p r o j e c t  accounting standpoint ,  a revenue c r e d i t  can be 

This c r e d i t  i s  expressed i n  Table 2 as a "disposal  gain" 

Obviously, the f i n a n c i a l  f e a s i b i l i t y  o f  the p r o j e c t  i s  dependent upon product 
Based on l a t e  1974 p r i ces  ($ .B /ga i l on  f o r  rnetnanoi and B i50 i ton  f o r  

For example, a p r i c e  o f  $0.44/gallon f o r  methanol o r  $130/ton f o r  

I f  t h a t  content were t o  decrease as a r e s u l t  o f  paper 

Most p ro fess iona ls  i n  s o l i d  waste management 

This i s  occurr ing a t  a time when p u b l i c  a t t i t u d e s  

Another lesson learned by c i t y  governments dur ing  the  1973/1974 o i l  shor t -  
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f l e e t  use, and i n  the  minds o f  many City o f f i c i a l s ,  the  s i t u a t i o n  bordered on one 
of City government being unable t o  p rov ide  adequate p u b l i c  services.  
memory s t i l l  f resh i n  mind and w i t h  the  p o s s i b i l i t y  o f  f u tu re  fuel  supply i n te r rup -  
t i o n s  and even higher fuel  pr ices,  there i s  genuine appeal t o  the  concept o f  C i t y  
fuel  independence by way o f  f l e e t  conversion t o  100 percent methanol made from 
municipal  s o l i d  wastes. Studies performed t o  date i n d i c a t e  techn ica l  f e a s i b i l i t y  
and a need f o r  a f l e e t  t es t i ng  program t o  de f i ne  veh ic le  conversion requirements 
and t o  conf i rm est imated veh ic le  performance parameters. 

r e a l i z e d  from the  u t i l i z a t i o n  o f  methanol as an automotive f u e l .  (5,6) While the 
improvement may be minor, i t  i s  nevertheless a step i n  the  r i g h t  d i r e c t i o n .  

Clear ly,  there  a re  s i g n i f i c a n t  incent ives  and bene f i t s  inherent  i n  a s o l i d  
waste disposal process t h a t  y i e l d s  e i t h e r  methanol o r  ammonia. 

0 Cessation o r  reduc t ion  of l a n d f i l l  d isposal .  
0 P o t e n t i a l l y  a t t r a c t i v e  economics. 
0 City f u e l  independence and r e l i a b i l i t y  o f  p u b l i c  services.  
0 Fuel conservation. 

Reduced urban a i r  po l l u t i on .  

With t h i s  

A modest reduc t ion  i n  urban a i r  p o l l u t i o n  i s  another b e n e f i t  t h a t  can be 

Pre l im inary  s tud ies  show t h a t  t h e  recovery p l a n t  can be s i t e d  next t o  one o f  the  
C i t y ' s  la rge  t rans fe r  s ta t ions .  Neu t ra l i za t i on  o f  several  p l a n t  waste l i q u i d  
streams w i l l  be requ i red  f o r  discharge i n t o  the  reg iona l  l i q u i d  waste system. 
Current a i r  p o l l u t i o n  standards can be met and noise l e v e l s  a r e  no t  expected t o  
exceed 65 dBa a t  the  p l a n t  boundary, a l e v e l  o f  noise w i t h i n  proposed City stan- 
dards. 

V. SYSTEM APPLICABILITY ELSEWHERE 

The quest ion f requent ly  a r ises  as t o  poss ib le  widespread use o f  "The Seat t le  
Concept." I n  an e a r l i e r  paper (g), one o f  the  authors p ro jec ted  t h e  po ten t i a l  
na t iona l  benef i t s  o f  convert ing municipal  wastes t o  methanol i n  terms o f  equivalent 
automotive fuel  and imported crude o i l .  That p ro jec t i on  assumed t h a t  70 percent o f  
a l l  municipal s o l i d  waste could u l t i m a t e l y  f i n d  i t s  way i n t o  conversion t o  methanol 
and, t h a t  product y i e l d  ( i f  a l l  were used as automotive f u e l )  cou ld  d isp lace  150- 
m i l l i o n  bar re ls  per  year o f  imported crude o i l ,  f o r  a na t i ona l  balance o f  t rade 
saving i n  excess o f  a b i l l i o n  d o l l a r s  per year. 
t e d  product y i e l d s  were probably too  high, there  i s  l eg i t ima te  reason t o  quest ion 
whether such wide use o f  the  process i s  l i k e l y  t o  be undertaken. 

ammonia tend t o  confuse the  p r a c t i c a l  r e a l i t i e s  o f  s o l i d  waste disposal .  
energy p r o f i l e  o f  every c i t y  i s  d i f f e r e n t ,  and conversion of waste t o  these prod- 
u c t s  i s  not l i k e l y  t o  be the  best so lu t i on  i n  every case. The use o f  s o l i d  waste 
f o r  steam and power generat ion i s  an establ ished technology, and where pu lver ized  
coal  i s  now used i n  e x i s t i n g  urban p lan ts  on a year-around basis,  i t  makes economic 
and environmental sense t o  f o l l o w  the  lead o f  the  City o f  S t .  Louis and the Union 
E l e c t r i c  Company where pu lver ized  and a i r - c l a s s i f i e d  s o l i d  waste f u e l  i s  suspen- 
s i o n - f i r e d  i n  base-load e l e c t r i c  u t i l i t y  bo i l e rs .  
Landguard i n s t a l l a t i o n ,  where steam i s  generated from a py ro l ys i s  process and d i s -  
p laces steam t h a t  would otherwise have been generated by burning o i l  i n  an urban 
power p lan t ,  makes both f i nanc ia l  and environmental sense. (10) 
c i t i e s ,  e l e c t r i c  power demands a r e  heavy dur ing  the  Sumner when s o l i d  waste genera- 
t i o n  i s  greatest. 
s o l i d  waste. 
a n o n f a  may be l e s s  a t t r a c t i v e  than steam o r  power generation, a t  l e a s t  i n  the  

Aside from the  f a c t  t h a t  ca lcu la -  

The environmental and energy appeal o f  convert ing wastes t o  methanol o r  
The 

S im i la r l y ,  the  Ba l t imore  

I n  both o f  these 

Also, fossil-powered p lan ts  are loca ted  c lose  t o  the  source o f  
I n  s i t u a t i o n s  such as these, the  economics o f  producing methanol o r  
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near future .  
hazards of leachate a re  minimal, re la t ive ly  1 i t t l e  incentive may exist--except the 
ethical  matter of resource conservation--for a c i t y  t o  undertake any energy recovery 
system, par t icular ly  one a s  unfamiliar t o  the lay public a5 conversion t o  methanol 
o r  amnonia. The s tudies  on which t h i s  paper a r e  based a l so  considered the possi- 
b i l i t y  of  ins ta l l ing  f a c i l i t i e s  to  pyrolyze sol id  waste coupled with s a l e  of the 
clean gas for  d i r e c t  fuel use, thus avoiding the expense o f  chemical synthesis 
plant ins ta l la t ion .  In t h i s  case,  markets f o r  the clean gas were not ident i f ied.  
In other  locales, where customers f o r  the fuel gas  e x i s t  c lose to  the pyrolysis 
plant, th i s  solution may prove optimal. Clearly, every c i t y  must determine the best 
solution i n  the l i g h t  of i t s  own par t icu lar  circumstance. 

Seat t le  i s  s i tua ted  i n  a region tha t  u t i l i z e s  methanol in i t s  wood products 
industry and ammonia f o r  agr icu l ture .  Electr ic  u t i l i t y  loads are minimum i n  Summer 
when sol id  waste generation i s  maximum and, in most years, hydropower is  more than 
adequate to  s a t i s f y  demands f o r  e l e c t r i c i t y  th rough  much o f  the  year. Therefore, a 
process leading t o  the generation of e l e c t r i c i t y  does not appear t o  be competitive 
a t  this time. Moreover, l a rge  close-in fossi l - fuel  power plants su i tab le  f o r  sol id  
waste combustion a re  nonexistent. Another factor  tha t  enhances the economics of 
methanol or ammonia conversion processes i n  t h i s  area i s  tha t  both products a r e  i m -  
ported a t  considerable c o s t  (methanol from the Gulf Coast, ammonia from Alaska). 
Also, ammonia and related f e r t i l i z e r  products a re  dependent primarily on natural 
gas which i s  experiencing dramatic price increases and declining ava i lab i l i ty .  
Simply s ta ted,  S e a t t l e ' s  s i tua t ion  appears t o  be tailor-mgde'for the  concept of con- 
verting solid waste t o  e i t h e r  methanol or amnonia. 

V I .  SUMMARY 

The u t i l i za t ion  of municipal sol id  waste as feedstock for  the manufacture of 
e i ther  methanol or  ammonia has been found t o  be technically feas ib le  f o r  the City 
of Seat t le .  Further e f f o r t  i s  underway t o  confirm the i n i t i a l  findings of economic 
f e a s i b i l i t y .  Such an ins ta l la t ion  should reduce future  disposal costs  while simul- 
taneously providing the City w i t h  a source of methanol f o r  City motor f l e e t  use. 
The use of methanol f o r  vehicle fuel will assure continuity of public services dur -  
ing periods of fuel shortages and aid in reducing urban a i r  pollution. After diver t -  
i n g  6,000,000 gallons per year of methanol for  City f l e e t  use, 25,000,000 gallons 
per year of methanol, o r  100,000 tons per year of ammonia can be made avai lable  for  
marketing through exis t ing commercial channels. The s u i t a b i l i t y  of this process 
f o r  other c i t i e s  depends upon local energy and product markets which must be care- 
f u l l y  analyzed on a case-by-case basis. 

The l i s t  of those academic and industry people who wil l ingly and generously 
shared t h e i r  knowledge and offered encouragement f o r  th i s  project ,  especially dur -  
i n g  i t s  embryonic stages, would be too long to  include here. This opportunity i s  
taken to  extend appreciation t o  them as  a group for  the i r  important contributions 
t o  the Sea t t le  s tudies .  

I n  ar id  areas  where there  i s  ample land f o r  landf i l l  disposal and the 
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TABLE 1 

SUMMARY O F  DISPOSAL ALTERNATIVES~ 

\ 
\ 
\ 

I 

NET OVERALL 
DISPOSAL COST 

SYSTEM ALTERNATIVE $/TON 
( 1 )  ( 2 )  

A. 
6. 
C. 

D. 

E. 

F. 

G. 
H .  
I .  

J-1 

5-2 

Unprocessed Sol id Waste Steam-Electric Plant 
Processed Solid Waste Steam-Electric Plant 
Processed Solid Waste/Pulverized Coal Steam-Electric 
Plant 60,000 KW 
Processed Sol i d  Waste/Pulverized Coal Steam-Electric 
Plant 100,000 KW 
Processed Sol i d  Waste/Pulverized Coal Steam-Electric 
Plant 200,000 KW 
Processed Solid Waste/Existing Coal Fired Steam- 
Electr ic  P1 an t  (Central i a ,  Was h i  ngton ) 
Unprocessed Sol i d  Waste Steam Plant (Steam Only) 
Processed Solid Waste Steam Plant (Steam Only) 
Processed Sol id  Waste Pyrolysis Gas Turbine- 
Electr ic  P l a n t  
Limited Sol i d  Waste Processing Pyrolysis-Oxidation- 
Gas Turbine-Electric Plant 
Processed Solid Waste Pyrolysis-Oxidation-Gas Turbine- 
Electr ic  P l a n t  

-16.10 
-13.77 

-15.62 

-18.62 

-25.97 

- 6.30 
- 8.15 
- 7.62 

-11.07 

-1 0.92 

- 9.97 
K-1. Limited Sol id  Waste Processing Pyrolysis-Oxidation 

K-2. Processed Solid Waste Pyrolysis-Oxidation System f o r  
Met hano 1 Production + 0.63 

System f o r  Methanol Production - 0.32 

L .  Processed Solid Waste as a Marketable Fuel + 1.03* 
M. Unprocessed Sol id Waste Landfill Disposal 

No Energy Recovery - 7.90 

'City of Sea t t l e ,  "Sea t t le ' s  Solid Waste.. .An Untapped Resource," 
May, 1974. 

* 
NOTE: Does not include hau l  cost .  
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TABLE 2 

MARGINAL OR "BREAK-EVEN'' ECONOMICS OF SEATTLE SOLID WASTE 
METHANOL OR AMMONIA PROJECT (1978) 

(1)  

P lan t  Nominal Product Size 

Annual Product Y ie ld  

CAPITAL COST' 

Debt Service' 

Operation and Maintenance 

FIRST-YEAR COSTS 

Product Sa 1 es 

Disposal Gain' 

Marginal (Break-Even) 
Product Pr ice,  F i r s t  Year 

METHANOL PLANT AMMONIA PLANT 

300 T/Day 350 T/Oay 

( 2 )  (3) 

100,000 T/Year 120,000 T/Year 
(31,000,000 Gal/Yr) 

I I 

$ 56,000,000 $ 65,000,000 

6,600,000 7,500,000 

7,100,000 8,100,000 

$ 13,700,000 $ 15,600,000 

$ 10,400,000 $ 12,300,000 

3,300,000 3,300,000 

$ 13,700,000 $ 15,600,000 

33.6d/Ga 1 $1 O3/Ton 

'Gasi f iers,  gas cleanup, s h i f t  process, synthesis p lan t ,  s i t e ,  

*15-year l i f e ,  8% i n te res t .  

tankage, and associated f a c i l i t i e s .  

'Disposal c o s t  for equivalent t ranspor t  and l a n d f i l l .  
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PRODUCTION OF ETHANOL AND VEGETABLE 
PROTEIN BY G R A I N  FERMENTATION 

Wm. A. S c h e l l e r  and Br i an  J. Mohr 

Department of Chemical Engineer ing ,  Un ive r s i ty  of Nebraska 
Lincoln ,  Nebraska 68508 

INTRODUCTION 

S ince  t h e  end of World War I1 t h e  u s e  o f  s y n t h e t i c  e t h a n o l  f o r  
i n d u s t r i a l  purposes i n  t h e  United States  has grown a t  a s t eady  pace 
d i s p l a c i n g  e thano l  produced by t h e  f e rmen ta t ion  of g r a i n  and molasses. 
I n  1970 less t h a n  5% of  t h e  U . S .  i n d u s t r i a l  e thano l  was produced by 
fe rmenta t ion .  Because of FDA r e g u l a t i o n s  t h a t  r e q u i r e  e t h a n o l  f o r  
human consumption be produced by t h e  f e rmen ta t ion  of g r a i n ,  f r u i t  o r  
sugar ,  t h e  s y n t h e t i c  e t h a n o l  i n d u s t r y  has n o t  pene t r a t ed  t h e  beverage 
market. I n  1972 approximately 37 m i l l i o n  bushe ls  of g r a i n  were 
fermented t o  produce 9 4 . 2  m i l l i o n  g a l l o n s  of e thano l  expressed  as 
200°proof (100%) a l c o h o l .  During t h e  same y e a r  approximately 2 4 1  
mi l l ion  g a l l o n s  of e t h a n o l  (as 200°proof) were produced s y n t h e t i c a l l y  
from e thy lene  and e t h y l  s u l f a t e .  The bulk  of t h e  e thano l  consumed by 
i n d u s t r y  o u t s i d e  of t h e  United S t a t e s  i s  produced by f e rmen ta t ion  of 
f r u i t ,  g r a i n ,  and molasses .  I n  1972, 800 m i l l i o n  g a l l o n s  of fermen- 
t a t i o n  e thano l  (as 200°proof) w e r e  consumed by i n d u s t r y  o u t s i d e  of 
t h e  U . S . A .  

S y n t h e t i c  e t h a n o l  has  had a very s t a b l e  p r i c e  h i s t o r y .  Between 
1959 and 1969 t h e  price was 520/gallon f o r  190°proof a l coho l .  I n  
1970 t h e  p r i c e  i n c r e a s e d  t o  540/gallon and remained t h e r e  i n t o  1973. 
200°proof s y n t h e t i c  e t h a n o l  t y p i c a l l y  c o s t s  70 /ga l lon  more t h a n  
190aproof.  These p r i c e s  a r e  quoted wi thout  t h e  f e d e r a l  beverage 
a l c o h o l  t ax .  

The d rama t i c  i n c r e a s e  i n  t h e  p r i c e  o f  energy which came about  i n  
l a t e  1973 has  caused t h e  p r i c e  o f  e thy lene  t o  i n c r e a s e  sha rp ly .  This  
i n  t u r n  has caused a s u b s t a n t i a l  p r i c e  i n c r e a s e  f o r  s y n t h e t i c  e t h y l  
a l coho l .  An e s t i m a t e  of t h e  1974 p r i c e  f o r  s y n t h e t i c  e t h a n o l  is  
shown i n  Table  I. The i n c r e a s e  i n  f u e l  p r i c e s  added 10 .30/ga l lon  to 
t h e  a l c o h o l  cost and t h e  i n c r e a s e  i n  t h e  price of e thy lene  has  added 
ano the r  28.7C/gallon t o  t h e  c o s t  b r ing ing  t h e  1974 p r i c e  t o  $ l /ga l lon .  
Actua l  q u o t a t i o n s  o n  tank c a r  p r i c e s  o f  s y n t h e t i c  e thano l  have been 
d i f f i c u l t  t o  ob ta in .  Two major producers of s y n t h e t i c  e t h a n o l ,  
Exxon Corpora t ion  and Tennessee Eastman, have announced t h a t  t h e i r  
s y n t h e t i c  e t h a n o l  p l a n t s  would be s h u t  down a t  t h e  end o f  1974. 
These p l a n t s  r e p r e s e n t  abou t  2 2 %  of t h e  U . S .  s y n t h e t i c  e t h a n o l  
product ion  capac i ty .  

t r a d e  i s  n o t  g e n e r a l l y  a v a i l a b l e .  A rough estimate can be made i f  w e  
c o n s i d e r  t h a t  a f i f t h  of 80Oproof vodka sells f o r  a s  l i t t l e  as $2.79 
i n c l u d i n g  t h e  f e d e r a l  a l c o h o l  tax. I f  one deduc t s  t h e  t a x e s  and, 
recogniz ing  t h a t  vodka is only  a 40% b lend  o f  e t h a n o l  and water ,  
c o r r e c t s  t h e  p r i c e  t o  p u r e  e thano l  he  o b t a i n s  about  $lO/gallon. 
Recognizing t h a t  b o t t l i n g ,  packaging, sh ipp ing  and d i s t r i b u t i o n  
expenses are s i g n f i c a n t ,  it might  be r easonab le  t o  assume t h a t  t h e  
f e rmen ta t ion  e t h a n o l  as 200"proof a l c o h o l  is worth a t  least  $ l / g a l l o n  

T h e  p r i c e  of e t h a n o l  produced by f e rmen ta t ion  i n  t h e  beverage 
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i n  t h e  d i s t i l l e r y  s t o r a g e  tanks .  
p r i c e  e s t ima ted  f o r  s y n t h e t i c  e thano l .  

T h i s  i s  comparable t o  t h e  c u r r e n t  

Because e t h a n o l  produced by bo th  p rocesses  i s  chemica l ly  
equ iva len t  and now c o s t  t h e  sanie, f e rmen ta t ion  e t h a n o l  need no longer  
b e  l i m i t e d  t o  t h e  beverage market. Furthermore,  w i th  t h e  p o t e n t i a l  
for recover ing  a v a l u a b l e  p r o t e i n  c o n c e n t r a t e  from t h e  by-products Of 
f e rmen ta t ion  a l c o h o l  manufacture it now appears  t h a t  f e rmen ta t ion  
e t h a n o l  can a c t u a l l y  become cheaper than  s y n t h e t i c  e thano l .  With 
inc reas ing  f u e l  p r i c e s  and inc reased  world demand f o r  p r o t e i n  sou rces  
f e rmen ta t ion  ethanol may have t h e  p o t e n t i a l  f o r  be ing  produced a t  a 
p r i c e  based on i t s  f u e l  p r o p e r t i e s  which w i l l  make i t  a t t r a c t i v e  as a 
b lending  component i n  automotive f u e l .  

PRODUCTION OF ETHANOL BY GRAIN FERMENTATION 

The p rocess  f o r  t h e  product ion  o f  e t h a n o l  by t h e  f e rmen ta t ion  of 
g r a i n  i s  w e l l  e s t a b l i s h e d .  S t a rch  con ta in ing  g r a i n s  such as  wheat,  
co rn ,  mi lo ,  etc. are ground t o  expose t h e  i n t e r i o r  of t h e  k e r n e l  and 
cooked t o  g e l a n t i n i z e  t h e  n a t u r a l  s t a r c h e s .  The cooked g r a i n  i s  
cooled  and a n  enzyme i s  added t o  conve r t  t h e  s t a r c h  t o  sugar .  The 
s u g a r s  are then  fermented t o  e thano l  a n a e r o b i c a l l y  w i t h  y e a s t  and t h e  
a l c o h o l  recovered  from t h e  mixture  by f r a c t i o n a l  d i s t i l l a t i o n .  

TWO by-products r e s u l t  from t h i s  f e rmen ta t ion  p rocess ,  carbon 
d i o x i d e  and d i s t i l l e r s  d r i e d  g r a i n s  wi th  s o l u b l e s .  The d i s t i l l e r s  
d r i e d  g r a i n s  r e p r e s e n t  t h e  i n s o l u b l e  materials i n  t h e  o r i g i n a l  g r a i n  
such  as f i b e r ,  a sh ,  and p r o t e i n .  The s o l u b l e  components such  a s  
unconverted s t a r c h  and s o l u b l e  p r o t e i n s  are concent ra ted  and d r i e d  
wi th  t h e  d i s t i l l e r s  d r i e d  g r a i n s  t o  y i e l d  t h i s  by-product. 
d i s t i l l e r s  d r i e d  g r a i n s  p l u s  s o l u b l e s  (DDG&S) are a d e s i r a b l e  h igh  
p r o t e i n  c o n t e n t  (25-30%) c a t t l e  feed .  I n  1972 s l i g h t l y  m o r e  t han  400 
thousand t o n s  o f  DDG&S were produced and i n  1973 t h e i r  average  
s e l l i n g  p r i c e  w a s  $117/ton. The carbon d iox ide  produced i s  of h igh  
p u r i t y  and i f  a market i s  a v a i l a b l e  t h i s  gas  can be s o l d  a t  $2/ ton  o r  
more a t  atmospheric p r e s s u r e .  

The 

The c o s t  o f  conve r t ing  g r a i n  i n t o  200'proof e thano l  is  about  
28.6C/gallon of a l coho l .  This  c o s t  i n c l u d e s  u t i l i t i e s ,  l a b o r ,  
supe rv i s ion ,  maintenance, e t c .  b u t  does n o t  i nc lude  t h e  c o s t  of t h e  
g r a i n  nor d e p r e c i a t i o n .  The investment f o r  an  a l c o h o l  p l a n t  t o  
produce 2 0  m i l l i o n  ga l lons /yea r  of 200'proof e t h a n o l  from m i l o  (a 
f e e d  g r a i n  belonging t o  t h e  corn  fami ly)  is  approximately $18 mi l l i on .  
Milo con ta ins  abou t  7 0 %  s t a r c h  and a t y p i c a l  p r i c e  t h a t  a g r i c u l t u r a l  
economists e s t i m a t e  i n  t h e  nex t  1 2  months i s  $2.29/bushel a t  a 
moi s tu re  c o n t e n t  of 15 .5  weight per  cen t .  The p rocess  would a l s o  
produce 174 tons/day o f  carbon d i o x i d e  and about 218 tons/day of 
DDG&S a t  a 1 4 %  moi s tu re  con ten t .  

Table I11 shows a n  economic e v a l u a t i o n  f o r  t h e  product ion  of 20 
m i l l i o n  ga l lons /year  o f  200Oproof e thano l  from 21,490 Bu/day of milo.  
With e thano l  va lued  a t  $ l / g a l l o n  and d i s t i l l e r s  d r i e d  g r a i n s  a t  
$120/ton, t h e  t o t a l  annual  income from such  a p l a n t  if $29.68 mi l l i on .  
The expenses f o r  such a p l a n t  i n c l u d e  t h e  c o s t  of mi lo ,  and t h e  
convers ion  c o s t .  These t o t a l  $23.68 m i l l i o n  per  yea r .  Th i s  t h e n  
g i v e s  a p r o f i t  of $ 6  mi l l i on /yea r  b e f o r e  d e p r e c i a t i o n  and t a x e s  
which i n  t u r n  g i v e s  a payout of 3 y e a r s  f o r  t h e  inves tment  of $18 
m i l l  ion.  
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RECOVERY O F  PROTEIN FROM DDGLS 

A s  mentioned above, t h e  DDGLS c o n t a i n s  between 25% and 30% 
p r o t e i n  depending on t h e  p r o t e i n  c o n t e n t  o f  t h e  o r i g i n a l  g r a i n .  A 
p o r t i o n  of t h i s  p r o t e i n  may b e  so luab l i zed  by t r e a t i n g  t h e  DDGLS wi th  
a pH g r e a t e r  t h a n  11.0. I f  t h e  pH i s  then  lowered t o  about  4 . 0  a 
s i z a b l e  p o r t i o n  of t h e  p r o t e i n  w i l l  p r e c i p i t a t e .  The p rocess  equip- 
ment requi rements  are n o t  complex. The amino a c i d  p r o f i l e  of t h e  
protein c o n c e n t r a t e  depends t o  a g r e a t  e x t e n t  on t h a t  o f  t h e  o r i g i n a l  
g r a i n .  

Table I11 c o n t a i n s  a n  economic e v a l u a t i o n  f o r  a p rocess  to  
produce 20  m i l l i o n  ga l lons /yea r  of 200°proof e t h a n o l  and t o  recover  
66,200 lb/day of p r o t e i n  c o n c e n t r a t e  (85% p r o t e i n )  from t h e  d i s t i l l e r s  
d r i e d  g r a i n s  and s o l u b l e s .  I n  t h i s  c a s e  t h e  va lue  o f  t h e  DDGLS i s  
reduced t o  $90/ton a f t e r  t h e  p r o t e i n  has  been removed. The p r o t e i n  
c o n c e n t r a t e  has  been e s t ima ted  by an a g r i c u l t u r a l  economist t o  have a 
va lue  i n  t h e  human food market of abou t  60C/lb. The inc remen ta l  
inves tment  f o r  t h e  p r o t e i n  p l a n t  i s  $4 m i l l i o n  and t h e  convers ion  
c o s t  f o r  recovery of the  p r o t e i n  is  $ 1 . 0 9  m i l l i o n  p e r  yea r .  The 
va lue  p laced  on  e t h a n o l  i n  t h i s  ca se  i s  t h a t  which w i l l  p rovide  a 
t h r e e  y e a r  payout on  t h e  t o t a l  investment f o r  t h e  a l c o h o l  p l a n t  p l u s  
t h e  p r o t e i n  p l a n t  i .e. a p r o f i t  of $7,370,000/year. From t h e  f i g u r e s  
shown i n  Table I11 it c a n  b e  seen  t h a t  t h e  20 m i l l i o n  g a l l o n s  p e r  yea r  
of e thano l  m u s t  b r i n g  a n  income of $11,600,000/year o r  58C/gallon. 

ETHANOL I N  GASOLINE 

A s  a component i n  g a s o l i n e  anhydrous e t h a n o l  has  a b lending  
o c t a n e  number o f  123.  I f  t h e  d i f f e r e n t i a l  v a l u e  between 94 oc tane  
r e g u l a r  g a s o l i n e  and 1 0 0  o c t a n e  supreme g a s o l i n e  i s  2C/gallon a t  t h e  
who lesa l e  l e v e l  t hen  e t h a n o l  a s  a b lending  component i n  g a s o l i n e  i s  
worth 9.7C/gallon more than  t h e  p r i c e  o f  94 o c t a n e  r e g u l a r .  Th i s  i n  
t u r n  means t h a t  when t h e  wholesa le  p r i c e  of r e g u l a r  g a s o l i n e  
exc lud ing  s t a t e  and f e d e r a l  t a x e s  i s  48.3C/gallon e t h a n o l  a t  58C per  
g a l l o n  can  be used a s  a n  economical b lending  component based on i t s  
f u e l  p r o p e r t i e s .  Allowing f o r  a 35C mark-up t o  r e t a i l  p r i c e  and 
adding  12.5C/gallon s ta te  and f e d e r a l  t a x e s  w e  come t o  a r e t a i l  p r i c e  
of 77.7C/gallon of g a s o l i n e  a t  t h e  pump a s  being c o n s i s t e n t  w i th  an  
a l c o h o l  p r i c e  of 58C/gallon a t  t h e  d i s t i l l e r y .  Tab le  I1 i s  a com- 
p a r i s o n  of p r i c e  ( i n c l u d i n g  t a x e s )  o f  94 O.N.  r e g u l a r  g a s o l i n e  a t  t h e  
pump w i t h  the  a l c o h o l  p r i c e  a t  t h e  d i s t i l l e r y  which i s  necessary  f o r  
anhydrous e thano l  t o  b e  an  economical g a s o l i n e  b lending  component. 

CONCLUSIONS 

Based on l a b o r a t o r y  s t u d i e s  it has  been shown t h a t  p r o t e i n  of a 
q u a l i t y  s u i t a b l e  f o r  human consumption can  be e x t r a c t e d  from vege tab le  
materials such as d i s t i l l e rs  d r i e d  g r a i n s  and s o l u b l e s ,  t h e  by-product 
Of t h e  product ion  o f  e t h a n o l  by g r a i n  f e rmen ta t ion .  Economic evalua- 
t i o n s  o f  t h e  inves tment  and o p e r a t i n g  cost requi rements  f o r  t h e  
p roduc t ion  of anhydrous e thano l  from g r a i n  and t h e  recovery  of p r o t e i n  
c o n c e n t r a t e  f r o m  d i s t i l l e r s  d r i e d  g r a i n s  and s o l u b l e s  i n d i c a t e s  t h a t  
t h e  p r o t e i n  recovery  c a n  reduce  the  s e l l i n g  p r i c e  of a l c o h o l  wi thout  
adve r se ly  a f f e c t i n g  t h e  r e t u r n  o n  investment.  I n  t h e  c a s e  where m i l o  
w a s  used a s  t h e  f e e d  g r a i n  to the fe rmen ta t ion  p rocess  t h e  s e l l i n g  
p r i c e  of anhydrous e t h a n o l  c o u l d  be reduced from $ l / g a l l o n  t o  58C/gal. 
wh i l e  main ta in ing  a 3 y e a r  payout  on investment.  I f  e thano l  w e r e  
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a v a i l a b l e  a t  58C/gallon it would be economical t o  use  a s  a b lending  
component i n  g a s o l i n e  i f  t h e  p r i c e  of r e g u l a r  g a s o l i n e  a t  t h e  pump 

p r i c e s  would permit  lower e thano l  c o s t s  which i n  t u r n  would make t h e  
e thano l  a t t r a c t i v e  a t  lower g a s o l i n e  p r i c e s .  Recovery of  t h e  p r o t e i n  
concen t r a t e  from t h e  d i s t i l l e r s  d r i e d  g r a i n s  r e s u l t s  i n  an i n c r e a s e  
of  about  4 6 %  i n  t h e  t o t a l  amount of p r o t e i n  produced over f eed ing  t h e  
g r a i n  d i r e c t l y  t o  c a t t l e .  The energy d e f i c i t  a s s o c i a t e d  w i t h  farming 
and fe rmenta t ion  e thano l  product ion  has  been shown elsewhere t o  be 

I i n c lud ing  s t a t e  and f e d e r a l  t a x e s  were 77.70/gal lon.  Lower g r a i n  

1- 

\ less t han  t h a t  a s s o c i a t e d  wi th  e thano l  product ion  from l i g h t  gases  
\ v i a  e thylene .  

, Table I 

Current  Pr ice  E s t i m a t e  
For S y n t h e t i c  Ethanol  

Base Pr ice  i n  1972 61.OC/gal 

Inc rease  i n  Fue l  Prices of  
90C/million Btu 10 .3  

Inc rease  i n  Ethylene  Pr ice  
from 3C/lb t o  10C/lb 28.7 

1 9 7 4  Pr ice  $l.OO/gal 

i 

d 

4' 

Table I1 
Value of Ethanol  as 

a Gasol ine  Component 

Gasol ine Ethanol  Value 
9 4  O.N. Reg. a t  t h e  
( I n c l .  Tax) D i s t i l l e r y  

520/gal 39.OC/gal 

60 44.9 

80 59.7 

1 0 0  14.5 
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THE USE OF METHANOL AS A MOTOR VEHICLE FUEL 

Philip E. Cassady 

2755 Northup Way, P. 0. Box 1887 
Bellevue, Washington 98009 

Mathematical Sciences Northwest, Inc. 

J' 

I 

I. 

the 

Blends of Methanol and Gasoline as 
Motor Vehicle Fuels 

The use of methanol has been suggested as a means of extending 
nation's SUPP~Y of liauid fuels. The tranmortation sector of the 

economy is one 0% the largest users of liquid f;els today, and several 
investigations have been made of the possibility of blending portions 
of methanol with gasoline to extend the supply of that fuel. The data 
reported from several of these investigations together .with the partic- 
ular experiences encountered have been gathered together in a report 
prepared for the City of Seattla by Mathematical Sciences Northwest, 
Inc. The sections of this report are summarized here together with 
pertinent references. 

Fuel Consumption (1, 2 ,  3 ,  4, 5, 6, 7, 9, 14, 17, 18) 

The energy content of methanol is less than that of gasoline 
(8540 Btu/lb vs 19,080 Btu/lb) so that higher fuel consumption would 
be theoretically predicted for blends of methanol and gasoline than for 
straight gasoline. However, these blends will burn more satisfactorily 
at sub-stoichiometric fuel to air ratios than will gasoline, and this 
fact together with their better anti-knock qualities and cooler, more 
efficient engine operation may offset this theoretical prediction. De- 
pending upon the automobile engine tested, fuel economy has been shown 
to be improved slightly or slightly decreased by the addition of meth- 
anol to form blended fuels. Since the blend contains less Btu per gal- 
lon, there is a slight but significant increase in efficiency of opera- 
tion on a mile per Btu basis. This increase is generally reported, and 
may be of importance economically depending upon the comparative prices 
of gasoline and methanol on a dollars per million Btu basis. 

Power or Acceleration (6,8,9,10,14) 

The high latent heat of vaporization of the methanol (474 Btu/lb 
vs 141 Btu/lb for octane) cools the air charge of an engine and in- 
creases its density. This causes an increase in volumetric efficiency 
and available power from an engine. However, the methanol also lowers 
the combustion temperature in the cylinder, resulting in lower combus- 
tion efficiency. 
amounts of methanol to gasoline should not appreciably affect the power 
output of an unmodified automobile engine. 

Vapor Pressure (9, 11, 13, 14, 18) 

it is mixed with a hydrocarbon, the vapor pressure of a mixture of 
methanol and gasoline deviates greatly from ideal behavior as predicted 
by Raoult's Law, exhibiting a much higher vapor pressure than would be 
expected. This excess vapor pressure can lead to vapor lock problems, 
difficulties with hot starts, stalling, hesitation, and poor 

It has been shown that the addition of practical 

Because of the disruption of hydrogen bonding in methanol when 
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acceleration. The evaluation of these problems is highly subjective, 
however. This question will be discussed after three more factors 
affecting driveability are mentioned. 

Solubility (2,6,7,8,9,11,15,17) 

Another factor affecting the driveability of an automobile fuel- 
ed with a methanol-gasoline blend is the degree of solubility of the 
methanol in the base gasoline. Methanol is least soluble in paraffins 
and napthenes, and more soluble in aromatics and unsaturates. There- 
fore, the amount of aromatics in the base gasoline greatly affects the 
degree to which the methanol will blend. At lower temperatures the 
solubility of methanol in gasoline is decreased. Operation in sub- 
freezing environments will be a problem, and suitable solubilizers 
such as higher alcohols will have to be added to the fuel. 

Separation (1, 3 ,  4,6,7,9,11,14,15,17,19,20,21,22,23,24) 

The presence of very small amounts of water can cause methanol- 
gasoline mixtures to separate into gasoline and water-alcohol phases. 
These separate phases are vastly different in their combustion proper- 
ties. Some of the aromatics from the base gasoline will also separate 
with the alcohol-water leaving the gasoline phase very low in octane 
number. The separation becomes more pronounced at low temperatures so 
that the primary effect will be very difficult, if not impossible, cold 
starting and stalling in cold weather. As with solubility the proper- 
ties of the blend are dependent upon the aromatic content of the base 
gasoline. As the methanol fraction increases in a blend so does the 
water tolerance. The presence of higher alcohols in the blend increases 
its water tolerance. The problem of phase separation of methanol- 
gasoline blends can be a serious one. The solution may lie in the addi- 
tion of higher alcohols to the blend. 

Octane Number (1 , 3 , 6 , 7  , 8,9,11,14,15,17,18,20,21,28 
Pure methanol has a very high blending octane value (BOV). This 

number reflects the fact that the blending of methanol with gasoline is 
a very effective method of increasing the octane number of the fuel. 
The effect is less pronounced in newer automobiles. The elimination of 
knocking has been demonstrated as the result of this effect. Higher 
compression ratios may be utilized and the attendant increases in fuel 
economy realized. The effective increase in octane number depends upon 
the octane number of the base gasoline used in the blend. Methanol is 
more effective in raising the octane number of an originally lower oc- 
tane number fuel. One of the most interesting effects of this octane 
number boost is the possibility of replacing tetra-ethyl-lead as an 
anti-knock compound in gasoline with a low percentage of methanol in a 
blend, helping to minimize lead pollution. The substitution of metha- 
nol for TEL in gasolines as an anti-knock agent will prevent the acci- 
dental poisoning of catalytic mufflers by lead. 

Subjective Road Tests (1,3,6,7,8,14,15,17,19,20,24,25,29) 

The overall effect upon driveability resulting from the proper- 
ties of methanol gasoline blends that were discussed in the preceding 



61 

sections can only be assessed through subjective fleet tests in which 
some qualitative judgments of overall driveability are given by drivers 
Of automobiles in actual field tests. These qualitative judgments can 
only be subjective, and as such are open to the effects of bias; how- 
ever, care is taken (blinds) to minimize these effects. 

One specific area that has been investigated is the effect upon 
cold starting. Difficult cold starting has been predicted. Cold start 
problems are decreased by the addition of higher alcohols to the fuel. 
Subjective judgments of the effects of methanol blends used as fuels on 
driveability seem as mixed as the driver's assessments of automobiles 
themselves. Perhaps it can be safely stated that the substitution of a 
7 percent blend of methanol would exhibit enough beneficial effects to 
overshadow most detrimental effects. However, this number depends 
strongly upon the specific automobile considered and the severity of 
the cold weather to be encountered in service. 

i 
\ 

\ 

I 

c 

I I  
L 

Corrosion and Compatibility (1,2,6,7,9,11,13,14,15,17,24~26,21,29) 

The automotive fuel system has been, developed for the use of 
Petroleum distillates and the substitution of blends of methanol. for 
fuels opens the possibility of corrosion of fuel system parts. The 
gasket materials and elastomer seals used in the automotive fuel system 
must also be examined for compatibility with methanol fuel blends. 
Several test programs have been carried out in this area, and also ob- 
servations have been made of the effects of corrosion during most of 
the fleet tests that have been performed. 

plating on automobile fuel tanks. Deterioration of copper, aluminum 
and magnesium has also been reported. 

Methanol and methanol blends have been seen to attack the terne 

There appear to be serious corrosion and compatibility problems 
associated with the use of methanol blends in some automobile fuel 
systems. There are similar problems when pure methanol is used as a 
fuel; however, the greater problem is experienced with blends primari- 
ly because of the water separation problem. The corrosion and compati- 
bility problems listed above are not universally observed, however. 
It appears as if the severity of the corrosion and compatibility prob- 
lem depends strongly upon the particular vehicle and fuel system-being 
considered. Certain specific problems such as those with methacrylate 
fuel filters and Viton float valve seats can be identified; however, 
it is very difficult to generalize further. 

Modifications and Reliability (1,3,6,8,11,14,15,21,24) 

One of the beneficial aspects of the use of methanol as a. blend 
with gasoline should be the fact that engine modifications are not 
necessary. The degree of adherence to this dictum depends upon the 
percentage of methanol considered, the age of the automobile, and the 
tolerance of the driver. Problems of driveability that point to the 
necessity of equipment modifications increase with methanol concentra- 
tion. Older, richer cars are more tolerant of the leaning effect of 
methanol blends. Equipment reliability has not been sufficiently ex- 
amined in the time scale of the experiments that have been carried 
out, except for the corrosion problems mentioned in the previous sec- 
tion. Further testing needs to be done before sufficient data are 
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available to make valid conclusions concerning equipment reliability. 

Emissions 

One of the most beneficial effects of the use of methanol blends 
as automotive fuels is the reduction in the emission of air pollutants 
afforded. This reduction, together with the octane number boost, has 
been the motivating factor in most of the investigations of the use of 
methanol blends as automotive fuels. 

Carbon Monoxide Emissions (2,3,5,6,8,14,21,23,24,25,30) 

The emission of carbon monoxide (CO) from an automotive engine 
is decreased when methanol blends are substituted for straight gasoline 
as a fuel without vehicle modifications because of the leaning effect 
of the blend and the more complete burning of the fuel that is afforded. 
The blending of methanol with gasoline has been shown to decrease the 
emissions of carbon monoxide in the vehicle exhaust if the vehicle is 
unmodified and allowed to take advantage of the leaner operation possi- 
ble with methanol blends. Indeed, the fact that the engine need not be 
modified for the use of methanol blends is one of the motivating factors 
for the use of such blends and should be considered a ground-rule for 
vehicle testing in which the use of blends is investigated. Comparison 
of the data with the Federal Standards points out the fact that the use 
of methanol blends will not obviate the incorporation of catalytic con- 
verters in order to meet the 1977 standard for CO emissions. 

Hydrocarbon Emissions (2,5,6,9,14,21,24,30,31) 

The effect of the use of methanol blends as fuels upon the emis- 
sions of hydrocarbons is not as easily discerned as  the effect upon 
carbon monoxide emissions. Part of the reason can be found in the fact 
that the constituents of "unburned fuel" in the case of methanol are 
different than those for gasoline. Considerable care nust be taken in 
the hydrocarbon emission measurement procedure to account for all of 
these constituents that may be present. 

When methanol blends are used as fuels, the possibility of in- 
creased emissions of formaldehyde in the exhaust exists. The use of 
methanol blends as a motor fuel has, in many cases, been shown to de- 
crease the hydrocarbon emissions slightly as compared to the use of 
gasoline. This effect is caused by the leaner operation afforded by 
the use of methanol blends in the unmodified automobile. The benefi- 
cial effect is not as pronounced or reproducible as the decrease in 
carbon monoxide emissions when methanol blends are used. The levels 
of HC emissions were not lowered enough to meet the 1977 Federal 
Standards and the use of a catalytic converter will be necessary to 
meet these standards. 

Oxides of Nitrogen Emissions (2,5,6,14,21,25,30) 

The effect of the use of methanol blends upon the emission Of 
oxides of nitrogen (NO ) from a motor vehicle is pronounced, although 
not uniform from vehicfe to vehicle. 
maximized for the operation of a motor vehicle engine under conditions 
near stoichiometric combustion. Therefore, if the vehicle is origin- 
ally adjusted to operate at or near an equivalence ratio of unity on 
gasoline and not modified when a methanol blend is substituted, the 

Nitrogen oxide emissions are 

.i 
1 
P 1 
B I 
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leaning effect of the blend should reduce the NOx emissions. 
hicle originally operated fuel rich, however, this same leaning effect 
should increase the NO, emissions. 

When used in an unmodified vehicle, methanol blends have been shown 
to decrease nitrogen oxide emissions when the vehicle was of recent vin- 
tage, operating at or near stoichiometric conditions on gasoline. Tests 
on vehicles as old as 1970 showed such an effect; however, tests on a 
1967 vehicle which originally operated fuel rich showed an increase in 
NOx emissions. The blending of methanol into motor fuel has not reduced 
NOx emissions below the 1977 Federal Standard, and the use of emission 
control devices will be necessary. 

11. Pure Methanol as a Motor Vehicle Fuel 

fuel alone as a fuel for motor vehicles has also been suggested. AS 
described in the preceding section, there are many problems associated 
with the use of blends of methanol and gasoline as a motor fuel, princi- 
pally in the area of phase separation caused by the presence of water 
and the attendant alterations necessitated in the fuel distribution sys- 
tem. The separation problem is eliminated when pure methanol is used as 
a vehicle fuel; however, when this is done certain modifications to the 
vehicle itself become necessary. These modifications are considered to 
be more feasible particularly in the case where pure methanol is consid- 
ered as the fuel for fleets of vehicles. 
Economy ~5,S,11,14,17,18,20,22,24,25,27,32,33,34,35,36,37~ 

cause it contains a higher percentage of oxygen by weight. Its heating 
value per gallon and per pound is approximately one-half that of gaso- 
line. Theoretically, for the same performance, it should require twice 
as much methanol as gasoline per mile in the same vehicle. However, the 
high octane number, low volatility, high heat of vaporization and low 
heat of combustion of methanol can be put to good use in raising the 
thermal efficiency of engines. Because of the greater thermal efficiency 
afforded with the use of methanol, the number of miles travelled per BTU 
can be greater for methanol than for gasoline. As a result, the cost per 
mile can be lower for methanol fuel than for gasoline. 

The use of methanol as a motor fuel has been shown to increase the 
thermal efficiency of internal combustion engines normally fuelled with 
gasoline. This increase is due to the possibility of using methanol at 
much leaner equivalence ratios and the possibility of utilizing higher 
compression ratios, as well as the elimination of certain emission con- 
trols that are deleterious to fuel economy. This increase in efficiency 
has been shown to be approximately 2 0  percent. 
is priced on an equal cost per BTU basis as gasoline, these savings will 
be reflected in the costs per mile to operate an equivalent vehicle. 

If the ve- 

The use of either analytic or commercial grade methanol or methyl- 

Methanol possesses the lowest heating value of all the alcohols be- 

Assuming that methanol 
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power (11,14,17,20,24,27,32,34,35,36,~7,38) 
For a stoichiometrically correct air to fuel ratio (6.45 for metha- 

no1,15.3 for gabo1ine)the energy densities of the fuels are very nearly 
equal(94.5 BTU/ft3for methanol,95.5 BTU/ft’for gaso1ine)indicating that 
equal power can be extracted from comparable engines using these fuels. 
Methanol will extract more brake-mean-effective pressure from an engine 
than will gasoline because of the increased volumetric efficiency af- 
forded by the cooler methanol charge. 

Equal power output has been achieved with methanol in an engine us- 
ually operated on gasoline when stoichiometric mixtures were used. Power 

! 
I 
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ou tpu t  has been r a i s e d  s i g n i f i c a n t l y  above t h a t  f o r  g a s o l i n e  when r ich-  
er  mixtures  w e r e  used;  however, t o  g a i n  t h e  b e n e f i t s  i n  economy af ford-  
ed by  the  lower l e a n  m i s f i r e  l i m i t  o f  methanol, t h i s  excess  i n  power 
w i l l  have t o  b e  f o r f e i t e d  and poss ib ly  a s l i g h t  l o s s  i n  power sus ta ined .  
For e q u i v a l e n t  exhaus t  emiss ions ,  t h e  methanol fue l ed  engine  h a s  been 
shown t o  e x h i b i t  s i g n i f i c a n t l y  h i g h e r  power than  t h e  emission c p n t r o l  
equipped g a s o l i n e  eng ine .  

Dr iveabi  li t y  
Severa l  of t h e  d r i v e a b i l i t y  problems a s s o c i a t e d  wi th  t h e  u s e  of 

b l ends  of methanol and g a s o l i n e  are e l imina ted  when pure  methanol i s  
used a s  a f u e l ;  however, t h e r e  remain problems a s s o c i a t e d  wi th  t h e  
vapor i za t ion  p r o p e r t i e s  o f  pu re  methanol as compared wi th  those  of 
g a s o l i n e .  
Vapor Pressure  (17 ,18 ,19 ,20 ,27 ,36 ,37)  

The vapor i za t ion  c h a r a c t e r i s t i c s  o f  pu re  methanol have caused some 
problems when it i s  used a s  a motor f u e l .  Its h igh  h e a t  of vapor iza-  
t i o n  requires an enhanced supply  o f  h e a t  t o  t h e  i n t a k e  manifold i n  
o r d e r  t o  a s su re  adequa te  mixture  d i s t r i b u t i o n  t o  t h e  c y l i n d e r s .  Its 
lower vapor p r e s s u r e  has  made co ld  s t a r t i n g  d i f f i c u l t  and may necess i -  
t a t e  t h e  u s e  of h igh  v o l a t i l i t y  a d d i t i v e s  dur ing  t h i s  phase of t h e  vehi- 
c l e  ope ra t ion .  I ts  l o w  b o i l i n g  p o i n t  r e q u i r e s  c a r e f u l  a t t e n t i o n  t o  
keeping t h e  f u e l  l i n e s  and c a r b u r e t o r  sh i e lded  from excess  h e a t .  A l l  
o f  t h e s e  problems have been encountered and s e v e r a l  s o l u t i o n s  developed. 
D r i v e a b i l i t y  (1 ,15 ,17 ,24 ,27 ,36)  

v a l e n t  t o  a comparable g a s o l i n e  f u e l e d  v e h i c l e ,  and t h e  s o l u b i l i t y  and 
s e p a r a b i l i t y  problems of b l ends  do n o t  e x i s t  f o r  pure methanol f u e l s .  
Most of t h e  subjective e v a l u a t i o n s  of the d r i v e a b i l i t y  of v e h i c l e s  
fue l ed  with pure methanol have focused on t h e  problems a s s o c i a t e d  with 
co ld  s t a r t i n g  of such  v e h i c l e s .  

