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EXECUTIVE SUMMARY 

Coal-derived l i q u i d s  and s o l i d s  from t h e  W i l s o n v i l l e  S o l v e n t  

Ref ined  Coal ( S R C )  p i  1 o t  p l a n t  have received ex tens ive  b io log ica l  

assays  a t  the In t e rna t iona l  Research and Development Corporation (IRDC) 

a s  a p a r t  of t h e  SRC Toxicology Program of t h e  U. S. Departfient of 

Energy Off ice  of Foss i l  Energy. The s t u d i e s  a t  IRDC were conducted 

under a subcont rac t  from Air Products and Chemicals, I nc .  
Three o f  the  m a t e r i a l s  s t u d i e d  a t  IKDC r e q u i r e d  a d d i t i o n a l  

chemical and physical  c h a r a c t e r i z a t i o n  t o  support  i n t e r p r e t a t i o n  of the 

bioassay results. A s o l i d  product from t h e  S o l v e n t  Ref ined  Coal 

process  (SRC So l id )  was observed t o  produce lung tumors i n  an inhala- 

t i o n  bioassay using r a t s .  The p rope r t i e s  of t h e  sainple which m i g h t  

c o n t r i b u t e  t o  t h a t  response were not  well cha rac t e r i zed .  Physical and 

chemical p rope r t i e s  r e l evan t  t o  inha la t ion  t o x i c i t y  o f  the SRC Sol id  

were determined i n  t h i s  labora tory .  In a mouse sk in  pa in t ing  assay o f  
m i d d l e  d i s t i l l a t e s  derived from the SRC and two-stage l i q u e f a c t i o n  

(TSL) processes ,  the TSL Middle D i s t i l l a t e  was observed t o  produce much 

g r e a t e r  dermal i r r i t a t i o n  than d i d  the SRC Middle D i s t i l l a t e .  The 

h y p o t h e s i s  t h a t  the  d i f f e r e n c e  i n  skin i r r i t a t i o n  was a r e s u l t  of 

d i f f e r e n c e s  i n  their  phenols conten ts  was t e s t e d  by comparative phenols 

anal yses. 
The SRC Sol  i d  was p h y s i c a l l y  c h a r a c t e r i z e d  by scanning and 

t ransmission e l ec t ron  microscopies and x-ray d i f f r a c t i o n .  The inor-  

ganic  chemical composition was surveyed by both x-ray f luorescence  and 

neutron a c t i v a t i o n  a n a l y s i s ,  and se l ec t ed  four  t o  s ix - r ing  polycycl ic  

a r o m a t i c  h y d r o c a r b o n  ( P A H )  dermal t u m o r i g e n s  were de t e rmined  

chromatographically.  Some chemical comparisons were made w i t h  s o l  i d  

b y p r o d u c t s  from other  coal  l i q u e f a c t i o n  processes.  Po ten t i a l  bio- 

a v a i l a b i l i t y  of t he  PAH i n  the SRC Sol id  was examined i n  l e a c h i n g  

studies. 

The SRC Sol id  was found t o  c o n s i s t  o f  ca.  3 urn and smal le r  r o u n d e d  

t r i a n g u l a r  and r e c t a n g u l a r  s o l i d  p a r t i c l e s  hav ing  an amorphous,  

nonc rys t a l l i ne  organic  composition. Very l i t t l e  inorganic  mat te r  was 

present .  Iron (1,190 pg/g) ,  sodium (1 ,450  p g / g ) ,  and z inc  (730 vg/g) 
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were t h e  major  elements de tec ted .  With t h e  p o s s i b l e  excep t ion  o f  z i n c ,  
none appeared t o  be t o x i c o l o g i c a l l y  impor tan t .  These c o n c e n t r a t i o n s  
were much l o w e r  t h a n  those i n  sanples o f  H-Coal vacuum bottoms f l a k e d  
produc t .  

Severa l  PAH dermal tumor igens were de termined i n  t h e  SRC S o l i d ,  
i n c l u d i n g  b e n z ( a ) a n t h r a c e n e  ( 1 2  p g / g )  , c h r y s e n e  ( 3 1  v g / g ) ,  
b e n z o ( b + j ) f l u o r a n t h e n e s  ( 9 7  u g / g ) ,  henzo(k ) f l uo ran thene  ( 1 2  u g / g ) ,  
benzo(e)pyrene (160 vg/g) ,  benzo(a)pyrene ( 1 6 0  u g / g ) ,  i n d e n o ( l , 2 , 3 -  
cd)pyrene ( 1 1 0  v g / g ) ,  d ibenz(a ,c+a,h)an thracencs  (98 p g / g )  , and benzo- 
( g h i ) p e r y l e n e  (280 v g l g ) .  These l e v e l s  were one-ha l f  t o  o n e - t h i r d  
those i n  s o l i d  byproduc ts  f rom t h e  SRC-11,  H-Coal, and Exxon Donor 
So lvent  processes. 

'Ihe l e a c h i n g  behav io r  o f  thct PAH i n  t h e  SRC S o l i d  was s t u d i e d  i n  
t h r e e  media: a Tween-80 s u r f a c t a n t  s o l u t i o n ,  minimum e s s e n - t i a l  rnediuiii 
w i t h  f e t a l  b o v i n e  serum (MEMSserumj , and a d i p a l m i t o y l p h o s p h a t i -  
d y l c h o l  i n e  (DPPC) v e s i c l e  suspension. The c o n c e n t r a t i o n s  o f  t he  PA11 

leached i n t o  t h e  media g e n e r a l l y  exceeded t h e i r  lrdater s o l u b i l i t i e s  by 
f a c t o r s  o f  two t o  f o u r  o r  more. Concen t ra t i ons  o f  i n d i v i d u a l  PAH ranged 
as h i g h  as 1 0  t o  2 4  u g / l .  The r a t i o s  o f  t h e  PAH c o n c e n t r a t i o n s  i n  t h e  
l eacha tes  were somewhat d i f f e r e n t  f rom t h o s e  i n  t h e  SRC S o l i d  i t s e l f .  
T h i s  p robab ly  r e f l e c t s  t h e  d i f f e r e n t  s o l u b i l i t i e s  o f  t h e  v a r i o u s  PAH. 
I t  appeared t h a t  t ?qu i l  i b r i u m  c o n c e n t r a t i o n s  o f  a l l  b u t  t h e  l a r g e s t  PAI-I 
were reached i n  l e s s  t h a n  f i v e  days o f  l e a c h i n g .  The k i n e t i c s  o f  
d i s s o l u t i o n  o f  t h e  l a r g e r  PAH may be s lower  t h a n  fo r  t h e  s m a l l e r  PAH. 

A n a l y s i s  o f  DPPC v e s i c l e s  separated f rom t h e  suspension b y  u l t r a c e n t r i -  
f u g a t i o n  suggested t h a t  t h e  PAH c o n c e n t r a t i o n s  i n  t h e  v e s i c l e s  were ca. 
l o 2  t i m e s  g r e a t e r  t h a n  i n  t h e  b u l k  leachate .  Concent ra t ions  o f  SOine 

PAH i n  t h e  v e s i c l e s  ranged f rom one t o  two Ilg/g. These r e s u l t s  suggest  
t h a t  t h e r e  was cons ide rab le  p o t e n t i a l  . for  a s u b s t a n t i a l  l e a c h i n g  o f  PAH 
f rom t h e  SRC S o l i d  and a c c u m u l a t i o n  o f  t h e  l e a c h e d  PAH i n  c e l l  

membranes over  t h e  course o f  t h e  r a t  i n h a l a t i o n  exposure exper iment .  
The phenol  and c r e s o l s  c o n c e n t r a t i o n s  i n  t h e  SRC M.iddle D i s t i l l a t e  

and t h e  TSL M i d d l e  D i s t i l l a t e  were coinpared by a h i g h  performance 
l i q u i d  chromatography procedure.  The SRC Midd le  D i s t i l l a t e  was found 
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to contain phenol (2.4 mg/g), p+m-cresols (30.6 mg/g), o-cresol (4.2 
mg/g) , 3,4-dimethylphenol (4.3 mg/g), 2,5-dimethylphenol (14.2 mg/g) 
and at least five other C2 o r  C3-phenols. In contrast, none o f  these 
phenols were detected at a sensitivity o f  ca. 0.5 mg/g in the TSL 

Middle Distillate. Other compounds must be responsible f o r  the greater 
dermal irritancy o f  the latter. Hydroaromatics such as tetralin and 
decalin are possible candidates. 
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I N T R 0 Q UC'T I 0 N 

Extensive b io log ica l  assays  of s y n t h e t i c  f u e l  ma te r i a l s  der ived 

from recen t  p i l o t  p l an t  opera t ions  have been conducted f o r  the U,S. 
Department o f  Energy, Of f i ce  of Fossil Energy, a t  t h e  In t e rna t iona l  

Research and Development Corporation (IRDC) i n  Plattawan, MI, under a 

subcont rac t  from Air Products and Chemicals, Inc.  (APCI), Allentown, 

PA. Among the  s y n t h e t i c  f u e l s  subjected t o  bioassay a t  the IRDC were a 

s o l i d  product from t h e  Solvent Refined Coal (SRC-I) p r o c e s s  ("SRC 
S o l i d " ) ,  and two middle d i s t i l l a t e s  From t h e  SRC and Two-Stage Lique- 

f a c t i o n  (TSL) processes .  The SRC Sol id  was subjected t o  a two-year 

i n h a l a t i o n  b i o a s s a y  w i t h  r a t s ,  The two midd le  d i s t i l l a t e s  were 

examined i n  a two-year sk in-pa in t ing  bioassay using mice. Many of t h e  

chemical and physical  p rope r t i e s  o f  t h e s e  ma te r i a l s  have been de te r -  

mined (1) by APCI and by t h e  P a c i f i c  Northwest Laboratory i n  Richland, 

