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In t roduct ion  

The primary o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  w a s  t o  determine t h e  geologic  
c o n t r o l s  on v a r i a t i o n s  of minera l  mat te r  i n  t h e  Upper Freepor t  c o a l  bed near  Homer 
C i t y ,  Pa. ( f i g .  1). Mineral matter c o n s i s t s  of  t h e  inorganic  c o n s t i t u e n t s  of c o a l ,  
inc luding  minera l  phases  and elements  o ther  than  o r g a n i c a l l y  bound hydrogen, 
oxygen, n i t r o g e n ,  and s u l f u r  111. By t h i s  d e f i n i t i o n ,  o r g a n i c  s u l f u r  i s  not  p a r t  
of  t h e  minera l  matter; however, v a r i a t i o n s  of a l l  s u l f u r  forms inc luding  organic  
s u l f u r  were cons idered  i n  t h i s  s tudy .  

The c o n c e n t r a t i o n s  of  70 elements  were determined on 75 bench-channel and 2 1  
complete bed-channel samples from two deep mines in t h e  s tudy  a r e a  ( f i g .  2 ) .  
Ultimate ,  proximate,  s u l f u r  forms, maceral ,  and p y r i t e  morphological  ana lyses  were 
a l s o  conducted on these samples. 
microprobe [ 3 ]  analyses  were conducted on s e l e c t e d  channel  and column samples t o  
determine element-mineral  and maceral a s s o c i a t i o n s .  

Resul t s  

Scanning e l e c t r o n  microscope [ 2 ]  and e l e c t r o n  

The Upper Freepor t  c o a l  bed of  t h e  Homer Ci ty  s tudy  a r e a  i s  d i v i s i b l e  i n  the  
f i e l d  i n t o  f i v e  zones ( f i g .  3 ) .  I n  t h e  nor thern  p a r t  of t h e  area where a l l  f i v e  
zones a r e  p r e s e n t ,  t h e  c o a l  bed averages 83 inches  ( 2 1 1  cm) i n  t h i c k n e s s ;  i n  t h e  
southern p a r t  where only t h r e e  zones a r e  p r e s e n t ,  t h e  c o a l  bed averages 48 inches 
( 1 2 2  cm) i n  t h i c k n e s s .  Laboratory ana lyses  show t h a t  each of t h e  f i v e  zones con- 
sists of d i s t i n c t  mineral matter-maceral a s s o c i a t i o n s .  Elements t h a t  tend to  be 
concentrated i n  t h e  upper and/or  b a s a l  zones of  t h e  bed i n c l u d e  A s ,  Cd, C1, Fe, 
Hg, Mn, Pb, S e ,  S ,  and Zn. 

Linear  r e g r e s s i o n  a n a l y s i s  w a s  used t o  determine r e l a t i o n s h i p s  among ele- 
ments ,  s u l f u r  ( t o t a l ,  p y r i t i c ,  and o r g a n i c ) ,  ash ,  and maceral  concent ra t ions  on 
t h e  75 bench-channel samples. On the  b a s i s  of t h i s  s ta t i s t ica l  a n a l y s i s ,  element 
concent ra t ions  i n  the c o a l  can be r e l a t e d  t o  t h r e e  v a r i a b l e s :  a s h ,  p y r i t i c  s u l f u r ,  
and calcium ( r e p o r t e d  as CaO). 
ox ides)  t h a t  p o s i t i v e l y  c o r r e l a t e  wi th  each of t h e  t h r e e  v a r i a b l e s  are shown i n  
f i g u r e  4 .  Only manganese i s  p o s i t i v e l y  c o r r e l a t e d  w i t h  a l l  t h r e e  v a r i a b l e s .  
f u s i n i t e - s e m i f u s i n i t e  maceral concent ra t ions  c o r r e l a t e  w i t h  t h e  a s h  conten t .  

Discussion 

The elements  (some of  which are r e p o r t e d  as 

The 

The mineral-matter  conten t  of the  Upper Freepor t  c o a l  bed of  t h e  Homer Ci ty  
area was c o n t r o l l e d  by i n t e r r e l a t e d  geologic ,  geochemical, and pa leobotanica l  
v a r i a b l e s .  
accumulated contemporaneously wi th  t h e  p e a t .  P o s s i b l e  s o u r c e s  inc lude :  1) mineral  
matter incorpora ted  by p l a n t s ,  o r  2)  d e t r i t a l  minera ls  and d i s s o l v e d  elements incor- 
porated dur ing  t h e  p e a t  s t a g e  of  coa l  formation.  
from mixed sources  such  as depos i t ion  of d e t r i t a l  minera ls ,  s o r p t i o n  of  d i sso lved  
i o n i c  s p e c i e s ,  and minera l  matter o f  p l a n t  o r i g i n  would n o t  l e a d  t o  a s t r o n g l y  
i n t e r r e l a t e d  assemblage.  
t h e  c o a l i f i e d  products  of  p a r t i a l l y  oxid ized  p e a t  and p l a n t  material .  
r e s u l t s  i n  a l o s s  o f  organic  matter and a concent ra t ion  of  r e s i d u a l  mineral  m a t t e r ;  

The elements  t h a t  p o s i t i v e l y  c o r r e l a t e  w i t h  t h e  a s h  ( f i g .  4 )  probably 

Element concent ra t ions  r e s u l t i n g  

F u s i n i t e  and s e m i f u s i n i t e  a r e  g e n e r a l l y  be l ieved  t o  be 
Oxidation 
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t h e r e f o r e ,  as t h e  f u s i n i t e - s e m i f u s i n i t e  conten t  of  t h e  c o a l  i n c r e a s e s ,  t h e  a s h  
and s t a t i s t i c a l l y  r e l a t e d  element conten ts  a l s o  i n c r e a s e .  P l a n t  inorganic  
matter must be t h e  major source  of  t h e  ash- re la ted  elements .  
is c o n s i s t e n t  wi th  1) t h e  moderate a s h  conten t  (8-15%). 2) t h e  p o s i t i v e  c o r r e l a t i o n  
between a s h  and f u s i n i t e - s e m i f u s i n i t e  c o n t e n t ,  and 3) t h e  element-ash c o r r e l a t i o n s  
i l l u s t r a t e d  i n  f i g u r e  4. 

t h e  calcium in t h e  p e a t  by ion exchange and/or  as calcium salts of humic a c i d s  
wi th  subsequent  l i b e r a t i o n  of CO2 and o r g a n i c a l l y  bound calcium dur ing  c o a l i f i -  
c a t i o n  may have r e s u l t e d  i n  t h e  formation of  c a l c i t e  i n  macerals and c l e a t s .  
The b u f f e r i n g  e f f e c t  of  calcium carbonate  s p e c i e s  suppl ied  t o  t h e  a n c e s t r a l  pea t  
p a r t i a l l y  c o n t r o l l e d  t h e  pH. Sulfate-reducing b a c t e r i a l  a c t i v i t y  is g r e a t e s t  a t  
n e u t r a l  pH and minimal or nonexis ten t  a t  pH 4.0 or less [ 4 ] .  Therefore ,  pH va lues  
n e a r  n e u t r a l  favor  l ) . b a c t e r i a l  genera t ion  of s u l f i d e  s p e c i e s  i f  s u l f a t e  i o n s  are 
p r e s e n t ,  2) b a c t e r i a l  degrada t ion  of p e a t  t h a t  could r e s u l t  i n  t h e  concent ra t ion  
of minera l  m a t t e r ,  and 3) r e t e n t i o n  of minera l  m a t t e r  because of decreas ing  solu-  
b i l i t i e s  a s  pH i n c r e a s e s .  

Low pH (<4.0)  would favor  a low-ash ( < 8 % ) ,  low-sulfur  (<1%) c o a l .  P a r t i a l  
n e u t r a l i z a t i o n  of waters o f  the  a n c e s t r a l  p e a t  of t h e  Upper Freepor t  c o a l  is 
i n d i r e c t l y  i n d i c a t e d  by t h e  presence of  1) c a l c i t e  i n  c o a l  macerals and cleats 
and 2) mixed carbonate  and c l a s t i c  sediments  d i r e c t l y  under t h e  c o a l  bed. The 
Upper Freepor t  c o a l  s t u d i e d  i s  a medium a s h  (8-15%), medium s u l f u r  (1-3x) coal  
t h a t  is  c o n s i s t e n t  wi th  p a r t i a l  n e u t r a l i z a t i o n  of p e a t  waters .  

The p y r i t e  i n  t h e  Upper Freeport  c o a l  i s  u s u a l l y  concent ra ted  i n  t h e  upper 
and/or  b a s a l  zones of t h e  bed throughout t h e  a r e a .  G e n e t i c a l l y ,  p y r i t e  and t h e  
a s s o c i a t e d  t r a c e  elements  A s  and Hg appear  u n r e l a t e d  t o  t h e  bulk of  t h e  c o a l  ash.  
Although pH condi t ions  were s u i t a b l e  f o r  p y r i t e  d e p o s i t i o n ,  p y r i t e  concent ra t ions  
w e r e  c o n t r o l l e d  by t h e  a v a i l a b i l i t y  of f e r r o u s  i r o n  and a p p r o p r i a t e  s u l f u r  s p e c i e s .  

Summary 

This  i n t e r p r e t a t i o n  

The calcium i n  t h e  c o a l  bed i s  p r i m a r i l y  i n  a u t h i g e n i c  c a l c i t e .  F i x a t i o n  of 

The elements  i n  t h e  Upper Freepor t  c o a l  bed of t h e  a r e a  can be  g e n e t i c a l l y  
r e l a t e d  to t h r e e  v a r i a b l e s  ( i . e . ,  ash c o n t e n t ,  p y r i t i c  s u l f u r  c o n t e n t ,  and 
calcium c o n t e n t ) .  The b u f f e r i n g  e f f e c t  of d i sso lved  calcium carbonate  s p e c i e s  
may have been s u f f i c i e n t  t o  maintain a pH o f  4 o r  g r e a t e r .  
d i t i o n s ,  su l fa te - reducing  b a c t e r i a  genera ted  s u l f i d e  s p e c i e s ,  which r e a c t e d  to  
form minera ls  such a s  p y r i t e ,  s p h a l e r i t e ,  c h a l c o p y r i t e ,  and ga lena .  During 
c o a l i f i c a t i o n ,  t h e  calcium salts  of humic a c i d s  decomposed t o  form c a l c i t e  and 
carbon compounds t h a t  may account f o r  t h e  c a l c i t e  i n  coa l  macerals  and c l e a t s .  
The pH condi t ions  t h a t  e x i s t e d  dur ing  p e a t  formation were conducive t o  t h e  re ten-  
t i o n  of minera l  m a t t e r ,  t h e  bulk  of which w a s  of p l a n t  o r i g i n .  
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O H I O  

ALLEGHENY - CONE MAUGH 

CONTACT 

Figure 1. - Index map. of Homer Ci ty .  P a . ,  study area and 

Allegheny Group-Conemaugh Group contac t .  

232 



233 



234 



S i 0 2  B Eu 
Ba F 

A1203 Be Ga 
Cd cd 

MgO Ce H f  
Cr La 

cu Lu 
Na20 C s  Li 

K2° 

T i 0 2  

1% Sm Yb 
Xd Sn Zn 
h’i  Tb Zr 
Pb Th 
Rb U 
Sb V 
sc Y 
Se  

Figure 4. Mineral matter consti tuents  and macerals of the  Upper Freeport c o a l  
that  s t a t i s t i c a l l y  p o s i t i v e l y  corre late  v i t h  ash, p y r i t i c  sulfur, 
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Most coal-cleaning processes  a r e  pred ica ted  on d i f f e r e n c e s  i n  phys ica l  prop- 
erties between t h e  c o a l  and t h e  included minera l  mat te r  be l ieved  t o  conta in  t h e  
undes i rab le  e lements .  However, as  t h e  mode of occurrence of most elements i n  coal  
( p a r t i c u l a r l y  t h e  t r a c e  elements)  is not  c l e a r l y  understood,  t h e  e f f e c t i v e n e s s  of 
t h e  coal-cleaning procedures  i n  removing t h e s e  t r a c e  elements i s  uncer ta in .  By 
combining d e t a i l e d  chemical, minera logica l ,  and pe t rographic  techniques  w e  have 
determined how v a r i o u s  t r a c e  elements ,  p a r t i c u l a r l y  those  of environmental i n t e r e s t  
occur i n  s e v e r a l  Appalachian bituminous coa ls .  

scanning e l e c t r o n  microscope (SEM) wi th  an energy d i s p e r s i v e  X-ray d e t e c t o r .  With 
t h i s  system i n d i v i d u a l  i n  s i t u  minera l  g r a i n s  as s m a l l  as 0 .5  u m  can be observed 
and analyzed f o r  a l l  elements of  atomic number 11 (Na) and g r e a t e r  t h a t  a r e  pres-  
e n t  i n  c o n c e n t r a t i o n s  a s  low a s  about 0.5 weight  percent  [Finkelman (l), and 
Finkelman and Stan ton  ( 2 ) l .  

c o a l ,  Finkelman (1) c a l c u l a t e d  the  c o n c e n t r a t i o n s  f o r  10-15 t r a c e  elements. The 
c a l c u l a t e d  v a l u e s  f o r  many of these  elements ,  inc luding  Zn and C u ,  c o r r e l a t e d  
w e l l  wi th  t h e i r  a n a l y t i c a l  v a l u e s .  These d a t a  suggest  t h a t  t h e  t r a c e  elements 
occur i n  t h i s  c o a l  predominantly as  s p e c i f i c  accessory minera ls .  For example, 
z i n c  occurs  as z i n c  s u l f i d e  ( s p h a l e r i t e ;  F i g u r e  1) and copper as copper i ron  
s u l f i d e  ( c h a l c o p y r i t e ;  F igure  2 ) .  SEM a n a l y s i s  of o t h e r  coa ls  from t h e  
Appalachian Basin appears  t o  s u b s t a n t i a t e  t h i s  conclusion.  Pre l iminary  es t imates  
based on the  new d a t a  sugges t  t h a t  most of t h e  selenium i n  t h e s e  c o a l s  and much 
of t h e  lead  occur  as 1 t o  3 um p a r t i c l e s  of lead  s e l e n i d e  ( c l a u s t h a l i t e ? ) ,  
which a r e  o f t e n  a s s o c i a t e d  w i t h  cadmium-bearing s p h a l e r i t e  and cha lcopyr i te ,  
(Figure 3 ) .  These f ine-grained mineral  in te rgrowths  occur e x c l u s i v e l y  wi th in  
t h e  organic  c o n s t i t u e n t s  and i n  a l l  p r o b a b i l i t y  formed i n  p lace .  Experiments by 
Bethke and Barton (3) on t h e  chemical p a r t i t i o n i n g  of selenium between s p h a l e r i t e ,  
ga lena  (PbS) and c h a l c o p y r i t e  suggest  t h a t  t h e  sphalerite-chalcopyrite-clausthalite 
assemblage would b e  t h e  expected assemblage a t  low temperature  (300OC). 

up about ha l f  t h e  a v a i l a b l e  lead .  Although ga lena  i s  n o t  found assoc ia ted  wi th  
s p h a l e r i t e  o r  c h a l c o p y r i t e  i t  does occur  a s  micrometer-sized p a r t i c l e s  on the  
edges of p y r i t e  g r a i n s  (Figure 4 ) .  T h i s  mode of occurrence may account f o r  t h e  
lead  i n  excess  of t h a t  t i e d  up by t h e  selenium. 

mineral  g r a i n s  i n  t h e  organic  mat r ix ,  c o n s i d e r a b l e  amounts of t h e s e  elements can 
be  re ta ined  i n  t h e  l i g h t e r  s p e c i f i c  g r a v i t y  f r a c t i o n s  of c leaned c o a l  ( 4 ) .  

of t h e  Upper Freepor t  coa l .  S imi la r  r e s u l t s  have been obta ined  f o r  Cd, Cu, and 
Pb on s ix  samples of t h i s  coa l .  The d ivergence  of t h e s e  curves  i n  t h e  high 
s p e c i f i c  g r a v i t y  range  i s  c o n s i s t e n t  wi th  t h e  observa t ion  t h a t  t h e s e  elements 
occur a s  f ine-gra ined  minera ls  which a r e  i n c r e a s i n g l y  r e l e a s e d  from t h e i r  organic  
mat r ix  w i t h  f i n e  gr inding .  

It i s  e v i d e n t  from Figure  5 t h a t  t h e  c o n c e n t r a t i o n s ,  on a whole c o a l  b a s i s ,  
of Zn ( t h i s  would apply t o  Cu, Cd,  and Pb as w e l l )  a r e  much g r e a t e r  f o r  t h e  
h igher  s p e c i f i c  g r a v i t y  (Sp. G . )  f r a c t i o n s .  However, t h e  bulk of t h e  c o a l  genera l ly  
f l o a t s  a t  t h e  lower Sp. G.  l e v e l s .  Reca lcu la t ing  t h e s e  d a t a  t o  show t h e  proport ion 
of each element i n  each Sp. G.  f r a c t i o n  r e v e a l s  t h a t  s u b s t a n t i a l  amounts of t h e s e  

T h i s  s tudy w a s  conducted pr imar i ly  on pol i shed  blocks of c o a l  us ing  a 

On t h e  b a s i s  of t h e  abundance of t h e  accessory minera ls  i n  the  Waynesbury 

I f  a l l  t h e  selenium i n  these  c o a l s  occurred a s  lead  s e l e n i d e  t h i s  would t i e  

Because s u b s t a n t i a l  amounts of Zn, Cu, Pb, Cd, and S e  occur  a s  f i n e l y  d ispersed  

F igure  5 i l l u s t r a t e s  t h e  concent ra t ion  of Zn i n  a s ize-gravi ty  s e p a r a t i o n  
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elements a r e  r e t a i n e d  i n  t h e  l i g h t e r  (<1.50) f r a c t i o n s  (Table 1). Simi la r  r e s u l t s  
were obtained i n  a washabi l i ty  s tudy of these  c o a l s  by Caval la ro  and o t h e r s  ( 5 ) .  
Not a l l  t h e  Upper Freepor t  samples demonstrated t h i s  type  of behavior. I n  s e v e r a l  
samples more than 50 weight percent  of t h e  c o a l  sank i n  Sp. G .  1.60 l i q u i d s ,  
car ry ing  with it a s  much a s  85 percent  of t h e s e  t r a c e  elements. 

one of t h e  s ize-gravi ty  f r a c t i o n s .  S imi la r  r e s u l t s  havc been obtained f o r  Cd, Cu, 
and Zn i n  many of t h e  Upper Freepor t  samples. The h i g h e s t  concent ra t ions  of t h e s e  
elements commonly occur i n  t h e  a s h  of t h e  l i g h t e s t  f r a c t i o n  of t h e  coa l .  
r e f l e c t s  t h e  a s s o c i a t i o n  of f ine-gra ined  s p h a l e r i t e ,  c h a l c o p y r i t e ,  and c l a u s t h a l i t e  
( ? )  with  the  organic  mat r ix .  
a r e  probably due t o  t h e  r e l e a s e  of some of t h e s e  minera ls  dur ing  gr inding .  

T 1 ,  Se, Zn) occur a s  s u l f i d e s .  I n  c o a l  t h e  most prominent s u l f i d e  minera l  is 
p y r i t e  (FeS2). 
s o l i d  s o l u t i o n  wi th  most of t h e  above mentioned elements  ( 6 ) .  Indeed, pre l iminary  

5 e l e c t r o n  microprobe and ion  microprobe ana lyses  of p y r i t e  and i t s  dimorph marcas i te  
from s e v e r a l  c o a l s  suggest  t h a t  most p y r i t e  i s  f r e e  of t r a c e  c o n s t i t u e n t s  t o  
concent ra t ions  as low a s  100 ppm. 

d i f f e r s  from t h a t  of Zn, Cd, Pb, Cu, and Se .  Although a r s e n i c  s u l f i d e  has been 
observed i n  c o a l s ,  t h e  bulk  of t h e  A s  i n  t h e  Upper Freepor t  c o a l  appears  t o  b e  
a s s o c i a t e d  wi th  p y r i t e .  
t o  be c o n t r o l l e d ,  t o  a . large e x t e n t ,  by t h e  f r a c t u r e s  w i t h i n  t h e  c o a l  and w i t h i n  
t h e  p y r i t e .  Thus f a r ,  a r s e n i c  has  been found only i n  p y r i t e  hor izons  t h a t  are  
assoc ia ted  wi th  f r a c t u r e d  c o a l ,  a l thought  no t  a l l  such p y r i t e  occurrences had 
d e t e c t a b l e  a r s e n i c .  Within t h e s e  favorable  s i t e s  A s  w a s  found only along t h e  
outer  r i m s  of p y r i t e  g r a i n s  o r  a long f r a c t u r e s  w i t h i n  t h e  p y r i t e .  O p t i c a l l y ,  
t h e  As-bearing p y r i t e  always appears  "d i r ty"  due t o  abundant m i c r o f r a c t u r e s ,  
perhaps caused by r e a c t i o n s  w i t h  e p i g e n e t i c  As-bearing s o l u t i o n s .  P y r i t e  wi thout  
microf rac tures  d i d  not  h a v e d e t e c t a b l e a r s e n i c  (>0 .01  weight p e r c e n t ) .  

I n  t h e  s ize-gravi ty  s e p a r a t i o n s ,  A s  was found t o  concent ra te  i n  t h e  s i n k  
1.8 f r a c t i o n  along with p y r i t e .  

C o r r e l a t i o n  c o e f f i c i e n t s  based on s t a t i s t i c a l  ana lyses  of a n a l y t i c a l  d a t a  
from 96 Upper Freeport  c o a l  samples i n d i c a t e  t h a t  A s  and p y r i t e  c o r r e l a t e  w e l l  
with each o ther  ( 7 ) .  Mercury, t h e  only o t h e r  element wi th  which a r s e n i c  and 
p y r i t e  have a s t rong  p o s i t i v e  c o r r e l a t i o n ,  behaves s i m i l a r l y  t o  a r s e n i c  i n  t h e  
s ize-gravi ty  s e p a r a t i o n s  (Table 1). In a l l  p r o b a b i l i t y  t h e  mode of occurrence 
of mercury is s i m i l a r  t o  t h a t  of a r s e n i c .  

can be d i v i s e d  t o  e f f e c t i v e l y  remove t h e  u n d e s i r a b l e  t r a c e  elements .  
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Figure 1. SEM photomicrograph of a sphalerite crystal in semifusinite. 
Scale bar = 10 pm. 

Figure 2. SEM photomicrograph of a chalcopyrite grain. 
Scale bar = 10 pm. 
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Figure  3 .  SEN photomicrograph of a g r a i n  c o n s i s t i n g  of s p h a l e r i t e  ( r i g h t  r i m ) ,  
c h a l c o p y r i t e  ( l e f t  r im) ,  and lead  s e l e n i d e  ( b r i g h t  cap) .  

Sca le  b a r  = 10 wn. 

F igure  4 .  SEN photomicrograph of galena ( l i g h t  gray)  on 

Sca le  b a r  = 1 um. 
p y r i t e  (medium gray) .  Backscat tered e l e c t r o n  image. 

240 



1 

Figure 5. Concentrat ion of z i n c  (whole-coal b a s i s )  in size- 
g r a v i t y  s e p a r a t e s  of t h e  Upper Freepor t  c o a l  sample 
H2-42P-1.1. 

Figure 6 .  Concentrat ion of z inc  in t h e  ash  o f  s i z e - g r a v i t y  
s e p a r a t e s  of Upper Freepor t  c o a l  sample H2-53L-1.0. 
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Distribution o f  Elements in Coal Macerals and Minerals: 
Determination by Electron Microprobe 

Jean A. Minkin, E. C. T. Chao and Carolyn L. Thompson 

U. S. Geological Survey, National Center, Reston, Va. 22092 

Systematic study o f  elemental abundances in  coal macerals and minerals i s  
v i t a l  t o  understanding the genetic h i s to ry  and geological s ign i f icance  of particu- 
l a r  coal beds, i n  cor re la t ing  coal beds f o r  coal mine planning, i n  assessing the 
environmental impact o f  u t i l i z a t i o n  of coal from a pa r t i cu la r  source, and i n  eval- 
uating the po ten t i a l  for recovery o f  waste by-products and f o r  ca t a ly t i c  action i n  
coal conversion. In - s i tu  determinations of elemental concentrations i n  macerals 
and in clays,  su l f ides  and o ther  mineral cons t i tuents  may he lp  t o  es tab l i sh  the 
primary vs. secondary emplacement o f  pa r t i cu la r  elements, i .e. elements which were 
fixed when the  coa l  precursors were deposited vs. mobile elements which may have 
been introduced and/or red is t r ibu ted  by ground water c i rcu la t ion  and other dia- 
genetic processes. 
between macerals and minerals i s  e s sen t i a l  i n  evaluating the  poss ib i l i t y  of removal 
of contaminants by grinding and washing, because elements i n  macerals cannot be 
effectively removed by these procedures. 