T h e  h igher  h e a t  o f  v a p o r i z a t i o n  o f  methanol t o g e t h e r  wi th  t h e  re -  
quirement o f  ove r  tw ice  as much methanol a s  gaso l ine  f o r  t h e  same moun t  
of a i r  t o  f o r m  a s t o i c h i o m e t r i c  mixture  r e q u i r e  t h a t  much more h e a t  be 
supp l i ed  to t h e  i n t a k e  mani fo ld  t o  avoid  co ld  s t a r t i n g  and a c c e l e r a t i o n  
problems. S e v e r a l  s o l u t i o n s  t o  t h e s e  problems have been proposed. I t  
is poss ib l e  to  add h igh  vapor p re s su re  l i q u i d s  o r  gases  such as butane 
e i t h e r  gene ra l ly  o r  p r e f e r a b l y  only  du r ing  co ld  s t a r t  s i t u a t i o n s .  
E i t h e r  gaso l ine  or LPG could  b e  i n j e c t e d  a t  co ld  a t  c o l d  s t a r t s  t o  ac- 
complish the  same e f f e c t .  Aside from t h e  co ld  s tar t  problem, t h e  per- 
formance of t h e  methanol f u e l e d  v e h i c l e  has  been shown t o  be equ iva len t  
t o  a gaso l ine  f u e l e d  v e h i c l e .  

Pure Fuel-Corrosion and Compa t ib i l i t y  (1 ,6 ,14 ,17 ,26)  
Seve ra l  c o r r o s i o n  and c o m p a t i b i l i t y  problems a s s o c i a t e d  w i t h  the  use  

of methanol i n  b l e n d s  wi th  g a s o l i n e  as a motor f u e l  have been described. 
There has  been much less exper ience  r epor t ed  concerning t h e  u s e  of pure 
methanol a s  a motor f u e l .  Many o f  t h e  problems encountered w i t h  t h e  
u s e  of b lends  may a l s o  appear  dur ing  pure f u e l  u s e ,  b u t  t h i s  h a s  n o t  
been proven by expe r i ence .  S i g n i f i c a n t  co r ros ion  occur s  a f t e r  water  
causes s e p a r a t i o n  of g a s o l i n e  and methanol-water phases  i n  b lends .  Much 
Of t h i s  co r ros ion  may be caused by t h e  w a t e r  i n  t h e  lower phase.  This 
s epa ra t ion  does n o t  t a k e  p l a c e  when pure  methanol i s  u t i l i z e d  as a motor 
f u e l .  Water i s  h i g h l y  soluble i n  pu re  methanol and any t r a c e s  found i n  
t h e  f u e l  system w i l l  be taken  i n t o  t h e  s o l u t i o n .  The c o m p a t i b i l i t y  

T h e  power o u t p u t  of a v e h i c l e  f u e l e d  wi th  pure  methanol can be equi- 
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problems a s s o c i a t e d  wi th  t h e  use of pure methanol as a motor f u e l  have 
been more ex tens ive ly  i n v e s t i g a t e d .  It may b e  expec ted  t h a t  compati- 
b i l i t y  problems between pure methanol and Viton f u e l  system elements,  
m t a c r y l a t e  f u e l  f i l t e r s  and p o s s i b l y  c e r t a i n  t y p e s  of f u e l  pump d ia -  
phragms and g a s k e t s  may e x i s t .  

f u e l  has  uncovered some c o m p a t i b i l i t y  problems wi th  c e r t a i n  f u e l  sys- 
t e m  components. Some test  v e h i c l e s  have s u f f e r e d  no c o r r o s i o n  o r  com- 
p a t i b i l i t y  problems, and o t h e r s  have r equ i r ed  a l t e r a t i o n s  t o  avoid 
them. There i s  a need f o r  f u r t h e r  f l e e t  t e s t i n g  i n  which t h e  problems 
Of co r ros ion  and materials c o m p a t i b i l i t y  w i t h  pure  methanol motor f u e l  
a r e  more completely i n v e s t i g a t e d .  It w i l l  on ly  be through t h e  exper i -  
ence  gained du r ing  such f l e e t  tests t h a t  a l l  of t h e s e  problems can be 
uncovered. 

The l i m i t e d  exper ience  wi th  t h e  use  of pure methanol a s  a motor 

1/ 
A 

Pure Fuel-Performance-Reliabil i ty and Conversions ( 1 , 5 ,  
8,12,13,14,15,17,20,27,36,37,36,37,39,40) 

The r e l i a b i l i t y  of motor v e h i c l e s  t h a t  have been conver ted  t o  op- 
e r a t i o n  on pure methanol f u e l  has  proven t o  be as h igh  as t h a t  of com- 
pa rab le  gaso l ine  fue l ed  v e h i c l e s  i n  s e v e r a l  cases. The convers ions  
necessary  t o  enab le  a v e h i c l e  to  o p e r a t e  wi th  pu re  methanol as  a f u e l  
can  be d iv ided  i n t o  two phases.  Because t h e  energy  pe r  cub ic  f o o t  of 
s t o i c h i o m e t r i c  mixtures  of methanol and g a s o l i n e  f u e l s  i s  very  s i m i l a r ,  
t h e  mod i f i ca t ions  necessary  t o  conve r t  a convent iona l  g a s o l i n e  engine  
t o  pure methanol f u e l  a r e  r e l a t i v e l y  simple.  These convers ions ,  to  
enab le  t h e  u s e  of pure  methanol f u e l  i n  convent iona l  eng ines  w i l l  be 
c a l l e d  f i r s t  phase convers ions .  Such convers ions  invo lve  changes t o  
the c a r b u r e t o r ,  i n t a k e  mani fo ld ,  f u e l  system, and spark  advance curve 
and do  n o t  r e q u i r e  major engine  mod i f i ca t ions .  This  phase of engine  
mod i f i ca t ion  may be  e a s i l y  c a r r i e d  o u t  on a f l e e t  of au tomobi les  and 
h a s  been done i n  s e v e r a l  cases. I n  a d d i t i o n ,  major engine  modifica- 
t i o n s  such a s  an i n c r e a s e  i n  t h e  compression r a t i o  may be made i n  o r d e r  
t o  t a k e  advantage of t h e  h ighe r  oc t ane  number of methanol i n  o r d e r  t o  
produce b e t t e r  thermal  e f f i c i e n c y  and an i n c r e a s e  i n  f u e l  mileage. 
These mod i f i ca t ions  c o n s t i t u t e  a second phase of p o s s i b l e  engine  con- 
ve r s ions .  N o  f u l l  scale tests of such convers ions  have been r epor t ed .  

Some mod i f i ca t ions  w i l l  be necessary  t o  conve r t  a conven t iona l  
engine  from g a s o l i n e  t o  methanol f u e l .  Larger c a r b u r e t o r  j e t s  w i l l  
be  needed t o  provide  t h e  r i c h e r  mixtures  necessa ry ,  and l a r g e r  f u e l  
t anks  w i l l  be needed t o  provide  t h e  same range of ope ra t ion .  I t  i s  
a l s o  a n t i c i p a t e d  t h a t  some elastomeric s e a l s  i n  t h e  f u e l  system may 
have t o  be changed depending upon t h e i r  c o m p a t i b i l i t y  w i th  methanol. 
Vi ton  i s  t h e  only  material t h a t  has  s p e c i f i c a l l y  caused problems i n  
t h i s  a r ea .  Evapora t ive  c o n t r o l  c a n n i s t e r s  and me thac ry la t e  f u e l  f i l t -  
ers w i l l  have t o  be changed. Carbure tor  o r  f u e l  tank  s u b s t i t u t i o n s  may 
be necessary on c e r t a i n  v e h i c l e s  because of c o r r o s i o n  problems. The 
p o s s i b l e  co r ros ion  and c o m p a t i b i l i t y  problems are n o t  w e l l  de f ined  and 
r e q u i r e  an en larged  f l e e t  t e s t  program t o  uncover them. Some means of 
a s s u r i n g  f u e l  vapor i za t ion  and even d i s t r i b u t i o n  t o  t h e  c y l i n d e r s  w i l l  
have t o  be provided. This  can  be  accomplished by p l ac ing  h e a t  exchang- 
ers i n  t h e  i n t a k e  manifold or by t h e  adopt ion  o f  a f u e l  i n j e c t i o n  sys- 
t e m .  P rov i s ions  w i l l  be  necessary  t o  a s s i s t  i n  c o l d  s t a r t i n g  engines  
a t  ambient tempera tures  below 55 OF. This can be  accomplished by t h e  
i n j e c t i o n  of butane ,  propane, ace tone ,  e t h y l  e t h e r ,  g a s o l i n e ,  o r  LPG 
dur ing  t h e  s t a r t i n g  procedure.  The adopt ion  of  f u e l  i n j e c t i o n  would 
b e n e f i t  i n  t h i s  a r e a  as w e l l .  Depending upon t h e  p a r t i c u l a r  v e h i c l e  
and i t s  f u e l  system l ayou t  t h e r e  may be problems wi th  vapor l o c k  
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du r ing  h o t  ope ra t ion .  The i n s t a l l a t i o n  o f  an e l e c t r i c  f u e l  pump should 
e l i m i n a t e  these .  
Carbon Monoxide Emissions (1,5,17,20,25,27,31,32, 

35,36,40,41,42) 
S ince  t h e  methanol molecule has  no carbon t o  carbon bonds and a l -  

ready con ta ins  one  oxygen atom, t h e  r e a c t i o n  k i n e t i c s  f o r  complete ox- 
i d a t i o n  of t h i s  f u e l  are  t h e o r e t i c a l l y  less complex than  those  f o r  
g a s o l i n e  and t h e  i n t e r m e d i a t e  r e a c t i o n  p roduc t s  t h a t  form exhaus t  e m i s -  
s i o n s  a r e  more r e a d i l y  e l imina ted  from t h e  exhaus t  system. In  addition, 
i t  has  been shown e a r l i e r  t h a t  methanol f u e l l e d  v e h i c l e s  w i l l  ope ra t e  
s a t i s f a c t o r i l y  a t  much l e a n e r  mixture r a t i o s .  Therefore ,  it may be ex- 
pec ted  t h a t  v e h i c l e s  f u e l e d  by pure methanol, e s p e c i a l l y  those  equipped 
wi th  c a t a l y t i c  m u f f l e r  w i l l  e m i t  less carbon monoxide than  comparable 
g a s o l i n e  f u e l l e d  v e h i c l e s .  This  r educ t ion  has been measured except  i n  
those  cases i n  which o p e r a t i o n  was f u e l - r i c h .  The extended fue l - r i ch  
warm-up per iod  n e c e s s a r y  wi th  methanol f u e l l e d  v e h i c l e s  apprec i ab ly  
r a i s e s  t h e i r  CO emis s ions .  The i n s t a l l a t i o n  o f  a c a t a l y t i c  conve r t e r  
has  been shown t o  reduce  CO emiss ions  below t h e  1977 Fede ra l  Standard.  
Hydrocarbon Emissions (1,5,14,15,17,18,20,27,32, 

34,35,36,38,40,41) 
Seve ra l  tes ts  have been performed on methanol f u e l l e d  v e h i c l e s  

from which t h e  emis s ions  o f  hydrocarbons and unburned f u e l  have been 
r epor t ed .  Some hydrocarbons emi t t ed  i n  t h e  exhaus t  o f  methanol fue l l ed  
v e h i c l e s  a r e  d i f f e r e n t  t han  t h o s e  emi t t ed  by g a s o l i n e  f u e l l e d  veh ic l e s  
and adequate p r o v i s i o n s  must be  made t o  i n s u r e  t h a t  t h e  record ing  equip- 
ment accu ra t e ly  measures t h e i r  presence.  The major component of unburn- 
ed f u e l  i n  t h e  exhaus t  h a s  been found to be methanol which i s  t echn ica l -  
l y  n o t  a hydrocarbon a t  a l l ;  however, t h e  emiss ions  o f  unburned f u e l  a r e  
g e n e r a l l y  r e p o r t e d  under  t h e  heading of hydrocarbon emiss ions .  

The l eane r  o p e r a t i o n  a f forded  by t h e  use  o f  methanol f u e l  should 
l ead  t o  lower hydrocarbon (HC) emissions.  The emiss ions  of hydrocar- 
bons and unburned f u e l  from engines  f u e l l e d  by methanol have been shown 
t o  be  lower than  those  f u e l l e d  by g a s o l i n e  du r ing  h o t  s tar t  emissions 
tests.  Because o f  t h e  longer  warm-up pe r iod  under f u e l  r i c h  ope ra t ion  
which i s  necessary  w i t h  methanol f u e l ,  t h e  HC emiss ions  from methanol 
f u e l  w e r e  h ighe r  t h a n  t h o s e  from gaso l ine  dur ing  co ld  s tar t  tests. The 
use  of a c a t a l y t i c  m u f f l e r  was found t o  be  necessary  i n  o r d e r  t o  meet 
t h e  1 9 7 7  Federa l  HC S tandard .  There a r e  no a romat ics  emi t t ed  among t h e  
hydrocarbons i n  t h e  exhaus t  o f  a methanol f u e l l e d  v e h i c l e ,  and t h e r e  i s  
cor respondingly  less carcenogenic  r i s k  from t h e s e  emiss ions .  I t  i s  a l -  
so expected t h a t  t h e  t o t a l  r e a c t i v i t y  caused by t h e  unburned f u e l  f o r  
t h e  formation of photochemical a i r  p o l l u t i o n  i s  much lower f o r  a meth- 
ano l  f u e l l e d  v e h i c l e  t h a n  f o r  gaso l ine .  
Oxides of Ni t rogen  Emissions (1,5,14,15,17,18,20,27,32,33, 

3 4 , 3 5 , 3 6 , 3 7 , 3 8 , 4 0 , 4 1 , 4 2 )  
The emiss ions  o f  o x i d e s  o f  n i t r o g e n  (NOx) i n  t h e  exhaus t s  of meth- 

anol f u e l l e d  v e h i c l e s  have  been demonstrated t o  be ve ry  low; lower than 
t h e  NOx emiss ions  of comparable gaso l ine  f u e l l e d  v e h i c l e s .  Emission 
l e v e l s  below t h e  1977 Fede ra l  NOx s t anda rd  have been demonstrated with 
methanol f u e l l e d  v e h i c l e s  wi thout  t h e  use  of emission c o n t r o l  equip- 
ment. Resul t s  have shown no i n c r e a s e  i n  NOx emiss ions  du r ing  co ld  
S t a r t  tests. C a l c u l a t i o n s  have shown t h a t  t h e  peak O t t o  cyc le  tempera- 
t u r e  of methanol f u e l  i s  lower than t h a t  o f  i so-oc tane .  The lower com- 
bus t ion  tempera ture  o f  methanol c o n t r i b u t e s  t o  t h e  dep res s ion  of NOx 
emiss ions  from methanol f u e l e d  veh ic l e s .  The h igher  flame v e l o c i t y  
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e x h i b i t e d  by methanol a s  compared t o  t h a t  of g a s o l i n e  a l l o w s  t h e  use 
Of la ter  spark t iming  which a l s o  r e s u l t s  i n  lower NO? emissions.  
S ince  emissions of  NOx peak a t  s t o i c h i o m e t r i c  c o n d i t i o n s  of opera- 
t i o n ,  t h e  lower l e a n  m i s f i r e  l i m i t  e x h i b i t e d  by methanol pe rmi t s  
lower NO, emissions by al lowing o p e r a t i o n  a t  much l e a n e r  mixture  
r a t i o s  than gaso l ine .  

Aldehyde Emissions (1,18,27,32,35,36,38,41) 
Aldehydes form a class of p o t e n t i a l  a i r  p o l l u t a n t s  t h a t  are no t  

p r e s e n t l y  covered by Fede ra l  Standards.  The presence o f  c e r t a i n  al-  
dehydes, p r i n c i p a l l y  formaldehyde and acetaldehyde has  been measured i n  
t h e  exhaust  o f  methanol f u e l l e d  eng ines .  Aldehyde emissions from auto- 
mobiles have no t  been measured as e x t e n s i v e l y  as those  o f  o t h e r  a i r  
p o l l u t a n t s .  There e x i s t s  no Fede ra l  Standard f o r  aldehyde emissions.  
The l e v e l  of aldehyde emissions from methanol f u e l l e d  v e h i c l e s  seems 
t o  be  a s e n s i t i v e  f u n c t i o n  of  t h e  a i r  t o  f u e l  mixture r a t i o s .  Some 
tes ts  have shown t h a t  t h e  aldehyde emission l e v e l  from methanol fue l -  
l e d  v e h i c l e s  i s  no h ighe r  than t h e  l e v e l  from comparable g a s o l i n e  
f u e l l e d  v e h i c l e s .  Others have shown inc reased  aldehyde emissions when 
methanol i s  s u b s t i t u t e d  f o r  g a s o l i n e  as a f u e l .  There i s  a need f o r  
f u r t h e r  t e s t i n g  of both methanol f u e l l e d  v e h i c l e s  and g a s o l i n e  f u e l l e d  
v e h i c l e s ,  however, b e f o r e  any d e f i n i t e  conclusions can be drawn. The 
u se  of a c a t a l y t i c  muf f l e r  has  been shown t o  cons ide rab ly  reduce t h e  
aldehyde emissions of methanol f u e l l e d  automobiles.  
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PERFORMANCE OF AN ETHANOL-GASOLINE BLEND 
I N  AUTOMOBILES AND LIGHT TRUCKS 

I 

I 

Wm. A. S c h e l l e r  and Br ian  J. Mohr 

Department of Chemical Engineer ing ,  Un ive r s i ty  of Nebraska 
Lincoln ,  Nebraska 68508 

INTRODUCTION 

The proposa l  t h a t  e t h a n o l  b e  used as a b lending  component i n  
automotive f u e l  i s  a lmost  as o l d  a s  t h e  automobile i t s e l f .  I n  1907 
t h e  U.S. Department of A g r i c u l t u r e  publ i shed  a r e p o r t  e n t i t l e d  " U s e  
Of Alcohol and' Gasol ine  i n  Farm Eng ines" (5 ) .  Over t h e  i n t e r v e n i n g  
y e a r s  many l a b o r a t o r i e s  tests on t h e  performance of s t a t i o n a r y  au to-  
mobile engines o p e r a t i n g  on  e thano l -gaso l ine  mixtures  have been 
r e p o r t e d  i n  t h e  l i t e r a t u r e .  I n  1964 a series of papers on t h e  use  of 
e t h a n o l  and hydrocarbon motor f u e l s  were pub l i shed(4 )  by t h e  SAE. I n  
1971 t h e  American Petroleum I n s t i t u t e  prepared  a review of a l c o h o l  
f u e l  s t u d i e s ( 1 ) .  The most r e c e n t  comprehensive l a b o r a t o r y  s tudy  w a s  
t h a t  work done by D r .  H.B. Mathur i n  connec t ion  wi th  h i s  Ph.D. t h e s i s  
i n  New Delhi,  I n d i a ( 2 ) .  M i t r e  Corp. p repared  a new su rvey(3 )  of 
a l c o h o l  f u e l  technology i n  1974 inc lud ing  bo th  e thano l  and methanol. 

T o  d a t e  no s t a t i s t i c a l l y  des igned  f l e e t  t e s t  of e thanol -gasol ine  
mixtures  have been r e p o r t e d  i n  t h e  l i t e r a t u r e .  Contac t  w i t h  automo- 
t i v e  and petroleum companies i n d i c a t e  t h a t  they  t o o  know of no such  
comprehensive test .  Because of t h e  knowledge to  be  ga ined  from a 
w e l l  designed program, a t w o  m i l l i o n  m i l e  road t es t  us ing  a mix tu re  of 
10% ethanol-90% unleaded g a s o l i n e  w a s  des igned  by t h e  a u t h o r s  and i s  
now i n  progress .  

TEST PROGRAM 

The Nebraska t w o  m i l l i o n  m i l e  e thano l -gaso l ine  road  tes t  program 
i s  being conducted wi th  36  v e h i c l e s  supp l i ed  by t h e  Nebraska Depart- 
ment of Roads and i s  being f inanced  by t h e  Nebraska A g r i c u l t u r e  
Products  I n d u s t r i a l  U t i l i z a t i o n  Committee. The f u e l  being t e s t e d  i s  a 
mixture  of 10% anhydrous e t h a n o l  and 90% unleaded r e g u l a r  g rade  
g a s o l i n e .  This  b lend  i s  known by t h e  name GASOHOL. The gasohol  is 
be ing  blended f o r  t h e  t e s t  program by t h e  Coopera t ive  R e f i n e r s  A s s o c .  
i n  P h i l l i p s b u r g ,  Kansas. The no-lead base  g a s o l i n e  used i n  t h e  
p r e p a r a t i o n  of t h e  gasohol  is  t h e  same no-lead which they  market 
through t h e i r  normal o u t l e t s .  

The o b j e c t i v e s  of t h e  t w o  m i l l i o n  m i l e  road test  are t o  o b t a i n  

1. The q u a n t i t a t i v e  e f f e c t  on f u e l  consumption of t h e  a d d i t i o n  
t h e  fo l lowing  informat ion:  

of s u f f i c i e n t  anhydrous e t h a n o l  t o  produce a 10% s o l u t i o n  by 
volume wi th  unleaded g a s o l i n e  meeting s p e c i f i c a t i o n s  f o r  s a l e  
a f t e r  30 June, 1974. 

wear. 

gas composition. 

2. The q u a n t i t a t i v e  e f f e c t  of t h i s  e thano l  a d d i t i o n  on cy l inde r  

3 .  The q u a n t i t a t i v e  e f f e c t  of t h i s  e thano l  a d d i t i o n  on exhaus t  
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4 .  The q u a l i t a t i v e  e f f e c t  of t h i s  e thano l  a d d i t i o n  on engine  
va lves .  

5. The q u a l i t a t i v e  e f f e c t  o f  t h i s  e thano l  a d d i t i o n  on spa rk  
p lugs .  

6 .  The q u a l i t a t i v e  e f f e c t  of t h i s  e thano l  a d d i t i o n  on t h e  
exhaus t  system. 

7 .  The d r i v e r s  comments on t h e  e f f e c t  o f  t h i s  e thano l  a d d i t i o n  
on g e n e r a l  v e h i c l e  performance. 

The q u a n t i t a t i v e  in fo rma t ion  i s  being ga the red  i n  s u f f i c i e n t  quan t i ty  
and i n  such a way as t o  a l low s t a t i s t i c a l  a n a l y s i s  of t h e  r e l i a b i l i t y  
and s i g n i f i c a n c e  of t h e  d a t a .  The t e s t  is  t o  ex tend  ove r  a pe r iod  of 
10-15 months. The q u a l i t a t i v e  obse rva t ions  are being made s u f f i -  
c i e n t l y  o f t e n  t o  e s t a b l i s h  any v i s i b l e  t r e n d s .  

ha l f - ton  pickup t r u c k s  and 26 passenger cars. These v e h i c l e s  are 
l o c a t e d  i n  t h r e e  d i f f e r e n t  p a r t s  o f  t h e  s ta te  of Nebraska i.e. Lincoln, 
North P l a t t e ,  and Sidney. The reason  f o r  i nc lud ing  v e h i c l e s  i n  these  
t h r e e  c i t ies  is t o  i n c o r p o r a t e  i n t o  t h e  tes t  a n  e f f e c t  f o r  a l t i t u d e .  
L incoln  has an  a l t i t u d e  o f  1160 f e e t  above sea l e v e l ,  North P l a t t e  i s  
3000 f e e t  and Sidney i s  4300 f e e t .  Table I summarizes informat ion  on 
t h e  y e a r ,  make, and model o f  v e h i c l e s  inc luded  i n  t h e  t es t  program. 
A s  t h e  Department o f  Roads acquires a d d i t i o n a l  1974 and 1975 veh ic l e s ,  
S o m e  o f  t h e s e  w i l i  b e  added t o  t h e  t e s t  program. 

The road t e s t  program i s  making use  of a t o t a l  of 3 6  v e h i c l e s ;  10  

The v e h i c l e s  have been d iv ided  i n t o  t h r e e  groups; t hose  veh ic l e s  
which w i l l  r un  on gasohol  o n l y  f o r  t h e  e n t i r e  l i f e  of t h e  t e s t  
program, those  v e h i c l e s  which w i l l  run  on unleaded f u e l  on ly  du r ing  
t h e  e n t i r e  program and those  which w i l l  be  changed from one  f u e l  t o  
t h e  o t h e r  abou t  midway through t h e  t e s t  program. Table  I inc ludes  
t h e  f u e l  assignment o f  each of  t h e s e  v e h i c l e s .  

Those v e h i c l e s  running  on  gasohol f u e l  w i l l  o b t a i n  t h e i r  f u e l  
from new s t o r a g e  t a n k s  which have been bur ied  a t  s t a t e  s e r v i c e  s t a t i o n s  
i n  Lincoln,  North P l a t t e  and Sidney. S p e c i a l  care has  been taken  t o  
i n s u r e  t h a t  t h e  t a n k s  remain d r y  through t h e  i n i t i a l  c l ean ing  and by 
cont inued  o b s e r v a t i o n  of t h e  con ten t s .  To d a t e  no s p e c i a l  d r i e r s  have 
been needed on t h e  v e n t s .  The d r i v e r s  of t hose  v e h i c l e s  running on 
no-lead g a s o l i n e  buy t h e i r  f u e l  a t  l o c a l  commercial o u t l e t s  s i n c e  the  
s t a t e  s e r v i c e  s t a t i o n s  do n o t  have f a c i l i t i e s  f o r  s t o r i n g  and 
d i spens ing  a n  a d d i t i o n a l  no-lead grade .  Data on  t h e  number of ga l lons  
o f  gaso l ine  added to each v e h i c l e  and t h e  cor responding  odometer 
r ead ing  i s  main ta ined  by each d r i v e r  and s e n t  weekly on  a s t anda rd  
form t o  t h e  a u t h o r s  f o r  process ing .  

VEHICLE MAINTENANCE AND INSPECTION 

A l l  normal v e h i c l e s  maintenance such as o i l  change, l u b r i c a t i o n ,  
e t c .  i s  c a r r i e d  o u t  on t h e  t e s t  v e h i c l e s  i n  t h e  same fa sh ion  a s  o the r  
v e h i c l e s  belonging t o  t h e  Department o f  Roads. I n  a d d i t i o n ,  each 9 0  
days (+ 5 days)  from t h e  beginning o f  t h e  t es t  program a v i s u a l  
inspecFion i s  made o f  t h e  exhaus t  system on  each  veh ic l e .  
p lugs  are checked and t h e  compression on a l l  v e h i c l e s  i s  a l s o  measured. 
On s t r a i g h t  s i x  c y l i n d e r  engines  c y l i n d e r s  t w o  and f o u r  are checked 
wh i l e  on e igh t - cy l inde r  engines ,  t h r e e  and s i x  are checked. 

Spark 

Any V-6 
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engines  i n  t h e  program have t h e  middle c y l i n d e r  of each  bank checked. 

On 10 of t h e  Lincoln  v e h i c l e s  t h e r e  w i l l  be a d d i t i o n a l  inspec- 
t i o n s  made. These i n c l u d e  t h e  v i s u a l  i n s p e c t i o n  of v a l v e s  and Seats 
on a l l  c y l i n d e r s  and t h e  measurement of t h e  d iameter  on  a l l  c y l i n d e r s .  
I n  t h i s  c a s e  s i x  micrometer r ead ings  are made a t  approximately equal  
spac ings  on t h e  c i rcumference  of t h e  c y l i n d e r  and a t  approximately t h e  
c e n t e r  of t h e  p i s t o n  t r a v e l .  The v e h i c l e s  undergoing t h e s e  i n s p e c t i o n s  
have been i n d i c a t e d  i n  Table  I.  One of t h e  o b j e c t i v e s  of t h i s  t e s t  i s  
t o  o b t a i n  q u a n t i t a t i v e  informat ion  on t h e  exhaus t  gas  composition of 
v e h i c l e s  powered wi th  gasohol  and w i t h  no-lead g a s o l i n e .  An a n a l y t i c a l  
procedure for  o b t a i n i n g  d e t a i l e d  component ana lyses  o f  exhaus t  gases  
us ing  a h igh  r e s o l u t i o n  mass spec t rometer  has  been developed fo r  t h e  
au tho r s  by D r .  Michael L. Gross i n  t h e  A n a l y t i c a l  S e c t i o n  o f  t h e  
Department of Chemistry a t  t h e  Un ive r s i ty  o f  Nebraska. A l l  exhaus t  
gas  samples i n  t h i s  program are be ing  o b t a i n e d  from Lincoln  based 
c a r s .  A f i t t i n g  has been i n s t a l l e d  on 1 0  of t h e  test  cars t o  permi t  
a t t a c h i n g  a vacuum gauge t o  t h e  engine  mani fo ld  wh i l e  t h e  exhaus t  
samples a r e  be ing  ga the red .  The samples themselves are taken  from 
t h e  exhaust p i p e  and l e a d  through an s t a i n l e s s  steel  p i p e  and p l a s t i c  
hose t o  a set of sample bags i n  t h e  rear seat of t h e  c a r .  I n  t h i s  way 
t h e  exhaus t  samples can  be ga thered  over  an  extended pe r iod  o f  t i m e  
( t y p i c a l l y  f i v e  minutes )  whi le  t h e  car i s  be ing  d r i v e n  a t  a c o n s t a n t  
speed and a c o n s t a n t  l oad  a s  i n d i c a t e d  by t h e  vacuum gauge. Ear l ier  
tes ts  wi th  s m a l l  samples which w e r e  ga the red  i n  a matter of seconds 
showed t o o  much v a r i a b i l i t y  and u n c e r t a i n t y  about  t h e  e x a c t  speed and 
vacuum when t h e  sample w a s  caught.  The v e h i c l e s  from which exhaus t  
gas  samples are be ing  t aken  are i n d i c a t e d  i n  Table  I. 

t h i s  tes t  program. These w i l l  be ob ta ined  through a n  o u t s i d e  labora-  
t o r y  and w i l l  i n c l u d e  t h e  usua l  schedule  of w a r m  up and d r i v i n g  i n  a 
climate c o n t r o l l e d  dynamometer. 

I t  i s  a l s o  planned t o  i n c l u d e  s t a n d a r d  EPA emiss ions  tests i n  

DATA PROCESSING 

Based on t h e  r e s u l t s  of p re l imina ry  t e s t i n g  of abou t  250 ,000  
m i l e s ,  a computer program has  been developed t o  p rocess  t h e  f u e l  
consumption and mileage d a t a .  Through t h e  u s e  of l i n e a r  r e g r e s s i o n  it 
has  been found t h a t  t h e  s i g n i f i c a n t  f a c t o r s  i n  t h e  f u e l  consumption 
are t h e  d r i v e r ,  t h e  v e h i c l e s ,  average  d a i l y  tempera ture ,  average  
r e l a t i v e  humidity and maintenance schedule .  T i r e  p r e s s u r e  wh i l e  
known t o  be  s i g n i f i c a n t  cannot  be accounted f o r .  Normal f l u c t u a t i o n s  
i n  atmospheric p re s su re ,  p r e c i p i t a t i o n ,  and v i s i b i l i t y  w e r e  n o t  found 
t o  be s i g n i f i c a n t .  When t h e  s i g n i f i c a n t  f a c t o r s  have been accounted 
f o r  i n  t h e  f u e l  consumption t h e  s i g n i f i c a n c e  of t h e  r e s i d u a l s  w i l l  be 
t e s t e d  for t h e  unleaded g a s o l i n e  and gasohol f u e l .  With t h e  d a t a  
a v a i l a b l e  from t h e  v e h i c l e s  it i s  expected t h a t  w e  w i l l  have r e s u l t s  
w i th  a conf idence  l i m i t  of  99+% f o r  a f u e l  consumption o f  + 0.1 m i l e s  
per  ga l lon .  
i s s u e d  t o  t h e  Nebraska A g r i c u l t u r a l  Products  I n d u s t r i a l  U t i l i z a t i o n  
Committee. 

Data are processed weekly and q u a r t e r l y  reporEs  are 
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Fa rm E n g i n e s “ ,  F a r m e r s ‘  B u l l e t i n  277,  1907 .  

3.. 

4 .  

5. 

TABLE I 

Vehicles ,  F u e l s  a n d  T e s t s  i n  

’ ti 2 M i l l i o n  M i l e  G a s o h o l  Road T e s t  P r o g r a m  

Model  V e h i c l e  Make 
Year a n d  Type  

1 9 7 3  
1 9 7 3  

1 9 7 3  

1 9 7 3  

1974  
1974 
1974  
1974  

1974  
1974 
1974  

1974  

1974  

1974  

1974  

1974  

1974  

1974  

1 9 7 3  
1 9 7 3  

1 9 7 3  

1 9 7 3  

1 9 7 3  

1 9 7 3  

1 9 7 2  

I H C  4T P i c k u p  

I H C  %T P i c k u p  

I H C  4T P i c k u p  

I H C  4T P i c k u p  

Dodge +T P i c k u p  
Dodge +T P i c k u p  

Dodge +T P i c k u p  
Dodge +T P i c k u p  
Dodge %T P i c k u p  

Dodge 4T P i c k u p  
Dodge Coronet 
Dodge Coronet 
Dodge Coronet 
Dodge C o r o n e t  

Dodge Coronet 
Dodge C o r o n e t  

Dodge C o r o n e t  

Dodge C o r o n e t  

AM Ambassador  

AM Ambassador 
AM Ambassador  

AM Ambassador 
AM Ambassador  

AM Ambassador  

AM Ambassador 

‘I 
L o c a t i o n  ( N o t e )  I n s p e c t i o n s  A n a l y s e s  ,!I 

F u e l  Valve & C y l i n d e r  E x h a u s t  Gas 

L i n c o l n  A 

L i n c o l n  U 
No P l a t t e  U/A 

S i d n e y  A 

L i n c o l n  A 

L i n c o l n  U 
L i n c o l n  A/U 

L i n c o l n  U/A 

N o  P l a t t e  A/U 

S i d n e y  A 

L i n c o l n  A 

L i n c o l n  A 

L i n c o l n  U 
L i n c o l n  A/U 

L i n c o l n  A/U 

L i n c o l n  U/A 

L i n c o l n  U/A 

N o  P l a t t e  A/U 

L i n c o l n  A 

L i n c o l n  U 

L i n c o l n  A/U 

L i n c o l n  U/A 

No P l a t t e  U/A 

S i d n e y  A 

L i n c o l n  A 

Y e s  

Y e s  

N o  

N o  

N o  

N o  

Y e s  
Y e s  
No 
No 
Yes 

NO 

Y e s  
N o  

N o  

No 
NO 

N o  

Yes 

Y e s  

Y e s  

Y e s  
N o  

N o  

NO 

Yes 

Y e s  I 
NO 

No 

Yes 
N o  

NO 

No 
No 
N o  

NO 

Yes 
Y e s  

Yes 
N o  

Y e s  
N o  

NO 

N o  

MO 

Y e s  

Y e s  
No 
N o  

N o  



Model 
Year 

1972 
1 9 7 2  

1972 
1972 
1972 
1972 
1972 
1972 
1973 

1974 

1974 

Vehicle Make 
and Type 

AM Ambassador 
AM Matador 

AM Matador 
AM Matador 
AM Matadot 
AM Matador 
AM Matador 
AM Matador 
Plymouth 
Fury I11 
Passenger C a r  
(To be  Rec'd) 
Passenger C a r  
(To be Rec'd) 
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TABLE I (COn't) 

Fue l  Valve & Cyl inder  
Location (Note) I n s p e c t i o n s  

Lincoln  U N o  

Lincoln A N o  

L incoln  A NO 

Lincoln U NO 

Lincoln A/U N o  

Lincoln U/A N o  

Sidney A N o  

N o  P l a t t e  U/A t40 

NO P l a t t e  A/U NO 

NO P l a t t e  A N o  

Sidney A N o  

Exhaust Gas 
Ana,lys.es 

NO 

Y e s  
N o  
N o  

N o  

NO 

NO 

NO 

N o  

NO 

N o  

Note: A - Vehic le  t o  be run  on a l c o h o l  blended f u e l  o n l y  
U - Vehic le  t o  be  r u n  on unleaded f u e l  on ly  
A/U - Vehicle t o  be run  i n i t i a l l y  on a l coho l  blended f u e l  and 

U/A - Vehic le  t o  be  run  i n i t i a l l y  on unleaded f u e l  and t h e n  
t h e n  unleaaed f u e l  

a l c o h o l  blended f u e l  
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B I O L O G I C A L  O X I D A T I O N  A N D  R E D U C T I O N  O F  I N O R G A N I C  COMPOUNDS O F  SULFUR 

Harry D. Peck, Jr. 

Department o f  Biochemistry, University of Georgia, 
Athens, Georgia 30602 

The b io logica l  processes involved i n  t h e  oxida t ion  and reduction of inorganic 
compounds of s u l f u r  a r e  gene ra l ly  represented by t h e  idea l ized  "b io logica l  s u l f u r  
cycle" shown i n  Figure 1 (18). Sul fa t e  and su l f ide  a re  p i v o t a l  compounds i n  the  
scheme as they represent  bo th  the  most common forms of inorganic s u l f u r  found in  
nature and are the  most common forms of s u l f u r  incorporated i n t o  b io logica l  materi- 
als. A t  the  top of  the scheme, the  b iosynthe t ic  reac t ions  involving the  incorpora- 
t i o n  o f  s u l f a t e  a s  ester l inkages  i n t o  carbohydrates, l i p i d s ,  phenol, s t e ro ids ,  e t c .  
(14) a r e  indicated as s u l f a t i o n  reac t ions .  Su l f a t ion  reac t ions  a re  extensively 
involved i n  the b iosynthes is  of s t r u c t u r a l  components i n  p l a n t s  and animals but sul- 
f a t e  e s t e r s  have only r a r e l y  been reported t o  occur i n  bac te r i a .  A l l  th ree  groups 
of organisms do have s u l f a t a s e s  which s p e c i f i c a l l y  hydrolyze the various e s t e r s .  On 
t h e  r i g h t  hand por t ion  o f  t he  scheme, the e i g h t  e l ec t ron  reduction of SOi;' to  Sd2 
is represented and, a t  the  bottom of the scheme, t he  b iosynthes is  o f  amino acids and 
cofac tors  (or vitamins) from S-' is shown. On the l e f t  hand por t ion  of t h e  scheme, 
the oxidation of reduced s u l f u r  compounds i s  ind ica ted  (shown here  as  s u l f i d e  bu t  
o the r  c o m n  subs t r a t e s  include S2OSz and elemental  s u l f u r ) .  
of inorganic s u l f u r  m e t a b o l i s m  thus provide the  e s s e n t i a l  transformations f o r  the  
incorporation of s u l f u r  i n t o  b io log ica l  materials and a l i n k  between the appropri- 
a t e  geological and b i e f o g i c a l  phenomena. 

The b io log ica l  aspects 

The oxida t ive  and reduct ive  process have been f u r t h e r  c l a s s i f i e d  depending on 
the  organism and the  phys io logica l  s ign i f icance  of the  process i n  t h e i r  metabolism. 
Two physiological types of s u l f a t e  reduction a r e  recognized (21). 
ass imi la tory  or b iosyn the t i c  s u l f a t e  reduction i n  which organisms reduce only enough 
s u l f a t e  t o  meet t h e i r  n u t r i t i o n a l  requirements f o r  s u l f u r .  This pathway is  consid- 
ered t o  be  in the  pathway f o r  the b iosynthes is  of cys te ine  and is  usually under both 
coarse and f ine  metabolic regula t ion  ( 2 9 ) .  
and must depend upon p l a n t s  and bac te r i a  f o r  t h e i r  metabolites containing reduced 
su l fu r .  This pathway occurs i n  most p l an t s  and b a c t e r i a ,  including aerobes and 
anaerobes, and, because o f  i t s  wide occurrence, i s  probably the  l a r g e s t  b io logica l  
process f o r  t he  reduction of s u l f a t e ;  however, only i n d i r e c t l y  during the digestion 
and hydrolysis of b io log ica l  materials does t h i s  pathway produce s u l f i d e  i n  nature. 
The second sequence involved i n  the  reduction of s u l f a t e  i s  t h e  d iss imi la tory  o r  
r e sp i r a to ry  pathway o f  s u l f a t e  reduction i n  which s u l f a t e  i n  the  absence of oxygen 
serves  a s  a terminal e l e c t r o n  acceptor f o r  anaerobic r e sp i r a t ion  (13) .  This pathway 
o f  s u l f a t e  reduction occurs  only i n  the su l fa te - reducing  b a c t e r i a ,  species of w- 
fovibr io  (25) and Desulfotomaculum ( 4 ) ,  and r e s u l t s  i n  the  formation of very large 
amounts of S-2. 
formation and accumulation of most S-' i n  nature and is be l ieved  t o  be  involved i n  
many geochemical phenomena. The enzymes o f  t h e  r e sp i r a to ry  pathway a re  cons t i tu t ive ,  
i - e .  n o t  e f f ec t ed  by growth conditions,  and the  intermediates and enzymes responsible 
f o r  resp i ra tory  s u l f a t e  reduction a r e  q u i t e  d i f f e r e n t  from those involved i n  biosyn- 
t h e t i c  s u l f a t e  reduction. Members o f  the genus, Desulfovibrio a r e  the  most exten- 
s i v e l y  studied of the su l fa te - reducing  bac te r i a .  These bac te r i a  have only a l imited 
capab i l i t y  f o r  ox id iz ing  subs t r a t e s  (Hz. formate,  pyruvate,  l a c t a t e ,  ethanol,  
fumarate) and a r e  the  f irst  non-photosynthetic anaerobes i n  which C-type cytochrome 
were discovered ( 2 4 ) .  
(13) and oxida t ive  phosphorylation has been demonstrated t o  be  coupled t o  e lec t ron  
t r a n s f e r  (19). 

The f i r s t  i s  

Animals do no t  c l a s s i c a l l y  reduce su l f a t e  

Respiratory s u l f a t e  reduction is the  process responsible f o r  the 

They a l s o  produce many low molecular weight e l ec t ron  ca r r i e r s  
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Most plan ts ,  bac t e r i a  and animals a r e  capable o f  ox id iz ing  reduced inorganic  
and organic compounds of s u l f u r  t o  s u l f a t e .  
f o r  growth has never been repor ted  although it is extens ive ly  involved i n  e s s e n t i a l  
b iosynthe t ic  reac t ions  i n  p l an t s  and animals. Reduced s u l f u r  compounds can a l s o  be 
u t i l i z e d  by microorganisms as  e lec t ron  donors for both aerobic  and anaerobic grav th ,  
as wel l  as photosynthetic growth with t h e  formation of s u l f a t e .  
genus, Thiobacil lus,  ox id ize  S-', 5203' and So to SO:' i n  the  presence of oxygen and 
ga in  energy fo r  growth i n  t h e  form of adenosine tr iphosphate (ATP) by means of oxi- 
da t ive  phosphorylation ( 3 2 ) .  One spec ies ,  T. den i t r i f i cans  can u t i l i z e  e i t h e r  oxygen 
or n i t r a t e  w i t h  the  formation of N:! as terminal e l ec t ron  acceptor.  
bac t e r i a ,  members of the Chromatiaceae (purple s u l f u r  bac te r i a )  and Chlorobiaceae 
(green s u l f u r  bac te r i a )  can use reduced s u l f u r  compounds a s  e l ec t ron  donors f o r  
photosynthetic growth f i r s t  with the formation of So and subsequently SO:'. 
t he  b io logica l  s u l f u r  cyc le  genera l ly  involves a la rge  number o f  d ive r se  organisms, 
it is poss ib le  to cons t ruc t  a simple, l igh t -dr iven  s u l f u r  cyc le  by means of a sul-  
fate-reducing bacterium and a photosynthetic bacterium. This is no t  a primary pro- 
ducing system, as  water can not se rve  as a source of electrons, b u t  it provides a 
model system f o r  the study of the in t e rac t ions  requi red  f o r  the b io log ica l  s u l f u r  
cycle.  In  addition, this simple form of the cycle may represent  a p r imi t ive  system 
f o r  the conversion o f  s o l a r  energy i n t o  b io log ica l ly  useable energy. 

'rhus, a s p e c i f i c  requirement of s u l f a t e  

Members of t h e  

Photosynthe t ic  

Although 

I n  most s o i l s  and na tu ra l  environments, there is  a continuous f lux  of s u l f u r  
through the  b io logica l  s u l f u r  cycle without the accumulation of in te rmedia tes  or sig- 
n i f i c a n t  changes in  the  concentrations of s u l f a t e  and s u l f i d e .  This s i t u a t i o n  can 
then be  regarded as an uninterrupted o r  continuous s u l f u r  cycle.  Under c e r t a i n  con- 
d i t i ons ,  one o r  more s t eps  i n  t h i s  s u l f u r  cycle can become inh ib i t ed  w i t h  t h e  r e s u l t  
that the  concentrations of s u l f a t e  and s u l f i d e  are d r a s t i c a l l y  a l t e r e d ,  o f t en  with 
dramatic e f f e c t s  on a s p e c i f i c  environment. This can be considered to  be an i n t e r -  
rupted o r  discontinuous s u l f u r  cyc le  and its consequencq w i l l  be b r i e f l y  considered. 
Under anaerobic condi t ions ,  the  oxida t ion  of reduced s u l f u r  compounds is inh ib i t ed  
(except i n  the presence of NOT1) and, with SO:', organic e lec t ron  donors o r  H 2  and 
an environmental pH above 4 .5 ,  copious amounts of S-' can be produced by the  s u l f a t e  
reducing bac te r i a .  The consequences of this microbial reduction o f  s u l f a t e  to  an 
environment a re  complex bu t  can be l a rge ly  analyzed i n  terms of the chemical proper- 
ties o f  H2S. Sulf ide  i s  an i n h i b i t o r  of cytochrome oxidase which i s  e s s e n t i a l  f o r  
aerobic  r e sp i r a t ion ,  reacts w i t h  molecular oxygen and generates a reducing environ- 
ment because of i t s  low E, value of about -300 mV. Thus, i ts formation i n  any 
environment can r e s u l t  i n  t he  formation of anaerobic conditions and the inh ib i t i on  
of aerobic f lo ra .  Sul f ide  a l so  combines w i t h  heavy metals present  i n  an environment 
t o  form inso luble  s u l f i d e s  and t h e r e  is some evidence t o  ind ica t e  t h a t  most pyrite 
o res  are formed from b io log ica l ly  produced s u l f i d e .  
environments i s  due t o  t h i s  reac t ion  and the Black Sea is claimed t o  der ive  i ts  name 
from t h e  f a c t  t h a t  in areas  it appears t o  be black due t o  the  abundance of FeS. As 
ind ica ted  previously,  s u l f i d e  and elemental su l fu r  can serve  a s  subs t r a t e s  f o r  the  
growth of many microorganisms and on the periphery of an environment i n  which there  
is extensive s u l f a t e  reduction (termed a " s u l f u r e t m " )  one can o f t en  f ind  high con- 
cen t r a t ions  of Th iobac i l l i  and/or photosynthetic bac te r i a .  For example, i n  very 
shallow marine environments, it i s  common to observe red  and green photosynthetic 
bac te r i a  growing on the sur face  of sediments t h a t  a r e  producing S-'. 
is made possible i n  p a r t  because a t  physiological pH va lues ,  H2S is v o l a t i l e  and a 
sulfuretum can usua l ly  be de tec ted  by our o l f ac to ry  senses. The v o l a t i l i t y  o f  H'S 
formed by s u l f a t e  reduction can also r e s u l t  in an environment becoming extremely 
a lka l ine  and it has been pos tu la ted  t o  be the  cause of the formation of c e r t a i n  
depos i t s  of Na2CO3 by the absorption of COz from the  atmosphere. The concentration 
of s u l f a t e  can b e  decreased i n  na tu ra l  waters t o  the  poin t  t h a t  r e sp i r a to ry  s u l f a t e  
reduction ceases and in t e rac t ions  w i t h  methanogenic bac te r i a  become important a s  w i l l  
be  discussed l a t e r .  The sulfate-reducing bac te r i a  have high l eve l s  of t h e  enzyme 
hydrogenase concentrated around the periphery of t h e i r  c e l l s  (18) and the  enzyme 

The black co lo r  of anaerobic 

This phenomenon 
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appears t o  be important both i n  the  production and u t i l i z a t i o n  o f  molecular hydrogen 
which is commonly found i n  anaerobic environments. The a b i l i t y  t o  u t i l i z e  extremely 
low concentrations of H Z  has  been pos tu la ted  t o  be the  ro l e  o f  t he  organisms i n  the 
rap id  anaerobic corrosion of  i ron  (9 ) .  'The various environmental aspec ts  of respira- 
to ry  s u l f a t e  reduction a r e  summarized i n  Table 1 and m o s t  of these environmental 

TABLE 1: Environmental E f fec t s  of Respiratory Su l f a t e  Reduction 

1. Formation of Sul f ide  
2. Change o f  pH 
3. Removal of Heavy Metals 
4. Removal of Hydrogen 
5. Removal of Su l f a t e  
6. Changes i n  Microflora 
7. Frac t iona t ion  of Sul fur  Isotopes 

~~ ~~ ~ 

e f f e c t s  o f  r e sp i r a to ry  s u l f a t e  reduction can be  in t e rp re t ed  i n  terms of the  chemical, 
b io log ica l  and phys ica l  p rope r t i e s  of H2S. Postgate (23) has presented a more de ta i led  
and extensive d iscuss ion  of these  environmental e f f e c t s  of s u l f a t e  reduction. A 
r e l a t e d  aspect o f  these  b a c t e r i a  is t h e  f r ac t iona t ion  of s u l f u r  i so topes  occurring 
dur ing  the reduction of s u l f a t e  which allows determination as  t o  whether a given 
depos i t  o f  reduced s u l f u r  w a s  formed by geological phenomena o r  b io log ica l  agents ( 3 4 ) .  