WA . 
Further  c h a r a c t e r i z a t i o n  of t h e  s t u d y  ma te r i a l s  was requi red  t o  

support  the i n t e r p r e t a t i o n  of severa l  s i g n i f i c a n t  observa t ions  reported 

by IRDC i n v e s t i g a t o r s .  The SRC Solid produced lung tumors i n  a l a r g e  

number o f  animals i n  t h e  high dose group of r a t s  exposed v ia  inhala-  

t i o n .  P a t h o l o g i s t s  obse rved  tumors w h i c h  a lmos t  c e r t a i n l y  were 

squamous c e l l  carcinomas i n  f i v e  a n i m a l s  a f t e r  ca .  2 4  months o f  
exposure. The causes  o f  this response a r e  not c l e a r  but could include 

chemical or s o l i d  s t a t e  carc inogenes is .  The IRQC i n v e s t i g a t o r s  a l so  

reported t h a t  the high dose group of animals skin-painted w i t h  t h e  TSL 
Middle D i s t i l l a t e  exhib i ted  much g r e a t e r  dermal i r r i t a t i o n  than did t h e  

animals exposed t o  the  h i g h  dose of SRC Middle D i s t i l l a t e .  The causes  

o f  t h i s  d i f f e r e n t i a l  response a r e  not known. One hypothesis  was t h a t  

t he  TSL Middle D i s t i l l a t e  has a g r e a t e r  conten t  o f  phenols than does 

t h e  SRC Middle D i s t i l l a t e .  

The Oak Ridge National Laboratory ( O R N L )  has been a s s i s t i n g  the 

DOE Oak Ridge Operations Off ice  i n  i t s  overs ight  r e s p o n s i b i l i t i e s  f o r  

t h e  APCI program by reviewing r e p o r t s  and p a r t i c i p a t i n g  i n  the  program 

review meetings. The scope of work a t  ORNL was expanded t o  include a 



determinat ion o f  some c f  t he  chemical and physical f a c t o r s  needed t o  

support  the  i n t e r p r e t a t i o n  o f  t h e  bioassay f i n d i n g s  a t  IRDC.  T h i s  
r epor t  descr ibes  the  cha rac t e r i za t ion  o f  s e l ec t ed  chemical and physical 

p rope r t l e s  o f  t h e  SRC-I So l id  Product  which a r e  r e l e v a n t  t o  i t s  

tumorigenic response in inha la t ion  bioassay,  and a determinat ion o f  
phenolics which might  con t r ibu te  t o  t h e  d i f f e r e n t  d e g r e e s  o f  s k i n  
i r r i t a t i o n  observed i n  t he  sk in-pa in t ing  bioassay o f  SRC a n d  ISL Middle 

D i s t i l l a t e s .  

2 



MATERIAL HISTORY - 

The m a t e r i a l s  examined i n  t h i s  s tudy  were o b t a i n e d  f rom t h e  s t o c k s  
a t  I R D C  which w e r e  s u b j e c t e d  t o  b ioassay .  A b r i e f  d e s c r i p t i o n  o f  t h e  
sample o r i g i n  and c o l l e c t i o n  procedures i s  g i v e n  below t o  document t h e  
sample h i s t o r i e s .  

S R C - I  S o l i d  

The H y d r o t r e a t e r  U n i t  S R C - I  S o l i d  (SRC S o l i d )  i s  i d e n t i f i e d  as 
I n t e r n a t i o n a l  C o a l  R e f i n i n g  Company ( I C R C )  I C R C / S C S  sa inp le no.  
937-083(6L), W i l s o n v i l l e  sample no. 80962, from t h e  W i l s o n v i l l e  S o l v e n t  
Re f ined  Coal p l a n t ,  The m a t e r i a l  was c o l l e c t e d  on December 2 0 - 2 1 ,  
1981, a t  sample l o c a t i o n  V-1082, d u r i n g  r u n  no. 235, a demons t ra t i on  
p l a n t  r u n  on Kentucky no. 9 c o a l .  Three drums were sh ipped t o  A i r  
P r o d u c t s  and  Chemicals, I n c .  ( A P C I )  Houdry L a b o r a t o r i e s  i n  Linwood 
PA, where t h e y  were  s t o r e d  b e f o r e  t r a n s f e r  t o  I R D C .  A s u b c o n t r a c t o r ,  
S t u r t e v a n t  M i l l  company i n  Boston, MA, a i r - m i c r o n i z e d  t h e  SRC-I S o l i d  
t o  a p a r t i c l e  s i z e  range which produced an e q u i v a l e n t  a e r o d y n a m i c  
d iamete r  o f  ca. 3 pm when a e r o s o l i z e d  i n  the  I R D C  i n h a l a t i o n  exposure 
g e n e r a t o r .  Documentat ion f o r  t h e  sample i s  r e p o r t e d  elsewhere (1). 

Severa l  samples s f  t h e  S R C - I  S o l i d  were o b t a i n e d  f rom I R D C .  Three 
b u l k  samples weire c o l l e c t e d  on May 1 6  (ca. 50 g) and August 2, 1985 ( 2 x  

ca, IO0 g) i n  g l a s s  b o t t l e s  d i r e c t l y  f r o m  t h e  drum used t o  s t o r e  t h e  
SRC-I S o l i d  f o r  i n h a l a t i o n  s t u d i e s .  These samples were used i n  s t u d i e s  
o f  e lemen ta l  c o n t e n t  and o f  l e a c h a b l e  p o l y c y c l i c  a romat i c  hydrocarbons  
(PAH).  Samples also were c o l l e c t e d  f rom t h e  i n h a l a t i o n  chambers a t  
I R D C  f o r  examina t ion  o f  p a r t i c l e  s t r u c t u r e  and morphology. These were 
c o l l e c t e d  w i t h  t h e  h e l p  o f  I R D C  pe rsonne l  on May 16, 1985, f rom t h e  
h i g h - d o s e  group I V  male r a t  i n h a l a t i o n  exposure chamber, where t h e  
S R C - I  S o l i d  was b e i n g  a e r o s o l i z e d  a t  a nominal  c o n c e n t r a t i o n  o f  50 
mg/m3. The chamber c o n d i t i o n s  a t  t h e  t i m e  o f  sample c o l l e c t i o n  were a 
tempera tu re  o f  2 Z 0 C ,  r e l a t i v e  h u m i d i t y  o f  6 3 % ,  and a p r e s s u r e  o f  -2.5 
cm o f  wa te r  r e l a t i v e  t o  ambient.  P a r t i c u l a t e  a e r o s o l  samples were 
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co l l ec t ed  by f i l t r a t i o n  on 13 or 2 5  mm polycarbonate Nucleopore f i l t e r s  

w i t h  0 . 1  vm pore diameter ( ca t a log  no. 110405, l o t  CPR 0 2 5 0 0 ) ,  s u p -  

ported by P130 backup f i l t e r s ,  and contained i n  13 m m  or 2 5  mm p l a s t i c  

S w i n n y  f i l t e r  holders .  F i l t e r s  w i t h  pore diameters  of 0.05 and 0 . 5  pq 

a l s o  were used. The aerosol  was sampled a t  a r a t e  of ca. 500 cm3/min. 

f o r  2 .5  t o  10 m i n .  A small b u l k  sample ( ca .  25 g ]  o f  t h e  SRC-I Sol id  

was co l l ec t ed  from the  sample feed hopper of t h e  ae roso l i z ing  apparatus  

for t h e  group IV inha la t ion  chamber. This sample was used i n  some o f  
t h e  m i c r o s c o p i c  examinat ions  where the  mass of p a r t i c u l a t e  sample 

co l l ec t ed  from the  inha la t ion  chamber aerosol  was i n s u f f i c i e n t .  

M i  dd 1 e D i s t i 1 1 a t  e s 

Two samples of middle d i s t i l l a t e s  which were subjected t o  mouse 

skin pa in t ing  bioassay a t  IRDC were obtained f o r  c h a r a c t e r i z a t i o n  o f  
phenol and c r e s o l s .  One was an SRC Middle D i s t i l l a t e ,  ICRC sample  
no. 2112CB. I t  was der ived from SRC Light Oil  (ICRC/SCS r e f e r e n c e  

no. 940-086(A), Wilsonvi l le  sample no. 80960)  co l l ec t ed  on November 11, 
1981 a t  sample l o c a t i o n  V - 2 0 3  d u r i n g  W i l s o n v i l l e  run no. 235 on 

Kentucky no .  9 c o a l ,  and from SRC Process Solvent (ICRC/SCS re fe rence  

no. 941-087(A) , Wilsonvi l le  sample no. 80026) co l l ec t ed  on February 8 ,  

1982 a t  sample loca t ion  V- l31(A)  during Wilsonvi l le  run no. 236 on 

I l l i n o i s  no. 6 coa l .  A drum o f  each was suppl ied t o  APGI a t  Linwood, 

PA from the  shipment obtained by t he  Hometown, PA f a c i l i t y .  A blend 

cons i s t ing  of 57 .3  w t . %  o f  the SRC Light Oil and 42 .7  w t . %  of t h e  SRC 

Process Solvent was d i s t i l l e d  by APCI i n  a 454  1 (120 ga l lon )  s t a i n l e s s  

s t e e l  pot equipped w i t h  a 10  cm ( 4  i n . )  d iameter ,  4.6 m ( 1 5  f t j ,  20 

p l a t e  column. The d i s t i l l a t e  f r a c t i o n  w i t h  bo i l i ng  range o f  204-343'C 
(400 -650°F)  was taken a s  t h e  no. 2112CB SRC Middle D i s t i l l a t e .  