Application o f  e lec t ron  microprobe analysis t o  coal-related studies i s  still  
in  the developmental s tage  (1). We repor t  here  preliminary r e su l t s  of intensive 
study of one columnar coal sample t o  ind ica te  the  na ture  of the  data on elemental 
d i s t r ibu t ion  t h a t  a r e  readi ly  obtainable through use o f  the electron microprobe. 
In order to  preserve the  s t ra t igraphic  re la t ionships  of the d i f f e ren t  coal facies,  
polished blocks (Figure 1) and polished th in  sec t ions  were prepared t o  represent 
the t o t a l  thickness of  the coa l  bed. These blocks and th in  sections were f i r s t  
studied petrographically with the  op t i ca l  microscope, and areas  representative of 
the pr inc ipa l  l i t ho log ic  un i t s  (Figure 2) were designated f o r  analysis by t h e  
electron microprobe. 
Upper Freeport coal used f o r  t h i s  study was co l lec ted  in the  Helen Mine, Indiana 
County, Pa. Petrographic ana lys i s  (E. C. T. Chao et  a l . ,  unpublished data) indi- 
cates t h a t  t h e  coal bed is  composed o f  two cycles of organic-matter deposit ion and 
f ive  major l i t ho log ic  coal types (Figure 3).  The division between the  two cycles 
of deposit ion i s  t h e  base o f  one major l i t ho log ic  uni t ,  a carbonaceous sha le  part- 
ing with bands of v i t r i t e  between depths 85 and 92.5 cm. This carbonaceous shale, 
characterized by water-transported depos i t iona l  fea tures ,  may be a key s t ra t igraphic  
marker. 
one from the  top o f  t he  coal t o  30 cm depth, another from 30 t o  50 cm, and a th i rd  
from 50 t o  85  cm. The f i f t h  i s  the column in t e rva l  from 92.5 t o  118 cm. 

of 23 elements i n  the  macerals and f o r  analyses of d i sc re t e  mineral grains present 
a t  representative depths of t he  column. The instrument a t  t h e  Reston laboratories 
of the U. S. Geological Survey i s  rout ine ly  capable of wavelength dispersive anal- 
ys i s  of a l l  elements s t ab le  i n  vacuum and o f  atomic number 9 (fluorine) and greater. 
L i m i t  of de t ec t ab i l i t y  f o r  most elements is about 100 ppm, and the  minimum targe t  
area which can be analyzed is  approximately 3 x 3um. 
electron beam i n t o  the t a r g e t  i s  from 1 t o  5pm. 

macerals of t he  f i v e  major l i t ho log ic  coal types of t he  column. 
where these elements were detected by probe analysis,  d i sc re t e  minerals were not 
observed op t i ca l ly  down t o  t h e  l i m i t  of  reso lu t ion  (about 0.5um). 
(21, i n  a transmission e lec t ron  microscope study o f  I l l i n o i s  No. 6 coal, reported 
a profusion of mineral p a r t i c l e s  i n  v i t r i n i t e  i n  the  size range from 3 M  t o  
approxim.tely 0.2um. 
electron microprobe maceral analyses a r e  associated with submicron-sized mineral 

Furthermore, determination of t he  d i s t r ibu t ion  of elements 

A 118-cm thick columnar sample of medium vo la t i l e  bituminous 

Above the  sha le  par t ing  three  major l i t ho log ic  coal types a r e  discernible:  

The electron microprobe has been used f o r  i n - s i tu  determinations of abundances 

Pecetration depth of the  

Table 1 summarizes the  range o f  abundance of  t he  2 3  elements analyzed i n  
A t  t he  s i t e s  

Strehlow et  a l .  

Thus it is  probable t h a t  some of the  elements detected in  our 
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matter. In par t icu lar ,  s i l i con  and aluminum, which vary i n  abundance i n  a p a r a l l e l  
manner a r e  probably associated with extremely f i n e l y  dispersed clay minerals. 

TWO elements, su l fu r  and chlorine, c l ea r ly  seem organically associated i n  t h e  
macerals of t h i s  coal. 
a given maceral, implying an association on the molecular level.  
comparable amount of i ron  is  not present,  as would be t r u e  i f  t h i s  were submicron- 
sized py r i t e  o r  marcasite. 
microprobe analysis (Table 1) tend t o  be grea te r  i n  the  lower deposit ional un i t  
and a re  i n  good agreement with analyses of t h i s  coa l  by conventional methods (3,4). 
The amount of su l fur  i n  i n e r t i n i t e  tends t o  be about ha l f  t h a t  i n  v i t r i n i t e ,  while 
the su l fur  content of t he  ex in i tes  analyzed ( t h i s  coa l  contains very l i t t l e  ex in i t e  
(Figure 3)),  more closely approaches the  leve l  i n  v i t r i n i t e .  Harris e t  a l .  i n  a 
s u i t e  of coals they studied (5) found t h a t  ex in i t e s  always have more s u l f u r  than do 
v i t r i n i t e s  bu t  determinations by Raymond and Gooley (1) eenerally agree with our 
resu l t s .  
d i s t r ibu ted  i n  a given maceral. In addition, comparable leve ls  of cations such as 
sodium o r  potassium were not detected (Table l ) ,  as would be expected i f  the  chlo- 

tha t  i n  coals from the  I l l i n o i s  Basin weakly bound chlorine i n  organic combination 
was a l ike ly  mode of occurrence. 
sample tend t o  be higher f o r  the upper cycle of deposit ion (Table 1) .  X-ray fluo- 
rescence da ta  on ash f r o m t h i s  coal show a similar trend (3). This trend perhaps 
implies grea te r  s a l i n i t y  of the swamp water during the  period of growth and depo- 
s i t i o n  of t he  coal precursors of the  upper deposit ional cycle, compared'with the  
lower. 

f u l l  118-cm depth f o  the column (Table 2). Ident i f ica t ion  o f  the  clay minerals i s  
based on t h e i r  chemical compositions. 
designated as illites, those with A1203>30 w t .  %, Si02,40 w t .  % and K2051.5 w t .  % a re  
labeled kaol in i tes ,  and "mixed layer" clays a re  those with K20 between 1.6 and 2.5 
w t .  %. In t h e  upper un i t  o f  deposition, i l l i t e s  a r e  d i s t i n c t l y  dominant and kaolin- 
ites occur mostly i n  shale. "Mixed layer" clays a r e  found only below 92.5 cm depth. 
Clays i n  the  shales a re  generally lower i n  s i l i con  and higher i n  i ron  than those i n  
the r e s t  of t he  coal column. 
aluminum than the other two clay types. 

sent i n  py r i t e  only from depth 5 t o  20 cm i n  t h i s  coa l  column. 
occurrence i s  discussed by Finkelman e t  a l .  (7) .  

3), even small amounts o f  non-volatile elements i n  the  v i t r i n i t e  (Table 1) w i l l  con- 
t r i bu te  s ign i f icant ly  t o  the  coal ash. 
v i t r i n i t e  generally i s  l e s s  than 30um i n  grain s i ze ;  thus, the  elements shown i n  
the  analyses of Table 2 w i l l  a l so  probably remain i n  the  coa l  even a f t e r  f i n e  
grinding and washing. 

mented variations i n  su l fu r  and chlorine abundance i n  macerals, c lay  compositions, 
and presence of arsenic i n  p y r i t e  which c l ea r ly  ind ica te  differences i n  the  deposi- 
t i ona l  and subsequent environmental cha rac t e r i s t i c s  of t he  upper and lower deposi- 
t iona l  un i t s  o f t h i s  coal. 
study, more complete evaluation of the  abundance o f  pa r t i cu la r  elements i n  a given 
coal bed w i l l  be possible through cor re la t ion  of modal analyses of maceral-mineral 
composition (E. C. T. Chao e t  al.,  unpublished da ta)  with in - s i tu  chemical da ta  f o r  
macerals and minerals obtained by e lec t ron  microprobe and proton-induced X-ray 
emission (the l a t t e r  f o r  elements a t  concentrations l e s s  than 100 ppm) techniques. 
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Table 1 .  Electron I:icroprobe Deteiminations of Minor and Trace Element 
Concenrrations (Kt. i n  ?!?cer;.ls of  tlie Five  t.!njor Lltholoeic 
Coal Types, Upper Freeport Column Sample H2-42P-1. 
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0-0.11 
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0 

0 
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0 
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0 
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0 
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0 (1) 
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RAPID, EASY MULTIELEMENT ANALYSIS OF WHOLE COAL VIA 
SLURRY-INJECTION ATOMIC ABSORPTION SPECTROPHOTOMETRY 

James E. O'Reilly and Donald G. Hicks 

Department of Chemistry, University of Kentucky, Lexington, 
Ky., 40506; and The Institute for Mining & Minerals Research, 
Kentucky Center for Energy Research Laboratory, P.O. Box 13015, 
Lexington, Ky., 40583. 

INTRODUCTION 

In recent years, a few laboratories have reported on the use of 
flame atomic absorption/emission methods for the analysis of solids 
directly, bypassing normal ashing and dissolution steps(1-5). However, 
not all these workers made attempts to achieve quantitative results. 
For example, although the early paper by Harrison(4) and the recent-one 
by Willis(5) are quite significant, neither reported any quantitative 
analyses of standard or non-standard analyzed samples! mrthermore, 
no efforts have been made thus far to determine functional limits of 
detection and analysis for a wide variety of elements in any one 
particularly significant solid matrix such as coal. 
procedures involving non-flame furnace atomization techniques seem to 
have been more widely investigated(6-13). 

The need to analyze coal for major, minor, and trace-level elements 
has been underscored by the Clean Air Act of 1970(14) and the Toxic 
Substances Control Act of 1976(15,16). Concentrations of trace elements 
are of great interest in the geological characterization of coals(l7), 
and Hook(l8) has emphasized the significance of metals content of coal 
in determining the quality of industrial products such as coke, iron, 
and steel. Moreover, the U.S. National Bureau of Standards has recently 
introduced bituminous and sub-bituminous coal Standard Reference Materials 
(19,201 having certified concentration values for 14 trace metals. A 
survey has shown that 70 of the millions of geochemical exploration 
samples collected annually have been analyzed by AA procedures(21). 
But conventional AA analysis procedures are plagued by lengthy sample 
preparation steps, usually involving a high or low-temperature ashing 
for many hours, followed by a prolonged dissolution in mixed acids. 
Even for a "rush" analysis, the turnaround time is nearly 2 days from 
receipt of samples. 

Therefore, we have developed an atomic absorption method for the 
direct analysis of whole coal by injection of powdered coal slurries 
into either flames or graphite furnaces. This paper greatly expands 
the preliminary observations of O'Reilly(22) on the slurry-injection 
approach to flame AA analysis of coal. Our work is oriented toward a 

Atomic absorption(AA) 

comprehensive exploration- of the capabilities of this general approach 
for determining a wide variety of elements 
solid matrices such as coal, coal ash, oil shale, limestone. piments. 

in some difficult-to-digest 

glasses, 2nd selected ores. 
constant major component compositions, 

That is, -solid matrices with "reiatively" 

EXPERIMENTAL 
A aratus and Rea entsc All absorption and emission signals 

were i o d i f i e d  Varian Model AA-6 atomic absorption 
spectrophotometer e q u i p p e d M o d e 1  BC-6 H2-lamp background cor-  
rector, Model CFt.4-90 graphite tube/cup atomizer system, and a high 
quality strip chart recorder capable of expanding the 100 mv output 
absorbance signal by lOOx in several steps, A standard Varian premix 
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burner with single-slot "high solids1' heads was used throughout for 
flame atomization studies. As supplied, nebulizer intake Capillaries 
had quite variable I.D. values. To minimize clogging, only those with 
I.D. greater than 35 mm were utilized. To decrease the frequency of 
removing solid particles constantly collecting therein, a large conical 
suction flask was filled with water and used as a burner "drain trap" 
at floor level. A length of 8 m glass tubing was inserted through a 
one-hole rubber stopper to a point about 5 inches below the water surface, 
and also connected to the burner chamber. A plastic tube ran from the 
flask side arm to a drain in the floor. The critical, final comminution 
of analytical samples was accomplished by use of a swing-mill (Spex 
Model 8510 Shatterbox) with 3.7 x 2.5 inch hardened steel or tungsten 
carbide(WC) grinding containers. 

were used to prepare aqueous standards, 
of Triton X-lOO(Rohm & Haas scintillation grade) wetting agent was 
prepared and diluted daily as needed to 0.2 $ o r  0.5 with distilled 
and doubly deionized water. Other materials were reagent grade. 

Reference standard coals of nominal sub-60 mesh(-250p) particle 
size were prepared from several eastern Kentucky bituminous coal samples. 
Ten to twenty pounds of each of these raw coals was put through (a) a 
standard jaw crusher, (b) a roller-mill, and (c) a Holmes Model 500 
rotor-beater type of pulverizer equipped with a screen allowing output 
particles of 60-mesh or smaller. After tumbling each total sample 2 hrs, 
they were dried briefly at llO°C to remove surface moisture. The 
reference standard coals were then analyzed for content of several elements 
by conventional AA rocedures involving 24-hr low-temperature oxygen- 
plasma ashing(23.247 and dissolution of the ash after treatment with 
aqua regia/HF in a teflon bomb(25,26) or fusion with lithium tetraborate 
(27,281. 
linearity of AA signals versus concentration made use of these samples. 

Analysis Procedure, The grinding chamber of the Spex swing-mill 
was "dry-cleaned" initially, and also between samples, by a 2-min milling 
of about 6 mL of the new coal sample to be analyzed, 
the resulting powder, the chamber was quickly wiped with laboratory 
tissue and blown out with a jet of dry air. Roughly 10 mL of the new 
coal sample was then added to the container and pulverized for 10 minutes. 
The majority of the powdered sample was dumped into a 325-mesh(44 p) 
metal screen sieve with a 3-inch brass body, then shaken and bumped 
by hand for 1.5 minutes. Two-thirds or more of the solid typically 
passed the screen, The -44 p n  powder which collected in the bottom pan 
was covered with a snug-fitting lid, shaken vigorously for about10 sec, 
and tumbled 10-12 times. Analytical samples in the range of 0.1 to 
2.5 g were placed in 150-mL beakers, 
repipets, 30 to 100 mL of 0.5 % Triton X-100 slurrying solution'was 
gently added t o  produce slurries containing 0.1 to 8.0 grams coal.per 
100 mL slurrying liquid(0.1 % to 8 f wt/vol solids). 
the burner slot parallel to the light beam, most elements 'in most coal 
samples could be determined using slurries of 0.3 5 ,  5 5, or 8 solids. 
Slurries of reference standard coals and unknowns were always prepared 
to contain approximately the same solids. Samples were then stirred 
magnetically for about 30 minutes prior to aspiration into the burner. 
Absorbance measurements, made while stirring the s$urries gently, were 
corrected for non-atomic "background" absorption using broad-band 
emission from an H2-arc lamp. Absorbances of standard and unknown 

Certified atomic absorption standard solutions (Fisher Scientific) 
A 10 $ by weight stock solution 

Analysis of NBS-SRM coal as an unknown and studies on the 

After discarding 

Using graduated cylinders or 

Actually, with 
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c o a l  slurries were normalized t o  t h e  same % s o l i d s  va lue  which was 
chosen t o  be nea r  t h e  s o l i d s  l e v e l  of t he  s l u r r i e s  a c t u a l l y  prepared. 
Element concen t r a t ions  i n  t h e  unknowns were determined from b e s t - f i t  
c a l i b r a t i o n  curves  cons t ruc t ed  f rom s tandards ,  o r  from simple r a t i o s  
of absorbances of s t anda rds  and unknowns wi th  subsequent averaging. 

techniques,  suspens ions  con ta in ing  0.2 t o  8.0 g o f  unsieved powdered 
c o a l  per 100 mL t o t a l  s l u r r y  volume were prepared  by d i l u t i o n  i n  
volumetric con ta ine r s .  A f t e r  b r i e f  mixing, s l u r r i e s  were t r a n s f e r r e d  
t o  wide mouth c o n t a i n e r s  and s t i r r e d  a few minutes,  Adding 5 t o  25 UI, 
of t h e  s l u r r i e s  t o  t h e  g r a p h i t e  tube  o r  cup provides  a f u n c t i o n a l l y  
accura te  and 
sample. 

When ana lyz ing  c o a l  by non-flame g r a p h i t e  furnace  a tomiza t ion  

r a p i d  method t o  measure 10 t o  2000 y g  o f  powdered coa l  

RESULTS A N D  DISCUSSION 
Sample Comminution S tudies :  O f  s e v e r a l  t y p e s  o f  g r ind ing  devices 

examined, a s w i n g - m i l l  (Spex "Shatterbox") w a s  found t o  be  gene ra l ly  
super ior  a f t e r  cons ide r ing  such factors  as ( a )  product ion  o f  a very 
high te rcentage  of r e a l l y  f i n e  (-325 mesh) p a r t i c l e s ,  (b)  g r ind ing  
7 t o  5 grams of sample, ( c )  s h o r t  m i l l i n g  t ime,  (d )  number of samples 
mi l led  simultaneously,  and ( e )  gene ra l  ease  of opera t ion  and repro- 
d u c i b i l i t y .  Table I i l l u s t r a t e s  t h a t  absorbances of samples ball-milled 
60 rnin a r e  s i g n i f i c a n t l y  lower t h a n  those  f o r  samples pulver ized  1 2  rnin 
i n  any swing-mill c o n t a i n e r ,  Usually,  s l u r r i e s  made f r o m  unsieved 
c o a l  ground i n  t h e  swing-mill WC chamber d i d  no t  c log  burner  c a p i l l a r i e s .  
But clogging d i d  occur  o f t e n  enough f o r  u s  t o  recommend a b r i e f  p a r t i a l  
s i ev ing  i n  t h e  a n a l y t i c a l  procedure,  The optimum time (F ig .  1) t o  
g r ind  1 2  mL of c o a l  having a 44-250 ).lm s t a r t i n g  range o f  p a r t i c l e  
s i z e s  was found t o  be 12-15 minutes,  a l though g r ind ing  t imes  a s  s h o r t  
a s  5 rnin w i l l  produce s u i t a b l e  samples when s ieved .  S ince  absorp t ion  
has been shown t o  i n c r e a s e  wi th  decreas ing  p a r t i c l e  s i z e ( 5 ) .  1 2  min 
i n  a swing-mill WC d i s h  appa ren t ly  r e s u l t s  i n  a maximum s t a t e  of sub- 
d iv i s ion  of p a r t i c l e s .  
t h e  -325 mesh powder e x h i b i t s  a s i g n a l  s l i g h t l y  g r e a t e r  t h a n  t h a t  o f  
t h e  unsieved samples. But a f t e r  12 minutes, t h e  t w o  t y p e s  of samples 
show no d i f f e r e n c e  i n  s i g n a l .  To minimize c logging ,  30-min o f  i n t e r -  
m i t t a n t  s t i r r i n g  i s  recommended a f t e r  f i r s t  mixing t h e  s l u r r y ,  par t icu-  
l a r l y  fo r  water-based s l u r r i e s  of h igher  s o l i d s  conten t .  However, 
a n a l y t i c a l l y  u s e f u l  s l u r r i e s  a r e  obta inable  a f t e r  only 5-10 rnin s t i r r i n g  
of e i t h e r  water-based suspens ions  wi th  lower % s o l i d s  o r  organic solvant 
mixtures of any s o l i d s  l e v e l ,  
base o r  20 % s o l i d s  i n  organic  s o l v e n t s  have been a s p i r a t e d  a few minutes 
without c logging  a 0.4 mm I .D.  b w n e r  c a p i l l a r y .  Regard less  o f  t h e  
% s o l i d s ,  t h e  r a t e  of s l u r r y  a s p i r a t i o n  i s  e s s e n t i a l l y  t h e  same a s  t h e  
uptake rate of t h e  particular s l u r r y i n g  l i q u i d  (wi th in  1 % t o  2 $), 
Although c logging  f a c t o r s  a r e  d iscussed  h e r e ,  it i s  emphasized t h a t  i t  
r a r e l y  happened when fo l lowing  r o u t i n e  a n a l y s i s  procedures.  

Analysis By Flame Atomization: Best-fit c a l i b r a t i o n  curves ,  obtained 
a t  some p a r t i c u l a r  % s o l i d s  l e v e l ,  are g e n e r a l l y  l i n e a r  over a reasonable 
concent ra t ion  range----as i l l u s t r a t e d  by F i g u r e s  2 and 3. Ind iv idua l  
P o i n t s  r e s u l t i n g  from d i f f e r e n t  s tandard  c o a l s  show a small, but  highly 
reproducible,  scatter about t h e  l i n e .  We i n t e r p r e t  t h i s  t o  be caused 
by r e l a t i v e 1  s m a l l  ma t r ix  v a r i a t i o n  e f f e c t s ,  For elements t e s t e d ,  
e l ~ ~ l ~ a ~ u r v e s  have t h e  same gene ra l  shape, That is, they 
e x h i b i t  t h e  same relat ive p o s i t i o n i n g  of d a t a  p o i n t s  whether obtained 
( a )  i n  N20-C2H2 o r  air-CzH2 flames, (b) from unsieved o r  p a r t i a l l y  
s ieved  powders, ( c )  a f t e r  15 rnin mi l l i ng  i n  a swing-mill o r  2 h r  i n  a 

P r i o r  t o  t h i s  maximum absorbance gr inding  time, 

S l u r r i e s  having 8 % s o l i d s  i n  a water 
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rolling-jar ball-mill, or (d) after 20 min or 3 hrs stirring. 
Strong emission signals for several elements were obtained from 
coal slurries. In the case of sodium, the AA calibration curve 
had the same shape as one obtained from atomic emission measurements. 
Precisions attainable by this slurry-injection AA approach are quite 
good as seen in Table 11, and are similar to those observed for 
replicate determinations on purely aqueous standards, Relative 
standard deviations (RSD) are typically 1 of the mean for elements 
with strong signals, and 3-4 $ when scale expansion is required. 

For some elements whose coal slurry AA signals are quite small, 
considerable scale expansion is necessary and non-atomic "background" 
absorbance becomes significant(Fig. 3 ) .  Experimental observations 
shown in Table I11 suggest that this apparent absorption is primarily 
caused by light scattering from the solid particles, This "background" 
signal increases linearly with increasing solids level, is relatively 
constant from one coal to another, is greater when measured near the 
top of the burner, is much reater when the slurry is aspirated by 
non-burning gases(Tab1e 1117, decreases gradually as wavelength changes 
from 200 nm to 600 nm(Tab1e 111), has the same magnitude whether 
measured with line or broadband light sources(Tab1e III), increases 
with increasing slurry aspiration rate, is greater for coal sieved 
through a screen with larger openings (i.e. larger particles), is much 
less in the N20-C2H2 flame than in the air-C2H2 flame, and has a 
maximum observed absorbance of 0.002/1 % solids----this latter data 
in accord with Willis'(5) value for pulverized rocks, 

Figure 4 indicates that conventional atomic absorption sensiti- 
vities (ppm at which Abs.= 0.0044) for elements in the NBS-1632 coal 
matrix increase in the same general order as AA sensitivities deter- 
mined in aqueous solution. Atomization efficiencies relative to water 
media were determined as o atomization = (100)(slurry absorbance)/(aqueous 
solution absorbance) at ezual effective concentrations of the test 
element. 
those obtainable from aqueous solution. Apparently, the NBS-1632 coal 
matrix (and perhaps others) does not drastically affect the signal 
of one element relative to another. 

exhibit a maximum absorbance at a point higher in a flame when slurries 
are fed in than when aqueous solutions are aspirated(Fig. 5). As can 
be seen in Figure 6, the relative atomization efficiency in a flame 
also increases with increasing height above the burner, The $ atom- 
ization of slurries increases more rapidly with increasing height in the 
NzO-C~H vs air-C2H flame, and, the height of maximum absorbance is 
nearer %he top of tge burner in the N O-CzH2 vs air-C2H2 flame: both 
observations being in contrast with &e greater aspiration rate of 
the NzO-CzH burner, 
absorbance therein, these data indicate that the N2O-C H2 flame is more 
efficient than the air-C~H2 flame in decomposing soli2 particles, 

to be determined by flame atomization at levels normally encountered 
in coal (Al, Si, Fe, K, Ca, Mg, Na, Ti----Ba, Be, Cu, Cr, Co,  Eu , Li, 
Mn, Ni, Pbp Rb, Sr, V, Yb , and Zn). Eu and Yb were detected by their 
emission signals from N2O-C H2 flames. Ag, As, Bf, Cd, Mo, P, Pd, Se, 
Sn, and Te were not detectes with sufficient sensitivity. Utilizing 

These efficiencies for coal ranged between 16 % and 24 % of 

Flame response profile studies have shown that elements generally 

Along with the fact of lower non-atomic background 

Of 33 elements studied, 23 were found to have sufficient sensitivity 
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flame atomization, concentrations of 16 elements have been determined 
in NBS-1632 SRM coal with moderate accuracies of *5 to 25% error(Tab1e IV). 
Although NBS-1632 is a relatively uniform blend of several coals, it 
is to be noted that the eastern Kentucky coals used as standards were 
not uniform, When considering sample-to-sample variations, it has 
been observed that slurry absorbances of Si and A1 increase as ash 
content of the coal increases. But, correlations are not linear. 
Some other elements tested (Fe, Ti, Mg, Ca, K, Na, Ba, S r )  do not 
consistently show a similar correlation. 
photogra hs of flames has shown that the rise velocity of the larger 
of the -84 pm coal particles near the top of the burner is essentially 
the same as the streaming velocity of the gases through the burner slot, 

Analysis of high speed 

SUMMARY AND CONCLUSIONS 
Most of our work has concerned flame atomization AA procedures, 

which are generally faster and more convenient than non-flame electro- 
thermal atomization techniques. 
showed that Be in coal could be accurately determined by graphite 
furnace techniques, with observed precisions around 7.5 $ RSD. Our 
work confirms determination of this particular element, and also shows 
that injection of pL amounts of slurries into a graphite cup/tube is 
a rapid and very reproducible way to circumvent microbalance weighings! 
In general, it appears that powdered coal slurries may be analyzed(in 
these devices)for elements which allow higher ashing and atomization 
cycle temperatures. Using a 2.5 mm I.D. graphite cup for atomization, 
8 replicate determinations on lO+ aliquots from a 1 $ solids 
slurry (-44 p coal) resulted in a relative standard deviation of 3.2%. 