Under aerobic condi t ions ,  the  absence of organic e l ec t ron  donors and/or ac id ic  
pH values (below 4.5) r e sp i r a to ry  s u l f a t e  reduction is inh ib i t ed  and a second type 
o f  imbalance i n  the  b i o l o g i c a l  s u l f u r  cycle c rea ted  which leads t o  the  formation of 
very a c i d i c  environments ( to pH 1.0) .  For t h i s  s i t u a t i o n  t o  occur,  t he  presence of 
reduced su l fu r  compounds, such as H*S, S o  or S Z O ; ~ ,  which can be oxidized by the 
Th iobac i l l i  to s u l f a t e  a s  H 2 S O 4 ,  is required.  In con t r a s t  t o  t h e  sulfate-reducing 
bac te r i a  which requi re  f ixed  carbon, these organisms can u t i l i z e  COz a s  t h e i r  so le  
source of carbon ( 3 5 ) .  This ac id i c  environment occurs pa r t i cu la r ly  where there  is 
poor drainage and its formation can i n h i b i t  the  growth of a wide va r i e ty  of s o i l  bac- 
t e r i a .  From an economic p o i n t  o f  view, these microorganisms can be important agents 
i n  the erosion of var ious  types o f  s tone  and this a spec t  is emphasized by one i s o l a t e  
of these bac te r i a  being named x. concretivorous (17). I n  genera l ,  t he  var ious  
physiological types  of microorganisms responsible f o r  t h e  oxidation and reduction of 
inorganic su l fur  compounds have been i s o l a t e d  i n  pure cu l tu re  and t h e i r  physiology 
s tud ied  s u f f i c i e n t l y  to p r e d i c t  and cont ro l  the accumulation o f  s u l f i d e  and s u l f a t e  
i n  a given environmental s i t u a t i o n .  

The biochemistry of the reac t ions  o f  inorganic s u l f u r  compounds has been only 
sporadica l ly  s tud ied  bu t  although not  a l l  o f  t h e  enzyme and reac t ions  have been com- 
p l e t e l y  charac te r ized ,  t h e  reac t ions  involved can a t  l e a s t  be reasonably w e l l  out- 
l ined .  Su l f a t e  i s  f i r s t  t ranspor ted  across the  membrane of t h e  c e l l  by means of an 
ac t ive  process involving su l fa te -b inding  pro te ins  (16) and once in s ide  the  c e l l  
un ive r sa l ly  r eac t s  with ATP t o  form adenylyl s u l f a t e  (APS) and inorganic pyrophos- 
phate ( P P i )  as  shown i n  T a b l e  2, reac t ion  1. The equilibrium of the  reac t ion  l i e s  
i n  the d i rec t ion  of  ATP and SO;' and, f o r  s i g n i f i c a n t  formation of APS, the  reaction 
must be  coupled to  e i t h e r  o r  both pyrophosphate hydrolysis,  Table 2 ,  r eac t ion  2 ,  or  
phosphorylation i n  the  3 ' -pos i t ion  to  form 3'-phosphoadenylyl s u l f a t e  (PAPS), Table 
2 ,  reac t ion  3. PAPS serves as t h e  subs t r a t e  f o r  a l l  su l f a t ion  reac t ions ,  Table 2 ,  
r eac t ion  4 ,  and forms a s u l f a t e  e s t e r  and 3',5'diphosphoadenosine (PAP), bu t  spe- 
c i f i c  enzymes, termed su l fo t r ans fe ra ses ,  a r e  required f o r  the various acceptors such 
a s  alcohols,  phenols, s t e r o i d s ,  e t c .  PAPS i s  a l so  be l ieved  t o  be t h e  form i n  which 
SO:' is reduced to  SO;' by t h e  reduced triphosphopyridine nucleotide (TPNH2) spec i f i c  
PAPS reductase Table 2 ,  r eac t ion  5; bu t ,  t he  r o l e  of t h i s  enzyme and t h a t  of the  
TPNHz: s u l f i t e  reductase,  Table 2,  reac t ion  6 ,  which ca ta lyzes  the  6 e l ec t ron  of 
SOT' to S-' i n  t he  b iosyn the t i c  pathway has recent ly  been questioned (30) .  However. 
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it remains clear that the b iosynthe t ic  pathway is  biochemically d i s t i n c t  f r o m  t h e  
r e sp i r a to ry  pathway. 

TABLE 2: The Enzymes of Biosynthetic Su l f a t e  Reduction 

1. ATP:sulfurylase 

ATP + SO;' Mg+2 b APS + PPi (28) 

2. Inorganic pyrophosphatase 

PPi + A20 .-!?e.+ 2Pi 

3. APS:kinase 

ATP + APS &PAPS f ADP 

4. Sulfo t ransferase  

Ron + PAPS + rnSO?I + PAP 

(28)  

(27) 

(14) 

5. PAPS reductase 

PAPS + TPm2 * so32 + PAP + TPN (37) 

6. S u l f i t e  reductase 

SO?2 + 3TPNH2 +. S-2 + 3TPN + 3HzO (31) 

The i n i t i a l  s t e p  i n  the re sp i r a to ry  pathway o f  s u l f a t e  reduction is t h e  same a s  
that i n  the b iosynthe t ic  pathway, t h a t  is, the formation of APS from ATP and Soh2 by 
ATP su l fu ry la se  and its formation is  coupled only to the  hydrolysis o f  inorganic 
pyrophosphate, Table 2 and 3, reac t ions  1 and 2. APS ra the r  than PAPS is the form 

TABLE 3: The Enzymes o f  Respiratory Su l f a t e  Reduction 

1. ATP:sulfurylase 

ATP + SO;' -+ APS + PPi 

2. Inorganic pyrophosphatase 

PPi + H 2 0  + 2Pi 

3. APS : reductase 

APS + 2e * AMP + 

(28) 

(28)  

(20) 

5. Tr i th iona te  reductase 

~ 3 0 ; ~  + 2e * ~ 2 0 5 ~  + 50;' (10) 

6. Thiosulfate reductase 

+ 2e +. s - ~  + ( 8 )  

i n  which SO;' is reduced to  SO;' with t h e  formation o f  AMP, Table 3, r eac t ion  3 ,  by 
APS reductase i n  a r eve r s ib l e  oxidation-reduction reac t ion .  S u l f i t e  (or b i s u l f i t e )  
is not  d i r e c t l y  reduced t o  S2 by a s ing le  enzyme a s  i n  t h e  b iosyn the t i c  pathway bu t  
rather three separa te  reductive s t eps  are involved. In a complex r eac t ion  involving 
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t h ree  molecules of s u l f i t e ,  SO?' is reduced t o  t r i t h i o n a t e  ( S 3 0 E 2 )  by a hemoprotein, 
b i s u l f i t e  reductase,  of which the re  a re  th ree  d i f f e r e n t  types,  desu l fovi r id in ,  
desulforubidin (12) and P582 (1). Table 3,  reac t ion  4 .  T r i th iona te  is next reduced 
t o  th iosu l f a t e  with the  concomitant formation of s u l f i t e  by t r i t h i o n a t e  reductase,  
Table 3, reac t ion  5 .  The t h i o s u l f a t e  is then reduct ive ly  cleaved t o  y i e l d  S-' and 
a second molecule o f  SO$, Table 3,  reac t ion  6. 
reductions have not been d e f i n i t i v e l y  e s t ab l i shed  bu t  they appear t o  be  low-molecular 
wei h t  e lec t ron  t r a n s f e r  pro te ins .  I n  both pathways, the r e s u l t  i s  i d e n t i c a l  i n  tha t  
,Or8 is  reduced to S-'; however, the re sp i r a to ry  pathway requi res  one less ATP and 
four  d i sc re t e  reduct ive  s t e p s  r a t h e r  than the  two involved i n  the  b iosynthe t ic  path- 
way. 
pathways. 

The e l ec t ron  donors f o r  these 

These d i f fe rences  probably r e f l e c t  t he  d i f f e r e n t  phys io logica l  r o l e s  of the 

The resp i ra tory  pathways involved i n  the oxidation of  reduced s u l f u r  compounds 
t o  Sot2 a re  l e s s  w e l l  def ined  than those i n  the  reduction of s u l f a t e .  
t i o n  is the oxidation of a cofac tor  o r  enzyme-bound polysul f ide  (15) to s u l f i t e  i n  
an oxygen requi r ing  oxida t ion ,  T a b l e  4 ,  reac t ion  1 ( 3 3 ) .  Elemental s u l f u r  and 

The key reac- 

TABLE 4: The Reactions o f  Respiratory Sul fur  Oxidation 

1. Polysul f ide  oxidase 

Hz0 + RsnSS- + 0 2  * RSnS-' + SO?' + 2H+ (33) 

I 

2.  Thiosul fa te  formation 

s o  + so32 + s2072 

2e + ~ 2 0 3 ~  + SOT' + ZS-' 

so32 + 1/2 0 2  * so? 

3. Thiosul fa te  reductase 

4 .  S u l f i t e  oxidase 

(33) 

( 2 2 )  ., 

( 6 )  

5. APS reductase  

AMP + SOT2 + 2 cy to  cox + APS + 2 cyto cred ( 2 2 )  

6. ADP su l fu ry la se  

APS + P .  + ADP + SOL2 ( 2 2 )  

s u l f i d e  can form this "bound polysul f ide"  (R)  and thus e n t e r  the  reac t ion  sequence: 
however, l i t t l e  i s  known about the  d e t a i l s  of these  in t e rac t ions .  S u l f i t e  i s  a highly 
r eac t ive  molecule and non-enzymatically combines wi th  elemental s u l f u r  t o  form thio- 
s u l f a t e ,  Table 4 ,  reac t ion  2 .  Thiosul fa te  i s  re turned  to the main resp i ra tory  path- 
way by reductive cleavage t o  s u l f i d e  and s u l f i t e  by th iosu l f a t e  reductase,  Table 4 ,  
reac t ion  3 .  The f i n a l  s t e p  is  the oxida t ion  of SOY2 t o  SO;;' and is accomplished by 
two enzymatic pathways. The f i r s t  i s  the simple oxida t ion  of 
enzyme, s u l f i t e  oxidase,  i n  c e r t a i n  of the Th iobac i l l i ,  Table 4 ,  reac t ion  4 .  This 
oxidase has been repor ted  t o  be absent  i n  t he  photosynthetic bac te r i a  ( 3 6 ) .  
second pathway, found i n  the hotosynthe t ic  bac te r i a  and some of t he  Thiobac i l l i ,  
involves the oxidation of  SO:' i n  t h e  presence of AMP t o  t h e  l eve l  of s u l f a t e  as  APS 
by APS reductase, Table 4 ,  reac t ion  5 .  The high energy s u l f a t e  can then be exchanged 
for a phosphate group t o  y i e l d  ADP by the enzyme, ADP:sulfurylase t o  produce bio- 
l og ica l ly  u t i l i z a b l e  energy, Table 4 ,  reac t ion  6.  Thus, microorganisms u t i l i z i n g  
the  APS pathway a r e  ab le  to obta in  energy by means of a subs t r a t e  phosphorylation i n  
addi t ion  t o  e i t h e r ' o x i d a t i v e  phosphorylation o r  photophosphorylation. 
s ide ra t ions  of the  b io log ica l  s u l f u r  cycle,  i t  must be borne i n  mind t h a t  the  

to  SO;' by the 

The 

I In  a l l  con- 

Y 
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oxidat ion Of reduced s u l f u r  compounds y i e l d s  energy and t h a t  the  reduct ion of su l -  
f a t e  requires  energy although the reduct ion of s u l f a t e  can be coupled w i t h  an oxi-  
da t ive  react ion which produces m o r e  energy than t h e  reduct ion o f  SO,' requi res  and 
thereby produce energy f o r  growth. 

An important aspec t  of the  b io logica l  s u l f u r  cycle  i s  the a b i l i t y  of c e r t a i n  of  
theae anaerobic microorganisms to l i n k  and thereby modify t h e i r  fermentat ive respira-  
tory pathways by means of  the i n t r a c e l l u l a r  t ranspor t  o r  t r a n s f e r  of  molecular hydro- 
gen. This l ink ing  of  fermentations allows these anaerobic b a c t e r i a  to grow under 
some unexpected and surpr i s ing  condi t ions i n  an almost symbiotic re la t ionship .  There 
a r e  now severa l  w e l l  documented examples o f  t h i s  b i o l o g i c a l  phenomenon. Methano- 
b a c i l l u s  Omelianskii has  been demonstrated t o  be a mixed c u l t u r e  growing i n  this 
type Of re la t ionship  and forming a c e t a t e  and CHs from Cop and e thanol  ( 3 ) .  One of 
the  Organisms, the S organism, oxidizes  e thanol  to a c e t a t e  and Hp b u t  grows poorly. 
The second organism, the H organism, reduces C o p  t o  CHI, w i t h  Hp and appears t o  "pul l"  
the oxidat ion of e thanol  to a c e t a t e  by the oxidat ion of Hp a s  growth is g r e a t e r  i n  
the  mixture than i n  pure c u l t u r e  (26). Chloropseudomonas e t h y l i c a  has  been demon- 
s t r a t e d  to be a mixed c u l t u r e  which photosynthet ical ly  oxidizes  e thanol  t o  a c e t a t e  
( 7 ) .  
a c e t a t e  with t h e  reduction o f  SO;' to S-' as shown i n  Eq. 1. 

The cu l ture  cons is t s  of a sulfate-reducing bacterium which oxid izes  e thanol  to 

2CHgCHpOH + SOc2 -Z 2CH3COOH + S-' + 2H20 1) 

and a green s u l f u r  bacterium which photosynthet ical ly  oxidizes  S-' to SO;' as shown 
i n  Eq. 2 .  

2COp + S-' + 2H20 hv, SO;' + 2CH20 2) 

The poss ib le  involvement of i n t e r c e l l u l a r  Hp t r a n s f e r  i n  this r e l a t i o n s h i p  has not  
y e t  been resolved. A t h i r d  example involves an obl igatory r e l a t i o n s h i p  between a 
sulfate-reducing bacterium and a methanogenic bacterium. S u l f a t e  (or fumarate) i s  
obl iga tory  f o r  the growth o f  species  of  Desulfovibrio on l a c t a t e  as shown i n  Eq. 3. 

2 l a c t a t e  + SO,' + S2 + 2 a c e t a t e  + 2C02 + 2Hp0 + 2H-' 3)  

Recently, it has been demonstrated that the sulfate-reducing b a c t e r i a  can oxid ize  
l a c t a t e  t o  e thanol  when grown i n  the presence of methanogenic b a c t e r i a  and the  elec-  
t r o n s  (as Hp) u t i l i z e d  f o r  the reduction of CO2 to CHI, rather than the reduct ion of 
SO,' to S-' (2). This re la t ionship  involving i n t e r c e l l u l a r  Hp t r a n s f e r  is  shown i n  
Eqs. 4, 5 and 6. 

Sulfa te  reducing bacterium 

2CH3CHzOHCOOH + 2H20 -F 2CH3COOH + 2032 + 4Hz + 2H+ 4) 

Methanogenic bacterium 

4Hz + COa -Z CHI, + 2Hp0 

Sum: - 
2CH3CHpOHCOOH -f 2CH)COOH + C02 + CHI, + 2H + 

5 )  

6) 

I n  essence,  C O p  is  funct ioning a s  e lec t ron  acceptor  f o r  the fermentation of l a c t a t e  
(and probably o ther  e lec t ron  donors) and Hp is  t ransfer red  between these two anaerobic 
b u t  physiological ly  d i f f e r e n t  types of b a c t e r i a .  The mechanism o f  t h i s  r e l a t i o n s h i p  
has been postulated to  be the  "pul l ing" of l a c t a t e  oxidat ion by the u t i l i z a t i o n  of Hp 
f o r  CH+ formation. This concept is  a l s o  supported by the observat ion that hydrogen- 
ase is  concentrated around the  outs ide of t h e  sulfate-reducing b a c t e r i a .  Thus, 
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methane formation is  opera t ing  as an  "e lec t ron  sink" o r  terminal oxidase and could 
conceivably be "pulling" t h e  complex s e r i e s  of fermentative reac t ions  occurr ing  i n  
the  ce l lu lose  breakdown. 

The observations o f f e r  a new t h e o r e t i c a l  bas i s  f o r  the in t e rp re t a t ion  of a por- 
t i on  o f  the microbiology and biochemistry i n  anaerobic sediments o f  f resh  and marine 
waters. I n t e r c e l l u l a r  Hp t r a n s f e r  appears to be a s p e c i f i c  adaptation of anaerobic 
bac te r i a  which allows them to g rea t ly  extend t h e i r  growth po ten t i a l .  Thus, the  num- 
be r  of physiological types  of microorganisms involved i n  the transformation of organic 
ma te r i a l s  may be f a r  fewer than previously an t i c ipa t ed .  The ideas also suggest t h a t  
a s p e c i f i c  environment may have unexpected p o t e n t i a l  f o r  microbial  a c t i v i t i e s  such as  
s u l f a t e  reduction, hydrogen u t i l i z a t i o n  o r  n i t r a t e  reduction. I t  has a l s o  recent ly  
been e s t ab l i shed  t h a t  anaerobic sediments a r e  s t ab le  enough so t h a t  c l a s s i c a l  bio- 
chemical and phys io logica l  experiments can be  performed with sediments by t r e a t i n g  
them as b a c t e r i a l  cu l tu re s  (5 ) .  Inves t iga t ions  u t i l i z i n g  these  two concepts should 
lead  t o  a much g r e a t e r  understanding of t he  reac t ions  occurring i n  organic deposits 
and ind ica t e  the ways i n  which these complex fermentations can b e  appl ied  to  spec i f i c  
problems of economic concern. 
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EZectron donors s042-  Photosyn*)(s2)f N z ~  H 2 0  :!: H2 
and 
r e s p i r a t o r y  b iosynthe t ic  
sulfur 
oxidat ion reduction 

Light ,  0 2  
NOg- I + 

Amino ac ids ,  
co-factors ,  etc. 

Fig. 1. A simple representa t ion  of  the b i o l o g i c a l  

'' TPN, Hz0 
s u l f u r  cycle .  
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THE GENESIS AND STABILITY OF NITROGEN I N  PEAT AND COAL 

Roland D. Hauck 

Tennessee Val ley  A u t h o r i t y ,  Muscle S h o a l s ,  Alabama 

Coal c o n s i s t s  of t h e  f o s s i l i z e d  remains O E  bog and swamp-shore 
v e g e t a t i o n ,  which, f o l l o w i n g  d i a g e n e s i s ,  w a s  p reserved  by water  and 
modif ied by h e a t  and p r e s s u r e .  
t h e  concept  of a c o a l i f i c a t i o n  series: vegetat ion-peat-brown c o a l -  
l ign i te -b i tuminous  c o a l - a n t h r a c i t e .  

Geochemists g e n e r a l l y  a c c e p t  a s  v a l i d  

Coal commonly c o n t a i n s  1-2% N i n  f i x e d  forms which a r e  h i g h l y  
r e s i s t a n t  t o  b iodegrada t ion .  The woody t i s s u e s  of t h e  o r i g i n a t i n g  
vegetat ion--predominately t ree-ferns--probably averaged  about  1% N ,  
which was of  a b iodegradable  n a t u r e .  Assuming them t o  be  similar i n  
s t r u c t u r e  t o  present-day woody t i s s u e s ,  about  20% of t r e e - f e r n  c e l l s  
conta ined  pro te inaceous  material. Humic s u b s t a n c e s  d e r i v e d  from woody 
and more s u c c u l e n t  t i s s u e s  a s  a r e s u l t  of m i c r o b i a l  a c t i v i t i e s  and 
o x i d a t i v e  polymer iza t ion  r e a c t i o n s  probably  c o n t a i n e d  2-5% N ,  a l though 
t h e  average  N c o n t e n t  of  t h e  p e a t  r e s u l t i n g  from p l a n t  t i s s u e  d e p o s i t i o n  
and decay remained at about  1%. The N c o n t e n t  of  bi tuminous c o a l  g e n e r a l l y  
i s  s l i g h t l y  h i g h e r  than  t h a t  o f  p e a t  and l ign i te - -about  1 . 5  t o  1.75%--but 
d e c r e a s e s  to less than  1% i n  a n t h r a c i t e .  

The C f N  r a t i o  t y p i c a l l y  i n c r e a s e s  from about  5011 i n  wood t o  
65/1 i n  p e a t  and l i g n i t e .  However, t h e  C / N  r a t i o  d e c r e a s e s  i n  low-rank 
bi tuminous c o a l s ,  then  i n c r e a s e s  w i t h  i n c r e a s e  i n  rank (55/1  i n  high-  
rank  bi tuminous c o a l s  t o  100/1 o r  g r e a t e r  i n  a n t h r a c i t e ) .  I t  is  e v i d e n t  
that N was gained relative t o  C ( o r  C was l o s t )  dur ing  t h e  l a t t e r  s t a g e s  
of diagenes is .  

The a c c r e t i o n  of  N by p e a t  may c o n t i n u e  a f t e r  i t s  format ion  
and subsequent  submergence i n  w a t e r s  through d e p o s i t i o n  of m i c r o b i a l  
(microf lora  and microfauna)  p r o t e i n .  The t o t a l  amino a c i d  c o n t e n t  of 
p e a t  is cons iderably  h i g h e r  than  i n  t h e  o r i g i n a l  p l a n t  m a t e r i a l ;  a t  
l e a s t  5-10% of p e a t  o r g a n i c  m a t t e r  is cons idered  t o  be d e r i v e d  from 
m i c r o b i a l  t i s s u e  (1). For example, t h e  weight of b a c t e r i a l  t i s s u e  p e r  
acre f o o t  o f  p e a t  might r a n g e  between 35-700 pounds a t  any g iven  t i m e ,  
corresponding to  about  5-115 pounds of N .  T h i s  range i s  c a l c u l a t e d  by 
assuming 35-700 m i l l i o n  b a c t e r i a  p e r  gram of m o i s t  p e a t  ( 2 ,  3 ) ,  a volume 
of 1 cubic  micron p e r  organism,  and a c e l l  d e n s i t y  of  1 .04.  
u s u a l l y  outnumber ac t inomycetes  by lO:l, and f u n g i  by 100:1, b u t  t h e  weight  
of  b a c t e r i a  is about  e q u a l  to  and h a l f  t h a t  of t h e  ac t inomycetes  and f u n g i ,  
r e s p e c t i v e l y .  
i n  p e a t  could b e  s u b s t a n t i a l .  
of  m i c r o b i a l  t i s s u e  i m p l i e s  t h e  presence  of s u f f i c i e n t  f i x e d  N t o  s u s t a i n  
microbia l  growth. Such N could be obta ined  from i n  s i t u  b i o l o g i c a l  
f i x a t i o n  o f  a tmospher ic  Nz o r  from t h e  t r a n s p o r t  of f i x e d  N i n  s e d i m e n t s  
and a q u a t i c  l i f e  t o  p e a t  beds.  

S o i l  b a c t e r i a  

A s  can be  s e e n ,  t h e  t o t a l  l i v i n g  and newly deceased biomass 
Obviously,  N a c c r e t i o n  through d e p o s i t i o n  

I! , 
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Determining how and i n  what forms t h e  N was preserved  may be 
more i n s t r u c t i v e  i n  unders tanding  t h e  g e n e s i s  of N i n  c o a l  t h a n  s p e c u l a t i n g  
on t h e  pr imary s o u r c e s  of  N i n  a c o a l i f i c a t i o n  s e r i e s .  The t i m e ,  manner, 
and c i rcumstances  of  n i t r o g e n  a c c r e t i o n  d u r i n g  o r  s h o r t l y  a f t e r  d i a g e n e s i s  
i s  of  l e s s e r  impor tance  i f  one a c c e p t s  t h e  concept  of a c o a l i f i c a t i o n  
s e r i e s  p r o g r e s s i n g  from p e a t  t o  a n t h r a c i t e  r a t h e r  than  t h e  concept  
advanced by Fuchs ( 4 ) ,  which h o l d s  t h a t  l i g n i t e s  a r e  formed under a e r o b i c  
c o n d i t i o n s  and b i tuminous  and a n t h r a c i t e  c o a l s  are formed under  a n a e r o b i o s i s .  
More i m p o r t a n t l y ,  a q u e s t i o n  c e n t r a l  t o  unders tanding  t h e  presence  of 
f i x e d  N i n  c o a l  is how n i t r o g e n o u s  products  of m i c r o b i a l  a c t i v i t y  
a c q u i r e  s t a b i l i t y  a g a i n s t  f u r t h e r  m i c r o b i a l  and chemical  decomposi t ion 
over  g e o l o g i c a l  t imes .  

SOIL HUMUS FORMATION 

Humus, a s  used  h e r e ,  r e f e r s  t o  t h e  d e b r i s  of h i g h e r  p l a n t s ,  
m i c r o f l o r a ,  and microfauna  i n  v a r i o u s  s t a g e s  of b iochemica l  and chemical  
a l t e r a t i o n .  E a r l y  work on s o i l  humus format ion  was much i n f l u e n c e d  by 
chemical  s t u d i e s  of humus i n  p e a t s  and c o a l s .  Grant ing  t h a t  t h e  f a c t o r s  
i n f l u e n c i n g  humus f o r m a t i o n  i n  s o i l s ,  marshes,  p e a t  bogs,  e t c . ,  may b e  
very  d i f f e r e n t ,  one n e v e r t h e l e s s  may b e  j u s t i f i e d  i n  s e e k i n g  common 
mechanisms f o r  humus Eormation under wide ly  d i f f e r e n t  c o n d i t i o n s  because  
of  t h e  known g r o s s  s imi la r i t i es  of c e r t a i n  humic s u b s t a n c e s  ( a l k a l i -  
e x t r a c t a b l e ,  a c i d - p r e c i p i t a b l e  subs tances)  i n  s o i l s  and i n  l a k e  and 
marine sed iments .  

Recent N t r a c e r  ('5N) s t u d i e s  s u p p o r t  t h e  p o s t u l a t e  of  Jansson  
(5) t h a t  t h e r e  e x i s t s  i n  s o i l  a l a r g e  p o o l  of r e l a t i v e l y  p a s s i v e  o r g a n i c  

N ,  a l l  o r  p a r t  of which i s  i n  e q u i l i b r i u m  w i t h  a much smaller pool  of  
l a b i l e  o r g a n i c  N .  U s u a l l y ,  when N i s  added t o  s o i l ,  some becomes immobilized 
through m i c r o b i a l  a c t i v i t y ,  e n t e r i n g  f i r s t  a p o o l  of  l a b i l e  o r g a n i c  
matter, t h e n  b e i n g  r e d i s t r i b u t e d  among p r o g r e s s i v e l y  more r e f r a c t o r y ,  
b i o r e s i s t a n t  s u b s t a n c e s  i n  t h e  p a s s i v e  poo l  (6-10). Curren t  knowledge 
of t h e  o r g a n i c  forms o f  N i n  t h e s e  p o o l s  is based l a r g e l y  on t h e  chemical  
a n a l y s i s  of  o r g a n i c  N compounds r e l e a s e d  by h y d r o l y s i s  of s o i l s  wi th  h o t  
a c i d s  [ f o r  rev iews ,  s e e  Bremner (11, 12) ] .  Such h y d r o l y s i s  s t u d i e s  
i n d i c a t e  t h a t  t h e  l a b i l e  o r g a n i c  N pool  c o n s i s t s  l a r g e l y  of bound amino 
a c i d s  and amino s u g a r s  (mainly glucosamine and g a l a c t o s a m i n e ) ,  e x i s t i n g  
perhaps as mucopept ides  (amino acid--amino s u g a r  complexes) ,  t e c h o i c  
a c i d s  ( e s t e r - l i n k e d  a lan ine-organophosphate  polymers) ,  and c h i t i n o u s  
s u b s t a n c e s .  
r e s p e c t i v e l y ,  o f  t h e  t o t a l  o r g a n i c  N of s o i l s .  P u r i n e s ,  p y r i m i d i n e s ,  
e thanolamine ,  and o t h e r  N compounds a l s o  have been i d e n t i f i e d  i n  s o i l s ,  
b u t  t h e  chemica l  n a t u r e  of  about  h a l f  of  s o i l  o r g a n i c  N i s  n o t  w e l l  
understood.  I t  i s  t h i s  u n i d e n t i f i e d ,  r e l a t i v e l y  s t a b l e  f r a c t i o n  t h a t  is 
of geochemical i n t e r e s t .  

Amino a c i d s  and hexosamines normally comprise  20-50% and 5-102, 

I n  s o i l s ,  p e a t  bogs, and l i k e  environments ,  l a b i l e  forms of  N 
are a s s i m i l a t e d  by microorganisms.  
t h e  t i s s u e s  of one  g e n e r a t i o n  b e i n g  food f o r  succeeding  ones.  W i t h  each 
c y c l e  of g e n e r a t i o n  and decay,  was te  products  of  metabolism a r e  r e l e a s e d  
t o  t h e  microenvironment .  Ammonium N and amino a c i d s  can be cons idered  

The microorganisms d i e  and decay, 
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such  was tes .  
and then  r e c y c l e  as p a r t  of new l i v i n g  t i s s u e ,  t h e r e  is no mechanism f o r  
a c q u i r i n g  s t a b i l i t y .  However, t h e  r e c y c l i n g  p r o c e s s e s  may b e  i n t e r r u p t e d  
by chemical ly  b i n d i n g  l a b i l e  n i t r o g e n o u s  s u b s t a n c e s  t o  o t h e r  i n t r a c e l l u l a r  
o r  e x t r a c e l l u l a r  c o n s t i t u e n t s  t o  form biochemica l ly  r e s i s t a n t  and chemica l ly  
i n e r t  m a t e r i a l s ,  or by d e c r e a s i n g  t h e i r  p h y s i c a l  a c c e s s i b i l i t y  t o  enzymatic  
and nonenzymatic a t t a c k .  

A s  l o n g  a s  t h e s e  waste products  r e - e n t e r  v i t a l  p r o c e s s e s ,  

The " p h y s i c a l  i n a c c e s s i b i l i t y "  concept  i s  suppor ted  by t h e  
f i n d i n g  t h a t  d e s t r u c t i o n  of p h y s i c a l l y  s t a b l e  microaggrega tes  i n  s o i l  
c o n s i s t i n g  of c l a y  minera l -organic  m a t t e r  complexes r e n d e r s  t h e  o r g a n i c  
matter more s u s c e p t i b l e  t o  chemical  and m i c r o b i a l  a t t a c k  (13) .  Also ,  
t h e  entrapment  of  ammonia w i t h i n  c l a y  l a t t i c e s  is a n o t h e r  p r o t e c t i v e  
mechanism f o r  s o i l  N .  
p r o c e s s e s  and appear  i n  c o a l  a s  p a r t  o f  c l a y  minera l  contaminants  i n  low- 
rank  c o a l s .  

Clay-protected N could  s u r v i v e  t h e  c o a l i f i c a t i o n  

Much work has  been r e p o r t e d  i n  s u p p o r t  of t h e  view t h a t  s t a b l e  
N complexes i n  s o i l  are produced by r e a c t i o n s  of  l i g n i n -  and c e l l u l o s e -  
d e r i v e d  phenols o r  qu inones  wi th  amino a c i d s  [ e . g . ,  see (11-20)] and t h e  
r e a c t i o n s  of  o x i d i z e d  l i g n i n s  w i t h  ammonia (21) .  The dark-colored  
s u b s t a n c e s  produced by such  r e a c t i o n s  have  chemical  p r o p e r t i e s  s imi l a r  
t o  t h e  humic s u b s t a n c e s  found i n  s o i l s ,  p e a t s ,  and sed iments .  A d e t a i l e d  
a n a l y s i s  of t h e  e x t e n s i v e  work on t h e  r o l e  of l i g n i n  i n  h u m i f i c a t i o n  
p r o c e s s e s  is beyond t h e  scope  of  t h i s  paper .  

Chemical f r a c t i o n s  of  humic s u b s t a n c e s  (e .g . ,  humic, f u l v i c ,  
and hymatomelonic a c i d s )  are probably n o t  s imple  chemical  e n t i t i e s ,  b u t  
more l i k e l y  a r e  m i x t u r e s  of  components of he te rogeneous  s t r u c t u r e .  They 
are n o n c r y s t a l l i n e ,  which s u g g e s t s  t h a t  they  are n o t  formed through 
enzymatic  a c t i v i t y .  Although t h e  d a r k  humic s u b s t a n c e s  e x h i b i t  t h e  
p r o p e r t i e s  of o x i d i z e d  l i g n i n s ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  l i g n i n s  
must be  d r a s t i c a l l y  a l t e r e d  b e f o r e  e n t e r i n g  o x i d a t i v e  polymer iza t ion  or 
polycondensat ion r e a c t i o n s  w i t h  ammonia and amino a c i d s  ( 2 2 ,  23) .  
N a t u r a l  and u n a l t e r e d  l i g n i n s  are too  chemica l ly  i n e r t  t o  form complex, 
b i o l o g i c a l l y  s t a b l e  polymers w i t h  amino a c i d s .  Also,  format ion  of such  
polymers  e x t r a c e l l u l a r l y  i n  s o i l  from l i g n i n  r e s i d u e s  may n o t  be e x t e n s i v e  
because  only  small  amounts of l i g n i n  d e g r a d a t i o n  products  are found i n  
s o i l s  and p e a t s .  For example, a l k a l i n e - n i t r o b e n z e n e  o x i d a t i o n  of s o i l  
o r g a n i c  matter y i e l d e d  s y r i n g y l ,  g u a i a c y l ,  and p-hydroxyphenyl r e s i d u e s  
amounting t o  less than  1% of t h e  t o t a l  s o i l  C ;  f o r  p e a t ,  t h e  y i e l d  w a s  1 
t o  4% ( 2 4 ) .  

The proximi ty  of  r e a c t a n t s  t o  each  o t h e r ,  t h e i r  c o n c e n t r a t i o n s ,  
t h e  r e a c t i o n  s i t e  microenvironment ,  and t h e  t i m e  t h a t  each r e a c t a n t  i s  
r e l e a s e d  t o  t h e  microenvironment  a r e  f a c t o r s  which may de termine  t h e  
e x t e n t  of  format ion  of d a r k  humic s u b s t a n c e s  and t h e i r  n a t u r e .  These 
f a c t o r s  themselves  a r e  i n f l u e n c e d  by t h e  type  of  v e g e t a t i o n  undergoing 
d i a g e n e s i s  (e .g . ,  woody t i s s u e s  are c h a r a c t e r i z e d  by r e l a t i v e l y  h igh  
p r o t e i n  and l i g n i n  c o n t e n t s  a s  compared t o  sphagnum moss). A s  p l a n t  
t i s s u e  decays,  l o o s e l y  bound p r o t e i n s  and carbohydra tes  a r e  a t t a c k e d  
f i r s t ,  fol lowed by p e p t i d e s  and methyla ted  polysacchar ides .  L i g n i n s  are 
r e l a t i v e l y  r e s i s t a n t  t o  b iodegrada t ion .  It  a p p e a r s ,  t h e r e f o r e ,  t h a t  
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ammonia and amino a c i d s  would be  r e l e a s e d  from p l a n t  r e s i d u e s  t o  t h e  
s o i l  a t  a p a r t i c u l a r  m i c r o s i t e ,  and then t ransformed o r  a s s i m i l a t e d  
b e f o r e  l i g n i n -  o r  c e l l u l o s e - d e r i v e d  phenols  and quinones a r e  produced a t  
t h e  m i c r o s i t e .  Even though amino a c i d s  may p e r s i s t  unmodif ied i n  s o i l s  
f o r  many y e a r s ,  t h e r e  is e v i d e n c e  t h a t  a c o n s i d e r a b l e  p o r t i o n  o f  s o i l  
amino a c i d s  is  n o t  bound t o  l i g n i n  (11) and may form s t a b l e  complexes 
w i t h  t r a n s i t i o n  series metals (25).  

The i n t a c t  c e l l  i s  a p o t e n t i a l  r e a c t i o n  chamber i n  which 
chemica l ly  a c t i v e  s u b s t a n c e s  may b e  i n t i m a t e l y  a s s o c i a t e d  a t  h igh  
c o n c e n t r a t i o n s  i n  a microenvironment  f a v o r a b l e  f o r  r e a c t i o n .  Recent ly ,  
c o n s i d e r a b l e  a t t e n t i o n  h a s  been g iven  t o  t h e  p o s s i b i l i t y  t h a t  humic 
s u b s t a n c e s  a r e  formed by a u t o l y s i s  of microorganisms ( 2 3 ) .  The presumption 
t h a t  s t a b l e  o r g a n i c  N polymers can be formed i n t r a c e l l u l a r l y  is suppor ted  
b y  ev idence  t h a t  d a r k  humic s u b s t a n c e s  are formed by chemical  r e a c t i o n s  
o f  b iochemica l ly  produced r e a c t a n t s ,  t h a t  t h e  sequence o f  r e a c t a n t  
p r o d u c t i o n  i n  s o i l  may n o t  be  conducive t o  e x t e n s i v e  e x t r a c e l l u l a r  
format ion  of  humic s u b s t a n c e s ,  and t h a t  t h e  d a r k  humic s u b s t a n c e s  formed 
i n  d i f f e r e n t  media and a t  d i f f e r e n t  g e o l o g i c a l  t i m e s  are similar.  

POSSIBLE INTRACELLULAR FORMATION OF HUMIC SUBSTANCES 

L i v i n g  ce l l s  c o n t a i n  t h e  enzymes needed f o r  degrading  t h e i r  
autogenous s u b s t a n c e s  ( e . g . ,  p r o t e i n s ,  p e p t i d e s ,  and c e l l u l o s e )  and f o r  
t h e  fur ther  r e a c t i o n  of che d e g r a d a t i o n  products  ( e . g . ,  t h e  o x i d a t i o n  o f  
phenols  t o  quinones  and polyphenols  by p h e n o l a s e s ) .  However, l i g n i n a s e  
h a s  n o t  been i s o l a t e d  from h i g h e r  p l a n t  o r  m i c r o b i a l  t i s s u e ,  n o t w i t h s t a n d i n g  
t h e  s p e c i f i c  e v i d e n c e  of l i g n i n a s e  a c t i v i t y  i n  fungal  c e l l s .  I n  woody 
ce l l s ,  l i g n i n  is d e p o s i t e d  i n  t h e  i n t e r s t i c e s  between t h e  m i c e l l a r  
s t r a n d s  and m i c r o f i b r i l s  of c e l l u l o s e  and o t h e r  m i c r o c r y s t a l l i n e  components 
o f  t h e  c e l l  w a l l .  A f t e r  t h e  c e l l  o r  t i s s u e  d i e s ,  removal of t h e  l i g n i n  
l e a v e s  t h e  c e l l  w a l l  morphologica l ly  i n t a c t .  
r e l a t i v e l y  b i o r e s i s t a n t  c e l l  wall ,  high c o n c e n t r a t i o n s  of  monomeric 
s u b s t a n c e s  can accumula te  as a u t o l y s i s  proceeds .  

Within t h e  p r o t e c t i o n  of a 

Quinones can condense w i t h  0-amino a c i d s  through t h e  amino 
group,  l e a v i n g  t h e  a c i d i c  carboxyl  groups f r e e .  C r o s s - l i n k i n g  w i t h  
a d j a c e n t  qu inones  c o u l d  o c c u r  through diamino-amino a c i d s  ( e . g . ,  l y s i n e )  
o r  t h i o l - c o n t a i n i n g  amino a c i d s  (e .  g . ,  c y s t e i n e ) .  Polycondensa t ion  
would r e s u l t  from i n t e r m o l e c u l a r  i n t e r a c t i o n s  between compounds p o s s e s s i n g  
a t  least two f u n c t i o n a l  groups capable  of e s t e r i f i c a t i o n .  The o r d e r  and 
p a t t e r n  of  po lycondensa t ion  would be i r r e g u l a r ,  r e s u l t i n g  i n  a 3-dimensional  
amorphous s u b s t a n c e  ( a  he te ropolycondensa te  co-polymer w i t h  s i d e  c h a i n s )  
composed of  many phenol ic-quinol ic-amino a c i d  u n i t s .  I t  has  been p o s t u l a t e d  
t h a t  such polymer ic  s u b s t a n c e s ,  by v i r t u e  of t h e i r  i s o l a t e d  resonance  
groups ,  would a b s o r b  l i g h t  of a l l  wavelengths  and appear  d a r k  i n  c o l o r ,  
b e  s o l u b l e  i n  a l k a l i s  because  of t h e i r  f r e e  c a r b o x y l s ,  b e  s l i g h t l y  
s o l u b l e  i n  o r g a n i c  s o l v e n t s  because of t h e i r  p redominant ly  condensed 
a r o m a t i c  n a t u r e ,  and b e  p r e c i p i t a t e d  from a l k a l i n e  s o l u t i o n  by a c i d s  and 
heavy meta ls  (26) .  
m i c r o b i a l  a t t a c k  because  of t h e i r  high molecular  weight ,  t h e i r  c r o s s -  
l i n k e d ,  c o v a l e n t  bonding,  and t h e i r  he te rogeneous ,  p redominate ly  n o n l i n e a r  
s t r u c t u r e  o f  n o n r e p e a t i n g  u n i t s .  

Such co-polymers would be r e s i s t a n t  t o  chemica l  and 
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The humic s u b s t a n c e s  formed w i t h i n  t h e  c e l l  would be  r e l e a s e d  
by e x t r a c e l l u l a r  m i c r o b i a l  and chemical  a t t a c k  on t h e  c e l l  w a l l .  S i n c e  
t h e i r  o v e r a l l  mode of f o r m a t i o n  is s i m i l a r ,  d a r k  humic s u b s t a n c e s  found 
i n  d i f f e r e n t  environments  ( e . g . ,  s o i l s ,  p e a t s ,  and sed iments )  would be  
expec ted  t o  have similar g r o s s  p r o p e r t i e s .  I n  t i m e ,  and depending on 
envi ronmenta l  f a c t o r s ,  t h e  l i n e a r  s i d e  c h a i n s  of t h e  l a r g e ,  i r r e g u l a r l y  
s p h e r i c a l  co-polymer would be  degraded,  l e a v i n g  a s u b s t a n c e  t h a t  would 
r e q u i r e  t h e  f o r t u i t o u s ,  u n l i k e l y  a s s o c i a t i o n  of s e v e r a l  enzymes t o  
e f f e c t  i ts f u r t h e r  degrada t ion .  

NITROGEN FORMS I N  COAL 

L i t t l e  is known w i t h  c e r t a i n t y  a b o u t  t h e  N forms i n  c o a l  and 
i t  appears  premature  t o  s p e c u l a t e  about  t h e  metamorphic convers ion  of  
humic s u b s t a n c e s  whose s t r u c t u r e s  a r e  only  g r o s s l y  i d e n t i f i e d .  There i s  
ev idence  t h a t  N o c c u r s  l a r g e l y  a s  h e t e r o c y c l i c  s t r u c t u r e s  ( 2 7 ,  28). such 
as n i c o t i n i c  a c i d  (29).  
p h y s i c a l  and chemical  t r e a t m e n t  y i e l d e d  t h e  f o l l o w i n g  h y p o t h e t i c a l  
d i s t r i b u t i o n  of n i t r o g e n  s t r u c t u r e s :  
s t r u c t u r e s  wi th  u r e a ,  amino a c i d ,  and p e p t i d e  u n i t s  ( 3 5 % ) ,  c a r b a z o l e  
S t r u c t u r e s  y i e l d i n g  ammonia ( l o % ) ,  low-molecular weight  c y c l i c  b a s e s  and 
phenylamines (3%);  Chloroform phase--hydrophi l ic  b a s e s ,  n o n b a s i c  N 
compounds, and f a t t y  amines (23%);  R e s i d u a l  coal--high-molecular  weight  
N compounds (3%).  Upon p r y o l y s i s ,  26% of  t h e  N compounds y i e l d e d  N 2  
(30). 

A presumptive a n a l y s i s  of c o a l  e x t r a c t s  a f t e r  

Water phase--purine b a s e s  and 

Among t h e  amino a c i d s  found i n  p e a t  were g l y c i n e ,  a s p a r t i c  and 
g lu tamic  a c i d s ,  a l a n i n e ,  l e u c i n e ,  th reonine .  and v a l i n e  (31) .  Monoamino 
and diamino a c i d s  have been i d e n t i f i e d  i n  p e a t ,  l i g n i t e ,  and subbi tuminous 
c o a l ,  b u t  no  diamino a c i d s  have been found i n  bi tuminous and a n t h r a c i t e  
c o a l s  (28) .  
h y d r o l y s a t e s  of a n t h r a c i t e  e s t i m a t e d  t o  b e  over 200 m i l l i o n  y e a r s  o l d  
(32). 

Glycine and a s p a r t i c  and g lu tamic  a c i d s  w e r e  found i n  

Free  porphyr ins  have  been i d e n t i f i e d  i n  p o l a r  s o l v e n t  ( e . g . ,  
e t h e r  o r  p y r i d i n e )  e x t r a c t s  of bi tuminous c o a l  ( 3 3 ) .  Metal-porphyrin 
complexes may b e  p r e s e n t  i n  c o n c e n t r a t i o n s  as  h igh  as 7000 ppm, about  
100 times t h o s e  of f r e e  porphyr ins .  Nicke l  and vanadium complexes are 
e s p e c i a l l y  s t a b l e .  Porphoryns i n  c o a l  o r i g i n a t e  i n  t h e  c h l o r o p h y l l  and 
r e s p i r a t o r y  pigments o f  g r e e n  p l a n t  t i s s u e  and have been preserved  i n  
water-logged p e a t  because of t h e i r  g r e a t e r  s t a b i l i t y  i n  a n a e r o b i c  b i o l o g i c a l  
environments .  T h e i r  p r e s e n c e  lends  s u p p o r t  t o  t h e  h y p o t h e s i s  t h a t  p r e s s u r e  
and moderate h e a t  a r e  t h e  a g e n t s  of p e a t  metamorphosis  because  porphyr in  
s t a b i l i t y  i n c r e a s e s  w i t h  p r e s s u r e  and decreases  w i t h  h e a t .  Also ,  s t u d i e s  
of porphyr ins  i n  bi turnins  g i v e  s u p p o r t  t o  t h e  h y p o t h e s i s  t h a t  pe t ro leum is 
formed i n  b r a c k i s h  environments  from a s p h a l t i c  c o n s t i t u e n t s  r e s u l t i n g  from 
t h e  a l t e r a t i o n  of marine and t e r r e s t r i a l  p l a n t  and an imal  o r g a n i c  m a t t e r  (34). 

y 
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TRACER STUDIES 

Use o f  t h e  N t r a c e r ,  "N, h a s  c o n t r i b u t e d  g r e a t l y  t o  a n  
unders tanding  of  t h e  t u r n o v e r  of  N i n  b i o l o g i c a l  m i n e r a l i z a t i o n -  
immobi l iza t ion  r e a c t i o n s ,  p r o c e s s e s  which proceed s imul taneous ly  and i n  
o p p o s i t e  d i r e c t i o n s  [ f o r  an e x t e n s i v e  b i b l i o g r a p h y ,  see Hauck and Bystrom, 
( 3 5 ) ] .  However, N t r a c e r  t e c h n i q u e s  have n o t  been used e f f e c t i v e l y  t o  
c l a r i f y  t h e  chemica l  n a t u r e  of humic m a t e r i a l s ,  l a r g e l y  because  experiments  
have not  been d e v i s e d  t o  make maximum use  o f  I5N f o r  t h i s  purpose.  I t  
would be i n s t r u c t i v e  t o  f o l l o w  t h e  d e t a i l e d ,  s e q u e n t i a l  decay of h igher  
p l a n t  and m i c r o b i a l  t i s s u e  l a b e l e d  wi th  I3C and I5N, and t o  a t t e m p t  t o  
i s o l a t e  l a b e l e d  polycondensa t ion  products  from c e l l  p o p u l a t i o n s  i n  
v a r i o u s  s t a g e s  of  a u t o l y s i s .  Comparisons should  b e  made o f  t h e  d i s t r i b u t i o n  
of t r a c e r s  i n  d i f f e r e n t  humic f r a c t i o n s ,  a s  a f f e c t e d  by t h e  p r e c u r s o r  
t i s sue .  For example, woody t i s s u e  may produce more h i g h l y  a r o m a t i c ,  
humic s u b s t a n c e s ,  s u c h  a s  t h o s e  found i n  c o a l s ,  w h i l e  the  cor responding  
humic f r a c t i o n  from p r o t e i n a c e o u s  t i s s u e  may b e  more a l i p h a t i c  i n  c h a r a c t e r .  
However, such  comparisons might be v a l i d  o n l y  i f  c a r e  i s  taken  t o  s e p a r a t e  
e x t r a c e l l u l a r  from i n t r a c e l l u l a r  format ion  of  humic s u b s t a n c e s ,  should  
such  a d i s t i n c t i o n  exis t .  

Carbon i s o t o p e  s t u d i e s  show n o  c o r r e l a t i o n  between i s o t o p i c  
composi t ion,  d e g r e e  o f  c o a l i f i c a t i o n ,  and  g e o l o g i c a l  a g e  o f  c o a l s  ( 3 6 ) .  
From t h i s  one may i n f e r  t h a t  t h e  C i n  c o a l  w a s  d e r i v e d  l a r g e l y  from land  
p l a n t s  *which absorbed  carbon d i o x i d e  of uniform C i s o t o p i c  composi t ion 
and t h a t  n o  measurable  C i s o t o p e  f r a c t i o n a t i o n  occurred  d u r i n g  d i a g e n e s i s .  