The Two Stage Liquefact ion Middle D i s t i l l a t e  (sample no. 2113CB) 
was derived from HTR Light Oil (ICRC/SCS re fe rence  no. 9 4 0 - 0 8 6 ( € ) ,  
Wilsonvi l le  sample no. 80958) co l l ec t ed  a t  sample loca t ion  V-161 i n  t h e  

period o f  December 2 1 ,  1981 through January 8, 1982 during Wilsonvi l le  
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run n o  2 3 5 ,  and f r o i n  HTR P r o c e s s  S o l v e n t  (ICRC/SCS r e f e r e n c e  

no. 940-086(F) ,  Wilsonvi l le  sainple no. 8 0 9 5 9 )  collected a t  sample 

l o c a t i o n  V - 1 3 7 4  i n  t he  p e r i o d  o f  November 1 5 - 1 6 %  1981 ,  d u r i n g  

Wilsonvi l le  run no. 235. A b lend  o f  3 3 . 9  w t . %  o f  t h e  WTR Light Oil and 

6 6 . 1  w t . %  o f  HTR Process  Solvent were d i s t i l l e d  by APCI, and the  

204-343°C (400-650°F)  d i s t i l l a t e  was taken as TSL Middle D i s t i l l a t e .  

Approximately 100 g o f  each middle d i s t i l l a t e  sample i n  b o r o s i l i c a t e  

g l a s s  was shipped under refer igerat ion t o  O R N L  on May 38, 1985 by I R D C .  
These samples a r e  documented i n  g r e a t e r  d e t a i l  i n  re fe rence  (1). 
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PHYSICAL AND CHEMICAL C H A R A C T E R I Z A T I O N  OF SRC SOLI0 

The SRC S o l i d  was c h a r a c t e r i z e d  f o r  f a c t o r s  r e l e v a n t  t o  i n h a l a t i o n  
t o x i c i t y ,  which i n c l u d e d  a m ic roscop ic  examinat ion  o f  i t s  s t r u c t u r e  and 
morphology, e lementa l  screening,  and leachab le  PAH. The procedures and 
f i n d i n g s  o f  these c h a r a c t e r i z a t i o n s  a r e  d iscussed below. 

P a r t i c l e  S t r u c t u r e  and Morphology 

The p a r t i c l e  s t r u c t u r e  and morphology o f  t h e  a e r o s o l i z e d  SRC 

S o l i d  were examined u s i n g  bo th  scanning and t r a n s m i s s i o n  e l e c t r o n  
m i c r o s c o p y  (SEM and TEM, r e s p e c t i v e l y )  and x - ray  d i f f r a c t i o n .  The 
membrane f i l t e r  samples o f  t h e  SRC S o l i d  aeroso l  c o l l e c t e d  f r o m  t h e  
i n h a l a t i o n  exposure chamber a t  I R D C  were mounted on carbon s tubs  u s i n g  
two-s ided tape and were coated w i t h  carbon u s i n g  a V a c t r o n i c  L a b  
Equ ipvent  d e v i c e  (Eas t  Nor thpo r t ,  NY). SEN was conducted u s i n g  an I S 1  
Super I11 SEM (Santa C lara ,  Ca) a t  m a g n i f i c a t i o n s  o f  3,000 t o  12 ,OOOX.  
Energy -d i spe rs i ve  X-ray f l uo rescence  ( E D X )  a n a l y s i s  was conducted w i t h  
an Or tec  (Oak Ridge, TN) S i ( L i )  d e t e c t o r  over a range o f  0-10 key, 
a l t hough  t h e  range o f  0-20 keV was examined w i t h  one sample. 

F i g u r e  1 shows t h e  SEM microphotographs o f  a f i l t e r  a t  magn i f i ca -  
t i o n s  o f  3,000 and 6,OOOX. The f i e l d  o f  v iew magn i f i ed  i n  (5) i s  
i nc luded  i n  (A) .  The geometr ic  p a r t i c l e  s i z e  d iameters  appear t o  range 
f rom ca. 0.3 t o  4 pm, which i s  c o n s i s t e n t  w i t h  t h e  ca. 3 urn e q u i v a l e n t  
aerodynamic d iameter  determined f o r  t h e  ae roso l  by SRDC. 

The aerodynamic d iameter  i s  a f f e c t e d  by t h e  p a r t i c l e  s i z e ,  shape, 
and d e n s i t y .  The sma l les t  p a r t i c l e s  a r e  round, w h i l e  t h e  l a r g e s t  
p a r t i c l e s  a r e  t r i a n g u l a r  o r  r e c t a n g u l a r  i n  shape, w i t h  rounded co rne rs  
presumably from t h e  ab ras ion  d u r i n g  t h e  g r i n d i n g  and s i z i n g  o f  t h e  SRC 
S o l i d .  The p a r t i c l e s  appear t o  be p l a t e l i k e  o r  f l a t  i n  c ross -sec t i on .  
The s u r f a c e  s t r u c t u r e  o f  t h e  p a r t i c l e s  i s  n o t  c l e a r l y  v i s i b l e  i n  t h e  
microphotographs because t h e  l i m i t  o f  r e s o l u t i o n  o f  t h i s  i ns t rumen t  i s  
be ing  approached. However, t h e  su r faces  do n o t  appear t o  have apprec i -  
a b l e  roughness o r  prominent  f e a t u r e s .  
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EDX s p e c t r a  o f  t h e  b lank  f i l t e r  and o f  a p a r t i c l e  from F i g u r e  1 ( A )  

are  compared i n  F igu re  2. The main f e a t u r e  o f  bo th  s p e c t r a  i s  t h e  
broad, d i f f u s e  background (Bremsst rah lung) .  The c h l o r i n e  de tec ted  i n  
bo th  samples i s  a t t r i b u t e d  t o  the  adhesive i n  t h e  two-s ided tape used 
t o  f i x  t h e  f i l t e r  o n t o  t h e  carbon s tub .  The o n l y  element de tec ted  w i t h  
c e r t a i n t y  i n  t h e  SRC S o l i d  sample i s  s i l i c o n ,  which undoubtedly  i s  
d e r i v e d  f rom a t r a c e  o f  m i n e r a l  m a t t e r  i n  t h e  p a r t i c l e s .  S i l i c o n  i s  
p resen t  a t  l e s s  t h a n  ca. 0.1% concen t ra t i on .  Magnesium a l s o  way be 
p resen t  i n  t h e  SRC S o l i d ,  b u t  t h e  peak i s  d i f f i c u l t  t o  d i s t i n g u i s h  f rom 
i n s t r u m e n t a l  no ise .  A more d e t a i l e d  and s e n s i t i v e  a n a l y s i s  o f  t h e  
t r a c e  e l e n e n t a l  con ten t  was achieved by n e u t r o n  a c t i v a t i o n  a n a l y s i s  
(see nex t  s e c t i o n ) ,  b u t  i t  i s  e v i d e n t  f rom these  r e s u l t s  t h a t  t h e  SRC 
Sol i d  i s  p redominant ly  an o rgan ic  m a t e r i a l ,  and t h a t  i n o r g a n i c  m a t t e r  
i s  n o t  p r e s e n t  a t  a p p r e c i a b l e  c o n c e n t r a t i o n s  ( <  ca.  0.1% e a c h  
e lement ) .  

TEM o f  t h e  samples was conducted by s l u r r y i n g  a few mg o f  SRC 
S o l i d  ( c o l l e c t e d  f rom t h e  sample feeder  o f  t h e  a e r o s o l i z a t i o n  apparatus 
on t h e  group I V  i n h a l a t i o n  chamber) i n  e thano l  and p l a c i n g  a d rop  o f  
t h e  s l u r r y  on a copper s t u b  coated  w i t h  carbon.  The e t h a n o l  was 
evaporated us ing  t h e  hea t  f rom a sma l l  t ungs ten  lamp. The specimen was 
examined u s i n g  a JEOL JEM-lOOCXII i ns t rumen t  a t  100 keV and 17,400X 

m a g n i f i c a t i o n .  F i g u r e  3 shows a TEM microphotograph o f  t h e  sample. 
Some d i s s o l u t i o n  o f  t h e  p a r t i c l e s  occur red ,  j u d g i n g  f r o m  t h e  mare 
rounded edges o f  t hese  p a r t i c l e s  versus those  observed i n  t h e  SEM 
microphotographs.  However,  t h e  i r r e g u l a r  shapes o f  mos t  o f  t h e  
p a r t i c l e s  suggest t h a t  o n l y  t h e  o u t e r  l a y e r s  were d i sso l ved ,  and t h a t  
complete d i s s o l u t i o n  d i d  n o t  occur .  The shadows o f  t h e  p a r t i c l e s  a re  
un i fo rm,  except  where t h e  image i s  o b v i o u s l y  o f  two o r  more o v e r l a p p i n g  
p a r t i c l e s .  There i s  no ev idence o f  i n t e r n a l  v o i d s  o r  c a v a t i e s ,  such as 
m igh t  be presen t  i f  t h e  p a r t i c l e s  were h o l l o w  o r  i f  they  con ta ined  
d r o p l e t s  o f  l i q u i d .  