A recent brief report by Gladney(l0) 

Ease of sample preparation plus greatly increased speed of analysis 
usinn a commonl-v available instrument are the main advantages of this 
slurGy injection AA method for coal analysis. 
turnaround time for determininp the concentrations of 4 elements in 

b AA procedures! Some operator time is als/save:. The 
technique is useful for extremely fast 
would allow more frequent and widespread sampling of coal shipped in 
large vessels. Although multielement scanning is a sequential process, 
it is rapid and does compete in total analysis time with X-ray fluor- 
escence techniques, for instance. Assuming 10-12 min XRF instrument 
time per sample count period, and high and low energy counting on 
each sample, the XRF and slurry-injection AA methods both need about 
4 day to determine 12 elements in 6 samples. 
speed is the achievement of only modest accuracy. However, slurry- 
injection AA accuracies might be improved over those implied by the data in 
Table IV if standards and unknowns are matched somewhat better with 
respect to approximate ash content o r  general type of coal. Accuracies 
are certainly good enough for geochemical explorations, and are actually 
in the range of values reported(l7) for conventional AA determinations. 

As an example, the 

Sam les can be reduced to.2 hrs from the current 2 da s re uired by 

single element scanning, which 

The price paid f o r  this 
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FIGURE CAPTIONS 
Figure 1. Effect of grinding time in a Spex Shatterbox (tungsten-carbide container) 

on the atomic absorbance of several elements in one coal sample that was originally 
60/325 mesh (44-250 p particle diameters). 
samples, the open circles for a final sample partially screened through a 325-mesh 
sieve. 
285.2, 248.3, and 213.9 nm for Mg, Fe, and Zn. 

Figure 2 .  Calibration curve for analysis of zinc in whole coal, Conditions: air- 
acetylene flame, 0.4% wt/vol coal slurry in 0.2% Triton X-100, coal ground in a 
tungsten-carbide swing-mill. 

correction for background absorbance. 
for background absorbance. B: Flame background absorption (particulate scattering) of 
aspirated coal slurries at 380 nm measured separately with a hydrogen-arc lamp mounted 
in place of a hollow-cathode lamp. 5: The resultant background-corrected calibration 
curve. Conditions: air-acetylene flame, 3% wt/vol coal slurry In 0.2% Triton X-100, 
coal samples ball-milled, -325-mesh fraction. 

The solid circles are for unsieved final 

Conditions: nitrous oxide-acetylene flame; 1% wt/vol coal slurry; wavelengths = 

Figure 3. Calibration curve for analysis of manganese in whole coal illustrating 
A: Absorbance of coal slurries without correction 
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F i g u r e  4. Atomic a b s o r p t i o n  s e n s i t i v i t i e s  (4 = 0.0044) f o r  a number of elements 
i n  NBS-1632 c o a l  s l u r r y  v e r s u s  t h e  exper imenta l  s e n s i t i v i t y  f o r  those elements  i n  
pure ly  aqueous s tandard  s o l u t i o n s .  The two l i n e s  r e p r e s e n t  e f f e c t i v e  a tomiza t ion  
e f f i c i e n c i e s  of an element  i n  a c o a l  s l u r r y  of 1 6  and 24% t h a t  i n  aqueous s o l u t i o n .  
Condi t ions:  n i t r o u s  oxide-acetylene f lame except  f o r  Rb; c o a l  s l u r r i e s  were of 
d i f f e r e n t  s o l i d s  l e v e l s  i n  0.2% T r i t o n  X-100; c o a l  ground i n  a tungsten-carbide 
swing-mill. 

i r o n  i n  aqueous s o l u t i o n  and i n  a c o a l  m a t r i x .  
t r iangles - - in  a n i t r o u s  oxide-ace ty lene  f lame.  S o l i d  points--0.50% c o a l  s l u r r y  i n  
0.5% T r i t o n  X-100; open points--aqueous 5 ppm i r o n  s o l u t i o n .  Condi t ions:  The c o a l  
(1.07'6 Fe conten t )  w a s  ground 15 min i n  a s tee l  swing-mil l  and s ieved  through a 
200-mesh (75 pm) s c r e e n .  

e f f i c i e n c y  ( s r e l X  100) of i r o n  i n  a c o a l  mat r ix .  

F igure  5. E f f e c t  of measurement he ight  i n  t h e  f lame on t h e  atomic absorbance of 
Ci rc les - - in  an a i r / a c e t y l e n e  flame; 

F i g u r e  6. E f f e c t  of measurement h e i g h t  i n  t h e  f lame on t h e  r e l a t i v e  a tomiza t ion  
Condit ions same as i n  F igure  5. 

Table  I. Atomic Absorbance of C e r t a i n  Elements  v s .  Grinding-Preparat ion Methoda 

Grinding- Grinding 
P r e p a r a t i o n  Time, S iev ingb  Element' 

Method min Mg(NA) A l ( N A )  Si(NA) Fe(NA) Fe(AA) 
_ _ _ _ _ _ _ _ - - - ~ -  

B a l l  m i l l  60 Yes 0.661 0.299 0.212 0.148 0.290 

Swing-mill 1 2  Yes 0.831 0.533 0.301 0.188 0.468 

Swing-mill 1 2  y e s  0 .860 0.575 0.314 0.198 0.504 

Swing-mill 1 2  no 0.862 0.577 0.317 0.195 0.504 

( s t e e l )  

(WC) 

(WC) 

aThe same sample of c o a l  w a s  used i n  a l l  g r i n d i n g  t e s t s .  bAf ter  g r i n d i n g ,  
t h e  subsample w a s  p a r t i a l l y  s i e v e d  through a 325-mesh s c r e e n  c44 urn diameter  p a r t i c l e s ) .  
Condi t ions:  2% wt /vol  c o a l  s l u r r i e s  i n  0.2% T r i t o n  X-100. 'Absorbances a r e  t h e  average 
of a t  l e a s t  t h r e e  measurements; AA = a i r - a c e t y l e n e ,  NA = n i t r o u s  oxide-acetylene f lame.  
The normal a tomic a b s o r p t i o n  wavelengths  were used f o r  t h e  f o u r  e lements  s t u d i e d .  WC = 
tungs ten  c a r b i d e  g r i n d i n g  chamber. 
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Table 11. Precision of Atomic-Absorption Signal Intensitiesa 

Element Series Series g Series C 
R S D ~  RSD RSD 

Fe 1.1 0.90 0.95 

Zn 2.5 2 . 7  , 2.3 

0.72 - 0.76 Ms 
K - - 0.93 

aIn the A series of replicate analyses, nine 15-mL subsamples of a particular 
-60 mesh coal were milled 15 min in the swing-mill hardened-steel container and sieved 
1.5 min by hand through a ZOO-mesh (75 um) screen. Series was 10 subsamples of the 
same coal pulverized 2 hr in a rolling-jar ball-mill, and then sieved 2 min by hand 
through a 400-mesh (38 Vm) screen. Series C consisted of nine 12-mL subsamples of a 
different coal milled 10 min in the Shatterbox WC container, and then sieved 1.5 min 
by hand through a 325-mesh (44 urn) screen. 
while series 

Series A and C employed an air-C2H2 flame 
used the Nz0-CzH2 flame. 

bRSD = relative standard deviation as percent of the average. 

Table 111. Background Absorbance of a Coal Slurry at Several Wavelengthsa 

Absorbance, x103 
Wavelength, Lampb N20-C 2 2  H Air-CzH2 Air-CZHZ 

Flame Flame No FlameC nm 
- 

207.5 HC 1.5 4.7 12.4 
--- 4.8 
1.3 4.9 12.9 231.7 HC 

267.3 HC 1.1 3.3 11.9 
3,2 --- 2.9 326.1 HC --- 2 . 2  ---- 

0.6 2.6 9.5 391 .O HC 
138 --- 2.0 459.3 HC 
1,6 610.4 HC 

---- 214 H2 

280 H2 

358 H2 

450 H2 

--_- --- _--- 

---- 
---c 

--- b 

r-..- --- 

wt/vol slurry in 0.5% Triton X-100. Coal was ground 15 m i n  in a steel 

‘Flame not 
swing-mill, and sieved through a ZOO-mesh sieve. 
bHC = isolated line from a hollow-cathode lamp; H2 = Hydrogen arc lamp. 
lit, but gases flowing on the air-CZH2 burner head; zero absorbance set with 0.5% 
Triton X-100 aspirating. 

Dash means measurement not made. 
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T a b l e  I V .  Analys is  of NBS-1632 Bituminous Coal SRM by S l u r r y - I n j e c t i o n  

Atomic Absorp t ion  Specerophotometrya 

Element 

NBS 

C o n c e n t r a t i o n ,  b 

up/ g 

Slurry-AA 

Concent ra t ion ,  

I J d P  

E r r o r ,  

x of  NBS 

S i  

Al 

Fe 

Ca 

K 

T i  

Na 

S r  

cu 

Zn 

Mn 

Ni 

C r  

Pb 

v 
co 

32000 

17300" 

8700 

4340* 

2790* 

800 

396" 

128* 

18 

37 

40 

1 5  

20.2 

30 

3 5  

- 

5 .6*  

26000 

15700 

9200 

4950 

2570 

690 

4 80 

99 

20 

34 

38 

14  

23 

24 

43  

4.4 

19  

9 

6 

14 

8 

1 3  

21 

22 

11 

8 

5 

7 

14 

20 

23 

21 

% a r i o u s  analyzed Kentucky c o a l s  were used a s  s t a n d a r d s .  

bunmarked v a l u e s  a r e  NBS c e r t i f i e d ,  u n d e r l i n e d  v a l u e s  a r e  NBS p r o v i s i o n a l ;  

*values  a r e  averages  of s e v e r a l  r e p o r t e d  i n  t h e  1977 I l l i n o i s  S t a t e  Geologica l  

Survey C i r c u l a r  499 (E). 
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Precis ion on the  Determination of Trace Elements in Coal 

Mutsumi Ihida,  Teruaki I s h i i ,  Rieko Ohnishi 

Nippon Kokan K.K., Chemical Analysis Laboratory, Technical Research Center 
1-1, Minamiwatarida-cho, Kawasaki-ku, Kawasaki, 210 Japan 

1 Introduction 

The quant i ty  of  mineral matter contained in coal  is generally 5 t o  25 per cent  
of the t o t a l  contents .  Most of the mineral matter are contained in the form of sili- 
ca te ,  w h i l e  the  r e s t  of a few per cent  a r e  t race elements with more than 20 kinds 
including zinc, cadmium, lead, nickel ,  chromium, copper, and vanadium e t c . .  

A t  the present  moment, it would not  be so important to  f ind out the quant i ty  
of these P a c e  elements in coal  for  the purpose of recovering raw mater ia ls  except 
c e r t a i n  mater ia l s  such as germanium and gold, however to know the quant i ty  of t race  
elements in coal  is becoming more important for  the purpose of the environmental 
chemistry. 

There a r e  following problems in conducting the determination of t r a c e  elements; 

1) Concentration of the elements a r e  s l i g h t .  
2) Coal i s  composed of organic matter. 
3) Di f f icu l ty  i n  obtaining a standard sample required f o r  the determination. 

To cope with these problems, the Sample Research C o d t t e e ,  JUSE, has conducted 
a Round-Robin study with cooperation of seven labora tor ies  and t r i e d  to evaluate  the 
precis ion of the determination of trace elements in coal  and coke. Besides, i t  was 
considered t h a t  v o l a t i l i t y  l o s s  at the s tage  of pretreatment of sample might have 
occured f o r  t h e  elements with i n f e r i o r  reproducibi l i ty  such as  zinc. 

The r e s u l t  of the study is described here inaf te r .  

2 Experimental 

2-1 Design of Experiment 

Three kind of test samples crushed under 250um, shown in Table 1, were analyzed 
a t  seven labora tor ies  by the a n a l y t i c a l  method described below. 
w a s  analyzed two times and the measurement by the atomic absorption method was per- 
formed twice respec t ive ly .  

Each kind of sample 

Analytical procedure w a s  as  follows; 
Transfer l g  of the sample, weighed t o  the nearest  O.lmg, to a platinum dish.  

Add 5ml of HF and l O m l  of HNO3. Evaporate to white fumes to expel a l l  HF.Transfer 
the  sample to  200d beaker, add 3Oml of HNO3, and lOml of HCl04. 
and heat  u n t i l  the s o l u t i o n  becomes c lear .  Evaporate to dence white fumes. Cool, 
and approximately 50101 of water. F i l t e r  through a tex ture  paper, and wash the resi- 
due w i t h  warm H C 1  (2+100). Transfer the residue to  a platinum crucible ,  i g n i t e ,  
fuse with 2g of Na2S207, and then add to  the o r i g i n a l  so lu t ion .  Transfer t o  a l O O m l  
volumetric f lask ,  and d i l u t e  exact ly  t o  the  mark with water. Measure the  absorption 
of an a l iqua t  by an atomic absorption apparatus. 

2-2 Result of Experiment 

Cover the beaker, 

Original data  obtained a r e  shown i n  Table 2. About 600 data obtained a r e  
statis  t i c a l l y  analyzed, and the precis ion calculated by using ANOVA (nested design) 
a r e  suIlrmarized in Fig.  1, Fig. 2, and Fig. 3 respect ively.  ( See formulas ( l ) ,  (2) 
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Repeatabi l i ty  (Eryor due t o  pretreatment), 

EP = J(VL - VP) / 4 , C.V. rp = Tp / H x  100 ........... (2) 

< 
.( 2-3 Discussion 

> 2-3-1 Repeatabi l i ty  within same laboratory 
A s  is evident from Fig.  3, C . V .  of r e p e a t a b i l i t i e s  ( C . V . ~ E )  a r e  less than 10% 
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A.A.method. That is ,  the contents of cadmium are c lose  to  the detection l i m i t ,  
and the lack of s e n s i t i v i t y  fo r  the determination of lead may cause these in fe r i -  
or  precis ion respect ively.  

treatment should be ca r r i ed  out  i n  the fu tu re .  
3)  In case of t he  determination of zinc, the more p rec i se  s tud ie s  on the pre- 

Afterwords 

These s t u d i e s  were ca r r i ed  out i n  Japan p r i o r  to the f i r s t  i n t e rna t iona l  Roimd- 
Robin Study of ISO/TC 27/WG 14 (Trace elements). A p a r t  of the s t a t i s t i c a l  analy- 
sis on the above experiment was reported i n  a document I S O / T C  27/WG 14,  No. 6 
(Japan-6). 

L i t e ra tu re  c i t e d  

(1) 

(2)  

"Atomic Absorption Spectrophotometry i n  the S tee l  Industry", The Iron and 
S t e e l  I n s t i t u t e  of Japan, (1975) P.  52 - P .  53. 
"Round-Robin Studies f o r  t he  Estimation of  Accuracy and Precis ion of P o l l u -  
t i on  and Environment Control Analysis", The fourth SAC Conference (1977). 
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a l e  1 P r o x i r m t e  Analysis of the Sanples 

% of the A i r - D r i e d  C c a l  and Coke 
** SanPks M o i s t u r e   AS^ *v.M. F.C. 

U.S. Massey H.V. Coal 1.4 13.2 32.4 52.6 

Japamse Miike C o a l  9.9 6.5 38.3 54.2 

M e t a l l u r g i c a l  C o k e  0.1  11.6 0.5 87.8 

* V o l a t i l e  Matter ** Fixed Car& 

I 

Table 2 Trace Elemnts  in Coal and Coke 
PPM in Air-Oried W h o l e  Coal and Coke 

(1) Sanple : US. Massey H.V. Coal 
\ 

zn Cd Pb N i  C r  c u  V 
labe P, p, P, p, P, Pz PI P2 P1 Pn PI P2 PI p2 

A m, 29.0 17.2 0.26 0.26 5.15 3.83 11.2 U.9  15.2 17.2 16.9 16.5 34.3 30.4 
ma 27.7 17.2 0.13 0.26 6.47 5.15 10.6 10.6 17.2 17.2 15.3 15.3 29.0 27.1 

m, 27.1 26.0 0.34 0.45 8.58 8.32 12.5 12.5 20.5 19.4 17.2 19.3 32.1 30.8 
ml 27.3 26.4 0.34 0.43 8.05 8.05 12.5 12.5 20.7 19.4 17.2 18.3 32.1 30.8 

m, 11.6 23.0 0.95 2.09 4.22 0.26 18.6 12.7 14.7 22.7 16.6 26.6 30.6 33.4 
m l  12.0 20.7 LUS-L25 5.15 8.18 9.6 12.4  19.5 23.4 17.2 14.5 23.2 26.0 

m, 16.9 22.0 0.95 0.40 7.52 7.26 12.3 12.3 19.7 19.7 20.5 20.5 32.7 31.9 
mr 17.0 20.7 0.75 0.63 11.9 9.50 15.0 15.2 16.5 16.9 19.8 20.7 30.6 30.5 

E m, 23.9 18.6 0.48 0 10.6 11.9 2 0 . 6 m  _LI _&6_ 21.6 23.5 25.2 28.1 
m2 21.6 18.6 0.48 0 10.6 11.9 2 0 . 6 Z A  JJ, _&I 20.9 21.9 25.2-29.1 -. - 

m, 19.7 12.2 0.21 0.21 5.15 4.49 10.4 10.0 21.3 19.1 17.4 18.2 29.6 26.4 
m a  18.7 22.0 0.17 0.17 5.02 4.49 10.3 9.8 21i3 19.3 17.4 18.2 28.5 26.4 

m ,  21.8 18.1 0.32 0.18 3.34 5.41 11.9 11.5 17.7 18.9 19.0 16.8 31.2 31.9 
mz 21.6 18.2 0.26 0.22 2.38 5.68 12.1 11.7 17.4 18.5 18.5 16.4 31.2 31.7 

p ; pretreabrent , m : nrasuremnt - Outliers 
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(2) Sample ; Japanese Miike Coal 
al a Pb Ni cr cu V 

Lab. ~1 ~r P> ~z PZ PI PZ P, Pa PI P+ P T  pa 
i 

A m l  3.58 3.90 0.13 0.13 3.19 1.89 18.9 18.5 8.45 8.45 5.72 5.59 I 4.55 4.55 
m l  2.93 3.58 0.07 0 3.19 3.19 18.5 18.5 8.45 8.45 5.07 5.07 4.55 4.55 

m 1 m m  0.20 0.21 2.99 3.51 20.3 20.6 10.4 9.62 6.24 6.50 7.15 7.15 h 
ma=- 0.20 0.21 3.06 3.45 20.2 20.5 10.4 9.55 6.24 6.31 7.22 7.02 , 
m ,  U 2 L I  UQA, 3.25 3.45 49.4 7.5 8.13 11.0 5.59 5.46 4.62 6.96 
m r w _ 2 1 J .  2.21 1.56 22.8 13.0 9.75 11.4 5.72 6.24 4.75 10.9 

m ,  4.29 4.36 0.18 0.20 M U  19.9 19.8 9.43 10.9 6.50 6.63 5.92 6.57 
mr4.42 4.36 0.31 0.34 233- 22.1 21.4 8.84 9.10 6.37 6.37 4.75 5.92 

m l  5.20 4.10 0.12 0.12 3.90 3.25 25.3 23.7 2.86 2.85 6.70 6.70 4.68 8.00 
E m z  4.75 4.23 0.12 0.12 3.90 3.25 25.3 25.3 2.86 2.86 6.70 6.63 8.00 4.86 

m l  4.55 4.42 0.07 0.07 3.25 2.80 19.3 19.0 9.62 10.7 5.59 5.72 -42.3 
m; 4.55 4.36 0.07 0.07 3.38 2.80 19.2 19.2 9.69 10.5 5.66 5.86 4.42 4.21 

mt 9.00 6.50 
rnz 7.67 6.50 

0.10 0.10 
0.11 0.11 

13.7 14.0 
14.0 13.3 

9.62 9.69 
8.71 8.58 

5.66 6.11 5.98 6.50 
8.85 6.11 5.98 6.50 

(3) Sanple : Metal lurg ica lCOke 

Zn cd Pb Ni cr cu V 

lab* PI Pz P1 P2 PI P2 PI P2 PI P2 PI P2 P1 p2 

24.4 14.5 0.23 1.16 4.52 5.68 41.8 43.5 22.6 19.1 24.4 24.4 47.6 46.4 
A 24.4 13.3 0 1.16 6.73 7.89 40.6 42.3 22.6 20.9 21.8 22.9 55.1 51.0 

16.2 16.0 0.25 0.34 5.92 6.38 44.7 44.7 24.9 24.0 24.9 25.8 55.3 54.9 :; 16.2 16.2 0.24 0.34 6.03 6.38 44.4 45.2 25.1 24.0 24.9 25.8 55.1 54.3 

10.2 12.1 0.37 1.30 4.41 2.20 78.3 7.0 19.7 34.8 24.2 21.5 30.2 45.8 ti 10.3 17.6 0.41 1.31 6.73 4.87 41.8 23.2 20.3 24.4 24.8 24.0 36.0 48.7 

15.2 13.5 0.43 0.38 9.05 9.63 44.3 44.3 22.9 21.9 26.8 26.9 56.0 53.2 ':: 14.6 13.9 0.58 0.57 10.4 8.70 50.6 50.2 18.7 21.7 25.8 25.8 55.3 55.0 

16.7 15.3 0.42 0 9.28 5.92 48.4 50.7 7.5 7.5 28.8 28.8 41.8 42.8 
E :: 16.1 15.3 0.42 0.21 6.96 5.92 51.2 54.8 7.5 7.5 28.8 29.0 33.4 34.1 

14.0 13.9 0.14 0.14 4.99 4.64 47.8 71.3 27.8 25.3 25.9 25.3 50.8 51.3 
?z 14.0 13.9 0.21 0.21 4.99 4.87 48.0 71.6 27.5 24.9 25.9 25.5 49.9 52.0 

15.3 15.5 0.17 0.21 6.26 2.09 39.9 40.4 23.3 23.9 24.8 24.1 61.2 49.2 
15.5 15.1 0.15 0.19 5.92 1.74 39.4 39.4 23.0 23.9 26.4 26.0 55.2 58.0 
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Table 3 Detection L i m i t  and Sens i t i v i ty  
of the Atomic Absorption Method 

zn 2138 0.02 0.04 0.1-0.2 

cd 2288 0.002 0.02 01.02-0.04 

Pb 2833 0.03 0.5 0.03-0.07 

N i  2320 0.005 0 . 1  0.06 -0.2 

Cr 3579 0.003 0.08 0.03 -0.2 

cu 3247 0.005 0.1 0.06 -0.2 

V 3514 0.04 1.3 0.06 4 . 3  

f SI t 

I I 

M M 

Fig. 4 Ccmpariscn of Analytical Values of Zinc anl N i c k e l  in Coal and Coke 
by Three Decorposition Wthod 
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Trace Element Variations in an 
Oil-Shale Retorting Operation 

Thomas R. Wildeman 
Department of Chemistry/Geochemistry 

Colorado School of Mines 
Golden, Colorado 80401 

and 

Robert N. Heistand 
Development Engineering Inc. 