S l i g h t  b u t  s i g n i f i c a n t  v a r i a t i o n s  have been observed i n  the  N 
i s o t o p i c  composi t ion of d i f f e r e n t  p e a t s  and c o a l s  ( 3 7 - 3 9 ) .  The N i n  
c o a l  tends  t o  have a s l i g h t l y  h i g h e r  I5N c o n c e n t r a t i o n  than v e g e t a t i o n  
i n  t h e  v i c i n i t y  of t h e  c o a l  seam ( 3 8 ) ,  b u t  d e f i n i t e  c o n c l u s i o n s  are n o t  
j u s t i f i e d  from t h e  l i m i t e d  d a t a  a v a i l a b l e .  I n  a n o t h e r  s tudy  ( 3 9 )  C 
i s o t o p e  a n a l y s e s  i n d i c a t e  t h a t  some Dutch n a t u r a l  g a s  d e p o s i t s  o r i g i n a t e d  
from r e c o a l i f i c a t i o n  o f  c o a l  seams 3000 and 5000 meters below sea l e v e l .  
Ni t rogen  i n  g a s e s  o b t a i n e d  from t h e s e  d e p o s i t s  was e n r i c h e d  i n  '5N, 
ammonia obta ined  from t h e  c o a l  (coke-oven gas)  was d e p l e t e d  i n  I5N 
( r e l a t i v e  t o  a t m o s p h e r i c  N?), l e a d i n g  t o  t h e  s p e c u l a t i o n  t h a t  t h e  N i n  
n a t u r a l  gases  w a s  n o t  d e r i v e d  from t h e  c o a l .  Measurements of N i s o t o p e  
r a t i o s  i n  n a t u r a l  g a s e s  have a l s o  been used t o  e x p l a i n  the  p a r a l l e l  
i n c r e a s e  i n  H e  and Nz i n  g a s e s  wi th  i n c r e a s e  i n  age  of r e s e r v o i r  rock  
( 4 0 )  and t o  e l u c i d a t e  t h e  o r i g i n  of N i n  gases  a s s o c i a t e d  w i t h  c r u d e  
o i l s  and sed imentary  m a t e r i a l s  ( 4 1 ) .  

w h i l e  

The l i m i t e d  number and scope  o f  t h e  s t u d i e s  r e f e r r e d  t o  above 
make i t  d i f f i c u l t  t o  assess whether  f u r t h e r  s t u d i e s  of t h i s  k ind  w i l l  
prove u s e f u l  i n  c l a r i f y i n g  t h e  g e n e s i s  o f  c o a l ,  kerogen,  pe t ro leum,  and 
n a t u r a l  gases .  Obvious ly ,  i f  t h e  N i s o t o p e  r a t i o  of  N occluded i n  
methane, f o r  example,  i s  s i m i l a r  t o  b u t  s l i g h t l y  lower than t h a t  o f  a 
nearby d e p o s i t  of o r g a n i c  m a t e r i a l ,  then one has  reason  t o  assume t h a t  
t h e  methane was d e r i v e d  from t h a t  d e p o s i t .  A l s o ,  a s l i g h t l y  lower N 
i s o t o p e  Kat io  f o r  N i n  methane s u g g e s t s  t h e  o c c u r r e n c e  of  i s o t o p e  
f r a c t i o n a t i o n  as C-N bonds a r e  ruptured  d u r i n g  gas  format ion .  
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There is a t i m e  gap of  about  200 m i l l i o n  y e a r s  s e p a r a t i n g  
c u r r e n t  s t u d i e s  of  h u m i f i c a t i o n  p r o c e s s e s  and t h e  e v e n t s  which conver ted  
v e g e t a t i o n  t o  c o a l .  Because t h e  i s o t o p e  r a t i o  r e f l e c t s  t h e  cumula t ive  
e f f e c t s  of n i t r o g e n  c y c l e  p r o c e s s e s ,  in-depth s t u d i e s  of t h e  N i s o t o p i c  
composi t ion of p e a t s ,  c o a l s ,  and t h e i r  a s s o c i a t e d  m a t e r i a l s  may prove  
h e l p f u l  i n  s e p a r a t i n g  e v e n t s  t h a t  Occurred d u r i n g  d i f f e r e n t  g e o l o g i c a l  
times. 
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INTRODUCTION 

Sulfur  i s  a necessary element f o r  t h e  sustenance of a l l  l i v i n g  systems. 
I t  i s  therefore  not  at  a l l  s u r p r i s i n g  t h a t  s u l f u r  i s  found i n  abundance i n  coa l ,  a 
rock composed pr imar i ly  of  organic d e t r i t u s .  

The forms of  s u l f u r  i n  coa l  as repor ted  by  chemical analyses  (ASTM 1974) 
a r e :  organic s u l f u r ,  p y r i t i c  or  s u l f i d e  sulfur, and s u l f a t e  s u l f u r .  The last  two 
a r e  inorganica l ly  combined wi th in  t h e  coa l  and w i l l  be discussed here .  Other ana- 
l y t i c a l  techniques have been used t o  i d e n t i f y  n a t i v e  o r  elemental s u l f u r  i n  coals  
(Yurovski, 1940; B e r t e l o o t ,  1947) and a l s o  i n  modern peats  (Casagrande, in Spackman 
e t  a l . ,  1974, p .  63, 219). The amounts of e lemental  s u l f u r  t h a t  have been reported 
a r e  s m a l l  and would not  b e  s i g n i f i c a n t  i n  coa l  u t i l i z a t i o n .  

Sul fa te  s u l f u r  is  a l s o  general ly  of  only minor importance i n  f resh  coa l  
samples and except i n  rare ins tances  occurs i n  s i g n i f i c a n t  amounts only as t h e  coals 
ox id ize  (weather) .  Organic and p y r i t i c  s u l f u r  comprise e s s e n t i a l l y  a l l  of  t h e  sul- 
f u r  found i n  most coa ls .  
of s u l f u r  i n  var ious coa ls  of t h e  world and these  range from a low of  0.44 percent 
t o  a high of 9.01 percent  t o t a l  sulfur. Only r a r e l y  would one expect t o  f i n d  coals 
i n  which t h e  percentage of  s u l f u r  would not be included i n  t h a t  range. The organic 
s u l f u r  content of t h e  c o a l s  l i s t e d  by Yancey and Geer ranged from 1 1 . 4  percent  t o  
97.1 percent  of t h e  t o t a l  su l fu r .  Gluskoter and Simon (1968) reported a mean value 
of 1.56 f o r  t h e  r a t i o  of p y r i t i c  t o  organic s u l f u r  i n  473 face-channel samples of 
I l l i n o i s  coals. 

Yancey and Geer (1968) l i s t  analyses  of these  two forms 

SULFUR BEARING MINERALS I N  COAL 

Iron Sulfides--Pyrite i s  t h e  dominant s u l f i d e  mineral  found i n  coals .  
Marcasite has a l s o  been found i n  many coals  and may be t h e  dominant form i n  some 
coals  of lower rank (Keme'zys and Taylor ,  1964). P y r i t e  and marcasi te  a r e  dimorphs, 
minerals t h a t  a r e  i d e n t i c a l  i n  chemical composition but  d i f f e r  i n  c r y s t a l l i n e  form. 
P y r i t e  i s  cubic and marcas i te  is orthorhombic. 
be d i f f e r e n t i a t e d  i n  coa ls  except by determining t h e i r  c r y s t a l l i n e  s t r u c t u r e s ,  
usua l ly  by X-ray d i f f r a c t i o n  methods. 
t h e  undi f fe ren t ia ted  i r o n  d i s u l f i d e  minerals i n  coals .  

The two minerals cannot general ly  

The t e r m  "pyri te"  is often used t o  r e f e r  t o  

Rather extreme v a r i a t i o n s  i n  morpholoa,  s i z e ,  and mode of occurrence 
charac te r ize  t h e  i r o n  s u l f i d e  minerals  i n  coals .  These var ia t ions  arise because of 
t h e  d i f f e r e n t  geochemical environments i n  which t h e  minerals were formed and t h e  
time o f  t h e i r  genesis .  
i n  a pea t  swamp and a r e  t h e r e f o r e  syngenetic. 
micrometer-sized p a r t i c l e s  and a l s o  some nodules with diameters as l a r g e  as a meter. 
These syngenet ic  s u l f i d e s  are t h e  response t o  t h e  geochemical environment during o r  
immediately following t h e  pea t  formation, which was approximately 300 mi l l ion  years 
ago f o r  t h e  coals  of carboniferous age. Other of t h e  s u l f i d e s  a r e  ep igenet ic ;  they 
formed within t h e  c o a l  seam subsequent t o  t h e  f i r s t  s tages  of c o a l i f i c a t i o n .  
most common form of e p i g e n e t i c  i r o n  s u l f i d e  i n  c o a l  i s  p y r i t e  deposi ted along ver- 
t i c a l  f r a c t u r e s  ( c l e a t ) .  I am not aware of any repor t  of marcasi te  as an epigenet ic  
mineral  i n  bituminous coa ls  of North America, bu t  a mixed marcasi te-pyri te  c l e a t  
f i l l i n g  i n  a subbituminous coa l  from Wyoming is shown i n  P l a t e  1. Other epigenet ic  
and syngenetic s u l f i d e s  are shown i n  scanning e lec t ron  photomicrographs i n  P l a t e  1. 

Some s u l f i d e s  were formed contemporaneously with t h e  coa l  
The syngenetic p y r i t e  includes sub- 

The 
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Other Sul f ide  Minerals-A number of s u l f i d e  minerals  o t h e r  than i r o n  sul- 
f i d e s  have been repor ted  i n  coa ls ,  inc luding  galena (PbS), cha lcopyr i te  (CfleSp) ,  
arsenopyri te  (FeAsS), and s p h a l e r i t e  (ZnS). 
amounts. However, coals  from northwestern I l l i n o i s  t h a t  conta in  85 much as 5350 ppm 
zinc and up t o  1 percent  s p h a l e r i t e  have recent ly  been descr ibed by Ruch e t  al. 
(1974) and Mi l le r  (1974). 
width ( P l a t e  2) .  

These genera l ly  occur Only i n  S m a l l  

The s p h a l e r i t e  occurs as a c l e a t  f i l l i n g  up t o  10 mm i n  

S u l f a t e  Minerals-Gypsum (C&O4.2HO) and b a r i t e  (Ba.901,) have both been 
i d e n t i f i e d  as c l e a t - f i l l i n g  minerals  o r  i n  nodules i n  unweathered coa ls  ( P l a t e  2) .  
However, t h e i r  occurrences are rare and s u l f a t e  minerals do not  genera l ly  comprise 
a s i g n i f i c a n t  por t ion  of t h e  t o t a l  s u l f u r  i n  coal .  

Because p y r i t e  and marcasi te  oxidize rap id ly  when exposed t o  moist air ,  a 
number of d i f f e r e n t  phases o f  fe r rous  and f e r r i c  s u l f a t e s  may form. 
have been i d e n t i f i e d  as  ox ida t ion  products of i r o n  s u l f i d e s  i n  I l l i n o i s  coa ls  (Glus- 
k o t e r  and Simon, 1968): 
(FeS0~,'7H20), coquimbite (Fep(S04) 3-9H20), roemeri te  (FeSDq.Fe2(SOt,) 3*12H20), and 
n a t r o j a r o s i t e  ( (Na2K)Fe3(S04)2(OH),). 
they can become abundant i n  weathered, oxidized c o a l  samples. 
s u l f u r  reported i n  t h e  chemical analyses  of many coals  i s  a funct ion of t h e  length 
of time s ince  t h e  f resh  sample w a s  co l lec ted  and of t h e  manner i n  which it w a s  sor ted .  
Severa l  i r o n  s u l f a t e s  a r e  shown i n  P l a t e  2. 

The following 

Szomolnokite (FeS04'H20), rozeni te  (FeS04*bHpO), melanter i te  

Although these  are not  present  i n  f resh  coals  
The amount of s u l f a t e  
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P l a t e  1. Pyrite in Coals 
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INTRODUCTION 

The need f o r  low-sulfur coa l  has assumed major proportions.  Shortages of 
o ther  f o s s i l  fuels, r e s t r i c t i o n s  on sulfur oxide emissions, and t echn ica l  problems 
associated with t h e  use of high-sulfur coals i n  newly proposed coal conversion 
processes a re  cont r ibu t ing  t o  t h e  c r i s i s .  It i s  now apparent not only t o  coa l  
s p e c i a l i s t s  bu t  a l s o  t o  o thers  t h a t  t he  emission standards and t echn ica l  problems 
assoc ia ted  with high s u l f u r  content of bituminous coals are cont r ibu t ing  g rea t ly  t o  
the  seve r i ty  of t h e  fuel shortages i n  t h e  United S ta tes .  Consequently, it i s  
appropriate t o  d i scuss  o ld  and new methods of evaluating t h e  s u l f u r  s t a t u s  of coa l  
and t o  reexamine some of t h e  problems assoc ia ted  with t h e i r  appl ica t ion .  

Free su l fu r  as such does not occur i n  coa l  t o  any s i g n i f i c a n t  ex ten t .  Sul fur  
i s  present  i n  coa l  i n  organica l ly  bound combinations, i n  inorganic compounds 
mainly as p y r i t e  (FeSp), and e spec ia l ly  i n  weathered coals as msum (C&o1+.2H20) 
and as  ferrous sulfate (FeSOt,.TH20). 
inorganic su l f a t e s  and s u l f i d e s ,  e.g. b a r i t e  (BaSOr,)  and spha le r i t e  (ZnS),  (1 ,2)  
which normally occur only i n  t r a c e  concentrations,  may be present.  

I n  a few coa l s ,  s i g n i f i c a n t  amounts of o ther  

The th ree  forms of s u l f u r  commonly measured i n  coa l  are s u l f a t e ,  p y r i t i c ,  and 
organic. 
t h e  most s ign i f i can t  i n  terms o f  coa l  u t i l i z a t i o n .  Of the  two predominant sulfur 
forms, p y r i t i c  and organic,  t h e  former can be  p a r t i a l l y  removed by conventional 
grav i ty  coa l  cleaning procedures p r i o r  t o  combustion, bu t  t h e  latter cannot. The 
amount of p y r i t i c  s u l f u r  i n  I l l i n o i s  coals and the  percentages of it t h a t  can be 
removed with reasonable coa l  recovery (80%) were recent ly  reported by Hel f ins t ine  
e t  al .  ( 3 , 4 ) .  
laboratory washing s tud ie s  var ied  from about 10  t o  65%. 
was removed with 80% coal  recovery var ied  from about 10 t o  90% and averaged ab,out 

Although l e s s  f requent ly  determined than t o t a l  s u l f u r ,  they are, perhaps, 

For 64 coa ls ,  they found t h a t  t h e  t o t a l  sulfur removed as p y r i t e  i n  
The p y r i t i c  s u l f u r  t h a t  

60%. 

Although s i g n i f i c a n t  amounts of p y r i t i c  s u l f u r  can usua l ly  be removed by 
physical means, very f i n e l y  divided or framboidal py r i t e  i s  not amenable t o  reduction 
by such treatment. For complete removal of p y r i t i c  s u l f u r ,  a combination of physical  
and chemical ex t rac t ion  methods i s  usua l ly  required.  Methods of t h i s  type are 
cur ren t ly  being developed, bu t  these  have not been employed on an i n d u s t r i a l  s ca l e  
(5) .  

S imi la r  methods f o r  t h e  reduction of organic s u l f u r ,  without des t ruc t ion  of t he  
coa l  molecule i t s e l f ,  have not been developed. 
were removed from all t h e  I l l i n o i s  coa ls  produced, only about 15% would meet cur ren t  
environmental standards without supplementary cont ro ls  ( 3 , 4 ) .  

Even if 100% of the  p y r i t i c  s u l f u r  

Because the  degree t o  which s u l f u r  can be reduced i n  coa l  i s  pr imar i ly  a 
function of t he  forms of s u l f u r  contained i n  t h e  coa l ,  ana ly t i ca l  methods f o r  t h e i r  
accurate determination a r e  essent ia l . ,  

ASTM FORMS OF SULFUR INVESTIGATION 

Committee D-5 on Coal and Coke, of t h e  American Society f o r  Tes t ing  and 
Materials (ASTM),  began a study of methods f o r  t h e  determination o f  forms of su l fu r  
i n  coa l  i n  1957. This study eventually l e d  t o  t h e  cur ren t  Standard Method D-2492, 
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Forms of Sul fur  i n  Coal ( 6 ) .  
t h r e e  forms - s u l f a t e  and p y r i t i c  - a re  determined. The t h i r d  form, organic su l fu r ,  
i s  ca lcu la ted  by d i f f e rence  : 

I n  t h i s  procedure, t o t a l  s u l f u r  and only two of i s 

Organic S = Tota l  % ( s u l f a t e  S + p y r i t i c  S). 

For t h i s  method, it is not only e s s e n t i a l  t o  obtain accura te  values f o r  su l f a t e  
and p y r i t i c  su l fu r  forms, it is  a l s o  necessary t o  obtain accura te  t o t a l  s u l f u r  values. 
Any e r ro r s  made i n  t o t a l ,  p y r i t i c ,  o r  s u l f a t e  s u l f u r  determinations w i l l  be cumulative 
i n  t h e  organic s u l f u r  ca l cu la t ion .  Unfortunately,  t he re  a r e  no published methods for  
t h e  d i r e c t  determination of  organic s u l f u r  t h a t  w i l l  permit t h e  sum of independently 
determined values f o r  t h e  t h r e e  forms of s u l f u r  t o  be checked aga ins t  an independently 
determined t o t a l  s u l f u r  value.  
discussed i n  more d e t a i l  l a t e r .  

This has l ed  t o  a number of problems, which w i l l  be 

A flow shee t  f o r  ASTM Standard Method E-2492, Forms of Sulfur  i n  Coal, i s  given 
i n  Figure 1. The method is  based on the  d i f f e r e n t  s o l u b i l i t i e s  of s u l f a t e  and p y r i t i c  
s u l f u r  i n  H C 1  and HN03. Su l f a t e  su l fu r  is so luble  i n  d i l u t e  H C 1 ,  both s u l f a t e  and 
p y r i t i c  forms of s u l f u r  a r e  soluble i n  H N O 3 ,  and organic s u l f u r  i s  inso luble  in  the  
ac ids .  P y r i t i c  s u l f u r  i s  genera l ly  determined by ex t r ac t ing  t h e  coa l  res idue  from 
t h e  s u l f a t e  s u l f u r  determination (Figure 1 1 ,  although it  may a l s o  be determined on a 
separa te  coal sample i f  cor rec t ions  f o r  t he  s u l f a t e  s u l f u r  or i r o n  are made. Py r i t e  
i s  oxidized by HN03 t o  f e r r i c  i r o n  and s u l f a t e ,  bu t  it i s  t h e  f e r r i c  i r o n  associated 
with the  py r i t e  t h a t  i s  usua l ly  determined r a t h e r  than the  s u l f u r  (F igure  1). 
The HNO3 ex t rac t ion  may oxid ize  smal l  amounts of organic matter t h a t  contains sul-  
fu r .  This would be  erroneously determined as p a r t  of t h e  p y r i t i c  su l fu r .  Organic 
s u l f u r  i s  ca lcu la ted  by d i f f e rence  as previously described. 

During the  ASTM round-robin t e s t i n g  of t h i s  method, l a rge  amounts of da ta  were 
generated and subsequently compiled by Krumin (7,8,9,10) f o r  Committee D-5. The re- 
sults and conclusions of t h i s  study a r e  unavailable in  published form, bu t  a b r i e f  
summary of i t s  na ture  and t h e  conclusions drawn a r e  as  follows*. 

-60 mesh and -200 mesh-sieve, and analyzed by f i v e  d i f f e ren t  l abora to r i e s  gave 
e s s e n t i a l l y  the  same r e s u l t s  f o r  forms of su l fu r .  
recommended. 

2 )  
and Powell (12) were conducted by 24 l abora to r i e s ,  each analyzing two coals i n  
t r i p l i c a t e  and us ing  t h e  c o a l  ex t rac t ion  and method va r i a t ions  given i n  Table I. I n  
a l l  cases,  organic s u l f u r  w a s  determined by d i f fe rences .  Results of t h i s  study are 
summarized i n  Table I. Table I1 presents t he  r e s u l t s  of  t h e  t - t e s t  of means, and 
Table I11 presents r e s u l t s  of t h e  F-test  of variances as  performed on t h e  da ta  
determined by t h e  various methods f o r  su l f a t e  and p j r i t i c  s u l f u r  i n  coal samples 
designated S-1 and 5-2. 
meeting of ASTM Committee E-5, January 30, 1961: 

1) Five coa l  samples containing from 1.6 t o  24% s u l f u r ,  each ground t o  pass a 

Thus, t h e  use of -60 mesh coal was 

Further s tud ie s  us ing  methods o r ig ina l ly  developed by Powell and Pa r r  (11) 

Conclusions were drawn by Krumin (10)  and presented a t  the  

To ta l  Sulfur-Eschka Method (ASTM 0-3177). Deviations i n  t h e  da t a  reported by 
the  various l abora to r i e s  were wi th in ,  o r  exceeded by only a small amount (0.01 t o  
0 .05%) ,  ASTM l i m i t s  f o r  maximum deviations of r e s u l t s .  

Sul fa te  Sul fur  (ASTM I?-2492). The r e s u l t s  determined by. t h e  two methods Sul fa te  
Su l fu r ,  Short Ext rac t ion  and Su l f a t e  Sulfur, Long Ext rac t ion  a r e  i n  c lose  agreement, 
and a r e  charac te r ized  by almost i d e n t i c a l  values f o r  t h e  standard devia t ion ,  repeat- 
a b i l i t y  and reproducib i l i ty .  
procedure over t h e  40-hour technique make t h e  method Su l fa t e  Su l fu r ,  Short  Extraction 
t h e  more su i t ab le  method f o r  use i n  t h e  rout ine  ana lys i s  of coal.  

* Permission t o  summarize t h i s  work was granted by the  Executive Committee of ASTM 

The g rea t  advantages of t h e  30-minute ex t rac t ion  

Committee D-5 on Coal and Coke. 
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TABLE I. STATISTICAL EVALUATION* 
Meant Standard Repeat- Reproduc- 

Experimental procedure Sample da t a  devia t ion  a b i l i t y  i b i l i t y  
I C % \  
\ I - ,  

s-1 2.93 0.0945 0.0610 0.2514 
s-2 2.94 0.0846 0.0928 0.2142 
s-1 0.08 0.0131 0.0196 0.0311 

Tota l  Sul fur  

Su l f a t e  Sul fur ,  
H C 1  Short Ext rac t ion  5-2 0.16 0.0124 0.0214 0.0322 
(30 min.) 

Su l f a t e  Sul fur  s-1 
H C 1  Long Ext rac t ion  s-2 
(40 hrs. ,  60' c)  

P y r i t i c  Sulfur, Short s-1 1.75 0.1799 0.1412 0.4412 
HNO3 Extraction ( r e f lux ,  S-2 1.62 0.1637 0.14555 0.4069 
30 min.), Gravimetric 
Determination 

0.08 0.0115 0.0196 0.0339 
0.15 0.0124 0.0191 0.0316 

P y r i t i c  Sul fur ,  Long S-1. 1.74 0.1952 0.1614 0.5085 
HN03 Extraction (24 hrs., S-2 1.59 0.1228 0.1460 0.3359 

P y r i t i c  Sul fur ,  Short S-I 1.74 0.1553 0.1198 0.4119 
HNO3 Extraction ( r e f l u x ,  5-2 1.58 0.0943 0.1213 0.2516 

room temp. ) , Gravimetric 
Determination 

30 m i n . ) ,  T i t r ime t r i c  
Determination of I r o n  

P y r i t i c  Sul fur ,  Long s-1 1.85 0.1027 0.0922 0.2815 
HNO3 Extraction (24 hrs . ,  5-2 1.59 0.0974 0.0998 0.2553 
room temp.), T i t r ime t r i c  
Determination of I ron  

University,  Columbus, OH. 
*After a t hes i s  by E. Fasig,  Jr., Engineering and Experiment S t a t i o n ,  Ohio S t a t e  

tMois ture-free.  

TABLE 11. RESULTS OF THE T-TEST OF MEANS" 
Method of Degrees of Calculated C r i t i c a l  value 
determination Sample freedom value of t o r  range of t 
Su l fa t e  S u l f i r ,  Long vs. Short  s-1 102 0.790 2.000 t o  1.980 

Extractions s-2 10 a 4.475 2.000 t o  1.980 
P y r i t i c  Sul fur ,  Short Ext rac t ion ,  S-1 70 0.106 2.000 t o  1.980 

Gravimetric VS. T i t r ime t r i c  S-2 70 1.505 2.000 t o  1.980 
Determinations 

P y r i t i c  Sul fur ,  Long Ext rac t ion ,  S-1 76 3.371 2.000 t o  1.980 
Gravimetric VS. T i t r ime t r i c  S-2 72 0.007 2.000 t o  1.980 
Determinations 

P y r i t i c  Sulfur, Short VS. b n g  s-1 86 0.126 2.000 t o  1.980 
Extrac t ions ,  Gravimetric s-2 83 0.953 2.000 t o  1.980 
Determination 

P y r i t i c  Sul fur ,  Short  TS. Long s-1 60 3.768 2.000 
Extractions,  T i t r ime t r i c  s-2 59 0.552 2.008 t o  2.000 
Determination 

*After a thes i s  by E. Fasig,  Jr., Engineering Experiment S ta t ion ,  Ohio S t a t e  
University,  Columbus, OH. 
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TABLE 111. RESULTS OF THE F-TEST OF VARIANCES* 
Method of Degrees of Freedom Calculated Cr i t i ca l  
de termin a t  i on Sample numerator denominator value of F range, F 
Sul fa te  Sul fur ,  Long VS. S-1 1 10 2 1.73 4.00 t o  

s-2 1 100 26.97 4.00 t o  
Short Extractions 3.92 

3.92 
F y r i t i c  Sul fur ,  Long and S-1 3 146 6.87 2.68 to 

Short Extractions 2.60 

T i t r ime t r i c  Determina- 2.60 
Gravimetric and 5-2 3 142 2.96 2.68 t o  

t i ons  
*After a thes i s  by E. Fas ig ,  Jr., Engineering Experiment S ta t ion ,  Ohio S t a t e  
University,  Columbus, OH. 

F y r i t i c  Sul fur  (ASTM -2492). Data determined by four methods (Table l), were, 
f o r  a l l  cases except one, i n  c lose  agreement with each o ther  and were characterized 
by values of standard dev ia t ion ,  r epea tab i l i t y ,  and r ep roduc ib i l i t y ,  a l l  of which 
were very s i m i l a r .  The p rec i s ion  of the  t i t r i m e t r i c  technique w a s  b e t t e r  than tha t  
of t h e  gravimetric procedure as shown by t h e  values of standard devia t ion  and 
reproducib i l i ty  shown i n  Table I. 
methods a r e  s o  s i m i l a r ,  t h e  advantages of t h e  s h o r t ,  30-minute ex t r ac t ion  procedure 
over t he  long, 40-hour technique, and the g rea t e r  ease and speed of t h e  t i t r i m e t r i c  
determination i n  comparison with t h e  gravimetric procedure make the  method P y r i t i c  
Sul fur ,  Short  Ext rac t ion ,  T i t r i m e t r i c  Determination t h e  most s u i t a b l e  f o r  use i n  the 
rout ine  ana lys i s  of coal. 

Since t h e  prec is ion  and r e s u l t s  of t he  various 

TOTAL SULFUR 

The need f o r  accura te  methods of determining t o t a l  s u l f u r  i n  coa l  was pre- 
viously noted. The Eschka and bomb washing procedures are t h e  two most commonly 
used methods i n  t h e  United S t a t e s ,  both of which a re  given i n  ASTM D-3177 ( 6 ) .  

The Eschka procedure cons i s t s  of thoroughly mixing coa l  with Eschka mixture 
( 2  p a r t s  calcined MgO and 1 par t  anhydrous NaZC03) and ashing it i n  a muffle furnace 
at 800° C. 
determined gravimet r ica l ly  i n  t h e  f i l t r a t e .  This method i s  r ap id  when ca r r i ed  out 
on l a rge  batches of samples; it i s  most accura te  when used f o r  coals containing no 
more than 6 or  7% su l fu r .  

The ashed coa l  i s  leached with hot  water,  f i l t e r e d ,  and t h e  su l fu r  i s  

The bomb washing procedure i s  convenient f o r  labora tor ies  t h a t  make frequent 
coa l  ca lor imet r ic  determinations as described i n  ASTM D-2015 ( 6 ) .  After cooling and 
carefu l  venting, t h e  bomb used fo r  a c a l o r i f i c  determination i s  thoroughly washed with 
water,  and the  s u l f u r  is then  gravimet r ica l ly  determined i n  t h e  bomb washings. This 
method gives exce l len t  r e s u l t s  when used f o r  t he  ana lys i s  of coa ls  containing no 
more than 4% su l fu r .  

A t h i r d  method i n  common use ,  bu t  which was dropped as an ASTM standard i n  1974, 
i s  t h e  peroxide bomb method (13 ) .  
spec ia l  bomb. 
gravimetrically.  This procedure i s  espec ia l ly  use fu l  f o r  t h e  determination of high 
sulfur concentrations up t o  30 or 40%. The d i f f i c u l t i e s  and precautions required 
f o r  t h e  cor rec t  use of t h e s e  th ree  methods have been described by Se lv ig  and 
Fieldner ( 1 4 )  and Rees (15). 

In  t h i s  method, coal i s  fused with Na202 i n  a 
Following d i s s o l u t i o n  of t h e  melt ,  su l fu r  i s  usua l ly  determined 

There a r e  a t  l e a s t  t h r e e  o the r  l e s s  f requent ly  used procedures: The high- 
temperature combustion method ( 1 6 ) ,  which has been approved by ASTM Committee E-5 
and w i l l  probably be published i n  1975; t h e  Leco o r  induction furnace method, which 
w a s  t e s t e d  by ASTM Committee 2-5 with unsa t i s fac tory  r e s u l t s  (17); and X-ray fluores- 
cence methods. 

i 
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The high-temperature combustion procedure i s  most u se fu l  f o r  t h e  r ap id  (30 min. 
per sample) determination of t o t a l  sulfur i n  a s m a l l  batch of l e s s  t han  8 01 10 
samples. Under these  condi t ions ,  it is  much more rap id  than t h e  Eschka method; 
however, when samples a r e  analyzed i n  l a r g e r  groups (20 t o  30 samples), t h e  Eschka 
procedure is prefer red  over t h e  high-temperature combustion method. 

The high-temperature combustion method f o r  determining t o t a l  s u l f u r  i n  Coal i s  
based on the  procedure of Mott and Wilkinson (18) i n  which a weighed coa l  Sample is 
burned i n  a tube furnace i n  a stream of oxygen at a temperature of 1350' C. 
fur oxides and ch lor ine  formed a r e  absorbed i n  H202 so lu t ion  y i e ld ing  H C 1  and H2S04. 
The t o t a l  ac id  content i s  determined by t i t r a t i o n  with NaOH, and t h e  amount of N a C l  
r e su l t i ng  from the  t i t r a t i o n  of t h e  H C 1  i s  converted t o  NaOH with a so lu t ion  of mer- 
cur ic  oxycyanide (Hg(0H)CN). 
co r rec t  t he  s u l f u r  value,  which i s  equivalent t o  t h e  amount o f  H2SO4 formed during 
combustion of t h e  coal.  The reac t ions  tak ing  p lace  a r e  as follows: 

The Sul- 

This NaOH is determined t i t r i m e t r i c a l l y  and used t o  

SO2 + H202 -> H2SO4 

N a C l  + Hg(0H)CN -> HgClCN + NaOH 
C12  + A202 -> 2HC1 + 02 

The method is accura te  f o r  both low and high sulfur concentrations.  

F ina l ly ,  X-ray fluorescence has been used fo r  determining t o t a l  s u l f u r  i n  Coal 
(19,20,21). Ruch e t  al. (1) have recent ly  described a method of preparing pressed 
coa l  samples, which may b e  used for t h e  determination of a va r i e ty  of major, minor, 
and t r a c e  elements, inc luding  sulfur, i n  whole coal. Their s u l f u r  values f o r  more 
than 100 coals showed good agreement with those  determined by the  ASTM standard 
Eschka procedure (Ruch, p. 15) .  
methods, when used f o r  mul t ip le  determinations (e,g.  A l ,  S i ,  Ca, Mg, Fe, K ,  T i ,  P,  
and S) i n  t h e  same prepared coa l  sample, are probably unsurpassed by any other  
method. The r e l a t i v e  standard devia t ion  f o r  s u l f u r ,  as determined by t h e  X-ray 
fluorescence method of Ruch e t  a l .  (1) i s  0.5%. 

The economy and speed of such X-ray fluorescence 

\ 

INSTRUMENTAL METHODS FOR DETERMINING PYRITIC SULFUR 

The HNO3 ex t rac t ion  of p y r i t e  (FeS2) from coal  y i e lds  a so lu t ion  idea l  f o r  t h e  
atomic absorption determination of i r o n  as a measure of p y r i t i c  su l fu r .  
s tud ie s  of t h i s  method by ASTM Committee E-5, t h e  U. S. Bureau of Mines, P i t t sburgh ,  
PA, and t h e  TVA Central  Chemical Laboratories,  Chattanooga, TN, show good agreement 
between p y r i t i c  i ron  va lues  determined using an atomic absorption procedure with those  
determined by t h e  t i t r i m e t r i c  methods described f o r  p y r i t i c  i r o n  i n  ASTM D-2h92 ( 6 ) .  
The method is  simple and rap id ,  and it  may soon rep lace  cu r ren t ly  spec i f i ed  ASTM 
standards.  Care m u s t  be taken t o  avoid in t e r f e rences  from va r i ab le  amounts of  
H2S04 formed when p y r i t e  i s  oxidized during ex t r ac t ion  of t h e  coa l  with HNO3. Com- 
pensation f o r  t h i s  matrix change can b e  made by adjustment of t h e  sample s i z e  and 
addi t ion  of  H2SO4 t o  s tandards ,  by addi t ion  of a flame buf fe r  such as Lac13 t o  
samples and standards,  or both. 

Current 

The determination of c r y s t a l l i n e  p y r i t e  i n  coa l  by an X-ray d i f f r a c t i o n  method 
Finely ground coa l  samples of known has been described by Schehl and F r i ede l  (22).  

p y r i t e  concentration were used as standards i n  a technique t h a t  takes advantage of 
d i g i t a l  computers f o r  measurement of t h e  d i f f r a c t i o n  pa t t e rns ,  as w e l l  as fo r  t h e  
ca lcu la t ion  of t h e  percentage of p y r i t e  present  i n  t h e  coa l  sample. Background cor- 
rec t ions  due t o  carbon are made and quan t i t a t ive  r e s u l t s  achieved by comparing t h e  
in tegra ted  in t ens i ty  of a given p y r i t e  r e f l ec t ion  with t h e  in t eg ra t ed  i n t e n s i t y  of a 
pa r t i cu la r  r e f l ec t ion  from an i n t e r n a l  standard (n i cke l ) .  
cur ren t  ASTM to le rances  was  obtained f o r  t h e  coals s tud ied ,  but i n t e r f e rences  from 
re f l ec t ions  due t o  aigh concentrations of kaol in  i n  coa l  were noted. 

Acceptable prec is ion  wi th in  

I/ 
1' 
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CHEMICAL REDUCTION ICETHOD FOk DETERMINING PYRITIC SULFUR 

Methods involving reduct ion  o f  py r i t e  t o  H2S have a l s o  been employed fo r  t h e  
determination of forms of s u l f u r  (23,24,25). 
s tudied  by Kuhn e t  al.  (26 ) .  This method uses l i t h i u m  aluminum hydride t o  reduce 
p y r i t i c  s u l f u r  t o  H*S, which i s  then reac ted  with CdSOt,. 
reac t ion  

i s  t i t r a t e d  with standard base.  
ASTM D-2492 procedures ( 6 ) .  

Major advantages of t h i s  method a r e  t h a t  p y r i t i c  s u l f u r  can be d i r e c t l y  determined 
without danger of oxidation of t h e  s u l f u r  containing organic cons t i t uen t s ,  and t h a t  
i t  can be  determined without p r io r  removal of s u l f a t e  su l fu r .  Fur ther ,  it i s  extremely 
u s e f u l  as a n  independent check on the  accuracy of values f o r  t h e  forms of Sulfur 
determined by the  ASTM oxida t ion  method. 

A reduction method ( 2 4 )  w a s  recent ly  

The H2SO4 formed from the  

H2S + CdS04 -> H2SO4 + CdS ( p p t )  
Both s u l f a t e  and organic s u l f u r  were determined by 

ACCURACY OF FORMS OF SULFUR METHODS 

Questions concerning t h e  accuracy of e i t h e r  oxidation o r  reduction methods f o r  
t h e  determination of forms of s u l f u r  i n  coa l  genera l ly  stem from t h e  d i f f i c u l t i e s  
assoc ia ted  w i t h  t h e  incomplete ex t r ac t ion  of finely-dispersed p y r i t e  (25,27,28,29) .  
Results of these  s tud ie s  have been a t  variance.  I n  some cases ,  f i n e  grinding of  coal 
(-200 mesh) tended t o  inc rease  t h e  amount of p y r i t e  ex t rac ted  by HN03, espec ia l ly  i n  
high rank B r i t i s h  coals (>85% carbon content ) .  However, f o r  U. S. coa ls ,  grinding 
t o  t h e  usua l  -60 mesh p a r t i c l e  s i z e  has been successfu l  (7,8,9,10). Burns ( 3 0 )  a l so  
found f ine  grinding t o  be  unnecessary for  Australian coa ls  when p y r i t i c  su l fu r  w a s  
ex t rac ted  from t h e  coa l  res idue  fo3 lowing the  s u l f z t e  s u l f u r  ex t r ac t ion  rdtiler tinan 
f r o m  a f r e sh  coal sample. 

These and o ther  ques t ions  regarding t h e  r e l i a b i l i t y  of determinations of forms 
For t h i s  study, r e s u l t s  of s u l f u r  were t h e  subjec t  of a recent  inves t iga t ion  (26) .  

f r o m  the  ASTM oxida t ive  method were compared with those of a reduct ive  method (24) 
t o  determine whether or not ex t r ac t ion  of p y r i t e  is complete, whether or not organic 
matter i s  s i g n i f i c a n t l y  a f f ec t ed  by HN03 ex t r ac t ion ,  and whether or not organic Sulfur 
can b e  obtained e i t h e r  by computation or  by Eschka determination of r e s idua l  su l fu r  
following HNO3 ex t r ac t ion  of p y r i t i c  su l fu r .  The inf luence  of coa l  p a r t i c l e  s i zes  
(-60, -200, and -400 mesh) on the  values determined by both methods was a l s o  studied. 

Results f o r  two coa ls ,  which a r e  representa t ive  of t h e  nine coals s tud ied  i n  
t h i s  inves t iga t ion ,  a r e  given i n  Table I V .  The p r inc ipa l  conclusions a r e  summarized 
as follows : 

1) 

2 )  

3 )  

41 

Coal p a r t i c l e  s i z e  had no s i g n i f i c a n t  e f f e c t  on t o t a l  s u l f u r  determined by 
t h e  Eschka method (Table I V ,  column f o u r ) .  
X-ray fluorescence va lues  f o r  t o t a l  s u l f u r  agree w e l l  with Eschka values 
(Table I V ,  columns fou r  and f i v e ) .  
P y r i t i c  s u l f u r  va lues  determined by t h e  ASTM method a r e  not s ign i f i can t ly  
influenced by c o a l  p a r t i c l e  s i z e  (Table I V ,  column seven).  
For t h e  reduction method, p y r i t i c  s u l f u r  values i n  agreement with those from 
t h e  ASTM procedure were obtained only when t h e  coa l  was ground t o  -400 mesh 
(Table I V ,  columns seven and e i g h t ) .  
Agreement of t o t a l  i r o n  i n  the  coa ls ,  as determined by X-ray fluorescence,  
with the  sum of t h e  i r o n  determined i n  the  ASTM H C 1  and HNO3 ex t r ac t s  was 
exce l len t  (Table I V ,  columns two and t h r e e ) .  
t h e  p y r i t i c  i ron  ( s u l f u r )  w a s  ex t rac ted  by the  HNO3. 
I t  was concluded t h a t  no p y r i t i c  i ron  remained i n  t h e  residues of t h e  nine 
coals s tud ied  a f t e r  they  were subjected t o  e i t h e r  t h e  ASTM oxidation method 
or  t h e  reduction method (on  -400 mesh coa ls  on ly) .  
values ca lcu la ted  by sub t r ac t ing  the  sum of  s u l f a t e  s u l f u r  p lus  p y r i t i c  
Sul fur  from t o t a l  s u l f u r  were deemed accura te  (Table I V ,  columns nine and t en ) .  

5) 

This i nd ica t e s  t h a t  a l l  of 

6 )  

Therefore,  organic su l fu r  
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TABLE Iv.  CONCENTRATION OF I R O N  AND VARIETIES OF SULFUR I N  TWO ILLINOIS COAIS 
Tota l  i ron  To ta l  Sul fur  Su l fu r  

(I) (I) ( % I  
Sample X-ray X-ray Calculated Determined 
and f luores- f luores- SOI, Py r i t i c  oruani c organic 
s i z e  ASTM ence ASTM ence ASTM ASTM Reduc. ASTM LAH ASTM Reduc. 
c-18067 
-60 4.28 3.80 7.48 7.25 0.02 4.82 4.08 2.64 3.38 2.50 2.24 
-200 4.26 4.28 7.53 7.45 0.02 4.76 4.44 2.75 3.07 2.48 2.21 
-400 4.30 4.52 7.52 7.63 0.02 4.79 4.60 2.71 2.90 2.54 2.51 

\ 

1 

I 

I 

C-17167 
-60 1.24 1.23 2.91 3.05 0.40 0.94 0.77 1.57 1.74 1-37 1-45 
-200 1.29 1.31 2.95 3.09 0.39 0.92 0.88 1.75 1.68 1.26 1-25 
-400 1.30 1.31 2.93 3.07 0.39 0.93 0.93 1.61 1.61 1-19 1-31 

ORGANIC SULFUR 

Research on t h e  nature and removal of organic su l fu r  compounds from coal  has 
been extensive (31,32,33,34,35,36). Unfortunately, none of these inves t iga t ions  has 
l e d  t o  usefu l  methods f o r  determining v a r i e t i e s  of organic su l fu r  i n  coal. Indeed, 
as previously mentioned, no methods have as ye t  been developed f o r  t h e  d i r e c t  deter-  
mination of t o t a l  organic sulfur i n  t h e  presence of inorganic s u l f a t e s  and su l f ides .  
When organic s u l f u r  has been "determined" r a t h e r  than ca lcu la ted  by d i f f e rence ,  t he  
coa l  w a s  f i r s t  demineralized using methods s imi l a r  t o  those described i n  t h e  In t e r -  
na t iona l  Standards Organization Recommended Method R-602 (371, o r  by Kuhn e t  al .  (26) 
and Smith and Bat t s  (38). In t hese ,  s u l f a t e  and p y r i t i c  s u l f u r  a r e  f i r s t  removed by 
ac id  d isso lu t ion ,  oxidation and/or reduction reac t ions .  The t o t a l  sulfur determined 
i n  the  coa l  res idue  i s  then considered t o  be  organic su l fu r .  This method was found 
t o  be f a i r l y  r e l i a b l e  by Kuhn e t  al .  (26), although small  l o s ses  of organic s u l f u r  
were unavoidable (Table I V ,  columns nine through twelve).  
f o r  organic s u l f u r  seemed t o  be those which were ca lcu la ted .  

The most accura te  r e s u l t s  

An i n t e re s t ing  new approach t o  t h e  purported determination of organic  s u l f u r  i n  
They employed a X-ray fluorescence method to coa l  is tha t  of Hurley and White (39). 

f i r s t  determine t o t a l  s u l f u r  from the  KB l i n e  i n t e n s i t y  and then a l i n e  r a t i o  tech- 
nique t o  f ind  t h e  proportion of s u l f a t e  s u l f u r  ( K B '  l i n e  i n t e n s i t y )  i n  t h e  t o t a l  s u l f u r :  

where MI is the  s lope  of a s tandard  s t r a i g h t  l i n e  c a l i b r a t i o n  curve of t h e  r a t i o  
(SKB'/SKB) vs. concentration. The peak s h i f t  of s u l f u r  KB w a s  used t o  determine 
amounts of s u l f i d e  and organic su l fu r :  

%SSo, = % TotalS x (SKB'/SKB) x M I  

ASKB-B) 
ISorg = % Tota l  S x (- 

M2 

where t h e  ca l ib ra t ion  cons tan ts ,  M2 and B a r e  obtained from a s t r a i g h t  l i n e  calibra- 
t i o n  curve of t h e  form Y = MX + B. 
ca lcu la ted  d i f fe rence  f igu re ,  i e . ,  t h e  sum of  the  th ree  forms of s u l f u r  must equal 
100%. 

I t  should be  noted t h a t  p y r i t i c  s u l f u r  i s  a 

Therefore, t h e  su l fu r  values a r e  not independently determined. 

NONPYRITIC SULFIDES 

Studies have shown t h a t  some coals contain s i g n i f i c a n t  q u a n t i t i e s  of nonpyrit ic 
s u l f i d e  (1,2), and t h a t  it usua l ly  occurs i n  conjunction with high z inc  concentrations 
(up  t o  5000 ppm). 
f i d e  (FeS). 
p y r i t i c  su l fu r  value when t h e  chemical reduction of p y r i t e  i s  c a r r i e d  out  p r io r  t o  

I n  t h e  reduction method t h e  p y r i t e  (FeS2) i s  first reduced t o  sul- 
Any nonpyrit ic s u l f i d e  present i n  t h e  coa l  w i l l  cont r ibu te  t o  t h e  

J 
J 

f 

4 
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s u l f a t e  removal*. This i s  t r u e  only when t h e  reduction s t e p  is done f i rs t ,  as Some A 

1 
nonpyr i t ic  s u l f i d e  is lost  i n  t h e  H C 1  d iges t ion  f o r  s u l f a t e  s u l f u r  (ASTM). The 
ASTM method f o r  p y r i t i c  su l fu r  measures only the  p y r i t i c  i ron .  Consequently, a 
p y r i t i c  su l fu r  value determined by the  reduction method t h a t  i s  higher than one 
determined by t h e  ASTM method would be a measure of t h e  amount of nonpyr i t ic  su l f ide  
present  i n  the  coa l .  In  such a case,  Zn concentration is a l s o  a use fu l  measure of 

I 

nonpyri t i  c su l  f i de. i 

The loss  of nonpyr i t ic  s u l f i d e s  as hydrogen s u l f i d e  i n  t h e  hydrochloric ac id  
d iges t ion  of s u l f a t e  sulfur (ASTM) would r e s u l t  i n  t h i s  s u l f i d e ' s  being determined 

d i f f e rence  between t h e  t o t a l  s u l f u r  and t h e  s u l f a t e  + p y r i t i c  s u l f u r  values,  would 
then b e  erroneously high. 

as ne i the r  s u l f a t e  nor p y r i t i c  sulfur. The organic s u l f u r  va lue ,  ca lcu la ted  as the I 

ANALYSIS O F  COAGRELATED MATERIALS 

Coal preparation and float-sink s tud ie s  f requent ly  requi re  t h e  determination of 
forms o f  su l fu r  i n  coa l  g rav i ty  f r ac t ions .  Because these  commonly contain 10 t o  20% 
sulfur, care must be  taken  when applying methods developed f o r  t h e  ana lys i s  of whole 
coa l  t o  them. 

a t  a spec i f i c  g rav i ty  of 1.60. 
"raw coal" by p ropor t iona l ly  combining t h e  ind iv idua l  f loa t - s ink  f r ac t ions  t o  give 
values t h a t  should be equiva len t  t o  values given i n  t h e  o r ig ina l  r a w  coa l  analysis.  
The average d i f f e rence  i n  percent between analyzed r a w  coa l  s u l f u r  values and those 
ca l cu la t ed  from t h e  ind iv idua l  analyses of f loa t - s ink  f r ac t ions  are -0.15, -0.05, and 
-0.11 f o r  t o t a l  sulfur, p y r i t i c  s u l f u r ,  and organic sulfur respec t ive ly .  Although 
the  means (as  we l l  as t h e i r  standard devia t ions)  a r e  small and i n d i c a t e  good agree- 
ment, examination of a l l  of t he  d a t a  shows notab le  exceptions f o r  some high su l fu r  
samples. In one coa l ,  percent  d i f fe rences  between analyzed and ca lcu la ted  values 
f o r  t o t a l  su l fur ,  p y r i t i c  s u l f u r ,  and organic su l furwere  -0.56, -0.49, and -0.10, 
respec t ive ly .  Careful resampling and ana lys i s  has shown t h a t  d i f fe rences  of t h i s ,  
magnitude are not due t o  poor sampling or a n a l y t i c a l  techniques,  bu t  r a t h e r  t o  small 
e r ro r s  i n  the ana lys i s  o f  high s u l f u r  mater ia l s  us ing  t h e  ASTM method of determining 
forms o f  su l fur .  Such e r r o r s  may b e  magnified by f ac to r s  of 10  or 20 i n  making the 
ca lcu la t ions .  

.I 
H e l f i n s t i n e  et  al .  (3 ,4)  determined forms of s u l f u r  i n  64 I l l i n o i s  

These da ta  were then used t o  ca l cu la t e  s u l f u r  i n  the 
coa l s ,  i n  t h e i r  f l o a t  f r a c t i o n s  ( f i v e  f o r  each c o a l ) ,  and i n  the  ma te r i a l  t h a t  sank 1 

I 
I 
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Sulfur and nitrogen are emitted to the atmosphere during the combus- 
tion of coal and other fossil fuels principally as the gases sulfur 
dioxide ( S 0 2 )  and nitric oxide (NO). In uncontrolled systems, 
approximately 90% of the sulfur in the fuel is converted to SO2 and 
5 %  to s03. The balance is emitted in flyash or collected in the 
bottom slag. (1) Coal combustion accounts for about 60% of the man- 
made sulfur oxide emissions (2,3), which represent 1/3 of the total 
global sulfur emissions to the atmosphere, uiz. 300 x lo6 tons 
SOz/yr. (3) Nitrogen oxide emissions during fossil fuel combustion 
result from high temperature reaction of atmospheric nitrogen and 
oxygen, as well as partial combustion of nitrogenous compounds in the 
fuel. Important factors that affect NO production include: Flame and 
furnace temperature, residence time of combustion gases, rate of 
cooling, and presence of excess air. (1) Coal combustion accounts 
for 2 0 %  of the man-made NO emissions, which represent 1/10 of the 500 
x lo6 tons/yr produced by natural sources. 

The atmospheric transport, conversion, and fate of sulfur dioxide and 
nitric oxide is quite complex. While qualitative descriptions of 
some conversion and deposition mechanisms are available, quantitative 
estimates of the importance of each mechanism remain crude. 