The c r y s t a l l i n e  s t r u c t u r e  o f  t h e  SRC S o l i d  was examined w i t h  a 
Nore lco  X-Ray D i f f r a c t i o n  U n i t  ( P h i l l i p s  E l e c t r o n i c s ) .  The SRC S o l i d  
c o l l e c t e d  from t h e  sample feed hopper o f  t h e  group I V  i n h a l a t i o n  
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A. 

Figure 2. X-Ray Fluorescence Spectra o f  A. Blank Filter and 
B .  SRC Solid Particle on Filter from Inhalation 
Exposure Chamber Sampling a t  IRDC. 

L 
B 1 
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Figure 3. Transmission Electron Microphotograph of SRC Solid Particles 
Sampled from Dust Feeder on Aerosol Generator at I R D C  
(10,400 X ,  1 pmC-I) 
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i n d i c a t e s  t h a t  t he  SRC Sol id  i s  an amorphous m a t e r i a l ,  

l i n e  s o l i d ,  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  a predom 

carbon matr ix .  

Elemental Screening 

not a c r y s t a  

narrt ly organ 

chamber a t  IRDG was placed i n  a g l a s s  c a p i l l a r y  tube  and s e t  i n  the  

cen te r  of the powder d i f f r a c t i o n  camera. The sample was r o t a t e d  a s  t h e  

d i f f r a c t i o n  p a t t e r n  was recorded. The X-ray d i f f r a c t i o n  o f  the  SRC 

Sol id  was found t o  be d i f f u s e ,  w i t h  no evident  s t r u c t u r e  pa t t e rn .  T h i s  
- 
C 

To examine t h e  SRC Sol id  in more d e t a i l  f o r  inorganic  spec ie s  

which rnight con t r ibu te  t o  i t s  inha la t ion  tumor igenic i ty ,  the  elemental 

composition was screened by instrumental  neutron a c t i v a t i o n  ana lys i s .  

This method i s  capable  of determining more than 40 e l emen t s  c o s t -  

e f f e c t  i v e l y .  The p r o c e d u r e s  used were s i m i l a r  t o  those  repor ted  

elsewhere ( 1 2 ) .  Approximately one g of SRC Sol id  co l l ec t ed  from the 

s t o r a g e  d r u m  a t  IRDC was i r r a d i a t e d  f o r  20 sec  i n  t he  Oak Ridge 

Research Reactor. The r a d i o a c t i v i t y  i n  the sample was allowed t o  decay 

a few minutes, and then a gamma ray spectrum was obtained on a Nuclear 

Data 6620 Data Acquis i t ion System t o  i d e n t i f y  and measure sho r t - l i ved  

rad ionucl ides .  Elements t h a t  produce longer- l ived rad ionucl ides  were 

determined by r e i r r a d i a t i n g  t h e  sample f o r  30 m i n  and counting the 

sample a f t e r  2 t o  3 days and again a f t e r  3 weeks. 

Table 1 compares t h e  r e s u l t s  o f  t h e  elemental  screening of t h e  SRC 
Sol id  w i t h  those  reported previously (11) f o r  t h e  vacuum bottoms f laked 

product (VBFP)  from the H-Coal p i l o t  p l an t  a t  Ca t l e t t sbu rg ,  K Y .  The 

da ta  f o r  the l a t t e r  a r e  f o r  samples c o l l e c t e d  d u r i n g  a r u n  on the  same 

t y p e  of feed coal a s  used a t  the Wilsonvi l le  SRC plan t  (Kentucky no. 9 

c o a l ) ,  and d u r i n g  a r u n  under  b e t t e r ,  l i n e d - o u t  opera t ion  on a 

d i f f e r e n t  coal type ( I l l i n o i s  no. 6 c o a l ) .  The mdin observat ion from 

t h e s e  d a t a  is t h a t  t he  SRC Solid has much lower concent ra t ions  o f  
inorganic  mat ter  than does t h e  ti-Coal VBFP. T h i s  r e s u l t  i s  c o n s i s t e n t  

w i t h  t h e  p r o c e s s i n g  h i s t o r i e s  of  t h e  samples. The SRG Solid was 
produced a s  a deashed, cleaned coal s o l i d  product ,  while t he  H-Coal 

11 



Table 1. Comparison o f  NAA t r a c e  element sc reen ing  o f  SRC 
s o l i d  p roduc t  and H-Coal vacuum bottoms f l a k e d  produc t  

Concent ra t ion ,a  p g l g  

-- 

No. 595 No. 889 
Element SRC s o l i d  p roduc tb  H-Coal V B F V  H-Coal V B F P ~  

Na 
A 1  
c 1  
S C  
'r i 
V 
Cr 
1.1 n 
Fe 
co  
Zn 
Ga 
As 
B r  
Mo 
Sb 
I.. a 
w 
U 
M 
K 
Ca 
Se 
Rb 
I 
Cs 
Ba 
Ce 
N d  
Sm 
EU 
Tb 
Yb 
H f  
Ta 
Au 
Th 

1,450 
194 

29.8 
0.06 

5.9 
15.9 

5.7 

3.5 

14.2  
9.9 

28.1 
42,6 

0.3 
3.2. 

56.9 
2.3 

NO 
ND 
NO 
N O  
ND 
ND 
NO 
ND 
ND 
ND 
NO 
ND 
NO 
ND 
NO 
NO 
ND 
ND 

125 

1,190 

730 

2 8 6  
14,000 

65 

779 
60 
20 
33.3 

23,000 
6.0 

(80 
4.2 
4.0 
1.7 
6.4 
2.5  
9.2 
1.0 
3.2 

3.5 

- 

679 
3 , 100 
2,200 

2.5 
20 
- (0.9 

1.2 
60 
1 7  

NO 
ND 

1.9 

0.2 
0.5 
0.7 
0.2 

(0.007 
2.1 

1,120 

1,020 

1,110 

23,500 

5.2 

60.3 
37.5 

141 
30,900 

136 
7.3 

6.1 
2.4 
5 . 8  

42,3 
9.9 

10.4 
0.8 
5.8 

987 
3,790 

12,800 
3.7 

42.3 
0.88 
2.1 

93.2 
24.0 

9.1 
2.5 
0.5 
0.2 
1.0 
1.1 
0.2 

3.7 
ND 
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aNO = n o t  detec ted .  
bSolid product derived from KY No. 9 c o a l .  
CVacuum bottoms f l a k e d  product (VBFP) from C a t l e t t s b u r g ,  KY run  No. 7 

~ V B F P  f rom ~ a t l e t t s b u r g ,  K Y  run NO. 8 on IL NO, 6 coal  ( d a t a  f t - ~ m  
on K Y  No. 9 coal (da t a  from reference  No. l a ) .  

r e fe rence  No. 11). 
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VRFP i s  a byproduc t  c o n t a i n i n g  t h e  ash and i n o r g a n i c  m a t t e r  f rom t h e  
feed coa l  i n  t h e  H-Coal process. The major  elements determined i n  t h e  
SRC S o l i d  were sodium (1,450 pg /g ) ,  i r o n  (1,190 p g / g ) ,  and z i n c  (730 
pg /g) .  A l l  o t h e r  meta ls  de tec ted  were found a t  c o n c e n t r a t i o n s  o f  l e s s  
t h a n  2 0 0  p g / g ,  and most  were  p r e s e n t  a t  l e s s  than ca. 60 pg/g .  
T o x i c o l o g i c a l l y ,  o n l y  z i n c  (a  p r i o r i t y  p o l l u t a n t  m e t a l )  m igh t  be of  
concern. 

PAH Dermal Tumorigens 

The c o n c e n t r a t i o n s  o f  s e l e c t e d  f o u r  t o  s i x - r i n g  PAH dermal 
tumor igens were determined i n  t h e  SRC S o l i d  because o f  t h e  s t r o n g  
a s s o c i a t i o n  (2-4)  o f  c e r t a i n  PAH w i t h  s k i n  t u m o r i g e n i c i t y ,  p a r t i c u l a r l y  
those PBH l o c a l i z e d  i n  h i g h - b o i l i n g  c o a l  l i q u i d  d i s t i l l a t e  f r a c t i o n s  
( >  ca .  3 5 0 - 4 0 0 ° C ,  > ca, 650-700°F)  ( 4 - 6 )  which i n c l u d e  many known 
ca rc inogen ic  PAH (7,8). The comparison o f  t h e  PA11 dermal tumor igen 
con ten t  o f  t h i s  sample w i t h  those o f  o t h e r  s o l i d  coa l -de r i ved  samples 
which have n o t  been sub jec ted  t o  such an ex tens i ve  i n h a l a t i o n  b ioassay  

would suggest t h e  need ( i f  any) f o r  b ioassay o f  t hose  o t h e r  samples. 
The a n a l y t i c a l  procedure i n v o l v e d  s e q u e n t i a l  h i g h  p e r f o r m a n c e  