Box A ,  Anvil Points 
Rifle, Colorado 81650 

Experiments were conducted jointly between Colorado School of 
Mines (CSM) and Development Engineering, Inc. (DEI) using raw shale 
feed to the Paraho Semi-works retort.(l,2) A schematic diagram of the 
10-1/2 foot O.D. Semi-works retort is shown in Figure 1. The Direct 
Mode operation, where combustion occurs within the retort to provide 
necessary heat, is portrayed in this schematic diagram. Operations 
are continuous and flows are countercurrent. Gases flow upward. The 
downward flow of shale is controlled by a hydraulically-operated 
grate mechanism. Shale is distributed evenly across the top of the 
bed by a rotating distributor. Here, the shale is preheated by rising 
hot gases in the mist formation zone. Next, the preheated shale passes 
through the retorting zone where the organic kerogen is decomposed 
into oil, gas, and coke. The coke remaining on the retorted shale 
serves as fuel in the combustion zone. Air is distributed evenly 
across the bed in an air-gas mixture in this zone. In the lower sec- 
tion of the retort, the shale is cooled by bottom recycle gas and 
this gas, in turn, is preheated before entering the combustion zone. 
The oil, as a stable mist, is carried out the top of the retort through 
the off-gas collector and is separated from the gas in a coalescer- 
electrostatic precipitator system. 

In the Indirect Mode operation, the gas blower is replaced by an 
external heater. The middle and upper recycle gas is passed through 
this heater to provide heat needed for retorting. In this mode, the 
product gas is not diluted with products of combustion and nitrogen 
from the air, and the carbon remaining on the retorted shale is not 
utilized. 

Uniform flow of solids and gases within the retort is essential 
in order to maintain a continuous operation and a high efficiency. 
In the Paraho Semi-works retort, the bottom grate, the air-gas dis- 
tributors, and the rotating shale distributor are designed to assure 
uniform flows. In addition, the raw shale feed is carefully screened 
and handled to a uniform feed. Feedstock for the retort consists of 
+ 1/2 inch to - 3 inch nominal size. Fines and non-uniform shale 
size can result in gas channeling, high pressure drops, and uneven 
bed temperatures. These problems cause low oil yields and could, 
eventually, result in a retort shutdown. In addition to providing 
good operations and high efficiencies within the retort, the resulting 
lump-size retorted shale reduces considerably the environmental impact 
caused by dusting. 

Although lump-size feed improves retort operation, minimizes environ- 
mental impacts, and reduces crushing costs, this feed creates problems 
in securing a representative sample for laboratory analysis. A raw 
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shale sampling system was designed to meet the accepted criteria for 
sampling this lump-size, non-homogeneous material.(3) A diagram of 
the Paraho sampling system is shown in Figure 2. A motorized gate 
diverts flow from the retort at preset intervals (usually 30-50 
minutes). Approximately 200 pounds of material is taken in a single 
cut. The sample is crushed to -3/4 inch and passed through a four- 
stage splitter. The retained sample is crushed to - 1/4 inch and 
passed through a second four-stage splitter. This system provides a 
24-hour composite laboratory sample (20-30 lbs, - 1/4 inch) from the 
2 1/2-4 tons of the lump material sampled from the raw shale feed. An 
examination of the Paraho raw shale sampling system showed it to be 
unbiased. ( 4 )  Careful analyses of the grade (gallons oil/ton shale) I 

indicated no significant differences between reject streams A and B 
and the laboratory sample. This laboratory sample was used in the 
studies presented in this paper. 

Sampling Program 

The objective of this research is to determine the concentrations 
of trace elements in the Paraho oil-shale feedstock and to study the 
fate of those trace elements during retorting. Elements of particular ' 
interest are B, F, As, Se, and Mo ( 5 ) .  In this regard, sampling the 1 

Paraho feedstock presents a problem. Lumps of rock -3 inches to +1/2 
inch in size is not an ideal size of sample. One or two lumps is all 
that would be needed for most analyses, but that can hardly be con- 
sidered representative. However, if the Paraho sampler were used to 
secure a sample, the amount would be about 6 kg. The sample is obviously 
physically heterogeneous. Does this also mean that it will be chemical- 
ly heterogeneous? In addition, mining, hauling, crushing and retorting 
are a continuous operation at Anvil Points, little stockpiling is done. 
Does this mean that feedstock sampled on one day will differ signifi- 
cantly from that used in the retort on another day? Fundamental 
sampling questions such as this require a sampling program that is 
based on a strong foundation of statistical theory. 

o r  nested analysis of variance ( 6 , 7 ) .  In this case, one month of 30 
days in which the retort was operating was subdivided or nested into 
24 hour, 8 hour, and 1 hour periods. Of these 30 days, 6 were chosen 
as test days. Samples were taken on each of the three 8 hour periods. 
Then, on one randomly chosen 8 hour shift, eight 1 hour samples of 
oil shale feedstock were feedstock were taken. This nested sampling 
design is shown in Figure 3. Now, for some constituent, such as iron, 
if all the samples were the same then 

The statistical model followed in the sampling was a hierarchical 

concentration of Fe. = )I (1) 1 Fe 
where p~~ is the mean of Fe concentrations and i designates the i 
sample. This is not the case. There can be a deviation or error due 
to the time in which the sample was taken and the imprecision of the 
analysis. So the equation 1 becomes 

th 

%Feijkm - 'Fe + a i + B . .  i j  + y . .  ilk + 'ijkm (2) - 
Mean + 24 hr + 8 hr + 1 hr + analysis 

where i designates the retort day and ai is the deviation from the 
mean due to the sample being taken on that day. 
represents the deviation due to the sample being taken in the jth 
8 hr shift of the ith day, Yijk means the same for the 1 hr period; 
and 6ijkm is the error for the analysis. By carefully setting up a 
nested sampling design and randomly selecting the sampling periods, 
an estimate of magnitude of the error or deviation for each time 
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period can be obtained. Certainly, if more periods were sampled, 
the estimates of error would be better, but the design choice is such 
that a minimum of samples yields meaningful estimates on all the error 
parameters. 

One can not actually determine the errors and deviations; but 
if the sampling design is properly constructed, estimates of the 
errors can be estimated ( 6 , 7 ) .  Such an estimate i's called a variance, 
the variance equation corresponding to equation 2 is 

These variances are similar to estimates of thestandard deviation 
but in this case, the variance is partitioned among several components. 
The partitioning of the variance allows the following questions to be 
answered: 

1. Is the mean of all the samples representative of the whole 

2. Is there significant scatter in any one of the 24  hr; 8 hr; 

3. Are the analytical procedures precise enough or do they 

retort month or is there a trend over the month? 

or 1 hr time periods? 

contribute to most of the scatter in the concentration values? 

Analysis Program 

DEI performed the Fischer assay analyses by a procedure that has 
been described previously ( 4 ) .  The precision of the analyses has been 
determined to be 2 %  relative standard deviation for the oil yield and 
15% and 20% relative standard deviation for the water yield and gas 
plus loss yield. All 7 0  oil shale feedstock samples that were collect- 
ed were analyzed for oil yield. 

The elemental analyses were done by energy dispersive x-ray 
fluourescence (EXRF) analysis. The details of the analytical procedure 
have been previously published ( 8 , 9 ) .  In this procedure, four samples 
were chosen for analysis in each of the six hourly sample sections 
and three of the eight hour shift samples were analyzed for each day 
for a total of 37 samples. A l s o ,  duplicates of eight samples were 
analyzed to determine the variance of the analysis procedure. The 
relative standard deviation for the analysis for each element is listed 
in Table I. They range from above 10% for light elements to below 5% 
for heavier elements. These results are typical of the precision of 
the EXRF method. Comparison of analyses of NBS standard coal (SRM 1 6 3 2 )  
and round robin analyses done on oil shales show the accuracy of the 
analyses to be within 510% (10,ll). 
compare well with other analytical methods; the results are aberrant 
by about 3 0 % .  

Results and Conclusions 

K and Se concentrations do not 

In Table I, the results for the Fischer assays and EXRF analyses 
are listed. The average, mean, range, standard deviation of the mean, 
and relative standard deviation of the mean are based on all samples. 
The average analysis relative standard deviation is based on the 
variations found in the eight samples for which multiple analyses 
were performed. The percent of variance for 24  hr, 8 hr, 1 hr and 
analysis level is determined from the analysis of variance program. 
The meaning of the variances requires an explanation. 

For each level (i) analytical, 1 hour, 8 hour, 24  hour, and analysis, 
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a variance si2 
total variance 

This parameter 

is determined for each element. Then, the percent of 
for the level for the concentration of Fe is: 

measures where the majority of the variation lies for 
each concentration in the 4 level sampling scheme design. 
for oil yield, the % variance is greatest on the 24 hr level, the 
value being 63%. This implies that the samples taken on the 1 hr 
and 8 hr periods each day did not change significantly with respect 
to the day-to-day changes. Thus, the samples taken on one day are 
appreciably different from the samples taken on other days. The 24 
hr averages for oil yield for the 6 days were 23.8, 25,8, 30.4, 24.5, 
31.2, and 26.9 gallons per ton respectively. The daily variation is 
readily apparent. For day 3 where the 24 hr average is 25.8, the 0 hr 
oil yields are 25.2, 26.7, and 25.4 gpt and the 1 hr oil yields are , 
25.5, 22.4, 27.8, 21.2, 26.7, 27.4, 25.3, and 25.0 gpt. These results , 
are about typical. The tight range of the 8 hr samples is obvious; 
the 1 hr samples range a bit more but not as much as the daily averages. r 

The percent of variance for the 1 hr level is 37%. Thus, the percent 
of variance is a measure of how much scatter there is in the concentra- ; tion of a substance at each level. 

For example, 

The first conclusion that appears from the results in Table I 
is that the oil yield measurably changed from day to day. The percent 
of variance is 63% for the daily level, 0% for the 8 hr level, and 
37% for the 1 hr level. The oil yield is a reasonable measure of the 
organic content of the shale. So, this implies that for the retort 
month there were measurable differences from day to day in the organic 
content. This also implies that an average organic content for 
the month is probably not meaningful, but that a daily average for 
organic content can be reasonably estimated. 

1 

The elemental concentration results show these samples to be 
quite interesting. A geochemist would expect concentration ranges for 
trace elements to range by about a factor of 10 over a section of a 
formation. Here the range is only a factor of 2. For some elements 
like FUJ and Sr, the relative standard deviation over all the samples 
is less than 10%. For most of the elements, the analytical precision 
is at 10% or less. This can be considered to be quite respectable 
for a multi-element analytical technique. Nevertheless, for Ca, Mn, Fer 
Cu, and Se the analytical precision contributions most of the error as 
can be seen by the percent of variance for the analysis for these 
elements. This implies that more precise techniques should be used to 
obtain the concentrations of these elements in oil shale. Finding 
techniques with uniform precision significantly below 10% is difficult. 
For none of the elements does the daily or 8 hr percent of variance 
exceed 33%. This implies that a representative sample for the retort 
month for the inorganic elements can be calculated. The grand mean for 
each element represents a reasonable average for the whole month. For 
the elements listed, the results are not statistically different from 
those of other laboratories who were conducting other experiments at 
Anvil Points at the same time. So thus, the mean concentration 
values for the elements represent an accurate estimate of the feedstock 
that month within the constraints of the analytical scheme and the 
sampling design. 
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The contrast in conclusions for the organic and inorganic 
portions of the oil shale feedstock is obvious. Since great care was 
taken in the consideration of the sampling design, one has to conclude 
that this difference is real. To test this further, the concentration 
of all the substances listed in Table I for all the samples analyzed 
were tested by a linear correlation program. The results for the 
correlation coefficients are listed in Table 11. None of the co- 
efficients relating the oil yield to the elements rises above 0.5 .  
This also shows the basic dissimilarity between organic and inorganic 
portions of this oil shale. 

Several implications arise from this organic and inorganic differ- 
ence. The primary conclusion is that on a production level none of 
the above elements vary in the same general way as the organic content 
of the oil shale. This conclusion allows the situation of variability 
in layers in the formation: but if there is mining, then hauling and 
crushing blend out any variations. This conclusion also will allow 
the possibility of some minor amount of an element such as As or Pb to 
be associated with the organic portion of the shale but the majority 
of amount of that element cannot be associated with organics in the 
shale. Another implication of this dicotomy is that the results of 
analyses on the organic content which would typically be performed by 
an oil analysis laboratory will not yield information about the inor- 
ganic elements. This implication means that specific analyses for 
the inorganic elements will have to be made if their concentrations 
are of interest. Fortunately, the results shown for Table I for the 
inorganic elements show the feedstock to be quite uniform. This means 
that careful analysis of a sample taken once a week will yield more 
information on elemental concentrations than less accurate analyses 
taken on samples collected every hour or every shift. 
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Aromatic Nitrogen Compounds in Fossil Fuels - A Potential Hazard? 
1 

C.-h. Ho, 6. R. Clark, M. R. Guerin, C. Y .  Ma, and T. K. Rao* 

Oak Ridge National Laboratory, Oak Ridge, TN 37830 
Analytical Chemistry and Biology Divisions* 

Introduction 

To achieve energy independence in the United S ta tes ,  converting coal t o  o i l  o r  
ex t rac t ing  o i l  from shale will be required. Before comnercial sca le  fos s i l  fuel con- 
version f a c i l i t i e s  become a r e a l i t y ,  chemical and biological s tud ies  of cur ren t ly  
ava i lab le  synfuel samples derived from coal o r  shale a re  urgently needed i n  order t o  
determine what the potential  health problems, such as  from occupational exposure, 
m i g h t  be. 

( 2 )  i s  f a r  higher t h a n  t h a t  i n  petroleum (average N-content in petroleum i s  0.05-0.1%) 
(3) .  
found i n  crude synfuels, and t h i s  could lead t o  s ign i f i can t  health o r  environmental 
impact. 
important pursuit. 

Aromatic nitrogen compounds such as  basic aza-arenes, neutral aza-arenes, and 
aromatic amines a re  considered environmentally important and several members of these  
c lasses  of compounds possess biological ac t iv i ty .  For example, dibenz(a,h)acridine,  
7 H-dibenzo(c,g)carbazole, and 2-naphthylamine (4) ,  a re  well known as  carcinogens. 
In t h i s  paper, the methods used t o  i so l a t e  the  basic aromatic nitrogen compounds and 
neutral aza-arenes from one sha le  o i l  and one coal-derived o i l  will  be discussed. 
The mutagenic a c t i v i t i e s  of these f rac t ions ,  based on the Ames Salmonella typhimurium 
t e s t ,  will be compared. 

The nitrogen content e i t h e r  o f  sha le  o i l  (1-2%) (1)  or coal derived o i l  (1-1.5%) 

This means enormous amounts of nitrogen containing species will  be produced and 

Clearly, a thorough characterization of nitrogen compounds i n  synfuels i s  an 

Experimental 

Samples 

A shale o i l  was obtained from the Laramie Energy Research Center's 150-ton r e t o r t  

Three phases were pro- 

The o i l  phase has been studied i n  t h i s  laboratory (5,6) 

operated fo r  above ground simulation of in-situ re tor t ing .  
was an intimate emulsion of so l id s ,  water and o i l ;  the emulsion was collapsed by cen- 
t r i fuga t ion  a t  2500 RPM f o r  about 20 min. a t  room temperature. 
duced: 
an aqueous phase (%30% vol.). 
and s imi la r  samples from other r e t o r t  runs have been examined by o thers ,  p r inc ipa l ly  
by workers a t  the  Laramie Energy Research Center (1,7,8). 

A crude coal l iqu id  ( n o t  necessarily representative of any f ina l  production sca le  
product) was obtained from the Pittsburgh Energy Research Center. This material was 
very viscous, contained no water, and had a small amount of f i l t e r a b l e  so l id s  (>5 urn 
range). 

Separation Procedures 

t r a l  aza-arenes from synfuels. 
whole sample, the neutral f rac t ion  was loaded onto a Sephadex LH-20 gel column. 
column was eluted sequentially with 250 ml of isopropanol (Fraction AP) and 600 m l  
of acetone (Fraction AFIOM). Pentadecane and naphthalene were used t o  ind ica te  the appro- 
p r i a t e  cu t  between e lu t ion  of a l ipha t i c  compounds and 2 - r ing  aromatic compounds. 

XFaculty Research Member, University of Mississippi. 

The raw o i l  from the r e t o r t  

an o i ly  top phase (%50% vol.) ,  a gelatinous intermediate phase ( ~ 2 0 %  vol . ) ,  and 

Neutral aza-arenes. Figure 1 shows the separation scheme f o r  i so la t ion  of neu- 

The 
After removing ac id ic  and basic components from t h e  
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Acetone was removed from F r a c t i o n  AROM and t h e  res idue  was separated i n t o  th ree  sub- 
f r a c t i o n s  on a s i l i c i c  a c i d  column: F r a c t i o n  I (PAH), e l u a t e  from 1200 m l  benzene/ 
hexane (1/3); F r a c t i o n  I 1  ( n e u t r a l  aza-arenes), e l u a t e  f rom 600 ml benzene/hexane (2/1) ;  
and F r a c t i o n  111 ( p o l a r ) ,  e l u a t e  from 600 m l  e thanol .  A m ix tu re  o f  a number o f  PAH 
compounds (pyrene, C14-carbazole and 7 H-dibenzo(c,g)carbazole) were chromatographed 
i n  e s t a b l i s h i n g  t h i s  procedure. 

t h e  o i l s  i n  d i e t h y l  e t h e r  and e x t r a c t i n g  t h e  ac ids  w i t h  a 1 M NaOH s o l u t i o n .  
e x t r a c t i o n  w i t h  1 HC1 removed t h e  bas i c  components which were f u r t h e r  p a r t i t i o n e d  
between an aqueous/ehter phase a t  pH 11. The bas i c  f r a c t i o n s  a r e  conta ined i n  t h i s  
e t h e r  phase. 
shows the s u b f r a c t i o n a t i o n  scheme used t o  f u r t h e r  separate bas i c  f r a c t i o n  cons t i t uen ts .  
The bas ic  f r a c t i o n  was p laced on to  a bas i c  alumina column. The column was e l u t e d  w i t h  
500 m l  benzene (benzene s u b f r a c t i o n )  fo l l owed  by 700 m l  e thanol .  
and t h e  r e s i d u e  was separated f u r t h e r  on a Sephadex LH-20 ge l  column. 
e l u t e d  s e q u e n t i a l l y  w i t h  250 m l  of isopropanol  ( isopropanol  s u b f r a c t i o n )  and 600 m l  o f  
acetone (acetone s u b f r a c t i o n ) .  

Basic  alumina (100-200 mesh, AG-10, Bio-Rad Lab- 
o r a t o r i e s ) ,  Sephad:x LH-20 ge l  (25-100 u, Pharmacia F ine Chemicals) and s i l i c i c  a c i d  
(100 mesh, M a l l i c k r o t t ,  washed success ive ly  w i t h  hexane, acetone, and methanol; a c t i -  
vated i n  150°C oven f o r  16 hours) were used f o r  column packings. 
alumina were added t o  75 m l  o f  benzene i n  a mod i f i ed  50 m l  b u r e t  column. 
column was prepared by s w e l l i n g  75 g o f  t h e ' g e l  i n  isopropanol  w i t h  s u f f i c i e n t  excess 
t o  form a pourab le  s l u r r y .  
a l lowed t o  compact by t h e  g r a v i t y  e l u t i o n  o f  50-100 m l  o f  isopropanol .  
column was made by p o u r i n g  a s l u r r y  o f  100 g o f  s i l i c i c  a c i d  i n  hexane i n t o  a 2.5 cm 
(O.D.)x 50 cm g lass  column. 

s o l u t e  ethanol. 
sc r i bed  elsewhere ( 1 0 , l l ) .  

Basic components. Basic  f r a c t i o n s  o f  t h e  o i l s  were produced by f i r s t  d i s s o l v i n g  
A second 

F u r t h e r  d e t a i l s  of t h i s  procedure a r e  repo r ted  elsewhere (9). F igure 2 

Ethanol was removed 
The column was 

Column pack in  s and reagents. 

F o r t y  grams o f  

The s l u r r y  was poured i n t o  t h e  250 m l  b u r e t  column and 

A Sephadex 

A s i l i c i c  ac id  

A l l  so l ven ts  were reagent  grade and were f r e s h l y  d i s t i l l e d  except  f o r  t h e  ab- 
Reagents prepared f o r  t h e  m i c r o b i a l  mutagenesis b ioassay a re  de- 

GC/MS 

G U M S  da ta  were obta ined us ing  a Perkin-Elmer Model 3920 gas chromatograph i n t e r -  
faced t o  a DuPont 21-490B mass spectrometer v i a  a g lass  j e t  separator .  
s p l i t t e r  p rov ided  about  a 2:l  s p l i t  between t h e  mass spectrometer and a f lame i o n i z a -  
t i o n  de tec to r ,  r e s p e c t i v e l y .  A Hewlett-Packard 21-0948 data system i n t e r f a c e d  t o  the 
mass spectrometer p rov ided  f o r  t h e  generat ion o f  mass spect ra,  mass chromatograms, 
l i b r a r y  searches, e t c .  A g lass  GC column o f  20 ft. x 1/8-in. O.D. was packed w i t h  
3% Dexsi l  400 on 100/120 mesh Chromosorb 750 and i n s t a l l e d  w i t h  g r a p h i t e  f e r r u l e s .  
GC temperature p r o g r a m i n g  was from 100°C (8  minutes hold)  t o  320°C a t  a l i n e a r  r a t e  
of increase o f  l " /min.  I n j e c t o r  and d e t e c t o r  temperatures were s e t  a t  320"C, he l ium 
gas i n l e t  pressure a t  100 ps ig,  MS i o n i z a t i o n  vo l tage  a t  70 eV, mass scan r a t e  a t  2 
seconds/decade and t h e  MS r e s o l u t i o n  a t  about 600. 

genera l l y  employed.g The experi;ental procedures a r e  descr ibed by Ames e t  a l .  (10). 
B r i e f l y ,  t h e  b a c t e r i a  a r e  added t o  a s o f t  agar c o n t a i n i n g  n u t r i e n t s  and i n  some cases, 
enzyme a c t i v a t i o n  p repara t i ons  along w i t h  t h e  substance being tested.  
c o n d i t i o n  i s  t h a t  t h e  amino ac id,  h i s t i d i n e ,  i s  absent. The suspension, con ta in ing  
approx imate ly  2 x 108 bac te r ia ,  i s  o v e r l a i d  on minimal agar p l a t e s  and incubated. 
If t h e  t e s t  substance i s  a mutagenic a e n t  i n  t h i s  system, then l a r g e  co lon ies  
(which have r e v e r t e d  t o  t h e  w i l d  typey a r e  ev iden t  on t h e  p l a t e  and can be 
counted, i.e., by mu ta t i on  they can produce t h e i r  own h i s t i d i n e  and grow i n  a 

An e f f l u e n t  

M ic rob ia l  Muta enes is  Assa . Salmonella typhimurium bac te r ia ,  s t r a i n  TA98, were 

The e s s e n t i a l  
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i 

I 

I 

h i s t i d i n e - f r e e  medium. 
then no mutat ions have occurred. A t e s t  c o n s i s t s  o f  assays a t  seve ra l  concen t ra t i ons  
of t e s t  substance i n  o rde r  t o  o b t a i n  a dose-response curve. 
r e q u i r e  m e t a b o l l i c  a c t i v a t i o n  w i t h  l i v e r  homogenate preparat ions.  