Sulfur dioxide emitted into the atmosphere is advected and dispersed 
by the general air flow and smaller scale turbulence. Direct adsorp- 
tion may occur on vegetation and soil surfaces (5). SO2 may also be 
"washed out" in precipitation (6). However, it is generally believed 
that most SO2 is chemically converted to sulfuric acid or a parti- 
culate, sulfate before removal from the atmosphere. 

In the presence of sunlight, SO2 may be oxidized in a three body 
reaction by photochemically produced monatomic oxygen. ( 7 )  Rapid 
hydration would follow to form a sulfuric acid mist. The presence of 
ammonia may bufeer the reaction and increase production of sulfates. (8) 

( 4 )  

so2 -I- 0 f M -+ so3 + M 

SO3 + H20 -+ H2S04 

H2S04 - nH20 + NH +. NH; , SOY , nH20 3 
Other investigators (9, 10, 11) have recently proposed SO2 reaction 
with either OH or H02 as an important homogeneous gas-phase con- 
version mechanism. 

H02 + SO2 -+ SO3 + OH 

OH -t SO2 + M -+ HS03 + M 

4 )  

5 )  

(I 
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T h i s  mechanism h a s  been  p u r p o r t e d l y  d e m o n s t r a t e d  i n  l a b o r a t o r y  e x p e r i -  
ments  (11). b u t  r e m a i n s  t o  be v e r i f i e d  u n d e r  a c t u a l  f i e l d  c o n d i t i o n s .  
The development  o f  a remote m o n i t o r i n g  i n s t r u m e n t  f o r  OH ( 9 )  shou ld  
p r o v i d e  more i n f o r m a t i o n  on i t s  r e l a t i v e  s i g n i f i c a n c e .  

Direct p h o t o - o x i d a t i o n  of SO2 is c o n s i d e r e d  t o  b e  n e g l i g a b l e .  ( 1 2 )  

I 

I 

Heterogenous  r e a c t i o n s  on  s o l i d  or l i q u i d  s u r f a c e s  r e p r e s e n t  a second 

m e t a l  i o n s ,  s u c h  a s  i r o n  or manganese have  been  o b s e r v e d  t o  c a t a l y z e  
t h e  c o n v e r s i o n  o f  S O 2  t o  a c i d  s u l f a t e s .  (13)  O x i d a t i o n  r a t e s  a r e  I 

h i g h l y  dependen t  on t e m p e r a t u r e  and r e l a t i v e  humid i ty .  

C a t a l y t i c  o x i d a t i o n  may a lso o c c u r  o n  d r y  s u r f a c e s .  Novakor,  
e t  a l .  (14) have  d e m o n s t r a t e d  c a t a l y t i c  f o r m a t i o n  o f  s u l f a t e  on 
c a r b o n  soot i n  t h e  l a b o r a t o r y  and  have  i d e n t i f i e d  s e v e r a l  s u l f u r  
compounds on  t h e  s u r f a c e  o f  c a r b o n  p a r t i c u l a t e s  c o l l e c t e d  i n  urban  
a tmosphe res .  

S u l f u r  compounds e m i t t e d  d u r i n g  combus t ion  and  c o n v e r t e d  to  s u l f a t e s  
are u l t i m a t e l y  removed from t h e  a tmosphe re  by d r y  d e p o s i t i o n  and 
p r e c i p i t a t i o n .  A l though  t h e  removal  rates a r e  n o t  w e l l  q u a n t i f i e d ,  
t h e  a t m o s p h e r i c  r e s i d e n c e  t i m e  i s  e s t i m a t e d  t o  r a n g e  be tween one  and 
seven days .  ( 3 )  Long r a n g e  t r a n s p o r t  o f  s u l f a t e s  may t h e r e f o r e  
e x t e n d  t o  h u n d r e d s  o f  k i l o m e t e r s  f rom t h e  SO2 s o u r c e .  (15 ,  1 6 ,  1 7 , 1 8 )  

" B a l l p a r k "  estiiiiates o f  llet SO2 to s u i f a t e  c o n v e r s i o n  ra tes  f o r  s e v e r a l  
mechanisms are l i s t e d  below. 

i m p o r t a n t  class o f  SO2 o x i d a t i o n  mechanism. The p r e s e n c e  o f  heavy I 

' I  

/ 

/ 
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Table 1 

SO2 to SO4 Conversion Rates 

Mechanism 

Direct photo-oxidation 
Indirect photo-oxidation 
Air oxidation in liquid droplets 
Catalyzed oxidation in liquid droplets 
Catalyzed oxidation on dry surface 

Observed SO2 coqsumption in a coal- 
fired power plant plume 

70% relative humidity 
100% relative humidity 

(Table adapted from 19, 20)  

SO2 Consumption Rate 

0.5 %/hr 
1-3 %/hr 
1-20 %.hr 
1-20 %/hr 
1-13 %/hr 

0.1 %/min 
0.5 %/min 
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N i t r o g e n  compounds are e m i t t e d  d u r i n g  f o s s i l  f u e l  combus t ion  princi-  
p a l l y  3s NO. O x i d a t i o n  t o  NO2 o c c u r s  v e r y  r a p i d l y ,  however. 
E q u i l i b r i u m  v a l v e s  o f  NO and  NO2 a r e  d e t e r m i n e d  by t h e  f o l l o w i n g  
r e a c t i o n s :  

NO + 0 3  +. N O 2  + 0 2  6) 

NO2 + h v  + NO i 0 7) 

The  NO/NO+NO2 r a t i o n  is a p p r o x i m a t e l y  .5 d u r i n g  d a y l i g h t  and .1 a t  
n i g h t .  ( 9 )  

NO may unde rgo  a s e r i e s  o f  complex c h a i n  r e a c t i o n s  ( t y p i c a l l y  1 0 0  t i m e s  
slower t h a n  the NO NO2 r e a c t i o n )  w i t h  o l e f i n i c  hydroca rbons  and 
hydroxy l  r a d i c a l s  to  form n i t r a t e  compounds. A t y p i c a l  s equence  might  
b e :  

1 
0 2  

O3 + HC' R - R 0 2  - 8) 

R02 * + NO -+ NO2 + R - 
R - C H  $ ' R - C .  R - C - 0 - 0 .  

0 2  

0 0 0 

NO 2 
-* R - C - 0 - 0 - NO2 

0 

Measurements o f  n i t r a t e  i o n s  i n  r a i n  (21) s u g g e s t  t h a t  NO2 is  
t r a n s f o r m e d  to  n i t r a t e s  i n  p r e c i p a t i o n .  However, t h e  d i r e c t  r e a c t i o n  

NO2 + H 2 0  -+ H N 0 3  11 1 

h a s  n o t  been shown t o  b e  s i g n i f i c a n t  i n  t h e  a tmosphe re .  ( 4 )  Two 
o t h e r  mechanisms have  been s u g g e s t e d  r e c e n t l y  ( 9 )  f o r  n i t r o u s  and 
n i t r i c  acid f o r m a t i o n  d u r i n g  d a y l i g h t :  

NO2 + OH + M -+ H N 0 3  + M 12)  

NO2 + H 0 2  -f H N 0 2  + O2 

Both mechanisms r e m a i n  t o  be  v e r i f i e d  by f i e l d  measurements  of 
h y d r o x y l s .  

He te rogeneous  s u r f a c e  c a t a l y s i s  of NO and  N H 3  on c a r b o n  soot has  
been  p roposed  by Chang and  Novakov ( 2 2 ) .  I n  l a b o r a t o r y  expe r imen t s  
t h e y  have  g e n e r a t e d  v o l a t i l e  ammonium s a l t s  a t  a m b i e n t  t e m p e r a t u r e s  

' and r educed  n i t r o g e n  compounds a t  e l e v a t e d  t e m p e r a t u r e s ,  i n  q u a l i t a t i v e  
ag reemen t  w i t h  f i e l d  o b s e r v a t i o n  a t  u rban  C a l i f o r n i a  s i tes .  

1 



Little information is available on the consumption rate of NO2 by 
the mechanisms described. However, Robinson and Robbins have 
estimated the residence time of NO2 to be three days, based on the 
total atmospheric nitrogen cycle. ( 2 3 )  
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REVIEW OF DESUI.tYURIZATION AND 
DENITROGENATION I N  TOAL LIQLEFACTION 

R.H. Wolk, N.C. S t ewar t  and H . F .  S i l v e r  

E l e c t r i c  Power Research I n s t i t u t e  
Pa lo  Al to ,  C a l i f o r n i a  

INTRODUCTION 

With e v e r  i n c r e a s i n g  demands on f o s s i l  f u e l s  a s  a sou rce  of  energy and eve r  
d e c r e a s i n g  s u p p l i e s  o f  c rude  petroleum w i t h i n  t h e  United S t a t e s ,  t h e  n a t i o n  
must t u r n  more and more t o  t h e  use o f  c o a l .  Y e t  t h e  people o f  t h i s  coun t ry  
have mandated through t h e i r  r e p r e s e n t a t i v e s  t h a t  they do n o t  want t h e  a n t i c i p a t e d  
u s e  of  c o a l  to' deg rade  t h e i r  environment.  

The a i r  p o l l u t a n t s  o f  p a r t i c u l a r  concern a r e  n i t rogen  ox ides ,  s u l f u r  ox ides  and 
p a r t i c u l a t e s .  Nitrogen o x i d e s  a r e  formed from n i t rogen  i n  a i r  a s  w e l l  a s  o rgan ic  
n i t r o g e n  i n  t h e  f u e l ,  and t h e i r  c o n c e n t r a t i o n  i s  p r i m a r i l y  a func t ion  of combustion 
parameters .  S u l f u r  ox ides  and p a r t i c u l a t e s  are a func t ion  of t h e  chemical composi- 
t i o n  of  t h e  f u e l  used. 

In  r e sponse  t o  p u b l i c  demand, t h e  Environmental  P r o t e c t i o n  Agency, EPA, has  es tab-  
l i s h e d  a i r  q u a l i t y  s t a n d a r d s  which d e f i n e  maximum al lowable c o n c e n t r a t i o n s  o f  
p o l l u t a n t s  i n  t h e  a tmosphere.  I n d i v i d u a l  s t a t e s  have e s t a b l i s h e d  emission s tandards 
f o r  e x i s t i n g  sources  which meet t h e  EPA's A i r  Qua l i ty  Standards wh i l e  t h e  EPA has 
e s t a b l i s h e d  emission s t a n d a r d s  f o r  new sources .  The c u r r e n t  Fede ra l  Standards f o r  
emis s ions  f o r  new f o s s i l  f u e l  f i r e d  s team g e n e r a t o r s  l a r g e r  than 250 m i l l i o n  BTU/hr 
are p resen ted  i n  T a b l e  I .  

Because n i t royen  ox ides  are so dependent  upon furnace o p e r a t i n g  parameters  such a s  
b u r n e r  c o n f i g u r a t i o n ,  e x c e s s  a i r  used,  a i r  and f u e l  d i s t r i b u t i o n ,  e t c . ,  it i s  d i f f i -  
c u l t  t o  p r e d i c t  t h e  l e v e l  o f  n i t r o g e n  ox ides  t o  be expected from a g iven  f u e l .  On 
t h e  o t h e r  hand, r easonab le  p r e d i c t i o n s  can be made of t h e  expected SO2 emissions 
from c o a l  s i n c e  t h e  only s o u r c e  of  SO2 fs t h e  s u l f u r  i n  t h e  c o a l .  Thus, we would 
expec t  t h a t  i n  o r d e r  t o  m e e t  t h e  S O  emission s t a n d a r d  f o r  s o l i d  f u e l s  of 1 . 2  l b s  
p e r  m i l l i o n  B T U ' s  wh i l e  b u r n i n g  10.600 BTU/lb c o a l ,  t h e  c o a l  must c o n t a i n  0.6 w t . %  
s u l f u r  o r  l e s s .  Unfo r tuna te ly ,  t h e  s u l f u r  c o n t e n t  of c o a l s  ranges from 0.2 t o  
ove r  10 w t . %  wh i l e  t h e  t y p i c a l  c o a l  c o n t a i n s  0 . 5  t o  4 w t . %  s u l f u r .  

S u l f u r  i n  coa l  e x i s t s  i n  t h r e e  d i s t i n c t  forms; ( a )  a s  o rgan ic  s u l f u r ,  (b )  a s  p y r i t e  
O r  m a r c a s i t e  ( t w o  common c r y s t a l  forms o f  FeS ) ,  and (c) as s u l f a t e s .  The amount of 
o r g a n i c  s u l f u r  i s  normally n o t  ove r  3 w t . % .  $he s u l f a t e s ,  mainly calcium and i r o n ,  
r a r e l y  exceed a few hundredths  p e r c e n t  excep t  i n  h i g h l y  weathered o r  ox id i zed  samples. 
Because p y r i t e  and m a r c a s i t e  a r e  d i f f i c u l t  t o  d i s t i n g u i s h ,  t h e s e  forms of  s u l f u r  i n  
t h e  c o a l  a r e  c a l l e d  p y r i t e .  Nitrogen i n  c o a l  e x i s t s  i n  o rgan ic  form, and i s  gene ra l ly  
i n  t h e  range of 1.0 t o  1 . 5  w t . % .  A hypothesized s t r u c t u r e  which shows p o s s i b l e  forms 
Of o r g a n i c  s u l f u r  and o r g a n i c  n i t r o g e n  i n  c o a l  i s  shown i n  F igu re  1. 

COAL LIQUEFACTION 

Process Desc r ip t ion  

One method t h a t  is  b e i n g  s e r i o u s l y  cons ide red  to  reduce s u l f u r  and n i t rogen  con ten t s  
of Coal t o  accep tab le  l i m i t s  is l i q u e f a c t i o n  i n  t h e  presence o f  hydrogen. A concep- 
t u a l  f l o w  diagram o f  such a p r o c e s s  is shown i n  F igu re  2. Coal mixed with a so lven t  
and hydrogen r e a c t s  a t  e l e v a t e d  t empera tu res  and p r e s s u r e  e i t h e r  i n  t h e  absence o r  
P resence  of a c a t a l y s t  t o  form a mixture  of l i q u i d  p roduc t s .  I f  hydrogen consumption 
is maintained a t  low l e v e l s ,  1 .5  - 3 w t . %  o f  t h e  c o a l  f e d ,  most of  t h e  product  i s  a 
h i g h  b o i l i n g ,  heavy l i q u i d  w i t h  a h e a t i n g  value i n  t h e  o rde r  o f  16,000 BTU/lb. This 
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product  i s  s o l i d  a t  room temperaturc  and n.:iy h e  used d i r e c t l y  a s  f u e l  i f  its S u l f u r  
con ten t  is l e s s  than 0.96 w t . %  o r  f u r t h e r  vrocessed to  form e i t h e r  g a s o l i n e  or 
chemicals .  Higher hydrogen consumption i n  t he  l i q u e f a c t i o n  r e a c t o r  produces lower 
b o i l i n g  products  w i th  l o w e r  l e v e l s  o f  s u l f u r  and n i t r o g e n .  

Organic s u l f u r  and n i t rogen  a r e  removed when c o a l  i s  l i q u e f i e d  mainly by r e a c t i o n s  
which form H s and m3. The ammonia can be recovered by conven t iona l  p u r i f i c a t i o n  
methods. 2 

I 

, 

d 

/ 

1' 
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Hydrogen s u l f i d e  is normally recovered,  concen t r a t ed ,  and then cove r t ed  to  s u l f u r  
i n  t h e  Claus p rocess .  The e f f l u e n t  gas from t h e  Claus u n i t  must be f u r t h e r  processed 
i n  a Claus t a i l  gas  c l eanup  u n i t  to  reduce s u l f u r  compounds t o  an env i ronmen ta l ly  
accep tab le  l e v e l .  Hydrogen s u l f i d e  produced by g a s i f i c a t i o n  o f  c o a l  o r  o f  WliqUe- 
f i e d  c o a l  t o  produce hydrogen would normally b e  p rocessed  i n  t h a t  same equipment.  
Organic n i t rogen  compounds a r e  converted a lmos t  completely to molecular  n i t r o g e n  i n  
high temperature  g a s i f i c a t i o n  p rocesses  such a s  t h e  Koppers-Totzek o r  Texaco. 

I n  t h e  l i q u e f a c t i o n  p r o c e s s ,  p y r i t i c  s u l f u r  is reduced t o  FeS , where x i s  abou t  
1.0. 
a long  w i t f i  heavy l i q u i d - l i k e  product  and unconverted c o a l .  

Desu l fu r i za t ion  P e s u l t s  

FeS is then removed mechanically by f i l t r a t i o n  or by &ven t  p r e c i p i t a t i o n  

Publ ished d a t a  on t h e  d e s u l f u r i z a t i o n  o f  c o a l  a s  a f u n c t i o n  of hydrogen consumption 
from t h e  c a t a l y t i c  H-Coal, Gulf CCL, and S y n t h o i l  p rocesses  a r e  p r e s e n t e d  f o r  I l l i n -  
o i s ,  Kentucky, Kaiparowits ,  P i t t s b u r g h ,  Big Horn, Wyodak, and Middle K i t t a n i n g  Coals 
i n  F igu re  3 ( 1 , 2 , 3 , 4 , 5 ) .  Analyses of t h e s e  c o a l s  a r e  p r e s e n t e d  i n  Table  11. Pub- 
l i s h e d  d a t a  from n o n - c a t a l y t i c  (SRC) p rocesses  a r e  a l s o  p r e s e n t e d  i n  F igu re  3 f o r  
Kentucky, Kaiparowits,  and I l l i n o i s  c o a l s ( 5 , 6 ) .  

I n  g e n e r a l ,  t h e  d a t a  p l o t t e d  i n  Figure 3 show t h a t  a s  t h e  t o t a l  amount o f  hydrogen 
consumed i n c r e a s e s ,  t h e  s u l f u r  c o n t e n t  o f  t h e  f u e l  o i l  p roduc t  dec reases .  A band 
has  been used t o  i n d i c a t e  t h e  t r e n d  of a l l  t h e  c a t a l y t i c  d a t a  s i n c e  this data has  
been t aken  over widely d i f f e r e n t  combinations of  r e a c t o r  t empera tu res  and p r e s s u r e s ,  
c o a l  space v e l o c i t i e s ,  c a t a l y s t  t y p e s ,  c a t a l y s t  ages  and a c t i v i t y  l e v e l s  w i th  r e s u l t -  
i n g  wide d i f f e r e n c e s  i n  f u e l  o i l  y i e l d s .  Consequently,  no a l l e g e d  s u p e r i o r i t y  f o r  
hydrogen s e l e c t i v i t y  f o r  s u l f u r  removal of one c a t a l y t i c  system o v e r  ano the r  can be 
i n f e r r e d  from t h i s  p a r t i c u l a r  c o l l e c t i o n  of d a t a .  

I n t e r e s t i n g l y ,  t h e  d a t a  p l o t t e d  i n  F igu re  3 show t h a t  t h e  amount o f  hydrogen r e -  
q u i r e d  t o  reach a moderate s u l f u r  l e v e l  of  about  0.9 wt. :  i n  l a r g e  s c a l e  non-ca ta ly t i c  
r e a c t o r s  corresponds reasonably w e l l  w i t h  t h e  a m u n t  o f  hydrogen r e q u i r e d  t o  r each  
t h a t  same l e v e l  of s u l f u r  i n  c a t a l y t i c  systems.  However, t h e r e  may b e  l a r g e r  d i f f e r -  
ences  i n  hydrogen consumption requirements  between l a r g e - s c a l e  n o n - c a t a l y t i c  and c a t -  
a l y t i c  p rocesses  a t  f u e l  o i l  product  s u l f u r  l e v e l s  below about  0 .5  w t . % .  I t  should 
a l s o  be  pointed o u t  t h a t  t h e  r e a c t o r  r e s idence  t imes i n  n o n - c a t a l y t i c  systems co r re s -  
ponding to  a given hydrogen consumption a r e  much h ighe r  than t h e  r e a c t o r  r e s idence  
times i n  c a t a l y t i c  systems a t  the same hydrogen consumption l e v e l s .  

As hydrogen consumption w i l l  have a l a r g e  e f f e c t  on t h e  economics of c o a l  l i q u e f a c t i o n  
p rocesses ,  it would be advantageous i f  t h e  p rocess  consumed hydrogen only i n  t h e  
formation of  H2S and Nf13. Mate r i a l  ba l ance  c a l c u l a t i o n s  show t h a t  a hydrogen consump- 
t i o n  equ iva len t  t o  oiily 0.16 w t . %  of  t h e  c o a l  is r e q u i r e d  t o  c o n v e r t  2 .5  w t . %  s u l f u r  
i n  t h e  c o a l  completely t o  HIS and a hydrogen consumption e q u i v a l e n t  t o  on ly  0.11 w t . %  
o f  t h e  c o a l  is r e q u i r e d  to  conve r t  0 . 5  w t . %  n i t r o g e n  i n  c o a l  completely t o  NH3. How- 
e v e r ,  a s  shown i n  F igu re  3 ,  t h e  amount of hydrogen r e q u i r e d  t o  d e s u l f u r i z e  c o a l  t o  
p roduc t s  con ta in ing  s u l f u r  l e v e l s  of  0 .5  - 1.0 w t . %  i s  e q u i v a l e n t  t o  1 . 5  t o  6 .0  w t . %  
o f  t h e  coa l .  A r e l a t i v e l y  l a r g e r  amount o f  hydrogen is r e q u i r e d  t o  produce l o w  s u l f u r  
f u e l  o i l  products  from low s u l f u r  subbituminous c o a l s  than from bi tuminous c o a l s  be- 
c a u s e  subbituminous Coals con ta in  a much l a r g e r  concen t r a t ion  of oxygen, 1 5  - 20 w t . % ,  



t han  bituminous c o a l s  whi.ch c o n t a i n  7 - 1 2  w t . %  oxygen. However, most of t h e  I 

hydrogen consumption shown i n  E'igurc 3 yoe" t o  t h e  product ion o f  qaseous and 
l i q u i d  hydrocarbons w i t h  a hvdroaen cnntpriL n f  about  6 t.o 1 2  w t . %  f r n m  coal. with a 
hydrogen con ten t  of abou t  5 w t . 3 .  Methane, f o r  example, c o n t a i n s  25 w t . %  hydrogen. 

Although most of  t h e  d a t a  ob ta ined  from bo th  c a t a l y t i c  and non-ca ta ly t i c  c o a l  
l i q u e f a c t i o n  f a l l s  w i t h i n  t h e  band shown i n  F igu re  3 ,  a s e p a r a t e  l i n e  has been 
drawn through d a t a  o b t a i n e d  from a bench s c a l e  n o n - c a t a l y t i c  flow r e a c t o r .  The 
observed d i f f e r e n c e  i n  t h e  r e s u l t s  ob ta ined  from t h e  bench s c a l e  r e a c t o r  and 
o t h e r  r e a c t o r s  is n o t  e n t i r e l y  due t o  d i f f e r e n c e s  i n  t h e  c o a l  p rocessed .  For 
example, t h e r e  is a s i g n i f i . c a n t  d i f f e r e n c e  i n  t h e  r e s u l t s  ob ta ined  on t h e  f r a c t i o n  
Of o rgan ic  s u l f u r  removed d u r i n g  t h e  p rocess ing  o f  a mixture  o f  Kentucky N o .  9 and 
N o .  1 4  c o a l s  i n  t h e  W i l s o n v i l l e ,  Alabama s i x  ton  pe r  day SRC p l a n t  and i n  t h e  bench 
s c a l e  r e a c t o r ,  a s  shown below. 

DESULFURIZATION RESULTS 

Wi l sonv i l l e  ( 7 )  Bench Sca le  

C o a l  Processed Kentucky N o .  9 & No. 1 4  Kentucky N o .  9 & No. 14 
0 

T. F 
P. psig 

Space Time, h r s .  
F r a c t i o n  of  o rgan ic  

s u l f u r  removed, x 

830 
2400 

0 .7  

0.62 

825 
2500 

0 . 7  

0.82 

In  o r d e r  t o  exp la in  t h e  l a r g e  observed d i f f e r e n c e s  i n  t h e  f r a c t i o n  of  o rgan ic  s u l f u r  
removed i n  t h e  t w o  f i i f f e r e n t  r c x t o r  systems,  i11e e f f e c t  of mixing i n  the  r e a c t o r  
was eva lua ted .  Flow c o n s i d e r a t i o n s  i n d i c a t e d  t h a t  t h e  W i l s o n v i l l e  r e a c t o r  may have 
a c t e d  e s s e n t i a l l y  a s  a backmix r e a c t o r  wh i l e  t h e  bench s c a l e  r e a c t o r  may have a c t e d  
e s s e n t i a l l y  a s  a p e r f e c t  p l u g  flow r e a c t o r .  However, n e i t h e r  a f i r s t  o rde r  nor a 
second o r d e r  k i n e t i c  r a t e  p lo t  f i t  t h e  bench s c a l e  da t a .  

In  s i m i l a r  work, Less l ey  (8) sugges t ed  t h a t  t h e  f i r s t  o r d e r  c rack ing  r a t e  c o e f f i c i e n t  
i n  a non-ca ta ly t i c  system i s  a f u n c t i o n  of conve r s ion .  
Of t h e  Lessley equa t ion  to  t h e  d e s u l f u r i z a t i o n  bench s c a l e  d a t a ,  a f i r s t  o r d e r  r a t e  
c o e f f i c i e n t  was assumed t o  have t h e  fo l lowing  dependence on t h e  f r a c t i o n  of  organic  
s u l f u r  removed, x i  

Applying a s i m p l i f i e d  form 

k = k e-ax 
where k isoan i n i t i a l  r a t e  c o e f f i c i e n t  
and a LS a c o n s t a n t  
Assuming a f i r s t  o r d e r  r e a c t i o n  mechanism, va lues  o f  "k " and "a" were ob ta ined  
which would f i t  t h e  expe r imen ta l  bench s c a l e  d a t a .  Thege r e s u l t s  were then used t o  
p r e d i c t  t h a t  i f  t h e  r e a c t i o n  i n  t h e  bench s c a l e  r e a c t o r  had been c a r r i e d  o u t  i n  a 
P e r f e c t l y  backmixed r e a c t o r ,  t h e  f r a c t i o n  of o r g a n i c  s u l f u r  removed under t h e  reac-  
t i o n  cond i t ions  s p e c i f i e d  i n  t h e  p receed ing  t a b l e  would have been 0 .58  r a t h e r  t han  
0 .62  a c t u a l l y  observed.  
P e r f e c t  backmixing was confirmed by t h e  e x i s t e n c e  of a sma l l  temperature  g r a d i e n t  i n  
t h e  r e a c t o r .  
flow p a t t e r n  of t h e  f l u i d  i n  t h e  r e a c t o r  may be a n  impor t an t  v a r i a b l e .  

A f t e r  p y r i t e  removal. o v e r a l l  r e d u c t i o n s  of  up t o  90% o f  t h e  to ta l  s u l f u r  i n  t h e  
o r i g i n a l  coal  a r e  p o s s i b l e .  
g e n e r a l l y  inc rease  w i t h  b o i l i n g  range.  
o p e r a t i o n  and Figure 5 f o r  c a t a l y t i c  o p e r a t i o n s .  
t h e  n o n - d i s t i l l a b l e  a sh  f r e e  r e s i d u a l  f r a c t i o n  t o  which a n  a r b i t r a r y  mid-boi l ing point  
O f  1100 or 1200°F has  been a s s i g n e d  depending on t h e  sou rce  of  t h e  d a t a .  
b o i l i n g  f r a c t i o n s  may c o n t a i n  up t o  1 . 2  w t . %  s u l f u r  when o b t a i n e d  from high s u l f u r  
bituminous coa l s .  

0 .  

The f a c t  t h a t  t h e  W i l s o n v i l l e  r e a c t o r  on ly  approaches 

The r e s u l t s  o f  t h i s  a n a l y s i s ,  based on l i m i t e d  d a t a ,  sugges t  t h a t  t h e  

The s u l f u r  l e v e l s  of t h e  v a r i o u s  p roduc t  f r a c t i o n s  
Th i s  is shown i n  F igu re  4 f o r  non-ca ta ly t j c  

Most of  t h e  s u l f u r  is contained i n  

These high 
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119 S l u r r y  O i l s  produced d u r i n g  t h e  non-catalyt  i c  l iqucL.x35on of high s u l f u r  bituminous 
c o a l s  and b o i l i n g  i n  the range o f  450° t o  “ ~ U ’ F  normally c o n t a i n  0.2 - 0 . 4  w t . :  s u l f u r .  
The S u l f u r  con ten t  i n  t h e  s l u r r y  o i l  produced from low s u l f u r  subbituminous c o a l s  
is normally less than  0.05 w t . % .  
i n d i c a t e d  f o r  narrow p roduc t  f r a c t i o n s  w i t h  a mid-boi l ing p o i n t  between 350’ and 
450°F. 
h i g h e r  b o i l i n g  products .  

Deni t rogenat ion Resu l t s  

The amount of hydrogen r e q u i r e d  t o  o b t a i n  f u e l  o i l  p r o d u c t s  w i t h  a s p e c i f i c  n i t r o g e n  
Content  is i n d i c a t e d  i n  F igu re  6. There is a d i f f e r e n t i a t i o n  i n d i c a t e d  on t h i s  
f j .gure between c a t a l y t i c  and non-ca ta ly t i c  p r o c e s s i n g  r e s u l t s  w i t h  h i g h e r  n i t r o g e n  
renova1 ob ta ined  c a t a l y t i c a l l y .  However, more hydrogen is r e q u i r e d  t o  o b t a i n  t h e s e  
lower product  n i t rogen  l e v e l s .  Even i n  t h e  c a s e  o f  c a t a l y t i c  systems,  t h e  n i t r o g e n  
Content  of the f u e l  o i l  f r a c t i o n  is seldom less t h a n  one h a l f  t h e  n i t r o g e n  c o n t e n t  
O f  t h e  f eed  coa l .  If h i g h e r  l e v e l s  of den i t rogena t ion  a r e  r equ i r ed ,  a d d i t i o n a l  
hydrogen p rocess ing  of the primary p roduc t s  u s ing  n i t r o g e n  s p e c i f i c  c a t a l y s t s  w i l l  
b e  necessary.  

F igu res  7 and 8 show n i t r o g e n  content as a f u n c t i o n  of t h e  ave rage  b o i l i n g  p o i n t s  
of p roduc t  f r a c t i o n s .  These r e s u l t s  show t h a t  there is a s t e a d y  i n c r e a s e  i n  n i t r o -  
gen con ten t  as average b o i l i n g  p o i n t  i nc reases ,  S u r p r i s i n g l y  l i t t l e  d i f f e r e n c e  is 
e v i d e n t  between the n i t r o g e n  c o n t e n t s  of p a r t i c u l a r  p roduc t  f r a c t i o n s  from c a t a l y t i c  
and non-ca ta ly t i c  systems. However, as t h e  y i e l d  of l o w  b o i l i n g  l i q u i d s  is  much 
l a r g e r  f r o m  c a t a l y t i c  systems than  from non-ca ta ly t i c  systems,  t h e  t o t a l  n i t r o g e n  
i n  a l l  products  from t h e  c a t a l y t i c  systems i s  lower than  t h e  t o t a l  n i t r o g e n  i n  a l l  
p roduc t s  from t h e  non-ca ta ly t i c  systems.  

An i n t e r e s t i n g ,  b u t  unexplained a n o m l y ,  is 

These m a t e r i a l s  have s u l f u r  c o n t e n t s  h i g h e r  t han  bo th  l i g h t e r  p roduc t s  and 

CONCLUSIONS 

-Coal  l i q u e f a c t i o n  can  p rov ide  a low s u l f u r ,  environmental ly  a c c e p t a b l e  f u e l  from 
h i g h  sulfur, environmental ly  unacceptable  c o a l .  However, c u r r e n t  c o a l  l i q u e f a c t i o n  
p rocesses  r e q u i r e  s u b s t a n t i a l  amOUnts o f  hydrogen. 

There i s  l i t t l e  d i f f e r e n c e  i n  the amount of hydrogen consumed to reach  a moderate 
s u l f u r  l e v e l  o f  abou t  0.9 w t . %  in t h e  f u e l  o i l  products  from c a t a l y t i c  processes 
and i n  t h e  f u e l  o i l  p roduc t s  from l a r g e  s c a l e  SRC processes .  There a r e  i n d i c a t i o n s  
t h a t  t h e  hydrogen consumption requirements  for d e s u l f u r i z a t i o n  are s i g n i f i c a n t l y  
a f f e c t e d  by t h e  e x t e n t  of mixing w i t h i n  the reactor. 

A s i g n i f i c a n t l y  l a r g e r  amount of n i t rogen  is removed from c o a l  p rocessed  i n  c a t a l y t i c  
systems than from coal processed i n  non-ca ta ly t i c  systems. A t  t h e  same t ime,  t h e  
hydrogen consumptions and y i e l d s  of low b o i l i n g  l i q u i d s  from c a t a l y t i c  systems a r e  
s u b s t a n t i a l l y  l a r g e r  t han  the hydrogen consumptions and y i e l d s  o f  low b o i l i n g  l i q u i d s  
from non-ca ta ly t i c  systems.  

F i n a l l y ,  ana lyses  of l i q u e f i e d  c o a l  p roduc t s  i n d i c a t e s  t h a t  t h e  h i g h e s t  n i t r o g e n  and 
s u l f u r  l e v e l s  are con ta ined  i n  the h i g h e s t  b o i l i n g  p roduc t  f r a c t i o n s .  

d 
i 



120 

TABLE I 

NEW STATIONARY SOURCE EMISSION STANDARDS 

For F o s s i l  Fue l  F i r e d  Steam Generators  l a r g e r  t han  2 5 0 ~ 1 0 ~  Btu/Hr. 

Spec ie s  Standard 

P a r t i c u l a t e s  

s02 

Nox 

6 a) 0 . 1  lb/10 Btu max. 2 h r .  ave.  

b) 20% o p a c i t y .  40% o p a c i t y  no t  

c)  Excludes H20 

a )  Liquid F u e l :  0.8 lb/10 Btu 

more than  2 min/hr .  

6 

max. 2 h r .  ave.  

b) .  S o l i d  Fue l :  1 . 2  lb/106 Btu 
max. 2 h r .  ave.  

6 a )  Gas Fue l :  0 . 2  lb/10 Btu 
max. 2 h r .  ave.  

6 b) Liquid:  0 . 3  lb/10 B t u  

c )  S o l i d :  0.7 lb/10 Btu max. 

max. 2 iir. ave. 
6 

2 h r .  ave.  

1 
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CH!WCTERTZATlON OF NITROGEN COMPOUNDS I N  TAR 
PRODUCED~ FROM UNDERGROUND COAL GASIFICATION 

S. B. King,, C. F. Bwndmbacq and Wi. Jl. Lanum 

Laramie Energy Research Center 
Box 3395, LaramTe, Wyomfng 82071 

Energy Research and Development A&ia%strati.on 

rNTRODUCnONl 

I n  the f a l l  o f  1972, t h e  Laramie Energy Research Center o f  the Eureau o f  
Mines (now the  Energy Research! and D e v e 4 o p m t  Administrat ion')  i n i t i a i t e d  an- +n 
S i t u  Coal g a s d f i c a t i o n  exper iment l;n: Manna, Wyoming. 
a s c e r t a i n  if a. low-Btu gas whdch4 woulcl be c o m p e t i t i v e  with a t h e r  energy sources 
cou ld  be producedi u s i n g  present technol'ugy. I f  such a process were f e a s i b l e  i t  
c o u l d  Drovide an. a l t e r n a t h  t u  €he hazards, c o s t l y  t r a n s p o r t a t i o n ,  and environ- 
mental o b j e c t i o n s  o f  c u r r e n t  coaT minrng technoTogy. 

The idea o f  underground coal' g a s i f i c a t i o n  i s  over a hundred years  o l d  and 
has been t r i e d  i n  severa l  d t f f e r e n t  count r ies ,  with t h e  l a r g e s t  exoeriments i n  
t h e  USSR, Great B r i t a i n  and t h e  U. S. These exoeriments showed t h a t  g a s i f i c a t i o n  
was p o s s i b l e  and a combust ib le f u e l  c o u l d  be produced. y e t  t h e  B r i t i s h  and U. S. 
t r i a l s  were determined t o  be economica l l y  i m p r a c t f c a l  a t  t h e  t ime t h e y  were 
conducted. Although i n f o r m a t i o n  i s  sketchy, t he  USSR i s  p r e s e n t l y  genera t ing  
e l e c t r i c i t y  f r o m  Tow-Btu gas generated v i a  i n  s i t u  g a s i f i c a t t o n .  It i s  claimed 
t h a t  t h i s  power i s  generated a t  costs compet i t i ve  w i t h  coa l  f i r e d  power p lan ts .  

The ab jec t i 8ve  was tu 

OESCRIPTIrn OF THE UNDERGROUND C4SIFICATION EXPERIMENT 

The Hanna, Wyoming, experiment (1-3) was conducted in; a subbituminous coa l  
seam t h i r t y  f e e t  thdxk a t  a, depth 05 f o u r  hundred> feet. 
w e l l s  was drCLled i n t a  t h e  seam ta take rdvantage o f  the  na tu ra l  f r a c t u r e s  and 

€y of t h e  coal, 
as the  g a s i f i c a t f o n  agent. 
ob ta ined whPch Tasted f r o m  September 1973 through February 1974. 
month period, gas analyses were taken a long w i t h  o t h e r  o p e r a t i n g  data.  
B t u  gas averaging approximately 130 B t u / s c f  was Droduced and the produc t ion  was 
c o n t r o l l e d  t o  some degree by v a r y i n g  pressure and f l o w  ra tes  o f  t h e  a i r  i n j e c t e d  
and the gases produced, 

I n  c a j u n c t i o n  with low-Etu qas product ion,  a 1 iqui.d product was condensed 
from the  gas stream. 
l a y e r  o r  coal t a r .  T h i s  coa? t a r  Has been es t imated to conta in  5% o f  the  t o t a l  
energy produced from the i n  s t t u  system- Th is  coal t a r  r a i s e d  t h r e e  quest ions.  
What was i t s  value as m p e t m t e u m s u b s t i t u t e ,  e i t h e r  as a f u e l  o r  as  a petrochemical 
feedstock? What in fo rmat ion i  c o u l d  be der ived  from t t r i s  coal: t a r  concerning. r e a c t i o n  
c o n d i t i o n s  occur r ing  in. the  m a l  seam? Did  t h e  coal t a r  con ta in  compounds which 
may l e a d  t o  environmentaT damage? Charac ter iza t ion  of these coal tars was there-  
f o r e  undertaken i n  an a t tempt  t o  answer these questions. 

Pd pattern o f  s i x t e e n  

I n  March 1973. t he  c w T  was Sgni ted and a i r  was supp l ied  
A f t e r  i n i t i a l  s t a r t - u p  ct s teady-s ta te  system was 

Dur ing  t h i s  s i x -  
A low- 

The major p a r t  was water b u t  approximately 10% was a 0  organ ic  

I 

i 



Sample 1 I August 4, 1973 

Hydrogen 9.53, 
Argon 1.17 
N i t rogen 55.62 
Me thane 9.62 
Carbon Monoxi de 0.80 
Ethane 0 . 8 1  
Carbon Diox ide 21.90 
Propane 0.16 
Propene 
n-Butane 
iso-Butane I 0.05 
Hydrogen S u l f i d e  0.23 

Heat ing Val ue 154 B t u / s c f  

I ::A; 

a 

The h igh r a t i o  o f  methane t o  carbon monoxide i n  t h e  produc t  gas on t h e  
c o l l e c t i o n  date f o r  Sample 1 i n d i c a t e s  t h a t  carbon iza t ion  i s  the  pr imary  r e a c t i o n  
mode. Conversely, t h e  low r a t i o  o f  methane t o  carbon monoxide on t h e  c o l l e c t i o n  
da te  f o r  Sample 2 i n d i c a t e s  t h a t  g a s i f i c a t i o n  was o c c u r r i n g  t o  a g rea ter  degree. 

Sample 2 
December 10, 1973 

16.14 
1.01 

53.84 
3.74 
6.94 
0.26 

17.91 
0.08 

0 
0 
0 

0.05 

119 B t u / s c f  

Expe r imen t a l  

Nonaqueous t i t r a t i o n  o f  n i t r o g e n  was performed i n  a c e t i c  anhydr ide and benzene 
w i t h  HC104 as descr ibed b y  B u e l l  ( 4 ) .  
15 '  x .18" 15% TRITON X-305 on a Gaschrom P column. 
a flow r a t e  of 46 ml/min STP, i s o t h e r m a l l y  a t  l l ) O ° C  f o r  16 min, then a Z°C/min 

GLC ana1,vses o f  t a r  bases were done on a 
Wi th a he l ium c a r r i e r  gas, 

i 

I 

I 

I 

I 
f 
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i nc rease t o  22OoC, a useable separa t ion  o f  components resu l ted .  NMR s p e c t r a  were 
recorded CnaVarian HA-100 ins t rument  w i th  t h e  use o f  a Var ian C1024 (CAT) console 
f o r  one s p e c i f i c  sample. UV spec t ra  were recorded on a Beckman DB-G spectrometer 
w i t h  cyclohexane as so lvent .  
Simulated d i s t i l l a t i o n s  were performed w i t h  use o f  gas chromatography w i t h  res idue 
def ined as any m a t e r i a l  t h a t  does n o t  b o i l  below 1000°F. 
t a r  ac id ,  t a r  base and n e u t r a l  f r a c t i o n s  was accomplished by  minera l  a c i d  and 
sodium hydroxide e x t r a c t i o n  and then regenera t ion  through pH adjustment.  

by r e d u c t i v e  p y r o l y s i s  and subsequent ammonia t i t r a t i o n  i n  a microcoulometer. 
Coulometr ic s u l f u r  de termina t ion  was ob ta ined us ing  a Dohrmann ins t rument  by o x i -  
d a t i v e  p y r o l y s i s  t o  s u l f u r  d i o x i d e  and t i t r a t i o n  o f  t h e  s u l f u r  d i o x i d e  i n  a 
m i  cmcoulometer.  

Mass spec t ra  were ob ta ined on an AEI MS-12 ins t rument .  

F r a c t i o n a l i z a t i o n  i n t o  

Coulometr ic n i t r o g e n  de terminat ion  was performed on a Dohrmann ins t rument  

1 
2 

Carbonized 

COAL TAR CHARACTERIZATION 

Each sample was sub jec ted  t o  analyses by  s imu la ted  d i s t i l l a t i o n ,  nonaqueous 
t i t r a t i o n ,  and elemental a n a l y s i s ,  p lus  de terminat ion  o f  some phys ica l  p r o p e r t i e s .  
Upon separa t ion  o f  bo th  samples i n t o  t a r  base, t a r  a c i d  and n e u t r a l  f r a c t i o n s ,  
each f r a c t i o n  was then sub jec ted  t o  nonaqueous t i t r a t i o n  and cou lomet r ic  
de terminat ion  o f  n i t r o g e n  and s u l f u r .  
were separated by GLC where compound types have been assigned t o  separated components 
w i th  s p e c i f i c  s t r u c t u r e s  i d e n t i f i e d  i n  some cases. 

The t a r  base f r a c t i o n s  f rom both  samples 

30.0% 46.7% 22.0% 1.3% 0% 0% 0% 0% 
6.2 16.9 25.6 28.2 16.0 5.3 1.8 0 

0 11.3 16.3 13.1 15.2 12.4 7.5 24.2 

Simulated D i s t i l l a t i o n s  

Simulated d i s t i l l a t i o n s  showed Sample 1 t o  have a b o i l i n g  range o f  100-600°F 
The w i th  no res idue.  

percentage o f  the  coal  t a r  w i t h i n  a s p e c i f i e d  b o i l i n g  range i s  shown i n  Table 2. 
As Table 2 shows, over  50% o f  sample 2 has a b o i l i n g  d i s t r i b u t i o n  between 5OO0F 
and 7OO0F, w h i l e  sample 1 has almost 50% o f  t h e  b o i l i n g  range d i s t r i b u t i o n  between 
4OO0F and 50OoF. This  shows t h a t  sample 1 was a l i g h t e r  coal  t a r  than sample 2 
and t h a t  the  average molecu la r  we igh t  o f  sample 1 was l e s s  than sample 2. 

Sample 2 had a b o i l i n g  range o f  100-950°F w i t h  no res idue.  

TABLE 2. - B o i l i n g  Range D i s t r i b u t i o n  

1 4OO0F I 5OO0F I 600°F I 7OO0F I 8OO0F 1 900°F I 100O0F/ Residue 
100 - 400 - 500 - 600 - 700 - 800 - 900 - 

Sample 

For  comparison, t h e  b o i l i n g  range d i s t r i b u t i o n  f o r  t h e  coal  t a r  produced 
by l a b o r a t o r y  carbon iza t ion  o f  a Hanna coal  sample a t  5OO0C i s  presented. . I n  
comparing the  d i s t r i b u t i o n  o f  m a t e r i a l  dep ic ted  i n  Table 2 t h e  r e l a t i v e  amount 
o f  res idue becomes ev ident .  Samples 1 and 2 show no res idue w h i l e  n e a r l y  a f o u r t h  
o f  t h e  carbonized sample i s  res idue o r  m a t e r i a l  b o i l i n g  above 1000°F. Th is  demn- 
s t r a t e s  a unique f a c t  concerning these coal  t a r s .  Whi le t h e  underground g a s i f i c a -  
t i o n  may be s i m i l a r  t o  aboveground g a s i f i c a t i o n ,  t h e  coal  t a r s  produced i n  
underground g a s i f i c a t i o n  Since 
very l i t t l e  heavy t a r  w i l l  reach t h e  sur face ,  under these cond i t ions ,  very  l i t t l e  
i f  any res idue i s  expected, and t h e  coa l  t a r  w i l l  n o t  be e n t i r e l y  r e p r e s e n t a t i v e  
o f  the  t o t a l  t a r  generated i n  t h e  combustion zone. 

a r e  c a r r i e d  t o  t h e  sur face  as a steam d i s t i l l a t e .  
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Nonaqueous T i t r a t i o n s  

Nonaqueous t i t r a t i o n s  o f  samples 1 and 2 a r e  shown i n  Table 3. 

TABLE 3. - Nonaqueous T i t r a t i o n s  o f  Samples 1 and 2 

I 

Sample 1 0.665% WBa 0.129% VWBa 
Sample 2 0.524% WB 0.186% VWB 

aWB and VWB r e f e r  t o  weak and verv weak base 

Strong, weak, and very  weak bases a r e  d e f i n e d  by t h e i r  h a l f  n e u t r a l i z a t i o n  
p o t e n t i a l s  (HNP), w i t h  s t r o n g  bases hav ing an HNP less  than 150 mV, weak bases 
between 150 and 350 mV, and very  weak base g r e a t e r  than 350 mV. Examples o f  
weak bases would be p y r i d i n e s  o r  q u i n o l i n e s  w h i l e  amides would be t i t r a t e d  as 
very weak bases. Pr imary and sec0ndar.y a n i l i n e s  t i t r a t e  as very  weak bases 
s i n c e  they w i l l  a c e t y l a t e  and then t i t r a t e  as amides. 
t h a t  n o t  a l l  n i t r o g e n  compounds w i l l  t i t r a t e .  Conversely n o t  o n l y  n i t r o g e n  
c o n t a i n i n g  compounds w i l l  t i t r a t e ,  as an example, some s u l f o x i d e s  t i t r a t e  
as very  weak bases. 

It should be understood 

Physica l  Proper t ies  

Some of  the  phys ica l  propert ie;  a: sa111p1s i  and 2 a r e  shown i n  Table 4. 
AS expected from t h e  conclusions o f  t h e  s imu la ted  d i s t i l l a t i o n s ,  
a heav ie r  sample. 
a l l  i n d i c a t e  t h a t  Sample 2 does indeed represent a h i g h e r  average molecu la r  weight 
coal t a r .  

sample 2 i s  
The h i g h e r  s p e c i f i c  g r a v i t y ,  v i s c o s i t y  and heat  o f  combustion 

TABLE 4. - Physica l  P r o p e r t i e s  

0.962 0.977 
3.55 cent is tokes  13.16 cent is tokes  

16,073 B t u / l  b 17,256 B t u / l b  

S p e c i f i c  g r a v i t y  a t  6OoF 
V i s c o s i t y  a t  100°F 
Heat o f  Combustion 

E 1 emen t a  1 Ana lyses 

The elemental analyses o f  samples 1 and 2 i n d i c a t e  a marked d i f f e r e n c e  i n  
oxygen content  as shown i n  Table 5. 

TABLE 5.  - Elemental Analyses 

Sample 1 Sample 2 

Carbon 77.80 86.33 
Hydrogen 10.22 10.43 
N i t rogen 
S u l f u r  0.23 0.18 
Oxygen 
-- 
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This i s  shown i n  Table 6, where t h e  composi t ion of samples 
This change i n  oxygen c o n t e n t  i s  a t t r i b u t e d  t o  t h e  r e l a t i v e  amounts o f  t a r  

acids i n  each sample. 
1 and 2 vary n o t i c e a b l y  w i t h  respec t  t o  the r e l a t i v e  amounts o f  t a r  ac ids .  
Pre l im inary  mass s p e c t r a l  a n a l y s i s  o f  t he  t a r  a c i d  f r a c t i o n  f rom Sample 1 showed 
the  m a j o r i t y  o f  the  f r a c t i o n  t o  be s u b s t i t u t e d  phenols which would h e l p  e x p l a i n  
the  h i g h e r  oxygen conten t  i n  sample 1 compared t o  sample 2. 