1 i q u i d  chromatography (HPLC) and c a p i l  l a r y  column gas chromat.ography 
(GC) (8,9). B r i e f l y ,  a one g sample o f  b u l k  s o l i d  was d i s s o l v e d  i n  a 
minimum volume o f  t e t r a h y d r o f u r a n ,  and a known a c t i v i t y  o f  carbon-24 
l a b e l e d  benzo(a)pyrene was added. High molecu la r  we igh t  m a t e r i a l  was 
p r e c i p i t a t e d  from t h e  s o l u t i o n  by a d d i t i o n  o f  pentane. The f i l t r a t e  
was reduced i n  volume, and made up t o  10 m i  i n  methy lene c h l o r i d e .  A 
0.25 mR a l i q u o t  was separated on a semip repara t i ve  sca le ,  normal phase 
HPLC column (9.4 mm I D  X 25 cm, P a r t i s i l  P A C  1 0  Magnum 9 10/25 bonded 
phase f rom Whatman, Inc . ,  C l i f t o n ,  NJ). The volume o f  10% ( v o l . / v o l , )  
methy lene c h l o r i d e  i n  hexane e l u a t e  s t a r t i n g  a t  f o u r  min b e f o r e  t h e  
e l u t i o n  t i m e  of benz(a)an thracene and ex tend ing  th rough  10 rnin a f t e r  
t he  e l u t i o n  of benzo(gh i )pe ry lene  was c o l l e c t e d  and concent ra ted  t o  0.3 
o r  0 .1 ml a long w i t h  a known mass o f  1 , l ' - b i p h e n y l  i n t e r n a l  s tandard.  
The recove ry  o f  t h e  procedure was determined by measuring t h e  carbon-14 
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l abe led  benzo(a)pyrene w i t h  l i q u i d  s c i n t i l l a t i o n  spectroscopy. The PAH 

were t e n t a t i v e l y  i d e n t i f i e d  and measured by c a p i l l a r y  column G C  using 

t h e  method of i n t e r n a l  s tandards .  The HP 5850 GC (Hewlett-Packard, 

Pa lo  Al to ,  C A )  was equipped w i t h  a 30 m x 0.25 mrn ID 0.25 pm f i lm 

th i ckness  DB-5 bonded phase fused s i l i c a  column and a flame ion iza t ion  

de tec to r .  The column oven was held a t  100°C f o r  3 min and was pro- 

grammed t o  180°C a t  2 5 " C / m i n ,  and then t o  280°C a t  2 " C l m i n  and held a t  

280°C for  20 m i n .  The hydrogen c a r r i e r  gas flow r a t e  was 1.5 mL/inin. 

The i d e n t i f i c a t i o n s  o f  the PAH were confirmed by gas chromatography- 

mass spectroscopy (GC-MS)  under s i m i l a r  chromatographic condi t ions .  

Comparisons of t he  concent ra t ions  o f  s e l e c t e d  four-  t o  s ix - r ing  

PAH dermal tuinorigens i n  the SRC Sol id  w i t h  those  i n  s o l i d  byproducts 

from t h e  SRG-11, H-Coal, and EDS processes  a r e  presented i n  Table 2.  

All four  samples a r e  d i s t i l l a t i o n  r e s i d u e s ,  but  t h e  SRC Solid is a 

deashed product whereas the o t h e r s  a r e  ash-containing byproducts. The 

d i s t r i b u t i o n s  o f  t h e  PAH i somers  a r e  s i m i l a r ,  b u t  no t  t h e  same. 

Ben zo ( g h  i ) p e r  y 1 en e ben zo  ( a )  py rene  and ben z o  ( e )  pyrene a r e  major 

spec ie s  i n  a l l  the  samples. However, the  r a t i o s  o f  benzo(a)pyrene t o  

benzo(e)pyrene and benz(a)anthracene t o  chrysene a r e  q u i t e  r l i f f e ren t  i n  

a l l  the samples. The SRC Sol id  a l s o  has  the lowest concent ra t ions  o f  
benz(a)anthracene and chrysene r e l a t i v e  t o  the  o the r  PAW. The main 

observat ion is  t h a t  the concent ra t ions  of t h e s e  PAH i n  t h e  SRC Sol id  

a r e  much lower than those  i n  the o the r  samples. The sum of t h e s e  PAH 
a r e  one-half  t o  one-third those  o f  t h e  o the r  samples, and f o r  some o f  

t h e  ind iv idua l  PAH, the d i f f e r e n c e s  a r e  even more pronounced. The 

lower PA14 conten t  of the SRC Sol id  may be a t t r i b u t e d  in p a r t  t o  t he  

removal of asphal tenes  during c r i t i c a l  so lvent  deashing. This f ind ing  

sugges ts  t h a t  those  o t h e r  ma te r i a l s  have a po ten t i a l  f o r  a s t ronger  

tumorigenic response tha  the SRC s o l i d .  Thei r  i nha la t ion  t o x i c i t y  

should be inves t iga t ed .  Ce r t a in ly ,  o the r  f a c t o r s  such a s  p a r t i c l e  

r e t e n t i o n  i n  the lungs ,  b o a v a i l a b i l i t y  o f  tumorigenic agents ,  presence 

o f  promoters, e t c .  would inf luence t h e  responses ,  and a sound predic- 

t i o n  based on PAH content  a lone  cannot be made. 
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Table 2. Comparison of selected four- t o  six-ring PAH dermal tumorigens 
in SRC S o l i d  and coal-derived solid byproducts 

PAH 

Concentration, vg/g 

No. 1704 No. 889 No. 1659 
Re 1 at ive SRC SRC-1 I H-Coal E DS 

tumorigenicitya solidb vac. btm.c YBFPd VTBe 

Benz(a)anthracene 
Ch r ys e ne 
Benzo(b/j)fluoranthenes 
Benzo(k)fluoranthene 
Benzo(e)pyrene 
Benzo(a) pyrene 
I nden o ( 1 2 3- cd ] pyr en e 
Dibenzfa,c/a,hfant~racenes 
Benzo{gRijperylene 

Total 

-+ 
2 

++ t o  +++ 
++ t o  +++ 

2 
++++ 

+ 
+++/-I 

2 

1 2  
3 1  
97 
1 2  

160 
160 
110 

98 
280 - 
960 

1 4 0  
180 
270 

ca. 80 
360 
290 
450 

35 
1 100 

2,905 

A- 

190 
2 40 
300 

ca. 90 
33 0 
360 
350 

91 
a3 o - 

280 
2 70 
170 

90 
180 
3 60 
150 

50 
310 

2,781 1,860 

aFrom referefices (7) and (8). 
bFrorn Wilsonville, AL run no. 235 on K Y  no. 9 coal in SRC-I mode. 
CFrom Fort Lewis, WA run i n  March-April, 1980 on Powhatan no. 6 coal i n  SRC-11 mode. 

dVacuum bottoms flaked product (VBFP) from Catlettsbury, KY run no. 8 on I t  no. 6 coal 

eVacuiln tovller bottoms (VT3) from ECLP, Baytown, TX in June-August, 1982 run on TX 

Two replicates. 

One determination only. 

i n  fuel  oil node. Two replicates. 

Lignite i n  Bottoms Recycle mode. Two replicates. 



POLYCYCLIC AROEtlA'TIG HYDROCARBON L E A C H I N G  STUDIES OF S R C  SOLID 

I t  has been reported ('33-16) t h a t  carcinogenic  PAM adsorbed on 

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

membranes before  b io logica l  e f f e c t s  can be exerted.  They a r e  subse- 

q u e n t l y  metabol  i s e d  by membrane-bound enzymes. Because o f  t h e i r  

nonpolar, l i p o p h i l i c  na tu re ,  PAH dre  l i k e l y  t o  p a r t i t i o n  From p a r t i c l e s  

i n t o  l i p i d  b i l aye r s  o f  c e l l  mernbranes. Phospholipids a r e  one o f  t he  

major components of lung s u r f a c t a n t s .  One of  t he  i n - v i t r o  models fo r  

the  membrane b i l aye r  c o n s i s t s  of phospholipid v e s i c l e s .  I t  i s  f e l t  

t h a t  leaching of p a r t i c u l a t e  PAH by s u r f a c t a n t s  such as phospholipids 

can provide useful information on t h e i r  b i o a v a i l a b i l i t y .  

In t h i s  s tudy,  t h r e e  media were se l ec t ed  a s  leaching ma te r i a l s  t o  

a s ses s  t h e  po ten t i a l  r a t e s  and e x t r a c t i o n  e f f i c i e n c i e s  o f  se l ec t ed  PAH 
dermal tuinorigens f rom the SRC S o l i d .  A non ion ic  s u r f a c t a n t ,  Tween 80 

(polyoxyethylene so rb i t an  monooleate) was used t o  eva lua te  the leaching 

procedure as  well as the  a n a l y t i c a l  methodology. T h i s  s u r f a c t a n t  

previously has been employed (17) t o  increase  the  compat ib i l i ty  o f  o i l  
samples w i t h  b a c t e r i a l  mutagenicity t e s t i n g  media. Included i n  t h i s  

s t u d y  was a t i s s u e  c u l t u r e  medium ( a  mixture o f  Eagle ' s  minimum 

essenta 'a l  medium w i t h  f e t a l  b o v i n e  serum) which has been used (18) a s  a 

leaching medium i n  studiic3.s o f  t h e  b i o a v a i l  i b i l i t y  o f  PAH coa ted  on coal  

f l y  ash samples .  n i p d l m i t o y l p h o s p h a t i d y l c h o l  i n e  (DPPC) d maja r  

component o f  pulmonary s u r f a c t a n t  ( 1 9 ) ,  a l s o  was used as a leaching 

medium, DPPC v e s i c l e s  have been employed i n  s tud ie s  o f  membrane uptake 

of PAH from p a r t i c u l a t e  mat ter  [13-16) and o f  t he  physical and chemical 

i n t e r a c t i o n s  of lung s u r f a c t a n t s  w i t h  a i r  p o l l u t a n t s  and f l y  a sh  

(2OJ). 