If no co lon ies  form except  f o r  a c o n t r o l  background l e v e l ,  

Some p o t e n t i a l  mutagens 

Resul ts  and Discuss ion 

Neu t ra l  Aza-arenes 
1 

The procedures used f o r  t he  i s o l a t i o n  o f  n e u t r a l  aza-arenes f rom s y n t h e t i c  
crude o i l s  evolved i n  D a r t  f rom an e x t r a c t i o n  scheme and a ge l  f i l t r a t i o n  chromato- 
graphic  scheme (5, 12)  developed i n  t h i s  l abo ra to ry .  The s i l i c i c  a c i d  adso rp t i on  
chromatography s tep was developed by Snook e t  a l .  (13) t o  i s o l a t e  i ndo le /ca rbazo le  
from c i g a r e t t e  smoke condensate. 
uated and some m o d i f i c a t i o n s  have been made t o  make t h e  system compat ib le  w i t h  a 
g r a v i t y  f low column. 
achieved by e l u t i n g  t h e  column w i t h  1/3 (benzene/hexane) f o l l o w e d  by 2/1 (benzene 
hexane). However when l a r g e  q u a n t i t i e s  o f  a l i p h a t i c  compounds a r e  p resen t  i n  t h e  
sample, these contaminate a l l  t h e  e l u a t e  f r a c t i o n s .  I t  i s  necessary t o  remove 
major  p o r t i o n s  o f  a l i p h a t i c  components p r i o r  t o  t h e  s i l i c i c  a c i d  step. Gel f i l t r a -  
t i o n  chromatography w i t h  a Sephadex LH-20 column e l u t e d  w i t h  isopropanol  i s  e f f e c -  
t i v e  f o r  removing a major  p o r t i o n  o f  a l i p h a t i c  and polymer ic  compounds w h i l e  re -  
t a i n i n g  aromat ic  compounds o f  two r i n g s  and h igher .  Fu r the r  e l u t i o n  o f  t h e  column 
w i t h  acetone r e s u l t s  i n  t h e  q u a n t i t a t i v e  recovery o f  aromat ic  components i n  o r d e r  
o f  i nc reas ing  a r o m a t i c i t y  (5). S i l i c i c  a c i d  chromatography produced a r e l a t i v e l y  
pure n e u t r a l  aza-arene f r a c t i o n  ( F r a c t i o n  11), s u i t a b l e  f o r  GC/MS a n a l y s i s  and b i o -  
assay. The separa t i on  o f  PAH and n e u t r a l  aza-arene f r a c t i o n s  was f u r t h e r  con f i rmed  
by a chromatographic s tudy o f  o i l  samples. sp iked w i t h  l a r g e  excesses o f  benzo(a)- 
pyrene a long w i t h  carbazole. 
showed t h a t  carbazole was n o t  e l u t e d  f rom t h e  column w i t h  even as much as 1600 ml 
1/3 (benzene/hexane). The recovery o f  C14-carbazole f rom t h e  s i l i c i c  a c i d  column 
with 2/1 (benzene/hexane) was 97% f o r  t he  coa l  d e r i v e d  o i l  and 75% f o r  t h e  shale 
o i l .  T h i s  agrees w e l l  w i t h  da ta  on c i g a r e t t e  smoke condensate (13). 

The presence o f  i ndo le /ca rbazo le  analogues i n  F r a c t i o n  I 1  f rom bo th  o i l  sam- 
p l e s  i s  a l s o  supported by t h e i r  I R  spect ra.  These f r a c t i o n s  have a sharp band a t  
3430 cm-l which i s  no rma l l y  found i n  the  I R  spectrum o f  carbazole and i s  cha rac te r -  
i s t i c  o f  the N-H group i n  these compounds. 

FID and an NPD, we found t h e  m a j o r i t y  o f  t h e  GC peaks were n i t r o g e n  c o n t a i n i n g  
compounds. 

aromat ic  protons c lose  t o  u n i t y  (1.06) i n d i c a t i n g  t h a t  o n l y  a few a l k y l  groups a r e  
conta ined i n  F r a c t i o n  11. Th is  r e s u l t  seems t o  be c o n s i s t e n t  w i t h  t h e  obse rva t i on  
from GC/MS ana lys i s  i n  which the  b i g g e s t  a l k y l  s u b s t i t u e n t  was s i x  carbons. 

predominant presence o f  n i t r o g e n  compounds i n  F r a c t i o n  11. 
components a r e  C1-C3 phenylpyrro les,  i ndo le ,  Cl-Cr, i ndo les ,  C1-C3 phenyl indoles,  
carbazole, C1-C5 carbazoles, benzocarbazoles, and C1-C3 benzocarbazoles. 

i n  Table 1. 
r i a l  i n  t h e  shale o i l .  
were est imated by e x t e r n a l  s tandard c a l i b r a t i o n  based on GC peak he igh t .  

But t h e  s i l i c i c  a c i d  chromatography has been e v a l -  

A good separa t i on  between PAHs and n e u t r a l  aza-arenes was 

Tracer  s tud ies  o f  o i l  samples sp iked w i t h  C14-carbazole 

I n  a peak by peak comparison o f  GC p r o f i l e s  o f  F r a c t i o n  I1 ob ta ined  w i t h  an 

The p ro ton  NMR spectrum o f  F r a c t i o n  I 1  gave a r a t i o  o f  a l i p h a t i c  p ro tons  t o  

The odd m/e values o f  molecular  i ons  obta ined f rom GC/MS data conf i rmed t h e  
T e n t a t i v e l y  i d e n t i f i e d  

The weight  d i s t r i b u t i o n  o f  a l i p h a t i c  and aromat ic  sub f rac t i ons  a r e  l l s t e d  

They 

N-heterocyc l ic  m a t e r i a l  i s  much l e s s  than aromat ic  hydrocarbon mate- 
The q u a n t i t i e s  o f  carbazole i n  the  o r i g i n a l  o i l  samples 
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a re  147 ppm f o r  the  sha le  o i l  and 268 ppm f o r  the coal-derived o i l .  
lack of standard neutral  nitrogen-heterocycl i c  compounds, the quant i ta t ive  data,  
except for carbazole, a re  not  available a t  this time. 

of coal-derived o i l  and several commercially ava i lab le  neutral aza-arenes. Indole 
and carbazole, exh ib i t  no mutagenicity. 
carbazole gave a s l i g h t  b u t  de f in i t e  posit ive mutagenic a c t i v i t y  a t  a l o w  dose range 
(below 25 vg/plate).  
due t o  the tox ic  e f f e c t  a t  a higher dose range. 
substi tuted compounds were not ava i lab le  f o r  t h i s  study. Despite t he  incompleteness 
of this  study, the co r re l a t ion  between chemical s t ruc tu re  and mutagenic ac t iv i ty  i s  
expected t o  be in general agreement w i t h  t ha t  observed w i t h  PAH (14). 
which contains mostly a l ipha t i c  and polymeric consti tuents shows no mutagenic ac- 
t i v i t y  as expected. PAH subfractions exhibit  the lowest spec i f ic  a c t i v i t y  among the 
three subfractions. The neutral  aza-arene f rac t ions ,  which a re  normally isolated 
w i t h  PAH f rac t ions ,  have more than two times the  spec i f i c  ac t iv i ty  of the PAH fraction. 
This indicates t h a t  t h e  ana lys i s  of neutral aza-arene f rac t ions  of synfuels a re  as 
important a s  PAH analysis.  The higher spec i f ic  a c t i v i t y  of the neutral aza-arene 
fraction may contain subs tan t ia l  quant i t ies  of multi-ring compounds. 
fractionation of the neutral  aza-arene f rac t ions  in to  f rac t ions  with aza-arenes of 
approximately the same r ing  s i zes  i s  presently being undertaken. 

nitrogen compounds a r e  the most bioactive among compounds i n  the  basic f rac t ion ,  we 
recently developed a separation method which i so l a t e s  the mutagenically ac t ive  com- 
pounds from the  bulk of the  base f rac t ion  (15).  
i n  Figure 2. T h i s  separation method was devised using a microbial mutagenesis bio- 
assay as a l iqu id  chromatographic detector in the development of the  chromatographic 
subfractionation procedure. 
three basic subfractions o f  the  synfuels. The b ioac t iv i t i e s  of several commercially 
available compounds and three  t h a t  were synthesized in t h i s  laboratory a re  l i s t ed  in 
Table 4 f o r  comparison. About 90% of the basic mutagenic ac t iv i ty  i s  recovered in 
the acetone subfraction which comprises about 10% of the  basic fraction. 
ges t s  tha t  the method can be used f o r  i so la t ion  of basic mutagenic components from 
samples of d i f f e ren t  or ig ins  ( in  t h i s  case o i l  shale o r  coal) .  To demonstrate the 
u t i l i t y  of the method, 3 d i f f e ren t  k i n d s  of c iga re t t e  smoke condensates were frac- 
tionated using t h i s  scheme and the mutagenic compounds were a l so  concentrated in the 
acetone subfraction. 
subfractions i s  C3-C13 a1 kyl substi tuted pyridines. 
commercially ava i lab le  pure pyridines (such a s  pyridine and C I - C ~  pyridines) and one 
specially synthesized C9-pyridine a re  essent ia l ly  zero i n  agreement w i t h  these resu l t s .  
The major compounds i n  the isopropanol f rac t ions  a r e  pa r t i a l ly  hydrogenated 1-2 ring 
aza-arenes. 

Because of 

Table 2 summarizes the mutagenicity test data on the f o u r  neutral subfractions 

Highly carcinogenic 7 H-dibenzo(c,g)- 
l 

Specific ac t iv i ty  could not be determined f o r  t h i s  compound 
Benzocarbazoles and t h e i r  alkyl- 

Fraction AP I 

The fur ther  sub- ' 

I 

Basic nitrogen compounds. To fur ther  understand what c lasses  or types of basic I 

The subfractionation scheme i s  shown 

Table 3 summarizes the mutagenicity test data on the 

That sug-  

GC/MS data indicate t h a t  the major compound type o f  the benzene 
Mutagenic a c t i v i t i e s  of some 

Biological data on compounds of t h i s  type a re  not available fo r  comparison. 

The acetone subfraction of shale oil  was about half  as  mutagenic as benzo(a)- 
pyrene while the  coal-derived o i l  subfraction was about four times m ~ r e  active.  GC/  
MS data ind ica te  multi-ring aza-arenes comprised a large portion of the acetone sub- 
f rac t ion ,  e.g. aza-benzoperylene, aza-indenopyrene, and aza-coronene have been iden- 
t i f i e d .  This finding i s  cons is ten t  w i t h  b ioac t iv i ty  data from a few multi-ring aza- 
arene compounds such as  d i  benz(a,j )acridine (13,oM) rev/mg), g-methyl-lO-aza-benz?(a)- 
pyrene (30,000 rev/mg) and 10-azabenzo(a)pyrene (130,000 rev/mg). The purposes i n  
synthesizing two nitrogen isologs of benzo(a)pyrene was, f i r s t ,  t o  confirm the higher 
mutagenic a c t i v i t y  o f  multi-ring aza-arenes, which comprise a large portion of the 
acetone subfraction, and t o  compare the i r  a c t i v i t i e s  w i t h  the mutagenic ac t iv i ty  of 
benzo(a)pyrene. 10-azabenzo(a)pyrene i s  two times more ac t ive  than benzo(a)pyrene. 
A methyl g roup  on the  9 posit ion of azabenzo(a)pyrene, decreases !he mutagenic ac t iv-  
i t y .  
a t  the  7 and 8 posit ion.  

This m i g h t  be explained by s t e r i c  hindrance toward the forming of an epoxide 
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The presence o f  aromat ic  amines i n  t h e  a c t i v e  s u b f r a c t i o n  f rom bo th  o i l  sam- 
p l e s  was f i r s t  suggested from t h e i r  I R  spect ra.  Bands a t  3220 cm-' and 3370 cm-l, 
which a r e  normal ly  found i n  t h e  I R  spec t ra  o f  aromat ic  amines, a r e  c h a r a c t e r i s t i c  
of t h e  amino compounds i n  the  f r a c t i o n .  By a c e t y l a t i o n  o f  t h e  acetone sub f rac t i on ,  
we i s o l a t e d  l a r g e  amounts o f  p r imary  aromat ic  amides f rom t h e  acetone sub f rac t i on .  
A m i x t u r e  of t en  compounds c o n s i s t i n g  o f  4 aza-arenes and 6 aromatic amines (2,4,6- 
t r i m e t h y l  p y r i d i  ne, qu ino l  i ne, a c r i d i n e ,  d i  benz( a, h ) a c r i d i n e ,  N, N-d imethy lan i l  i ne, 
N-methy lan i l  ine, N-phenyl-2-naphthylamine, a n i  1 ine,  2-naphthylamine, and l-amino- 
pyrene) was separated on a b a s i c  alumina column fo l l owed  w i t h  a Sephadex LH-20 
column. 
a c r i d i n e  were concentrated i n  t h e  acetone sub f rac t i on .  
t h e  p r imary  aromatic amines as w e l l  as m u l t i - r i n g  aza-arenes a re  producing t h e  muta- 
genic  a c t i v i t i e s  o f  t h e  acetone sub f rac t i ons .  
t o  f u r t h e r  separate t h e  acetone s u b f r a c t i o n  i n t o  p r imary  amines and m u l t i - r i n g  aza- 
arenes. 
e f f e c t s  o f  these c lasses o f  compounds. 

A l l  p r imary amines (1,2, and 4 - r i n g  compounds), q u i n o l i n e  and dibenz(a,h)- 
T h i s  f i n d i n g  may mean t h a t  

A l o g i c a l  ex tens ion  o f  t h i s  work i s  

Th is  should l e a d  t o  some impor tan t  conc lus ions rega rd ing  the  mutagenic 
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Tab le  1. Weight D i s t r i b u t i o n  o f  Neu t ra l  F rac t i ons*  

Weight % D i s t r i b u t i o n  
Shale O i l  Coal-Derived O i l  

A l i p h a t i c  and Polymeric (AP)  85.1 

Aroma t i c  (AROM) 14.9 

PAH ( I )  10.1 

Neu t ra l  Aza-arene (11) 1.4 

P o l a r  (111) 4.3 

35.1 

62.9 

35.9 

9.5 

17.7 

* 
Acid-base e x t r a c t i o n  y i e l d  89.6% by we igh t  o f  n e u t r a l  f r a c t i o n  
f rom sha le  o i l  and 56% f rom coa l -de r i ved  o i l .  
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I ,  

Table 2. Mutagenic A c t i v i t i e s  o f  t h e  Neu t ra l  Sub f rac t i ons  
o f  a Coal-Derived O i l  and Some Neutra l  Aza-arene Compounds 

Fraction/Compound S p e c i f i c  A c t i v i t y  (rev/mg)* 

A l i p h a t i c  and Polymeric F r a c t i o n  (AP) 0 

PAH F rac t i on  ( I )  1390 

Neutra l  Aza-arene F r a c t i o n  (11) 3250 

Po la r  F r a c t i o n  (111) 3380 

0 

H 

CH3 
H a H 

H 

0 

** 

-~ 
*Tested on TA98 w i t h  A r o c l o r  S-9. 
** 

Four - fo ld  i nc rease  over  spontaneous r e v e r s i o n  a t  dose below 25 ug /p la te .  
Tox ic  e f f e c t  developed a t  h i g h e r  dose. 
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Table 4. Mu tagen ic i t y  o f  Basic Aromatic Compounds* 

Compound Type - Basic Aza-arene S p e c i f i c  A c t i v l  t y  (rev/mg) 

0 

?.I& N 

340 

0 

0 

0 

6,000 

13,000 
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Table 4. Continued 

Compound Type - Basic  Aza-arene ( c o n t ' d )  & 
000 

c H d Y  000 
Aromatic Amine 

N;Z 

00 
*A roc lo r  induced. 

R = H, CH3, C2H5 

S p e c i f i c  A c t i v i t y  (rev/mg) 

130,000 

30,000 

0 

4,660 

0 
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Sample 

Acid-Base E x t r a c t i o n  I 

I 

\ . 
1% 

Basic F r a c t i o n  Neutral  F rac t i on  Ac id  F r a c t i o n  

Sephadex LH-20 

600 m l  Acetone 

I 
250 ml Isopropanol 

A l i p h a t i c  and Polymeric 
(AP) Aromatic 

( AROM ) 

S i l i c i c  Ac id  

I 1 
1200.ml B/Hx (1/3) 600 m l  B/Hx (2/1) 

I I 
PAH 
(1 )  

Neu t ra l  Aza-arene 
(11) 

600 m l  Ethanol 

I 

Figure 1. I s o l a t i o n  nf l l e u t r a l  Aza-arenes from Synfuels. 

Sample 

Acid-Base E x t r a c t i o n  

I 
Neut ra l  F rac t i on  ,\cid F rac t i on  

Base F r a c t i o n  

Basic Alumina 

Ethanol F r a c t i o n  

Sephadex LH-PO 

600 ml Acetone 

Benzene Sub f rac t i on  

I 
250 ml Isopropanol 

Acetone Sub f rac t i on  Isopropanol Subfract ion 

F igu re  2. Sub f rac t i ona t ion  o f  the Basic F r a c t i o n  o f  Synfuels. 
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M I C R O - A N A L Y S I S  o f  POLYNUCLEAR AROMATIC HYDROCARBONS i n  
PETROLEUM 

Hidetsuru Matsushi ta  

Department of Community Environmental Sciences,  Nat ional  I n s t i t u t e  
of Publ ic  Heal th ,  4-6-1, Shiroganedai, Minato-ku, Tokyo, Japan, 108 

It is w e l l  known t h a t  petroleum and r e l a t e d  o i l s  are l a r g e l y  used i n  our 
conmunities and t h a t  these o i l s  contain many kinds of polynuclear aromatic hydro- 
carbons (PAH) i n  trace amounts. 
and are suspected t o  be carcinogenic  t o  man. I n  f a c t ,  occupat ional  cancer has  
been observed i n  var ious  types of worker groups having an occupat ional  contact  
wi th  petroleum and r e l a t e d  products  such as f u e l  o i l ,  l u b r i c a t i n g  o i l ,  paraf f in  
o i l ,  waxes and s o  on (1). These i n d i c a t e  the  need of a r e l i a b l e  method f o r  deter-  
mining PAH i n  petroleum and r e l a t e d  o i l s .  We have devised d u a l  band thin-layer 
chromatography (TLC). This TLC has been proved t o  be usefu l  as a t o o l  f o r  rout ine  
microanalysis of PAH i n  var ious  samples such as heavy o i l  (2), kerosene (2 ) ,  gaso- 
l i n e  (3), air-borne p a r t i c u l a t e s  (4 ,5) ,  c i g a r e t t e  smoke (61, asbes tos  (7), coa l  
t a r  (8,9), p i t c h  (9) and so on. 

This paper descr ibes  two a n a l y t i c a l  methods f o r  analysing PAH i n  petroleum 
and r e l a t ed  o i l s .  The f i r s t  method, mul t ip le  PAH a n a l y s i s ,  is u s e f u l  f o r  analysing 
many kinds of PAH. The second method, major component a n a l y s i s ,  i s  usefu l  f o r  
determining 5 - 10 PAH which are prevalent  i n  petroleum and r e l a t e d  o i l s .  

1. Multiple PAH Analysis  
Mult iple  PAH a n a l y s i s  c o n s i s t s  of t h e  fol lowing 3 procedures; s e l e c t i v e  

ex t rac t ion  of PAH by a series of l i q u i d  - l i q u i d  p a r t i t i o n ,  separa t ion  of t h e  
e x t r a c t  i n t o  each component by two dimensional dua l  band TLC, and i d e n t i f i c a t i o n  
and q u a n t i t a t i v e  determinat ion of t h e  separated compounds by spectrof luorometry.  

PAH i n  t h i s  
so lu t ion  is s e l e c t i v e l y  ex t rac ted  by a series of l i q u i d  - l i q u i d  p a r t i t i o n  of 
t h e  cyclohexane s o l u t i o n  - dimethyl su l foxide  (DMSO), [ DMSO + ( 1  + 4) Hydrochloric 
a c i d ,  l : l , v / v ]  - cyclohexane, 70% s u l f u r i c  ac id  - cyclohexane, and 5% sodium 
hydroxide aqueous s o l u t i o n  - cyclohexane. 

phase,remaining aliphatic f r a c t i o n  i n  cyclohexane phase. The aromatic f r a c t i o n  
conta in  PAH, a romat ic  quinones. a c i d i c  and b a s i c  aromatic compounds. A t  t h e  2nd 
p a r t i t i o n ,  PAH, aromatic  quinones and some of a c i d i c  compounds are ext rac ted  t o  
cyclohexane phase, and separa ted  from b a s i c  aromatic compounds and water so luble  
a c i d i c  compounds. Aromatic quinones and t r a c e  amounts of b a s i c  aromatic compounds 
i n  t h e  cyclohexane phase are removed by t h e  3rd l i q u i d  - l i q u i d  p a r t i t i o n .  Acidic  
aromatic compounds are removed by t h e  4 t h  p a r t i t i o n .  The f i n a l  cyclohexane solu- 
t i o n  thus obtained conta ins  PAH s e l e c t i v e l y .  Table 1 shows t h e  p a r t i t i o n  coef f i -  
c i e n t s  for  30 aromatic  compounds i n  these l i q u i d  - l i q u i d  p a r t i t i o n s ,  and a l s o  
shows t h e  number of t i m e s  required f o r  ex t rac t ing  99% or  more of these  compounds. 

The cyclohexane s o l u t i o n  which contains  very r i c h  PAH is  washed with water. 
Af te r  removing t h e  r e s i d u a l  w a t e r  i n  t h e  s o l u t i o n  by adding s m a l l  amounts of sodium 
s u l f a t e  anhydride, the s o l u t i o n  i s  dr ied  up a t  a low temperature ( 40°C) under a 
reduced pressure .  The r e s i d u e  i s  dissolved i n  a known amount of benzene (0.5 t o  
1.0 m l ) .  

s i o n a l  dual band TLC. 
cm) and a 26% a c e t y l a t e d  c e l l u l o s e  l a y e r  (16 x 20,cm). The ace ty la ted  ce l lu lose  
w a s  prepared by a c e t y l a t i o n  of microcrys ta l l ine  c e l l u l o s e  f o r  TLC (Avicel SF) using 
the  method of Wieland e t  a1 (10). Af te r  t h e  a p p l i c a t i o n  of a few m i c r o l i t e r s  of 
t he  benzene extract onto t h e  aluminum oxide l a y e r ,  t h e  f i r s t  developement is 

Some PAH a r e  carcinogenic  t o  experimental animals 

A known amounts of petroleum are dissolved i n  cyclohexane. 

At t h e  f i r s t  p a r t i t i o n ,  aromatic f r a c t i o n  i n  t h e  sample i s  ext rac ted  t o  DMSO 

PAH i n  t h i s  benzene e x t r a c t  are separated i n t o  each component by two dimen- 
The TLC p l a t e  c o n s i s t s  of an aluminum oxide l a y e r  ( 4 x 20, 

I 

I ,  

, 
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car r ied  out with n-hexane - e ther  (19: l ,v/v)  t o  the  15 cm mark on the  aluminum 
oxide layer .  
placing a container  of sa tura ted  aqueous s o l u t i o n  of potassium a c e t a t e  i n  a 
developing chamber. Developing time is  about 35 min. 

PAH on the aluminum oxide layer  a r e  then separated i n t o  each component on 
the ace ty la ted  c e l l u l o s e  layer  by t h e  second developement with methanol - e t h e r  - 
water (4:4: l ,v/v) .  It requi res  about 60 min. f o r  the  developer t o  reach 10 cm 
from the layer  boundary. 

PAH separated on the ace ty la ted  c e l l u l o s e  l a y e r  a r e  detected a s  small  s p o t s  
by t h e i r  f luorescence under W ray (253 & 365 nm). Detection l i m i t  i s  very low 
and nanogram order of PAH a r e  usual ly  de tec tab le .  Most of PAH a r e  s t a b l e  on t h e  
ace ty la ted  c e l l u l o s e  layer .  Fig. 1 shows two dimensional dual  band th in- layer  
chromatograms of the  benzene e x t r a c t s  from a heavy o i l  C and an ethylene bottom 
o i l .  Heavy o i l  C ,  which i s  widely used as  a f u e l  o i l ,  contained 42 PAH and 
the ethylene bottom o i l  contained 69 PAH. PAH i n  each spot  can be analysed by 
spectrofluorcJmetry. A t  the  present  time, 10 PAH i n  the  heavy o i l  C and 2 1  PAH 
i n  t h e  ethylene bottom o i l  have been i d e n t i f i e d  as  shown i n  Fig.1.  Many PAH i n  
the  s p o t s  on the chromatograms are  l e f t  f o r  fu ture  i d e n t i f i c a t i o n  mainly due t o  
the  d i f f i c u l t y  i n  g e t t i n g  the  reference substances.  

This mult iple  PAH ana lys is  has revealed t h a t  var ious kinds of PAH a r e  
contained i n  petroleum and r e l a t e d  o i l s  such as  kerosenes (22 - 39 PAH), heavy 
o i l s  (32 - 42 PAH), p a r a f f i n  o i l  (66 PAH) and gasol ine  (76 PAH). 

