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PREFACE

The N a t i o n a l  I n s t i t u t e  f o r  O ccupa t iona l  S a f e ty  and H ea l th  (NIOSH) 
b e l i e v e s  t h a t  c o a l  l i q u e f a c t i o n  techno logy  p r e s e n t s  p o t e n t i a l  haza rd s  to 
workers  because  o f  s i m i l a r i t i e s  w i th  o t h e r  c o a l - r e l a t e d  p r o c e s s e s  t h a t  have 
shown h ig h  ca nc e r  r i s k s .  This  o c c u p a t io n a l  haza rd  assessm en t  c r i t i c a l l y  
rev iews the  s c i e n t i f i c  and t e c h n i c a l  in fo r m a t io n  a v a i l a b l e  and d i s c u s s e s  
t he  o c c u p a t io n a l  s a f e t y  and h e a l t h  i s s u e s  o f  coa l  l i q u e f a c t i o n  p i l o t  p l a n t  
o p e r a t i o n s .  By a d d r e s s in g  the  haza rd s  w h i le  t h e  techno logy  i s  i n  t he  
deve lopmenta l  s t a g e ,  t h e  r i s k  of  p o t e n t i a l  adv e rse  h e a l t h  e f f e c t s  can be 
s u b s t a n t i a l l y  reduced  i n  bo th  exp e r im e n ta l  and commercial p l a n t s .

This  o c c u p a t i o n a l  h aza rd  assessm en t  i s  i n t e nd e d  f o r  use  by o rgan ized  
l a b o r ,  i n d u s t r y ,  t r a d e  a s s o c i a t i o n s ,  government a g e n c i e s ,  and s c i e n t i f i c  
and t e c h n i c a l  i n v e s t i g a t o r s ,  as  w e l l  as  t he  i n t e r e s t e d  p u b l i c .  The 
in f o r m a t io n  and recommendations p re s e n t e d  i n  t h i s  assessm en t  should  
f a c i l i t a t e  t h e  development o f  s p e c i f i c  p rocedures  f o r  haza rd  c o n t r o l  i n  
i n d i v i d u a l  workp laces  by th o se  per sons  immedia tely  r e s p o n s i b l e  f o r  h e a l t h  
and s a f e t y .  NIOSH w i l l  p e r i o d i c a l l y  upda te  and e v a l u a t e  new d a t a  and 
in f o r m a t io n  as they  become a v a i l a b l e  and,  a t  t h e  a p p r o p r i a t e  t im e ,  w i l l  
c o n s id e r  p ropos ing  recommendations f o r  a s t a n d a r d  to  p r o t e c t  workers in  
commercial c o a l  l i q u e f a c t i o n  f a c i l i t i e s .

Ronald F. Coene, P.E.
Act ing  D i r e c t o r ,
N a t i o n a l  I n s t i t u t e  f o r  Occupa t iona l  

S a fe ty  and Heal th
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I. EXECUTIVE SUMMARY

C o a l  l i q u e f a c t i o n  i s  one o f  the  t e c h n o l o g i e s  now b e i n g  d e v e l o p e d  in  the  
U n i t e d  S t a t e s  t o  o f f s e t  i n c r e a s i n g  e n e r g y  demands.  F o r  co mm er cia l  a p p l i c a t i o n  
o f  t h i s  t e c h n o l o g y ,  e n g i n e e r i n g  d e s i g n  p r o g r e s s e s  th rou gh the  s t a g e s  o f  
b e n c h - s c a l e  u n i t s ,  p r o c e s s  de velopment  u n i t s ,  p i l o t  p l a n t s ,  and d e m o n s t r a t i o n  
p l a n t s  t o  com mercial  p l a n t s .  T o d a y ,  s e v e r a l  c o a l  l i q u e f a c t i o n  p i l o t  p l a n t s ,  
w i t h  v a r y i n g  c a p a c i t i e s ,  a r e  o p e r a t i n g  i n  t h e  U n i t e d  S t a t e s .  Othe r  p i l o t  and 
d e m o n s t r a t i o n  p l a n t s  t h a t  w i l l  have  l a r g e r  c a p a c i t i e s  a r e  b e i n g  c o n s t r u c t e d  o r  
d e s i g n e d  [ 1 ] .

T h i s  document r e v i e w s  and e v a l u a t e s  p o t e n t i a l  o c c u p a t i o n a l  h a z a r d s  t o  
w o r k e r s  i n  c o a l  l i q u e f a c t i o n  p i l o t  p l a n t s .  By a d d r e s s i n g  the  h a z a r d  w h i l e  
d i r e c t  c o a l  l i q u e f a c t i o n  t e c h n o l o g y  i s  s t i l l  b e i n g  d e v e l o p e d ,  the  r i s k  o f  
p o t e n t i a l l y  a d v e r s e  h e a l t h  e f f e c t s  can be s u b s t a n t i a l l y  r e d u c e d .  In t h i s
document recommendations  a r e  made f o r  r e d u c i n g  the  r i s k s  o f  t h e s e  a d v e r s e  
h e a l t h  e f f e c t s .  F a i l u r e  to  ta k e  a d e q u at e  p r e c a u t i o n a r y  m e asu res  may r e s u l t  i n  
n e e d l e s s  r i s k s  t o  w o rk er  h e a l t h  and s a f e t y .

C o a l  l i q u e f a c t i o n  i s  th e  c o n v e r s i o n  o f  c o a l  to  l i q u i d  h y d r o c a r b o n  
p r o d u c t s .  The m aj or  p r o d u c t s  o f  most c o a l  l i q u e f a c t i o n  p r o c e s s e s  a r e
condensed a r o m a t i c  l i q u i d s ;  h o w e v e r ,  some g a s e s  and s o l i d s  a r e  a l s o  p r o d u c e d ,  
d e p e n d i n g  on th e  t y p e  o f  c o a l ,  th e  p r o c e s s ,  and th e  o p e r a t i n g  c o n d i t i o n s  used  
[ 2 ] .

S p e c i f i c  coa l  l i q u e f a c t i o n  p ro ce s se s  d i f f e r  in  the  methods and o p e ra t in g  
c o n d i t i o n s  used to  b reak  p h y s i c a l  and chemical  bonds,  in  the  sources  of
hydrogen used to  s t a b i l i z e  r a d i c a l  f ragments ,  and in  the  p h y s i c a l  and chemical  
c h a r a c t e r i s t i c s  of product  l i q u i d s ,  gases ,  and s o l i d s .  There a re  four
c a t e g o r i e s  of  coa l  convers ion  p ro c e s s e s :  (1)  p y r o l y s i s ,  (2) so lv e n t
e x t r a c t i o n ,  (3)  d i r e c t  h yd rogena t ion ,  and (4)  i n d i r e c t  l i q u e f a c t i o n  [3 ] .  This
assessm en t  i s  concerned w ith  d i r e c t  l i q u e f a c t i o n ,  i e ,  p ro ce s se s  1-3. Although 
equipment w i th in  a coa l  l i q u e f a c t i o n  p l a n t  v a r i e s  a cco rd ing  t o  the  p roce sse s  
employed,  t h e r e  a re  many s i m i l a r i t i e s .  Some o p e r a t i o n s  common to  the  p l a n t s  
i nc lud e  coa l  hand l ing  and p r e p a r a t i o n ,  l i q u e f a c t i o n ,  p h y s i c a l  s e p a r a t i o n ,  
u pg rad in g ,  p roduct  s t o r a g e ,  and was te  management.

Coal l i q u e f a c t i o n  m a t e r i a l s  c o n t a i n  p o t e n t i a l l y  hazardous b i o l o g i c a l l y  
a c t i v e  s u b s t a n c e s .  Skin cance rs  were r e p o r t e d  among workers in  one coa l
hyd rogena t ion  p i l o t  p l a n t  t h a t  i s  no longer o p e r a t i n g  [4 ] ,  Evidence from
animal experiments i n d i c a t e s  t h a t  l o c a l  sk in  carcinomas may r e s u l t  when some 
coa l  l i q u e f a c t i o n  p roduc ts  remain on the  sk in  fo r  long p e r io d s  of  t ime [ 5 -9 ] ,  
S i m i l a r i t i e s  e x i s t  between the  t o x ic  p o t e n t i a l  o f  c oa l  l i q u e f a c t i o n  p roduc ts  
and t h a t  of  o th e r  m a t e r i a l s  d e r ived  from c o a l ,  such as coa l  t a r s ,  coa l  t a r  
p i t c h ,  c r e o s o t e ,  and coke oven em iss ion s ,  which have been a s s o c i a t e d  with  a 
h igh  cancer  r i s k .  Some compounds, such as b en z o ( a )p y re n e , methyl  c h ry s en es ,  
a rom at ic  amines,  and c e r t a i n  o th e r  p o ly c y c l i c  a romatic  hydrocarbons ,  t h a t  a re  
known human ca rc inogens  when they occur i n d i v i d u a l l y  were found in  p i l o t  p l a n t
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produc ts  and p rocess  streams [10 -13] ,  The c a rc in o g e n ic  p o t e n t i a l  o f  these  
compounds when they occur in m ix tu re s  i s  unknown.

In a d d i t i o n  to the  c a rc in o g e n ic  p o t e n t i a l  of  c o n s t i t u e n t  chemicals  in 
v a r io u s  coa l  l i q u e f a c t i o n  p rocess  s t r e am s ,  o th e r  long- te rm  e f f e c t s  on n e a r l y  
a l l  major organ  systems of the body have been a t t r i b u t e d  to  them. Many o f  the 
a rom at ic s  and phenols i r r i t a t e  the sk in  or  cause d e r m a t i t i s .  S i l i c a  d us t  and 
o th e r  components of the  m in e ra l  r e s i d u e  may a f f e c t  t h e  r e s p i r a t o r y  system. 
Benzene,  i no rg an ic  l e a d ,  and n i t r o g e n  oxides may a f f e c t  the  b lood .  Creosotes 
and coa l  t a r s  a f f e c t  the  l i v e r  and k id n ey s ,  and t o l u e n e ,  x y le n e ,  hydrogen 
s u l f i d e ,  and ino rg an ic  lead  may a f f e c t  the  c e n t r a l  nervous system (CNS). 
Evidence from r e c e n t  animal s t u d i e s  [14,15] a l s o  i n d i c a t e s  t h a t  coa l  l i q u e ­
f a c t i o n  m a t e r i a l s  may have adverse  e f f e c t s  on r e p r o d u c t i o n .  The p o t e n t i a l  
a l s o  e x i s t s  fo r  worker exposure to  haza rd s  t h a t  a re  an immediate t h r e a t  to 
l i f e ,  such as hydrogen s u l f i d e ,  carbon monoxide, and f i r e  and e x p lo s io n .

The recommendations made in t h i s  document fo r  worker p r o t e c t i o n  inc lude  a 
combinat ion  of  eng in e e r in g  c o n t r o l s ,  work p r a c t i c e s ,  p e r so n a l  p r o t e c t i v e  
equipment ,  and medical  s u r v e i l l a n c e .  A dd i t io n a l  recommendations fo r  t r a i n i n g ,  
emergency p ro ced ures ,  and recordkeep ing  are made to  suppor t  the  e n g in e e r in g  
c o n t r o l  and work p r a c t i c e  recommendations.  Although i n s u f f i c i e n t  d a t a  are 
a v a i l a b l e  a t  t h i s  time to suppor t  recommending env ironm enta l  exposure  l i m i t s  
f o r  a l l  m a t e r i a l s  found in coa l  l i q u e f a c t i o n  p r o c e s s e s ,  some in fo rm a t io n  i s  
a v a i l a b l e  from s i m i l a r  i n d u s t r i e s  [16-18] .

The primary o b j e c t i v e s  of  en g in e e r in g  c o n t r o l s  a re  to  minimize the  
p o t e n t i a l  fo r  worker exposure to  hazardous m a t e r i a l s  and to  reduce  exposure 
l e v e l s .  Design c o n s i d e r a t i o n s  should ensure  the  i n t e g r i t y  o f  p roce ss  con­
ta inm ent ;  l i m i t  the need fo r  worker exposure ;  p rov ide  fo r  maximum equipment 
r e l i a b i l i t y ;  minimize the e f f e c t s  o f  e r o s i o n ,  c o r r o s io n ,  in s t rum en t  f a i l u r e ,  
and s e a l  and v a lv e  f a i l u r e ;  and p rovide  fo r  equipment s e p a r a t i o n ,  redundancy,  
and f a i l - s a f e  des ign .

The major o b j e c t i v e  of  recommended work p r a c t i c e s  i s  to p rovide  a d d i t i o n a l  
p r o t e c t i o n  to  the  worker when eng in e e r in g  c o n t r o l s  a re  not  adequa te  or  
f e a s i b l e .  Most coa l  l i q u e f a c t i o n  p i l o t  p l a n t s  have w r i t t e n  p o l i c i e s  and 
p rocedures  fo r  v a r io u s  work p r a c t i c e s ,  i n c lu d in g  b re ak ing  in to  p i p e l i n e s ,  
lockout  o f  e l e c t r i c a l  equipment ,  t a g -o u t  of  v a l v e s ,  f i r e  and re scu e  b r i g a d e s ,  
s a fe  work p e r m i t s ,  v e s s e l  e n t r y  p e r m i t s ,  wear ing s a f e t y  g l a s s e s  and h a r d h a t s ,  
housekeep ing ,  s a f e  s t o r a g e  of  p rocess  m a t e r i a l s ,  decon tam ina t ion  o f  equipment 
r e q u i r i n g  m ain tenance ,  and o th e r  o p e r a t i o n a l  s a f e t y  p r a c t i c e s  [1 ] .

P ersona l  p r o t e c t i v e  equipment such as r e s p i r a t o r s  and p r o t e c t i v e  c lo t h i n g  
may be n ec e s sa ry  to p reven t  worker exposure to  c o a l - d e r i v e d  m a t e r i a l s .  How­
e v e r ,  they  should be used only  when o th e r  methods of  c o n t r o l  a re  inadequa te .

Because workers in coa l  l i q u e f a c t i o n  p l a n t s  may be exposed to  a wide 
v a r i e t y  of  chemicals  t h a t  can produce adverse  h e a l t h  e f f e c t s ,  medica l  s u r v e i l ­
l ance  i s  n ece s sa ry  to  e v a l u a t e  the  a b i l i t y  o f  workers to  perform t h e i r  work
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and to moni to r  them fo r  any changes or  adverse  e f f e c t s .  P a r t i c u l a r  a t t e n t i o n  
should be paid  to the  s k in ,  o r a l  c a v i t y ,  r e s p i r a t o r y  system, and CNS. NIOSH 
recommends t h a t  a s u r v e i l l a n c e  program be i n s t i t u t e d  t h a t  inc ludes  p r e p l a c e ­
ment,  p e r i o d i c ,  and t e r m in a t io n  p h y s i c a l  examinat ions as wel l  as preplacement  
and i n t e r i m  medical  h i s t o r i e s .

Sampling and a n a l y s i s  fo r  a i r  con taminants p rovide  a way to  a s s e s s  the  
performance o f  eng in e e r in g  c o n t r o l s .  I n d u s t r i a l  hygiene m o n i to r ing  can be 
used to  dete rmine  employee exposure to chemical  and p h y s i c a l  h a z a rd s .  The 
combinat ion  o f  d a t a  from exposure  r e c o r d s ,  work h i s t o r i e s ,  and medica l  
h i s t o r i e s  p rov ides  a way to  e v a lu a t e  the e f f e c t i v e n e s s  of  eng in e e r in g  c o n t r o l s  
and work p r a c t i c e s ,  and to  i d e n t i f y  c a u s a t i v e  agen ts  fo r  e f f e c t s  t h a t  may be 
re v e a le d  du r ing  medical  m o n i to r ing .  Thus, i t ’ is  impor tan t  t h a t  medical  
r e c o r d s  and p e r t i n e n t  su p p o r t in g  documents be e s t a b l i s h e d  and m a in ta ined  fo r  
a l l  workers and t h a t  cop ies  of  any a p p l i c a b l e  env i ronm enta l  exposure  r eco rds  
be inc luded .

At the  beg inn ing  of employment, a l l  workers should be informed o f  the 
o cc u p a t io n a l  exposure haza rd s  a s s o c i a t e d  with  coa l  l i q u e f a c t i o n  p l a n t s .  As 
p a r t  o f  a c o n t in u in g  edu c a t ion  program, t r a i n i n g  should be re p ea te d  p e r i ­
o d i c a l l y  to  ensure  t h a t  a l l  employees have c u r r e n t  knowledge of  job h a z a r d s ,  
s ig n s  and symptoms of overexposure ,  p roper  maintenance  and emergency pro ­
c e d u re s ,  p roper  use of  p r o t e c t i v e  c lo t h i n g  and equipment ,  and the  advantages 
o f  good pe r so na l  hyg iene .

The d a t a  used in t h i s  o c c u p a t io n a l  hazard  assessment were ob ta ined  and
e v a lu a t e d  through  l i t e r a t u r e  surveys and from v i s i t s  to  coa l  l i q u e f a c t i o n
p i l o t  p l a n t s  or r e l a t e d  f a c i l i t i e s .  Data from i n d u s t r i e s  in  which workers
have been exposed to m a t e r i a l s  s i m i l a r  to  those  found in coa l  l i q u e f a c t i o n
p l a n t s  were a l so  co n s id e r ed .  Acronyms used in the document are l i s t e d  in 
Chapter  XX.
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I I .  COAL LIQUEFACTION PROCESS TECHNOLOGY

Coal Conversion
(a)  Background
Coal can be conver ted  i n t o  s y n t h e t i c  f u e l s  by coal  g a s i f i c a t i o n  or  l i q u e ­

f a c t i o n  p r o c e s s e s ,  ma in ly  y i e l d i n g  a gas or  l i q u i d ,  r e s p e c t i v e l y .  However, 
bo th  gaseous and l i q u i d  p roduc ts  and byproducts  can be ob ta ined  from most 
g a s i f i c a t i o n  and l i q u e f a c t i o n  p ro c e s s e s  [3 ] .  In a d d i t i o n ,  s i m i l a r  equipment,  
eg,  gas p u r i f i c a t i o n  systems and coa l  hand l ing  equipment,  can be found in  both  
types  of  p r o c e s s e s .  Where the se  s i m i l a r i t i e s  e x i s t ,  NIOSH's p rev ious  recom­
mendations in the  c r i t e r i a  document on coa l  g a s i f i c a t i o n  p l a n t s  a re  a p p l i c a b l e  [16 ] .

Examples of  equipment g e n e r a l l y  found in coa l  l i q u e f a c t i o n  p l a n t s ,  bu t  not
in g a s i f i c a t i o n  p l a n t s ,  inc lud e  d i s s o l v e r s ,  c a t a l y t i c  hyd rogena t ion  r e a c t o r s ,
s o l i d - l i q u i d  s e p a r a t i o n  u n i t s ,  and so lv e n t  r ecove ry  u n i t s .  Unl ike  coa l  g a s i ­
f i c a t i o n  p l a n t s ,  c oa l  l i q u e f a c t i o n  p l a n t s  p rocess  c o a l - o i l  s l u r r i e s  a t  h igh  
p r e s s u r e s  and t e m p e r a tu r e s .  This o p e ra t in g  environment p r e s e n t s  the  p o t e n t i a l  
fo r  e r o s i o n ,  c o r r o s i o n ,  and s e a l  f a i l u r e s ,  r e s u l t i n g  in the  r e l e a s e  o f  f lam­
mable hydrocarbon l i q u i d s  and /o r  o t h e r  hazardous  m a t e r i a l s .  Another problem 
in  l i q u e f a c t i o n  i s  p lugging  a s s o c i a t e d  w ith  s o l i d i f i c a t i o n  o f  the  coa l  s o l u ­
t i o n  when i t s  t em pera tu re  drops to l e s s  than the  pour p o in t  of  the m ix tu re .

Coal g a s i f i c a t i o n  e n t a i l s  t r e a tm e n t  of  coal  in  a reduc ing  atmosphere with  
a i r  or  oxygen,  s team, carbon monoxide,  hydrogen,  or  m ix tu res  of  the se  gases  to 
y i e l d  a com bust ib le  m a t e r i a l  [16] .  The pr imary product  from g a s i f i c a t i o n  i s  a 
m ix tu re  of  hydrogen ,  w a te r ,  carbon monoxide, carbon d io x id e ,  methane,  i n e r t s  
(eg ,  n i t r o g e n ) ,  and minor amounts o f  hydrocarbons and o th e r  im p u r i t i e s  [16] .  
Hydrogen and carbon monoxide a re  then  c a t a l y t i c a l l y  t r e a t e d  to  produce 
p i p e l i n e - q u a l i t y  gas and l i g h t  o i l s .  In a g a s i f i c a t i o n  p r o c e s s ,  l i q u i d  
byproducts  may be r e c y c le d  to  the  r e a c t o r  whi le  gaseous p roduc ts  a re  c le a n ed ,  
upgraded,  and s t o r e d  or  sh ipped  [3 ] .