Sample la 

TABLE G .  - Composition o f  Coal Tar, by Weight Percent 

b Sample 2 

4.82 

Tar Base 
Tar Ac id  
Neut ra l  

4.45% WB, 0.36% VWB 
0.058% VWB 
0.037% WB, 0.145% VWB 

4.0 
42.1 . 
53.9 

8.7 
14.5 
76.8 

ag0.9% recovery o f  sample 1 
b96.4% recovery o f  sample 2 

The d i f f e r e n c e  i n  t a r  a c i d  c o n t e n t  between t h e  two samples i s  proposed t o  
be due t o  Some basic change i n  t h e  c o n d i t i o n s  producing the  two samples. A t  the  
t ime Sample 1 was produced, t h e  a i r  i n j e c t i o n  r a t e  i n t o  t h e  combustion zone was 
considerably less than a t  t he  t ime Sample 2 was formed. Higher a i r  i n j e c t i o n  
ra tes  are associated w i t h  h i g h e r  coal  u t i l i z a t i o n ,  h igher  gas produc t ion  r a t e ,  
and h i g h e r  e x i t  temperature o f  t he  produced gas. This would suggest t h a t  t h e  
coal t a r s  c o l l e c t e d  i n  Sample 2 e i t h e r  were being formed a t  h i g h e r  temperatures 
o r  were passing through a h i g h e r  temperature f lame f r o n t  (combustion zone). 
F i e l d n e r  and Davis ( 5 )  have r e p o r t e d  a change i n  composi t ion o f  coa l  t a r  w i th  
i n c r e a s i n g  carbon iza t ion  temperature. 
causes a decrease i n  t a r  a c i d  conten t  which agrees w i t h  the  comparison of 
Samples 1 and 2 (Table 6) .  
meters measured d u r i n g  t h e  experiment, t h i s  evidence i n d i c a t e s  t h a t  Sample 2 was 
indeed produced a t  a h i g h e r  temperature than Sample 1. 

They s t a t e d  t h a t  i n c r e a s i n g  temperature 

With t h e  inc rease i n  b o i l i n g  range and o t h e r  para- 

To ta l  Ni t roqen, T o t a l  S u l f u r  and Nonaqueous T i t r a t i o n  
o f  Base, A c i d  and Neut ra l  F rac t ions  

The r e s u l t s  o f  cou lomet r ic  de terminat ion  o f  n i t r u g e n  and s u l f u r  p lus  the  
nonaqueous t i t r a t i o n s  o f  t h e  t a r  base, t a r  a c i d  and n e u t r a l  f r a c t i o n s  o f  samples 
1 and 2 are  shown i n  Table 7.  

TABLE 7. - Tota l  N i t rogen,  To ta l  S u l f u r ,  and T i t r a t a b l e  
N i t rogen f o r  Acid, Base and Neut ra l  F rac t ions  

Sample 1 
Tar Base 
Tar A c i d  
Neut ra l  

Tar Base 
Tar Ac id  
Neut ra l  

Sample 2 i 
Total  S u l f u r  I T o t a l  N i t r o g e n  I T i t r a t a b l e  N i t rogena 

I 1 
0.00% 9.64% 
0.33 1 0.35 
0.02 0.08 

8.10% WB, 1.36% VWB 
0.264% WB, 0.081% VWB 
0.035% VWB 

0.23 
0.14 
0.20 

aHB and VWB r e f e r  t o  weak and very weak base 
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As can be seen from Table 7 ,  the d i s t r i b u t i o n  of s u l f u r  in the separa te  
f r ac t ions  seems t o  be random and the re fo re  no conclusions have been drawn as t o  
t h e i r  compound t,ypes o r  explain their d i s t r i b u t i o n .  An i n t e re s t ing  po in t  about 
the nitrogen values 
twice the weight percent t a r  base t h a t  sample 1 conta ins ,  the t o t a l  nitrogen of 
sample 2 ' s  t a r  base f r a c t i o n  i s  about ha l f  t h a t  o f  sample 1 ' s  t a r  base f r ac t ion .  
This would suggest t h a t  the t a r  bases in sample 2 have a higher average molecular 
weight t h a n  those of sample 1. 

The nonaqueous t i t r a t i o n s  of t he  two d i f f e r e n t  t a r  base f r ac t ions  ind ica t e  
the poss ib i l i t y  o f  pyr id ines  and quinolines as weak bases with the  added poss ib i l i ty  
of an i l i nes  t i t r a t e d  as very weak base. 

i s  the f a c t  t h a t  while samDle 2 contains approximately 

uv MS 

hmax a t  100% 
262 n m  m/e 79 

hmax a t  100% 
257 n m  m/e 93 

Amax a t  100% 
260 nm m/e 107 

hmax a t  90% 
255 nm m/e 93 

10% 
m/e 107 

hmax a t  90% 
258 nm m/e 107 

8% m/e 
121 

Xmax a t  90% 
263 nm m/e 107 

Iden t i f i ca t ion  of Selected Components i n  the Tar  Base Fraction 

Twelve d i f f e r e n t  components were f r ac t iona ted  by  G L C  from Sample 1 and 
spec t r a l  da ta  were obtained on each. These twelve peaks cons t i tu ted  69% of the 
base f rac t ion  of Sample 1. Compound types have been assigned t o  a l l  separated 
components and s p e c i f i c  s t r u c t u r e s  in some cases.  Assignments were accomplished 
with the combined a i d  of N M R ,  MS, U V  and GLC da ta .  The r e su l t s  a r e  tabula ted  in  
Table 8. 

Compound 
Type o r  

Compound 

pyridine 

2-picoline 

2 ,6- lu t id ine  

3-picoline,  
4-picoline 
and 2-ethyl 
pyridine 

2 ,4 - lu t id ine ,  
2 ,5- lu t id ine  
plus some methyl 
ethyl pyridine 

2,3-lutidine 

TABLE 8. - Tabulated Spectra on Separated Components From 
Tar Base Fraction o f  Sample 1 

4 

5 

6 

I -  

14.9 

17.3 

18.3 

Compyen t / - t~ 

8.9 

11 .o 

3 1 1 3 . 1  

% Total 
of Base 
Fra c t  i or 

1.18% 

6.40 

6.20 

9.61 

12.90 

3.22 

NMR Predominant Peaks 

Triplet-67.10; T r ip l e t -  
67.50; Doubl et-68.45 

Single t -& 2.41; Quar t e t -  
66.95; Tri plet-6 7.36; 
Doublet-68.33 

Si ngl et-6 2.37 ; Doubl e t -  
6 6.74; Tri plet-6 7.24 

Tr ip le t -6  1.24; S ingle t -  
6 2.24; Quartet-& 2.72 ; 
Mu1 ti pl et-6 6.98; 
Multiplet-67.35; 
S i  n g  1 e t-6 8.30 

T r i p l e t 4  1.21;  S ingle t -  
6 2.17; Singlet-6 2.36; 
Q u a r t e t 4  2.65 ; 
Mu1 t i  plet-66.77 ; 
Mu1 t iplet-6 7 .22 ;  
Doublet-68.17 

Singlet-62.18; S ingle t -  
6 2.36; Mu1 t i p l e t -6  6.81 ; 
Doublet-67.19; S ingle t -  
6 8.15 
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TABLE 8. - Tabulated Spectra on Separated Components From 
Tar  Base F r a c t i o n  o f  Sample 1 (Continued) 

uv MS 

Amax a t  15% 
262 nm m/e 107 

79% 
m/e 121 

hmax a t  93% 
283 nm m/e 93 
hmax a t  
231 nm 

hmax a t  97% 
285 nm m/e 107 
hmax a t  
235 nm 

hmax a t  92% 
286 nm m/e 121 

\ 

Compound 
Type o r  
Compound 

t r i m e t h y l  
p y r i d i n e  and 
an e t h y l  
p y r i d i n e  

a n i l i n e  

2-methy lan i l ine  

a dimethyl  
a n i l i n e  and an 

! 

hmax a t  
235 nm 

hmax a t  
313 nm 
hmax a t  
270 nm 

hmax a t  
315 nm; 
xmax a t  
265 nm 

I 

e t h y l a n i l i n e  

63% qu ino l ine ,  a 
m/e129;dimethyl  a n i l i n e  
16% d e  and a t r ime thy l  
121; 9% a n i l i n e  
m/e 135; 
8% m/e 
94 

45% m/e a methyl q u i n o l i n e ,  
143; a C3 a n i l i n e ;  
22% d e  q u i n o l i n e ,  a 
135; d imethy lqu ino l ine  
17% mle 

Component 

7 

8 

9 

10 

11 

12 

t R a  
I_ 

19.2 

31.1 

34.7 

38.1 

39.1 

10.5 

- 

% T o t a l  
o f  Base 
- rac t i on  

7.11 

5.98 

4.88 

2.54 

4.08 

5.02 

N M R  Predominant Peaks 

Tr ip le t -61 .21 ;  S i n g l e t -  
62.14; S i  ng l  et-62.32; 
Quartet-62.59; S i n g l e t -  
66.58; Doublet-67.34 

Broad Singlet-63.36; 
Quartet-66.52, T r i p l e t -  
66.96 

Singlet-62.15; Broad 
Sing1 et-63.28; 
Mu l t ip le t -66 .32 ;  
Tr ip le t -66 .84  

Tr ip let-61.15; S i n g l e t -  
62.10; Quartet-62.45; 
Broad Singlet-63.32; 
Mu1 t ip le t -66 .25 ;  
T r i  p let-66.86 

Doublet-61.15; S i n g l e t -  
62.05; Mu1 t i p 1  et-66.10 
to68.10; Singlet-68.80 

Tr ip le t -61 .12 ;  Quartet- 
62.40; Singlet-62.62; 
Ooubl e t -  6 2.75 ; 
Mu1 t i p l e t - 6 7 . 0 4  t o  
68.00; S ing le  t -68.78 

a~~~ r e t e n t i o n  t imes a r e  r e l a t i v e  t o  a i r  

As can be seen f rom t h e  data presented, a l l  t he  components separated were n o t  
pure compounds, but a compound t y p e  can be determined from t h e  spec t rograph ic  data.  
The r e s o l u t i o n  o f  t h e  GLC tended t o  drop o f f  as the  heav ie r  components were e lu ted .  
Due t o  the  more complex na ture  o f  t h e i r  spec t ra  and the g r e a t e r  number o f  p o s s i b l e  
s t r u c t u r e s ,  s p e c i f i c  s t r u c t u r e s  have no t  been assigned t o  some o f  these heav ie r  
components. 

qu ino l ines .  
46.6% o f  t he  base f r a c t i o n  was s u b s t i t u t e d  p y r i d i n e s ,  13.4% a n i l i n e s ,  and 9.1% 

The m a j o r i t y  o f  t he  remainder i s  probably s u b s t i t u t e d  p y r i d i n e s  s ince  
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they a r e  e lu ted  a f t e r  component #7 and before #S which i s  a n i l i n e .  Comparing 
this ana lys i s  with the  work o f  Karr, e t . a l .  (5), who found the majority of the 
t a r  base f rac t ion  o f  a low temperature coal t a r  t o  be quinol ines ,  i nd ica t e s  t h a t  
t h i s  coal t a r  was produced under conditions o the r  than those producing low tempera- 
ture coal t a r s .  

The base f r ac t ion  from Sample 2 was a l s o  subjected t o  ident ica l  GLC ana lys i s  
a s  the base f r ac t ion  from Sample 1. This sample a l s o  showed a wide d i s t r ibu t ion  
of components except t h a t  the majority of the f r ac t ion  was much heavier than t h a t  
from Sample 1. The GLC t r a c e  ind ica ted  s i x  resolved peaks w i t h  re ten t ion  times 
from 39.5 to  46.6 c o n s t i t u t i n q  approximately 45% of  the base f r ac t ion .  Comparing 
these retention times with those i n  Sample 1 suggests t h a t  these components are 
a lkyla ted  an i l i nes  o r  qu inol ines .  

subs t i t u t ed  quinolines.  As y e t ,  no s p e c i f i c  s t ruc tu res  have been assigned to any 
of the peaks. This would agree w i t h  Karr's work and would suggest t h a t  t he  coal 
tars a r e  formed under low temperature conditions. However, with o ther  evidence 
a l ready  presented, such as boi l ing  range, production r a t e s ,  gas e x i t  temperatures 
and t a r  acid content,  i t  i s  believed tha t  Sample 2 could not  have been produced 
a t  lower temperatures than Sample 1. 

NMR spec t ra  of f i v e  o f  these six peaks ind ica t e  these components t o  be 

CONCLUSIONS 

In sumnary, the composition o f  the coal t a r ,  p a r t i c u l a r l y  the basic f r ac t ion ,  
i s  reasonably well known. A decision on i t s  use a s  a petrochemical feedstock m i g h t  
be made from t h i s  information. However, t h e  conditions under which the  ccal t a r  
i s  produced a r e  s t i l l  unknown. Improved monitoring of t h e  combustion zone, 
e spec ia l ly  temperatures, w i l l  be included i n  fu tu re  experimentation a t  Hanna. 
Data from this addi t iona l  monitoring should allow more d e f i n i t e  conclusions to be 
drawn. Possible herb ic ida l  p rope r t i e s  of components i den t i f i ed  would requi re  
precautions aga ins t  s p i l l a g e  t o  minimize environmental impacts. Monitoring 
underground migration of t hese  organic  f l u i d s  t o  determine what e f f e c t  they may 
have on water supplies i s  being s tud ied .  
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LOWERING THE SULFUR A N D  ASH CONTENTS OF HIGH-SULFUR COALS 
BY PEROX IDE-ACID TREATMENT 

E. B. Smith 

Energy Research and Development Administration 
Laramie Energy Research Center, Laramie, Wyoming 82071 

I NTRODUCTIO N 

Considerable effort has been devoted in recent years to  upgrading high-sulfur coals by 
both physical and chemical methods. Some methods are mild, selectively removing mineral c m -  
ponents without significantly altering the organic matter. The more drastic methods break down 
the coal structure, separating it into an inorganic sludge and an organic product essentially not 
coal. As a recently publicized example, high-gradient magnetic separation has been proposed as 
a technique for removing pyrite and other weakly paramagnetic minerals from slurried coal.' The 
Bureau of Mines' froth flotation process2 removes pyrite and other minerals by taking advantage of 
differences i n  density and wettabi l i ty o f  these undesirable substances and organic material. A 
method known as Meyer's Process3 involves up to six leaches of  pulverized coal with ferric salt 
solution at about looo C, converting pyrite to  sulfate and elemental sulfur. A more vigorous 
chemical method4 requires leaching finely pulverized coal with aqueous alkal i  at about 225' C i n  
a closed system under an inert atmosphere, followed by treatment with strong acid and leaching 
with water, The s t i l l  more vigorous PAMCO process5 involves dissolution of coal in  solvent at 
elevated temperature, hydrogen treatment, physical separation of undi:solved matier, and vacuum 
disii i iai ion of the dissolved products. 

Our laboratory i s  investigating methods for upgrading shale oil and high-sulfur coal by 
mi ld  oxidation. Currently, experiments are being conducted with two types of oxidation systems-- 
one using oxygen, which shows promise as a method for upgrading shale-oil distillates,6 and the 
other using mixtures of H 2 0 2  and acid, which may be useful for upgrading both shale o i l  and coal. 
This report describes results of treating several high-sulfur coals with solutions of H 2 0 2  in  H2SO4, 
or with H2SO4 alone. Ac id  concentrations ranged from 0.1 E to 0.5 !, H 2 0 2  concentrations 
ranged from 7 to 17 percent, and treating periods ranged from 1 to 72 hours. Most of the tests were 
conducted at ambient temperature, but in one test series, the solutions were warmed t o  speed up 
the reaction. 

EXPERIMENTAL PROCEDURES 

Coals and Sample Preparation 

Five different high-sulfur, high-volatile bituminous coals, representing a wide range of 
sulfur contents, sulfur types, and ash contents, were obtained from the Pittsburgh Energy Research 
Center. These were (A) Pittsburgh Seam, St. Clairsville, Ohio; (B) Pittsburgh Seam, Pittsburgh, 
Pennsylvania; (C)  I l l inois No. 5 Bed; (D) Hastie, Iowa Bed; and (E) Ft. Scott, Oklahoma Bed. 
Each coal as received was first screened through a 32-mesh screen to  separate f ine and coarse 
moterial. The plus 32-mesh material was crushed in a ceramic m i l l  jar with Burundum cylinders; 
that which passed through the 32-mesh screen was combined with the init ial ly separated fine mate- 
rial, and the plus 32-mesh material was returned to the m i l l  iar for further crushing. This process 
was repeated unti l the entire sample was reduced to minus 32 mesh. 
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Reagents ond Analytical Procedures 

\ 

'\ 

\ 

I 
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i 

Reagents 

HzOz (30 percent), H,SO, and HCI were ACS reagent grade. Ce(S0J2 was certified 
0.1000 3 solution standardized against primary standard iron wire. Treating solutions were pre- 
pared by dilution based on label values. 

Coal Analyses 

Proximate and ultimate composition and heating values were determined by standard meth- 
ods' at  the Bureau of Mines Coal Analysis Labarotory, Pittsburgh Energy Research Center. 

Determination of Extracted Iron 

An aliquot of filtered spent treating solution was transferred to a 125-ml Erlenmeyer flask, 
2-ml 6 3  H$O4 was added, the mixture w a s  heated to boiling, and 0.5 E KMn04 solution was 
added dropwise unti l the pink color persisted for at least 2 minutes. After addition of 10-ml of 
6 E HCI, the solution was again brought to  a boil, reduced by the Zimmennan-Reinhardt method, 
and titrated with 0.1 N cerate solution using Ferroin indicator. A blank titer was determined on 
the reagents, w b t r a c t a  from the sample titers, and the net titers calculated as Fe. 

Treating Procedures 

Varying the Treating Time 

Ten-gram samples of coal A were shaken at ambient temperature in 500-ml Pyrex Erlen- 
meyer flasks with IOO-ml portions of solution, which were 17 weight-percent HZ02 and 0.3 N 
HzS04. Treating times were 2, 4, 19, 24, 48, and 72 hours. One sample was treated with 0:. 
H,S04 alone for 72 hours. After treating, each mixture was fi l tered with the aid o f  vacuum through 
a fine-porosity f itted glass funnel, and the coal was washed several times with water unti l a small 
portion of wash showed l i t t le  or no sulfate content. Eclch treated coal and a portion of the un- 
treated coal were dried for 2 hours i n  a vacuum dessicator at  80" C and analyzed for proximate 
and ultimate composition and heating value. The combined filtrates and washes from each cool 
sample were analyzed for iron content. 

Varying Hydrogen Peroxide Concentration 

Thirty-gram samples o f  coal A were treated for 2 hours in the manner previously described 
with 100-ml portions of solution, each 0.1 E in H2S04 but with different concentrations of H,Oz 
in  each. Hydrogen peroxide concentrations were 7, 9, 11, 13, 15, and 17  percent. After filtering 
and washing, the coals were dried and analyzed, and the extracted iron was determined in each 
filtrate. 

Treating Coals Containing Different Proportions of Inorganic and Organic Sulfur 

Coals 6, C, D, and E, ranging i n  pyrite sulfur content from less than 1 percent to more than 
4 percent and ranging i n  organic sulfur content from 1 percent to 3 percent, were treated for 1 
hour with 15 percent HZ02 solutions that were 0.3 5 HzS04 and with 0.3 N HZSO4 alone. The 
volume of treating solution was 250-ml and the sample weight was 50 gramsin each test. The 
treating and workup procedures were the same as previously described. 
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Repetitive Treating 

Coals B and C were treated with 250-ml portions of 0.3 HzS04-10 percent hydrogen 
Three %-gram samples of each coal were first treated as previously des- peroxide as follows: 

cribed for 1 hour at ambient temperature. After f i l tering the three mixtures, one sample was 
worked up for analysis, and the other two were retreated with fresh solution for 3 hours at 55" C. 
After f i l tering the remaining two, one was worked up for analysis; the last sample was treated a 
third time with fresh solution for 7 hours a t  85" C., filtered, and worked up for analysis. 

RESULTS AND DISCUSSION 

Analyses of samples of coal A before and after treating for 2 to 72 hours are shown in  
table 1.  Acid-peroxide treatment caused a 49-percent decrease in sulfur content and a 32-percent 

TABLE 1 .  - Results' of treating high-sulfur coal A with H202-H2SOCor with H$O, alone 

Treating solution2 
Treating H707, H7SOd - -  - .  
time, hr wt-pct j j  C 

Untreated coal 
2 17 0.3 
4 17 .3 

19 17 . 3  
24 !? ..I 

48 17 . 3  
72 17 .3 
72 0 .5 

9 

68.9 

75.2 
75.4 
75. i 
75.0 

72.3 

74. a 

74. a 

H N S O  

4.8 1.1 4.5 7.9 
5.0 1.3 2.3 7.8 

5.0 1.3 1.9 8.4 
4.9 i . 3  2.0 8.3 
5.0 1.3 2.0 8 . 5  

4.8 1.2 3.9 7.5 

5.0 1 .3 2.0 7.9 

5.0 1 .3 2.0 9.0 

Ash 

12.8 
8.7 
8.6 
8.0 
8.4 
8.2 
7.9 

10.8 

Heating value, Extracted Fe, 
Btu/lb wt-pct of CWI 

12,460 0 
1.92 

--- 2.27 
13,310 2.32 
--- 2.33 

2.39 
13,380 2.45 
12,890 .31 

--- 

--- 

' Ultimate analyses and heating values on a dry basis. 
100-ml solution per 10 grams of minus 32-mesh cwl ,  ambient temperature. 

decrease in  ash content in 2 hours; thereafter, sulfur and ash contents decreased slowly to rnini- 
mums of 44 and 62 percent, respectively, of original values. Values of iron extracted followed o 
similar trend, which indicated that most improvements in composition were substantially accorn- 
plished in 2 to 4 hours. Heating values of the treated samples were about 7 percent higher than 
that of the untreated coal. The sample treated for 72 hours with 0.5 
modest increase of 3.5 percent in  heating value and decreases of only 13 percent in sulfur and 16 
percent in ash. It i s  apparent that this treatment for 72 hours had less effect on the coal than 2 
hours of treatment with acid-peroxide, which demonstrates the importance of HzO, in the solution. 

HZSO, alone showed a 

Another series of tests on the same coal indicates the importance of sulfuric acid in the 
treating solution. In these tests conducted for 2 hours at ambient temperature, the init ial  concen- 
trations of hydrogen peroxide were varied from 7 to 17 percent; in i t ia l  sulfuric acid concentration 
was 0.1 2 in each solution. The results, shown i n  table 2, show that at peroxide concentrations 
greater than 7 percent, very l i t t le  further change in coal composition was achieved. A t  17 per- 
cent peroxide concentration, comparison of these results with the results of 2 hours treating shown 
in table 1 indicate that the solution with the higher acid concentration was more effective in  re- 
moving iron and sulfur and in  lowering ash content. The analyses of sulfur forms show that only 
mineral sulfur was affected by acid-peroxide under these conditions. Neither organic sulfur nor 
nitrogen contents were appreciably affected by these treatments, and the increased heating values 
indicate there was l i t t le  or no attack on organic componenb. 
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TABLE 2 .  - Composition' of high-sulfur coal A before and after treating 
with HzOz-HzSO4 solution 

Treating Solution' Heating 
HzO2, H$O4 Ultimate analysis, wt-pct Sulfur forms, wt-pct value, Extracted Fe, 

wt-pct !y C H N S 0 Ash SO, Pyr. Org. Btu/lb wt-pct of coal 

Untreatedcoal 68.9 4.8 1.1 4.5 7.9 12.8 0.41 2.30 1.79 12,460 0 
7 0.1 73.0 5.0 1.2 3.3 8.0 9.5 .06 1.44 1.80 13,150 1 .15 

11 .1 72.9 5.0 1.2 3.1 8.5 9.3 .01 1.31 1.75 13,130 1 .31 

15 .1 73.3 5.1 1.2 2.8 8.3 9.3 .08 .94 1.78 13,170 1 .41 
17 . 1  73.3 5.0 1.2 2.9 8.4 9.2 .09 1.04 1.77 13,200 1 .50 

9 .1 73.0 5.0 1.2 3.1 8.4 9.4 .06 1.22 1.82 13,160 1.37 

13 .1 73.3 5.0 1.2 2.9 8.6 9.0 .05 1.12 1.73 13,180 1.39 

' Ultimate analyses and heating values on a dry basis. 
200-ml solution per 30 grams of minus 32-mesh coal, 2 hours at ambient temperature. 

To test the effectiveness of acid-peroxide treatment on coals having widely different pro- 
portions of sulfur types, 50-gram samples of four coals were treated for 1 hour at ambient tempera- 
ture wi th  250-ml volumes of either 15 percent H20z-0.3 N H,SO, or 0.3 N H2S04 alone. Results 
are shown i n  table 3. In a l l  cases acid-peroxide treatment was more effec?;'ve than treatment with 
acid alone in terms of reducing sulfur and ash contents and increasing heating values. As pre- 
viously observed, only the sulfate and pyrite sulfur were removed. Treatment of coal C with 0.3 fi 
H2S04 removed iron equivalent to  2 weight-percent of the sample, the source of which was not 
pyrite. 
tent i n  this acid-washed sample and the untreated c w l .  In general, dilute sulfuric acid treating 
removed varying amounts of mineral matter, including sulfates and nonpyrite iron, hut had no ap- 
parent effect on pyrite. 
alone and removed most of the pyrite but had no apparent effect on organic matter under these 
mild conditions. 

Calculated as iron oxide, this amount of iron would account for the difference in  ash con- 

In every case, acid-peroxide solution removed more mineral than acid 

To test the effects of multiple treatments, 50-gram samples of coals B and C were treated 
with one, two, or three 250-ml portions of a solution which was 10 weight-percent HzOz in 0.3 N 
HZSO,. Reactions in second and third treatments were quite slow a t  ambient temperature, and tG 
flasks were warmed to expedite peroxide decomposition. Analyses of the treated samples and of 
the untreated coals are shown in table 4 and show that these coals suffered some loss in quality 
when treated for a second and third time, characterized by a trend toward lower carbon contents 
and heating values accompanied by rising oxygen and ash contents. Even though the pyrite con- 
tents of the coals had decreased after the third treatment'to less than 10 percent of the original 
contents, the amounts removed by repeated treatment were relatively small. Both coals show a 
modest decrease in organic sulfur content after treating a second and third time. The change in 
coal C i s  more significant, amounting to o decline of 11  percent of the organic sulfur present in  
the coal after the first treatment. The results indicate that continued exposure t o  acid-peroxide 
after pyrite or other reactive minerals are removed leads to  oxidative attack on the organic matter. 

Although the main object of these experiments was to gouge the potential of a strongly oxi- 
dizing system for demineralizing coal, rather than to examine the chemistry in  detail, some abser- 
vations of mainly chemical interest emerged. Treatment o f  the coals used in this work with 10 to 
15  percent H 2 0 2  solution for 1 to 2 hours at ambient temperature had very l i t t le  effect on coal 
composition. The foregoing experiments demonstrate that in  the concentrations employed, only 
the mixture of HzO, and H$O,, but neither reagent alone, i s  capable of attacking pyrite or 
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TABLE 3. - Analyses' o f  coals before and after treating with 
Hz0,-H,S04 or with HZSO4 alone 

Treating solution' Heating Extracted 
H,O,, H,SO,, Ultimate analysis, wt-pct Sulfur forms, wt-pct value, Fe, wt-pct 

Coal wt-pct C H N S 0 Ash SO, Pyr. Org. 8tu/lb of coal 

Untreatedcoal 71.8 5.1 1.4 1.8 8.2 11.7 0.06 0.74 1.00 12,990 0 
B 0 0.3 72.3 5.0 1.4 1.8 8.0 11.5 .04 .79 .97 12,960 0.04 

15 .3 73.5 5.0 1.4 1 .1  8.2 10.8 .02 .08 1.00 13,060 .63 

Untreatedcoal 69.8 4.7 1.3 3.6 11.0 9.6 .08 1.06 2.46 12,590 0 
c o  .3 71.5 4.9 1.3 3.6 10.1 8.6 .01 1.11 2.48 12,800 .08 

15 .3 72.0 5.0 1.3 2.7 11.5 7.5 .06 .09 2.55 12,860 1.02 

Untreated coal 58.7 4.6 1.0 8.7 9.9 17.1 2.00 3.93 2.77 10,700 0 
D O  .3  65.7 4.9 1 . 1  7.9 6.5 13.9 .51 4.45 2.94 11,900 2.06 

15 .3 68.9 5.1 1.2 4.4 10.8 9.6 .29 1.15 2.96 12,360 4.38 
~~ ~ ~~ 

Untreatedcoal 73.7 5.3 1.6 4.1 6.7 8.6 .48 2.05 1.57 13,300 0 
E O  .3  75.9 5.5 1.6 3.8 6.4 6.8 .07 1.94 1.79 13,770 .46 

15 .3 77.0 5.6 1.7 2.5 8.0 5.2 .04 .58 1.88 14,040 1.56 

' Ultimate analyses and heating values on a dry basis. 
250-ml solution per 50 grams minus 32-mesh coal, ambient temperature for 1 hour. 

TABLE 4. - Effects of repeated treatment with 10-percent H,Oz-0.3 N H,S04 
on the composition' of two high-sulfur coals 

Heating Extracted 
Total Ultimate analysis, wt-pct Sulfur forms, wt-pct value, Fe, wt-pct 

Coal treatment2 C H N S 0 Ash SO, Pyr. Org. 8tu/lb of coal 

Untreated 71.8 5.1 1.4 1.8 8.3 11.6 0.06 0.74 1.00 12,990 0 
B 1 73.3 5.1 1.4 1.2 8.2 10.8 .01 . l l  1.08 13,090 0.60 

2 72.5 5.0 1.4 1.0 9.3 10.8 .O .04 .96 12,980 .72 
3 71.5 5.0 1.4 1.0 9.9 11.2 .O .03 .97 12,630 .74 

Untreated 69.8 4.7 1.3 3.6 11.0 9.6 .08 1.06 2.46 12,600 0 
A 1 72.9 5.1 1.3 2.8 10.3 7.6 .06 .16 2.58 12,900 .&I 

2 72.7 5.0 1.4 2.6 11.3 7.0 .08 .08 2.44 12,840 1.22 
3 70.1 4.6 1.3 2.5 14.3 7.2 . l l  .10 2.29 12,240 1.14 

I Ultimate analyses and heating values on a dry basis. * Each treatment 250-ml solution per 50 grams minus 32-mesh coal. First treatment, 1 hour at 
ambient temperature; second treatment, additional 3 hours at 55" C; third treatment, additional 
7 hours at 85" C. 
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demineralizing coal to the extent observed. 
furic acid, H,SO,, i s  formed in equilibrium quantity i n  the mixture and plays an important role i n  
the reaction. However, the expected in i t ia l  H,SO, concentration would be extremely low in the 
solution employed in this work because of the low H2S04 concentration and the low value of the 
equilibrium constant measured by Monger and Redlich.8 Further, in view of the rapid decomposi- 
tion of HZO, in contact with high-sulfur coal and the apparent low rate of HzSO5 formation,' it i s  
diff icult to reconcile the amount of peroxyacid expected in the treating solutions with the amounts 
of pyrite and other minerals removed unless i t  i s  assumed that substances i n  coal catalyze peroxy- 
acid formation. This catalytic effect has been observed for a number of metal ions ond for sul- 
fates,' and so could be expected i n  mixtures of H,O,, HZSO, and coal. The principle reactions 
are therefore visualized as catalytic formation of H$05 and oxidation of pyrite with competing 
peroxide decomposition by metal ions. After removal of most of the active metals and sulfates, 
from coal, oxidative attack on the organic matter becomes significant as indicated by analyses of 
coal subjected t o  repeated acid-peroxide treatment (table 4). 

It i s  therefore reasonable to postulate that peroxysul- 

Evolution of small amounts of hydrogen sulfide was detected when coals were treated with 
acid-peroxide, although none was detected when using HZSO4 or HzO, alone. Its presence in  the 
strongly oxidizing media was surprising. Acid concentrations were apparently too low to produce 
H,S from pyrite, in view of the selective extraction of sulfate from coal with -3  HCI, which i s  
not expected to  attack pyrite.7 Nalwalk and coworkers9 report that decomposition of coal with 30 
percent H,O, slowly oxidized pyrite to sulfate, but no evolution of HZS was mentioned either in 
this work or that of Ward." The formation of HZS cannot be conveniently explained as a result of 
HISO, formation because i t  i s  apparently a weaker ocid than sulfuric acid.' However, the forma- 
tion of HzS in minute quantities, whatever the reaction path, i s  not expected to be important i n  the 
overall reaction. 

Further experimentation i s  in progress to determine the most effective concentrations of 
peroxide and sulfuric acid for coal demineralization. On the premise that peroxysulfuric acid i s  
the most effective reagent and i n  order to increase i t s  in i t ia l  concentration, the concentrotion of 
sulfuric acid must be considerably higher than used i n  the init ial experiments described in  this 
work. 

CONCLUSIONS 

Treatment of high-sulfur coals with H,S04-HzOz solution lowers the sulfur and ash contents 
of the coals by removing pyrite, iron, and other minerals, leading to fuels of higher heating value. 
No significant attock on organic constituents occurs at ambient temperature before minerals sus- 
ceptible to oxidation have been removed. Acid-peroxide treatment apparently has potential as a 
method for demineralizing high-sulfur coals. 
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KEROGEN CONSTITUENTS: REDUCED CHLOROPHYLLIN AS A MODEL FOR 
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Laramie Energy Research Center, Laramie, Wyoming 82071 

INTRODUCTION 

In  evaluating and developing the resource potential of the Nation's vost oil-shale reserves, 
the U.S. Bureau of Mines has been conducting research in  the origins and chemistry of shale o i l .  
As part of this work, the role of plant pigments and their decomposition products as possible pre- 
cursars of the nitrogenous canparnds found i n  shale o i l  was investigated. An accurate picture of  
the origin of the compounds and their compound types may be an aid in analyzing the character of 
the oil, i t s  suitability as a refinery feedstock, or perhaps i t s  importance as a source of commer- 
cial ly valuable chemical canpounds. 

The idea that plant pigments may be the origin of nitrogen-containing compounds in shale 
o i l  i s  not new. Mapstone has proposed thert the pyrroles found i n  shale o i l  result from the pyroly- 
sis of the porphyrins in  chlorophyll.' It has been shown that kerogen, the organic phose of o i l  
shale, i s  45 to 60 percent heterocyclic material .2 This work was undertaken to substantiate 
Mapstone's proposal and to  see if plant pigments could be the origin of  the heterocyclic material 
in  kerogen. 

Experimentally, a comparison between the nitrogen compounds in a shale-oil l ight distil- 
late and the nitrogenous compounds found in the pyrolysates of chlorophyll derivatives was made. 
The similarity of the compounds found in both the shale o i l  and chlorophyllin pyrolysate indicates 
that reduced chlomphyllin derivatives are a good model for the portion of  kerogen that produces 
nitrogen compounds upon pyrolysis of o i l  shale. The present paper describes the preparation and 
characteristics of the kerogen model and shows that pyrolysis of this model yields pyrroles and 
products which are comparable to the nitrogenous products of shale oil. 

EXPERIMENTAL PROCEDURE 

Description of Materials 

Commercial Chlorophyllin 

Chlorophyllin i s  commercially available as the trisodium-capper salt with the empirical 
formula 5, 
saponification of plant material, and the resulting product frequently contains fatty acid salts as 
imp~r i t ies .~  A commercial sample of chlorophyllin with a nitrogen content of 4.83 percent was 
used i n  this study. This compares with the theoretical value of 7.73 for the pure salt, indicating 
that the commercial sample i s  63 percent pure. The remaining material i s  assumed to be fatty 
acid salts. 

N&u(COZNah. Most processes for commercial production of chlorophyllin involve 

Shale-Oil Light Distillate 

Samples for mass spectral analysis were obtained as follows. A 110-g sample of an in situ 
shale-oil light distillate wps separated on 880 g of Florisil. Each fraction was monitored by infra- 
red spectroscopy as a 2-percent solution i n  carbon tetrachloride. The fraction richest i n  pyrrolic 
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N-H  (as indicated by the intense bond at 3,480 cm-') was further fractionated into six subfractions, 
A,-A, using the method of  Snyder and b e l l  for separations on alumina.4 Three of the wbfrac- 
tions--A2, A3, and A5--were sufficiently different in the IR to be examined individually by mass 
spectroscopy, along with two later fractions which gave indications in the infrared of meriting 
further study, 

Reduction and Pyrolysis of Chlorophyllin 

Reduction 

The reduction of chlorophyllin with PtO, in glacial acetic acid with the resultant uptake 
of three moles of hydrogen to give hexahydrochlorophyllin i s  reported in the literature5 as a 
straightforward reaction, but this was not found to be so during the course of this study. Using a 
PtO2-to-chlorophyllin rat io of 2:25, H, pressure of 275 psig (at 25' C), and heating to 150' C for 
72 hours resulted in only partial reduction. A t  no time during this study was the success of the 
reaction predictable. In each case the reduced platinum was removed by filtration, and the ace- 
t i c  acid was removed with mi ld heat and vacuum on a rotary evaporator. The resulting dark brown 
material was the synthetic kerogen which was pyrolyzed to yield the oils which were compared 
with shale oil. 
acetic acid and then recovered by the above technique to yield chlorophyllin acetate for pyrolysis. 

For additional comparison, a sample of commercial chlorophyllin was dissolved in 

Pyrolysis of Reduced Ch loroph y 1 I in 

Samples to be pyrolyzed (-10 g) were placed in a 300-ml flask which was connected t o  a trap 
coaled with liquid nitmgen. The r y r t m  WI?S evacuated to -!0-2 mm fer =t !m:t 30 ~icute:;  then 
the pressure was reduced t o  mm, and heat was applied to the sample container with a hot 
air bath. Heat was applied slowly, and as i t  approached 200' C a clear distillate began t o  col- 
lect in the trap. This was believed t o  be excess acetic acid and perhaps some water. The pres- 
sure i n  the system also took a rapid jump t o  - 1 0-2 mm Hg as CO, was eliminated from the acids 
present. After the pressure began to drop, additional heat was applied unti l  the temperature in 
the air  bath reached 375' C to 425' C. The temperature was maintained at this level unti l  no 
more distillate, a dark red-brown liquid, was observed coming from the sample. At this point the 
pressure had risen t o  1 O-' mm Hg and remained fairly constant. The heating was discontinued, 
the system was allowed to cool to room temperature, and the pressure was returned to normal. The 
frozen distillate was dissolved in ethyl ether and washed with saturated NaHC03 until the wash 
water was basic. The sample was dried over onhydrous K,C03, and the ether was removed at 
room temperature under a slight negative pressure. If the acetic acid and water were not re- 
moved immediately, the sample tended to polymerize and form heavy precipitates. The samples 
were stored under a nitrogen atmosphere at Oo C. 

Characterization Procedures 

Chromatographic Separation and Analysis 

The pyrolysates from chlorophyllin and a reduced chlorophyllin were treated with an ion- 
exchange resin t o  separate the basic from the neutral material in the following manner. Two m l  
of a 5-percent solution of the pyrolysate in cyclohexane were passed through a column containing 
1 .O g of activated Rohm and Haas Amberlyst 15 cation-exchange resin with cyclohexane as the 
solvent. The first 2 ml of eluent were collected and used in the subsequent analysis. GC analy- 
s i s  by simulated distillation of aliquots of the solution before and after treatment and comparison 
of the sample areas gave percent basic nitrogen in the total sample. Breakdown of the GC output 
in terms of 50" C increments gives the relative distribution of compounds according to boiling 
range and, by inference, according to molecular weight. 
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T itrimetric Ana lysis 

Titration of the bases in the pyrolysates was done in acetic anhydride and in acetonitrile 
using an autotitmtor. The titrations were perfotmed on samples containing a,bout 0.1 mitliequiva- 
lent of nitrogen, using 0.1 N perchloric acid in dioxane based on the methods of  WimeP and 
hel l . '  The electrode system was glass versus calomel reference, and the electrolyte i n  the calo- 
mel electrode was methanolic KCI. 

Infrared Analysis 

Qualitative spectra of all fractions were run as 2-percent solutions i n  carbon tetrachloride 
with 0.5-mm NaCl cells. Quantitative pyrrolic N-H was determined by the method of Koros, 
et aI.6 

Mass Spectral Analysis 

Low-ionizing voltuge mass spectrometry at 14 to 16 nominal volts was used t o  obtain the 
molecular weights of the various homologous series i n  various samples. High-resolution spectra 
were run at 70 eV to confirm the empirical formulas of the various ims. 

RESULTS AND DISCUSSION 

Table 1 l i s t s  the elemental composition of the starting materials as well  as the distillates 

TABLE 1. - Elemental composition of the starting materials, distillates, and residues fmm the 1 
Carbon, Hydrogen, Nitragen, 

Sample wt-pct wt-pct wt-pct Carbon/h ydrogen 

Chlorophyllin 59.46 5.82 4.83 0.85 
Distil late 85.31 9.31 5.1 8 .76 
Residue 59.50 4.16 5.41 

Chlarophyl I in  acetate 58.45 6.14 4.26 .79 
Distillate 85.31 9.78 4.49 .73 
Residue 59.67 4.08 5.29 

Reduced chlorophyllin AI 60.07 6.53 2.88 .n 
Disti I late 85.21 10.90 2.96 .65 
Residue 59.49 3.82 5.04 

Reduced chlorophyllin d 46.24 6.03 2.19 .64 
Dist i l  late 80.85 10.00 4.78 .67 
Residue 38.45 2.73 2.99 

Reduced chlorophyllin A and Bare products of two separate reductions of commercial chloro- 
phyl l in with PtO,. 

and residues fram the pyrolysis of some samples of chlorophyllin and related products. The reduc- 
tion caused some hydrodenitrificatian, as shown by the lowered nitrogen percentages. Upon py- 
rolysis, the two reduced materials gave the products with the lowest carbon-hydrogen ratio as 
would be expected. 
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Figure 1 shows the distribution of basic and neutral compounds as defined by their affinity 
Pyrolysis of  reduced chlorophyllin produces 50 percent more for adsorption on Amberlyst 15 resin. 

basic material than does pyrolysis of the nonreduced material, and i t  i s  noteworthy that most of 
this additional material i s  fair ly low boiling, falling in the 200 to 300’ C range. 

Titration of the pyrolysates in nonaqueous solvents gives information concerning the strength 
of the various boses present. These data are presented in table 2. There appears to be no correla- 

TABLE 2 .  - Nitrogen composition of distillates 

Wt-pct Wt-pct Wt-pct 
Titratable strongly weakly very weakly 

Distillate source & total basic basic basic 

Chlorophyllin 1 .52 0 0.78 0.74 
Chlorophyl I in acetate 1.68 0 1.22 .46 
Reduced sample A 1 .R 0 .76 .81 
Reduced sample B 3.08 . 0 .82 2 .25 .  

tion between the amount of hydrogen in the starting material and the types of bases farmed, but the 
presence of bound acetic acid does favor the production of weak boses at the expense of the very 
weak bases. 

Tables 3 and 4 l i s t  the homologous series of nitrogen compoiunds feunc! ir! the !ov:-ionizing- 
voitage mass spectrum of the reduced chlorophyllin pyrolysate having the highest pyrrolic N-H 
content, 2.02 percent, and the f ive fractions of the shale-oil light distillate, respectively. High- 
resolution mass spectra on reduced chlorophyllin pyrolysates confirm the presence of a1 I the mono- 
nitrogen series of compounds listed in table 3 .  
i s  missing from the high-resolution mass spectrum. 
been isolated from shale o i l  .9 The absence of the Z = +1 series in the mass spectrum of the pyroly- 
sate i s  not too surprising; few materials in such a reduced state w w l d  be expected from the ther- 
mal decomposition of what i s  basically a hydrogen-poor substrate. The absence of the Z = -7 
series in the reduced chlorophyllin pyrolysate cannot be explained at this time, but i t  hos been 
found in other reduced chlorophyl lin’pyrolysates. 

In the shale-oil light distillate, the Z = -3 series 
Its absence i s  unusual because pyrroles have 

For the Z series (-3, -5, -7, -11) found in various chlorophyllin pyrolysates by mass spec- 
trometry, the following compound types are probably represented: 
roles, pyridines ( -5) ;  cycloalkylpyridines (-7); indoles (-9); and azanapthalene derivatives (-1 1). 
These represent materials whose presence has been reported in shale o i l  b e f ~ r e ~ , ’ ~  or that were 
found in this work. It i s  felt, therefore, that chlorophyllin derivatives, especially the reduced 
materials, represent a reasonable model for the portion of kerogen that produces nitrogen- 
containing compounds upon pyrolysis. 

Pyrroles (-3); cycloalkylpyr- 

SUMMARY 

The reduction and pyrolysis of o commercially availoble plant pigment extract, chloro- 
phyllin, i s  described. The amounts of  bases formed and their boiling-range distribution are re- 
lated to the hydrogen content of the starting materials. Mass spectrol studies are given which 
show that many of the same types of bases are found in the pyrolysate and in an in situ light dis- 
til late. These results indicate that reduced chlorophyllin may be used as a model for the nitrogen- 
containing constituents i n  kerogen. 

I 

\ 

t 
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TABLE 3. - Mononitrogen-containing molecular ions in the low-ionizing voltage man 
spectrum of reduced chlorophyllin pyrolysate 

Carbon No. Rings plus 
Series General formula double bonds 

I-a CnHzn-3N 6-1 4 3 
I-b CnHzn-5 7-1 5 4 

I-d CnHzn-I 1 N 14-1 8 7 
I-c CnHZn-9N 10-1 5 6 

TABLE 4. - Nonnitrogen-containing molecular ions  from the low-ionizing voltage 
mass spectra of chromatographic fractions of shale-oil light distillate 

Carbon No. Rings plus 
Series General formula range double bonds 

1 1 1 1  
It-b 
I I-c 

I I-d 

I I-f 
113 

I I-h 
I I-i 
Il-i 

I I-k 
11-1 

Fraction A2 

Fraction 4 

Fraction A5 

Fraction 42 

Fraction 58 

8-1 4 
10-1 3 
10-1 4 

9-1 4 

8-1 2 
12-15 

8-1 2 
11-15 
13-1 5 

8-1 5 
9-1 4 

1 
7 
6 

7 

5 
7 

6 
7 
8 

4 
7 
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NITROGEN COMPOUND TYPES IN GREEN RIVER OIL  SHALE AND ITS 
KEROGEN DEGRADATION PRODUCTS 

J. J. Cummins, R. E. Poulson, and W. E. Robinson 

Energy Research ond Development Administration 
Laramie Energy Research Center, Laramie, Wyoming 82071 

INTRODUCTION 

Information about the nitrogen compounds in  oil shale and oil-shale degradation products 
i s  needed in order to  provide more efficient processes for converting oi l  shale to useful energy w i t h  
minimum environmental contamination. At present very l i t t le i s  known about the types of nitrogen 
compounds present in the soluble extrocts thot can be obtained from oi l  shale or the types of nitro- 
gen compounds that are formed when previously extracted oil-shale samples are heated for pro- 
longed periods at temperatures below those usually employed in  retorting. 

Some research has been done on the nitrogen compounds in shale o i l  and oil shole. Smith 
and coworkerd4 separated a shale-oil distillate boiling above 400' F on Florisil into hydrocorbon 
and nonhydrocarbon nitrogen-containing fractions. Haines and coworker4 published techniques 
for separating and identifying nitrogen compounds in  petroleum and shale oil. 
Dinneen4 developed a gas-liquid chromatography method, based on using detergent as the solid 
phase, for separating basic nitrogen compounds in shale oil. Dinneed identified pyridines, indoles, 
quinolines, and tetrahydroquinolines in shale ni!. Moore rind Dunning' isolated the porphyrins from 
oil-shale extracts and determined that they were complexed with iron and nickel. Anders and 
Robinson' studied the polar constituents isolated from Green River o i l  shale and found thot olkoxy- 
pyrrolines, alkylmaleimides, tetrahydroquinolines, and quinolines were present i n  the polar material. 
Morandi and Jensen' compared the porphyrins from a shole-oil fraction, oil-shale extract, and a 
petroleum fraction. They f w n d  that the porphyrins in oi l  shole ore a complex mixture of etio-type 
porphyrins in the 366 to 522 molecular-weight range. Simoniet and coworkerd3 studied nitrogenous 
compounds of the Green River Formation and found quinoline, indole or pyridine, and tetrahydro- 
quinoline present in their oil-shale extrocts. 

Decora and 

The object of this research was to  increase our knowledge about the effect of depth of bur- 
ia l  on the nitrogen compounds present i n  Green River o i l  shale and to  determine what types of 
nitrogen compounds are formed when oil shale i s  heated at  temperatures i n  the range of 150' to 
350' C for periods from 0.5 to  360 days. The present paper describes the results obtained for ni- 
trogen compound-type analysis of fractions of the complex high-molecular-weight oi l-shale 
products. In the study of extracts from the oil-shale,core samples, an attempt was made to relate 
the analytical data to depth of burial and to determine if depth of burial affects the type of nitro- 
gen compounds present i n  the extracts. In addition, the effect on oil-shale nitrogen structures due 
to  long-time heating at low temperatures similar to that experienced peripherally to i n  situ retort- 
ing operations was determined. 

EX PER IME NTA L PROCEDURES 

The samples used in this study were obtained from two previous oil-shale studies. The ex- 
tracts (soluble bitumen) obtained from a core of the Green River Formation are the same as des- 
cribed in a report by Robinson and Cook12 on the 2,300-foot Colorado No. 1 core. The low- 
temperature thermal products (pyrolytic bitumen) are the same as those described by Cummins and 
Robinson3 where previously extracted 66-gpt oil shale from the Bureau of Mines' demonstration 
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mine at Rifle, Colorado was heated at temperatures ranging from 1 50° to 350° C for periods rang- 
ing from 0.5 to 360 days. The samples were fractionated into acid, bases, neutral-nitrogen, oroma- 
tic, and saturate compounds by a fractionation scheme. Each of the various fractions were analy- 
zed for strong bases, weak bases, very weak bases, and nontitratable nitrogen by potentiometric 
titration. No attempt was made to distinguish between titratable nitrogen compounds and titrata- 
ble nonnitrogen compounds; however, the latter type has been found by Poulsonll to be insignifi- 
cant in  shale-oil products. 

Product .Fro ct i onati on 

The samples used in  this study are high-molecular-weight complex materials; however, they 
are amenable to a fractionation ond separation scheme devised by Jewell, et 01 .' Figure 1 shows 
the fractionation scheme used and the fractions that resulted. 