2 .  Major Component Analysis 
It is of ten  necessary t o  analyse 5 - 10 PAH which a r e  abundant i n  petroleum 

and r e l a t e d  o i l s .  
This method d i f f e r s  from t h e  mult iple  PAH ana lys is  only i n  separa t ion  procedure. 
That is, a one dimensional dua l  band TLC is used ins tead  of the  two dimensional 
dual  band TLC mentioned above. The one dimensional dual  band TLC has t h e  
following advantages a s  compared with the usualone dimensional TLC: 1) It has a 
higher  separa t ion  e f f ic iency .  2) Separat ion e f f ic iency  is not  a f f e c t e d  by t h e  
spot  s i z e  a t  the o r i g i n .  3) Sample s o l u t i o n  up t o  a few m i l l i l i t e r s  can be 
t e s t e d .  4) Quant i ta t ive sample appl ica t ion  i s  easily achievable. 5) Detect- 
a b i l i t y  of PAH is very high. 
ana lys i s  of a sample which contains  very low amounts of PAH. 

a 26% ace ty la ted  c e l l u l o s e  layer  (16 x 20,cm). 
appl ica t ion  of a sample and t h e  l a t t e r  layer  f o r  separa t ing  t h e  sample. Fig.  2 
shows a one dimensional dual  band thin- layer  chromatogram of PAH i n  a gasol ine .  
I n  t h i s  case,  gaso l ine  sample was appl ied t o  the  kieselguhr  layer  without  any 
p u r i f i c a t i o n  by l iqu id- l iqu id  p a r t i t i o n ,  because gasol ine sample evaporated 
rap id ly  leaving PAH and r e l a t e d  compounds on the  layer .  
out w i th  methanol - e t h e r  - water (4:4: l ,v/v)  u n t i l  the  developer reach 10 cm 
from the  layer  boundary. 
i n  a gaso l ine  a r e  usua l ly  separated i n t o  2 1  - 24 rectangular  s p o t s  on the  acety-  
l a t e d  c e l l u l o s e  layer .  

Af te r  ex t rac t ion  with 4 m l  of DMSO, PAH i n  each spot  i s  i d e n t i f i e d  by 
spectrofluorometry i n  due considerat ion of i t s  Rf value.  Spectrofluorometry i s  
u s e f u l  f o r  the  i d e n t i f i c a t i o n  of PAH i n  a spot  containing s e v e r a l  kinds of PAH 
and r e l a t e d  compounds. 
Fig. 2 were e a s i l y  i d e n t i f i e d  as  pyrene and f luoranthene.  In  t h i s  method, 10 PAH 
a r e  usua l ly  i d e n t i f i e d  from a gasol ine sample. 
benzo(b)fluoranthene, benz(a)anthracene, anthanthrene,  benzo(k)fluoranthene, 
perylene,  pyrene, f luoranthene,  and benzo(ghi)perylene. The f i r s t  4 PAH a r e  
carcinogen and the  l a s t  3 PAH a r e  cocarcinogen. 

t i v e l y  by a narrow base l i n e  method (6) .  
a f t e r  complete separa t ion  with benzo(a)pyrene by repea t  developement wi th  methanol 

This is done a t  about 20% r e l a t i v e  humidity, e a s i l y  achievable  by 

These PAH can be analysed by the  major component a n a l y s i s .  

Therefore, t h i s  method is espec ia l ly  u s e f u l  f o r  the  

The dual  band TLC p l a t e  used c o n s i s t s  of a kieselguhr  layer  (4 x 20,cm) and 
The former layer  is used f o r  t h e  

Developement w a s  c a r r i e d  

It required about 60 min. PAH and r e l a t e d  compounds 

For example, PAH i n  the  spot  C i n  the  chromatogram i n  

They a r e  benzo(a)pyrene, chrysene, 

The i d e n t i f i e d  PAH except benzo(b)fluoranthene can be determined quant i ta -  
Benzo(b)fluoranthene can be analysed 
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- e ther  - water  (4:4:l,v/v). The narrow base l i n e  method has been proved t o  be 
very e f f e c t i v e  i n  e l imina t ing  i n t e r f e r e n c e  from other  PAH and r e l a t e d  compounds 
coexs is t ing  i n  a t e s t  s o l u t i o n .  For example, pyrene i n  a so lu t ion  which a l s o  
contained f luoranthene,  perylene and benzo(e)pyrene was analysed by t h i s  method. 
Observed value of pyrene d i f f e r e d  by only 3% from t h e  t h e o r e t i c a l  va lues ,  even 
when the  concentrat ions of t h e  latter 3 PAH (100 ng/ml) were 5 t i m e s  h igher  than 
pyrene (20 ng/ml). It was a l s o  found t h a t  observed va lue  of benzo(a)pyrene i n  
a mixed PAH s o l u t i o n  d i f f e r e d  only 0.8% from t h e  t h e o r e t i c a l  va lue ,  even when 
t h e  so lu t ion  contained benzo(b)f luoranthene,  chrysene, anthanthrene and dibenzo- 
(a ,h)pyrene i n  10 t i m e s  higher  concentrat ion than benzo(a)pyrene. 

Table 2 shows contents  of 9 PAH i n  regular  and premium gasol ines  a s  wel l  as 
c o e f f i c i e n t  of v a r i a t i o n  f o r  each PAH obtained i n  t h i s  ana lys i s .  The c o e f f i c i e n t  
of v a r i a t i o n  is low f o r  a l l  PAH analysed. Furthermore, t h i s  method is  so 
s e n s i t i v e  t h a t  i t  can ana lyse  PAH q u a n t i t a t i v e l y  a t  a concentrat ion of 1 ng/ml 
o r  l e s s .  

graphy ins tead  of one dimensional dual  band TLC. A spectrof luorometer  is used 
as a de tec tor  of a h igh  speed l i q u i d  chromatograph. 
example i n  which a l iqu id- l iqu id  p a r t i t i o n  e x t r a c t  from a gasol ine  is separated 
and detected a t  t h e  spec t rof luorometr ic  condi t ion f o r  analysing benzo(a)pyrene, 
benzo(k)fluoranthene, benzo(ghi)perylene and anthracene.  The o ther  PAH i n  t h e  
e x t r a c t  can a l s o  be analysed i n  a s u i t a b l e  spectrof luorometr ic  condi t ion.  
has  been proved t h a t  t h i s  major component a n a l y s i s  is u s e f u l  f o r  analysing / I  
s e v e r a l  kinds of PAH i n  petroleum and r e l a t e d  o i l s  a s  w e l l  as  combustion products 
of these o i l s .  . 

These a n a l y t i c a l  methods described i n  t h i s  paper have a wide range of uses ,  r 
producing r e l i a b l e  d a t a  on PAH i n  petroleum and r e l a t e d  o i l s .  These methods w i l l  
be  usefu l  f o r  ana lys ing  PAH i n  var ious  k inds  of samples i n  the  environment. 

i 

Another major component a n a l y s i s  is achievable  by high speed l i q u i d  chromato- 

Fig.  3 demonstrates an 

It , 
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Table 1. Partition Coefficients of Aromatic Compounds 

A Phase 
B Phase 

Substance 

Anthracene 
Phenanthrene 
Fluorene 
Pyrene 

Chrysene 
Benzo(a)pyrene 
Fluoranthene 
Benzo(b)fluoranthene 

Benzo(ghi)perylene 
Coronene 
Anthraquinone 
Benzanthrone 

Benz(a)anthraquinone 
p-Benzoquinone 
1,2-Naphthoquinone 
1,4-Naphthoquinone 
Nicotinic Acid 
o-Hydroxybenzoic Acic 
Terephthalic Acid 
Phenazine 
Carbazole 
Lepidine 
Benzo(h)quinoline 

Benzo(f)quinoline 
Acridine 
1-Naphthylamine 
2-Aminoanthracene 
2-Naphthylamine 
2-Aminofluorene 
2-Aminochrysene 

DMSO 
Cyclohexan 

K N  

3.9 3 
3.9 3 
7.9 3 
4.6 3 
9.8 2 
13 2 

5.3 3 
10 2 
14 2 
14 2 
12 2 
20 2 
13 2 
- - 
>loo 1 

22 2 
- -  
- -  
- -  
4.0 3 
>loo 1 
6.2 3 

7.0 3 
12 2 
8.8 3 
55 2 
>loo 1 
>loo 1 

>loo 1 
>loo 1 

Cyclohexane I Cyclohexanf 
DMSO + (1+4) 70% H2S04 
HC1 L1:1] 
K N  

100 1 
40 2 

100 1 
100 1 
100 1 
100 1 
100 1 
100 1 
66 2 
40 2 
49 2 

30 2 
100 1 
0.26 7 

0.13 38 
2.9 4 
0.051 92 
0.115 43 
0.032 150 
4.6 3 
0.83 8 
0.047 100 
0.019 240 
0.001 >4600 
0.001 >4600 
0.007 660 
0.077 63 
0.001 >4600 
0.001 >4600 
0.001 4600 

K N  

,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
0.77 9 
0.017 270 
19 2 
0.010 460 
0.052 91 

0.078 62 

- - 

0.14 36 
- - 
- - 
- - 

0.016 290 
0.001 4600 
- - 
- - 
- - 
0.055 87 

Cyclohexane 
5% NaOH 

K N 

'100 1 
14 2 

'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
>loo 1 
0.0035 1300 

0.0015 3100 
0.027 180 
0.001 4600 
0.031 150 
14.5 2 
'100 1 
- - 

K: Partition Coefficient ( Concentration in A/ Concentration in B) 
N: Number of times required for extracting 99% or more of a compound from 

B phase to A phase 
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Acetylated celluloSe c m . l ~  R C D E F G I  

Bc 0 

8.C Regular Gasoline 
E,F High-octaneGasoline 
A.D.G Standard 

1 Benzo(a)pyrene 

2 Anthanthrene 

3 Pyrene. Fluoranthene 

Kieselguhr G 
(Gasoline) 

Fig. 2. One dimensional dual band thin-layer chromatogram of gasoline 

Retention Time (min. )  

Fig. 3. High speed liquid chromatograms of the liquid-liquid partition 
extract from gasoline ( - )  and standard solution having 16 PAH 

Column: Zorbax ODS (4.6mm x 25cm), Mobile phase: Methanol-Water (85:15,v/v), 
Detector: Spectrofluorometer (excitation 370nm, emission 410nm), 6S°C, 11OOpsi. 
1. anthracene, 2 .  9-phenylanthracene, 3. benzo(k)fluoranthene, 
4. benzo(a)pyrene, 5. benzo(ghi)perylene 
Standard solution is a mixture of 1 - 5 PAH, naphthalene, fluorene, 3,4-benz- 
fluorene, fluoranthene, chrysene, 7-ethylchrysene, benz(a)anthracene, 7-methyl- 
benz(a)anthracene, perylene, benzo(b)fluoranthene and benzo(e)pyrene. 
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TRACE ELEMENT DISTRIBUTIONS I N  COAL GASIFICATION PRODUCTS 

D.W. Koppenaal: H. Schul tz ,  R.G. L e t t ,  F.R. Brown, H.B. Booher, and E.A. Hattman 

P i t t s b u r g h  Energy Technology Center  
U.S. Department of Energy 

P i t t s b u r g h ,  PA 15213 

and 

S.E. Manahan 

Department of Chemistry 
Universi ty  of Missouri 
Columbia, MO 15201 

INTRODUCTION -- 
The determinat ion of t h e  f a t e  and d i s t r i b u t i o n  of t r a c e  elements dur ing  c o a l  

conversion i s  a n  important  and p r e r e q u i s i t e  t a s k  i f  such a n  indus t ry  i s  t o  be 
implemented on a massive s c a l e .  Consider ing t h e  overwhelming abundance of  n a t i v e  
coa l  resources ,  an implementation of  t h i s  magnitude i s  a d i s t i n c t  p o s s i b i l i t y  i n  
t h e  near  f u t u r e .  Coal g a s i f i c a t i o n  is c u r r e n t l y  under i n v e s t i g a t i o n  by many 
organiza t ions  i n  t h e  U.S. a s  a n  a l t e r n a t i v e  source  of environmental ly  acceptab le  
f u e l s .  In conjunct ion wi th  ongoing c o a l  g a s i f i c a t i o n  s t u d i e s  a t  t h i s  labora tory ,  
t r a c e  element i n v e s t i g a t i o n s  have been performed t o  he lp  a s s e s s  p o t e n t i a l  environ-  
mental impacts o'f coa l  g a s i f i c a t i o n  processes .  
f ind ings  of t r a c e  and minor element d i s t r i b u t i o n s  i n  t h e  process  streams of the  
SYNTHANE G a s i f i e r  Process  Development Unit l o c a t e d  a t  t h i s  labora tory .  

This  work presents  prel iminary 

EXPERIMENTAL 
I- 

Three s e p a r a t e  g a s i f i c a t i o n  runs were made wi th  t h e  SYNTHAAE G a s i f i e r  PDU 
us ing  Montana sub-bituminous ' C '  coa l .  The SYNTHANE G a s i f i e r  c h a r a c t e r i s t i c s  and 
opera t ing  condi t ions  have been descr ibed  previous ly  (1-3) .  Maximum average tempera- 
t u r e s  a t t a i n e d  i n  t h i s  u n i t  a r e  t y p i c a l l y  950-1000°C. A schematic diagram of  t h e  
PDU i s  presented i n  F igure  1. 

g a s i f i c a t i o n  u n i t .  Samples c o l l e c t e d  f o r  subsequent a n a l y s i s  included t h e  feed 
coa l  and feed water  (major i n p u t  s t reams)  and g a s i f i e r  char ,  f i l t e r  f i n e s ,  and 
condensable water and tars (major ou tput  s t reams) .  Sampling p o i n t s  in t h e  PDU 
a r e  i l l u s t r a t e d  i n  F igure  1. The feed c o a l  was s y s t e m a t i c a l l y  thieved dur ing  t h e  
loading  of t h e  g a s i f i e r  hopper i n  o r d e r  t o  o b t a i n  r e p r e s e n t a t i v e  samples of t h i s  
process  s t ream. Feed water  ( f o r  genera t ion  of process  steam) was a l s o  p e r i o d i c a l l y  
sampled dur ing  the  g a s i f i c a t i o n  runs. The g a s i f i e r  c h a r ,  condensable t a r s  and 
water, and p a r t i c u l a t e  mat te r  from the  gas  product  s t ream were c o l l e c t e d  a f t e r  each 
run.  The weights of t h e  process  s t reams sampled a r e  repor ted  i n  Table  1. Also 
shown a r e  t h e  weight percentages t h a t  t h e  samples represent  r e l a t i v e  t o  t h e  t o t a l  
amount of t h e  process  s t ream consumed o r  produced. 
s t ream was c o l l e c t e d .  This  procedure ensured r e p r e s e n t a t i v e  sampling of these  
process  s t reams.  

process  streams were r i f f l e d ,  ground and f u r t h e r  comminuted t o  manageable s i z e s .  
In some c a s e s ,  f u r t h e r  gr inding  t o  -325 mesh was requi red .  
a n a l y t i c a l  samples were taken whi le  v igorous ly  s t i r r i n g  t h e  bulk sample. 

An i n t e g r a l  p a r t  of t h i s  s tudy  w a s  t h e  sampling of t h e  process  s t reams of  t h e  

In most cases ,  t h e  e n t i r e  process  

Considerable  e f f o r t s  were requi red  t o  homogenize these  samples. The s o l i d  

Condensate water 
The con- 
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densate  t a r  process  s t ream presented unique sampling problems. 
c o n s i s t s  of organic  and aqueous phases, i n  a d d i t i o n  t o  a cons iderable  amount of 
s o l i d  m a t e r i a l .  
withdraw homogenous samples by merely mixing t h e  process  stream. This  problem was 
overcome by adding te t rahydrofuran  t o  t h e  sample t o  render  t h e  var ious  phases 
misc ib le .  

absorp t ion  spectrophotometry (AAS). Approximately 65 elements  were semi-quant i ta t ive ly  
determined i n  each process  s t ream by SSMS ' survey '  ana lyses .  The feed  c o a l ,  char ,  
and f i l t e r e d  p a r t i c u l a r  m a t t e r  process  s t reams were low-temperature ashed,  mixed wi th  
high p u r i t y  g r a p h i t e ,  and formed i n t o  e l e c t r o d e s .  Unashed samples were a l s o  analyzed 
f o r  the de te rmina t ion  of v o l a t i l e  e lements .  Aqueous and wet-ashed samples were mixed 
wi th  g r a p h i t e  and g e n t l y  d r i e d  under a n  i n f r a r e d  lamp. Photopla te  d e t e c t i o n  was 
u t i l i z e d  wi th  computer a s s i s t e d  q u a n t i t a t i o n  by means of the  Hull equat ion  ( 4 ) .  
Figure 2 i l l u s t r a t e s  a t y p i c a l  SSMS ' survey '  a n a l y s i s  o f  the  feed c o a l  process  
stream. 
e s p e c i a l l y  v a l u a b l e  f o r  t h e  complete inorganic  c h a r a c t e r i z a t i o n  of t h e s e  process  
streams . 

a l s o  performed. 
a f t e r  a d d i t i o n  of enr iched  i so topes .  
Se, Cd, Pb, and T 1 )  were preconcentrated by means of e l e c t r o d e p o s i t i o n  onto high- 
p u r i t y  gold e l e c t r o d e s .  
Q u a n t i t a t i o n  was accomplished using t h e  i s o t o p e  d i l u t i o n  equat ion  of  Paulsen (8-10). 
Resul ts  of ID-SSMS measurements on  t h e  t h r e e  s o l i d  process  s t reams a r e  presented i n  
Table  2 .  Q u a d r u p l i c a t e  ana lyses  were made, w i t h  t h e  p r e c i s i o n  of such measurements 
ranging from 2-15% ( r e l a t i v e  s tandard d e v i a t i o n ) .  

and Cd) were a l s o  made. 
ashing and l i t h i u m  metaborate  fus ion  f o r  the  de te rmina t ion  of  Mn, N i ,  Cu, and C r  (11) .  
Digested sample s o l u t i o n s  were a s p i r a t e d  i n t o  t h e  atomic absorp t ion  spectrometer  
and q u a n t i t a t e d  by t h e  method o f  s tandard  a d d i t i o n s .  
by e x t r a c t i n g  t h e i r  i o d i d e  complexes i n t o  methyl i s o b u t y l  ketone (MIBK) p r i o r  t o  
a s p i r a t i o n  i n t o  t h e  spectrometer .  Arsenic  w a s  determined us ing  hydride evolu t ion  
AAS a f t e r  wet-ashing of t h e  samples. 
process  s t reams a r e  shown i n  Table 3.  
from 2-20% r . s . d .  

This  process  s t ream 

Due t o  t h e  immisc ib i l i ty  of these  phases ,  i t  was n o t  poss ib le  t o  

Samples were analyzed by spark-source mass spectrometrometry (SSMS) and atomic 

Such a n a l y s e s  a r e  genera l ly  a c c u r a t e  t o  w i t h i n  a f a c t o r  of t h r e e  and a r e  

I so tope  d i l u t i o n  spark-source mass spec t romet r ic  (ID-SSMS) de termina t ions  were 
Samples were s o l u b i l i z e d  by means of  P a r r  a c i d  d i g e s t i o n  bombs (5-7) 

Elements of high environmental i n t e r e s t  ( N i ,  Cu, 

These e l e c t r o d e s  were then sparked i n  t h e  spectrometer .  

Atomic a b s o r p t i o n  de termina t ions  of seven elements (Mn, N i ,  Cu, C r ,  As, Pb, 
Samples were s o l u b i l i z e d  by means o f  high temperature  

Pb and Cd were preconcentrated 

Resul t s  of  t h e  AAS de termina t ions  of the  s o l i d  
The p r e c i s i o n  of these  de te rmina t ions  ranged 

DISCUSSION 

A l l  process  s t reams were surveyed f o r  approximately 65 elements by convent ional  
SSMS analyses .  Such ana lyses ,  a l though semi-quant i ta t ive ,  provide q u i c k  mul t i -  
element ana lyses  t h a t  a r e  va luable  when the  inorganic  composi t ion o f  t h e  process  
streams a r e  unknown and/or  unsuspected.  
f o r  process  moni tor ing  a p p l i c a t i o n s ,  r e s u l t i n g  i n  a n  almost  complete inorganic  
c h a r a c t e r i z a t i o n  of  process  streams from such a conversion u n i t .  This  kind of 
c h a r a c t e r i z a t i o n  is e s p e c i a l l y  u s e f u l  i n  d e l i n e a t i n g  p o t e n t i a l  problems and poin t ing  
o u t  the need f o r  more a c c u r a t e  ana lyses  of  s p e c i f i c  e lements .  A s  a n  example of t h e  
kind of in format ion  t h a t  can be e x t r a c t e d  from such d a t a ,  a n  enrichment r a t i o  can 
be c a l c u l a t e d  f o r  v a r i o u s  elements based on t h e i r  concent ra t ions  i n  t h e  f i l t e r  
f i n e s  process  stream r e l a t i v e  t o  t h e i r  concent ra t ions  i n  t h e  feed coa l  ( a f t e r  
c o r r e c t i n g  f o r  t h e  varying a s h  conten ts  i n  t h e  two process  s t reams) .  Table  4 
presents  the  enrichment r a t i o s  f o r  a number of e lements .  An enrichment r a t i o  of 
u n i t y  i n d i c a t e s  no enrichment ,  while  r a t i o s  g r e a t e r  than  u n i t y  i n d i c a t e  enrichment 
i n  the f i l t e r  f i n e s  process  stream. I f  a n  enrichment r a t i o  of t h r e e  o r  g r e a t e r  i s  
assumed t o  be s i g n i f i c a n t  ( t o  take i n t o  account  the  u n c e r t a i n t y  l i m i t a t i o n s  of the 
technique) ,  then  elements  can  be c l a s s i f i e d  as e i t h e r  enr iched o r  not  enr iched .  
Table 4 shows t h a t  many elements  a r e  shown t o  be enr iched  t o  a g r e a t  degree.  
Presumably, such enrichment i s  due t o  a v o l a t i l i z a t i o n  o f  t h e s e  elements i n  t h e  

This  type  of a n a l y s i s  i s  e s p e c i a l l y  u s e f u l  
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high temperature  zone of t h e  r e a c t o r  and subsequent condensat ion of  these  v o l a t i l i z e d  
elements i n  t h e  c o o l e r  s e c t i o n s  of  t h e  g a s i f i c a t i o n  u n i t .  Although such a mechanism 
has been shown t o  be o p e r a t i v e  i n  high temperature c o a l  combustion (12-13), t h i s  may 
be t h e  f i r s t  work showing such a mechanism t o  be o p e r a t i v e  dur ing  c o a l  g a s i f i c a t i o n .  
Prel iminary SSMS ana lyses  of s ize-separa ted  f i l t e r  f i n e s  f r a c t i o n s  s u b s t a n t i a t e s  
t h i s  f ind ing .  

by ID-SSMS and AAS show t h e  g a s i f i e r  c h a r  t o  be t h e  major e lemental  ' s i n k '  for most 
e lements .  This  has  important  environmental r a m i f i c a t i o n s  i n  t h a t  t h i s  m a t e r i a l  may 
be u t i l i z e d  as  a combustion mater ia l  f o r  product ion o'f process  steam. The f a t e  of 
the  environmental ly  important  elements dur ing  t h i s  combustion w i l l  need t o  be 
determined. 
by-product u t i l i z a t i o n ,  s i g n i f i c a n t  s o l i d  waste  problems w i l l  a lmost  c e r t a i n l y  occur .  

Selenium, a s  determined by ID-SSMS, showed a d i s t r i b u t i o n  among t h e  process  
s t reams t h a t  was markedly d i f f e r e n t  from t h e  bulk of the  o t h e r  e lements  s t u d i e d .  
The major e lemental  s i n k  f o r  Se was t h e  condensate  water  process  s t ream. S i g n i f i c a n t  
q u a n t i t i e s  o f  t h i s  element were a l s o  found i n  t h e  condensate  t a r .  This  f i n d i n g  
can be r a t i o n a l i z e d  i n  terms of  the  high v o l a t i l i t y  of  t h i s  element. Arsenic ,  as 
determined by AAS, does not  e x h i b i t  such behavior ,  i n  c o n t r a s t  t o  what one might 
expect  f o r  t h i s  element. The major s i n k  f o r  t h i s  element i s  t h e  g a s i f i e r  char .  
This f a c t  seems t o  i n d i c a t e  t h a t  the  a r s e n i c  i s  present  i n  t h e  coa l  i n  a non- 
v o l a t i l e  form and t h a t  i t  i s  n o t  converted t o  a v o l a t i l e  form dur ing  the  g a s i f i c a t i o n  
process .  

Mass balances o f  elements across  a conversion u n i t  may be va luable  i n  p r e d i c t i n g  
the  r e l e a s e  r a t e s  of  c e r t a i n  elements t o  t h e  environment. Such balances can  be 
c a l c u l a t e d  knowing ithe concent ra t ion  of  t h e  element i n  each process  s t ream and t h e  
mass of  t h e  r e s p e c t i v e  process  stream. Mass balances of 100% a t  t h e  t r a c e  l e v e l  
a r e  g e n e r a l l y  exceedingly d i f f i c u l t  t o  o b t a i n  i n  such complex, open systems a s  a 
g a s i f i c a t i o n  r e a c t o r .  Resul t s  of  such mass balances a r e  shown i n  Table  5. T h e  
da ta  were c a l c u l a t e d  us ing  t h e  AAS and/or  t h e  ID-SSMS concent ra t ion  va lues  f o r  t h e  
elements i n  the  major process  s t reams.  The d a t a  i n d i c a t e  t h a t  t h e  bulk of m o s t  
elements (Cu, N i ,  Mn, Pb, Cr) a r e  being r e t a i n e d  w i t h i n  t h e  u n i t .  However, o t h e r  
elements cannot be f u l l y  recovered ( i . e . ,  Cd and Se) and c a r e f u l  cons idera t ions  of 
t h e  f a t e  of  these  elements must be  made i n  view of t h e i r  environmental and t o x i c -  
o l o g i c a l  hazards .  