Coal l i q u e f a c t i o n  i s  the  p roce ss  t h a t  c on v e r t s  coa l  to  l i q u i d  hydrocarbon  
p ro d u c t s .  Some gases  and s o l i d s  a re  a l s o  produced ,  depending on the  type  o f  
c o a l ,  the  p r o c e s s ,  and the  o p e ra t in g  c o n d i t i o n s  used.  In g e n e r a l ,  the  changes 
t h a t  occur in  the  l i q u e f a c t i o n  o f  coa l  inc lud e  b reak ing  weak van der  Waal 's  
f o r c e s  and hydrogen bonds between l a y e r s  in the  coa l  s t r u c t u r e ,  r u p tu r i n g  both 
a ro m a t i c - a ro m a t ic  and a r o m a t i c - a l i p h a t i c  chemical  bonds ,  and s t a b i l i z i n g  f r e e  
r a d i c a l  fragments  [2 ] .  Although t h e r e  a re  e x c e p t i o n s ,  the major p roduc ts  o f  
most coa l  l i q u e f a c t i o n  p r o ce s se s  a re  condensed a romatic  l i q u i d s  [2 ] .

Although s i m i l a r i t i e s  in equipment e x i s t ,  the  haza rd s  a s s o c i a t e d  with  each 
type o f  p rocess  were a s s e s s e d  independen t ly  [16] ,  Two impor tan t  d i f f e r e n c e s
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i n  h e a l t h  and s a f e t y  haza rds  between the two p ro ce s se s  a r e  (1) the  chemical  
composi t ion  of  p roducts  and p rocess  s t ream s ,  which may a f f e c t  o v e r a l l  h e a l t h  
r i s k s ;  and (2) equipment c o n f i g u r a t i o n ,  which may a f f e c t  the  p o t e n t i a l  fo r  
r e l e a s e  of p rocess  m a t e r i a l s .

(b)  Coal L i q u e f a c t i o n  P rocesse s
S p e c i f i c  coa l  l i q u e f a c t i o n  p ro cesse s  d i f f e r  in  the  methods and o p e ra t in g  

c o n d i t i o n s  used to  b reak  p h y s i c a l  and chemical  bonds ,  in  the  sources  of 
hydrogen used t o  s t a b i l i z e  r a d i c a l  f ragments ,  and in  the  p h y s i c a l  and chemical  
c h a r a c t e r i s t i c s  of  p roduc t  l i q u i d s ,  g as es ,  and s o l i d s .  S i g n i f i c a n t  f e a tu r e s  
o f  the  fou r  major c a t e g o r i e s  of  c oa l  convers ion  p ro ce sse s  a re  d i scussed  
below.

(1) P y r o ly s i s
P y r o l y s i s  invo lves  h e a t i n g  c oa l  to  a t em pera tu re  between 400 and 

550°C in  the  absence of  a i r  or  oxygen,  r e s u l t i n g  in  d i s r u p t i o n  of p h y s i c a l  
and chemical  bonds,  g e n e r a t i o n  of  r a d i c a l s ,  and a b s t r a c t i o n  of  hydrogen atoms 
by r a d i c a l s  fo r  coa l  hyd rogen -dono rs . During t h i s  p r o c e s s ,  some small  
r a d i c a l s  combine to  form hydrogen-en r iched  v o l a t i l e  hydrocarbon components.  
Loss of  donor-hydrogen from l a r g e r  fragments produces  cha r .  P y r o l y s i s  
p roduc ts  i nc lude  heavy o i l ,  f u e l  o i l ,  c h a r ,  and hydrocarbon gases .
Temperatures g r e a t e r  than 550°C promote c rack ing  and h igh gas y i e l d s .

P y r o l y s i s  in  the  p re sence  o f  hydrogen ,  a t  o r  above a tmospheric  p r e s u r e ,  i s  
known as h y d ro c a r b o n iz a t i o n .  G en e ra l ly ,  h y d ro c a r b o n iz a t i o n  p roduc ts  a re  
s i m i l a r  to  those  ob ta ined  by simple p y r o l y s i s ,  bu t  a re  somewhat lower in  char 
y i e l d .

(2)  Solvent  E x t r a c t i o n
Solven t  e x t r a c t i o n  p ro ce s se s  a re  g e n e r a l l y  performed a t  h igh  

tem pera tu re s  and p r e s s u r e s  in t he  presence  of  hydrogen and a p r o c e s s - d e r i v e d  
s o lv e n t  t h a t  may or may not  be hydrogenated .  The s o l v e n t - r e f i n e d  coa l  (SRC) 
p rocess  produces e i t h e r  l i q u i d  or  s o l i d  low-ash and l o w -s u l fu r  f u e l s ,
depending on the amount of  hydrogen in t ro d u c e d .  The l i q u i d  i s  used as a
b o i l e r  f u e l .  The Exxon d o n o r - s o lv e n t  (EDS) p rocess  produces  gases and l i q u i d
f u e l s  from a wide v a r i e t y  of  c o a l s .

(3) D i r e c t  Hydrogenation
D i r e c t  hyd rogena t ion  i s  a p rocess  in  which a coa l  s l u r r y  i s  

hydrogenated  in  c o n ta c t  with  a c a t a l y s t  under h igh  t em pera tu re s  and 
p r e s s u r e s .  P rocess  p roduc ts  a r e  b o i l e r  f u e l s ,  s y n t h e t i c  c rude ,  fu e l  o i l ,  and 
some g a s e s ,  depending on p rocess  c o n d i t i o n s .

(4)  I n d i r e c t  L iq u e fa c t i o n
In i n d i r e c t  l i q u e f a c t i o n ,  carbon monoxide and hydrogen produced by 

g a s i f y i n g  coa l  with  steam and oxygen can be c a t a l y t i c a l l y  conver ted  i n t o
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l i q u i d  f u e l s .  Another i n d i r e c t  c a t a l y t i c  l i q u e f a c t i o n  p roce ss  produces  
m e thanol ,  which can be conver ted  to  g a s o l i n e .

( c )  P r o c e s s  Development

S i g n i f i c a n t  t e c h n i c a l  advances in coa l  l i q u e f a c t i o n  were made in  Germany 
between 1915 and 1944 [19] .  Germany developed and improved the  Berg ius coa l  
l i q u e f a c t i o n  p r o c e s s ,  which c o n s i s t e d  of  hyd rogena t ing  f i n e l y  ground coa l  by 
amalgamation wi th  t a r  o i l s .  Product  o i l  was f r a c t i o n a t e d  by d i s t i l l a t i o n ,  and 
the  heavy f r a c t i o n  provided  the  t a r  o i l  used to  hydrogena te  the  f i n e l y  ground 
c o a l .  The l i g h t  f r a c t i o n  was upgraded by u s ing  hydrogen-enr iched  steam to  
produce a l i q u i d  r i c h  in a ro m a t ic s  [19 ] .  During World War I I ,  the  Germans 
c o n s t r u c t e d  11 hyd rogena t ion  p l a n t s  in  a d d i t i o n  t o  7 e x i s t i n g  p l a n t s .  In 
1944, the t o t a l  o u tp u t  c a p a c i t y  of  the se  18 coa l  hyd ro gen a t io n  p l a n t s  was 
4 m i l l i o n  m e t r i c  tons  (4 Tg) o f  o i l  a y e a r .  These p l a n t s  su p p l i e d  almost  a l l  
o f  the fu e l  n e c e s s a ry  fo r  German a v i a t i o n  in 1944 [3 ] ,

Another coa l  l i q u e f a c t i o n  p rocess  was developed in  the  1920 's  by F isch e r  
and Tropsch [1 9 ] .  This F isch e r -T ro p sch  p roce ss  uses s y n t h e s i s  g as ,  formed by 
p a s s in g  steam over r e d -h o t  coke,  to  produce l i q u i d  hydrocarbons in  a c a t a l y t i c  
r e a c t i o n .  C u r r e n t l y ,  t h i s  p ro ces s  i s  be ing  used on a commercial s c a l e  a t  the  
South A f r ican  Coal ,  O i l ,  and Gas C orpo ra t io n ,  Ltd (SASOL) p l a n t  in South 
A f r i c a  (SASOL I )  [2 0 ,2 1 ] .  In a d d i t i o n ,  South A f r i c a  i s  c u r r e n t l y  o p e r a t in g  a 
second p l a n t  (SASOL I I ) ,  and a t h i r d  p l a n t  (SASOL I I I )  i s  scheduled to  be 
o p e ra t in g  by 1984. The p ro du c t io n  c a p a c i t y  o f  the SASOL I I  p l a n t  i s  e s t im a ted  
to  be 2.1 m i l l i o n  m e t r i c  tons  (2 .1  Tg) of  m a rke tab le  p roduc ts  per  year  [22].  
Of t h i s  f i g u r e ,  SASOL e s t im a t e s  t h a t  motor f u e l s  p ro du c t io n  w i l l  be 
1.5 m i l l i o n  m e t r i c  tons  (1 .5  Tg) per  yea r  [ 3 ,2 2 ] .  C u r r e n t l y ,  SASOL I t o t a l  
ou tpu t  i s  approx im ate ly  0.25 m i l l i o n  m e t r i c  tons  (0 .25  Tg) of  p e t ro chem ica ls  
per  y e a r ,  which inc lud es  0.168 m i l l i o n  m e t r i c  tons  (0 .168  Tg) o f  g a s o l i n e  [3 ] .

Coal l i q u e f a c t i o n  expe r ience  in the  Uni ted  S t a t e s  [20] inc lu d e s  (1)  syn­
t h e t i c  o i l  r e s e a r c h  conducted a t  the  P i t t s b u r g h  Energy Technology Center  
(PETC) ( fo rm er ly  P i t t s b u r g h  Energy Research Center)  s inc e  the  e a r l y  1 9 5 0 ' s ,  
(2) a coa l  l i q u e f a c t i o n  dem ons t ra t ion  p l a n t  u s ing  the  Bergius p r o c e s s ,  which 
ope ra ted  in the  1 9 5 0 ' s in L o u i s i a n a ,  M is sou r i ,  (3)  a hyd rogena t ion  p i l o t  p l a n t  
o p e ra t ed  by Union Carbide from 1952 to  1959 a t  I n s t i t u t e ,  West V i r g i n i a ,
(4) c h a r - o i l - e n e r g y  development (COED) p ro ce s s  development begun in 1962 by 
FMC C orpo ra t io n ,  (5) C on so l id a t io n  Coal Company development o f  Consol syn­
t h e t i c  fu e l  (CSF) p rocess  begun in 1963, (6 )  Hydrocarbon Research ,  In c ,  H-coal 
p roce ss  begun in 1964, (7)  SRC r e s e a r c h  i n i t i a t e d  by the  O ff ice  o f  Coal
Research (OCR) in 1962, and (8)  d o n o r - s o lv e n t  r e s e a r c h  s t a r t e d  by Exxon in 
1966 [3 ] ,  Congress iona l  a u t h o r i z a t i o n  b i l l s  fo r  FY 76, 77, and 78 have
provided  approx im ate ly  $100 m i l l i o n  ann u a l ly  in Fede ra l  funding fo r  coa l  
l i q u e f a c t i o n  r e s e a r c h  and development [23] . More than  $200 m i l l i o n  annua l ly  
has been au th o r iz e d  fo r  FY 79, 80, and 81 [24 ,2 5 ] .

6



C o a l  l i q u e f a c t i o n  o p e r a t i o n s  i n  th e  U n i t e d  S t a t e s  ha ve  been l i m i t e d  t o
b e n c h - s c a l e  u n i t s ,  p r o c e s s  de velopment  u n i t s ,  and p i l o t  p l a n t s  c a p a b l e  o f  
h a n d l i n g  up to  600 tons  o f  c o a l  p e r  day  ( 5 4 5  Mg/d) [ 1 ] .  However ,  a comme rci al  
p l a n t  t h a t  co u ld  p r o c e s s  a p p r o x i m a t e l y  3 0 , 0 0 0  to n s  ( 2 7 , 0 0 0  Mg) o f  c o a l  p er  day  
i s  e n v i s i o n e d  f o r  th e  l a t e  1 9 8 0 ' s  [ 2 6 ] ,  In  a d d i t i o n  t o  b e i n g  l a r g e r  than
p i l o t  p l a n t s ,  com mercial  p l a n t s  w i l l  be d e s i g n e d  and o p e r a t e d  d i f f e r e n t l y  
[ 1 , 2 6 ] .

P i l o t  p l a n t s  a r e  used t o  a s s e s s  t h e  f e a s i b i l i t y  o f  p r o c e s s  t e c h n o l o g y  and 
o p e r a b i l i t y  o f  equipment such as  pumps, s e a l s ,  and s o l i d - l i q u i d  s e p a r a t i o n  
u n i t s .  They a r e  a l s o  used t o  o p t i m i z e  o p e r a t i n g  c o n d i t i o n s .  To o b t a i n  the  
n e c e s s a r y  d a t a ,  p r o d u c t i o n  runs  a r e  o f  s h o r t e r  d u r a t i o n  than t h o s e  in  
co m m e r ci al  p l a n t s ,  which a r e  d e s i g n e d  to o p e r a t e  c o n t i n u o u s l y .  Commercial  
p l a n t s  a r e  d e s i g n e d  t o  e c o n o m i c a l l y  produce  m a r k e t a b l e  p r o d u c t s .  F or  t h i s  
r e a s o n ,  co mm er cia l  p l a n t s  may r e c y c l e  t r e a t e d  w a s t e w a t e r  p r o d u c t s  a n d / o r  use  
c h a r ,  m i n e r a l  r e s i d u e  s l u r r y ,  and s u l f u r  b y p r o d u c t s  [ 1 , 2 6 , 2 7 ] ,  w her ea s  most  
p i l o t  p l a n t s  c u r r e n t l y  do n o t .  Equipment may d i f f e r  b as e d  on the  development  
o f  new t e c h n o l o g y ,  e g ,  new s o l i d - l i q u i d  s o l v e n t  d e - a s h i n g  s e p a r a t i o n  u n i t s  
c u r r e n t l y  b e i n g  t e s t e d  [ 1 , 2 8 , 2 9 ] .  Some equipment used i n  p i l o t  p l a n t s ,  e g ,  a 
r o t a t i n g  l i q u i d / s o l i d  e x t r a c t o r  or  a m i n e r a l  r e s i d u e  d r y e r ,  may not  be 
f e a s i b l e  o r  n e c e s s a r y  i n  co m m e rc ia l  p l a n t s  [ 1 ] .

A l th o u g h  comm er cia l  p l a n t  d e s i g n  and equipment may d i f f e r  from t h a t  o f  
p i l o t  p l a n t s ,  the  e n g i n e e r i n g  d e s i g n  c o n s i d e r a t i o n s  t h a t  may a f f e c t  the  
p o t e n t i a l  f o r  w ork er  e x p o s u r e  may be s i m i l a r .  Both com mercial  and p i l o t  
p l a n t s  w i l l  o p e r a t e  in  an en vi ro n me n t  o f  h i g h  t e m p e r a t u r e  and p r e s s u r e ,  and in  
most c a s e s ,  a c o a l  s l u r r y  w i l l  a l s o  be used under  t h e s e  c o n d i t i o n s  [ 2 6 , 3 0 ] .  
The t y p e s  o f  e x p o s u r e  r e s u l t i n g  from l e a k s ,  s p i l l s ,  m a i n t e n a n c e ,  h a n d l i n g ,  and 
a c c i d e n t s  may be q u a l i t a t i v e l y  s i m i l a r  f o r  both co mm er cia l  and p i l o t  p l a n t s  
a l t h o u g h  f r e q u e n c y  and d u r a t i o n  o f  e x p o s u r e  may v a r y  [ 1 ] .  S p e c i f i c  c o n t r o l
t e c h n o l o g y  used to  m in im iz e  w o rk er  e x p o s u r e  may d i f f e r  i n  both t y p e s  o f  
p l a n t s .  F or  exam ple ,  due to  th e  c o n t i n u o u s  o p e r a t i n g  mode o f  a com mercial  
p l a n t ,  a c l o s e d  sy st em  may be used t o  ha n d le  s o l i d  w a s t e s  in  o r d e r  to  mini mize  
i n h a l a t i o n  h a z a r d s .  T h i s  s y s t e m  may not be e c o n o m i c a l  f o r  a p i l o t  p l a n t  w i t h  
b a t c h  o p e r a t i o n s ,  b e c a u s e  p o r t a b l e  l o c a l  e x h a u s t  v e n t i l a t i o n  c o u l d  be p r o v i d e d  
when needed [ 1 ] .  Both o f  t h e s e  s y st e m s  a r e  d e s i g n e d  t o  mini mi ze  wo rker  
e x p o s u r e  to  h az ar do us  m a t e r i a l s .

D e s c r i p t i o n  o f  G e n e r a l  T e c h n o l o g y

The P o t t - B r o c h e  and B e r g i u s  p r o c e s s e s  were  f o r e r u n n e r s  o f  two l i q u e f a c t i o n  
p r o c e s s e s  under development  i n  the  U n it e d  S t a t e s  [ 2 , 3 1 ] .  These  d e v e l o p m e n ta l  
p r o c e s s e s ,  d i s c u s s e d  a t  th e  b e g i n n i n g  o f  the c h a p t e r ,  a r e  c a t e g o r i z e d  as  
s o l v e n t  e x t r a c t i o n  and h y d r o g e n a t i o n .  P y r o l y s i s  and i n d i r e c t  l i q u e f a c t i o n  a r e  
two a d d i t i o n a l  p r o c e s s e s  c u r r e n t l y  u s e d .  F i g u r e  X V I I I - 1  i l l u s t r a t e s  the  
p o s s i b l e  c o a l  l i q u e f a c t i o n  r o u t e s .  There  i s  no c l e a r  d i s t i n c t i o n  between the
s o l v e n t  e x t r a c t i o n  and h y d r o g e n a t i o n  c a t e g o r i e s  [ 3 2 ] .  S o l v e n t  e x t r a c t i o n  i s
g e n e r a l l y  grouped w i t h  n o n c a t a l y t i c  h y d r o g e n a t i o n  [ 2 , 2 0 , 3 0 , 3 2 ] ,  w h i l e  in
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o t h e r  s t u d i e s  c a t a l y t i c  and n o n c a t a l y t i c  hyd rogena t ion  appear under one c a t e ­
gory ,  i e ,  hyd rogen a t ion  [ 1 9 ,3 1 ,3 3 ,3 4 ] .  The l a t t e r  c a t e g o r i z a t i o n  i s  used in  
t h i s  assessm en t .

Coal l i q u e f a c t i o n  p ro ce s se s  us ing  so lv e n t  e x t r a c t i o n ,  h y d ro g e n a t io n ,  
p y r o l y s i s / h y d r o c a r b o n i z a t i o n ,  and i n d i r e c t  l i q u e f a c t i o n  a re  d i s c u s s e d  in  
Appendix I .  S p e c i f i c  p r o ce s se s  d i s c u s se d  are  the CSF, SRC, H - c o a l , COED, and 
F i scher -T ropsch  p r o c e s s e s ,  r e s p e c t i v e l y .  Appendix I I  summarizes the  major 
coa l  l i q u e f a c t i o n  systems under development in  the  Uni ted  S t a t e s .  This 
assessment  does not  add ress  the  n ec e s sa ry  c o n t r o l s  and work p r a c t i c e s  fo r  
i n d i r e c t  l i q u e f a c t i o n  p ro c e s s e s ,  eg ,  the SASOL tech no log y ,  s i n c e  they  were 
p re v io u s ly  ev a lu a t e d  by NIOSH [16] .  Commercial p l a n t s  u s ing  a p ro ces s  s i m i l a r  
to  the  SASOL techno logy  should fo l low  the recommendations c on ta in ed  in the  
NIOSH coa l  g a s i f i c a t i o n  c r i t e r i a  document [16].

Although systems and components va ry  accord ing  to  the  p ro ce s s  employed,  
t h e r e  a re  s i m i l a r i t i e s  between most coa l  l i q u e f a c t i o n  p l a n t s .  Systems common 
to coa l  l i q u e f a c t i o n  p l a n t s  inc lude  c oa l  h an d l in g  and p r e p a r a t i o n ,  l i q u e f a c ­
t i o n ,  p h y s i c a l  s e p a r a t i o n ,  upgrad ing ,  p roduct  s t o r a g e ,  and waste  management. 
Appendix I I I  shows the a p p l i c a b i l i t y  of  t h e se  major systems to the  v a r io u s  
coa l  l i q u e f a c t i o n  p ro ce s se s  summarized in Appendix I I .  Appendix IV  l i s t s  the  
major equipment used in coa l  l i q u e f a c t i o n  and a d e s c r i p t i o n  o f  i t s  fu n c t i o n .