Leaching Media 

Tween 80: A 0.13% so lu t ion  o f  Tween 80 i n  Tris buf fer  (0.01 M 
Tris-amine, 0.05 M K C 1 ,  pH 7.50)  was prepared by son ica t ion  of a known 

q u a n t i t y  o f  Tween 80 i n  a b u f f e r  s o l u t i o n  f o r  1 0  m i n  a t  room 

ternper a tu r  e. 
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Ninimum essentd l  medium: a mixture of 10% ( v o l / v o l )  f e t a l  bovine 

serum i n  Eagle ' s  m i n i m u m  e s s e n t i a l  medium ( M E M )  was prepared by mixing 

t h e  two f r e s h l y  thawed reagents  a t  room temperature.  The MEMlserum was 
s t o r e d  a t  - 4 ° C .  A wett ing agent of 2% Tween 80 i n  Hank's bu f fe r  

so lu t ion  was prepared by sonica t ion  f o r  10  m i n  a t  room temperature 

Dipalmitoylphosphatidylcholine: DPPC v e s i c l e s  were prepared by 

son ica t ion  of a suspension of DPPC a t  a concent ra t ion  of 10 mg/ml in a 

buf fer  (0 .01  M Tris-amine, 0.05 M KC1,  pH 7 . 5 0 ) .  The m i l k y  suspension 

was heated f o r  one hr a t  50°C ( 1 4 , 1 5 ) ,  

(18) 

Leaching of SRC Sol id  

The bulk SRC S o l i d  sample was leached a t  a concent ra t ion  of 

approximately 1 mg of  s o l i d  per ml of so lu t ion .  The leaching medium 

was gradual ly  added t o  t he  weighed s o l i d  with i n t e r m i t t e n t  shaking o r  

u l t r a son ica t ion  t o  form a homogenous suspension. In  the  leaching with 

iilEM/serum, t h e  s o l i d  p a r t i c l e s  were f i r s t  wetted in the  wet t ing agent 

p r i o r  t u  addi t ion  o f  t h e  MEN/serum mixture.  A 1.5  ml voliime o f  wett ing 

agent was used per 100 m l  o f  MEM/serum. General ly ,  t h e  leaching was 

conducted i n  the dark w i t h  volumes of 50,  1 0 0 ,  o r  150 m l  i n  100 ,  1 5 0 ,  

o r  250 ml Erlenmeyer f l a s k s  placed i n  a 37°C water bath shaker.  These 

condi t ions  were se l ec t ed  t o  model animal lung condi t ions .  

A t  predetermined t ime i n t e r v a l s  ( 5  days, 2 ,  4 ,  o r  6 weeks) a 50 m l  

a l i q u o t  of t he  SRC Sol id  leaching suspension was removed from t h e  water 

bath and processed f o r  ana lys i s .  In a s epa ra t e  Tween 80 sequent ia l  

leaching s t u d y ,  on every f i f t h  day of leaching,  the suspension was 

cent r i fuged  with a c l i n i c a l  benchtop c e n t r i f u g e  (model CL In t e rna t iona l  

Equipment Co., Needham, M A )  and t h e  s u p e r n a t a n t  was removed for 

a n a l y s i s .  Fresh Tween 80 s o l u t i o n  was added t o  the  p r e c i p i t a t e  t o  

cont inue the leaching.  

Blanks f o r  a l l  t h r e e  leaching media were prepared a s  above (except  

t h a t  t h e  SRC Sol id  was omi t ted) .  Leaching was r u n  f o r  f i v e  days before  

anal  ys  i s . 
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Col lec t ion ,  I s o l a t i o n ,  and Analysis of Leached PAH 

After  t h e  SRC Solid leaching suspension was removed from t h e  

shaking water bath, e i t h e r  the e n t i r e  sample o r  a 50 tnl por t ion  was 

cent r i fuged  i n  a c l i n i c a l  benchtop c e n t r i f u g e  t o  p r e c i p i t a t e  t h e  sol i d  

p a r t i c u l a t e  mat ter .  The supernates  froin the  Tween 80 and MEM/serum 

leachates  were then f - i l t e red  through 8 1 urn ‘Teflon f i l t e r  which had 

been prewashed w i t h  i sopropanol  t o  reduce i t s  hydrophobic charac- 

t e r i s t i c s .  The supernate  from t h e  DPPC l e a c h a t e  was f u r t h e r  centr-i- 

fuged i n  a Beckman model L-2 u l t r a c e n t r i f u g e  (Beckman Instruments ,  

Berkely, CA) fo r  1 Rr a t  27,000 rpm (ca .  90,090 G) i n  a t y p e  30 r o t o r ,  

Nonpol a r  f r a c t i o n s  of the leacha tes  were c o l l e c t e d  by pumping  

measured volumes of t h e  centr i fuged and f i l t e r e d  l e a c h a t e s  through a 

4 . 6  mm ID x 3 . 7  cm, RP-18 Sphere-10 r e v e r s e  phase  guard column 

c a r t r i d g e  (Brownlee Labs, Inc. ,  Santa Clara ,  C A )  a t  a flow r a t e  o f  1 

m l / m i n  and pressure  of 600 ps ig .  The column was then washed w i t h  an 

equal volume of water ,  and the nonpolar f r a c t i o n  was e lu ted  with an 

e q u a l  volume o f  methanol .  The methanol e l u a t e  was evaporated t o  

dryness i n  a r o t a r y  evaporator a t  5 0 e C ,  t r a n s f e r r e d  w i t h  methylene 

c h l o r i d e  t o  a t a r e d  v i a l ,  the so lvent  was evaporated again i n  a stream 

of n i t rogen ,  and t h e  nonpolar f r a c t i o n  res idue  was weighed. 

A nonpolar f r a c t i o n  was separated f rom t h e  DPPC p r e c i p i t 3 t e .  The 

top layer of t h e  DPPG p r e c i p i t a t e  frarn the u l t r a c e n t r i f u g a t i o n  was 
c a r e f u l l y  p i p e t t e d  o f f  o f  t h e  underlying SRC Solid which had riot been 

removed by t h e  low speed benchtop c l i n i c a l  c e n t r i f u g a t i o n .  The DPPC 
p r e c i p i t a t e  was suspended i n  methanol and dr ied  i n  a r o t a r y  evaporator .  

The l a s t  t r a c e s  of water were removed a z e o t r o p i c a l l y  by evaporating 

w i t h  e thanol  and benzene. The r e s i d u e  was dissolved i n  ca. 50 rnl of 

benzene, washed w i t h  e igh t  50 m l  vo’Purnes of Tris bu f fe r ,  and combined 

w i t h  t h e  s u b s e q u e n t  benzene  backwashes o f  t h e  Tris buf fer .  The 

combined benzene s o l u t i o n  was d r i e d  over calcium c h l o r i d e ,  f i l t e r e d  

through a f i n e  poros i ty  s i n t e r e d  g l a s s  funnel ,  and the so lvent  was 
removed. 
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A subf rac t ion  enriched w i t h  four  t o  six-ring PAH dermal tumorigens 

was separated from t h e  nonpolar f r a c t i o n s  using t h e  same semipre -  

p a r a t i v e  s c a l e ,  normal phase  H P L C  p r o c e d u r e  a s  descr ibed i n  t h e  

previous sec t ion .  The PAW analyses  were conducted by c a p i l l a r y  column 

GC using the  method of i n t e r n a l  s tandards ,  and were cor rec ted  f o r  any 

in t e r f e rences  from t h e  blank. Recoveries were est imated from sepa ra t e  

experiments u t i l i z i n g  carbon-14 labeled benmo(a)pyrene. PAH i d e n t i f i -  

ca t ions  were confirmed by GC-MS. 

Resul ts  

An e v a l u a t i o n  of t h e  e f f i c i e n c y  o f  t h e  PAH c o l l e c t i o n  and 

f r a c t i o n a t i o n  procedures was conducted by measuring t h e  recovery o f  
carbon-14 labeled benzo(a)pyrene added t o  SRC Sol i d  l eacha te  samples. 

T h e  d a t a  i n  Table 3 ind ica t e  an overa l l  recovery of ca.  65% f o r  t h e  

e n t i r e  procedure. The c o l l e c t i o n  e f f i c i e n c y  ranged froin 70 t o  94%, and 

the  f r a c t i o n a t i o n  e f f i c i e n c y  var ied from 69 t o  92%. The PAH froin t h e  

DPPC leaching were contained i n  both p r e c i p i t a t e  ( D C C F  v e s i c l e s )  and 

suspension (DPPC v e s i c l e s  not removed by u l t r a c e n t r i f u g a t i o n ,  p l u s  

aqueous phase) phases from u l t r a c e n t r i f u g a t i o n  of t h e  superna tan t  from 

t h e  benchtsp cen t r i fuga t ion  of the DPPC l eacha te .  In s p i t e  of t h i s  

s p l i t ,  t h e  ove ra l l  recovery of t h e  PAH from the DPPC medium was t h e  

same a s  those  f o r  t h e  o ther  two media. Although th i s  leve l  of radio-  

t r a c e r  recovery i s  not optimum, i t  i s  w i t h i n  a range which can be used 

reasonably t o  c o r r e c t  t h e  measured PAH concent ra t ions .  

T h e  leaching  behavior of s e l e c t e d  four  t o  s i x - r i n g  PAH dermal 

tumorigens from t h e  SRC Solid i s  presented i n  Tables 4-6 f o r  the Tween 

80, MEM/serum, and OPPC v e s i c l e s  media ( r e s p e c t i v e l y ) .  Because of the 

r e l a t i v e  ease i n  i t s  a n a l y t i c a l  p repara t ion  and i t s  low blank, t h e  

Tween 80 s u r f a c t a n t  medium was used the most ex tens ive ly  t o  s t u d y  PAH 
leaching behavior.  