Both t h e  SSMS survey r e s u l t s  and t h e  more accura te ,  p r e c i s e  r e s u l t s  ob ta ined  

On t h e  o t h e r  hand, i f  t h e  char  i s  disposed of  a s  an a l t e r n a t i v e  t o  i t s  
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Table  1, 

Descr ip t ion  o f  Sample S izes  Taken from SYNTHANE Process Development Unit  
f o r  Trace Element S tudies  

RunNumber 

Sample 293 294 295 

Feed Coal, kg 7.7 (1 l .O) l  5 .9  (8.0) 6 . 1  (8 .6)  
Feed Water, kg 4 .9  (5.4)  4 .2  (4.8) 4 .2  (4 .4)  

17.0 (100) 16.9 (100) 17.0 (100) G a s i f i e r  Char, kg 
14.6 (100) 15.5 (100) 15.2 (100) Condensate TarIWater, kg 

F i l t e r  F ines ,  kg 0.4 (100) 0 .4  (100) 0.5 (100) 
Product Gas, k l  ' 1 . 7  (1.5)  1 .7  (1.4) 1 . 6  (1 .4)  

'Data i n  parentheses  i n d i c a t e  t h e  percentage of t h e  process  s t ream t h a t  w a s  taken 
f o r  prepara t ion  and  a n a l y s i s .  

--- 

Condensate Water, kg 52.8 (100) 53.1 (100) 53.5 (100) 
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Table 2 - Element Concentrat ions (ppm, wt . )  i n  G a s i f i e r  Samples by ID-SSMS Analysis  

--- Run Number 

Sample -- Element 

Feed Coal N i  
cu 
Se 
Cd 
T1 
Pb 

G a s i f i e r  Char N i  
cu 
Se 
Cd 
T1 
Pb 

F i l t e r  Fines  N i  
cu 
S e  
Cd 
T1 
Pb 

293 

2.83 
7.50 
0.56 
0.12 
0.05 
5.14 

11.6 
25.5 

0 .14  
0.10 
0.11 

21.2 
10.3 

105 
0.65 
2.16 
0.09 

13.7 

2 94 

2.56 
7.52 
0.54 
0.12 
0.04 
4.80 
9.06 

0.21 
0.12 
0.12 

24.2 

1 7 . 1  
11.5 

150 
0.94 
2.88 
0.11 

13.5 

295 

2.39 
7.24 
0.54 
0.14 
0.04 
4.77 

11.6 
2 7 . 8  

0.19 
0.13 
0.15 

19.3 
10.0 

131 
0.74 
1.81  
0.10 

12.47 

Table 3 - Element Concentrat ions (ppm, wt . )  i n  G a s i f i e r  Process Streams by AAS Analysis  

Run Number - - ~  
Sam- E 1 emen t 293 294 295 - 

G a s i f i e r  Char 

F i l t e r  Fines  

Feed Coal C r  
Mn 
N i  
cu 
A s  
Cd 
Pb 
C C  
Mn 
N i  
cu 
A s  
Cd 
Pb 
C r  
Mn 
N. i  
cu 
A s  
Cd 
Pb 

7.1 

2.2 
10.2 

1 . 6  
0.07 
5.5 

32.4 

10 .8  
33 .O 

547 

2510 

6 . 3 .  
0.06 

19.6 
12.4 

10.0 

9 . 1  
1.86 

14.1 

519 

114 

6.6 

2.7 
9.7 
1 . 5  
0.07 
4 .6  

33.5 

8.5 
23.8 

6.0 
0.05 

18.2 
18.5 

12.5 

7.9 
2.25 

13.8 

512 

2350 

530 

154 

7.9 

2.4 
10.4 

2.0 
0.09 
5 .3  

30.3 

8.0 
27.0 

5.7 
0.05 

18.9 
20.7 

10.6 

11.0 

15.6 

646 

2430 

503 

142 

1.75 
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-- Table 4 - Enrichment Rat ios  (Er) f o r  Various Elements 

- Non-Enriched Elements I Enriched Elements 

Element 

N a  
M g  
A 1  
S i  
C a  
T i  
Z r  
Fe  
C r  
B e  
S r  
Ba  
Hf 
Gd 

Element -- 
CU (ID-SSMS) 
C r  (AAS) 
N i  (AAS) 
Se (ID-SSMS) 
Cd (AAS) 
Cd (ID-SSMS) 
Pb (ID-SSMS) 
Pb (AAS) 
A s  (AAS) 

Lr- 

2 .0  
2 . 7  
1.0 
1 . 2  
0 . 8  
1.1 
2.9 
0 . 8  
1 . 6  
2 . 4  
1 . 2  
1.1 
1 .5  
0 . 8  

Element 

K 
R b  
co 
N i  
Zn 
c u  
G a  
G e  
A s  
B r  
Sn 
Sb 
I 
Mo 
Pb 
Cd 

Lr- 
3 . 1  
6.5 
4.1 
3.0 
7 . 0  
5.3 
4 .7  

11.0  
6 .2  

11.0 
3.3 
5.7 

14.0 
7.3  
3.8  
6.5 

Table 5 - Elemental Mass Balances 

M a s s x a n c e .  % 

- 293 - 294 - 295 

103 
112 
122 
45 
36 
36 

102 
88 
99 

92 
118 

75 
4 4  
35 
46 
84 
92 
95 

110 
96 
85 
46  
27 
33 

10 1 
89 
7 4  
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The Effect of Trace Element Associations and 
Mineral Phases on the Pyrolysis Products from Coal 

J. K. Kuhn, R. A. Cahill, R. H. Shiley, D. R. Dickerson and C. W. Kruse 

Illinois State Geological Survey 
Urbana, IL 61801 

The initial mode of occurrence of trace and minor elements in coal influences 
their ultimate fate during the processing and/or utilization of coal materials. 
A float-sink procedure and an acid-leaching procedure have been developed independ- 
ently and used to estimate the trace and minor element associations with the 
organic and mineral phases in coal. Values obtained by the two methods were in 
agreement within the limits of analytical error. Ion exchange studies and internal 
surface area studies indicated that major differences that were observed could 
be explained in terms of exchangeable and/or chelated elements on the exposed 
surfaces of the coal. When these two factors were considered, results from these 
two methods were sufficiently reliable to allow their values to be used as 
indicators of an element's organic association. 

Representative data for 50 elements from 9 coals are presented for both 
methods. The mean values for the same elements determined in the acid demineral- 
ized coals are given for 27 coals from 3 geographical areas. 
compared to elemental values for crustal abundance and plant material; only S, 
Se, and Te had concentrations of organically associated elements significantly in 
excess of Clarke values (by factors of 20 to 50). Other elements, such as Pb, 
varied from virtually no organic association, to those, such as Ga, which averaged 
about 40 to 50 percent organic association. 

These values were 

Although many elements had some organic association, the major amounts of 
accessory elements in coal were present in the mineral phases. Semiquantitative 
mineral analysis of the low-temperature ashes (plasma ashing at <150°C) was 
performed on the coals; clay, ranging from 20 to 80 percent and a mean of about 
50 percent, was the predominant mineral phase in the inorganic fractions. The 
sulfide minerals were second and carbonates generally were the third most abundant 
mineral phase. In any particular coal, however, this order may be mixed or even 
inverted. Also frequently present in the coals is quartz and many other minerals 
in lesser amounts. 

The mobilities during pyrolysis of the various elements were determined at 
45OoC, 600°C, and 700:C through the use of both batch and continuous-feed processes. 
This range in temperature was selected in order to produce chars with minimum 
sulfur content and with both maximum and minimum surface areas. The coals reached 
their most plastic (fluid?) state within this temperature range. 

The concentrations of 50 elements were determined in 6 whole coals, also their 
corresponding char residues and condensed volatile products. 
coals studied, the data showed significant increase in mobility (volatilization) 
during pyrolysis for P, C1, S, As, Br, I, Se, Te, and Zn. Elements that exhibited 
less significant mobility included Cd, Cr, Cu, Dy, Ga, €If, La, Li, Pb, Sb, Sc, Sm, 
u, and Y. Those elements that generally exhibited no mobility during pyrolysis 
included Si, Al, K, V, Mg, Ca, Fe, Na, Ti, Ba, Ce, Co, Cs, Eu, Lu, Mn, Ni, Rb, Sr, 
Ta, m, and Th. Because of their extremely low concentrations, elements such as 
Ag, Au, In, Mo, W, and Sn were generally not detected at levels where any reasonable 
conclusions could be drawn. 

For most of the 
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Corre la t ion  of element mobil i ty  and organic  a s s o c i a t i o n  showed t h a t  elements 
assoc ia ted  with t h e  organic  mater ia l  were the  same elements t h a t  showed l o s s e s  
during pyro lys i s .  Two except ions t o  t h i s  genera l  r u l e  were: (1) The a l k a l i  and 
a l k a l i n e  e a r t h  elements genera l ly  were n o t  l o s t  dur ing  p y r o l y s i s .  
elements were u s u a l l y  p r e s e n t  to  some e x t e n t  i n  an exchangeable ion  f o r m  and of ten  
showed a very  high organic  assoc ia t ion .  
which inc lude  Pb, Zn and As, normally showed l i t t l e  o r  no organic  assoc ia t ion .  The 
mechanism f o r  mobil i ty  probably involved a thermal breakdown of  t h e  mineral i t s e l f .  
I ron  usua l ly  occurred a s  t h e  predominant s u l f i d e  mineral ,  bu t  it w a s  immobile. 

These same 

(2) The group of  p r i m a r i l y  s u l f i d e  elements, 

The d i s s o c i a t i o n  of p y r i t e  when heated i n  a reducing atmosphere is  w e l l  known. 
I n  coa l ,  however, t h i s  reduct ion of  p y r i t e  t o  p y r r h o t i t e  t a k e s  p l a c e  a t  r e l a t i v e l y  
l o w  temperatures ,  occur r ing  a t  l e s s  than 450'C. During t h i s  process ,  two types of 
p y r r h o t i t e  were produced, one of  which had magnetic p r o p e r t i e s .  The mater ia l  formed 
w a s  suscept ib le  t o  e i t h e r  chemical or magnetic c leaning.  MUssbauer spectroscopy 
w a s  used t o  i d e n t i f y  four  spec ies  of Fe+' i n  t h e  chars ,  on ly  t w o  spec ies  have been 
i d e n t i f i e d  s i m i l a r i l y  i n  t h e  raw coa l .  

The condensed v o l a t i l e  components from t h e  p y r o l y s i s  o f  t h e  c o a l  were analyzed 
f u r t h e r  t o  determine t h e  organic  composition of t h e  products .  
condensed organics  i n t o  a c i d ,  base,  and n e u t r a l  f r a c t i o n s  ind ica ted  t h a t  t h e  
components i n  t h e  a c i d  f r a c t i o n  predominated a t  t h e  lower p y r o l y s i s  temperatures, 
and t h e  components contained i n  t h e  base f r a c t i o n  predominated a t  t h e  higher  
temperatures .  The d i s t r i b u t i o n  of c o n s t i t u e n t s  making up t h e  organic  f r a c t i o n s  
were shown t o  be s t rongly  inf luenced by t h e  temperature a t  which t h e  pyro lys i s  was 
conducted. 
c o a l  p r i o r  t o  h e a t i n g  s i g n i f i c a n t l y  a l t e r e d  the  propor t ion  of t a r  t o  l i g h t  f r a c t i o n s  
i n  the product ;  much less tar was produced when mineral  phases were absent .  

Separat ion of t h e  

Furthermore, removal of  v i r t u a l l y  a l l  o f  t h e  mineral  phases from t h e  

Corre la t ions  of mineral-phase conten t  and t h e  d i s t r i b u t i o n  of organic  f r a c t i o n s  
a t  a given temperature ind ica ted  t h a t  t h e  temperature a t  which t h e  process  was 

composition a l s o  was a f f e c t e d  s i g n i f i c a n t l y  by t h e  k inds  o f  mineral  phases present .  
Individual  e f f e c t s  o f  minerals  on t h e  d i s t r i b u t i o n  of  organic  c o n s t i t u e n t s  i n  
condensed p y r o l y s i s  products  a r e  s t i l l  being s t u d i e d ,  b u t  i t  i s  evident  t h a t  
knowledge of the  organic  a s s o c i a t i o n s  and mineral  phases  p r e s e n t  i n  an ind iv idua l  
coa l  i s  necessary before  a s a t i s f a c t o r y  eva lua t ion  o f  c o a l  performance during 
u t i l i z a t i o n  can be made. 

@operated had a dominant e f f e c t  on t h e  product  composition; never the less ,  t h e  
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Chemical and Mineralogical Characterization of Coal Liquefaction Residues 

G. B. Dreher, Suzanne, J. Russell, and R. R. Ruch 

Illinois State Geological Survey, Natural Resources Bldg., Urbana, Illinois 61801 

The Illinois State Geological Survey, with support from the U.S. Department 
of Energy, is characterizing the residues from several advanced-stage coal lique- 
faction processes. Coal liquefaction in plants of commercial size, if developed on 
a large scale, will eventually result in the production of large tonnages of waste 
materials. It is desirable to know the compositions of these residues for possible 
evaluation as sources of valuable metals and also to know whether they are potential 
environmental hazards. 
the residues from several coal liquefaction processes consistently contain recoverable 
amounts of valuable elements and can, therefore, be reliably classified as potential 
secondary source reserves for these elements. In this study the concentration levels 
Of some 70 major, minor, and trace constituents have been determined and, where 
possible, the mineralogy for certain elements has been ascertained: An economic 
evaluation of the data will be made. The chemical and mineralogical data will aid 
in predicting the behavior of various elements during certain liquefaction processes. 

A major objective of this project is to determine whether 

Sampling and pretreatment. The processes from which samples were obtained 
are Clean Coke at United States Steel Research, Monroeville, PA; H-Coal, Hydrocarbon 
Research, Inc., Trenton, NJ; Lignite Project, University of North Dakota, Grand Forks, 
ND; Solvent Refined Coal, Southern Company Services, Wilsonville, AL (SRC-Ala); 
Solvent Refined Coal, Pittsburgh and Midway Coal Company, Ft. Lewis, Wash. (SRC-Wash); 
and Synthoil, Pittsburgh Energy Research Center, Bruceton, PA. In addition, one 
residue sample from the COED process has been obtained and analyzed. Each of these 
processes has been described elsewhere (1). Seventy constituents have been determined 
in 18 sample sets consisting of feed coal, corresponding residue, and where available, 
product material. The residues as we have received them are not envisioned to be the 
ultimate waste products; further processing ofthematerials beyond that which was 
being conducted when the samples were taken is anticipated for most processes. 

The following coals have been used in the sample sets studied: feed coals 
from the Herrin (No. 6) coal of Illinois; composite samples of No. 9 and No. 14 coal 
beds and No. 9, No. 11, NO. 12, and No. 13 coal beds of western Kentucky; the 
Pittsburgh No. 8 coal; Wyodak seam from Wyoming; and a lignite from North Dakota. 

Residue samples from the liquefaction processes are often intractible mixtures 
of product oil, partially reacted coal, and unreacted coal. To produce samples that 
are more easily handled, more homogeneous, and convenient to use in low-temperature 
ashing procedures, the product oil portion was separated from the mineral matter 
portion by extraction with tetrahydrofuran (THF). The unextracted residues, however, 
have been found to be generally homogeneous, and the extracted residues have 
primarily been used in producing low-temperature (150°C) ashes for mineralogical 
analyses. The high temperature ash contents of the unextracted ash samples compare 
favorably with those recovered from the THF soluble and insoluble portions for most 
samples, indicating that the samples are fairly homogeneous with respect to ash content. 

Methods of analysis. The analytical techniques used (shown in Table 1) are 
atomic absorption spectrometry (AA), instrumental neutron activation analysis (INAA) , 
direct-reading optical emission spectrometry (OED), photographic optical emission 
spectrography (OEP), energy dispersive X-ray fluorescence spectrometry ( X E S ) ,  wave- 
length dispersive X-ray fluorescence spectrometry (XRF'), radio-chemical separation 
followed by neutron activation analysis (RC), ion selective electrode (ISE), and 
standard ASTM methods (ASTM) . Mineralogical studies were made by X-ray diffraction 
analysis and scanning electron microscopy using low-temperature ash samples prepared 
in an activated oxygen plasma asher. These methods have been described elsewhere (2). 
Sample pretreatment is summarized in Figure 1. 

309 



Results and discussion. All results on "asreceived" feed Coal and residue 
samples were corrected for moisture and calculated to the 50OoC ash basis. It was 
assumed that (a) the oxidized inorganic material (the 5OO0C ash) from a feed coal is 
comparable to that from the corresponding residue, and (b) that the feed coal sample 
is representative of the coal used to generate a particular residue. 
basis data for a residue is compared to that for the feed coal, an indication is 
given as to whether an element is lost, retained, or possibly increased during the 
liquefaction processes. The "ash-basis" data are used to calculate the percentage 
of change of each element for which data are available. 

When the ash- 

Ranges for estimating whether an element was retained were calculated by 
taking into account an average sampling error and tlre random error of the particular 
analytical method used for that element. The "retention range" for an element is 
arbitrarily defined as twice the overall standard deviation of possible errors in 
analysis of the feed coal and residue. 
gain if results for that element exhibit a percentage of change (residue, concentra- 
tion relative to feed coal concentration on the ash-basis in a given process) which 
is greater than the upper limit of the retention range. Elements undergoing losses 
exhibit the opposite tendency. All other elements are said to have been "retained" 
during the liquefaction process. 
tive gain-loss data for mercury and manganese in the 18 sample sets, and Figure 4 
summarizes the gain-loss data obtained for most elements detected in a SRC(Wash1 set. 

An element is indicated as having undergone a 

Figures 2 and 3 are bar graphs showing representa- 

Some general conclusions can be drawn about the mobilities of various elements 
in the liquefaction processes studied. 
possible because of a combination of low elemental concentrations coupled with a 
moderate-to-high analytical uncertainity of measurement. 
emphasized that these sample sets, in most cases, represent one-time, short-interval 
sampling under equilibrium conditions,where possible, and may not be fully representa- 
tive of long-term continuous operation. 

1. Ca, S, Ti, As, B, F, Hg, La, Sc, and Zn are generally (251% of the 

In many cases only limited conclusions are 

In addition it should be 

sample sets in which the element was determined) lost during the 
liquefaction process. Dy, Eu, Tb, and Yb are lost or retained in 
the liquefaction processes in approximately equal numbers. 

Most of the elements determined show general retention during the 
liquefaction processes. These are: Fe, K, Si, Ba, Be, Br, Ce, C1, 
Co, Cr, Cs, Cu, Ga, Ge, Hf, Li, Lu, Mn, Mo, Ni, Pb, R b ,  Sb, Se, Sm, 
Sn, Sr, Ta, Th, T1, U. V, W, and Zr. 

clear pattern. 

or degradation of equipment. 

Some elements generally occur at concentrations too l o w  to be accurately 
measured by the methods used and, thus are too low to be considered in 
the gain-loss data evaluation. These include Ag, Bi, Cd, In, Nd, Pt, 
Te, Au, and Pd. 

2. 

3 .  Four elements, A l ,  Mg, Na, and P behave randomly, exhibiting no 

4. Observed gains, where present, most probably reflect contamination 

5. 

In Particular, three sample sets from the SRC-Ala process and two sets from 
the SRC-Wash process exhibit the greatest apparent losses. 
apparent losses in three or more of these sample sets are Al, Fe, Mg, S, Ti, AS, B, 
Be, Br, Co, DY. Eu, F, Hg, La, Lu, Mn, Mo, Sc, Se, Sm, Ta, Tb, Th, Yb, and Zn. 
Elements which exhibit increases in concentration in two or more of these five 
liquefaction processes are Na, P, Si, Cr, and Cs. Filtering aid materials were used 
in conjunction with all five SRC-Ala sample sets (Johns-Manville 7A, consisting of 
92.5 Percent diatomaceous earth and 1.5 percent asbestos) and the first two SRC-Wash 
Sample sets. It is probable that at least Na, P, Si, and Cr increases are due to 
the filtering aids. Diatomaceous earth consists primarily of silicon dioxide and 

Elements which exhibit 
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asbestos minerals which contain the elements Na and Si among others. These materials 
have been detected by scanning electron microscope analysis of the SRC-Ala residues. 

Mineralogical analysis. In addition to the chemical analyses, mineralogical 
analyses have comprised a major portion of this study. 
about the modes of occurrence of some elements and may shed some light on the 
behavior of certain chemical elements during the liquefaction processes. 

They have yielded information 

The major mineralogical change which takes place in the liquefaction processes 
is the transformation of pyrite (FeSz) in the feed coal to pyrrhotite (Fel-,S, where 
x = 0. to 0.2) in the residue by the reaction 2FeS2 * ZFel-,S + 2s.  Sulfur probably 
is evolved as HzS. Pyrrhotite occurs in the residues primarily as fine-grained 
(crystal size about 1 um) aggregates sometimes incorporating other mineral matter. It 
also occurs as a fine granular layer on mineral particles. 

A small amount of wollastonite, CaSiO3, formed by the reaction CaC03 + Si02 2 
CaSiOs t Con, was detected by scanning electron microscopy in one residue from an 
H-Coal set. Some calcite particles found in the residue have a spongy texture similar 
to that seen in calcined carbonates ( 3 ) .  It appears that some dissociation of the 
calcite occurred, enabling a small amount of CaO to combine with SiO2. In a closed 
system, calcite, quartz, and wollastonite are stable together under the pressures 
and temperatures present in liquefaction process preheaters and reactors, if the 
COz partial pressure is not appreciable (4 ) .  

A qualitative summary of mineral matter detected by X-ray diffraction analysis 
in feed coals and residues is presented in Table 2. An "X" indicates the presence 
of a mineral in a sample. A question mark indicates uncertainty in the presence of 
a mineral as determined from the diffraction patterns. Marcasite, a dimorph of pyrite, 
has been observed in only one feed coal sample. It is also transformed to pyrrhotite 
during liquefaction. Other minerals may be present in the samples in quantities 
below the detection limits. 

Semi-quantitative X-ray diffraction data for quartz, calcite, pyrite, and 
pyrrhotite in the low temperature ash samples of several feed coals and their cor- 
responding residues are shown in Table 3 .  Inclusion of quartz and calcite in 
pyrrhotite aggregates contributes to an apparent decrease in quartz and calcite from 
the feed coals to the residues. A decrease in the pyrrhotite concentration in the 
residue with respect to the pyrite concentration in the feed coals is due to the 
loss of sulfur from pyrite in the transformation to pyrrhotite. In samples which 
show the presence of calcite in the residues but not in the corresponding coal, cal- 
cite and some pyrite have broken down to form sulfate minerals during storage of the 
coal. This is a common reaction in coals exposed to moisture (5). 

Conclusions. Data from the limited number of sample sets covering several 
liquefaction processes indicate that relatively few elements (e.g. Hg, S, As, Br, 
and B) are consistently lost to any significant degree from the resultant residues. 
Only a few mineralogical changes occur during the processes in which the transforma- 
tion of pyrite to pyrrhotite most consistently occurs. These experimental observa- 
tions, including the general range of elemental concentrations found in the residues, 
along with extensive trace element distribution data now available ( 2 , 6 )  from 
analyses of many coals from the various U.S. coal fields, will be used for an economic 
evaluation for many metals. Trace element concentrations for such economically 
significant metals such as Au, Ag, Pt, Pd, Ta, etc. in most cases will probably be 
too low for consideration as resources. In some cases, however, such as Zn, there 
are areas (7) where concentratlons are high enough for serious consideration. The more 
abundant metals in coal--such as Al, Fe, Si, and possibly Ti--although perhaps 
currently not economical to extract may require attention in the future. 

311 



Acknowledgment. This work i s  supported i n  p a r t  by t h e  U . S .  Department of 
Energy under Cont rac t  EY-76-C-21-8004, i n  which Mrs. P a t r i c i a  Barnes i s  Technical 
Pro jec t  Off icer .  

References. 

1. Energy Research and Development Adminis t ra t ion,  "Coal Liquefact ion,"  Quarter ly  
Report, April-June, 1976, ERDA 76-95/2 (1976). 