Figure  XVIII-2 i s  a schemat ic  o f  the  g en e ra l  systems used in  coa l  l i q u e ­
f a c t i o n .  Not a l l  o f  the  u n i t  o p e r a t i o n s / u n i t  p ro ce s se s  shown are  a p p l i c a b l e  
to each coa l  l i q u e f a c t i o n  p r o c e s s .

( a )  Co a l  H a n d l in g  and P r e p a r a t i o n

The purpose o f  the  coa l  hand l ing  and p r e p a r a t i o n  system i s  to  r e c e iv e  ru n -  of-mine (ROM) coa l  and p repa re  i t  fo r  i n j e c t i o n  in to  the  l i q u e f a c t i o n  system. 
This f r o n t - e n d  p rocess  i s  b a s i c a l l y  the  same in a l l  l i q u e f a c t i o n  p l a n t s  and 
produces p u l v e r i z e d  coa l  and coa l  s l u r r y .  D us ts ,  coa l  f i n e s ,  and s o lv e n t s  
a l s o  may be p r e s e n t .  ROM coa l  i s  re c e iv e d  by r a i l  or t r u c k  and i s  dumped in to  
r e c e i v i n g  h op p er s .  The coa l  i s  crushed and t r a n s f e r r e d  to  s t o r a g e  b i n s .  When 
needed,  the coa l  i s  r e t r i e v e d  from s t o r a g e ,  p u lv e r iz e d  and d r i e d ,  and t r a n s ­
f e r r e d  to  a b lend  tank  where i t  i s  mixed with  p rocess  so lv e n t  to  form a coa l  
s l u r r y .  At t h i s  p o i n t ,  the  coa l  i s  pumped in to  the l i q u e f a c t i o n  system. The 
s l u r r y  b le n d in g  s t e p  i s  e s s e n t i a l  fo r  so lv e n t  e x t r a c t i o n ,  and c a t a l y t i c  and 
n o n c a t a l y t i c  hyd rogena t ion  p r o c e s s e s .  However, t h i s  s t e p  i s  om i t ted  in 
p y r o l y s i s  p r o c e s s e s ,  in  which p u lv e r iz e d  coa l  i s  fed d i r e c t l y  i n to  the  r e a c t o r  
u s u a l l y  by means of  l o c k h o p p e r s .

( b )  L i q u e f a c t i o n

The fu n c t i o n  o f  a l i q u e f a c t i o n  system i s  to t r a n s fo r m  coa l  i n to  a l i q u i d .  
Solvent  e x t r a c t i o n  and c a t a l y t i c  and n o n c a t a l y t i c  h yd rogena t ion  a re  t h r e e -  
phase systems t h a t  invo lve  the  use of  s i g n i f i c a n t  q u a n t i t i e s  o f  hydrogen 
[ 2 ,3 5 ] .  P y r o l y s i s  i s  a two-phase ,  i e ,  s o l i d - g a s ,  system. I f  hydrogen i s
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added du r ing  p y r o l y s i s ,  the p roce ss  i s  c a l l e d  h y d ro c a r b o n iz a t i o n .  Tempera­
t u r e s  in t h e s e  systems range from 700 to  1,500°F (371 to  820°C) ; p y r o l y s i s  
r e a c t o r s  g e n e r a l l y  ope ra t e  in the  upper range [ 2 , 3 5 ] .  M a te r i a l s  found w i th in  
the  l i q u e f a c t i o n  system inc lude  hydrogen,  re c yc le d  and makeup s o l v e n t ,  gases  
(hydrogen s u l f i d e ,  carbon monoxide,  methane) ,  s o l i d s  (u n re ac t e d  c o a l ,  cha r ,  
a sh ,  c a t a l y s t ) ,  coa l  s l u r r i e s ,  and o rgan ic  l i q u i d  f r a c t i o n s  o f  the  p roduc t .

(c )  S e p a ra t i o n
The p roduct  s t ream from l i q u e f a c t i o n  c o n t a in s  a mix tu re  o f  g a s e s ,  v ap o r s ,  

l i q u i d s ,  and s o l i d s  and i s  t y p i c a l l y  fed to  a g a s - l i q u i d  s e p a r a t o r  such as a 
f l a s h  drum. Here the  p r e s s u re  on the  product  s t ream i s  reduced ,  a l lowing  the 
lower b o i l i n g  chemicals  to  v ap o r ize  and gases  to  s e p a r a t e  from the  l i q u i d .  
These vapors  and gases  a re  sepa ra ted  in a condensa te  system t h a t  removes the 
h ig h e r  b o i l i n g  components o f  the gas s t ream .  The s o l i d s  a re  s e p a r a t e d  from 
the  l i q u i d s  by such p ro ce s se s  as f i l t r a t i o n ,  c e n t r i f u g a t i o n ,  d i s t i l l a t i o n ,  or 
s o l v e n t  d e - a s h i n g .  M a t e r i a l s  found i n  t h e  s e p a r a t i o n  s y s t e m s  i n c l u d e  
s o l v e n t s ,  gases  (ca rbon  d io x id e ,  hydrogen s u l f i d e ,  hydrogen ,  m e thane) ,  w a te r ,  
l i g h t  o i l s ,  heavy o i l s ,  and s o l i d s  (m inera l  r e s i d u e ,  u n reac ted  c o a l ) .

(d)  Upgrading and Gas P u r i f i c a t i o n
The upgrading and gas p u r i f i c a t i o n  system r e f i n e s  and improves the  gases  

and l i q u i d s  o b ta in ed  from the  s e p a r a t i o n  system. A gas d e s u l f u r i z a t i o n  u n i t  
removes the  s u l f u r  from the  g a s e s .  The hydrocarbon gases  may be f u r t h e r  
upgraded by m e thana t ion  to  produce p i p e l i n e - q u a l i t y  gas or  a re  sen t  to  a 
hydrogen-methane s e p a r a t i o n  u n i t  where the  r e s u l t i n g  hydrogen could  be used 
fo r  h yd rogena t ion  [3 ] .  The l i q u i d  st ream may be upgraded by f r a c t i o n a t i o n ,  
d i s t i l l a t i o n ,  h yd rogena t ion ,  or a combination of  t h e s e ,  r e s u l t i n g  in  p roduc ts  
such as s y n t h e t i c  o i l s  and s o l v e n t - r e f i n e d  c o a l .

(e)  P roduct  Storage
Gas p roduc ts  from the  l i q u e f a c t i o n  p l a n t  can be s t o r e d  o n s i t e  in  tanks  or 

can be p iped d i r e c t l y  o f f s i t e .  I f  piped o f f s i t e ,  t h e r e  could be r e s e r v e  
s t o r a g e  to  a l low  for peak demands fo r  the  p ro d u c t .  The l i q u i d  p roduc ts  can be 
s t o r e d  in t a n k s ,  t ank  c a r s ,  o r  t ru c k s  o r ,  as in the  case  of  s o l v e n t - r e f i n e d  
c o a l ,  can be s o l i d i f i e d  by us ing  a p r i l l i n g  tower or a coo l ing  b e l t .  Depend­
ing on i t s  b i o l o g i c a l  and chemical  p r o p e r t i e s ,  the  s o l i d  p roduct  could be 
s t o r e d  in open or c lo sed  s to r a g e  p i l e s .

( f )  Waste Management
The waste management system inc ludes  gas s c r u b b e r s ,  s e t t l i n g  ponds,  and 

w as tewate r  t r e a tm en t  f a c i l i t i e s .  I t s  f u n c t i o n  i s  to reduce p o l l u t a n t s  in the  
waste  streams in accordance with  d i s c h a rg e  r e g u l a t i o n s  e s t a b l i s h e d  by F ed e ra l ,  
S t a t e ,  and lo c ^ l  env i ronmenta l  p r o t e c t i o n  a g e n c ie s .  Typical  p lan t -p rod uced
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wastes  t h a t  must be t r e a t e d  and d isposed  o f  inc lude  s o l i d s  such as coal  p a r ­
t i c u l a t e ,  a sh ,  s l a g ,  m in e ra l  m a t t e r ,  s lu d g es ,  c h a r ,  and spen t  c a t a l y s t ;  
was tewater  c o n t a in in g  suspended p a r t i c l e s ,  p he n o l s ,  t a r s ,  ammonia, c h l o r i d e s ,  
and o i l s ;  and gases  such as carbon monoxide, hydrogen s u l f i d e ,  and hydrocarbon 
vapors  [31] .  Waste t r e a tm e n t  f a c i l i t i e s  a re  a l so  des igned  to  c o l l e c t  and 
t r e a t  p roce ss  m a t e r i a l s  r e l e a s e d  by s p i l l s .
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I I I .  POTENTIAL HAZARDS TO HEALTH AND SAFETY IN 
COAL LIQUEFACTION PLANTS

C h a r a c t e r i z a t i o n  o f  workplace  haza rds  a s s o c i a t e d  w i th  coa l  l i q u e f a c t i o n  
p l a n t s  i n  the  United S t a t e s  must r e l y  on p i l o t  p l a n t  d a t a  because  c u r r e n t l y  
t h e r e  a re  no commercial p l a n t s .  These p i l o t  p l a n t s  a re  expe r im enta l  u n i t s  
t h a t  p roce ss  up to  600 tons  (545 Mg) o f  coal  per  day.  Because p i l o t  p l a n t  
o p e r a t i o n s  a re  e x p e r im e n t a l ,  o p e r a t i n g  param ete rs  and equipment c o n f i g u r a t i o n s  
a re  f r e q u e n t l y  changed; co n se q u e n t ly ,  exposures  may be more severe  than  might  
occur in  a commercial  p ro d u c t io n  f a c i l i t y .  On the  o th e r  hand,  because  p i l o t  
p l a n t s  have o pe ra ted  fo r  a r e l a t i v e l y  s h o r t  t ime ( l e s s  than  10 y e a r s ) ,  
exposure  e f f e c t s  over  a working l i f e t i m e  cannot be documented.

A va i l a b le  d a t a  a re  s u f f i c i e n t  to  q u a l i t a t i v e l y  d e f in e  the  haza rd s  t h a t  may 
occur in f u t u r e  commercial  coa l  l i q u e f a c t i o n  p l a n t s ,  bu t  no t  to  q u a n t i f y  the  
degree  o f  r i s k  a s s o c i a t e d  w ith  lon g - te rm ,  low - leve l  exposu res .  I n d u s t r i a l  
hyg iene  s t u d i e s  conducted a t  s e v e r a l  p i l o t  p l a n t s  p rovide  some in fo rm a t io n  
about worker exposure  [36 -39] .  In a d d i t i o n ,  the  t o x i c i t y  o f  some o f  the  c o a l -  
d e r iv ed  m a t e r i a l s  produced in the se  p l a n t s  has been assayed in an imals ,
b a c t e r i a ,  and c e l l  c u l t u r e s  [ 5 - 7 , 9 , 1 4 , 1 5 , 4 0 - 5 2 ] .  Only one ep idem io log ic  study  
[53] o f  coa l  l i q u e f a c t i o n  workers  has been conducted in  t he  United S t a t e s ,  and 
the  coho r t  o f  50 workers  examined was sm a l l .

The o p p o r tu n i t y  fo r  ep idem io log ic  s t u d i e s  has been r e s t r i c t e d .  In the
United S t a t e s ,  the  l o n g e s t  exposure  per iod  fo r  a worker fo r  whom h e a l t h
e f f e c t s  have been r e p o r te d  i s  app rox im ate ly  10 y ea rs  [54] . One fo re ig n  p l a n t  
has ope ra ted  fo r  more than  23 y ea rs  [55] , bu t  ep idem io log ic  s t u d i e s  o f  the 
work fo rc e  have not  been p u b l i s h e d .

Labora to ry  a n a l y s i s  o f  the  to x ic  haza rds  in h e r e n t  in  coa l  l i q u e f a c t i o n
p ro ce s se s  i s  com pl ica ted  by a t  l e a s t  fou r  major f a c t o r s .  F i r s t ,  p rocess  
s t reams c o n t a i n  a m ix tu re  of  many d i f f e r e n t  s u b s t a n c e s ,  and i s o l a t i o n  of  any 
one p o t e n t i a l  t o x i c a n t  can be d i f f i c u l t .  Second,  the  v a r i o u s  t o x i c a n t s  can 
produce  d iv e r s e  e f f e c t s ,  rang ing  from sk in  i r r i t a t i o n  to  c a n c e r .  T h i rd ,  
depending on the  p h y s i c a l  s t a t e  o f  an i n d i v i d u a l  t o x i c a n t ,  d i f f e r e n t  b io l o g i c  
systems can be a f f e c t e d .  For example,  as  an a e r o s o l ,  a subs tance  may more 
r e a d i l y  produce r e s p i r a t o r y  or  systemic  e f f e c t s ;  as  a l i q u i d  o r  s o l i d ,  dermal 
e f f e c t s  may be more l i k e l y .  F i n a l l y ,  dose l e v e l s  a re  d i f f i c u l t  to  e s t a b l i s h  
because  the  com pos i t ion  o f  p rocess  s t reams can v a r y ,  p a r t i t i o n i n g  o f  p rocess  
st ream components a f t e r  a e r o s o l i z a t i o n  may a l t e r  the  d i s t r i b u t i o n  of  compo­
n e n t s ,  and w ea the r ing  o f  f u g i t i v e  l i q u i d  em iss ions  may a l t e r  the  t o x i c i t y  of  
p ro ce s s  m a t e r i a l s .

Although o cc u p a t io n a l  s a f e t y  and h e a l t h  r e s e a r c h  s p e c i f i c a l l y  r e l a t e d  to 
coa l  l i q u e f a c t i o n  i s  l i m i t e d ,  s t u d i e s  have been conducted in  o th e r  i n d u s t r i e s  
where exposure  to  some o f  the  same m a t e r i a l s  may occu r .  For example,  p o ly -  
c y c l i c  a romatic  hydrocarbons  (PAH's) ,  which a re  p r e s e n t  i n  coa l  t a r  p ro d u c t s ,
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coke oven em iss ions ,  a s p h a l t ,  and carbon b la c k ,  a re  a l s o  p re se n t  in  coa l  
l i q u e f a c t i o n  p roduc ts  [ 1 0 ,1 7 ,1 8 ,3 8 ,5 6 ,5 7 ] .  Because some of the se  m a t e r i a l s  
have r e p o r t e d l y  caused sev e re  long- te rm  e f f e c t s  such as sk in  and lung cance r  
in  workers in  v a r io u s  i n d u s t r i e s  [1 7 ,1 8 ] ,  i nc rea sed  r i s k  of  cancer  in  coa l  
l i q u e f a c t i o n  workers i s  p o s s i b l e .  Other p o t e n t i a l  adverse  h e a l t h  e f f e c t s  
a s s o c i a t e d  with c o n s t i t u e n t  chemicals  in  coal  l i q u e f a c t i o n  p roduc ts  inc lud e  
f a t a l  po ison ing  from i n h a l a t i o n  exposure [5 8 ,5 9 ] ,  severe  r e s p i r a t o r y  
i r r i t a t i o n  [60],  and chemical  burns [61].  F i r e  and exp los ion  a re  a l s o  
s i g n i f i c a n t  h az a rd s ,  because  most systems in  coa l  l i q u e f a c t i o n  ope ra t e  a t  h igh  
t em pera tu res  and p r e s s u r e s  and c o n ta in  flammable m a t e r i a l s .

E x ten t  o f  Exposure
Coal l i q u e f a c t i o n  p i l o t  p l a n t s  c u r r e n t l y  o p e r a t i n g  in  the  Uni ted  S t a t e s  

( see  Appendix I I )  employ approx im ate ly  100-330 workers and have p ro du c t io n  
c a p a c i t i e s  o f  up to  600 tons (545 Mg) of  coal  pe r  day [1 ] .

In  June 1980, the  P r e s id e n t  c a l l e d  fo r  a s y n t h e t i c  fue l  p ro d u c t io n  
c a p a c i t y  e q u iv a l e n t  o f  a t  l e a s t  2 .0  m i l l i o n  b a r r e l s  o f  crude o i l  per  day by 
1992 [6 2 ,6 3 ] .  P roduc t ion  of  t h i s  amount of  s y n t h e t i c  fu e l  by coa l
l i q u e f a c t i o n  p ro cesse s  would r e q u i r e  approx im ate ly  12 p l a n t s ,  each of  which 
would y i e l d  50,000 b a r r e l s  of  fu e l  a day.  Assuming t h a t  a commercial  p l a n t  
would employ a t  l e a s t  3 t imes as many workers as a l a r g e  p i l o t  p l a n t ,  the  
p r o j e c t e d  1995 work fo rc e  would be approxim ate ly  12,000 workers [62 ,63 ] .

Wo rke rs  i n  p i l o t  p l a n t s  may be ex po sed  t o  p r o c e s s  l i q u i d s ,  s o l i d s ,  g a s e s ,  
a e r o s o l s ,  v a p o r s ,  d u s t s ,  n o i s e ,  and h e a t .  Some o f  t h e s e  p o t e n t i a l  h a z a r d s  a r e  
summarized i n  T a b l e  I I I - l .  A lt h o u gh  c o a l  l i q u e f a c t i o n  equipment i s  d e s i g n e d  
t o  o p e r a t e  as  a c l o s e d  s y s t e m ,  i t  must s t i l l  be opened f o r  m ai n t en an c e  and 
r e p a i r  o p e r a t i o n s ,  t h e r e b y  e x p o s i n g  w o r k e r s  to p o t e n t i a l  h a z a r d s .

P rocess in g  of  a b r a s iv e  s l u r r i e s ,  p a r t i c u l a r l y  a t  h igh o p e r a t i n g  
tem pera tu re s  and p r e s s u r e s ,  a c c e l e r a t e s  the  e r o s i o n / c o r r o s i o n  e f f e c t s  on 
equipment such as p ip in g ,  p r e s s u re  v e s s e l s ,  s e a l s ,  and va lves  in  coa l  
l i q u e f a c t i o n  p l a n t s .  These e f f e c t s  i n c re a s e  the  p o t e n t i a l  f o r  worker exposure  
to  p rocess  m a t e r i a l s  because  leaks  and f u g i t i v e  emiss ions  a re  more l i k e l y  to  
occur  [1 ] .  Other sources  of  worker exposure t o  p rocess  m a t e r i a l s  inc lud e  
normal hand l ing  or  i n a d v e r t e n t  r e l e a s e  of raw m a t e r i a l s ,  p ro d u c t s ,  and waste  
m a t e r i a l s .

Hazards of  Coal L iq u e fa c t io n
According to  a 1978 r e p o r t  [64 ] ,  of  an e s t im a ted  10,000 chemical compounds 

t h a t  may occur in  c o a l ,  coa l  t a r ,  and coa l  hydrogena t ion  p rocess  and produc t  
s t r e a m s ,  approx im ate ly  1,000 have been i d e n t i f i e d .  For some of t h e se  
chem ica ls ,  in fo rm a t ion  i s  a v a i l a b l e  on t h e i r  p o t e n t i a l  hazard  t o  workers .  
Appendix V summarizes the  NIOSH-recommended l i m i t s  and the  c u r r e n t  Fede ra l
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TABLE III-l

POTENTIAL OCCUPATIONAL HAZARDS IN COAL LIQUEFACTION PLANTS

System, Unit  O pera t ion ,  
o r  Unit  P rocess

P o t e n t i a l
Hazards

Coal h and l ing  and p r e p a r a t i o n Coal d u s t ,  n o i s e ,  f i r e ,  e x p l o s i o n ,system asphyxia  ( n i t r o g e n  and carbon  monoxide 
gases )  , burns

L i q u e f a c t i o n  system P henols ,  ammonia, t a r s ,  t h i o c y a n a t e s , 
PAH's, carbon monoxide,  hydrogen s u l ­
f i d e ,  hyd rocarbons ,  f i r e s ,  e x p lo s io n s ,  
b u r n s ,  h igh  p r e s s u r e s ,  n o i s e ,  a sh ,  
s l a g ,  m in e ra l  r e s i d u e ,  spen t  c a t a l y s t

S e p a ra t i o n  system O i l s ,  phen o l s ,  hydrogen cyan id e ,  ammonia, 
hydrogen s u l f i d e ,  b u r n s ,  f i r e s

Upgrading and gas p u r i f i c a t i o n Light  hyd rocarbons ,  phen o ls ,  ammonia, 
hydrogen s u l f i d e ,  ca rbon  d io x id e ,  
ca rbon  monoxide, b u r n s ,  f i r e ,  e x p l o s io n ,  
high  p r e s s u r e s

S h i f t  convers ion* Tar ,  naph tha ,  hydrogen cya n id e ,  f i r e ,  
c a t a l y s t  d u s t ,  b u r n s ,  h o t  g a s e s  (ca rbon  
monoxide, hydrogen)

Methanation* Carbon monoxide,  methane,  n i c k e l  c a rb o n y l ,  
spen t  c a t a l y s t  d u s t ,  f i r e ,  burns

Waste t r e a tm e n t  f a c i l i t i e s Hydrogen cyan id e ,  p he n o l s ,  ammonia, 
p a r t i c u l a t e s ,  hydrocarbon  v ap o r s ,  s l u d g e s ,  
spent  c a t a l y s t ,  s u l f u r ,  t h i o c y a n a t e s

♦Indirect l i q u e f a c t i o n

O ccupa t iona l  S a f e ty  and H ea l th  A d m in i s t r a t io n  (OSHA) s t a n d a rd s  fo r  v a r io u s  
chemica ls  t h a t  have been i d e n t i f i e d  in  the  p rocess  s t reams o f  coa l  l i q u e f a c ­
t i o n  p i l o t  p l a n t s .