I n  the continuous leaching experiment,  t h e  SRC Sol id  was leached 

cont inuously b u t  s t a t i c a l l y  w i t h  t h e  Tween 80 medium, and samples were 

taken f o r  a n a l y s i s  a t  p rese lec ted  time i n t e r v a l s  t o  determine the time 
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Table 3. Recovery o f  carbon-14 labeled benzo(a)pyrene 
from leaching media 

DPPCb 
Step Tween 80 MEMa Suspension P p t .  Total 

Collection 86.4 70.2 9.4 84.8 94.2 

Fractionation 74.4 92.1 68.8 68.8 

Overall 64.3 64.7 64.9 

aMinimum essential medium with fetal bovine serum, 
bDipalmitoy1 p h o s p h a t i d y l  chol i n e  ves  icl es. 
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Table 5. Leaching of PAH from SRC s o l i d  w i t h  
minimum essential medium/serum mixture 

PAH 
Concentration,a pg/t 

2 wk 4 wk 6 wk 5d 

Benz(a)anthracene 
Chrysene 
Benza( b/ j)fluoranthenes 
Cenzo(k)fluoranthene 
Benzo ( e) p yr ene 
Benzo ( a) pyr ene 
I ndeno ( 1 2,3-  cd) pyrene 
Dibenz(a,c/a,h)anthracenes 
Benzo(ghi)perylene 

2.7 
2.7 
6.7 
0.32 
6.3 
5.5 
3.3 
1.7 
6.2 

1.7 
2.2 
4.7 
0.48 
5.5 
4.6 
3.0 
1 . 3 

5.2 

1.9 
2.1 
4.5 
0.64 
4.5 
3.0 
1.0 
0.63 

3.1 

0.44 
1.3 
2.2 
- 

2.3 
1.6  

0.88 
0.84 
1.6 

Warrected for blank and recovery. d = days, wk = weeks. 
Single determination for each d a t a  po in t .  
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Table 5. Leaching o f  PAH from SRC S o l i d  by dipalrnitoyl-l-a-phosphatidylcholine (DPPC) 

Concentration in phase 
DPPC Total * e  

leachate,a p g / t  DPPC Suspension,b pg/L d g  
5 d  6 wk 5 d  2 wk 4 wk 6 wk 5 d  6 wk PAH 
- 

5.6 

_ _ _ _ _ _ ~  

0.64 0.55 Benz(a)anthracene 

Chrysen e 

Benzo(b/j)f?uoranthenes 

BenzoCk) f l  uoranthene 

8enzoIe)pyrene 

Benzo ( a )  pyr ene 

Indeno(i,2,3-cd)pyrene 

Dibenz(a,c/a,h)anthracenes 

Benzo(ghi 1 pery?ene 

N 
-P 

6.1 1.8 

1 2  1 4  3 . 5  1.3 1 . 4  1.2 1.3 

11 

11 

13 

5.4 

14 

1 5  

24 

11 

3.2 

2.0 

0.93 

3.7 

1.3 1.2 

0.90 0.84. 

0.62 0.33 

4.5 1.6 

1.1 1.2 

1.1 1.4 

1.3 2.3 

0.47 0.90 

- 
0.74 

- 

aCorrected for blank in bo th  phases and recovery in DPPC precipitate phase. 

korrected for blank only. 
CCorrected for  blank and recovery. 

d = days, wk = weeks. Single 
determination for each data point. 



r e q u i r e d  t o  r e a c h  l e a c h i n g  eq i i i l  ib r ium and t h e  e q u i l i b r i u m  P A H  
concent ra t ions .  The PAH concent ra t ions  genera l ly  appeared t o  reach an 

equi l ibr ium before the  f i r s t  time p o i n t  of 5 days  (Table  4 ) .  This i s  

very rapid i n  comparison w i t h  t h e  length of t he  inha la t ion  exposure 

experiment ( ca .  3 y e a r s ) ,  and i t  suggests  t h e  p o t e n t i a l  f o r  consider-  

ab le  PAH leaching d u r i n g  t h e  bioassay. I f  t h e  l u n g  c learance times of 

t he  p a r t i c l e s  and f l u i d s  i n  t he  animal experiments can be determined, 

i t  may be poss ib le  t o  es t imate  t h e  maximum PAH concent ra t ions  t o  which 

the  l u n g  t i s s u e s  were exposed. 

The PAH concent ra t ions  leached by t h e  Tween 80 medium (Table  4 )  
appeared t o  exceed the  water s o l u b i l i t i e s  (Table 7 )  by f a c t o r s  o f  two 

t o  four  o r  g r e a t e r .  There is  a lack o f  PAH s o l u b i l i t y  da ta  a t  t he  

temperature used f o r  leaching (37"), and f o r  some PAH only upper l i m i t s  

t o  the  s o l u b i l i t y  enhancement could be ca l cu la t ed .  The r a t i o s  of  the 
PAH concent ra t ions  leached from t h e  SRC Sol id  were somewhat d i f f e r e n t  

from the  r a t i o s  of t he  PAH i n  the  s o l i d  (Table 8 ) .  This observat ion 

probably r e f l e c t s  t h e  g e n e r a l l y  d e c r e a s i n g  wa te r  s o l u b i l i t y  and 

i n c r e a s i n g  l i p o p h i l i c i t y  of t h e  P A H  a s  t h e  number of r i n g s  i s  

increased.  

A sequent ia l  leaching protocol (Table 4) a l so  was performed w i t h  

t he  Tideen 8Q medium t o  examine t h e  PAH leaching behavior i n  a quasi-  

dynamic leaehirag model, 

t h e  1e;aching medium nas changed every 5 days. The PAH concent ra t ions  

leached i n  t he  d i f f e r e n t  s t e p s  were s i m i l a r  t o  those i n  t he  continuous 

leaching experiment over t h r e e  leachings ,  i nd ica t ing  a c o n s i d e r a b l e  

"capac i ty"  o f  t h e  P A H  a v a i l a b l e  f o r  leaching from the  S R C  Sol id .  By 

t he  fou r th  l e a c h i n g ,  t he  P A H  c o n c e n t r a t i o n s  began to f a l l  o f f ,  

sugges t ing  t h a t  t he  P A H  i n  the  ou te r  l a y e r s  o f  t h e  p a r t i c l e s  were 

becoming deple ted .  I t  a l s o  may ind ica t e  a decrease i n  t he  k i n e t i c s  of 

leaching.  

Data f o r  c o n t i n u o u s  l e a c h i n g  experiments u s i n g  the  MEM/serum 

mixture a r e  presented i n  Table 5. The concent ra t ions  o f  leached PAH 

were s l i g h t l y  lower than those observed w i t h  t h e  Tween 80 ( see  a l s o  

Table 7 ) .  Except f o r  t h e  benzo(b/j)fluoranthenes, t h e  r a t i o s  of t h e  PAH 

The  SRC Sol;d was leache 
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c o n c e n t r a t i o n s  were s i m i l a r  (Tab le  8 ) .  The main d i f f e r e n c e  i n  t h e  
l e a c h i n g  behav io r  i n  t h e  two media was t h e  d e c l i n e  i n  PAH concentra-  
t i o n s  w i t h  t ime.  Some decreases i n  PAH c o n c e n t r a t i o n s  were apparent  a t  
two weeks o f  l each ing ,  but. s i x  weeks were r e q u i r e d  f o r  t h e  e f f e c t  t o  
become pronounced. It i s  p o s s i b l e  t h a t  p r o t e i n s  i n  t h e  serum were 
b i n d i n g  some o f  t h e  PAH f rom s o l u t i o n .  

PAH l e a c h i n g  behav io r  w i t h  t h e  DPPC v e s i c l e  system i s  shown i n  
Tab le  6. T h i s  was a much more d i f f i c u l t  media t o  prepare f o r  a n a l y s i s .  
Consequently, t h e  da ta  a r e  n o t  as ex tens i ve .  The l e a c h i n g  media c o u l d  
n o t  be c o m p l e t e l y  s e p a r a t e d  f r o m  t h e  S R C  S o l i d  b y  t h e  l o w  rpm 
c e n t r i f u g i n g  w i t h  t h e  benchtop c l i n i c a l  c e n t r i f d g e ,  and u l t r a c e n t r i -  
f u g a t i o n  was requ i red .  However, under t h e s e  more severe c o n d i t i o n s ,  
some o f  t h e  DPPC v e s i c l e s  a l s o  were p r e c i p i t a t e d  and i t  was ex t reme ly  
t e d i o u s  t o  c l e a n l y  p i p e t t e  them o f f  o f  t h e  u n d e r l y i n g  SRC S o l i d  
p r e c i p i t a t e .  T h i s  b i p h a s i c  sample r e q u i r e d  t h a t  PAW c o n c e n t r a t i o n s  be 
measured i n  b o t h  t h e  u l t r a c e n t r i f u g a t i o n  suspension and DPPC p r e c i p i -  
t a t e s .  Because o f  t h i s  more complex procedure f o r  t h e  a n a l y s i s  o f  t h e  
DPPC leachates,  PAH l e a c h i n g  da ta  a r e  presented o n l y  f o r  5 days and 6 
weeks. Data a r e  i nc luded  f o r  t h e  suspension phase a t  two o t h e r  t i m e  
p o i n t s .  The enhancement o f  PAH s o l u b i l i t y  f o r  t h e  l a r g e r  PAH (d ibenz-  
[a,c/a,h]anthracenes and indeno[l ,2,3-cd]pyrene was g r e a t e r  t h a n  t h a t  
o f  t h e  Tween 80 and MEM/serum media. Except f o r  t h e  b e n z o ( b / j ) f l u o r -  
anthenes, t h e  c o n c e n t r a t i o n s  o f  o t h e r  PAH i n  t h e  l eacha tes  were ve ry  
s i m i l a r  t o  those  f o r  t h e  Tween 80 medium. Comparison o f  t h e  da ta  
c a l c u l a t e d  f o r  t h e  t o t a l  l eacha te  ( f r o m  t h e  suspension and p r e c i p i t a t e  
r e s u l t s )  w i t h  t h o s e  measured f o r  t h e  p r e c i p i t a t e  ( co r respond ing  t o  DPPC 
v e s i c l e s )  i l l u s t r a t e s  t h e  a f f i n i t y  o f  t h e  PAH f o r  t h e  DPPC v e s i c l e s .  
The P A H  c o n c e n t r a t i o n s  i n  t h e  v e s i c l e s  were  ca .  102 t i m e s  more 
concen t ra ted  t h a n  i n  t h e  b u l k  leachate .  I n d i v i d u a l  PAtl c o n c e n t r a t i o n s  
i n  t h e  v e s i c l e s  exceeded 1 p g / g  f o r  some PAH. T h i s  f i n d i n g  shows t h a t  
t h e  PAH leached from t h e  SRC S o l i d  a re  p r e s e n t  m a i n l y  i n  t h e  v e s i c l e s  
r a t h e r  than  i n  t h e  aqueous phase which c o n s t i t u t e s  t h e  b u l k  o f  t h e  
l e a c h i n g  media. It suggests t h a t  c e l l  membranes can e f f i c i e n t l y  absorb 
d i s s o l v e d  PAH o r  e f f i c i e n t l y  p a r t i c i p a t e  d i r e c t l y  i n  t h e  PAH l e a c h i n g /  
d i s s o l u t i o n  process. 
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The general  r e s u l t s  of t h e s e  leaching s t u d i e s  suggest t h a t  i n  the 