2 .  Gluskoter, H .  J., R. R. Ruch, W. G. M i l l e r ,  R. A. C a h i l l ,  G. B. Dreher, and 
J. K. Kuhn: Trace Elements i n  Coal: Occurrence and Dis t r ibu t ion ,  I l l i n o i s  
S t a t e  Geological Survey C i r c u l a r  499 (1977). 

3 .  Harvey, R. D.:  Petrographic  and Mineralogical  C h a r a c t e r i s t i c s  of Carbonate 
Rocks Related t o  Sorpt ion of  Sul fur  Oxides i n  Flue Gases, An In te r im Report 
t o  t h e  Nat ional  A i r  P o l l u t i o n  Control  Adminis t ra t ion,  Contract  No. CPA 22-69-65, 
(1970). 

Harker, R. I. and Tuttle, 0. F.: 
the  Reaction: C a l c i t e  + Quartz % Wollastoni te  + Carbon Dioxide, American 
Journal  of Science,  254 ( 4 ) ,  239-256 (1956). 

4. Experimental Data on the  PC02-T Curve f o r  

5. -0, C .  P. and Gluskoter, H. J.: Occurrence and D i s t r i b u t i o n  of Minerals i n  
I l l i n o i s  Coals ,  I l l i n o i s  S t a t e  Geological Survey C i r c u l a r  476 (1973). 

, V. E . ,  J. H.  Medlin, J. R. Hatch, S .  L. Coleman, G. H.  Wood, S. D. 
/ 

6-Pon Woodruff, and R. T. Hildebrand: Col lec t ion ,  Chemical Analysis, and Evaluation 
of Coal Samples i n  1975, USGS Open F i l e  Report 76-468 (1976). 

7. Cobb, J. C . ,  J. D. S t e e l e ,  C.  G. Treworqy, J. F. A s h b y ,  and S.  J. Russel l :  
The Geology of Zinc i n  Coals of t h e  I l l i n o i s  Basin, F ina l  Report U . S .  Department 
of I n t e r i o r  Grant 14-08-0001-G-249, August (1978). 

312 



x x  x x  X 

X 

: x +  . x x  . x .  x 

. *  G x x x x  x x +  x . x  x : x  

x x  . x  

. x  0 d 

x .  
m 
m 

) F x  

X .  

x . x  

x x  . x  

. x .  

X 

313 



A. FLOW SHEET OF RESIDUE SAMPLE PRETREATMENT 
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6. FLOWSHEET OF WHOLE COAL SAMPLE PRETREATMENT 
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Figure 1 - Flow sheets of sample pretreatments. 
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(W.Ky.#9,#11,#12, - 
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Figure 2 - Summary of percentage of change in elemental composition 
(5OO0C ash basis) for Hg in several liquefaction processes from 
feed coal to residue. 
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H.Coa12 
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(W.Ky. fis and #14) 
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Figure 3 . Summary of percentage of change in elemental composition 
(5OO0C ash basis) for Mn in several liquefaction processes from 
feed coal to residue. 
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Figure 4 - Summary of percentage of change in elemental composition 
(5OO0C ash basis) from feed coal to residue. 
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T a b l e  2 

M i n e r a l  Matter D e t e c t e d  i n  Low T e m p e r a t u r e  A s h  
of Liquefaction Samples by X - r a y  D i f f r a c t i o n  A n a l y s i s  

C - 1 9 6 6 0  C l e a n  C o k e  . x  X X X X 
C - 1 9 6 6 1 A  x x x  X X X x x  
C - 1 8 9 0 3  H - C o a l  1 X x x  X X X X 
C- 1 8 9 4  1 A  X X X X x x  
C - 1 9 1 9 4  H - C o a l  2 ? x x  X X X X 
C - 1 9 1 9 6 A  ? X X X X x x  
C - 1 9 9 1 6  H - C o a l  3 X ?  X X X 
C - 1 9 9 1 7 A  X X X ? X  x x  
C - 2 0 0 2 1  H - C o a l  4 x x  X X X 
C - 2 0 0 2 2 A  x x  X X X x x  
C - 1 9 5 9 0  L i g n i t e  x x  X X 
C - 1 9 5 9 1  ? X  X ? X  

C - 1 9 7 0 2  S R C - A l a  1 X X X X X 
C - 1 9 7 0 3  X x x  X ? X X  

C - 1 9 7 0 5  S R C - A l a  2 X X ?  x x x  X 
C - 1 9 7 0 6  ? X X x x x  
C - 1 9 7 0 8  S R C - A l a  3 X X X X 
C - 1 9 7 0 9  X x x x  x x x  
C - 1 9 7 1 1  S R C - A l a  4  X X X X X 
C - 1 9 7 1 2  X X X X 

C - 1 9 7 1 4  S R C - A l a  5 x x  X X X X X 
C - 1 9 7 1 5  x x  X x x  
C - 1 9 1 4 1  SRC-Wash  1 X x x x  X 
C - 1 9 1 4 2 A  X X x x  
C - 1 9 4 8 8  SRC-Wash  2 ? x x x  X X 
C - 1 9 4 8 7  X X ? X  x x  
C - 1 9 8 9 9  SRC-Wash  3 X x x  X X X X 
C - 1 9 9 0 2 A  X X X x x x  x x  
C - 2 0 0 1 4  S R C - W a s h  4 X X X X X 
C - 2 0 0 1 5 A  X X X x x  
C - 2 0 0 1 6  SRC-Wash  5 X X X X x x x  X X 
C - 2 0 0 1 7 A  X X X X x x  
C - 2 0 0 1 9  SRC-Wash  6 ? ? X X X  X X 
C - 2 0 0 2 0 A  X X ? X  x x  
C - 1 9 2 7 6  S y n t h o i l  x x  X X X X 
C - 1 9 3 4 9 A  X X X X x x x  
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Table 3 

A v e r a g e  Percentage of P r i n c i p a l  M i n e r a l s  by X-Ray D i f f r a c t i o n  
i n  Low T e m p e r a t u r e  A s h  of Liquefact ion S a m p l e s  

/ 

‘1 
I 

A v e r a g e  M i n e r a l  Percentages, by w e i g h t ,  
f 7.5%, absolute 

i 
S a m p l e  S a m p l e  

L a b  No .  set  Type O u a r t z  C a l c i t ‘ e  P y r i t e  P y r r h o t i t e  
/ 

C - 1 9 6 6 0  !, C - 1 9 6 6 1 A  

C - 1 8 9 0 3  
C - 1 8 9 4 1 A  

C - 1 9 1 9 4  
C - 1 9 1 9 6 A  

C - 1 9 9 1 6  
C - 1 9 9 1 7 A  

c - 2 0 0 2 1  

I 

I C - 2 0 0 2 2 A  

C - 1 9 5 9 0  
C - 1 9 5 9 1  

C - 1 9 7 0 2  
C - 1 9 7 0 3  

C - 1 9 7 0 5  
C - 1 9 7 0 6  

C - 1 9 7 0 8  
C - 1 9 7 0 9  

C - 1 9 7 1 1  
C - 1 9 7 1 2  

C - 1 9 7 1 4  
C - 1 9 7 1 5  

C - 1 9 1 4 1  
C - 1 9 1 4 2 A  

C - 1 9 4 8 8  
C - 1 9 4 8 7  

.I 
11 

! C - 1 9 8 9 9  
C - 1 9 9 0 2 A  

C - 2 0 0 1 4  
C - 2 0 0 1 5 A  

C - 2 0 0 1 6  
C - 2 0 0 1 7 A  

C - 2 0 0 1 9  
C - 2 0 0 2 0 A  

C - 1 9 2 7 6  
C - 1 9 3 4 9 A  

C l e a n  C o k e  

H - C o a l  1 

H - C o a l  2 

H - C o a l  3 

H - C o a l  4 

L i g n i t e  

S R C - A l a  1 

S R C - A l a  2 

S R C - A l a  3 

S R C - A l a  4 

S R C - A l a  5 

SRC-Wash 1 

SRC-Wash 2 

SRC-Wash  3 

SRC-Wash  4 

SRC-Wash 5 

SRC-Wash  6 

S y n t h o i l  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

2 1  
15 

22 
1 7  

2 2  
16  

15 
1 4  

11 
10 

7 
1 2  

2 2  
1 5  

18 
1 2  

1 3  
13  

16  
16  

1 2  
9 

8 
7 

9 
7 

18 
16 

18 
1 5  

16 
1 4  

1 5  
11 

15 
1 3  

11 
3 

13  
8 

9 
4 

4 
5 
* 

1 2  

* 
2 8  

3 
<1 

N.D. 
5 

N.D. 
N.D. 

* 
1 2  

6 
1 

N.D. 
N.D. 

N.D. 
N. D. 

2 
1 

4 
3 

5 
3 

N.D. 
3 

7 
6 

19 
N.D. 

2 2  
N.D. 

2 5  
N.D. 

2 2  
N.D. 

9 
N.D. 

10  
N.D. 

2 1  
N.D. 

N.D. 
N.D. 

2 3  
7 

6 
N.D. 

16 
N.D. 

39 
N.D. 

37 
N.D. 

2 9  
N.D. 

2 6  
N.D. 

2 1  
N.D. 

2 2  
N.D. 

2 7  
N.D. 

N.D. 
1 6  

N.D. 
15 

N.D. 
18 

N.D. 
2 0  

N.D. 
* 

N.D. 
* 

N.D. 
1 3  

N.D. 
1 2  

N.D. 
7 

N.D. 
N.D. 

N.D. 
10 

N.D.  
2 7  

N.D. 
17 

N.D. 
20 

N.D. 
1 7  

N.D. 
19 

N.D. 
14  

N.D. 
2 2  

* M i n e r a l  p resent ,  b u t  cannot  be quantified due t o  the  interference of 
other m i n e r a l  peaks. 

N.D. = N o t  D e t e c t e d  
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Introduction 

Precise  determination o f  sulfur contents i n  f u e l  o i l s  has become more important 
for  qua l i ty  cont ro l  by re f iner ies  and qual i ty  monitoring by enviromental agencies. 

Of the  many t e s t  methods used f o r  determining s u l f u r  contents i n  f u e l  o i l s ,  t h e  
bomb method(ASTM D 129) i s  considered t o  be the  world-wide standard. However, t h i s  
method requires  severa l  hours running time, and t h e  r e s u l t s  can vary grea t ly  depend- 
ing upon t h e  s k i l l  of t h e  analyst  running t h e  t e s t .  

, 

A rapid and exact method i s  required t o  rout inely analyze su l fur  contents i n  
fue l  o i l s ,  and t h e  method should be easy t o  operate and t o  maintain. To meet these 
requirements, non-dispersive x-ray s u l f u r  analyzers which u t i l i z e  e i t h e r  a radioiso- 
tope such as 55-Fe or  a small x-ray tube as the fluorescent x-ray generator have been I 
developed by many manufacturers. This kind of  analyzer i s  reportedly superior  i n  
terms of speed, accuracy, economy and ease of operation and maintenance as compared ‘ 
t o  a combustion method such as the bomb method(1). However, the  accuracy of the re-  ‘ 
sults i n  t h e  x-ray method cannot be b e t t e r  than t h a t  of the  standards with which t h e  
unknowns are  compared. Also, it w a s  found during our  research t h a t  f a i r l y  large e r rors  ’ 
can a r i s e  from t h e  following items. (It should be noted, however, t h a t  these e r rors ,  
though la rge ,  r a r e l y  exceed the  allowable errors  c i t e d  i n  ASTM methods ) :  

( i )  Peak overlapping between the S-KX spectrum and C1-KX spectrum, 
(ii) The use of a l i n e a r  approximation f o r  the  working curve, and 
(iii) Differences i n  composition between the  standards and the  unknowns, especial ly  
in  the carbon-hydrogen weight ratio(C/H) of the hydrocarbon port ion of these o i l s .  

With respect  t o  i t e m ( i ) ,  most manufacturers have already solved the  problem. 
The most s t ra ightforward way of doing t h i s  is by inser t ing  a sulfur-containing f i lm 
between the  sample and t h e  x-ray de tec tor ,  s ince t h e  Cl-KX spectrum is f i l t e r e d  out 
by such film. However, o t h e r  method have a l s o  been successful. 

The e r r o r  due t o  i t e m ( i i ) ,  can be  reduced by narrowing the  in te rpola t ion  range 
of the  standards t o  be used for  t h e  ca l ibra t ion .  In f a c t ,  many labora tor ies  where sul- 
fur  contents of t h e  samples t o  be analyzed are  l imi ted  t o  a cer ta in  range can apply 
the  l i n e a r  approximation without not iceable  l o s s  of accuracy. However, i n  analyzing 
samples which spread over a wide range of su l fur  contenfs, reca l ibra t ions  should be 
made severa l  times a day so tha t  the  working range of the  approximation is small 
enough t o  insure t h e  accuracy desired. The reca l ibra t ion  i t s e l f  i s  very troublesome 
f o r  analysts  i n  rout ine analysis .  

experimentally i f  the compositions of both t h e  standards and the samples a r e  known. 
However, it i s  tedious t o  determine these compositions. 

With respect  t o  i t e m ( i i i 1 ,  t h e  e r r o r  can be corrected e i t h e r  theore t ica l ly  o r  

To cor rec t  these  e r r o r s  automatically, a new type of analyzer was developed. I n  
t h i s  paper, the  improvements i n  t h i s  analyzer compared t o  t h e  prototype(Rigaku Sulfur- 
X) w i l l  be reported. I n  addition t o  t h i s ,  the  r e s u l t s  of t e s t s  on a variety of samples 
w i l l  a l so  he described. 
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Instrument 

The non-dispersive x-ray s u l f u r  analyzer discussed i n  t h i s  paper consis ts  of t h e  
prototype plus addi t ional  components as described below. Figure 1 is a schematic dia- 
gram Of t h e  apparatus with t h e  broken l i n e s  denoting newly i n s t a l l e d  conponents, i . e .  
' 9 ' ,  'lo', '13' and '161.  Component ' 10 '  ca lcu la tes  t h e  r a t i o  between t h e  S-KX spec- 
trum in tens i ty(  ' 8 ' )  and the  sca t te red  rad ia t ion  i n t e n s i t y ( ' 9 ' ) .  Since the  fac tors  in- 
fluencing t&e absolute  in tens i ty  of t h e  S-KX spectrum(e.g., d i f ferences i n  composi- 
t i o n ,  instrumental var iab les ,  and atmospheric changes) a l s o  inf luence t h e  s c a t t e r e d  
rad ia t ion  in tens i ty  t o  the  same degree, using t h e  r a t i o  ins tead  of t h e  absolute in- 
t e n s i t y  cor rec ts  f o r  these fac tors .  

shown below(Eq.1). 

2 

Block '17' calculates  t h e  values of t h e  constants  i n  t h e  ca l ibra t ion  equation 

1) S = a I  + b I + c  

where S i s  the sulfur content, I i s  t h e  x-ray i n t e n s i t y  ra t io 'between the  S-KX spec- 
trum and t h e  s c a t t e r e d  rad ia t ion ,  and a ,  b and c a r e  constants. To determine these  
constants ,  th ree  standard s m p l e s  whose su l fur  contents a r e  exact ly  known a r e  sequen- 
t i a l l y  measured with the  analyzer s e t  on mode 'C'(see Fig.1). These constants ,  once 
determined and s tored  i n  t h e  memory of the  ca lcu la tor ,  can be used f o r  about one 
year  without loss of accuracy, s ince t h e  r a t i o  ca lcu la tor  '10' seems t o  b e  a l so  ef- 
fec t ive  i n  correct ing t h e  long term dr i f t  of t h e  analyzer. 

Preliminary Tests 

To compare the  performance of the  modified analyzer t o  t h a t  of t h e  prototype,  
analyses were made on prepared samples. The samples consis ted of white o i l  plus di- 
bu ty l  di-sulfide(DBDS). Di-butyl di-sulf ide has recent ly  been o f f i c i a l l y  c e r t i f i e d  by 
the  Japanese government as t h e  s u l f u r  compound f o r  x-ray ca l ibra t ion  purposes and is  
now widely used i n  Japan. 

As can be seen i n  Fig.2, t h e  re la t ionship  between t h e  content and t h e  i n t e n s i t y  
i s  not  l i n e a r .  Thus, i f  t h e  working curve i s  approximated wi th  a s t r a i g h t  l i n e ,  f o r  
example, ranging from 0 Wt% t o  6 w t % ,  t h e  maximum e r r o r  reaches 0.31 w t %  at  the  mid 
point  of t h e  curve, as  i l l u s t r a t e d  i n  Fig.3(b). It  was rec'ognized t h a t  t h e  re la t ion-  
ship shown i n  Fig.2 can be more accurately expressed by a quadrat ic  equation r a t h e r  
than a l i n e a r  equation. Thus, a quadrat ic  approximation was s e t  up using c a l i b r a t i o d  
standards containing 0 ,  3 and 6 w t %  su l fur .  The r e s u l t s  shown i n  Fig.3(b) c l e a r l y  in-  
d ica te  t h a t  t h e  use of  t h i s  quadratic approximation grea t ly  reduced the  difference 
between t h e  measured value and ac tua l  value of  t h e  s u l f u r  content. The naxinum e r r o r  
observed was 0.01 w t % .  

were analyzed by using ca l ibra t ion  standards of low C/H. I n  t h i s  case,  t h e  standards 
were prepared from decalin(C/H=6.7) plus  DBDS, while t h e  unknowns were prepared from 
tetralin(C/H=lO. 0 plus  DBDS . 
corrected by using t h e  follwing empirical equation, 

As shown i n  Fig.b(a) ,  f a i r l y  la rge  e r r o r s  were observed when samples Of high C l H  

It w a s  previously reported by one of  t h e  authors(2)  t h a t  t h i s  e r r o r  could b e  

AS = -0.013 S (C/Hstd- C/Hunkn) 2)  

where S i s  the  observed su l fur  content and AS the  value t o  be added t o  the observed 
s u l f u r  content. In t h e  above-referenced s tudy,  t h e  f a c t o r  0.013 was determined ex- 
perimentally by using the  prototype x-ray analyzer. To use Eq.2, one must know C / H  
values f o r  both t h e  standards and the  unknowns. An a l t e r n a t i v e  expression can a l s o  be 
obtained by using the spec i f ic  gravi ty  p ins tead  of C / H ,  s ince  it was found t h a t  C/H 
i s  roughly r e l a t e d  t o  P as follows: 

C / H  = 8.02 p - 1.06 3)  
thus,  AS = 0.115 S Ap 4)  
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where A P  = Pstd- PUkn 5 )  

I t  has been reported(3) t h a t  t h e  e r r o r  due t o  t h e  C/H difference i n  t h e  standards 
and the  unknowns can be e f fec t ive ly  el iminated by using the  sca t te r ing  in tens i ty  of 
the  sample as an in te rna l  standard. In t h e  modified analyzer, the  e f f e c t  of t h e  compo- 
s i t i o n a l  differences between t h e  s tandards and t h e  unknowns are  automatically compen- 
sa ted  by i n s t a l l i n g  a s c a l e r  f o r  t h e  s c a t t e r e d  rad ia t ion( ’9’ )  and a r a t i o  calculator  
( tlOl). Figure 4(b)  shows the  results obtained by using the  modified analyzer f o r  
t e s t i n g  the  same combination of standards and unknowns t e s t e d  on the prototype. Since 
the errors  observed using t h e  modified analyzer were much smaller than those observed 
using the prototype, we f e e l  t h a t  t h e  modified analyzer can be used i n  a wider range 
of applications than was previously possible .  

t o  the coexistence of chlorine i s  very small ,  and t h a t  t h e  e f f e c t  of the  C1-KX spec- 
trum is adequately reduced by t h e  f i l t e r .  Without a f i l t e r ,  o r  other  device f o r  elim- 
inat ing the  C1-Kx spectrum, e r r o r s  can be very large as seen in  Fig.5(b) .  

i 
The r e s u l t s  i l l u s t r a t e d  i n  F ig .5(a)  ind ica te  t h a t  the  magnitude of the  e f fec t  due , /. 

I 
T e s t  Results 

r 

To examine practical. usage of the  analyzer, analyses were made on a var ie ty  of 
fue l  o i l s  whose charac te r i s t ics  a re  out l ined  i n  Table 1. Sulfur contents f o r  these 
samples had been previously determined by the  quartz tube method(J1S K 2541-1971) in  
several  inter- laboratory t e s t s .  The s tandard samples f o r  ca l ibra t ion  were made from 
white o i l  plus DBDS. Sulfur  contents of these standards were 0 ,  1 .5  and 3.0 w t % .  In 
t h i s  se r ies  of measurements, th ree  100 sec integrat ions were made f o r  each sample, 
and the  r e s u l t s  were averaged. The results of the  analyses are  shown i n  Fig.6, where 
the  horizontal  axis  ind ica tes  t h e  s u l f u r  content determined by the quartz tube method, 1 

and the  v e r t i c a l  axis indicates  t h e  difference between the  s u l f u r  leve l  determined by 
the x-ray method and t h a t  determined by the quartz tu5e method(in the  case of fuels  
used i n  inter- laboratory t e s t s )  o r  t h a t  c e r t i f i e d  by NBS o r  J P I ( i n  t h e  case of stand- 
ard reference mater ia l s ) .  

samples analyzed, and within t0.02 w t %  f o r  a l l  of the  samples analyzed(ranging up t o  
3.3 w t %  su l fur  contents) .  

prepared from white o i l  plus DBDS can be used f o r  ca l ibra t ion  without loss of accura- 
cy, in  s p i t e  of the  f a c t  t h a t  t h e r e  a r e  many differences i n  composition between the  
standards and t h e  unknowns, such as  C / H ,  quant i ty  of ash, chlorine content ,e tc .  

r 

It can be seen from Fig.6 t h a t  t h e  e r r o r s  a r e  within fO.01 wt% f o r  most of  t h e  

Since the  observed er rors  a r e  so s m a l l ,  we can conclude t h a t  standard samples 

Conclusion 

A non-dispersive x-ray s u l f u r  analyzer which consis ts  of the prototype “Rigaku 
Sulfur-X” plus addi t ional  mechanisms f o r  correct ing various matrix e f f e c t s  was devel- 
oped. 

Test r e s u l t s  made on a v a r i e t y  o f  fue l  o i l s  indicated t h a t  the modified analyzer 
can accurately measure s u l f u r  contents  of f u e l  o i l s (wi th in  tO.01 w t %  of the  ac tua l  
value) by using cal ibrat ion standards prepared from white  o i l  plus di-butyl di-sul- 
f ide.  
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A :  In t ens i ty  mode 
B: Measuring mode 
C :  Cal ibrat ion mode 

1. x-ray tube 
2. x-ray detector 
3. pre-amplifier 
4. linear amplifier 
5 .  lower l eve l  discriminater 
6.  higher l eve l  discriminater 
7. anti-coincidence 
8. s ca l e r  f o r  S-m spectrum 
9. s ca l e r  fo r  sca t te red  rad ia t ion  1 4 .  su l fu r  content f o r  r b . 1  std.(manual input )  

10. r a t i o  ce lcu la tor  15. su l fu r  content f o r  N0.2 std.(manual i npu t )  
11. sca le r  fo r  No.1 standard 16. su l fu r  content fo r  Iio.3 std.(manual input )  
12. sca l e r  for  No.2 standard 17. ca lcu la tor  fo r  working equation 
13. sca l e r  fo r  No.3 standard 18. ind ica tor  

Fig.1 Schematic diagram of the  non-dispersive x-ray su l fu r  analyzer 

Rote: t he  blocks surrounded by s o l i d  l i nes  are those of t he  prototype. 
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Fig.6 Analytical r e s u l t s  for a var ie ty  of fue l  o i l s  

A: Samples which had been used and analyzed i n  inter- laboratory 
t e s t s  by quartz tube method(J1S K 2541-1971). 

0 :  Standard reference mater ia l s (mS and JPI). 
Horizontal ax is :  Sulfur  content e i t h e r  determined by quartz tube 

method or c e r t i f i e d  by NBS or JPI .  
Vert ical  ax is  : The difference AS ( w t x )  given by following equ- 

a t ions ,  

= 'quartz- 'x-ray 

SX-W AS = Ss, - 

Table 1. Character is t ics  of the  sample o i l s *  analyzed 

Term Range 

C/H (wt%/wt%) 6.0 - 8.5 
Sulfur  content ( w t X )  0.1 - 3.4 
Ash (wt%) 0.01 - 0.2 
POW point  ("c) -10 - +35 
Viscosity,@50°C (cSt )  2.5 - 200 

0.84 - 0.95 Speci f ic  gravi ty  (15/hoC)  
Chlorine content**(wt%). 0 - 0.5 

These samples had been analyzed previously i n  

** Chlorinated paraffins were added t o  some of  the  
inter- laboratory tests. 

sample o i l s  f o r  t h e  aajustment of C1 contents. 
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