Although exposure  l i m i t s  have been e s t a b l i s h e d  fo r  i n d i v i d u a l  chem ica ls ,  
i n  most  c a s e s  t he  su bs ta n ce s  p r e s e n t  in  coa l  l i q u e f a c t i o n  p l a n t s  w i l l  be com­
p lex  m ix tu re s  o f  t h e s e  and o th e r  compounds. Many o f  t he  chemicals  l i s t e d  in
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Appendix V may be minor c o n s t i t u e n t s  in  such m ix tu r e s .  Other chemicals  may be 
p r e s e n t  t h a t  have no assessm ents  of  h e a l t h  e f f e c t s .  Some chemical
c o n s t i t u e n t s  of  coal  l i q u i d s  a re  p re s e n te d  in  Appendix VI, grouped acco rd ing  
to  chemical  s t r u c t u r e .

Compounds t h a t  could p r e s e n t  an a cu te  hazard  have been i d e n t i f i e d  i n  p i l o t  
p l a n t  p ro cess  and produc t  s treams [38].  These compounds inc lude  carbon
monoxide and hydrogen cyan ide ,  which a re  chemical  a s p h y x i a n t s ,  as wel l  as 
hydrogen s u l f i d e ,  which causes r e s p i r a t o r y  p a r a l y s i s  [ 5 8 ,6 5 ,6 6 ] .  Workplace 
c o n c e n t r a t i o n s  below NIOSH-recommended l i m i t s  o r  OSHA s t a n d a rd s  fo r  the se
compounds have been measured dur ing  normal p i l o t  p l a n t  o p e ra t io n s  [38].  P la n t  
m a l fu n c t io n s  or  c a t a s t r o p h i c  a c c i d e n t s  could r e l e a s e  l e t h a l  c o n c e n t r a t i o n s  of  
t he se  gases .

L iq u e f a c t i o n  p roduc ts  g e n e r a l l y  i nc lude  l i g h t  and heavy o i l s ,  g a s e s ,  t a r s ,  
and ch a r .  M a te r i a l s  t h a t  may be used in  the  p rocess  in  a d d i t i o n  to coa l  vary  
a cco rd ing  to  the  type of  equipment used .  These m a t e r i a l s  inc lude
h y d r o t r e a t i n g  c a t a l y s t s ,  Claus c a t a l y s t s ,  chemicals  fo r  wastewater  t r e a tm e n t ,  
h e a t  exchange o i l s ,  such as p h e n y le th e r -b ip h e n y l  m i x tu r e s ,  a l k a l i  ca rbona te s  
from carbon d iox ide  removal ,  and f i l t e r - a i d  m a t e r i a l s .  T e t r a l i n ,  an th racene  
o i l ,  o r  o th e r  chemical  m ix tu re s  may be used as r e c y c l e  and /o r  s t a r t u p  
s o l v e n t s .

Numerous compounds a re  formed dur ing  v a r io u s  s t a g e s  of  l i q u e f a c t i o n ,  
u pg rad ing ,  d i s t i l l a t i o n ,  and waste  t r e a tm e n t .  Liquid s t reams c o n s i s t  of  coa l  
s l u r r i e s  and o i l s ,  which may be d i s t i l l e d  i n t o  f r a c t i o n s  having d i f f e r e n t  
b o i l i n g  ranges .  The l i q u i d s  w ith  h ig h e r  b o i l i n g  p o in t s  a re  recyc led  in  some 
p ro c e s s e s .  S o l id s  a r e  p r e s e n t  i n  l i q u i d  and gas s t ream s ,  f i l t e r  r e s i d u e s ,  
s ludge  from vacuum d i s t i l l a t i o n  u n i t s ,  spent  c a t a l y s t s ,  m ine ra l  r e s i d u e  from 
c a r b o n i z e r s ,  and sludge from wastewater  t r e a tm e n t .  Gas st reams inc lude  
hydrogen,  n i t r o g e n  or i n e r t  gas ,  fue l  gas ,  p roduc t  gas ,  and s t a c k  gases .  
Occupa t iona l  exposure to  t he se  m a t e r i a l s  i s  p o s s ib l e  d u r ing  maintenance  and 
r e p a i r  o p e r a t i o n s ,  or  as the  r e s u l t  of  l e a k s ,  s p i l l s ,  or  f u g i t i v e  em iss ions .

Some of the  compounds t h a t  have been i d e n t i f i e d  in  coa l  l i q u e f a c t i o n  
p rocess  m a t e r i a l s ,  eg,  PAH's and a romatic  amines,  a re  known or suspec t  
c a rc in o g e n s .  Kubota e t  a l  [10] analyzed  PAH's in  coa l  l i q u e f a c t i o n - d e r i v e d  
p roduc ts  and i n t e r m e d ia t e s ,  i n c lu d in g  benzo(a)pyrene  (40 Ug/g of  l i q u i d )  and 
b en z (a )a n th ra c en e  (20 Vg/g of  l i q u i d ) .  I n d u s t r i a l  hygiene  surveys a t  t h r e e  
d i r e c t  l i q u e f a c t i o n  p i l o t  p l a n t s  [3 ,37 ,38 ]  confirmed the  pre sence  of  these  and 
o t h e r  PAH's in  the  workplace  environment .  Ketcham and Norton [37] measured 
benzo(a)pyrene  l e v e l s  a t  v a r io u s  l o c a t i o n s  in the  coa l  l i q u e f a c t i o n  p i l o t  
p l a n t  a t  I n s t i t u t e ,  West V i r g i n i a ,  f o r  d u r a t i o n s  v a ry ing  from approx im ate ly  10 
minutes t o  2 days .  Benzo(a)pyrene  c o n c e n t r a t i o n s  ranged from <0.01 to  
approx im ate ly  19 Ug/m . Measurements of  benzo(a)pyrene  taken  by personne l  
a t  the  F or t  Lewis,  Washington,  SRC p i l o t  p l a n t  [38] ranged from 0.04 to  1.2 
]Jg/m3 , and t o t a l  PAH's ranged from <0.04 to  26 yg/m3. C oncen t ra t ion  
ranges r e p o r t e d  fo r  both  of  t h e se  p l a n t s  a re  based on high volume a rea  
sampling r a t h e r  than p e r so na l  b r e a th in g  zone sampling.
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A more r e c e n t  i n d u s t r i a l  hygiene  survey [13] r e p o r t e d  p o t e n t i a l  worker 
i n h a l a t i o n  exposure l e v e l s  fo r  PAH's, a romatic  amines,  and o th e r  compounds as 
8 -hour  t im e-weighted  averages  (TWA's) in  two c oa l  l i q u e f a c t i o n  p i l o t  p l a n t s :  
the  SRC p l a n t  in  Fort  Lewis,  Washington,  and the  CSF p l a n t  a t  Cresap,  West 
V i r g i n i a .  Workers a t  t he  F o r t  Lewis p i l o t  p l a n t  were exposed t o  PAH 
c o n c e n t r a t i o n s  ( r e p o r t e d  as the  sum of 29 PAH's) rang ing  from 1 to  260 
yg/m3 , w i th  an average  of  68 yg/m3 * exposures  t o  PAH's in  the  CSF 
p l a n t  ranged from 0.02 to  0 .5  yg/m , with  an average  of  0 .2  yg/m3. 
The h ig h e r  exposure l e v e l s  a t  the  Fort  Lewis p i l o t  p l a n t  may be a r e s u l t  of  i t  
hav ing  p rocessed  more coa l  over a longer  pe r iod  of  t ime than  the  CSF p l a n t .  
This sugges t s  t h a t  a g r e a t e r  d e p o s i t i o n  of  p rocess  st ream m a t e r i a l  may have 
occur red  in  the  workplace through  l e a k s ,  s p i l l s ,  and maintenance  a c t i v i t i e s .  
V o l a t i l i z a t i o n  of  these  m a t e r i a l s  may have c o n t r i b u t e d  to  inc rea sed  worker 
exposure .

Seven aromatic  amines i n c lu d in g  a n i l i n e ,  o - t o l u i d i n e ,  and o- and 
p - a n i s i d i n e  were a l s o  measured in  the  survey [13 ] .  Exposure to  the se  aromatic  
amines was of the  same o rd e r  of  magnitude a t  both p i l o t  p l a n t s .  
C oncen t ra t ions  measured were l e s s  than 0 .1  ppm. The degree  of  r i s k  of  such 
exposures  cannot be dete rmined  because  t o x i c o l o g i c  d a ta  fo r  e v a lu a t i o n  of  
e f f e c t s  a t  low exposure l e v e l s  a re  u n a v a i l a b l e .

F luo rescence  i s  a p r o p e r ty  o f  benzo(a)pyrene  and numerous o th e r  aromatic  
chem ica ls .  F luorescence  has been used to  observe  d r o p l e t s  of  m a t e r i a l  on the 
s k in  of  workers under u l t r a v i o l e t  (UV) l i g h t  [ 1 , 3 7 ] .  This i n d i c a t e s  t h a t  sk in  
c o n t a c t  w ith  a i r b o rn e  coa l  l i q u e f a c t i o n  m a t e r i a l s  or  with  contaminated  
equipment s u r f a c e s  i s  a l s o  a p o t e n t i a l  ro u te  of  exposure .  There i s ,  however,  
concern  about the  r i s k  of  sk in  s e n s i t i z a t i o n  and promotion of  c a rc in og en ic  
e f f e c t s  from ex cess iv e  use of  UV l i g h t .  UV examinat ion  f o r  sk in  con tam ina t ion  
should only be conducted under medical  s u p e r v i s i o n  f o r  dem ons t ra t ion  purposes ,  
p r e f e r a b l y  by a hand-held  lamp.

Koralek  and P a t e l  [31] reviewed process  des igns  a t  14 p l a n t s  and p r e d i c t e d  
the  most l i k e l y  sources  of  p o t e n t i a l  p rocess  em iss ions .  According t o  t h e i r  
r e p o r t ,  coa l  dus t  may escape from v en t s  and exhaus ts  used f o r  coa l  s i z i n g ,  
d ry in g ,  p u l v e r i z i n g ,  and s l u r r y i n g  o p e r a t i o n s .  Hydrocarbon emissions from 
e v a p o r a t i o n  and gas l i b e r a t i o n  may occur in  the  l i q u e f a c t i o n ,  p h y s i c a l  
s e p a r a t i o n ,  h yd ro t r e a tm e n t ,  a c id  gas removal ,  p roduc t  s t o r a g e ,  was tewater  
t r e a t m e n t ,  and s o l i d -w a s te  t r e a tm e n t  o p e r a t i o n s .  Other p o t e n t i a l  a i r  
emiss ions  inc luded  carbon monoxide,  n i t r o g e n  ox id es ,  hydrogen s u l f i d e ,  s u l f u r  
d io x id e ,  ammonia, and ash p a r t i c u l a t e s .  P o t e n t i a l  s o l i d  waste  m a t e r i a l s  
inc luded  r e a c t i o n  was tes ( p a r t i c u l a t e  c o a l ,  ash ,  s l a g ,  and m inera l  r e s i d u e ) ,  
spen t  c a t a l y s t s ,  spent  a c id - g a s  removal  a b s o r b e n t s ,  w a te r  t r e a tm en t  s ludges ,  
spent  w a t e r - t r e a tm e n t  r e g e n e r a n t s ,  tank bottoms f o r  p roduct  s to r a g e  t an k s ,  and 
s u l f u r  from the  Claus u n i t .  Wastewater  could c o n t a i n  pheno l s ,  t a r s ,  ammonia, 
t h i o c y a n a t e s , s u l f i d e s ,  c h l o r i d e s ,  and o i l s .  Wastewater  sources  i d e n t i f i e d  
were quench w a te r ,  p roce ss  condensa te ,  coo l ing  w a te r ,  gas s c ru b b e r s ,  and water  
from washdown of s p i l l s  [31].  The p o t e n t i a l  f o r  worker exposure to  t o x ic  
m a t e r i a l s  i s  a l s o  s i g n i f i c a n t  f o r  a c t i v i t i e s  such as equipment r e p a i r s  
r e q u i r i n g  v e s s e l  e n t r y  or  l i n e  b reak ing ,  removal of waste  m a t e r i a l s ,  
c o l l e c t i o n  of  p rocess  samples,  and a n a l y s i s  of samples i n  a q u a l i t y  c o n t r o l  
l a b o r a to r y .
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Because some equipment and o p e ra t io n s  a re  s i m i l a r ,  the  n a tu r e  and 
c i r cum s tances  of  i n j u r i e s  exper ienced  in  pet ro leum r e f i n i n g  may approximate  
s a f e t y  hazards  t h a t  may e x i s t  in  coa l  l i q u e f a c t i o n  p l a n t s .  In 1977, the  
o cc u p a t io n a l  i n ju ry  and i l l n e s s  inc idence  r a t e ,  as r e p o r te d  to  OSHA, fo r  
pe t ro leum  r e f i n i n g  i n d u s t r i e s  was 6.71 f o r  the  t o t a l  number of  c ases  and 1.38 
fo r  f a t a l i t i e s  and l o s t  workday cases  [67],  For the  e n t i r e  pe t ro leum 
i n d u s t r y ,  which inc lud es  a re a s  such as e x p l o r a t i o n ,  d r i l l i n g ,  r e f i n i n g ,  
m arke t ing ,  r e s e a rc h  and development,  and eng inee r ing  s e r v i c e s ,  t h e s e  f i g u r e s  
were 4 .52  and 1 .56,  r e s p e c t i v e l y .  The 1976 f i g u r e s  f o r  a l l  p r i v a t e  s e c t o r  
i n d u s t r y  were 9.2  and 3 .5 ,  r e s p e c t i v e l y  [68].  Inc idence  r a t e s  were c a l c u l a t e d  
a s :

Number of  I n j u r i e s  and /o r
Inc idence  Rate = ________I l l n e s s e s  x 200,000_________

T o ta l  Hours Worked During the  Year
These r e s u l t s  i n d i c a t e  t h a t  the t o t a l  i n j u r y  and i l l n e s s  inc iden ce  r a t e  i s  

g r e a t e r  fo r  pet ro leum r e f i n i n g  than  f o r  the  e n t i r e  pet ro leum i n d u s t r y .  The 
f a t a l i t y  inc idence  r a t e  in  pe t ro leum  r e f i n i n g ,  however,  i s  l e s s  than  t h a t  of  
t he  pe t ro leum in d u s t r y  as a whole.  From May 1974 to  A p r i l  1978, 58 d ea th s  in  
the  pet ro leum r e f i n i n g  i n d u s t r y  were r e p o r te d  to  OSHA [69].  C o n t r i b u t in g  
env i ronm enta l  f a c t o r s  in  approx im ate ly  h a l f  o f  t he se  f a t a l i t i e s  were gas ,  
vapor ,  m i s t ,  fume, smoke, d u s t ,  or  flammable l i q u i d  exposure [69].  About 33% 
of t h e s e  dea ths  r e s u l t e d  from thermal  burns or  s c a ld in g  i n j u r i e s ,  and 16% from 
chemical  bu rns .  The primary source  of i n j u r y  was c o n t a c t  with  or  exposure to  
pe t ro leum p ro d u c t s ,  which accounted f o r  app rox im ate ly  28% of the  t o t a l  number 
of d e a th s .  F i r e  and smoke accounted fo r  approx im ate ly  17% of t o t a l  dea ths  
[69].

C a rc inogen ic ,  Mutagenic,  and Other E f f e c t s
(a )  Epidemiologic Evidence in  Coal L i q u e f a c t i o n  P l a n t s
Epidemiologic  d a ta  on coa l  l i q u e f a c t i o n  employees a re  s c a rc e ,  p r i m a r i l y  

because  of  the  e a r l y  s t a g e  of  development of  t h i s  t echno logy .  Data t h a t  a re  
a v a i l a b l e  come from medical  s u r v e i l l a n c e  programs conducted fo r  employees of  
p i l o t  p l a n t s .  These programs were i n s t i t u t e d  because of  t o x ic  e f f e c t s  known 
fo r  some chemicals  in  the  coa l  l i q u e f a c t i o n  p r o c e s s e s .

Between 1952 and 1959 a coa l  l i q u e f a c t i o n  hydrogena t ion  p i l o t  p l a n t  
ope ra ted  a t  I n s t i t u t e ,  West V i r g i n i a .  Many changes and r e p a i r s  of  equipment 
were n ece s sa ry  in  the e a r l y  phases  of  the  o p e r a t i o n .  According to  a r e p o r t  by 
Sexton [4] about  the  medical  s u r v e i l l a n c e  program, "These e a r l y  and 
i n t e r m i t t e n t  s t a r t - u p s  r e s u l t e d  in e x c e s s iv e  exposure  to  some employees, the 
e x t e n t  of which i s  not  known and much of which was not  recorded  in  the  medica l  
f i l e s . "  O pera t ing  p r e s s u r e s  in  t h i s  p l a n t  were much h ig h e r  (5000-10,000 p s i  
or  350-690 MPa) [70] than  expected fo r  o th e r  p ro c e s s e s  and may have i n c re a s e d  
p o t e n t i a l  fo r  r e l e a s e  of  a i r  con taminants and escape  of  some o i l ,  which would
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con tam ina te  equipment s u r f a c e s .  Ex tens ive  p r o t e c t i v e  measures were not  
implemented u n t i l  1955.

During the  p l a n t ' s  7 y ea rs  of  o p e r a t i o n ,  t he  359 male employees r e g u l a r l y  
a s s ign e d  to  the  coa l  l i q u e f a c t i o n  o p e r a t io n  were g iven annual  p h y s i c a l  exami­
n a t i o n s  and ,  a f t e r  1955, q u a r t e r l y  sk in  exam ina t ions .  The a u th o r  [4] r e p o r te d  
t h a t  t h i s  medica l  s u r v e i l l a n c e  re v ea le d  63 sk in  a b n o r m a l i t i e s  in  52 men ( l a t e r  
c o r r e c t e d  by Palmer to be 50 men [ 5 3 ] ) .  D iagnos t ic  c r i t e r i a  were not  s p e c i f i ­
c a l l y  d e f i n e d ;  n e v e r t h e l e s s ,  d iagnoses  o f  cu taneous  cancer were r e p o r t e d  fo r  
10 men and p recance rous  l e s i o n s  fo r  42 men. The expec ted  number of  c a s e s  was 
not  r e p o r t e d .  Dura t ion  o f  exposure to  coa l  t a r ,  p i t c h ,  h igh  b o i l i n g  aromatic  
p o l y c y c l i c  compounds, and o th e r  compounds fo r  the  359 men, i n c lu d in g  p r i o r  
e xp o su re s ,  ranged from s e v e r a l  months to  23 y ea r s .  All  cancerous and p recan ­
ce rous  l e s i o n s  were in  men with  l e s s  than  10 y ea r s  of  exposure ,  however.  One 
worker was found to  have two sk in  c a n c e r s ,  one o cc u r r in g  a f t e r  only  9 months 
and t h e  o t h e r  a f t e r  11 months of  exposure .