inha la t ion  bioassay of the SRC S o l i d ,  the PAH were q u i t e  b ioava i l ab le  

and concent ra t ions  f a r  i n  excess o f  t h e i r  water s o l u b i l i t i e s  may have 

accumulated i n  c e l l  rnernbranes. The b i o a v a i l a b i l i t y  o f  t h e s e  turnori- 

genic  PAH i n  the SRC S o l i d  may have cont r ibu ted  t o  the tumorigenic 

response,  given t h e  h i g h  aerosol  concent ra t ions  (50 mg/l for  t h e  high 

dose group) o f  t h e  SRC S o l i d  and the long exposure protocol ( 6  hrs per 

day, 5 d a y s  per week, f o r  20-24 months). 
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PHENOLS DETERMINATIONS I N  MIDDLE DISTILLATES 

One hypo thes i s  f o r  t h e  g r e a t e r  degree o f  dermal i r r i t a t i o n  caused 
by t h e  s k i n  p a i n t i n g  o f  t h e  TSL M i d d l e  D i s t i l l a t e  versus t h e  SRC M i d d l e  
D i s t i l l a t e  was t h a t  t h e  former con ta ined  h i g h e r  c o n c e n t r a t i o n s  o f  
phenols  than  d i d  t h e  l a t t e r .  T h i s  hypo thes i s  was t e s t e d  by s u b j e c t i n g  
t h e  t w o  samples t o  a comparat ive phenols  a n a l y s i s  by HPLC (27) .  Four 
r e p l i c a t e  25-35 mg p o r t i o n s  o f  t h e  m i d d l e  d i s t i l l a t e s  were d i s s o l v e d  i n  
t h r e e  m l  o f  methy lene c h l o r i d e ,  and a known a c t i v i t y  o f  c a r b o n - 1 4  
l a b e l e d  phenol was added. The sample was s t i r r e d  o v e r n i g h t  w i t h  t h r e e  
in1 o f  0.1 N aqueous sodium hydrox ide .  The aqueous l a y e r  was c a r e f u l l y  
p i p e t t e d  o f f  and mixed w i t h  20 111 o f  g l a c i a l  a c e t i c  a c i d  b e f o r e  t h e  
volume was ad jus ted  t o  f i v e  in1 w i t h  t h e  HPLC mob i l e  phase. A 20 y1 
a l i q u o t  was ana lyzed on a 25 crn x 6.3mm OD RSIL-C18-Hb column ( A l l t e c h  
Assoc ia tes  Houston, T X )  e l u t e d  w i t h  40% ( v o l / v o l )  o f  a c e t o n i t r i l e  i n  
water  i on -mod i f i ed  by t h e  a d d i t i o n  O F  one m l  o f  1 M a c e t i c  a c i d  - 
sodium a c e t a t e  b u f f e r  (pH 4.6) per 1 o f  s o l u t i o n .  The mob i l e  phase 
f l o w  r a t e  was 1 ml/min. D e t e c t i o n  was by f l u o r e s c e n c e  a t  an e x c i t a t i o n  
wavelength of 266 nm and an emiss ion wavelength o f  300 nm. Recover ies 
were es t imated  by measuring t h e  r a d i o l a b e l e d  phenol  t r a c e r  u s i n g  l i q u i d  
s c i n t i l l a t i o n  count ing .  Q u a n t i t a t i o n  i n  HPLC was by t h e  method o f  
e x t e r n a l  s tandards.  

The r e s u l t s  a r e  p resented  i n  Tab le  9. Phenol, t h e  c r e s o l s ,  and 
s e v e r a l  d imethy lpheno ls  were n o t  de tec ted  i n  t h e  TSL Midd le  D i s t i l l a t e  
w i t h i n  t h e  s e n s i t i v i t y  o f  t h e  procedure,  which was 0.5 mg/g f o r  each 
phenol .  As t h e  HPLC chromatogram i n  F i g u r e  4 shows, t h e r e  was no 
ev idence f o r  these o r  o t h e r  phenols  i n  t h e  TSL M i d d l e  D i s t i l l a t e .  I n  
c o n t r a s t ,  a t  l e a s t  t e n  p h e n o l s  were  d e t e c t e d  i n  t h e  S R C  M i d d l e  
D i s t i l l a t e ,  w i t h  p- /m-cresol  be ing  t h e  most concen t ra ted  spec ies  a t  
30.6 mg/g ( c a l c u l a t e d  as p - c r e s o l ) .  F i v e  u n i d e n t i f i e d  phenols  a l s o  
were de tec ted .  T h e i r  r e t e n t i o n  on t h e  HPLC column suggests  t h a t  t hey  
correspond t o  C2-  and C3-phenols. The t o t a l  o f  t h e  f i v e  p h e n o l s  
determined i n  the  SRC M idd le  D i s t i l l a t e  i s  5.65 w t . % ;  t h e  a d d i t i o n a l  
f i v e  species probab ly  would add another  1 t o  3 w t .%,  depending on t h e i r  
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Table 9. Comparison o f  selected phenols in SRC 
and TSL middle distillates 

- 
Concentration in middle distillate,a mg/g 

Phenolic compound SRC TS L 

Resorcinol (0.5 (0.5 

- 

Phenol 2.4 f 0.17 (0 .5 

p- /rn-Cr eso 1 sb 30.6 f: 8.8 (0.5 

0- Cr eso 1 4.2 * 0.66 <0,5 

3,4-Dimethylphenol 4.3 2 0.55 (0.5 

2,5--Dimethylphenol 14.2 t 5.2 (0.5 

aAverage and standard deviation o f  four determinations. 
kalculated as p-Cresol. 
CNot resolved f r o m  interference. 
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Figure 4. Comparison o f  HPLC Profiles o f  Phenol and Cresols in SRC 
Middle Dis t i l l a te  and TSL Middle Dis t i l l a te .  
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s p e c i f i c  f l u o r e s c e n c e .  These t o t a l  phenols determined i n  t he  SRC 

Middle D i s t i l l a t e  would amount t o  6-8 w t . %  versus ( 0 . 3  w t . %  f o r  t h e  TSL 

middle D i s t i l l a t e .  

These f ind ings  suggest t h a t  t he  g r e a t e r  dermal irr i tation caused 

by the TSL Middle D i s t i l l a t e  was n o t  a t t r i b u t a b l e  t o  t h e  pheno l s  

determined in this  s t u d y ,  b u t  r a t h e r  o ther  compounds. Wydroaromatics, 

such as deca l in  a r e  c l a s s i f i e d  by NIOSH (28) as  i r r i t a n t s .  T h e y  a r e  

log-ical candidates  for  the  g r e a t e r  skin i r r i t a n c y  of t he  TSL Middle 

D i s t i l l a t e .  T h e  proof o f  t h i s  hypothesis  would r equ i r e  f u r t h e r  s tudy.  
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CONCLUSIONS 

The components  t r a d i t i o n a l l y  t h o u g h t  t o  c o n t r i b u t e  t o  t h e  
tumor igen ic  response o f  t h e  S R C - I  S o l i d  i n  t h e  i n h a l a t i o n  b ioassay a r e  
PAH which a re  found a t  concen t ra t i ons  up t o  280 pg/g each. These 
compounds a r e  r e a d i l y  leached f rom t h e  s o l i d  and can accumulate i n  
p h o s p h o l i p i d  v e s i c l e s  a t  pg /g  concen t ra t i ons .  

The g r e a t e r  s k i n  i r r i t a t i o n  caused by t h e  TSL M i d d l e  D i s t i l l a t e  
versus t h e  SRC Midd le  D i s t i l l a t e  does n o t  appear t o  be assoc ia ted  w i t h  
t h e i r  c o n t e n t  o f  phenol  and C 1 -  or CZ-phenols. Other  compounds, such 
as hydroaromat ics ,  may be r e s p o n s i b l e  f o r  t h e  i r r i t a t i o n .  
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