The acid and base fractions ore removed with Amberlyst A-29 anion- and Amberlyst 15 
cation-exchange resins, while the neutral nitrogen fraction i s  removed by coordination-complex 
formation with ferric chloride supported on Attapulgus clay. Most of the nitrogen compounds are 
removed as acid, base, and neutral nitrogen fractions. The remaining hydrocarbon material was 
sepamted into aromatic and saturate fractions by adsorption chromatography on a column of 
Davison grade 12 silica gel. 

Analyses of Fractions 

The concentration of nitrogen present in  the original samples and in  the acid, base, neutral 
nitrogen, aromatic, and saturate fractions of these samples was determined using a system consisting 
of a reductive-nickel pyrolysis tube which directed the pyrolyzed product to an ammonia micro- 
coulometer. Samples were introduced through a boat inlet into the pyrolysis tube. Types of nitro- 
gen compounds present in  the fractions were determined using published methods by StreuIit5 and 
Nicksic.'O No  attempt was made to identify individual nitrogen compounds in  this research. 
Nitrogen compounds referred to i n  this report are based on be l l ' s2  published classification results. 

RESULTS AND DISCUSSION 

The nitrogen content was determined for somples obtained either by extracting portions of 
Colorado No. 1 core or by thermally degmding oil-shale kerogen. The nitrogen content of the 
oil-shale core extracts range from 0.1 1 to 0.82 percent, and the thermal degradation products 
ranged from 1.36 to 2.22 percent. On an average basis, the thermal product contains 2.7 times 
more nitrogen than the core extracts. 

The distribution of the fractions obtained from Colorado No. 1 core extracts i s  shown in  
table 1. Al l  the fractions contain more hydrocarbon (aromatic plus saturated) material than polar 
(acid, base, and neutral nitrogen) material except sample No. 7. The base-to-acid ratio remains 
at about one except for samples Nos. 24, 58, and 59. The base-to-neutral nitrogen ratio remains 
at about one except for samples Nos. 7, 24, and 58. The highest ratio of base-to-acid or bose-to- 
neutral occurs in sample No. 58. The most hydrocarbons appear in the two samples at the bottom 
of the core. This generalization agrees with the results published by Robinson and Cook.12 The 
average percents show that the polar moterials are equally divided between the acid, base, and 
neutral nitrogen fractions. The various amounts of loss are probably complex high-molecular- 
weight materials generally insoluble in the solvents used in  the fractionation scheme. 

The distribution of fractions of kerogen thermal degradation products appears in table 2. 
The amount of aromatic and saturate fractions range from 37.7 to 60.0 percent of the total thermal 
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TABLE 1 .  - Distribution of the fractions obtained from Colorado No. 1 care extracts 

Sample Depth of Fraction, weight percent of total product 
N o  e burial, ft Acid Base Neutral-N Aromatic Saturate Loss 

5 943.7- 947.4 
6 989.5- 990.5 
7 995.4- 998.1 

17 1,399.8-1,401 .3 
9 1,076.3-1,079.9 

20 1,539.5-1,541 .O 
24 1,696.1 -1,697.1 
58 3,039.0-3,040.3 

12.0 12.0 13.2 
11.7 10.5 9.3 
21.1 16.9 10.3 
13.2 12.6 10.2 
11.3 11.1 10.4 
14.9 11.6 11. 1  
6.0 10.8 23.1 
4.2 12.8 7.0 

22.0 
22.1 
19.4 
24.4 
29.3 
26.2 
29.3 
20.2 

33.2 7.6 
30.7 15.7 

30.3 9.3 
27.7 10.2 
36.1 .1 
23.2 7.6 
40.6 15.2 

23.6 8.7 

2.4 
Average 10.7 11.5 11.2 23.4 34.7 8.5 

- _. 
66.8 - 3,065.1-3,071.2 2.3 4.8 5. a 17.9 - -  59 

TABLE 2. - Distribution of fractions of kerogen thermal degradation products 

Heating Temperature Fraction, weight percent of total product 
time, days "C Acid Base Neutral-N Aromatic Saturate Loss 

21 .2 16.5 17.5 
90 200 7.9 11.3 10,6 25.5 27.9 i 6 .8  
li 250 17.2 21.2 7.1 24.3 19.6 10.6 
4 300 8.3 23.2 6.3 34.0 26.0 2.2 

15.7 34.4 7.5 - 8.0 
27.9 19.5 11.0 

360 1-50 12.4 15.4 17.0 

- - 9.1 25.3 - -  0.5 350 
Average 11.0 19.3 11.3 

product. Three fractions contain less than 50 percent hydrocarbon material (aromatic and saturate). 
A l l  the thermal products contain higher proportions of base than acid material. On an average 
basis, about the same amounts of acid'and neutral material are present. The amount of aromatic 
material generolly increases with temperature from 150" to 350" C and on an average i s  about 1.4 
times the amount of either the saturate or base material. The percent loss tends to  decrease wi th  
increased temperature as the complex materials are thermally degraded to  lower-molecular-weight 
and mare soluble materials. 

The nitrogen content of fractions of the core extracts appears in table 3. As expected, 
most of the nitrogen i s  concentrated in the polor fractions, and the largest amount of nitrogen al- 
ways appears in the base fraction. Samples Nos. 58 and 59 have base-to-acid nitrogen ratios 
ranging from 7 to 9.5 compared to  an average of about 1.9 for samples 5 through 24. Also, sam- 
ples NOS. 58 and 59 have base-to-neutral nitrogen ratios of 7 to 15 compared to an average of 
about 3 for samples Nos. 5 through 24. These results suggest same form of diagenetic process at 
the bottom of the core similar to that expected by thermal alteration. 

Nitrogen content of fractions of the kerogen thermal degradation products appears in  table 
Most of the nitrogen appears i n  the base fractions as i t  did in the oil-shale core extracts. On 4. 

an average basis, aromatic fractions contain about 2.5 times more nitrogen than the comparable 
core fraction while the saturate fractions are approximately equal. The ratios of nitrogen i n  the 
base fractions relative to the acid and neutral nitrogen for thermal products prepared at 200" C 
and above are high. They range from about 5 to 10 in regard to  base-to-acid nitrogen ratio and 
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TABLE 3. - Nitrogen content of fractions of the core extracts 

\ 

? 

\ 

Sample Nitrogen cantent, weight percent of total nitrogen 
No. Acid Base Neutral-N Aromatic Saturate Loss 

5 
6 
7 
9 

17 
20 
24 
58 
59 

Average 

25.8 
23.2 
19.8 
24.7 
22.1 
24.8 
12.4 

5.1 
9.0 

18.5 
- 

42.8 
39.7 
40.6 
55.8 
42.8 
29.7 
38.7 
48.7 
63.6 
44.7 

15.0 
13.9 
1,Q. 9 
11 ..1 
20.0 
19.2 
8.5 
3.3 
9.0 

12.3 
- 

4.5 
2.9 
1.9 
3.4 
5.0 
6.6. 
5.6 
9.6 
9.0 
5.4 
- 

3.4 
3.2 
1.2 
3.1 
3.5 
4.6 
5.6 

13.9 
9.0 
5.3. 
- 

8.5 
17.1 
25.6 

1.9 
6.6 

15.1 
29.2 
19.4 

.4 
13.8 
- 

TABLE 4. - Nitrogen contenh of fiactions of the kerogen thermal. degradation products 

I Heating Temperature Nitrogen content, weight percent of total nitrogen 
time, days OC Acid k s e  Neutral-N Aromatic Soturate Loss i 

360 150 14.9 26.7 6.2 4.3 2.5 45.4 
1 90 200 7.0 33.6 9.9 9.6 5.5 34.4 

12 2 50 15.4 46.0 7.1 10.2 5.4 15.9 
’\ 4 300 2.7 26.7 4.1 12.2 7.2 47.1 

t 

9.8 - 5.6 38.0 - -  0.5 350 
Average 9.1 34.2 7.4 

17.6 25.4 
12.3 4.8 32.2 

- 3.6 - - 
\ 

from abaut 3 to more than 6 for the base-to-neutral nitrogen ratio. These results are roughly simi- 
lar to the resu l t s  obtained on samples Nos. 58 and 59 of the core fractions (table 3) showing the 
change expected by thermal alteration. 

1 

The distribution of nitrogen-compound types present in  fracfions of the core extracts ap- 
pears i n  table 5. Four different nitrogen-compound types were determined and are as follows: 
Strong bases, weak bases, very weak bases, and nontitratable nitrogen compounds. Contrary to 
what one would expect, strong base compounds appeared in the neutral nitrogen fractions. The 
separation method used should have retained any strong bases on the cation resins. One possible 
reason for the presence of strong bases in  this fraction may be steric hindrance and molecular shape. 
Nitrogen compounds such. as highly alkylated substituted pyridines could pass through the cation 
resin. No strong bases appear in any of the other fractions. A l l  of the acid and base fractions 
contain both weak and very weak base type nitrogen compounds. Quinolines, hindered pyridines, 
and phenanthridines may be present in the weak-base type of nitrogen compounds. Weak bases 
are present in both the neutral nitrogen samples Nos. 6 and 17 and in  saturate sample No. 9. A l l  
of the fractions except aromatic fraction No. 17 and saturate fractions Nos. 7 and 9 contain very 
weak base type nitrogen compounds. Very weak base type compounds could be anilines and cer- 
tain ocridines which acetylate and titrate as amides in  acetic anhydride. Al l  of the acid and aro- 
matic fractions, three of the base fractions, one of the neutral nitrogen fractions, and two of the 
saturate fractions contain nontitratable nitrogen compounds. Nontitmtable nitrogen-type cam- 
pounds could be certain muhiring pyrrolic nitrogen compounds, amides, or diamides that are par- 
t io l ly  or completely insoluble in acetic anhydride. Also, other high-molecular-weight insoluble 
materials in these fractions of the extracts could account for sane of the titratoble nitrogen type. 
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TABLE 5. - Distribution of nitrogen-compound types present i n  fractions of the core extracts 

Nitrogen content, relative weight percent of total nitrogen 
Nonti tratoble 

Sample No. Strong base Weak base Very weak base nitrogen 

5 
6 
7 
9 
17 

5 
6 
7 
9 
17 

5 
6 
7 
9 
17 

5 
6 
7 
9 
17 

5 
6 
7 
9 
17 

t1 
(1 
t1 
< 1  
( 1  

( 1  
tl 
(1 
t1 
< 1  

33 
( 1  
14 
32 

< I  

< l  
( 1  
t1 
< 1  
tl 

( 1  
( 1  
( 1  
( 1  
( 1  

Acid fraction 
4 
4 
4 
29 
46 

@use froction 
6 
6 
5 

39 
56 

Neutral nitroaen fraction 

26 
( 1  
< 1  
10 

Aromatic froction 
t1 
< 1  
tl 
( 1  
< 1  

Saturate fraction 
( 1  
< 1  
( 1  
100 
t1 

6 
5 
5 
57 
46 

6 
5 
4 
61 
44 

67 
74 
86 
68 
23 

9 
21 
1 1  
9 

tl 

100 
100 
t1 
( 1  
26 

90 
91 
91 
14 
8 

88 
89 
91 

< 1  
< 1  

< 1  
tl 
tl 
< l  
67 

91 
79 

91 
100 

a9 

< 1  
< 1  
100 
tl 
74 

In general, the results show that most of the nitrogen compounds in the various fractions of 
the extracts from Colorado No. 1 core consisted of very weak bases or nontitratable nitrogen 
compounds. Some fractions contained weak bases and there was some evidence of strong bases in 
the neutral nitrogen fraction but generally the nitragen components were of the less basic forms. 

The distribution of nitrogen-compound types present in the kerogen thermal degradation 
products shown in table 6 are similar to that obtained for the core extracts i n  that most of the 
nitrogen-type compounds in the acid and base fractions appear in the weak base and very weak 
base class. Only the 360-day, 150" C saturate fraction contained strong base nitrogen compounds. 
This material must consist of high-molecular-weight hindered nitrogen compounds that did not re- 
act with the resins or with the silica-gel during the sepatation. Most of the nitrogen-type com- 
pounds in the neutral nitrogen fractions appear as nontitratable nitrogen; however, about half of 
the nitrogen in  the 90-day, 200" C sample i s  very weok base type nitrogen as would be expected 

I 3 
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TABLE 6. - Distribution of nitrogen-canpound types present i n  fractions of the kerogen 
thermal degradation products 

Nitrogen content, relative weight percent of total nitrogen 

time, days "C Strong base Weak b e  Very weak base nitrogen 

Acid fraction 
360 150 < 1  35 65 ( 1  
w 200 < 1  n 29 20 

Heating Temperature, Nontitratable 

360 150' 
Base fraction 

< I  44 
w 200 < T  n 

56 
29 

Neutral nitrogen fraction 
360 150 ( 1  16 < 1  
90 200 < 1  < 1  46 

360 150 
Aromatic fraction 

< 1  < 1  5 

< 1  
< 1  

84 
54 

95 
90 200 < l  < 1  80 20 

Saturate fmction 
360 150 62 ( 1  < 1  38 
w 200 < 1  < 1  9 91 

by aJr separation scheme. One womotic fmction contained 80 percent very weak base nitrogen 
compounds and two aromatic fractions contained more than 90 percent nontitratable nitrogen-type 
compounds. 

In general, the results far the kerogen thermal degradation product were about the same as 
those obtained for the extracts from the oibshole core samples. Most of the- nitrogen compounds 
consisted of very weak bases or nonMhtabR nitragen compounds; however, weak bases predomi- 
nate in two of the fractions. One saturate froction contained predmFnmtly strong base; but, in  
general, most nitrogen compounds were of the less basic forms. 

SUMMARY 

Most of the nitrogen compwnds in the extracts from ail-shale core samples and i n  the kero- 
gen thermal degradation products consisted of very weak bases or nontitrotable nitrogen. There 
was some evidence of strong bases and weak bases in  some of the fractions, but generally the 
nitrogen-compound types consisted of the less basic forms. Basic nitrogen components were the 
most extensive at the greatest depth of burial for the core extracts, suggesting alteration to more 
basic forms of nitrogen compounds similar to those found in  shale-oil products. The results of 
nitrogen-compound type analysis for the kerogen thermal degradation products prepared at 1 50" 
and 200" C were about the same os those obtained from extracts from the oil-shale core samples. 
Additional analyses w i l l  have to be mode i n  order to determine the effect of increased temperature 
upon the nitrogen compound-type distribution. 

I 
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NITROGEN TYPES IN LIGHT DISTILLATES FROM ABOVEGROUND A N D  IN SITU 
COMBUSTION PRODUCED SHALE OILS 

J. R .  Morandi and R. E. Poulson 

Energy Research and Development Administration 
Laramie Energy Research Center, Laramie, Wyoming 82071 

INTRODUCTION 

There i s  some evidence that in s i t u  retorted shale oils may have generally lower hetero- 
atom and polar compound concentrations than oboveground retorted oils.'t2 This could make 
in situ oils more attractive as refinery feedstock or os fuel sources than aboveground produced 
oils. To help determine i f  differences in heterocompound composition might exist between oils 
produced in these different ways, light distillate fractions (400" to 600" F nominal boiling range) 
from two different types of internal combustion retorting processes, one aboveground and one 
in situ, were compared in analyses. 
which the exiting o i l  had the opportunity for contacting raw o i l  shale or included minerals. 

Both oils were produced i n  forward-burn type processes i n  

The main difference in the two retorting processes was the time-temperature history of the 

Direct 
oils produced, The aboveground process using crushed shale was a rapid-heat, high temperature 
process whereas the in s i t u  process was apparently a slow-heat, low temperature process.' 
gas-to-solids heat exchange occurs i n  both processes. Other imponderables such as the contact 
of  the product ail with raw shale or air  i n  either case, or raw or spent shale i n  situ could, of 
CWUTS~,  affect the character oi the o i l  aiso. 

The aboveground retorted oi l  (AGRO) was made from a shale oi l  produced from Colorado 
Green River Formation oi l  shale by the Union Oil  Retort A3 and i t s  nitrogen bases have been 
studied b e f ~ r e . ~  

Additional compound-type information i s  available from early work with a shale-oil naph- 
tho5 and a heavy gas oi l6 from a different aboveground combustion retort-produced crude (a 
Nevada-Texas-Utah type retort). Much of this compound-type information has been drawn upon 
i n  the following discussion when specific compound types are postulated as relating t o  a nitrogen- 
or oxygen-type value determined. 

The in situ retorted o i l  (ISRO) studied here was made from a shale oi l  produced in the 
Northern Green River Formation near Rock Springs, W y ~ m i n g . ~  The shale used i n  the aboveground 
retort came from the Mahogany zone of the Piceonce Basin in Colorado. Although the o i l  shales 
used were far apart, they were both of the Green River Formation. The Wyoming shale appears 
to be very similar in composition and properties to the extensively studied Mahogany zone oi l  
shales.* Therefore, i t  was assumed that if both shales had been retorted i n  the same way, the oils 
produced would have been similar, 

The light distillate from the aboveground retorted o i l  (AGRO) represents 15  percent of the 
crude, but the l ight distillate from the i n  situ retorted oi l  (ISRO) represents 50 percent of the 
crude. A larger proportion of light products appears t o  be characteristic of i n  situ-produced shale 
oils.' 
similar nitrogen levels, but sulfur and oxygen are much lower in the ISRO. The nature of sulfur 
and oxygen compounds in shale oils has been summarized earlier9 and i n  this symposium.' For 
production of refined products, sulfur and oxygen compcund types apparently disappear with 

In table 1 the heteroatomic concentrotions are shown for the two distillates. Both oils have 
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hydrodenitrogenotion before nitrogen types so that the nitrogen-type assessment seems of primary 
importance. For other contemplated uses of the resource, such as low grade burner fuel ar as a 
source of specific chemical compounds, other heteroatomic compounds could be of comparable 
importance. 

\ 

'I 
\ 

TABLE 1. - Heteroatoms in  the shale-oil light distillates (400" to  600" F) 

Aboveground In s i  tu 
Element retorted o i l  retorted o i l  

A B 
Total nitrogen 1 3 4  1 3 4  

Oxygen (by difference in  ultimate analysis) 1.24 .35 
Sulfur .90 .53 

The weight-average molecular weight for the oils corresponds to C,,., or 200 based on 
simulated distillation. Using this value and assuming, for illustration, a maximum of heterocom- 
pounds with one nitrogen atom per molecule, the nitrogen levels shown in  table 1 would represent 
20 percent nitrogen-type compounds in either distillate. With similar assumptions for oxygen and 
sulfur, the AGRO would contain about 16 percent oxygen compounds and 6 percent sulfur com- 
pounds. The ISRO distillate would contain about 4 percent oxygen compounds and 3 percent SUI- 
fur compounds. Over 80 percent of the nitrogen in  either of these oils i s  titratable as basic 
compounds. 

This paper reports a comparison of some observed nitrogen types i n  these two oils (distil- 
lates). In addition, some oxygen types have been estimated because they appear to relate closely 
to the chemistry of the nitrogen types and there i s  a large difference in the elemental oxygen con- 
tents of the oils. Techniques for nitrogen-type characterization of shale oils developed and op- 
plied previousl#r10 have been used. Some techniques in  a state of development for phenolic and 
carboxylic acid-type characterization of  shale oils have been applied also. 

EXPERIMENTAL WORK 

Separation Procedure 

The fractionation scheme used i s  depicted in  detail in  figure 1 and summarized i n  table 2. 
The procedure" involved anion-exchange fractionation followed by cation-exchange fractionation 
to  prepare three acid fractions (AI, A,, 4) and three base fractions (4, &, 83).  The raffinate from 
this procedure was further fmctionated on a ferric chloride-Attapulgus clay column" into three 
fractions (N,,, N1, and N2). The first of these neutral fractions, No, i s  referred t o  also as the HC 
(hydrocarbon) fraction. Approximately 50 g of each distillate was fractionpted using 50 g of each 
ion-exchange resin. Twenty grams of the raffinate from the ion-exchange resins was separated 
on 140 g of the ferric chloride-Attapulgus clay mixture. 

The solvents were percolated at 20" C through the column removing most of the material 
in the fraction. The remaining amount of material was removed by percolating fresh solvent 
through the column and recirculoting by distillation the solvent from the receiver back to the top 
of  the column. Percolation was continued until there was no evidence of sample being desorbed 
from the column. Solvents were removed at reduced pressure, with slight rectification, and the 
recovered fractions were stored under an inert atmosphere at 0" C. 

- 
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Acids 

Liqht dirt i l lotc m 

Cation res in  

b Anion resin 

Benzene Methanol Methanol-carbon 
fract ion fract ion dioxide fraction 

1 Ferric chloride- I 
Attopulpus clay 

Bases 

81 82 8 3  Pentane 

Hydrocarbon [Neutra l  nitrogen 
fraction I 

NO 

FIGURE 1. - Separation scheme. 
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Adsorbents 
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The anion- and cation-exchange resins were Rohm and Haas Amberlyst A-29 and Amberlyst 
A-1 5, respectively. The resins and ferric chloride supported on clay were prepared, activated, and 
extracted as described by Jewel1 

Solvents 

N-pentane (99 percent, Phillips Petroleum) was purified by percolation through activated 
sil ica geTand by flash distillation. Benzene and methanol (reagent grade, J. T. Baker) were 
flash distilled as was 1,2-dichloroethane (Eastman Chemical Co.). The isopropyl amine (reagent 
grade, Eastman) was used as received. Acetonitrile and dioxane used in  the titrations were puri- 
f ied by passing through activated alumina. 

i 

I 
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TABLE 2. - Anion-, cation-exchange, and ferric chloride-Attapulgus clay 
fractionation sequence 

Amount, wt-pct of distillate 
Aboveground com- In situ combus ion t; Desorbing 

Fraction name solvent bustion retorted oil? retorted oil- 

Acids From Anion-Exchange 
Resin Column 

AI, very weak Benzene 1.65 

A3, weak Methanol-carbon dioxide 1.32 
A,, very weak Methanol 1 .a 

Bases From Cation-Exchange 
Resin Column 

1.32 
1.87 

.76 

4, very weak Benzene .48 

4, weak Methanol -i sopropy I am i ne 8.45 
very weak Methanol .11 

Neutrals From Ferric Chloride 
Clay Column 

NO hydrocarbon Pentane 79.44 
N, f i r s t  neutrol 1,2-Dichloroethane 4.75 
N, second neutral Methanol 2.20 

.57 

.08 
10.12 

81.85 
2.84 

.63 

2.6 Percent loss apportioned throughout. 
- 1.6 Percent loss apportioned throughout. 

Characterization Procedures 

Procedures applied to shale o i l  previously have been described earlief'~10~'2-19 but w i l l  be summa- 
rized here along with procedures for oxygen types being developed. The sequence in the separa- 
tion scheme i s  a potent characterization tool in  itself and i s  used to supplement information ob- 
tained from more direct determinations described below. The various fractions have been given 
letter symbols and also names shown in table 2 to aid i n  discussion. Most of the fractions are 
actually heterogenous with respect to acid-base character. 

Nitrogen Types 

Total nitrogen value, NT, was determined with a reductive, hydrogen-nickel pyrolysis tube 
followed by an ammonia microcaulometer cell. A cool boat inlet system was used. Nonaqueous 
potentiometric titration was used to  classify the nitrogen c o m p o u n d ~ ~ ~ r ~ ~  into strong base nitrogen, 
N (pKa 8 to 2); very weak base nitrogen, N 

fa l l  in these basic types are: Ytrong base type (alkylamines), weak base type (pyridines, quina- 
lines, anilines, highly ring alkylated pyrroles, N-methyl indoles, etc.), very weak base type 
[pyrroles, indoles, amides (including cyclic amides)], and nonbasic types (nitriles, carbazoles, 
second nitrogen atom in some diazo-compounds, etc.). Because some pyrroles and indoles titrate 
only about 70 percent, they contribute to the nanbasic nitrogen also. 
dilute solution absorption near 3,480 cm-1 was used to determine pyrrolic NH type, nitrogen 

(pKa > 8); weak. base nitrogen, N w 
-23; and nonbasic nitrogen N (pKa < -8). Examples of the various nitrogen 

Infrared spectrometry of 
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NN- .14,15 C ~ l o r i m e t r y ' ~ ~ ' ~  was used to determine a- or 0-unsubstituted pyrrolic-type nitrogen 

N 7excludes carbazoles). 

Oxygen Types 

PY r 

Infrared spectrometry of  dilute solutions in the free -OH region was used to classify oxy- 
gen types based on the frequency of the absorption supplemented by the fractionation sequence 
information. In acid fractions 3,610 cm-l was assumed specific for phenols and 3,530 cm-I was 
assumed specific for carboxylic acids."r2' In fractions generated below 4 i n  the sequence, the 
3,610 cm-l absorption was assumed t o  represent sterically hindered phenolic types which were not 
taken up by the anion-exchange resin. The 3,530 cm-' region absorption for the post-acidic frac- 
tions was attributed to sterically hindered carboxylic-type compounds. Alcoholic OH, bridged 
phenolic OH, or some amide N-H absorptions would have been indistinguishable from that assigned 
t o  sterically hindered carboxylic OH. Spectra of the fractions were run at such dilution that 
Beer's law applied for the absorptions considered. Calibrations were made based on measured 
molar absorptivity values for the specific type compounds: Phenol and alkylated phenols, and 
octanoic and benzoic acids. 
lations was assumed equal to that of the corresponding unhindered free OH. 

The molar absorptivity for the sterically hindered OH-type calcu- 

RESULTS AND DISCUSSION 

Distribution of Organic Material in Fractions 

In table 2 the gravimetric recoveries of various fractions are compared for the two oils. 
The A, and A2 acid froctions tcgether represent about 3;2 percent of either ci!. Ths AGRS frac- 
tionates equally between the two, but the ISRO i s  split with A2:Al equal to 1 .5. In the last acid 
fractions, 4, the AGR0:lSRO ratio i s  1.7. The quantities of base fractions are similar, as are 
those of the hydrocarbon fractions (No). The N,, AGRO: ISRO ratio i s  1 .67 and the N, ratio i s  
3.5. Based on the data i n  table 2, the distillates show some differentiation i n  distribution of the 
very weak acid fractions. The AGRO distillate shows considerably more weak acid present than 
the ISRO distillate. The neutral fractions adsorbed by ferric chloride represent twice as much 
material i n  the AGRO as in the ISRO distillate. Basic and neutral hydrocarbon fractions are com- 
parable in quantity for the two distillates. 

Titrations 

Distillates 

The titration data for the two distillates and fractions as weight percent of the distillates 
are shown in table 3. Total nitrogen concentrations for the two oils are the same. The AGRO ti-  
tration shows 0.79 percent NWB compared to 0.90 percent N for the ISRO. The NVWB value 
in  the AGRO i s  0.42 percent compared to 0.22 percent i n  th?l!RO. The AGRO oi l  shows slightly 
less N In summary the titratable bases are similar in amount for the two dist i l -  
lates. y h e  ratio AGR0:lSRO for N l .9 indicating lower basicity--i.e., 
fewer weak bases and more very wegebases--for the AG88although there i s  a slightly higher 
NN value for the ISRO. 

Acidic Fractions 

than the ISRO. 
i s  0.88 and for N 

The very weak acid fractions AI plus A, AGRO:ISRO, NVWB ratio i s  1.8 which i s  in the 

same direction as the similar rat io far the whole distillates. In the A2 fractions the AGRO:ISRO, 
N ratio i s  10 although the amount of base represented i s  small. Bases in the 4 fractions are 
low in quantity and comparable. v w  
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TABLE 3. - Distribution of weakly basic, very weakly basic, and nonbasic 
nitrogen in fractions and distillates 

Nitrogen, wt-pct of l ight distillate 
Aboveground In situ 

F rac ti on NWB NVWB NN NWB NVWB NN 
Disti I late 

4 
A2 
A3 
4 
BZ 
83 
t\ll 
N 2  
NO 

0.79 
.010 
.013 
.005 
.016 

.59 

.014 

.001- 

--- 

.04lb 

0.42 
. o s  
.031 

.012 

.0092 

.130 

.057 

.074 

0 

0 

0.13 
.017 
.004 
.005 
.005 

.033 

.056 

.054 

.038 

--- 

Recoveries 

0.90 
.009 
.015 
.004 
.026 

'72 b 

.013- 

.002 

--- 

.Ol% 

0.22 
.045 
.003 
.OOl 
.006 
.009 

0 
.085 
.019 
.015 

0.22 
.023 
.007 
.006 
.005 

.023 

.034 

.004 

.070 

--- 

T O ~ I  in fractions5 .69 .37 .21 .80 .18 .17 
Change in type -.lo -.05 +.08 -.lo -.04 -.05 

E Too small to titrate; this figure i s  based on the total nitrogen. 
- Approaches strong-base titration characteristic potential. 
5 Total nitrogen recovery AGRO = 94 percent; ISRO = 86 percent. 

Basic Fractions 

In the two very weak base fractions, 4 and 4, the overall basicity of the bases titrated i s  
less for the AGRO fractions as in  the original distillates. The weak base fractions for both oils 
titrate almost completely as weak bases with an AGRO: ISRO NWB ratio of 0.82. A small amount 
of nonbasic nitrogen i s  present. 

Neutral Fractions 

The amount of nitrogen i n  the three neutral fractions which titrate as weak base or very 
weak base i s  remarkable. The total nitrogen, NT, i n  these fractions i s  0.465 weight-percent of 
the AGRO and 0.252 percent of the ISRO. Based on on assumption of one nitrogen atom per 
molecule and a molecular weight in  this distillate of about 200, these figures would represent 7 
weight percent of the distil late as nitragen-containing compounds retained by the ion-exchange 
resins for the AGRO and about 4 percent for the ISRO distillate. The potential for polymeriza- 
tion of pyrroles, and more slowly indoles, in  acid media" and for their loss to cation-exchange 
resinsZ3 i s  well known so that the question of artifact formation of neutrals through polyetmization 
was considered. Previous worv showed less than 0.5 weight percent polymer in neutrals from 
cation-exchange fractionation of the AGRO. Weak base titrations in this paper approaching 
strong base character were observed for the AGRO-N, fraction and for the ISRO-No and N2 frac- 
tions. Because no strong base titration i s  observed for the originol distillates, this suggests possi- 
ble pyrrole trimer formation which would have a strongly basic nitrogen atom in  addition to two 
pyrrolic-type nitrogen atoms. The nitrogen and oxygen types observed in the neutral fractions are 
treated i n  the following discussion as the monomeric entities the functional ports would represent. 
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The summation of  titrations on the AGRO froctions No, N,, and N, indicates them to con- 
tain about twice the basic nitrogen concentration of the ISRO neutrals. These levels represent 
about 26 percent of the basic nitrogen and 114 percent of the neutrol nitrogen for the AGRO and 
about 13 percent of the basic and 49 percent of the neutral nitrogen for the ISRO. 

The overall nitrogen recovery from table 3 wos 94 percent for the AGRO, which i s  prob- 
ably within the experimental error involved, but only 86 percent for the ISRO, which probably 
indicates a real loss of nitrogen-containing compounds to the columns. The oils showed similar 
decreases i n  N w B  and NVWB as shown at the bottom of table 3, but the AGRO showed an ap- 
parent increase in NN compared to a loss in the I S R U  NN. The increase in NN for the AGRO 
could represent a shift i n  more basic nitrogen to nonbasic nitrogen. Since the shift i s  toward for- 
mation of neutral nitrogen, oxidation might be a suspected cause. Core wos taken to prevent this 
by nitrogen purging. Another possible explanation i s  that titration chorocteristic potentials de- 
pend to some extent on the matrix os shown by Buell ,I8 We assume the latter to be the case and 
that the net decrease in basic nitrogen and increase in N N in the AGRO occurred for this reason. 

In summary the distillotes and fractions indicate thot the AGRO hos lower basicity in 
general than the ISRO. 
oxidation of  most amines produces weaker bases or nonbasic compounds. There was appreciable 
loss of nitrogen in the fractionation of the ISRO, but this wos not so for the AGRO. Questions of 
artifacts possibly introduced by the separation scheme have not been thoroughly assessed but have 
been disiauiited iii :he following discussions. 

This i s  consistent with a picture of a more oxidized oi l  since, for example, 

Pyrrolic-Type Nitrogen 

Table 4 shows the distribution of pyrrolic-type nitrogen i n  the oils and their fractions. 
The notable differences here ore the lorger NN-H i n  the AGRO and the large loss from this cate- 
gory i n  the fractionation. 

nitrogen in the AGR&kI la te  are NNH = 0.21 and Npyr = 0.11, the latter value does not in- 
clude 0.10 weight percent of the distillate which represents closely the loss of NN-H through the 
fractionation sequence. A l l  the other pyrrolic nitrogen values in the original oils are preserved 
in the fractions within experimental error. The observed loss of 0.10 weight-percent of the AGRO 
distillate os NN-H represents o real difference between these oils. One type of material this 
could represent i s  carbazoles, but these are believed to be excluded by the distillate cut  point^.^ 
f’yrroles or indoles with aand  p substituents are an alternative interpretation fitting this boiling 
range.4 Pyrroles are known to be lost rapidly to cotion-exchange resins while indoles react at a 
much slower rate.n &sed on these facts, the NN-H = 0.1 1 weight-percent of the oi l  i s  postu- 
lated to represent ar and P-substituted pyrroles. Using this assumption that pyrroles have been 
lost to the cation-exchange resin and thot the pyrrolic nitrogen remaining i s  indole type, the ratio 
of N-H pyrrole nitrogen to indole nitrogen in the AGRO would be about unity but for the ISRO 
the ratio would be about 0.23. The N volues are largely recovered i n  the fraction and prob- 
ably represent mostly indole-type nitrogen assumed shown by the NN-H values in the recovered 
f ract i ons . 

The loss of N i s  interpreted as follows. Because the init ial  values of pyrrolic-type 

PY‘ 

It might be expected thot the higher temperature oil, the AGRO, would show NN-H pre- 
dominantly because as shown by JacobsonZ4tz5 N-alkyl pyrroles and indoles rearrange thermally to 
C-alkyl isomers. Other unknowns such as thecontact of  the in situ oi l  with minerols i n  the post- 
retorting region could account for differences however. 
appear to be lost preferentially to the columns i n  this work i s  sur rising because these types ore 

investigation, 

That highly substituted N-H type pyrroles 

the more stable with respect to polymerization i n  ocidic media.’ P This subject requires further 



169 

TABLE 4. - Distribution of pyrrolic-type nitrogen 

Nitrogen, wt-pct of light distillate 
Aboveground In situ 

Fraction N ~ - ~  Npyr N ~ - ~  Npyr 

Original light distillate 

AI 
A2 
A3 
4 
4 
4 
Nl 
N2 
NO 

Total i n  fractions 
Change i n  type 

0.21 
.013 
.0022 
.0016 
.0018 
.0005 
.0027 
.078 
.0077 
.0016 

0.11 
.017 
.OD08 
.0002 
.0016 
.0003 
.0017 
.043 
.0042 
.014 

0.16 
.042 
.0023 
.0003 
.002 8 
.0002 
.002 8 
.056 
.0032 
.024 

0.1 1 
.046 
.0016 
.0001 
.0026 
.0002 
.0008 
.035 
.0011 
.0023 

Recoveries 

.ll .083 .13 .om 
-.lo -.03 -.03 -.02 

In the first acidic fractions, A,, the AGRO shows about one-fourth of the NN-H and one- 
third of the Npyr that the ISRO fraction does. Both oils show concentration of NN- 
i n  the first neutral fraction. The AGRO N O  fraction shows 6 times the N yr of the o#er oil, \$ 
the NN-H values are reversed with the ISRO showing 15 times the A G R 8  NN-H value. 

and N 

Oxygen-Containing Types 

Heteroatoms Per Molecule 

Tables 5 and 6 show summaries of nitrogen types and hydraxylic types for the AGRO fmc- 
tions and the ISRO fractions, respectively. The results are tabulated in milliequivalents per gram 
in  the fraction. These numbers should be compared with a molal concentrotion of organic mate- 
r ia l  of approximately 5 millimoles per gram for a distillate of M.W. 200 l ike the distillates we 
are discussing. The polar compounds in  these distillates may be heavier than this but w i l l  not 
change the interpretation much. The total of nitrogen and oxygen atomic concentrations obser- 
ved runs ashigh as 6.36 in the fractions indicating an average of as much as 1 . 3  heteroatoms per 
molecule in some cases. The oils appear similar in respect to the heteroatom-per-molecule values 
based only on nitrogen and hydroxylic oxygen 

Acid Fractions 

The oils differ markedly in their hydroxylic composition i n  the acid fractions. It was ex- 
pected from the character of the anion-exchonge resin that most of the phenols would be desorbed 
in the first two fractions, A1 ond A,, and any corboxylic ocids would appear i n  4. For the AGRO 
this appears true. Except for a minor amount of phenolic type in  Py, the fraction i s  carboxylic 
acid types. On  the other hand for the ISRO, Py contains largely phenolic types with a minor 
amount of carboxylic types. The appearance of major amounts of phenolic types i n  pS for the 
ISRO suggests these phenolic types have electron-withdrawing substituents present to  enhance 
their acidity. SubstituentP which could produce considemble enhancement of the acidity of 
phenols are for example formyl-, cyano-, or nitro- olthough no identification of these types of 
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materials has been mode in shale oils. The pheno1ic:corboxylic molal ratios are about 4 for the 
AGRO and about 16 for the ISRO. The 4 fractions were of limited solubility i n  carbon tetra- 
chloride so that the actual ocid concentrations may have been larger than observed. If fraction 
AGRO, 4 were presumed to be 100 pqrcent carboxylic acids plus phenols, the pheno1ic:carboxy- 
I ic  ratio could be os low as 3. Higher NN i n  the ISRO-A, fraction correlates with the greater 
pyrrolic nitrogen-type volues observed in table 4. The NVWB for the AGRO-A, fractions i s  10 
times that for the other oil. It does not correlate with N-H so this material may be amide type, 
including cyclic amide (pyridone, quinolone, etc.) types which have been indicated b e f ~ r e . ~  
Additional neutral nitrogen i n  the AGRO-4 fraction could also be placed i n  this category for 
the same reasons. 

Base Fractions 

Small amounts of hydroxyl appear in the base fractions and are comparable for the oils ex- 
cept i n  the B, fractions. This fraction of either oi l  i s  such a smoll amount of the o i l  it w i l l  not be 
discussed further. 

3 

\ 

\ 
k 

\ 

I 

\ 

i )z 

Neutral Fractions 

N o  hydroxyl absorption appeared in the No (hydrocarbon) fractions. The AGRO-N, frac- 
tion shows six times the hydroxyl absorption that the ISRO-N, fraction does. 
AGRO-N, fraction i s  4.75 weight-percent of the o i l  whereas the ISRO-N, fraction i s  2.84 weight- 
percent of i t s  oi l .  The AGRO-N, fraction represents a much larger hydroxyl concentration i n  the 
oi l  than the ISRO-N, fraction. The AGRO-N, fraction i s  2.20 weight-percent of i t s  oil and the 
ISRO-N, fraction i s  only 0.63 percent of its oi l  olthough i t  has slightly higher -OH concentration. 
The summation of hydroxyl types i n  the neutral fractions gives o molar ratio AGRO: ISRO of 9 in 
the oils with the concentration of these hydroxylic neutral types in the AGRO being only 0.03 
milliequivalent/gram oi l .  

In addition, the 

In the neutral fractions, nitrogen-containing types appear much more abundant than hy- 
droxyl types. From the AGRO neutral fractions the summation of nitrogen concentrations i s  0.31 
m e d g  oi l  and from the ISRO neutral fractions the nitrogen concentration i s  0.18 m e d g  o i l  either 
of  which i s  over an order of magnitude above the hydroxyl-type concentrotions found in either. 

N onhydroxy I i c Oxygen Types 

The comparison of the concentrotions in the distillates of each of the heteroatoms S, N, 
and 0 i s  shown in table 7 along with 0-phenolic, 0-carboxylic, and NVWB found in this work. 
The value of phenolic plus carboxylic oxygen in the AGRO = 0.23 and in the ISRO = 0.17. This 
i s  about 77 percent of the ISRO distillate total oxygen but only about 30 percent of  the AGRO 
distillate oxygen. Assuming NVW to contain one oxygen atom per molecule and including i t  in 
the summation of oxygen types would occcunt for 150 percent of the ISRO distillote oxygen but 
only 70 percent of the AGRO distillate oxygen. This suggests a large portion of the oxygen in the 
AGRO occurs in other forms than we have considered. Dinneen’ has shown the presence of benzo- 
furan in on AGRO-type naphtha and perhops these types occur in this distillate also. Combina- 
tions of oxygen with sulfur could also occount for the rest of the oxygen. Previous examination4 
of  the AGRO showed sulfoxides absent but other forms were not determined. 

CONCLUSIONS 

This paper shows that there can be considerable variation i n  the distribution of  some nitro- 
gen and oxygen types in two combustion retorted shale oils. It i s  not presently possible to infer 
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TABLE 7. - Comparison of heteroatomic types in  400 to 600" F distillate fractions 

Concentration in  distillate, m e d g  
Species Aboveground In s i  tu 

ST 
NT 
OT 

0.28 
.96 
.78 

0.17 
.96 
.22 

Oxygen Accounted For 

OT - 
0-phenol i c .15 

NVWB - 
0 -carboxylic .08 

.30 

Total .53 

.15 

.02 

.I6 

.33 
- 

much about retorting mechanism from these data because of the many unknowns i n  the post- 
retorting regions in the production of the oils. The analyses of these two oils show many qualita- 
t ive differences in polar fractions which could form the basis for a retorting index or parameter for 
comporaiive evaiuaiion of shale oils. 

SUMMARY 

The differences in observed chemical types for the AGRO and ISRO could be interpreted 
largely in terms of a greater oxygen content in the AGRO. 
be showing upas higher very weak base content (probably amides) compared to the ISRO distillate. 
The molal ratio of weak bases AGR0:ISRO i s  0.88 and the ratio of very weak bases AGR0:lSRO 
i s  1.9. The AGRO pyrro1e:indole ratio calculated i s  unity, but the ISRO pyrro1e:indole ratio i s  
0.23. The molal rotio of pheno1ic:carboxylic acids i s  about 5 for the AGRO but about 16 for the 
ISRO. Small amounts of hydroxyl occur i n  the neutral nitrogen fractions of the oils but are 
dwarfed by the nitrogen content. The nonhydrocorbon neutral fractions of the AGRO represent 
twice the concentration in the o i l  that the similar ISRO neutral fractions do. Hydrocarbon frac- 
tions from both oils show appreciable (0.3 to 0.5 percent) pyrrolic nitrogen concentrations. To 
account for the oxygen level i n  the AGR0,oxygen types other than hydroxylic, carboxylic, and 
amidic must be considered to account for 30 percent of the AGRO oxygen, but the ISRO oxygen 
could be accounted for this way. Although marked differences in  the oils can be observed, con- 
clusions about differences i n  retorting based on the heterocompound types found are tenuous be- 
cause of the many questions involved in the post-retorting history of the oils. 

Part of this oxygen in the AGRO may 
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\ ABSTRACT 
\ 

Crude sha le  o i l  from i n  s i t u  r e t o r t i n g  of Wyoming o i l  sha l e  by t h e  underground 
3 combustion method was hydrocracked over a nickel-molybdena c a t a l y s t  i n  a s ingle-  

pass operation a t  800°F, 1,500 psig pressure,  and 0.5 volume of o i l  per volume 
o f  ca t a lys t  per hour. The l i qu id  product was f r ac t iona l ly  d i s t i l l e d  i n t o  naphtha 
and heavier o i l .  The f r ac t ions  d i s t i l l i n g  above naphtha were co l lec ted  a t  5'F 
in t e rva l s  and nitrogen percentages were determined on these .  The d i s t r i b u t i o n  
of nitrogen i n  54 d i s t i l l a t e  f r ac t ions  is repor ted .  

\ 

\ 
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Laramie Energy Research Center ,  Laramie, Wyoming 82070 

INTRODUCTION 

Crude s h a l e  o i l s  produced by i n  s i t u  combustion r e t o r t i n g  of  Green River o i l  
s h a l e  c o n t a i n  more t h a n  t w i c e  a s  much n i t r o g e n  a s  h i g h - n i t r o g e n  petroleum crudes .  
Because e x i s t i n g  r e f i n c r i e s  would n o t  be a b l e  t o  cope w i t h  t h e  h igh  n i t r o g e n  con- 
t e n t  of  s h a l e  o i l  i f  i t  were a s u b s t a n t i a l  p a r t  o f  t h e  r e f i n e r y  feed ,  t h e  Nat ional  
Pe t ro leum Counci l  (NPC) h a s  sugges ted  (1) t h a t  c rude  s h a l e  o i l  be  upgraded a t  t h e  
r e t o r t i n g  s i t e  by a p r o c e s s  o f  c a t a l y t i c  hydrogenat ion  t o  produce a premium feedstock 
c a l l e d  "syncrude." 

We have a l r e a d y  shown (2 )  t h a t  a premium r e f i n e r y  f e e d s t o c k  can  be produced 
from i n  s i t u  c r u d e  s h a l e  u s i n g  methods sugges ted  by t h e  NPC. We have a l s o  d e t e r -  
mined (3) t h e  nitrogen-compound types  remaining i n  t h e  f i n i s h e d  syncrude s i n c e  i t  
would be  t h e s e  compounds w i t h  which a r e f i n e r  would have t o  d e a l  i f  he used a s i m i -  
l a r  c r u d e  i n  h i s  r e f i n e r y  feed .  

In  t h e  NPC p r o c e s s ,  t h e  c rude  s h a l e  o i l  i s  d i s t i l l e d  t o  produce naphtha ,  l i g h t  
o i l ;  heavy oil, and rcsiduiim. The residuum i s  processed i n  a de layed-coking  u n i t  t o  
produce petroleum coke and a vapor  s t ream. The vapor  stream from t h e  coking  u n i t  
f lows  back t o  t h e  c r u d e  d i s t i l l a t i o n  u n i t  f o r  s e p a r a t i o n  i n t o  v a r i o u s  f r a c t i o n s .  
The naphtha ,  l i g h t  o i l ,  and heavy o i l  are subsequent ly  hydrogenated to remov n i t r o g e n  
and s u l f u r  and t o  reduce  t h e  v i s c o s i t y  and pour  p o i n t  o f  t h e  f i n i s h e d  syncrude. 

One a l t e r n a t e  method of  p r e p a r i n g  syncrude from crude  s h a l e  o i l  would be  t o  
hydrogenate  t h e  t o t a l  c r u d e  s h a l e  o i l  i n  a one-s tep  process .  T h i s  would n o t  only 
r e d u c e  t h e  number o f  p r o c e s s i n g  u n i t s  r e q u i r e d  a t  t h e  r e t o r t i n g  s i t e ,  b u t  could 
r e s u l t  i n  h i g h e r  y i e l d s  o f  l i q u i d  and gaseous products  s i n c e  t h e  coking s t e p  would 
b e  e l i m i n a t e d .  

The purpose of  t h e  p r e s e n t  work w a s  t o  p r e p a r e  a syncrude o f  t o t a l  n i t r o g e n  
c o n t e n t  comparable t o  t h a t  o f  a n  NPC-type syncrude produced e a r l i e r  ( 2 - 3 )  by c a t a -  
l y t i c a l l y  hydrogenat ing  t h e  t o t a l  i n  s i t u  c rude  s h a l e  o i l  i n  one s t e p ,  and t o  d e t e r -  
mine t h e  amounts and t y p e s  of  n i t r o g e n  compounds remaining i n  t h e  f i n i s h e d  syncrude. 
Y i e l d s  o f  products ,  p r o p e r t i e s  of t h e  f i n i s h e d  syncrude,  and amounts and t y p e s  o f  
n i t r o g e n  compounds remain ing  i n  t h e  one-s tep  syncrude a r e  compared wi th  t h o s e  o f  a 
m u l t i s t e p  syncrude prepared  by an NPC-type process .  

PROPERTIES OF I N  SITU CRUDE SHALE OIL 

The crude s h a l e  o i l  used  i n  t h i s  work, t h e  same as t h a t  used i n  our  prev ious  
s t u d i e s  ( 2 - 3 ) ,  w a s  o b t a i n e d  from an i n  s i t u  combust ion r e t o r t i n g  experiment  near  
Rock S p r i n g s ,  Wyo;,, d u r i n g  t h e  l a s t  week o f  t h e  experiment .  It i s  cons idered  t o  be 
a r e p r e s e n t a t i v e  s t e a d y  s ta te"  o i l .  P r o p e r t i e s  o f  t h e  i n  s i t u  c rude  s h a l e  o i l  a r e  
shown i n  t a b l e  1. 

ANALYTICAL METHODS 

Standard  ASTM procedures  were used wherever  p r a c t i c a b l e .  C a t a l y s t  d e p o s i t  per -  
c e n t a g e s  were c a l c u l a t e d  from t h e  w e i g h t s  of  carbon d i o x i d e  c o l l e c t e d  on ascarite 
when t h e  d e p o s i t s  were burned w i t h  a s t ream o f  a i r  passed through t h e  r e a c t o r  a t  
t h e  end o f  a run.  Hydrogen consumption w a s  c a l c u l a t e d  from p r e c i s e  measurements of  
t h e  amount of  hydrogen fed t o  t h e  u n i t  and t h a t  c o l l e c t e d  i n  t h e  product  gas .  
n i t r o g e n  v a l u e s  i n  t h e  o i l s  were determined w i t h  a r e d u c t i v e ,  hydrogen-nickel  

T o t a l  
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TABLE 1. - Properties of in situ crude shale oil 

Gravity, O API 
Nitrogen, weight-percent 
Sulfur, weight-percent 
Pour point, F 
Viscosity, SUS at 100" F 
Carbon residue, weight-percent 
Ash, weight-percent 

28.4 
1.41 
0.72 
40 
78 
1.7 
0.06 

pyrolysis tube and an anunonia microcoulometer. 
an oxygen combustion tube and a sulfur dioxide microcoulometer. Samples were water 
washed. Samples for sulfur analysis were also extracted with mercury and filtered. 