The a u th o r  [4] acknowledged some doubt t h a t  9 months o f  exposure to  the  
p ro ce s s  cou ld  have r e s u l t e d  in  a carcinoma of the  sk in ;  o th e r  r i s k  f a c t o r s  and 
sources  o f  exposure  must be analyzed b e f o r e  a c a u s a l  r e l a t i o n s h i p  can be 
sugges ted  f o r  t h i s  c a s e .  According to  the  a u th o r ,  t h e  a g e -a d ju s t e d  sk in  
cancer  i n c id e n ce  r a t e  fo r  t h i s  p op u la t io n  of  workers was 16 t imes g r e a t e r  than 
the  i n c id e n ce  r a t e  fo r  US w hi te  males as r e p o r te d  by Dorn and C u t l e r  [71] and 
22 t imes  g r e a t e r  than  the  "normal" inc idence  as r e p o r t e d  by Eckard t  [72 ] .  
Sexton [4] concluded t h a t  an inc rea sed  inc iden ce  of  sk in  cancer was found in  
workers exposed 9 months or  more to  coa l  hyd rogena t ion  chem ica ls .

I t  was s t a t e d  [4] t h a t  the se  workers were a l so  exposed to  UV r a d i a t i o n  to 
dem ons t ra te  t h a t  t h e i r  sk in  was not  always c lean  a f t e r  normal showering.  
Although sk in  cancer  has been rep o r te d  in workers exposed to  the  UV r a d i a t i o n  
o f  s u n l i g h t  [7 3 ] ,  i t  i s  q u e s t i o n a b l e  t h a t  a b r i e f  exposure to UV r a d i a t i o n  in  
t h i s  p i l o t  p l a n t  could have s u b s t a n t i a l l y  c o n t r i b u t e d  to  t he  excess  r i s k  
obse rved .  The excess  r i s k  may have been o v e re s t im a te d ,  however;  the  inc idence  
i n  a c a r e f u l l y  surveyed cohor t  was compared w i th  t h a t  in  the  gen e ra l  popula ­
t i o n  (where u n d e r r e p o r t i n g  o f  sk in  cancer  was b e l i e v e d  to  be common) [74].  
Taking t h i s  u n d e r re p o r t i n g  i n to  account would reduce  the  observed to expected 
in c id e n c e  r a t i o  but  not  e l i m i n a t e  t he  excess  r i s k .  Severa l  o th e r  f e a t u r e s  o f  
the  medica l  s u r v e i l l a n c e  study  a l s o  h indered  a c c u r a t e  q u a n t i f i c a t i o n  of  excess  
r i s k  [4 ] .  P r i o r  o c c u p a t io n a l  exposures o f  t h e se  workers were in a d e q u a te ly  
a s s e s s e d  i n  t h i s  paper and could have c o n t r i b u t e d  somewhat to  observed r i s k .  
In a d d i t i o n ,  s p e c i f i c  exposure d a t a  were not  a s c e r t a i n e d .  Because s p e c i f i c  
d i a g n o s t i c  c r i t e r i a  were no t  e s t a b l i s h e d ,  d iagnoses  c o n f l i c t e d  among the  
c o n s u l t i n g  p h y s i c i a n s  in  the  s tudy .  In s p i t e  o f  t h e s e  f l aw s ,  an excess  r i s k  
t o  sk in  cancer  i s  sugges ted ,  and b e t t e r  c o n t r o l  of t he  worker exposure to  the  
chem ica ls  i d e n t i f i e d  in  t he  coa l  l i q u e f a c t i o n  p rocess  i s  t h e r e f o r e  w ar ran ted .

A fo llowup m o r t a l i t y  s tudy  on the  52 employees with  sk in  l e s i o n s  was 
under taken  to  dete rmine  whether or  not  t h e s e  men were a t  an in c re a se d  r i s k  fo r
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systemic  cancer  m o r t a l i t y  [53] . A rev iew o f  the  r e c o rd s  r e v ea le d  p rev ious  
double  coun t ing ;  the number of  a f f e c t e d  employees w ith  cancerous  sk in  l e s i o n s  
was 10 and with  p recancerous  s k in  l e s i o n s  was 40.  All  bu t  1 o f  the  50 cases  
were fol lowed up,  and,  a f t e r  an 18- to  20-year l a t e n c y  p e r i o d ,  5 d ea th s  had 
o cc u r re d .  The f i v e  d ea th s  were r e p o r t e d  as c a r d i a c - r e l a t e d ,  two with  
pulmonary involvement .  No a u t o p s i e s  were performed on them. The expected 
number o f  d e a th s  in t h i s  p o p u la t io n  was not  r e p o r t e d .  The a u th o r  [53] s t a t e d  
t h a t  the  r e s u l t s  did not  i n d i c a t e  an inc rea sed  r i s k  fo r  systemic  cancer  
m o r t a l i t y  fo r  the  group.  Since most o c c u p a t i o n a l l y  a s s o c i a t e d  cance r s  occur 
20 o r  more y ea rs  a f t e r  i n i t i a l  exposure [73 ] ,  t h e  fol lowup per iod  in  t h i s  
s tudy  would not  be expected  to  r e v e a l  an in c re a se d  r i s k  to sys tem ic  cancer  
m o r t a l i t y  i n  t h i s  small  and s e l e c t  co h o r t  ( t h e  workers who developed sk in  
l e s i o n s ) .  A b e t t e r  r i s k  e s t i m a t e  would have been d e r iv ed  i f  (1) t he  d i s p o s i ­
t i o n  of  a l l  the  359 men who had worked in  the  p i l o t  p l a n t  was a s c e r t a i n e d  and 
(2) i f  the  fol lowup per iod  had been longer  than  20 y e a r s .  The f a c t  t h a t  a l l  
f i v e  d e a th s  were c a r d i a c - r e l a t e d  may dese rve  s p e c i a l  a t t e n t i o n .  I t  may be an 
e a r l y  i n d i c a t i o n  o f  adverse  h e a r t  changes s i m i l a r  to  t he  d ec reased  f u n c t i o n a l  
c a p a b i l i t i e s  o f  the  c a r d i o v a s c u l a r  and r e s p i r a t o r y  systems observed among 
carbon b la c k  workers [56] .

F indings  from the  medica l  s u r v e i l l a n c e  program a t  the  SRC p l a n t  in  F o r t  
Lewis,  Washington,  were r e p o r t e d  by Moxley and Schmalzer [75].  No d i s c e r n i b l e  
changes were rev ea led  by comparing the  exposed employees '  medical  r e co rds  
p r i o r  to  and fo l lowing  the  i n i t i a t i o n  o f  coa l  l i q u e f a c t i o n  p ro d u c t io n .  The 
o n ly  known o c c u p a t io n a l  h e a l t h  problems encoun tered  a t  t he  SRC p i l o t  p l a n t  
were eye i r r i t a t i o n  and mild t r a n s i e n t  d e r m a t i t i d e s  from sk in  c o n t a c t  with  
c o a l - d e r i v e d  m a t e r i a l s ;  eye i r r i t a t i o n  was the  most common medical  problem. 
N e i the r  t he  number o f  exposed workers nor t he  l en g th  o f  t ime the  medical  
s u r v e i l l a n c e  program was o p e r a t i v e  was s t a t e d .  However, t h e  p i l o t  p l a n t  had 
been o p e r a t i n g  fo r  on ly  5 y ea rs  a t  the  t ime o f  the  r e p o r t .  In t h i s  s h o r t  t ime 
the  s u r v e i l l a n c e  program could not  p o s s ib ly  have d e t e c t e d  chron ic  e f f e c t s  
having  long l a t e n c y  p e r i o d s .

The medical  s u r v e i l l a n c e  program f o r  approx im ate ly  150 f u l l - t i m e  workers 
a t  ano the r  p i l o t  p l a n t  r e v e a le d  25-30 cases  o f  c o n t a c t  d e r m a t i t i s  per  year and 
150-200 c a ses  o f  thermal  burns per yea r  [1 ] .

P receding  r e p o r t s  d em ons t ra te  t h a t  the  a v a i l a b l e  e p id em io lo g ica l  d a t a  on 
exposed coa l  l i q u e f a c t i o n  workers  c o n c e n t r a t e  on the  acu te  haza rds  o f  exposure  
( d e r m a t i t i s ,  eye  i r r i t a t i o n ,  and t h e r m a l  b u r n s ) .  P r e l i m i n a r y  e v i d e n c e  
s u g g e s t s  the  p resence  of  a p o t e n t i a l  c a rc in og e n ic  h a z a r d ,  as  i l l u s t r a t e d  by an 
appa ren t  excess  inc iden ce  o f  s k in  cance r  [4 ] .  However, no co n c lu s iv e  s t a t e ­
ment on the  f u l l  p o t e n t i a l  of  cance r  or  o th e r  d i s e a s e s  of  long l a t e n c y  from 
o c c u p a t io n a l  exposure to  t he  coa l  l i q u e f a c t i o n  p roce ss  can be made on the  
b a s i s  of  c u r r e n t  ep idem io log ic  d a t a .  N e v e r th e l e s s ,  t he  known c a rc in o g e n ic  and 
noncarc inogen ic  p r o p e r t i e s  o f  t he  many chemica ls  in  t he  l i q u e f a c t i o n  p roce ss  
mandate every  p o s s i b l e  p r e c a u t i o n a ry  measure be taken  to p r o t e c t  workers .
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Although t h i s  assessment  i s  p r i m a r i l y  concerned with the  d i r e c t  coa l  
l i q u e f a c t i o n  p r o c e s s ,  the  p o s s i b i l i t y  of  o b t a in in g  epidemio logic  da ta  from 
p l a n t s  u t i l i z i n g  the  i n d i r e c t  p rocess  should not  be overlooked.  The medica l  
f a c i l i t i e s  of  SASOL I commonly see cases  of  burns (s team, t a r ,  and therm al)  
and eye i r r i t a t i o n s  [1 8 ,2 1 ] .  No ep idemio log ic  study  has been p ub l i sh e d ,  
however,  on the  SASOL f a c i l i t y .

(b)  Other Rela ted  I n d u s t r i e s
PAH's in  coa l  l i q u e f a c t i o n  p roduc ts  have a l s o  been i d e n t i f i e d  in  coke oven 

em iss ions ,  coa l  t a r  p ro d u c t s ,  carbon b la c k ,  a s p h a l t  fumes, and coa l  
g a s i f i c a t i o n  t a r s .  NIOSH has  p r e v io u s ly  reviewed the  h e a l t h  e f f e c t s  d a ta  fo r  
a v a r i e t y  of  the se  m a t e r i a l s  in d i f f e r e n t  i n d u s t r i a l  environments 
[ 1 6 -1 8 ,5 6 ,7 6 ] .

In the  coa l  t a r  p roduc ts  c r i t e r i a  document [17] ,  NIOSH concluded t h a t  coa l  
t a r ,  coa l  t a r  p i t c h ,  and c r e o s o t e  could i n c re a s e  the  r i s k  of  lung and sk in  
ca nc e r  in  exposed workers .  This conc lu s ion  was based on c o n s id e r ab le  
ev idence ,  i nc lud ing  the  i d e n t i f i c a t i o n  of  produc t  components t h a t  by 
themselves  a re  c a rc in og e n ic  (b e n z o (a )p y r e n e , b e n z ( a ) a n th r a c e n e ,  chrysene ,  and 
p h e n a n th r e n e ) , the  r e s u l t s  of  animal exper im ents ,  and the  inc idence  of cancer  
i n  the  worker p o p u la t io n s  s t u d i e d .

In the  carbon b lack  c r i t e r i a  document [56 ] ,  NIOSH concluded t h a t  carbon
b lack  may cause adverse  pulmonary and h e a r t  changes.  I n v e s t i g a t i o n s  of  the 
a d s o r p t i o n  of  PAH's on carbon  b l a c k ,  r e t e n t i o n  of  t h e s e  m a t e r i a l s  in  the  lung,  
and the  e l u t i o n  of  PAH's from carbon b lack  by human blood plasma were 
rev iewed .  The r e p o r t s  sugges t  a p o t e n t i a l  r i s k  of  cancer  from PAH's adsorbed 
on carbon b la c k ,  which workers should be p r o t e c t e d  from. Other h e a l t h  e f f e c t s  
a s s o c i a t e d  w ith  carbon b la c k  exposure were lung d i s e a s e s  (pneumoconiosis and 
pulmonary f i b r o s i s ) ,  de rm a toses ,  and myocard ia l  dys t rophy .  Although carbon 
b la c k  workers a re  exposed p r i m a r i l y  to  d u s t s  and coa l  l i q u e f a c t i o n  workers to 
p rocess  l i q u i d s  and v apo rs ,  s i m i l a r i t i e s  in  subs tances  such as PAH's could 
r e s u l t  in  the  same adve rse  h e a l t h  e f f e c t s ,  i n c lu d in g  cance r .

In  the  c r i t e r i a  document on a s p h a l t  fumes [76],  NIOSH concluded t h a t  
a v a i l a b l e  evidence  d id  not  c l e a r l y  demonst ra te  t h a t  a d i r e c t  c a rc in og en ic  
hazard  i s  a s s o c i a t e d  wi th  a s p h a l t  fumes. Three s t u d i e s  were c i t e d  t h a t
q u a n t i f i e d  PAH's in  a s p h a l t s  and coa l  t a r  p i t c h e s .  Benzo(a)pyrene and 
ben z (a )a n th ra c en e  c o n c e n t r a t io n s  in e ig h t  a s p h a l t s  ranged from "not  d e t e c t e d "  
to  35 ppm; benzo(a)pyrene  and benz(a )an th racer te  c o n c e n t r a t i o n s  in  two coa l
t a r  p i t c h e s  were in  the  range  of  0.84-1.25% by weight .  NIOSH i s  concerned 
t h a t  f u t u r e  i n v e s t i g a t i o n s  may sugges t  a g r e a t e r  occ u pa t io n a l  hazard  from
a s p h a l t  fumes than  i s  c u r r e n t l y  documented [76].
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(c )  Animal S tud ie s
During the  1 95 0 's ,  Hueper [ 5 ,6 ,8 ]  t e s t e d  the  c a rc in og e n ic  p o t e n t i a l  o f  

o i l s  produced in  the  expe r im en ta l  and l a r g e - s c a l e  p roduc t ion  p l a n t s  us ing  the  
Berg ius and F isch e r -T ro p sch  p ro c e s s e s .  Tes t s  were performed on mice ,  r a b b i t s ,  
and r a t s  by cu taneous  and i n t r a m u s c u la r  ( im) a d m i n i s t r a t i o n .

( l )  Cutaneous A d m in i s t r a t io n
Hueper [8] examined the  c a rc in o g e n ic  e f f e c t s  o f  v a r i o u s  f r a c t i o n s  of  

Berg ius o i l  o r  F i s ch e r -T ro p sch  o i l  when a p p l i e d  to the  s k in  o f  mice.  Three 
Berg ius o i l s  (heavy ,  l i g h t ,  and c e n t r i f u g e  r e s i d u e )  o b ta in e d  from the  e x p e r i ­
menta l  o p e r a t i o n  a t  Bruceton,  P ennsy lvan ia ,  were t e s t e d  in  two d i f f e r e n t  
s t r a i n s  of  mice .  Three groups of  100 s t r a i n  A mice were exposed to a 50% 
s o l u t i o n  o f  each o i l  f r a c t i o n  once a week fo r  15 months.  Two groups o f  25 
s t r a i n  C57 b la c k  mice were exposed to  the  heavy o i l  o r  the  c e n t r i f u g e  r e s id u e  
in  c o n c e n t r a t i o n s  of  100, 25,  and 10% once a week for  14 months.  Ethyl  e t h e r  
was used as a d i l u e n t  in  a l l  c a s e s ,  bu t  only  the  s tudy  inv o lv in g  C57 b la c k  
mice had a c o n t r o l  group.

Post-mortem exam inat ions  were performed on a l l  mice t h a t  d ied  o r  were 
k i l l e d ,  w i th  the  exc e p t ion  o f  those  t h a t  were c a n n ib a l i z e d .  H is to p a th o lo g i c  
exam ina t ions  of  the  s k in ,  t h e  th igh  t i s s u e s ,  and the  organs o f  the  c h e s t  and 
abdomen were made [8 ] .

Skin pap i l lom as  and carcinomas were observed in  bo th  s t r a i n s  o f  mice w i th
a l l  f r a c t i o n s  o f  o i l .  In s t r a i n  A mice ,  t h r e e  adenomas o ccu r red  (one animal
from each t r e a tm e n t  g ro u p ) ,  and four mice had leukemia.  The a u t h o r ' s  o bse rva ­
t i o n s ,  as  shown in  Table I I I - 2 ,  i n d i c a t e  t h a t  the  c a rc in o g e n i c  potency  o f  t he  
c e n t r i f u g e  r e s id u e  e x t r a c t  and the  heavy o i l  f r a c t i o n  was g r e a t e r  than  t h a t  o f  
the  l i g h t  o i l .  The number o f  l e s i o n s  observed in  t h i s  s tudy  d ec reased  with
the  p r o g r e s s iv e  d i l u t i o n  of  the  o i l s  [8 ] .

In the  same s tudy ,  Hueper [8] t e s t e d  l i g h t  and heavy o i l s  and r e a c t i o n  
w a t e r ,  i e ,  t h e  " l i q u o r "  c o n t a in in g  the  w a t e r - s o l u b l e  p ro d u c t s ,  of  F i s c h e r -  
Tropsch o i l s  in  each of  t h r e e  s t r a i n s  of  mice:  s t r a i n s  A, C, and C57 b l a c k .
Each e xpe r im en ta l  group c o n s i s t e d  o f  125 mice.  F r a c t i o n s  were a p p l ie d  w ith  a 
m i c r o p i p e t t e  to the sk in  of  t he  mice once a week fo r  a maximum of 18 months.  
The heavy o i l  was d i l u t e d  w i th  e th y l  e t h e r  a t  a r a t i o  o f  1:2 by w e igh t ;  the  
l i g h t  o i l  was u n d i lu t e d ;  t he  r e a c t i o n  water  was d i l u t e d  w i th  w ate r  a t  a r a t i o  
of  1:4 to reduce  i t s  t o x i c i t y .  No d i l u e n t  o r  u n t r e a t e d  c o n t r o l s  were used ,  
and the  source  o f  the  d i l u e n t  water  was no t  mentioned .

Repeated a p p l i c a t i o n s  o f  F ische r -T ropsch  heavy o i l ,  l i g h t  o i l ,  and r e a c ­
t i o n  water  to mice r e s u l t e d  in  n e o p l a s t i c  r e a c t i o n s .  Five l e s i o n s  o ccu r red  in  
male s t r a i n  C mice t r e a t e d  w i th  l i g h t  o i l :  one i n t e s t i n a l  c a n c e r ,  one b r e a s t
c a n c e r ,  two lung adenomas, and one inc ide n ce  of  l eukemia .  The only  l e s i o n  
t h a t  o ccu r red  in  female s t r a i n  C mice t r e a t e d  with  heavy o i l  was one b r e a s t
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TABLE III-2

INCIDENCE OF SKIN CARCINOMA IN MICE AFTER 
REPEATED CUTANEOUS APPLICATION OF 

BERGIUS OILS

Inc idence in Mice Examined (%)

C o n c e n t r a t io n S t r a i n
C en t r i fu ge

E x t r a c t
Heavy L igh t  

Oil  Oil

50% A 4 o f  78 (5) 4 o f  64 (6)  1 of  82 (1)
100% C57 5 o f  22 (23) 6 o f  17 (35)

25% C57 2 o f  12 (17) 3 o f  22 (14)
10% C57 3 of 21 (14) -

Adapted from r e f e r e n c e  8

c a n c e r .  In  s t r a i n  A mice four l e s i o n s  were observed fo l lowing  t r e a tm e n t  in  
r e a c t i o n  w a t e r ;  t h r e e  were lung adenomas and one was a b r e a s t  cance r  [8 ] ,  In 
s t r a i n  A mice  t r e a t e d  w i th  heavy o i l ,  f i v e  males had l e s i o n s ;  four were 
hepatomas,  and the  f i f t h  a b r e a s t  c a n c e r .  One male s t r a i n  C57 mouse had a 
s k in  pap i l lom a fo l lowing  t r e a tm e n t  w i th  r e a c t i o n  w a te r .

The a u th o r  [8] d ism issed  the  neoplasms o f  t he  b r e a s t s ,  l u n g s ,  and hema­
t o p o i e t i c  t i s s u e s  as spontaneous  tumors,  a l t hough  no c o n t r o l  animal d a t a  were 
p r e s e n t e d .  In a d d i t i o n ,  he d i sm is sed  the  s i n g l e  sk in  pap i l loma  and the  i n t e s ­
t i n a l  adenocarcinoma because  they  were the  only  ones t h a t  o cc u r re d .  However, 
t he  a u th o r  a t t r i b u t e d  the  hepatomas to  the  a p p l i c a t i o n  o f  heavy o i l  because  
most of  t he  l i v e r s  observed had e x t e n s iv e  n e c r o t i c  changes.  C i r r h o t i c  l e s i o n s  
a s s o c i a t e d  w i th  l o c a l  b i l e  duc t  p r o l i f e r a t i o n s  were a l s o  seen in  one c a s e .  
Because no d i l u e n t  o r  u n t r e a t e d  c o n t r o l  groups were used and the  same number, 
s t r a i n ,  and sex o f  mice were no t  t e s t e d  with  each f r a c t i o n ,  t he  v a l i d i t y  o f  
t h i s  s tudy  i s  r educed .

Hueper [6] c a r r i e d  out  a fol lowup s tudy  on p roduct  samples ob ta ined  from 
the  US Bureau o f  Mines (BOM) S yn th e t i c  Fuels  Demonstra t ion  P la n t  in L o u i s i a n a ,  
M is s o u r i ,  which used the  F ische r -T ropsch  p ro ce s s .  He app l ied  f i v e  f r a c t i o n s  
o f  t h e s e  o i l s ,  each wi th  a d i f f e r e n t  b o i l i n g  p o i n t ,  by d ropper  to the  nape o f  
t he  neck o f  25 male and 25 female 6-week-old  s t r a i n  C57 b lack  mice twice  a 
week f o r  l i f e .  The use o f  c o n t r o l  animals  o r  a d i l u e n t  c o n t r o l  group was not
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mentioned .  The f i v e  f r a c t i o n s  used were (1) t h i n  s y n t h e s i s  condensa te ,  
co r re sponding  to a one- to  f o u r - p a r t  m ix tu re  of  d i e s e l  o i l  w i th  g a s o l i n e ,
(2) c rack ing  s t o c k ,  (3) d i e s e l  o i l ,  (4) raw g a s o l i n e ,  and (5) used c o o l a n t  o i l  
d i l u t e d  w i th  x y l e n e .  The only  s k in  l e s i o n s  observed were one small  pap i l loma 
in  each o f  two mice pa in te d  with  F r a c t i o n  4. At nec ropsy ,  one mouse (sex  
u n s p e c i f i e d )  had a l i v e r  sarcoma. The s p e c i f i c  t imes  when the se  l e s i o n s  
appeared and when the  animals  d ied  were not  mentioned .  According to  the  
au th o r  [ 6 ] ,  t h e  e f f e c t s  r e v ea le d  a t  nec ropsy  o f  mice t h a t  d ied  in  the  l a t t e r  
p a r t  o f  the  s tudy  were not  uncommon in  u n t r e a t e d  mice o f  the  same s t r a i n .  
These e f f e c t s  inc luded  n e p h r i t i s  and amyloid ( s t a r c h l i k e )  l e s i o n s  of  the  
s p l e e n ,  l i v e r ,  k id n ey s ,  and ad ren a l  g la n d s .

C e r t a i n  f a c t o r s  t h a t  would a f f e c t  the  a u t h o r ' s  c o n c lu s io n s  were not  
a dd re s sed .  These inc lud e  the  use o f  both  u n t r e a t e d  and d i l u e n t - t r e a t e d  con­
t r o l  an im a ls ,  t h e  main tenance  of  the  f r a c t i o n  a t  the s i t e  of  a p p l i c a t i o n ,  t he
p r e v e n t i o n  o f  a b s o r p t i o n  due to  animals l i c k i n g  the  s i t e ,  and the  amount o f
h a i r  remaining a t  the  s i t e  fo l lowing  s c i s s o r i n g  r a t h e r  than shaving or 
c l i p p i n g ,  which would i n t e r f e r e  w ith  a b s o r p t io n  o f  t he  m a t e r i a l .  In a d d i t i o n ,  
no c r i t e r i a  fo r  the n e c r o p s i e s  o r  m ic roscop ic  e v a l u a t i o n s  were p r e s e n t e d ,  nor  
was i t  mentioned whether t he  xylene  used as a d i l u e n t  was assayed  fo r  benzene 
c o n t a m in a t i o n .

In the  same r e p o r t  [ 6 ] ,  Hueper d i s c u s s e d  the  e f f e c t s  o f  app ly ing  the se  
same f i v e  f r a c t i o n s  o f  F isch e r -T ro p sch  o i l s  twice  a week to the  sk in  o f  f iv e  
3 -month-o ld  Dutch r a b b i t s .  N e i the r  the  sex of  the  r a b b i t s  nor the c o n c e n t r a ­
t i o n s  o f  t he  f r a c t i o n s  were r e p o r t e d .  The s k in  s i t e s  inc luded  the  d o r s a l  s u r ­
f a c e s  o f  t he  e a r s  and t h r e e  a r e a s  on the  back.  A p p l i c a t i o n s  were con t inued  
fo r  up to  25 months and fol lowed a r o t a t i o n  scheme t h a t  allowed each f r a c t i o n  
to  be t e s t e d  on a l l  a r e a s .  Severa l  f r a c t i o n s ,  however,  were a pp l ie d  to  the  
same r a b b i t  a t  d i f f e r e n t  s i t e s .  As w ith  the  m ice ,  the  h a i r  a t  each s i t e  was 
f i r s t  cu t  w i th  s c i s s o r s .  None o f  the  r a b b i t s  developed any n e o p l a s t i c  
l e s i o n s .

I n t e r p r e t a t i o n  of  t h i s  l a c k  o f  n e o p l a s t i c  l e s i o n s  i s  h indered  by t h r e e
c o n s i d e r a t i o n s :  (1)  t he  number o f  animals  used was s m a l l ,  (2) the  adherence
o f  the  f r a c t i o n s  to  t he  s i t e  o f  a p p l i c a t i o n  was no t  v e r i f i e d ,  and (3 )  the  
amount o f  the  f r a c t i o n  absorbed was i n d e t e r m in a te .  No evidence  o f  cutaneous  
a b s o r p t i o n  was g iv e n .  P a i n t i n g  the  same r a b b i t  w i th  d i f f e r e n t  f r a c t i o n s  
i n v a l i d a t e s  t h e  r e s u l t s  because  i f  tumors were found away from the  s i t e  o f  
a p p l i c a t i o n  t h e r e  would be no way to  i d e n t i f y  vrtiich f r a c t i o n  was r e s p o n s i b l e .  
In a d d i t i o n ,  no c o n t r o l  groups were used ,  and nec ropsy  and m ic roscop ic  
exam ina t ion  c r i t e r i a  were l a c k in g .

In one of  two s t u d i e s  w ith  Berg iu s  o i l ,  Hueper [5] t e s t e d  n ine  d i f f e r e n t  
f r a c t i o n s  o f  Berg ius coa l  h yd rogena t ion  p ro duc ts  ob ta ined  in  a l a r g e - s c a l e  
p r o d u c t io n  p roce ss  o pe ra ted  by the  US BOM a t  i t s  S y n th e t i c  Fue ls  Demonst ra t ion  
P la n t  a t  L o u i s i a n a ,  M is sou r i .  These f r a c t i o n s  ranged from p i t c h  to f i n i s h e d  
g a s o l i n e  and had d i f f e r e n t  b o i l i n g  p o i n t s  and physiochemica l  p r o p e r t i e s .  Each
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f r a c t i o n  was a p p l i e d  by d ro pp e r  twice  a week to  the  nape of  t he  neck of 
25 male and 25 female 6-week-o ld s t r a i n  C57 b la c k  mice.  A p p l i c a t i o n s  con­
t in u ed  th roughout  l i f e ,  excep t  t h a t  s u p p l i e s  o f  F r a c t i o n  9 ran  out  a f t e r  about  
6 months. Post-mortem examinat ions  were performed on a l l  animals used.  
H i s t o lo g i c  exam ina t ions  o f  the  v a r io u s  t i s s u e s  and organs  were made whenever 
any s i g n i f i c a n t  p a th o lo g i c  changes were found a t  nec ropsy .

Pap i l lom as  were found a t  the primary  c o n t a c t  s i t e  in mice t r e a t e d  with  
F r a c t i o n s  1, 2, and 3. Ten squamatous carc inomas o ccu r red  w ith  a l l  f r a c t i o n s  
excep t  F r a c t i o n s  1, 2, and 8. In a d d i t i o n  to t h e s e ,  leukemic or  lymphomatous
c o n d i t i o n s  were noted in  one mouse t r e a t e d  with  F r a c t i o n  1, in  two mice
t r e a t e d  w i th  F r a c t i o n  3, and t h r e e  mice t r e a t e d  w i th  F r a c t i o n  7. The au thor
[5] was unsure  about t he  r e l a t i o n  o f  t h e s e  r e a c t i o n s  to the  c u ta n e o u s ly
a p p l ie d  o i l s .  However, he a t t r i b u t e d  the  f a c t  t h a t  none of  t he  mice surv ived  
more than  16 months to the  h igh  t o x i c i t y  o f  the  Berg ius  p ro d u c t s .  He a l s o  
concluded t h a t  w i th  the  e x c e p t io n  of  f i n i s h e d  g a s o l i n e ,  Berg ius p roduc ts  
posses s  c a r c in o g e n i c  p r o p e r t i e s  fo r  mice.

Hueper [5] a l s o  r e p o r t e d  on the  a p p l i c a t i o n  of  t he  same n ine  Berg ius f r a c ­
t i o n s  to  t he  s k in  o f  t e n  3-month-old Dutch r a b b i t s  twice  a week fo r  22 months.  
However, four or  f i v e  o f  t he  f r a c t i o n s  were a pp l ied  to  each r a b b i t  a t  d i f f e r ­
en t  s i t e s ,  i e ,  t h e  d o r s a l  s u r f a c e s  o f  e a r s  and back ,  so t h a t  an a d d i t i o n a l  
10 r a b b i t s  were used f o r  the  s tudy .  The sk in  p r e p a r a t i o n  and mode o f  a p p l i c a ­
t i o n  were the  same as fo r  t he  mice.  A p p l i c a t i o n s  con t inued  fo r  up to
22 months,  excep t  t h a t  F r a c t i o n  9 was d i s c o n t i n u e d  a f t e r  6 months because  
s u p p l i e s  r a n  o u t .  Hueper [5] performed n e c r o p s i e s  on a l l  o f  the  r a b b i t s  and 
h i s t o l o g i c  exam inat ions  on 19. He found 10 carc inomas and 18 pap i l lom as  a t  
the  p r imary  c o n t a c t  s i t e .  In a d d i t i o n ,  he observed  e x t e n s iv e  mononuclear  
leukemic i n f i l t r a t i o n s  i n  the  l i v e r ,  abdominal lymph nodes,  and panc reas  in  
one r a b b i t  t r e a t e d  w ith  F ra c t i o n s  5 to  9.

Table I I I - 3  shows the  d i s t r i b u t i o n  by the  d i f f e r e n t  o i l  f r a c t i o n s  of  
ben ign  and m a l ig nan t  tumors a t  the  s i t e  o f  primary  c o n t a c t  in  mice and 
r a b b i t s .  The au th o r  [5] sugges ted  t h a t  the  g r e a t e r  number of  sk in  tumors in  
r a b b i t s  may have been caused by a g r e a t e r  s u s c e p t i b i l i t y  in  r a b b i t s  than  in 
mice .  He did not  r e p o r t  the  use of  u n t r e a t e d  o r  d i l u e n t  c o n t r o l  mice or  
r a b b i t s ,  t h e  doses  a p p l i e d  to  the  s k i n ,  the  s t e p s  taken  to ensure  t h a t  the  
su bs tan ce  remained on the  s k in ,  o r  o b s e r v a t i o n s  of  any tumors a t  the  a p p l i ­
c a t i o n  s i t e s .

In a s e r i e s  o f  t h r e e  s e p a r a t e  expe r im en ts ,  Holland e t  a l  [9] t e s t e d  the  
c a r c i n o g e n i c i t y  o f  s y n t h e t i c  and n a t u r a l  pe t ro leums when a p p l i e d  to  t he  s k in .  
In t he se  s t u d i e s  SPF male and C3H/fBd female mice were exposed to  t e s t  mate ­
r i a l s  a t  v a r i o u s  c o n c e n t r a t i o n s .  The number o f  animals v a r i e d  from 20 to  50 
per  dose group .  The e f f e c t s  o f  coa l  l i q u i d  A, produced by the  Syn tho i l  
c a t a l y t i c  hyd ro gen a t io n  p r o c e s s ,  and c oa l  l i q u i d  B, produced by the  p y r o l y t i c  
COED p ro c e s s  using Western Kentucky c o a l ,  were compared w i th  the c a r c in o g e n i ­
c i t y  o f  a pure r e f e r e n c e  c a r c in o g e n ,  b e n z o ( a ) p y r e n e , t e s t e d  in  in  v i t r o  t i s s u e
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TABLE III-3

INCIDENCE OF CARCINOMAS AND PAPILLOMAS IN MICE AND 
RABBITS TREATED WITH BERGIUS OIL FRACTIONS

F r a c t i o n Product Carcinomas P ap i l lom as
No. Mice Rabbits Mice Rabb i ts

1 C e n t r i f u g e  r e s i d u e 0 2 3 4
2 Heavy o i l  le t -down 0 3 1 5
3 L igh t  o i l  bottoms 1 2 1 2
4 Middle o i l 2 3 1 2
5 Cold c a t c h p o t  l i q u i d 1 0 0 3
6 Cold c a tc h p o t  vapor 1 0 0 0
7 Raw g a s o l i n e 1 0 0 2
8 F in i s he d  g a s o l i n e 0 0 0 0
9 P i t c h  f l a s h  d i s t i l l a t i o n  

r e s i d u e
4 0 0 0

Adapted from r e f e r e n c e  5

c u l t u r e  s t u d i e s .  In the  same s e r i e s  of  s t u d i e s ,  t h r e e  o th e r  f o s s i l  l i q u i d s  
were a l s o  t e s t e d :  crude sh a le  o i l ,  s i n g l e - s o u r c e  n a t u r a l  p e t ro leum ,  and a
b lend  of s ix  n a t u r a l  pe t ro l eu m s .  All  f r a c t i o n s  were analyzed  f o r  PAH c o n t e n t  
by a c id -b a s e  s o lv e n t  p a r t i t i o n .  Three regimens were fo l low ed ,  and in  each ,  
the  animals were g iven  p a s tu r i z e d  feed and h y p e r c h l o r i n a t e d - a c i d i f i e d  w a t e r .  
The t e s t  m a t e r i a l s  were d i s s o l v e d  by s o n i c a t i o n  or  d i s p e r s e d  in  a s o lv e n t  of
30% ace tone  and 70% cyc lohexane ,  by volume [9] . F i f t y  m i c r o l i t e r s  o f  each
t e s t  m a t e r i a l  were a p p l i e d  to  t he  d o r s a l  s k in  o f  t he  mice .

In the  f i r s t  of  t he  t h r e e  t r e a tm e n t  reg im ens ,  four  groups o f  15 male and 
15 female mice were t r e a t e d  w ith  25 mg o f  four  of  f i v e  t e s t  m a t e r i a l s ,  which 
were app l ied  t h r e e  t imes  a week fo r  22 weeks [9 ] .  (S in g l e - s o u r c e  pet ro leum 
was not  t e s t e d . )  A 22-week o b s e r v a t io n  per iod  fo l lowed .  With coa l  l i q u i d  A
t r e a t m e n t ,  20 animals had d ied  by the  end of the  s tu d y ,  and the  f i n a l  p e r c e n t ­
age o f  carc inomas (squamous epidermal  tumors) was 63%; fo r  coa l  l i q u i d  B,
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t h e s e  f i g u r e s  were 3 and 37%, r e s p e c t i v e l y ;  and fo r  sh a le  o i l ,  37 and 47%. No 
carc inomas  o r  dea ths  occurred  in  the  animals t r e a t e d  w i th  blended pe t ro leum.  
The average  l a t e n c y  per iod  in  animals  t r e a t e d  with  coa l  l i q u i d  A was 149 days 
( s t a n d a r d  e r r o r :  8 ) ;  i n  animals t r e a t e d  w ith  coa l  l i q u i d  B, 191 days (14 ) ;
and in  animals t r e a t e d  with  crude  sh a le  o i l ,  154 days (9 ) .

In the  second regimen,  groups of  20 mice (10 male and 10 female)  each 
were t e s t e d  w i th  one o f  four m a t e r i a l s :  coa l  l i q u i d  A, coa l  l i q u i d  B, sh a le
o i l ,  and s i n g l e - s o u r c e  pe t ro leum ,  a t  one of  four dose l e v e l s :  25, 12, 6, and
3 mg. The a p p l i c a t i o n s  were adm in i s te red  twice  a week fo r  30 weeks,  fol lowed 
by a 20-week o b s e r v a t i o n  p e r io d .  No sk in  l e s i o n s  and no d ea th s  were seen in 
an imals  t r e a t e d  wi th  s i n g l e - s o u r c e  pet ro leum a t  any dose l e v e l ,  with  crude
s h a le  o i l  and coa l  l i q u i d  B a t  the  6 -  o r  3-mg l e v e l s ,  o r  w i th  coa l  l i q u i d  A a t  
the  3-mg l e v e l .  Other r e s u l t s  o f  t h i s  s tudy  are  p re sen ted  in  Table I I I - 4 .

As i n d i c a t e d  in  the  t a b l e ,  a l l  of the  syncrudes  t e s t e d  were capab le  of  
c aus ing  m a l ig n an t  squamous epidermal tumors.  Dose-response  was observed fo r  
the  sync rudes .  Coal l i q u id  A a l s o  appeared to  be a tumor igenic  agent  a t  the  
reduced dose  l e v e l  as compared with coa l  l i q u i d  B and sh a le  o i l .

In the  t h i r d  regimen,  t he  doses were c o n s id e r a b ly  reduced per  a p p l i c a t i o n  
a l though  the  f requency  o f  a p p l i c a t i o n s  was inc rea sed  from two to  t h r e e  t imes  a 
week f o r  24 months [9 ] .  The len g th  o f  t ime t h a t  the  a p p l i c a t i o n s  were allowed 
to  remain  on the  sk in  was a l s o  i n c r e a s e d .  The doses per a p p l i c a t i o n  fo r  each 
m a t e r i a l  were 1 .0 ,  0 .3 ,  0 .2 ,  and 0 .04  mg fo r  coa l  l i q u i d  A; 0 .8 ,  0 .3 ,  0 .1 7 ,
and 0.03 mg fo r  coa l  l i q u i d  B; 2 .5 ,  0 .5 ,  0 . 3 ,  and 0.1 mg fo r  sh a le  o i l ;  and
2 .0 ,  0 .4 ,  0 . 3 ,  and 0 .0 8  mg fo r  composite pet ro leum.  The number of  mice used 
in  t h i s  regimen was a l s o  inc rea sed  to  50 (25 o f  each sex) per  dose l e v e l .

In g e n e r a l ,  t h e  r e s u l t s  of  t h i s  regimen were s i m i l a r  to  those  of  the  
second regimen with  the  h ig h e r  dose and s h o r t e r  a p p l i c a t i o n  t ime.  However, 
t h i s  l on g e r  exposure  a t  lower doses  allowed t ime fo r  carcinoma i n d u c t i o n  and 
e x p r e s s i o n  in  the  blended pet ro leum group.  This r e s u l t  was not  seen in  the  
p rev io us  regimen.  The d es ign  of  the  s tudy ,  i e , us ing  s e v e r a l  dose l e v e l s ,
produced evidence  t h a t  a s u f f i c i e n t  amount o f  f r a c t i o n  was being  a p p l i e d  to
produce e f f e c t s .  In each c a s e ,  no e f f e c t s  o r  a weak e f f e c t  (0-4% carcinoma) 
was produced a t  the  lowest  doses and a much s t r o n g e r  e f f e c t  was produced a t  
t h e  h i g h e s t  doses  (up to  92%). The r e s u l t s  o f  t h i s  regimen a r e  shown in  
Table I I I - 5 .