Sulfur values were determined with 

Nonaqueous potentiometric titration (4-7) was used to classify the nitrogen 
types into weak-base (pKa + 2 to + 8), very weak-base (pKa - 2 to + 2),  and neutral 
types (nontitratable). Infrared spectrometry (6 -8 )  was used to determine the con- 
centration of pyrrolic N-H type nitrogen (which includes carbazoles). Colorimetry 
(with p-dimethylaminobenzaldehyde) (6, 9-10) was used to determine pyrroles and 
indoles with an unsubstitutedKorp position which are termed here pyrrolic nitro- 
gen (excludes carbazoles). 

EXPERIMENTAL 

The total in situ crude shale oil was hydrogenated over a presulfided, nickel- 
molybdenum catalyst in a fixed-bed, bench-scale unit. The crude oil was mixed with 
5,000 scf of hydrogen per barrel and passed downflow over the catalyst bed at a 
rate of 0.7 weight of oil per weight of catalyst per hour (Wo/Wc/hr). The catalyst 
was contained in a stainless steel reactor. The temperature of the reactor was 
maintained at 815" F by means of a four-zone electric furnace, each zone of which 
was independently controlled. Pressure in the reactor was maintained at 1,500 psig 
by means of a backpressure regulator, and liquid products were collected in a sepa- 
rator maintained at 200 psig. Tail gas from the separator was metered and sampled. 
The hydrogenation was accomplished in a continuous 10-day run. 

Liquid products were drained from the separator after each 24-hour period of 
operation and washed with water to remove amnonia and hydrogen sulfide before a 
sample was taken for analysis. Aliquot portions of the daily liquid products were 
combined to form the finished syncrude. A portion of the syncrude was then frac- 
tionated to obtain a C5 - 175" F light naphtha, a 175"-350" F heavy naphtha, a 
350"-550" F light oil, and a 550' F+ heavy oil. Preparation of the multistep syn- 
crude was described in detail earlier (2) but consists basically of a distillation 
unit, a delayed coker, and three catalytic units for hydrogenations of heavy oil, 
light oil, and naphtha separately. 

RESULTS AND DISCUSSION 

In table 2, the yields of products from hydrogenation of the total in situ crude 
shale oil (one-step) are compared with yields of products from separate hydrogenation 
of various distillate fractions (multistep) (2). The yield of C4+ liquid product was 
104.5 volume-percent for the one-step process and 103 volume-percent for the multi- 
step process. 
step process, but there was a substantial decrease in the yield of heavy oil with a 
corresponding increase in the yields of gas, naphtha, and light oil. Hydrogen con- 
sumption was somewhat higher for the one-step process (1,475 scflbbl versus 1,280 
scf/bbl) as the result of the increased depth of conversion- 

The yield of C5+ liquid product was only slightly higher for the one- 
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TABLE 2 .  - Comparison of product  y i e l d s  from m u l t i s t e p  and 

o n e - s t e p  hydrogenat ion  o f  i n  s i t u  crude s h a l e  o i l  

Mu1 t i s  t e p  One- s t e p  
P r o d u c t ,  p e r c e n t  o f  c r u d e  Weight Volume Weight Volume 

C4+ l i q u i d  product  
C5+ l i q u i d  product  
C5 - 175"  F l i g h t  naphtha  
175"-350" F heavy naphtha  
350"-550" F l i g h t  o i l  
550"-850" F heavy o i l  
Coke ( c a t a l y s t  d e p o s i t )  
Hydrogen 
Methane 
Ethane 
Ethylene  
Propane 
Propylene  
I s o b u t a n e  
Butane 
Butenes 
Ammonia 
Hydrogen s u l f i d e  

93.81 
92.66 

2.34 
19.60 
45.68 
25.04 

1 / 3 . 2 4  
2/-2.19 

0.69 
0.68 
0.03 
0.72 
0.09 
0.26 
0.79 
0.10 
1.57 
0.62 

102.99 
101.24 

2.96 
22.65 
49.45 
26.18 

0.41 
1.20 
0.14 

95.27 
93.42 

2.62 
21.14 
51.44 
18.22 
0.13 

31 -2.53 
1.31 
1.37 

1.41 

0.46 
1.39 

1.69 
0.75 

104.54 
101.67 

3.33 
24.20 
55.03 
19.11 

0.76 
2 . 1 1  

- 1f - 2 /  1,280 s c f / b b l .  
- 31 1 , 4 7 5  scE/bbl. 

M u l t i s t e p  p r o c e s s  i n c l u d e s  a coking ~ t 2 p .  

T a b l e  3 shows t h e  e f f e c t  of o p e r a t i n g  t i m e  on t h e  n i t r o g e n  c o n t e n t s  and g r a v i -  

TABLE 3. - E f f e c t  of  o p e r a t i n g  t ime on n i t r o g e n  c o n t e n t s ,  
d e n i t r i f i c a t i o n  r a t e  c o n s t a n t s  and g r a v i t i e s  
o f  l i q u i d  product  

N i t r o g e n  c o n t e n t  D e n i t r i f i c a t i o n  
Days on of  l i q u i d  p r o d u c t ,  r a t e  c o n s t a n t  G r a v i t y ,  
s t r e a m  P Pm I n  No/Nt(.7) API 

1 51  5.26 44.2 
2 a3  4.79 43.8 
3 148 4.20 43.8 
4 17 7 4.00 43.3 
5 195 3.92 43.2 
6 207 3.86 43.2 
7 238 3.72 43.2 
8 306 3.47 43.1 
9 316 3.44 43.1 

10 338 3.37 43.0 

t i e s  of t h e  l i q u i d  p r o d u c t s .  Under t h e  c o n d i t i o n s  used i n  t h i s  experiment  t h e r e  
was a s i g n i f i c a n t  d e c r e a s e  in t h e  a c t i v i t y  o f  t h e  c a t a l y s t  d u r i n g  t h e  course  of  t h e  
r u n .  T h i s  i n d i c a t e s  t h a t  c r u d e  s h a l e  o i l  could not  be processed under t h e s e  severe  
c o n d i t i o n s  i n  a f ixed-bed u n i t  w i t h o u t  f requent  r e g e n e r a t i o n  of t h e  c a t a l y s t .  

P r o p e r t i e s  of t h e  syncrudes  and t h e i r  v a r i o u s  d i s t i l l a t e  f r a c t i o n s  a r e  shown 
i n  t a b l e  4. S u l f u r  c o n t e n t s  o f  bo th  o f  t h e  syncrudes  d iscussed  was n e a r  t h e  lower 
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TABLE 4. - Compari&n of syncrudes and distillate fractions from 
multistep and one-steD hvdroaenation of in situ crude 
shale oil 
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Mu 1 ti s t ep One- s tep 

Syncrude, volume-percent of in situ crude 
Gravity, API 
Nitrogen, ppm 
Sulfur, ppm 

Butanes and butenes, volume-percent of syncrude 
C5-3%" F naphtha, volume-percent of syncrude 

Gravity, APL 
Nitrogen, ppm 
Sulfur, ppm 

102.99 104.50 

250 225 
43.9 44.6 ,, 

5 6 : 

1.7 2.7 
24.8 26.3 
54.7 53.4 
1 83 
8 3 

350"-550" F light oil, volume-percent of syncrude 48.1 52.7 
Gravity, ' API 41.5 38.5 
Nitrogen, ppm 79 200 
Sulfur, ppm 1 5 

550" F+ heavy oil, volume-percent of syncrude 
Gravity, API 
Nitrogen, ppm 
Sulfur, ppm 

25.4 18.3 
35.6 36.2 
935 513 
9 5 

level of experimental uncertainty. 
ppm, the significance of a few parts per million is doubtful because of difficulty 
in removing hydrogen sulfide and colloidal sulfur. The total nitrogen contents of 
the syncrudes were essentially equal; however. there were substantial differences 
in the distribution of nitrogen in the distillate fractions. 

Although sulfur could be detected down to 0.5 

In table 5, the distribution of nitrogen in the two syncrudes and their dis- 
tillates is sham. Although total nitrogen in the two syncrudes is comparable, it 
is seen that the nitrogen in the one-step syncrude occurs in significantly higher 
concentrations in the heavy naphtha and light oil fractions and in lower concentra- 
tion in the heavy oil fraction in comparison with the multistep syncrude. 

In table 6 the nitrogen distributions as percent of total nitrogen in the syn- 
crudes and their distillates is smarized according to basic and neutral types. 
Almost all (86.5 percent) of the nitrogen in the multistep syncrude appears in the 
heavy oil, but for the one-step syncrude only about half (49.7 percent) appears in 
the corresponding distillate. 
percent of the total nitrogen in the syncrude. 
largely carbazole type in either oil. 
large values for N-H type nitrogen and small values for (e or ,6 unsaturated) pyrro- 
lic-type nitrogen. A predominance of carbazole structures was indicated by mass 
spectrometry in the characterization of the multistep heavy oil ( 3 ) ,  but mass spec- 
trometry was not used in characterization of the one-step syncrude. The fate of 
the neutral nitrogen then appears similar in either multistep or one-step process- 
ing; the neutral type concentrating in the heavy oil while other, more readily 
hydrogenated types react. 

The neutral nitrogen in these heavy oils is about 40 
This neutral nitrogen appears to be 

This can be inferrecl from table 5 by the 

As shown in table 6 the amounts of basic nitrogen (weakly basic plus very 
weakly basic nitrogen) relative t o  the total nitrogen is similar for the two syn- 
crudes, but differs markedly for the corresponding distillate fractions in the two 
oils as does the occurrence of primary and secondary amines. In the multistep 

I 
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TABLE 6 .  - Basic and n e u t r a l  nitrop,en d i s t r i b u t i o n  i n  svncrudes  

and t h e i r  f r a c t i o n s  

Ni t rogen ,  p e r c e n t  
o f  t o t a l  i n  syncrude 

T o t a l  Basic  N e u t r a l  IO, 110 a m i n e s l l  

Syncrude?/ 
Sync rud e21 

100 60.0 40.0 
100 64.4 35.6 

Light  naphth&./ 0 0 0 
L i g h t  naphtha21 0 0 0 

Heavy n a p h t h a 1  0 0 0 
Heavy naphtha21 10.6 10.5 0.1 

L i g h t  o i l /  13 .5  13.5 0 
L i g h t  o i l 2 1  39.7 34.9 4.8 

Heavy o i l? /  86.5 42.9 43.6 
Heavy o i l 2 1  49.7 12.9 36.8 

0 
3.5 

0 
0 

0 
2.2 

0 
2.0 

0 
0 

- 11 - 2 1  M u l t i s t e p .  
- 31 One-step. 

syncrude,  t h e  weakly b a s i c  n i t r o g e n  compound t y p e s  were shown t o  be  l a r g e l y  p y r i -  
d i n e s ,  and t h e  v e r y  weakly b a s i c  n i t r o g e n  compound t y p e s  were shown t o  be  l a r g e l y  
p y r r o l e s  and i n d o l e s  by a combinat ion of techniques  i n c l u d i n g  m a s s  spec t romet ry .  
Although mass spec t romet ry  w a s  n o t  used i n  c h a r a c t e r i z a t i o n  of t h e  one-s tep  syn- 
c rude ,  t h e  compound t y p e s  are probably  similar.  

I" and 11" amines inc luded  i n  b a s i c  n i t r o g e n .  

Presence o f  l a r g e  amounts o f  n i t r o g e n  i n  t h e  l i g h t  o i l  and heavy naphtha  of 
t h e  one-step syncrude can  b e  a t t r i b u t e d  t o  hydrocracking  and thermal  c r a c k i n g  r e a c -  
t i o n s  i n  t h e  heavy o i l  and r e s i d u a l  p o r t i o n s  of  t h e  c rude .  Bui ldup of n i t r o g e n  
compounds i n  t h e  l i g h t e r  o i l  p r o d u c t s  from heavy o i l  hydrogenat ion  i n  t h e  m u l t i s t e p  
syncrude  product ion  w a s  observed i n  e a r l i e r  work ( 3 ) .  T h i s  l i g h t e r  o i l  produced 
from t h e  heavy o i l  hydrogenat ion  i s  t h e n  hydrogenated i n  t h e  v a r i o u s  l i g h t e r  o i l  
r e a c t o r s  i n  t h e  m u l t i s t e p  p r o c e s s  (2) .  The b a s i c  types  are r e a d i l y  conver ted  t o  
ammonia a s  found by o t h e r s  (4, 12)  and as evidenced by t h e  r e l a t i v e l y  mi ld  condi -  
t i o n s  r e q u i r e d  t o  reduce  t h e  n i t r o g e n  conten t  i n  t h e  f r a c t i o n s  b o i l i n g  below 550' F 
t o  t h e  low v a l u e s  i n  t a b l e  6 ( 2 ) .  

The occurrence  o f  s m a l l  amounts of pr imary and secondary amines i n  both  t h e  
heavy naphtha and l i g h t  o i l  f r a c t i o n s  from t h e  one-s tep  syncrude is c o n s i s t a n t  w i t h  
t h e  work o f  Brown (11) who found a n i l i n e s  made up n e a r l y  o n e - t h i r d  of t h e  tar b a s e s  
from a r e c y c l e ,  hydrocracked s h a l e - o i l  naphtha.  None o f  t h e s e  amines were found 
i n  t h e  m u l t i s t e p  syncrude product  a l though a n i l i n e s  were i d e n t i f i e d  in i n t e r m e d i a t e  
f r a c t i o n s  ( l i g h t  o i l  products  from t h e  heavy o i l  hydrogenat ion  u n i t ) .  I n  t h e  m u l t i -  
s t e p  process  t h e s e  amines a r e  removed r e a d i l y  i n  t h e  l i g h t e r  o i l  r e a c t o r s  as  p a r t  
of t h e  b a s i c  t y p e s  which were d i s c u s s e d  i n  g e n e r a l  e a r l i e r .  

SUMMARY 

T o t a l  c rude  s h a l e  o i l  produced by underground combustion r e t o r t i n g  was hydro- 
gena ted  i n  one s t e p  o v e r  a nickel-molybdenum c a t a l y s t  a t  a n  o p e r a t i o n  tempera ture  
of  815" F, a n  o p e r a t i n g  p r e s s u r e  o f  1 ,500 p s i g ,  and a space  v e l o c i t y  of  0.7 
W,/Wc/hr. 
one-s tep  syncrude ,  c o n t a i n i n g  225 ppm t o t a l  n i t r o g e n  was a t t a i n e d .  

A high  y i e l d  (104.5 volume-percent)  o f  s y n t h e t i c  c r u d e  o i l ,  c a l l e d  a 
Hydrogen 

'? 
I 

I 



consumption was 1,475 s c f / b b l .  A combinat ion o f  microcoulometry,  nonaqueous poten-  
t i o m e t r i c  t i t r a t i o n ,  c o l o r i m e t r y ,  and i n f r a r e d  spec t roscopy was used t o  de te rmine  
t h e  amounts and t y p e s  of n i t r o g e n  compounds p r e s e n t  i n  t h e  syncrude and i t s  v a r i o u s  
d i s t i l l a t e  f r a c t i o n s .  

L ight  naphtha comprised 3.2 p e r c e n t  o f  t h e  syncrude and conta ined  no n i t r o g e n .  
Heavy naphtha comprised 23 p e r c e n t  o f  t h e  syncrude and c o n t a i n e d  83 ppm n i t r o g e n .  
The l i g h t  o i l  comprised 53 p e r c e n t  o f  t h e  syncrude and c o n t a i n e d  200 ppm n i t r o g e n ,  
and t h e  heavy o i l  comprised 18 p e r c e n t  of t h e  syncrude and conta ined  513 ppm n i t r o -  
gen. 

The n i t r o g e n  compounds i n  t h e  naphtha were shown t o  be  95 p e r c e n t  weak base  
of  which 6 percent  were pr imary  and secondary amine t y p e s ,  4 p e r c e n t  v e r y  weak 
b a s e ,  and 1 p e r c e n t  n e u t r a l  compounds. Ni t rogen  compounds i n  t h e  l i g h t  o i l  were 
shown t o  be  80 percent  weak b a s e  o f  which 5 p e r c e n t  were pr imary and secondary 
amine t y p e s ,  8 p e r c e n t  very  weak base ,  and 12 p e r c e n t  n e u t r a l  compounds. The 
n i t r o g e n  compounds i n  t h e  heavy o i l  were shown t o  be  14 p e r c e n t  weak b a s e ,  12 per -  
c e n t  v e r y  weak b a s e ,  and 74 p e r c e n t  n e u t r a l  compounds. More t h a n  80 p e r c e n t  o f  
t h e  n e u t r a l  compounds were l a r g e l y  c a r b a z o l e  t y p e s .  

The one-s tep  syncrude produced i n  t h i s  work was compared w i t h  a m u l t i s t e p  
syncrude  o f  comparable t o t a l  n i t r o g e n  c o n t e n t  and b a s i c  and n e u t r a l  n i t r o g e n  com- 
pound-type c o n t e n t  produced e a r l i e r  by a p r o c e s s  suggested by t h e  NPC. These syn- 
c r u d e s  conta ined  comparable  amounts o f  n e u t r a l  n i t r o g e n - t y p e  compounds i n  t h e i r  
heavy o i l  f r a c t i o n s .  Basic n i t r o g e n - t y p e  compounds i n  t h e  one-s tep  s y n c r d e  weie  
d i s c r i b u t e d  in much l a r g e r  amounts i n  t h e  l i g h t  o i l  and heavy naphtha f r a c t i o n s  
t h a n  i n  t h e  cor responding  m u l t i s t e p  syncrude  f r a c t i o n s .  There w a s  no n i t r o g e n  i n  
e i t h e r  of  t h e  l i g h t  naphtha f r a c t i o n s .  The d i s t r i b u t i o n  o f  b a s i c  n i t r o g e n  i n t o  t h e  
lower b o i l i n g  syncrude f r a c t i o n s  i s  i n t e r p r e t e d  as a consequence of c r a c k i n g  o f  t h e  
heavy o i l  and r e s i d u a l  p o r t i o n s  o f  t h e  c rude  o i l  s u b j e c t e d  t o  t h e  one-s tep  process .  
The b a s i c  c racking  products  are r e a d i l y  d e n i t r i f i e d  i n  t h e  l i g h t e r  o i l  r e a c t o r s  i n  
t h e  m u l t i s t e p  process .  
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INTRODUCTION 

Raw Green River Formation shale oils contain significantly higher concentrations of some 
heteroatoms than most petroleum fractions of a similar distillate range. The nitrogen content of 
shale oils often runs twice that i n  a petroleum and therefore may require special refining methods. 
Removal of heteroatoms from shale o i l  i s  important because of (1) the potential for air pollution 
from their canbustion products and (2) the susceptibility of modem refining catalysts to degrada- 
tion, especially by nitrogen compwnds. In addition to high heteroatom content, shale oils by 
and large have paw points too high for pipelining. In a shale-oil industrial process same sort of 
upgrading or partial refining i s  usually planned for reducing heteroatom content and improving 
fluidity to attempt to make shale oil compatible with existing petroleum processing facilities. 

This paper reviews and discusses the work since the first Synthetic Liquid Fuels Act (1 944) 
relating to heteroatom and heterocompound content of shale oils produced from Green River For- 
mation of Colorado, Utah, and Wyoming o i l  shales. The work includes heteroatomic composition 
data for raw shale oils (crudes and distillates from various retorting processes) and their products 
i n  various stages of refining. Refining methods to be discussed include early upgrading processes 
involving distillation, delayed-recycle coking, thermal visbreaking, and acid and base or solvent 
extraction. Finally, modern hydrodenitrogenation (HDN) work with shale oi l  and related materials 
wi l l  be presented and heterocompwnd-type data for some refined and partially refined products 
w i l l  be discussed along with related analytical techniques. 

It i s  apparent in reviewing the refining of shale a i l  that the nitrogen level has been the 
primary index of refining with respect to heteroatom content. This i s  not only because of the se- 
vere nitrogen effect i n  catalyst degradation’ but also because of the persistence of nitrogen rela- 
tive to sulfur and oxygen in  the course of modern refining. Far this reason data on sulfur and oxy- 
gen heteracompounds in shale oils are lacking in  most cases. 

D ISCUSSIO N 

Effect of Retorting Process on Hetermtan Content 

One advantage i n  use of shale oi l  as a feed i s  that once a set of retorting parameters i s  
found giving a desired and stable retorting operation the feed produced could be quite constant i n  
i t s  properties. All shale oils are not alike, however. Jensen’ has shown that retorting processes 
in  which the o i l  shale i s  more slowly heated in general correlate with oi l  products having in- 
creased amounts of naphtha plus light distillate fractions. In these fractions the aromatic content 
remains constant, but the saturate-olefin ratio increases. An approximate index to these effects i s  
the specific gravity or p w r  point of the oil. In table 1 we see properties of crude shale oils pro- 
duced by various retorting methods arranged from top to bottom i n  order of decreasing specific 
gravity or parr point. We see that the nitrogen level decreases in the same order but that the 
sulfur level only decreases appreciably in  the lower half of the table. 

As pointed out by Jensen’ the retorting parameters that control the character of shale oils, 
largely, are shale size, combustion zone velocity, and effective retorting temperature. If this i s  
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TABLE 1 . - Propertie:! of crude shale oils 

Retorting Specific 
Index ar gravity, Pour point, Nitrogen, Sulfur, 

Retort type T O F  60/60° F OF wt-pct wt-pct 

Fischer assa? 900- .918 70 1.95 .64 

Equity Oil in  sitd 75& .825- -2 0- 

Gas combustion3 1,204 0.943 85 2.13 0.69 

1 %-Ton batch2 --- .909 60 1.59 .94 
1.36 .72 

.53 .49 
USBM in ~ i t u - 4 ~  --- 

a Referen es in table refer to properties of oils. 0 Retorting index. 5 Temperature of injected 

. 885d 40d 

fluid. {Properties of oi l  produced in laboratory simulation of proces~.~ 

carried a step further, i t  can be pointed out that these are not independent parameters and that 
effective retorting temperature itself may suffice to classify retorting methods. 

Jacobson5t6 has defined a retorting index with dimensions of temperature which relates to 
the severity of oil-shale pyrolysis. The index i s  derived from the ethy1ene:ethane ratio in the 
retort product gas. The retorting index i s  listed in  table 1 for the gas combustion retort and the 
Fischer assay retort along with the measured tsmpe:at-iire of the injected i iuid used i n  the Equity 
Oi l  i n  situ process. We see at least qualitatively that these temperatures are in  a systematic 
order. 

To see that the oils with unknown retorting temperatures or indexes also probably fall in  a 
logical order based on particle size, let us consider each process very briefly. The gas combus- 
tion retort,7-" heated by internal combustion i s  fed crushed-screened shale of about 3-inch 
dimensions. The Fischer assay retort'r12 uses small sized shale crushed to pass 8 mesh screen but i s  
externally heated at a controlled moderately low rate. The 1 %-ton batch retort7J3-15 uses mine- 
run shale with blocks as large as 3 ft x 4 f t  x 5 f t  and i s  heated by internal combustion, 
i n  s i tu  oi116-1* was a combustion-retorted oil produced in fractured shale between injection and 
recovery wells. The Equity Oil i n  situ oil4J9 was produced by recycling of hot natural gas, at a 
controlled temperature, into an oi I-shale formation. All of the combustion-type retorts were of 
the forward burning type where gas plus o i l  moves countercurrently to oil shale. Except for the 
Fischer assay retort which i s  a controlled temperature retort, the increase i n  particle size i s  down 
table 1 corresponding with decreasing heating rate. It i s  probable that the USBM in situ experi- 
ment with poorly controlled combustion had o higher effective temperature than the controlled 
nonoxidative Equity Oil process. Very high temperature retorted  oil^^-*^ which by their very high 
aromatic content indicate a high degree of pyrolysis of the oi l  i t se l f  do not f i t  the above over- 
simplified pattern. 

The USBM 

In summory, nitrogen and sulfur levels are both affected by the retorting method. Nitro- 
gen level varies over a wider range than sulfur level ond follows the specific gravity, pour point, 
and probably effective retorting temperature down for these oils. There i s  then potential for con- 
trol of the nitrogen level i n  a crude shale oi l  through retorting. Whether the method of retorting 
adopted might be on economic approach to denitrogenation wil l  not be pursued i n  this review. It 
depends undoubtedly on many factors, chief of these being probably the desired end use of the oil, 
whether for petroleum-type feedstock, direct fuel production or for chemicals, and the efficiency 
of resource recovery sought. 

i 
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Composition of Raw Shale Oils 
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\ 

, 

3 
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Much of the early shale-oil characterization work was on a shale o i l  from an NTU (Nevada- 
Texas-Utah) retort which was an aboveground internal combustion batch-type retort.% Cady and 
Seelig" have shown that an NTU crude may contain as much as 61 percent heterocompoundr of 
which abaut 60 percent are nitrogen compounds, 10 percent sulfur campounds, and 30 percent oxy- 
gen compounds. Thus only 39 percent of this oil i s  hydrocarbons. These proportions wil l  vary 
some depending on the retorting scheme; but i n  any case, the heterocompounds form a significant 
part of the potential source of hydrocarbons. The work in identification of specific heterocom- 
pound types and heterocompounds in  an NTU shale-oil naphtha2* and i n  a heavy gas oilz9 has been 
summarized by Dinneen and Othen studying light gas oi l  fractions ond other distillates 
have supplemented this The naphtha and heavy gas oil represent the extremes of molecu- 
lar weight in  the distillates. Having nitrogen compound-type analyses far these extreme fractions 
with supplementary information on light distillate fractions allows interpolation to aid in  compound- 
type assessment throughout the shale-oil distillate range. Sulfur and oxygen compound-type analy- 
ses have been done only for the naphtha distillate region. 

In the following generalized discussion, the description of a compound type wil l  be con- 
strued to include also homologous and benzologous series members depending on boiling range-- 
e.g., pyridinic-type N includes pyridine, quinoline, acridine, alkylpyridines, etc. 

Sulfur - 
In table 261 we see that for a crude shale o i l  the sulfur distribution i s  rather uniform 

throughout the boiling ranges but that nitrogen i s  more concentrated as the fractions get heavier. 
We hove already seen i n  table 1 that the type of retorting seems to have only a second-order ef- 
fect on sulfur level in the crude. The refractory nature of the sulfulA5 may be accounted for by 
the fact that most of the sulfur i s  in  thiophene typesz8rbd as shown i n  table 3 for a naphtha fraction. 

Oxygen 

The oxygen in  a shale-oil crude may run 0.5 to2  percent. Much of the oxygen in a naph- 
tharZ8 light distillate," and gas oilz9 appears as phenols with minor amounts of carboxylic acids. 
Benzofuran was found i n  small amounts i n  the nonacidic portion of the naphtha.28 It was shown 

TABLE 2. - Sulfur and nitrogen contents of distillates from a Green River 
Formation crude shale oil" 

Nominal boiling Nitrogen, Sulfur, 
Fraction range, O F  percent by wt percent by wt 

Naphtha (400 
Light distillate 400-600 
Heavy distillate 600-800 
Residuum > 800 

1.17 
1.24 
1.60 
2 .a4 

0.77 
.83 
.79 
.70 

that light distillates from different retorting processes can vary in their oxygen content and i t s  dis- 
tribution." For one i n  situ produced oil, oxygen appears to be accounted for largely in  the tar 
acids. For one abovegraund retorted o i l  it appeared that two-thirds of the oxygen was unaccounted 
for by tar acids implying the presence of other forms of oxygen possibly amidic 
as yet unclassified types. 

or other 
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TABLE 3. - Type sulfur in  Green River Formation shale-oil naph thp  

Percent of 
total sulfur Su I fur type - 

Elemental 
Thiol 
Disu If ide 
Sulfide (includes cyclics) 
Residual (includes thiophene type) 

0 
4' 
2 
19 
75 

Nitrogen 

The principal nitrogen-containing species in shale oils are pyridine types and pyrrole types, 
In pyridinic types the single aromatic ring type appears to predominate over multiple ring types 
through wide distillate ranges. 
ing range in~reases.~b& Small amounts of amides," aryl amine^,^-^^ and n i t r i l e ~ ~ * # ~ ~  have been 
detected. 
dride (pKa > -2)28r4'-43 and be extracted by acidic agents as shown in table 4.42 In addition 
appreciable acidic material containing oxygen or nitrogen i s  titratable in  pyridine (pKa < 12) and 
i s  extractable from the lighter distillates by basic reagents as shown. The relative amounts of 
various nitrogen types and their basicities observed for a shale-oil light distillate are shown in  
table 5." 

In pyrrolic types multioromatic rings tend to predominate as boil- 

Much of the nitrogen i n  shale-oil distillates i s  basic enough to titrate i n  acetic anhy- 

TABLE 4. - Polar materials by different methods for a 150-ton batch retort shale oil4' 

Nominal distillate cut 

IBP to 400' F to 600' F to 
1,000" F 

Naphtha Lt. distillate Gas oil 

Method 400' F 600' F 

Bases, wt-pct 

13.1, 2.4 27.9, 0.0 7.1, 3.6 
b 

Weak,z very weak- 
Titration: 

Ion-exchange extraction 10.2 12.8 24.3 

Acids, wt-pct 

Aqueous extraction 11.2 11.5 12.0 

0.8, 5.6 0.3, 8.0 1 .o, 3 . 9  d 
Weak,: very weak- 

Titration: 

Ion-exchange extraction 4.2 3.3 1.1 
Aqueous extraction 5.0 3.7 1.2 

EpKa = +8 to +2. DpKa = +2 to -2. CpKa =+3 t o +  10. ZpKa = +10 to +12. 

Products from Early Refining Processes 

Because of the waxy, viscous nature of shale oils from conventional retorting processes and 
the high pour point and heteroatom content along with the low light-end content, i t  was apparent 
from the outset that some sort of hydrocarbon-conversion process was required for shale-oil utiliza- 
tion. Early work centered on thermal processing (visbreaking, recycle cracking, and coking) along 
with chemical treatment to remove objectionable compounds i n  on attempt to improve gasoline and 
distillate fuel content and stability of shale These methods were chosen becouse of the 
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TABLE 5. - Summary of nitrogen-type analysis of a shale-oil light 
distillate (400" to 600' F)41 

Percent of 
Nitrogen type total nitrogen 

Weak bases (pKo = +8 to +2) 

AI  ky lpyridines 43 
AI ky lqui no1 ines 22 

Very weak bases (pKa = +2 to -2) 

Alkylpyrroles (N-H) 
Alkylindoles (N-H) 
Cyclicamides (pyridones, quinolones) 
Ani I ides 
Unclassified 

Nonbasic (pKa < -2) corrected 
for pyrroles and indoles 

10 
9 
3 
2 
7 

4 

availability of these processing facilities i n  a l l  refineries, because of the poor economic ospect of 
hydrogenation at the time,and the lack of suitable catalysts which could stand up to the high nitro- 
gen concentrations encountered i n  shale oil. 

Thermal Methods 
% 

Visbreaking of shale o i l  or cracking with recycle can produce a low pour point shale o i l  
with increased light end content. Recycle delayed coking can further increase the light end con- 
tent as shown i n  table 6 but does not affect the nitrogen and sulfur concentrations appreciably.51 

TABLE 6. - Recycle delayed coking of crude shale o i l  to various endpointss 

Cwde Nominal distillate endpoint 
feed 650' F 750O F 850" F 

Yields, Val-pct -- 77 87 89 

Sulfur, wt-pct 0.74 0.63 0.61 0.63 
Nitrogen, wt-pct 2.01 1.65 1.90 1.95 

Light end yields 
1.5 5.5 IBP-350" F, vol-pct 

350-550" F 18 87 
9.0 19 

36 36 

Chemical Methods 

Chemical treatment of shale oils can be very effective in nitrogen removal, One such 
treatment consisting of successive contacting at 100" F with 15 weight-percent NaOH, 20 weight- 
percent H,S06 100 percent HZSO, and then neutralization with 3 volume percent NaOH pro- 
duced a diesel fuel from a shale-oil light gas o i l  as shown i n  table 7." The sulfur level, however, 
i s  nearly unaffected. Although similar treatment of naphtha fractions may produce very low 



188 
TABLE 7. - Result of chemical treatment? of shale-oil recycle delayed-coker 

distillate light gas o i l  (400' to 670' F)m 

Treated o i  I 
Raw o i l  [diesel fuel) 

Yield, vol-pct 
Sulfur, wt-pct 
Nitrogen, wt-pct 
Tor acids, vol-pct 
Tar bases, vol-pct 

100 
0.84 
1.66 
3.4 

13.0 

67.0 
0.74 
.085 
. 3  

0 

Treatment consists of 15 percent by weight NaOH, 20 percent by weight H,SO,+, 100 percent 
H,SO, (22.8 Ib/bbl), and 3 volume percent NaOH to neutralize, then redistill to restore end- 
point. Treating temperature about 100' F. 

nitrogen gosolines, these moy still have a few tenths percent sulfur present. Diesel fuels from 
various solvent extractions of light oils showed greatly improved nitrogen levels with l i t t le effect 
on sulfur levels much the same os acid base treoted oi l  in table 7. 

The loss of distillate shown i n  table 7 illustrates a problem with chemical refining of shale 
oi!. I-lndcubtedly quite effective nitrcgeii and oxygen compound removal couid be achieved with 
various reactants or solvents, but i t i s  unlikely that improvement in sulfur level would be obtained 
because of the chemical similarity of thiophene-type compounds to the hydrocarbon matrix. 
a l l  heterocompounds were removed frun a crude shole oil, as much as 60 percent of the oi l  might 
be remo~ed.~' 

If 

Summa+ 

It was shown by the Bureau of Mines i n  1 9495' that adequate gasolines and diesel fuels 
could be produced from shale oil by methods like those just discussed. However, there were at 
least three good reasons for continuing research in refining of shole oil. First, the losses in  raw 
material involved i n  extraction of heterocompounds represent great waste unless a ready use exists 
for the extracted materials. Secondly, the demand for very low nitrogen stocks for refining to 
high octane fuels was increasing. Finally, the pressure from an environmental standpoint for ex- 
tremely low sulfur fuels was increasing steadily. 

Products from Modem Refining Processes 

Fortunately a by-product of the demand for higher octane fuels was hydrogen from petroleum 
catalytic reforming processes. The economics of hydrogen utilization begon to look favorable as a 
means of improving the quality of shale oils and the research emphasis swung to hydrogenation. In 
1947 Union O i l  was successful, on a pilot plant basis, i n  catalytic hydrodesulfurization of high 
thiophenic sulfur-type coker distillates from Santa Mario Valley crude p e t r ~ l e u m . ~ ~  Since then, 
aided by the increasing availability of hydrogen, much work has been done in  refining shale oil 
via hydrogenation one way or Shale-oil crude was analogous to this petroleum crude 
i n  that sulfur was present largely as thiophenes and distributed uniformly throughout the distillate 
ranges.55 As i t  turned out, both sulfur and nitrogen could be removed from shale o i l  effectively by 
catalytic hydrogenation. Production of potentially high quality fuels and refinery feedstocks has 
been achieved in  many cases. 

The question of which method of HDN i s  best of course depends on the individual case-- 
;.e., what i s  the feed and what are the desired products. Knowledge of the types and kinetics in 
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HDN of heterocompounds remaining i n  refined and partially refined shale oils could be of value 
in  optimizing refining processes. Nitrogen level alone i s  only a partial criterion of the degree of 
hydrogenation that has taken place. Various deleterious heterocompounds appear to be removed 
at different rates for o given set of conditions as discussed below. To date l i t t le  data concerning 
the nature and reactivity of the heterocanpounds in refined shale oils have appeared in  the litera- 
ture of shale-oil refining. 

Sulfur and Oxygen 

In the hydrodesulfurization of Santa Maria Valley petroleum crude by Union Oil, a l l  types 
of sulfur present (mercaptan, sulfide, and thiophenic) appeared to be removed ot the some rate.55 
Little compound-type information relating to hydrodesulfurization or hydrodeoxygenotion has been 
reported i n  shale-oil refining studies however. This i s  probably becouse i t  has been found i n  re- 
fining of shale oils by catalytic hydrogenation that both sulfur and oxygen are removed before de- 
sired nitrogen levels are attained. In cases where results suggest otherwise, i t  i s  not always op- 
parent whether analytical interference from elemental sulfur might not have been a factor. Ele- 
mental sulfur i s  formed readily as an interference by air oxidation of hydrogen sulfide. Inadver- 
tent air contact with hydrogenated distillates before thorough washing has been accomplished m a y  
complicate evaluation of low organic sulfur levels. (Elemental sulfur may be removed from oils by 
extraction with metallic m e r ~ u r y ~ ~ ' ~  or in  some cases with aqueous sulfite s0lution.~4 In addition, 
direct low-level oxygen analyses are not readily available i n  most laboratories. From these prop- 
erties of sulfur and oxygen, i t  can be understood why nitrogen level has been the index usually 
used in shale-oil heterocompound removal studies. 

, 
I 

Nitrogen 

In an attempt to work out same of the HDN reaction kinetics, several shale-oil HDN studies 
have been made in  which nitrogen-type analyses were p r e ~ e n t e d . ~ - ~ , ~ , ~ ~ , ' ~ - ~  Studies hove been 
made on pure nitrogen compounds occurring i n  shale oils and also on low-level nitrogen oils 
"spiked" with some of these nitrogen Work in  this area has been aided by the sim- 
ple nitrogen-ty e analysis described by Koros, et 
Poulson, et a14,m 

extended by Silver, et a1.47,48 and by 

This analytical method for nitrogen types uses elemental analysis, nonaqueous titrimetry, 
1 ' and 2' infrared spectrophotometry, and visible colorimetry to define several nitrogen types: 

alkylamine, 3' amine (pyridine and other), arylomine, pyrrolic N-H, a- or 8-unsubstituted pyrrolic 
(excluding carbazoles), amide, and miscellanews very weak base and nonbasic nitrogen types. 
Further subdivisions are possible depending on which groups ore represented i n  a given sample. As 
hydrogenation progresses, oxygenated types dixlppear so rapidly that specific compound-type as- 
signments become simpler. Some examples of uses of this analysis and the nature of hydrodenitro- 
genated shale oils are shown below followed finally by a summary of the principal nitrogen types 
i n  a premium shale-oil synctude having 0.025 percent nitrogen. 

Pyridines Versus Pyrroles 

This analysis has been used to resolve a fundamental conflict i n  shale-oil refining litera- 
ture; which i s  easier to hydrodenitrogenate, pyridinic types or pyrrolic types? Researchers were 
split about equally on each side of this question. Using an analytical scheme similar to the one 
just described, Frost and Jensenn were able to rationalize the conflicting reports, Working with 
crude shale oil over a wide range of temperature and hydrogen pressure, they showed denitrogena- 
tion of pyridinic types was faster than for pyrrolic types at low temperature and pressure, but the 
other way round for more severe conditions of temperature and pressure. 
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Anilines i n  Shale Oils 

The reaction sequence for denitrogenation of indoles and carbazoles proposed by Flinn, 
et al .@tu contains approximately a dozen competing or consecutive reactions. Reactants, inter- 
mediates, and products run the gamut from nonbasic to strongly basic nitrogen types. Anilines are 
postulated as intermediates as they are also in  a denitrogenation sequence proposed for quinolines 
by Doelman and VlugteP5 and Koros, e t  al." Anilines would arise from saturation of the hetero- 
ring in  a fused ring compound followed by rupture of the bond between nitrogen and the aliphatic 
carbon. 

One-Step HDN 

Although anilines themselves have been shown to be readily hydr~denitrogenated,@-~~ they 
have been observed i n  severely hydrodenitrogenated shale oils. Brown79 fdund that 33 percent of 
the tar bases i n  a hydrocracked recycle shale-oil naphtha were anilines at 95 percent denitrogena- 
tion. Koros, et aI.,& Silver, e t  aI.,47,48 and Fro# found a few percent aniline-type nitrogen in  
shale ails which had up to 98 percent denitrogenation levels. Al l  these results were based on one- 
step HDN processes whereby anilines formed by the processes just described above would appear 
directly in  the products, probably as lighter bailing compounds as a result of hydrocracking. 

Multistep HDN 

In addition to the one-step syncrude described above, Frost, using a multistep HDN pro- 
cess with the same crude shale-oil feed and denitrogenating to a similar level, produced o syncrude 
with a different nitrogen-type di~tr ibution.~~*m The multistep process, based on an NPC proposed 
scheme,& involves continuous catalytic hydrogenation of three individual distillate fractions from 
a crude shale oil with the inclusion of products from delayed coking of the residuum in  the distil- 
late fractions. Anilines were completely absent from this syncrude product but did show up in inter- 
mediate products. 

In toble 8 the heteroatom composition of these two syncrudes i s  reviewed, as discussed by 

I 

I 

1 

TABLE 8. - Nitrogen and sulfur in shale-oil syncrudes and distillate fractions75 

Nitrogen, ppm Sulfur, ppm 
Mu1 tistep One-step Multistep One-step 

Syncrude 2 50 
Naphtha 1 
Light oil 79 
Heavy oi l  93 5 

225 
83 

200 
51 3 

Frosg5 in  this symposium, and i s  compared through the distillate ranges, Light nitrogen compounds 
are virtually absent from the multistep syncrude illustrating the difference of a multistep process 
compared to a single-step process. 

Premium Syncrude 

Residual nitrogen types i n  a shale-oil premium syncrude (multistep syncrude above) heavy 
o i l  (5%' to 850" 0 were determined by Poulson, Frost, and Jensenlfi using the above-described 
classification scheme supplemented by mass spectrometry. This heavy o i l  contained 5'35 ppm nitro- 
gen which was 90 percent of the total nitrogen in  the syncrude. The total nitrogen concentration 
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i n  the whole syncrude was 250 ppm and resulted from over 98 percent nitrogen removal from the 
crude shale-oil feed. The general nitrogen-type analyses are shown i n  table 9. In pyrrolic types, 

TABLE 9. - Summary of nitrogen types in a heavy oil (550" to 850' F)! from a multistep 
shale-oil syncrude 91 

N, pct of 
total i n  o i l  

Pyrrol ic-type ni trogen 

Three aromatic rings 30 
One or two aromatic rings 25 

Pyridinic-type nitrogen 

TWO aromatic rings 15 
One aromatic ring 30 

Total N = 935 ppm. Total N = 250 ppm. 

three aromatic ring canpounds (carbazoles) predominate and i n  pyridinic types one aromatic ring 
compounds (pyridines) predominate, much as i n  a raw shale-oil heavy gas A slight olefin 
interference makes the exact pyridine:quinoline ratio somewhat uncertain i n  table 9, however. 

In table 10 the neutral and very weak-base nitrogen types are summarized for this heavy 
o i l  which represents 90 percent of the nitrogen in the syncrude. Pyrroles and indoles appear to be 
N-unsubstituted and highly ring-alkyl substituted. Carbazoles i n  this o i l  are about evenly split 
between N-substituted and N-unsubstituted types. 

TABLE 10. - Summary of neutral and very weak base nitrogen typeq i n  the heavy o i l  
(550' to 850' F)" from a multistep shale-oil syncrudeDm 

N, pct of 
Nitragen-type canpounds total i n  fraction 

N-unsubstituted pyrroles (or indoles) 29.0 

ar or /3-unsubstituted 6.8 
a- or /3-substituted 22.2 

Carbazoles 71 .O 

N-substituted 36.6 
N-unsubstitu ted 34.4 

5 Total N = 935 ppm. Total N = 250 ppm. 

In summary HDN i s  effective in  heteroatom removal from shale oils and i t s  use has been 

L i t t le  
and i s  being studied widely. Optimum processing conditions for denitrogenation of shale oils de- 
pend on the individual case but probably have not been determined for many situations. 
information on nitrogen types i n  refined or partially refined shale oils has been reported. A rela- 
tively simple analytical scheme can produce nitrogen-type compound data of a id  i n  mechanistic 
interpretations of denitrogenation reactions i n  shale oils. 
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SUMMARY 

Crude Green River Formation shale oils contain large amwnk of heterocompounds con- 
taining nitrogen, sulfur and/or oxygen. Shale oils produced i n  low temperature retorting processes 
seem to have lower nitrogen levels paralleling lower specific gravities and pour points. The ef- 
fect of retorting on sulfur level i s  not as clear. Sulfur occurs principally as thiophenic-type com- 
pounds. Oxygen occurs mainly as phenols with minor amounts as carboxylic acids, amides, ethers, 
or other unidentified types. 
m a l l  amounts of amide types, nitriles, and other unidentified types. Refining of shale oi l  by ther- 
mal methods and chemical or solvent extraction processes reduces nitrogen levels appreciably, but 
sulfur level i s  not affected much. Refining of shale o i l  by processes involving hydrogenation con 
be effective i n  producing extremely low level nitrogen, sulfur, and presumably oxygen fuels and 
feedstocks. 

Nitrogen occurs principally as pyridinic type and pyrrolic type with 

The susceptibility of oils to HDN depends on the nature of the nitrogen compound types 
present and the hydrogenation scheme employed. The nature of the nitrogen compound types re- 
maining at low levels after upgrading of shale oi l  gives evidence of the reaction mechanisms in- 
volved. 
relating to  mechanisms of hydrodenitrcgenation. 

Some available analytical techniques can give nitrogen compound-type information 
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HAZARDOUS AND TOXIC A I R  POLLUTANTS, Max Sanfield, Environmental Protection 
Agency, Research Triangle Park, North Carolina 27711 

Background and current  s ta te o f  knowledge w i th  regard t o  hazardous 

and tox i c  a i r  po l lu tants  a re  reviewed. Secondary po l lu tants  formed from 

the in teract ion of primary po l lu tants  are l i k e l y  t o  be the major hazard. 

Their formation end bio!cgical e f fects  are discussed. The need f o r  a 

uniform strategy and a r e a l i s t i c  cost / r isk /benef i t  analysis o f  the problem 

i s  pointed out. 
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A LOOK AT THE ENVIRONMENTAL ASPECTS OF COAL C O I W I O N ,  R. R. Bertrand, 
Exxon Research and Engineering Company, Linden, N . J .  07036 

Several processes, e i t h e r  currently i n  operation or i n  the 
development s tage,  o f f e r  s ignif icant  prospects for conversion of coal  
i n t o  re la t ive ly  clean gaseous or  l iqu id  fuels ,  
processes needed €OK economic v i a b i l i t y ,  likewise suggest a po ten t ia l  
f o r  s ignif icant  environmental degradations i n  the immediate neighborhood 
of the conversion f a c i l i t y .  
of coal conversion f a c i l i t i e s  w i l l  be assessed not only i n  terms of absolute 
potent ia l  but also i n  terms of  l i k e l y  eff luent  discharges based on 
application of demonstrated control technology. These assessments w i l l  
draw heavily on an on-going study being conducted for the Environmental 
Protection Agency; a study t h a t  has involved discussion with process 
developers, plant  v i s i t s  and a detai led analysis of t h e  probable 
environmental eff luents  from several coal conversion processes. 
comparison w i l l  alfio be made of the probable magnitude of e f f luent  discharges 
t o  be expected from coal  conversion processes re la t ive  to those from a l te rna te  
processes using coal and other f o s s i l  fuels  f o r  production of equivalent 
quantities of clean energy. 

The scale  of these 

The magnitude of the environmental aspects 

A 
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* 
-ALLY VOLATILF TRACE ELFMENTS IN COAL. 
J. Thomas Jr., Joyce K. Frost, and R. A. C a h l l l ,  Illinois State Geological Survey, 

R. R. Ruch, J. K. K u h n ,  0. B. Dreher, 

Urbana, IL 61801. 

Most of the following trace and minor elements have been determined l n  over 100 
U. S. whole coals and 34 specific gravity.fractions of coal: As, Ag, Au, B, Ba, Be, 
Bi, Br, Cd, C1, Co, Cr ,  Cu, F, Ga, Ge, In, Pb, Mn, Mo, N i ,  Hg, Hi, P, Rb, Ru, Sb, Se, 
Sn, Sr, Ta, Te, Th, T1, U, V, W, Zn, -,and some rare earths. A combination of analyt- 
i ca l  techniques, including atomic absorption, X-ray fluorescence, optical emission, 
neutron activation, aud ion-selective electrode, have been adopted, compared, and 
utiuzed. A swmaxy of the sampling, semple pretreatment, and analyses procedures 
enployed with preliminary reelllts pnd interpretztion, W i l l  be presented. 
(I 
Sponsored in part by U. S. EPA Contract 68-02-1472 
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\ POLUTANTS I N  GASIFICATION, A. Attad.  Inst i tute  of Gas Technolo=, 
Chicago, I l l inois  
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INTERACTIONS BETWEEN HYDRODESULFURIZATION 

AND HYDRODENITROGENATION REACTIONS 

by 

Charles N. Sat te r f ie ld ,  Michael Model1 
and 

Jerome F. Mayer 
Massachusetts Institute of Technology, Cambridge Massachusetts 

ABSTRACT 

Interactions between the hydrodesul fur iza t i  on (HDS) of thiophene and the 

hydrodcnitrogenation (HDN) of pyridine on comercial CoMo, NiMo and NiW sul- 

fided catalysts  were studied using a flow microreactor a t  pressures up t o  11.1 

aim and temperatures up t o  425°C. 

Pyridine HDN i s  more d i f f i c u l t  than thiophene HDS, and above 35OOC there 

is a thermodynamic l imitat ion on the f i r s t  s tep of the H D N  reaction mechanism, 

i n  which the pyridine ring i s  saturated t o  piperidine. 

a dual e f f e c t  on HDN. 

which i s  postulated t o  occur by competion w i t h  pyridine f o r  hydrogenation s i t e s  

on the ca ta lys t ,  retarding the hydrogenation of pyridine t o  piperidine, and thus 

reducing the overall reaction rate .  

hance HDN. I t  I s  suggested t h a t  the  dominant e f f e c t  here i s  interaction of  

hydrogen sulf ide,  an HDS reaction product, w i t h  the ca ta lys t  t o  improve i t s  

ac t iv i ty  for rupture of the C-N bond. This increases the ra te  of reaction o f  

piperidine, which i s  rate-determining a t  the l a t t e r  conditions, and enhances 

the overall ra te  of HDN.  

Sulfur compounds have 

A t  low temperatures, thiophene inhibi ts  the reaction, 

A t  high temperatures su l fur  compounds en- 