The a u th o r s  [9] compared the  d a t a  from the  t h i r d  regimen w i th  r e s u l t s  
o b ta in e d  by app ly ing  benzo(a)pyrene  in the  same so lv e n t  t h r e e  t imes weekly to
the  same s t r a i n  of  mice .  F i f t y  mice (25 o f  each sex per  dose l e v e l )  were
t e s t e d  wi th  0 .0 5 ,  0 .0 1 ,  and 0.002 mg o f  b e n z o ( a ) p y r e n e . At the  two h ig h e s t  
d o s e s ,  t he  percen tage  of  sk in  carcinomas observed was 100%, w i th  an average  
l a t e n c y  of 139 days a t  t he  0.05-mg l e v e l  and 206 days a t  t he  0.01-mg l e v e l .
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TABLE III-4

CARCINOGENICITY OF SYNCRUDES APPLIED TO 
MICE TWICE A WEEK FOR 30 WEEKS

M a te r i a l D ose /A pp l ica t ion  
(mg)

F in a l  P e rcen tage  
o f  Carcinomas

Coal l i q u i d  A 25 80
12 35

6 10Coal l i q u i d  B 25 10
12 5

Crude s h a le  o i l 25 35
12 5

Adapted from r e f e r e n c e  9

TABLE I I I - 5
CARCINOGENICITY OF SYNCRUDES APPLIED TO MICE 

THREE TIMES A WEEK FOR 24 MONTHS

M a te r i a l  D ose /A p p l ica t ion  F ina l  P ercen tage
(mg) o f  Carcinomas

Coal l i q u i d  A 1.0 92
0 .3 26
0.2 8
0.04 4

Coal l i q u i d  B 0 .8 8
0 .3 4
0.17 2
0.03 2Shale o i l 2.5 90
0 .5 2
0.5 2
0 .3 0Composite pe t ro leum 2.0 8
0 .4 0
0 .3 0

V eh ic le  (30% ace to ne  +
0 .08 0

70% cyc loh e lan e ) — 0
Adapted from r e f e r e n c e  9
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At the lowest  dose (0 .002 mg) the  pe rcen tage  of  sk in  carcinomas observed 
was 90%, with  an average l a t e n c y  of 533 days.  At 24 months,  58% m o r t a l i t y  was 
observed .  The dose t h a t  most c l o s e l y  approximated the  c a r c i n o g e n i c i t y  of  the 
syncrudes was the 0.05-mg dose .  The au tho rs  i n d i c a t e d  t h a t  t h i s  amount was 
one f iv e -hu n d re d th  of  the amount of  coa l  l i q u i d  A t h a t  would be r e q u i r e d  to 
e l i c i t  a comparable sk in  tumor in c id e n ce .

In a d d i t i o n  to the study  d i scussed  above,  the same au tho rs  [9] analyzed 
the p e rcen tag es  of  PAH's and benzo(a)pyrene  in  each sample.  The PAH con ten t  
d id  n o t  c o r r e l a t e  w i t h  t h e  c a r c i n o g e n i c i t y  o f  t h e  m a t e r i a l s ,  b u t  t h e  
benzo(a)pyrene  c o n c e n t r a t i o n  d id  agree  with  the  potency o f  each m ix tu re .  The 
p e r cen tag es  of  PAH's by weight  fo r  coa l  l i q u i d  A, coa l  l i q u i d  B, sh a le  o i l ,  
and blended pet ro leum were 5 .1 ,  6 .0 ,  2 .0 ,  and 2 .6 ,  r e s p e c t i v e l y .  S in g le ­
source  pe tro leum was not  ana lyzed .  The micrograms of benzo(a )pyrene  per gram 
fo r  coa l  l i q u i d  A, coa l  l i q u i d  B, sh a le  o i l ,  blended pe t ro leum ,  and s i n g l e ­
source  pet roleum were 79, 12, 30, app rox im ate ly  1, and 1, r e s p e c t i v e l y .

In a study o f  15 coa l  hyd rogena t ion  m a t e r i a l s ,  Weil and Condra [7] app l ied  
samples from streams and r e s id u e s  to  the  sk in  of  15 groups o f  30 male mice,  
t h r e e  t imes a week fo r  51 weeks.  Two s p e c ie s  of  mice were t e s t e d ,  Rockland 
A l l -P urpose  (20% o f  animals)  and C3H (80%). The a u th o r s  compared the  r e s u l t s  
with  p o s i t i v e  (0.2% methyl  cho lan th r en e  in benzene) and n e g a t i v e  (benzene and 
wate r )  c o n t r o l  a g e n t s ,  and concluded t h a t  the  l i g h t  and heavy o i l  p roduc ts  
were "m i ld ly"  tum o r ig en ic ,  i e , p redominan t ly  produced p ap i l l o m a s .  A h igh  
inc idence  of  c a r c i n o g e n i c i t y  was seen fo r  middle  o i l  s t ream ,  l i g h t  o i l  s t ream 
r e s i d u e ,  p a s t i n g  o i l ,  and p i t c h  produc t  (Table  I I I - 6 ) .  The s p e c i f i c  types  and 
numbers of  pap i l lomas  and carcinomas were not  r e p o r t e d .  In g e n e r a l ,  the  i n c i ­
dence o f  c a r c i n o g e n i c i t y  i nc rea sed  as the b o i l i n g  p o i n t s  o f  the  f r a c t i o n s  
r o s e .

Renne e t  a l  [51] r e c e n t l y  pub l ished  r e s u l t s  o f  s t u d i e s  of  sk in  c a r c i n o ­
g en e s i s  in mice .  The m a t e r i a l s  t e s t e d  were heavy and l i g h t  d i s t i l l a t e s  from 
s o l v e n t - r e f i n e d  c o a l ,  sh a le  o i l ,  and crude pe t ro leum .  Also t e s t e d  were r e f e r ­
ence ca rc in ogens  benzo(a )pyrene  and 2-a m in o a n th ra c e n e . A m ix tu re  o f  50 ml o f  
the  t e s t  m a t e r i a l s  in acetone  was app l ied  3 t imes  per week to the  d o r s a l  
su r f a c e  of  C3Hf/HeBd mice o f  both  sexes .

A f t e r  465 days of  exposure ,  the mice showed high  in c iden ces  o f  sk in  tumors 
with  heavy d i s t i l l a t e ,  sh a le  o i l ,  and b e n z o ( a ) p y re n e . Pet ro leum crude 
(Wilmington) and l i g h t  d i s t i l l a t e  showed l e s s  tumor igenic  a c t i v i t y .  The two 
groups of  mice t r e a t e d  with  the  h ig h e s t  doses  o f  heavy d i s t i l l a t e  (22 .8  and 
2 .3  mg per a p p l i c a t i o n ) ,  sh a le  o i l  (21 .2  and 2.1 mg per a p p l i c a t i o n )  and 
benzo(a )pyrene  (0 .05  and 0.005 mg per  a p p l i c a t i o n )  showed almost  100% tumor 
in c id e n ce .  In c o n t r a s t ,  on ly  one mouse in each of  the  h igh  (20 mg per  a p p l i ­
c a t i o n )  and medium (2 .0  mg per  a p p l i c a t i o n )  dose groups exposed to  l i g h t  
d i s t i l l a t e  developed sk in  tumors.  The l a t e n c y  per iod  fo r  tumors was s h o r t e s t  
(56 days a t  the  h i g h e s t  c o n c e n t r a t i o n )  fo r  mice exposed to  heavy d i s t i l l a t e .  
Al l  tumors were m al ignan t  squamous c e l l  ca rc inom as ,  r e g a r d l e s s  o f  the  t r e a t ­
ment group .  U nt rea ted  and v e h i c l e - t r e a t e d  (a c e to n e )  c o n t r o l  mice d id  not
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TABLE III-6

PERCENTAGE OF TUMORS AND CANCERS PRODUCED BY COAL 
PROCESS MATERIALS IN MICE*

Coal P rocess  M a te r i a l B oi l ing  Point  
°C

P ercen tage  
o f  Tumors

P ercen tage  
o f  Cancers

Heavy o i l  p roduc t — 30 0
Ligh t  o i l  p roduc t — 27 4
Light  o i l  s t ream 260 0 0
Middle o i l  s t ream 260-320 46 15
Light  o i l  s t ream re s id ue * * 260-380 66 38

87 39
P a s t i n g  o i l * * 320-450 78 56

100 100
P i t c h  product** >450 54 12

77 63
S t a b i l i z e r  overhead 35-100 0 0
Crude n i t r o g e n  bases 195-260 0 0
N eu t ra l  l i g h t  o i l 115-260 0 0
Crude n ap h th a len e 200-230 0 0
High b o i l i n g  hydrocarbons 230-260 0 0
Low b o i l i n g  phenols 180-230 0 0
High b o i l i n g  phenols 230-260 0 0
Pheno l ic  p i t c h 260+

■ m,r  ■ - —— ■ 1 —14 ■ ■■ 1
0 0

*Eigh ty  p e r c e n t  of  t he  expe r im enta l  mice were of  the  C3H s t r a i n .  The
remaining  mice were i d e n t i f i e d  as Rockland A ll -P urpose  from Rockland Farms. 
No tumors o r  cance rs  were observed  in  c o n t r o l  mice.

**Two d i f f e r e n t  samples were t e s t e d .
Adapted from r e f e r e n c e  7
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develop  any tumors.  Tumor inc iden ce  in  the  2-aminoanthracene  p o s i t i v e  c o n t r o l  
group was 25/32 and 0/49 a t  dose  l e v e l s  of  0.05 and 0.005 mg, r e s p e c t i v e l y  
[51].

(2)  In t r a m u s c u la r  I n j e c t i o n s
In a d d i t i o n  to the  dermal s t u d i e s  using mice and r a b b i t s ,  Hueper [5] 

a l s o  conducted  i n j e c t i o n  s t u d i e s  using  r a t s .  Each o f  the  n ine  f r a c t i o n s  o f  
Berg ius  o i l s  p r e v io u s ly  d e s c r ib e d  were i n j e c t e d  im i n t o  the  r i g h t  t h i g h s  of  
groups o f  t e n  3-month-o ld W is ta r  r a t s  once a week fo r  3 su c c e s s iv e  weeks.  
This regimen was r e p ea te d  w i th  r a t s  su rv iv in g  a f t e r  6 months. Each f r a c t i o n  
was d i l u t e d  a t  a r a t i o  o f  1.1 g o i l  to  16.5 cc t r i c a p r y l i n .  An i n d i v i d u a l  
0 .3 - c c  dose of  t h i s  m ix tu re  con ta ined  0 .02  g of  o i l .  F r a c t i o n  3 was admin­
i s t e r e d  to  20 a d d i t i o n a l  r a t s  because  of  h igh  m o r t a l i t y  e a r l y  in  t he  
experiment  (weeks 5 - 6 ) .  The t ime when the se  e x t r a  animals were added to  the  
s tudy  was not  mentioned .

The c o n t r o l s  c o n s i s t e d  of  two groups of  30 r a t s  each .  One c o n t r o l  group 
was i n j e c t e d  in  the  marrow c a v i t y  o f  the  r i g h t  femurs with  0.1 cc o f  a 2% 
g e l a t i n  s o l u t i o n  in p h y s io lo g ic  s a l i n e .  The same amount of  s o l u t i o n  was
i n j e c t e d  i n t o  the  n a s a l  s in u s e s  o f  t he  o th e r  c o n t r o l  group through  a ho le  
d r i l l e d  in  the  f r o n t a l  bone.  The purpose of  t h i s  second c o n t r o l  was not
r e p o r t e d .  A f te r  a 2 -y ea r  o b s e r v a t io n  p e r io d ,  a l l  s u r v iv i n g  animals  were 
k i l l e d  and h i s t o l o g i c  exam inat ions  o f  s e l e c t e d  t i s s u e s  and organs were made in  
cases  where p a th o lo g i c  changes were observed .  No d i l u e n t  ( t r i c a p r y l i n )  
c o n t r o l  animals  were s t u d i e d .

Rats d ied  th roughout  the  s tudy  p e r io d ,  with  the  h ig h e s t  in c id e n c e s  per 
group (5-9 d e a th s )  between weeks 7 and 10 fo r  a l l  f r a c t i o n s  excep t  F r a c t i o n  3. 
For F r a c t i o n  3, 28 d e a th s  were r e p o r t e d ,  23 of  which occurred  dur ing  weeks 5 
and 6. A t o t a l  o f  13 tumors away from the  s i t e  o f  i n j e c t i o n  were observed in
the  100 t r e a t e d  an im a ls .  Of t h e s e ,  11 tumors were m a l ig n an t  [5 ] .

Rats  t r e a t e d  w ith  F r a c t i o n s  3, 4,  6, 7, 8 ( t h r e e  c a s e s ) ,  and 9 showed
l a r g e  r o u n d - c e l l  sarcomas.  Ovarian f ibromas were a l s o  observed in  one r a t  in 
each o f  t he  groups i n j e c t e d  w ith  F r a c t i o n s  1 and 9; an o v a r i a n  adenocarcinoma 
was observed in  one r a t  g iven  F r a c t i o n  3. A r e t r o p e r i t o n e a l  f ib rosarcom a was 
found in  a r a t  t r e a t e d  w ith  F r a c t i o n  7, and a small  squamous-ce ll  lung 
carcinoma was found in  one r a t  t r e a t e d  wi th  F r a c t i o n  9.  In a d d i t i o n ,  a f i b r o ­
sarcoma was found a t  the  i n j e c t i o n  s i t e  in  each o f  two r a t s .  Nine m a l ignan t  
and two ben ign  tumors were observed in the  60 r a t s  used as c o n t r o l s ;  t he se  
tumors inc luded  four  r o u n d - c e l l  abdominal lymph node sa rcomas,  f i v e  s p i n d l e ­
c e l l  l i v e r  sarcomas,  one squamous-ce ll  pap i l loma of the  fo res tom ach ,  and one 
b r e a s t  adenof ib roma.  The a u th o r  [51 concluded t h a t  one o f  the  s p i n d l e - c e l l  
l i v e r  sarcomas was due to the  p resence  of  a p a r a s i t i c  i n f e c t i o n  and o r i g i n a t e d  
from the  w al l  o f  a c y s t .  Tumors were not  observed  a t  the  s i t e  o f  g e l a t i n  
i n j e c t i o n  in  e i t h e r  t r e a t e d  or  c o n t r o l  an imals .
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Severa l  f a c t o r s  d e t r a c t  from the  c o n c lu s iv en e s s  of  Hueper 's  f i n d i n g s  [5 ] .  
For example,  n e i t h e r  the  time o f  appearance  of  t h e s e  l e s i o n s  nor the  t ime of 
nec ropsy  were r e p o r t e d .  In a d d i t i o n ,  t he  inc iden ce  of  l e s i o n s  o cc u r r in g  away
from the  i n j e c t i o n  s i t e  was r e p o r t e d  to  be 13 l e s i o n s  in  100 r a t s ,  bu t  t h i s
t o t a l  does no t  agree  w i th  the  t o t a l  number of  d ea th s  and n e c r o p s i e s  (110) 
r e p o r t e d  fo r  the  t r e a t e d  an im a ls .  This d i s c r e p a n c y  may be a r e s u l t  of  the  
au th o r  not  i n c lu d in g  the  o r i g i n a l  10 r a t s  t e s t e d  w i th  F r a c t i o n  3 in  h i s  
r e p o r t s .  A d d i t io n a l  d i s c r e p a n c i e s  were:  11 d ea th s  and n e c r o p s i e s  were
re p o r t e d  fo r  r a t s  t r e a t e d  w ith  F r a c t i o n  7 a l though  only  10 animals  were
s t u d i e d ;  9 d ea th s  were r e p o r t e d  fo r  r a t s  t r e a t e d  with  F r a c t i o n  9 bu t  no 
mention  was made o f  t he  10th animal i n  t h a t  group;  and 9 m a l ig n an t  tumors were 
observed  in  the  60 c o n t r o l  an im a ls ,  bu t  the  a u th o r  d id  no t  i n d i c a t e  in  which 
o f  the  two c o n t r o l  groups the se  l e s i o n s  were seen.

Hueper [6] a l s o  conducted  one s tudy  c o n s i s t i n g  o f  t h r e e  s e r i e s  o f  im 
i n j e c t i o n s  o f  the  f i v e  F i s ch e r -T ro p sch  o i l  f r a c t i o n s  using  Wis ta r  r a t s .  There 
was a 2-month i n t e r v a l  between the  f i r s t  and second s e r i e s  and a 4-month 
i n t e r v a l  between the  second and t h i r d  s e r i e s .  Two i n j e c t i o n s  were g iven  in 
each s e r i e s ,  and t h e r e  was an i n t e r v a l  o f  1 week between the i n j e c t i o n s .  Each 
o f  the  f iv e  t r e a t m e n t  groups c o n s i s t e d  of  15 Wis ta r  r a t s  o f  bo th  sexes .  At 
the  end o f  a 2 -y ea r  o b s e r v a t i o n  p e r io d ,  a l l  s u r v iv in g  r a t s  were k i l l e d  fo r  
h i s t o p a t h o l o g i c  exam ina t ion .  P a th o lo g ic  s t u d i e s  were done on 41 r a t s .

This s tudy  r e v e a l e d  t h a t  F i scher -T ropsch  p roduc ts  showed d e f i n i t e  c a r c i n o ­
gen ic  p r o p e r t i e s  fo r  r a t s  when adm in i s te r ed  by im i n j e c t i o n s .  F ischer -T ropsch  
p roduc ts  a re  s p e c i e s  and t i s s u e  s p e c i f i c .  The c a rc in o g e n ic  e f f e c t s  o f  t he se  
o i l s  may no t  be r e s t r i c t e d  to  the  t i s s u e s  in  which th e s e  m a t e r i a l s  a re  depos­
i t e d .  The h i s t o p a t h o l o g i c  r e s u l t s  showed t h a t  l e s i o n s  o c c u r r i n g  a t  the  s i t e  
o f  i n j e c t i o n  v a r i e d .  For F r a c t i o n  1, n e c r o s i s  and m u l t i c y s t i c  f a t  t i s s u e  were 
obse rved ;  fo r  F r a c t i o n s  2 and 5, granulomas were seen;  and fo r  F r a c t i o n  3,
f i b r o s i s  o c c u r r e d .  F r a c t i o n  4 produced no l e s i o n s .  A t o t a l  o f  19 tumors in
75 r a t s  was obse rved .  Two tumors,  a b r e a s t  adenofibroma and an ad rena l
hemangioma, were b en ign ,  and the  17 o th e r s  were m a l ig n a n t .  These were 
s p i n d l e - c e l l  sarcomas or  f ib rosa rcom as  o f  t he  r i g h t  t h i g h ,  s p i n d l e - c e l l  abdom­
i n a l  lymph node sarcomas,  r o u n d - c e l l  abdominal  sarcomas,  k idney  ad en oca rc ino ­
mas, and squamous-ce ll  lung carc inom as .  The s p i n d l e - c e l l  and r o u n d - c e l l
sarcomas produced had m e t a s t a s i z e d  to  o th e r  organs  such as the  sp le e n ,  l i v e r ,  
k idney ,  and lung .  The tumors t h a t  r e s u l t e d  from each o f  the  f i v e  o i l  
f r a c t i o n s  i n j e c t e d  im i n t o  r a t s  a re  l i s t e d  i n  Table  I I I - 7 .

According to  Hueper [6] , the  p ro x im i ty  o f  the  s p i n d l e - c e l l  t h ig h  sarcomas 
to  the  i n j e c t i o n  s i t e  im p l i c a t e d  the  i n j e c t e d  m a t e r i a l s  ( F r a c t i o n s  2, 4, 
and 5 ) .  The ty p e s  o f  cance r  observed i n d i c a t e d  t h a t  F r a c t i o n  5 seemed to  be 
the  most c a r c in o g e n i c  and F r a c t i o n s  2 and 4 fol lowed in  deg ree  of  c a r c i n o ­
g e n i c i t y ,  whi le  t h e  c a r c in o g e n i c  po tency  fo r  F r a c t i o n s  1 and 3 was u n c e r t a i n .  
Hueper d id  not  e x p l a i n  the  r e l a t i o n s h i p  o f  the  o th e r  cance rs  to the  m a t e r i a l s  
t e s t e d  excep t  to  say t h a t  t he  m a t e r i a l s  may have been t r a n s p o r t e d  through  the 
lymph nodes to  the  remote s i t e s .  This s tudy  d id  not  inc lud e  any u n t r e a t e d  or 
d i l u e n t  c o n t r o l  an im a ls .
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TABLE III-7

MALIGNANT TUMORS IN RATS INTRAMUSCULARLY 
INJECTED WITH FISCHER-TROPSCH OILS

F r a c t i o nNo. F r a c t i o n  Name No. of  Tumors Types of  Tumors

1 S yn th es i s  condensa te 1 S p i n d l e - c e l l  abdominal
sarcoma

2 Cracking s tock 5 2 S p i n d l e - c e l l  abdominal
sarcomas

2 S p i n d l e - c e l l  t h ig h
sarcomas

1 Lung carcinoma
3 D iese l  o i l 4 1 S p i n d l e - c e l l  abdominal

sarcoma
3 R ound-ce l l  abdominal

sarcomas
4 Raw g a s o l i n e 3 1 S p i n d l e - c e l l  t h ig h

sarcoma
1 Round-ce l l  abdominal

sarcoma
1 Kidney carcinoma

5 Coolant  o i l 4 4 S p i n d l e - c e l l  t h ig h
sarcomas

Adapted from r e f e r e n c e  6

These s t u d i e s  show t h a t  t he  f r a c t i o n a t i o n  p ro du c ts  o b ta in e d  through  the  
h y d ro gen a t io n  o f  coa l  a r e ,  in  g e n e r a l ,  c a rc in o g e n i c  in  a t  l e a s t  one animal 
s p e c i e s ;  t h a t  the  inc ide n ce  of  c a r c i n o g e n i c i t y  seems to  d e c re a s e  as the  
b o i l i n g  p o i n t s  o f  the  f r a c t i o n a t i o n  p roduc ts  d e c r e a s e ;  and t h a t  c a r c in o ­
g e n i c i t y  may n o t  be r e s t r i c t e d  to  the  t i s s u e s  i n to  which the  m a t e r i a l  was 
o r i g i n a l l y  a d m in i s t e r e d .  Although t r e a tm e n t  schedu les  were not  the  same as 
p o s s i b l e  d a i l y  i n d u s t r i a l  exposu re s ,  and the  numbers of  animals  t e s t e d  were 
small  (5-100) o r  no t  r e p o r t e d  a t  a l l ,  t h e  r e s u l t s  o f  t h e s e  s t u d i e s  i n d i c a t e  
t h a t  c e r t a i n  coa l  l i q u e f a c t i o n  p roduc ts  c o n t a i n  c a r c in o g e n i c  chem ica ls .

31



(d) M utagen ic i ty  S tud ie s
M uta g e n ic i ty  s t u d i e s  have been conducted using  s t r a i n s  of  the  b ac te r ium  

Salmonel la  typhimurium t h a t  r e q u i r e  h i s t i d i n e  fo r  growth [4 0 -4 5 ,5 0 ] .  Two o f  
t he se  s t r a i n s  (TA 100 and 1535) a re  used to d e t e c t  b a s e - p a i r  m u t a t i o n s ,  and 
o th e r s  (TA 98, 1536, 1537, and 1538) a re  used to  d e t e c t  f r a m e s h i f t  m u t a t i o n s .  
Rubin e t  a l  [42] t e s t e d  14 f r a c t i o n s  of  syncrude from the  COED p ro ce s s  using 
S typhimurium s t r a i n s  TA 1535, 1536, 1537, and 1538. An u n s p e c i f i e d  number of  
c o n t r o l  p l a t e s  was used fo r  spontaneous  r e v e r s i o n  and s t e r i l i t y  checks .  The 
r e s u l t s  showed an i n c r e a s e  in t he  number o f  r e v e r t a n t s  (1 ,000  c o l o n i e s  over 
background) w i th  four f r a c t i o n s  when the  system was m e t a b o l i c a l l y  a c t i v a t e d .  
These f r a c t i o n s  were b e n z e n e / e t h e r  (TA 1536, 1537, and 1538),  hexane/benzene  
(TA 1537 and 1538),  and hexane (TA 1537 and 1538),  and one e t h e r - s o l u b l e  
f r a c t i o n  (TA 1537 and 1538) .

Using chemica ls  supp l ied  by the  m a n u f a c tu r e r s ,  T e r a n i s h i  e t  a l  [41] r e ­
p o r ted  r e s u l t s  o f  m u t a g e n i c i t y  t e s t s  on PAH's found in  coa l  l i q u e f a c t i o n  
p ro c e s s e s  by obse rv ing  m e tab o l i c  a c t i v a t i o n  in  S typhimurium s t r a i n s  TA 1535, 
1536, 1537, and 1538. In a t  l e a s t  one s t r a i n ,  the  a u th o r s  found a t  l e a s t  a 
doub l ing  of  the  number of  r e v e r t a n t s  above those  shown in the  d im e th y l -  
s u l f o x i d e  c o n t r o l s .  Using t h i s  c r i t e r i o n ,  b e n z o ( a ) p y r e n e , b e n z ( a ) a n t h r a c e n e , 
7 , 1 2 - d i m e t h y l - b e n z ( a ) a n t h r a c e n e , and d i b e n z o ( a , i ) p y r e n e  were  m u t a g e n i c .  
Anthracene ,  b e n z o ( e ) p y r e n e , d i b e n z o ( a , c ) p y r e n e , and d ib e n z ( a , h ) a n t h r a c e n e  d id  
n o t  produce a doub l ing  of  t he  number o f  r e v e r t a n t s  above t h a t  o f  t h e  c o n t r o l s .

S h u l t s  [40] r e p o r t e d  on p r e l i m i n a r y  s t u d i e s  with  17 f r a c t i o n s  of  COED syn­
crude  t e s t e d  a t  Oak Ridge N a t iona l  L abo ra to ry  (ORNL) using  four  typhimurium 
s t r a i n s  (TA 1535, 1536, 1537, and 1538). M utagen ic i ty  was recorded  fo r  8 o f  
17 f r a c t i o n s :  h y d r o c h l o r i c  ac id  i n s o l u b l e s ,  e t h e r  s o lu b le  bases  and weak
a c i d s ,  f i r s t  and second cyclohexane e x t r a c t s ,  p h e n a n th r e n e - b e n z ( a ) a n th r a c e n e , 
b e n z ( a ) a n t h r a c e n e , and b e n z o ( a ) p y r e n e . F r a c t i o n s  t h a t  d id  not  induce  muta­
g e n i c i t y  inc luded  e t h e r - s o l u b l e  s t ro n g  a c i d s ,  n e u t r a l s ,  p o l a r  compounds in  
w a t e r ,  d im e t h y l s u l f o x i d e  r e s i d u a l s ,  p h e n an th r en e , i n s o l u b l e  weak and s t ro n g
a c i d s ,  i n s o l u b l e  b a s e s ,  and i n s o l u b l e  sodium h yd rox ide .  No mention  was made 
o f  whether or  not  m e tab o l i c  a c t i v a t i o n  was i n c o r p o r a t e d .

E p le r  and coworkers [44] t e s t e d  f r a c t i o n s  of  Synfuels  A and B fo r  muta­
gen ic  a c t i v i t y  in  S typhimurium s t r a i n s  TA 98 and 100 u s ing  m e tabo l ic
a c t i v a t i o n .  The r e s u l t s  i n d i c a t e d  m u ta g e n i c i t y  from both  Synfuel  A (1 ,  2, 
and 3) and Synfuel  B, a l th ou g h  the  i n s o l u b l e  base f r a c t i o n  (a )  showed a 
g r e a t e r  i n c r e a s e  in  t he  number o f  r e v e r t a n t  c o l o n i e s  than  d id  the  n e u t r a l
f r a c t i o n ,  t h e  i n s o l u b l e  sodium hydroxide  f r a c t i o n ,  o r  the  d i e t h y l  e t h e r -  
s o lu b le  f r a c t i o n .  F r a c t i o n s  producing  l i t t l e  or  no i n c r e a s e  in  r e v e r t a n t  
c o l o n i e s  over t h a t  of  the  c o n t r o l  p ro d u c t ,  composi te  c rude  o i l ,  i nc luded  the  
i n s o l u b l e  weak and s t r o n g  a c i d s ,  the  w a t e r - s o l u b l e  s t ro n g  a c i d s ,  the  w a t e r -  
s o lu b l e  b a s e s ,a n d  the  i n s o l u b l e  base f r a c t i o n  ( b ) .
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In the  same l a b o r a to r y ,  Rao e t  a l  [451 t e s t e d  four f r a c t i o n s  o f  
Synfuel  A-3. He d e t e c te d  an in c r e a s e  in  the  number o f  r e v e r t a n t  c o lo n ie s  
a f t e r  m e tab o l i c  a c t i v a t i o n  of  the  t e s t  m a t e r i a l s  in the  t e s t e r  s t r a i n s  (TA 100 
and 1535) d e s i g n a t e d  t o  d e t e c t  m u t a g e n i c i t y  by b a s e - p a i r  s u b s t i t u t i o n .  
S t r a i n s  TA 98, 1537, and 1538, d e s ig n a te d  to d e t e c t  f r am es h i f t  m u ta t io n s ,
proved to  be more s e n s i t i v e  to m e t a b o l i c a l l y  a c t i v a t e d  f r a c t i o n s ,  with s t r a i n s  
TA 98 and 1538 e x h i b i t i n g  a 20- to 75- fo ld  in c r e a s e  over the inc idence  of  
spontaneous r e v e r s i o n .

Using s e l e c t e d  f r a c t i o n s  o f  Synfuels  A and B t h a t  provided a l a r g e  number 
o f  r e v e r t a n t  c o lo n i e s  in the  S typhimurium a s sa y ,  Eple r  and coworkers [43] 
compared t h e i r  r e s u l t s  by using  o the r  systems.  Comparative systems included  
forward and r e v e r s e  m u ta t ion  a ssays  in  E s c h e r i c h i a  c o l i  and Saccharomyces 
c e r e v i s i a e , chromat id  a b e r r a t i o n s  in human l e u k o c y te s ,  and gene m u ta t ion  in 
D r o s o p h i l a . The r e s u l t s  o f  the  E c o l i  343/113 (K-12,  ga l  RS 18, arg  5 6 , nad 
113) a ssay  suppor ted  the r e s u l t s  ob ta ined  w ith  S typhimurium. R esu l t s  with  
S c e r e v i s i a e  s t r a i n  XA4-8Cp , h i s l - 7 ,  with  forward mutan ts  to  canavanine  
r e s i s t a n c e  ( CAN-can) and r e v e r t a n t s  to  h i s t i d i n e  p ro to t ro p h y  i n d i c a t e d  an tago­
n i s t i c  e f f e c t s  with  m e tab o l i c  a c t i v a t e s .  In t h i s  a s s a y ,  1 . 2 x l 0 8 c e l l s  in an 
u n s p e c i f i e d  amount o f  b u f f e r  were used.  Treatment of  the  human leukocy te s  
with  the  f r a c t i o n s  d id  not  produce chromat id  a b e r r a t i o n s ;  however,  m e tabo l ic  
a c t i v a t i o n  was not  a t t e m p te d ,  and in the Drosoph i la  s e x - l in k e d  r e c e s s i v e  
l e t h a l  t e s t ,  no f r a c t i o n  gave a s i g n i f i c a n t  i n c r e a s e  over the  spontaneous 
l e v e l .  The genus and number of  D rosoph i la  used and the  number of  chromosomal 
p r e p a r a t i o n s  from human p e r i p h e r a l  l eukocy te s  were not  s p e c i f i e d .

P e l ro y  e t  a l  [50] r e c e n t l y  pub l ished  the  r e s u l t s  o f  s t u d i e s  t h a t  used the 
S typhimurium t e s t  system to  e v a lu a t e  the  m u t a g e n i c i t i e s  o f  l i g h t ,  m id d le ,  and 
heavy d i s t i l l a t e s  from the  SRC-II p r o c e s s ,  raw sh a le  o i l ,  c rude  pe t ro leum s ,  
and some SRC-I p rocess  m a t e r i a l s .  Tes t s  were performed in  both  the  presence  
and absence o f  mammalian l i v e r  microsomal enzymes (S9) in  s e v e r a l  s t r a i n s  o f  
S_ typhimur ium. S i g n i f i c a n t  mutagenic a c t i v i t y  was seen with  h igh  b o i l i n g  
p o in t  m a t e r i a l s  from the SRC-II (heavy d i s t i l l a t e )  and the  SRC-I (p ro ces s  
so lv e n t )  p r o c e s s e s .  In s t r a i n  TA 98, 90.0+23 and 12.3+^1.9 r e v e r t a n t s  per  mg 
o f  heavy d i s t i l l a t e  (SRC-II)  and process  s o lv e n t  (SRC-I) ,  r e s p e c t i v e l y ,  were 
obse rved .  The l i g h t  and middle  d i s t i l l a t e s  showed no mutagenic a c t i v i t y .  Raw 
s h a l e  o i l  (P a raho -16 ,  Paraho-504 ,  and Livermore L01) had ve ry  low mutagenic 
a c t i v i t y .  Crude pet ro leum (Prudhoe Bay and Wilmington) showed l e s s  than  
0 .1  r e v e r t a n t s  per  mg of m a t e r i a l .  When the mutagenic  a c t i v i t i e s  o f  the  coa l  
l i q u e f a c t i o n  m a t e r i a l s  were compared w ith  tho se  o f  the  pure r e f e r e n c e  c a r c i n o ­
gens b en zo(a )py rene  and 2-aminoanthracene  in s t r a i n  TA 98, benzo(a )pyrene  was 
3 t imes  more a c t i v e  than  the  heavy d i s t i l l a t e ,  whi le  2-aminoanthracene  was 
100 t im es  more a c t i v e .

The m a t e r i a l s  encountered  in coa l  l i q u e f a c t i o n  p ro ce s se s  a re  g e n e r a l l y  
complex o rg an ic  m i x tu r e s ,  so i d e n t i f i c a t i o n  o f  the  b i o l o g i c a l l y  a c t i v e  compo­
nen t s  i s  e s s e n t i a l .  This was accomplished by chemical  and p h y s i c a l  f r a c t i o n a ­
t i o n  o f  t h e  m u ta g e n i c a l l y  a c t i v e  p ro d u c t s ,  fol lowed by a d d i t i o n a l  m u ta g e n ic i ty

33



t e s t i n g .  F r a c t i o n a t i o n  o f  heavy d i s t i l l a t e  by a s o l v e n t - e x t r a c t i o n  procedure  
y ie lde d  a c i d i c ,  b a s i c ,  and n e u t r a l  f r a c t i o n s ,  as  w el l  as  b a s i c  and n e u t r a l  t a r  
f r a c t i o n s .  When th e se  f r a c t i o n s  were t e s t e d  fo r  m u ta g e n i c i t y  by the  Ames 
system, the  b a s ic  f r a c t i o n  showed the  h ig h e s t  number of  r e v e r t a n t s  per  mg of 
m a t e r i a l .  The b a s i c  and n e u t r a l  t a r  f r a c t i o n s  were 0.125 and 0.5  as a c t i v e  as 
the  b a s ic  f r a c t i o n .  The a c i d i c  and n e u t r a l  f r a c t i o n s  were nonmutagenic . 
Basic f r a c t i o n s  from sh a le  o i l  and o th e r  m a t e r i a l s  a l s o  showed h igh  s p e c i f i c  
a c t i v i t y .  These r e s u l t s  suggested  t h a t  the p o la r  n i t r o g e n - c o n t a i n i n g  compo­
n en ts  might  be r e s p o n s i b l e  fo r  the  mutagenic a c t i v i t y  o f  the  heavy d i s t i l l a t e  
and o th e r  o i l s .  S e p a ra t io n  of  mutagenic compounds from the  heavy d i s t i l l a t e  
and the  p rocess  so lv e n t  was fol lowed by gas chromatographic /mass  s p e c t r a l  
(GC/MS) a n a ly s e s  of  the  s p e c i f i c  components.  The r e s u l t s  i n d i c a t e d  t h a t  3- 
and 4 - r i n g  primary  a romatic  amines were r e s p o n s i b l e  fo r  a l a r g e  f r a c t i o n  o f  
the  mutagenic a c t i v i t y  o f  the  heavy d i s t i l l a t e  and the  p rocess  s o lv e n t .  The 
2 - r i n g  aminonaptha lenes c o n t r i b u t e d  l i t t l e  to the  mutagenic a c t i v i t y  o f  t he se  p r o d u c t s .

I n d i c a t i o n s  t h a t  the  a romatic  amines were r e s p o n s i b l e  fo r  mutagenic 
a c t i v i t y  were f u r t h e r  confirmed by m u ta g e n i c i t y  t e s t i n g  of  m a t e r i a l s  e lu t e d  by 
t h i n - l a y e r  chromatography (TLC) o f  the  b a s ic  f r a c t i o n  of  heavy d i s t i l l a t e .  
T es t in g  was conducted in  s t r a i n  TA 98 S typhimurium, u t i l i z i n g  m i x e d - f r a c t i o n  
amine oxidase  (MFAO) or a m ix tu re  of  h e p a t i c  enzymes (S 9) .  MFAO i s  s p e c i f i c  
fo r  the  m e tabo l i c  t r a n s f o r m a t io n  o f  primary  aromatic  amines to  m u ta g e n i c a l l y  
a c t i v e  compounds; i t  i s  i n a c t i v e  w ith  PAH's. The mutagenic responses  ob ta ined  
w i th  the  TLC components o f  heavy d i s t i l l a t e  using  both  MFAO and S9 were 
comparable ,  y i e l d i n g  d i r e c t  ev idence  of  the  p resence  of  a romatic  amines in  
heavy d i s t i l l a t e .  A d d i t io n a l  evidence  o f  the  m u ta g e n i c i t y  o f  the  a romatic  
amines was provided when the  mutagenic a c t i v i t y  o f  the  heavy d i s t i l l a t e ,  the  
p rocess  s o l v e n t ,  and t h e i r  b a s i c  and t a r  f r a c t i o n s  was reduced by 90% a f t e r  
n i t r o s a t i o n .

In a l l  of  t h e se  s t u d i e s ,  t he  PAH's, the  e t h e r - s o l u b l e  b ases  and weak ac id s  
of  COED syncrude  and Synfuels  A and B, and the  i n s o l u b l e  b ases  and n e u t r a l  
p o r t i o n s  o f  S ynfue ls  A and B a r e  mutagenic when t e s t e d  in S typhimurium, but  
s t u d i e s  in  h ig h e r  organisms (human leu k ocy te s  and D rosoph i la !  i n d i c a t e  nega­
t i v e  r e s u l t s .  Both SRC-II heavy d i s t i l l a t e  and SRC-I p ro ce s s  s o lv e n t s  a re  
mutagenic in  Ŝ  typhimurium. F u r th e r  t e s t i n g  i n d i c a t e s  t h a t  t h i s  a c t i v i t y  i s  
caused by t h e i r  a rom at ic  amine components.
Reproduc t ive  E f f e c t s  and Other S tu d ie s

Andrew and Mahlum [14 ,15] a l s o  eva lua ted  r e p r o d u c t i v e  e f f e c t s  by exposing 
p regnant  r a t s  to SRC-I l i g h t  o i l ,  wash s o l v e n t ,  and p roce ss  s o lv e n t  [4 7 ,5 2 ] .  
These su bs tan ces  were g iven  e i t h e r  u n d i lu t e d  or  in corn o i l  by gavage once 
d a i l y  fo r  e i t h e r  days 7-11 or 12-16 o f  g e s t a t i o n .  Corn o i l  alone  was admin is ­
t e r e d  to  v e h i c l e  c o n t r o l  g roups ,  and 2.5% A roc lo r  1254 in  corn  o i l  was used 
fo r  p o s i t i v e  c o n t r o l  g roups .  Rats were k i l l e d  a t  21 days o f  g e s t a t i o n  fo r  
e v a l u a t i o n  of  e m b ry o to x ic i ty  o r  were pe rm i t t ed  to d e l i v e r  o f f s p r i n g  fo r  p o s t ­
n a t a l  m o n i t o r i n g  o f  g r o w t h ,  p h y s i c a l  m a t u r a t i o n ,  and r e f l e x  o n t o g e n y .
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Materna l  l e t h a l i t y  and e m b r y o l e th a l i t y  o f  >50% were seen in groups dosed on 
days 7-11 o f  g e s t a t i o n  with  l i g h t  o i l ,  wash s o lv e n t ,  or  p rocess  so lv e n t  a t
3 .0 ,  1 .4 ,  o r  0 .7  g /k g /d ,  r e s p e c t i v e l y .  S im i la r  r e s u l t s  were seen a f t e r  the 
same dosing  on days 12-16 o f  g e s t a t i o n .  Malform ations ,  c o n s i s t i n g  o f  c l e f t  
p a l a t e  and b r a c h y d a c t y l y , and low f e t a l  weights  were seen a f t e r  l i g h t  o i l  
dos ing  a t  3.0  g /kg /d  on days 7-11 o f  g e s t a t i o n  or  a f t e r  p rocess  so lv e n t  dosing  
a t  0 .7  g /kg /d  on days 12-16. No e f f e c t s  on p o s t n a t a l  m a tu r a t i o n  were seen.

Andrew and Mahlum [15] r e p o r t e d  the  r e s u l t s  o f  s t u d i e s  on r e p r o d u c t i v e  
e f f e c t s  o f  SRC-II l i g h t ,  medium, and heavy d i s t i l l a t e s .  Pregnant  r a t s  were 
a d m in i s te red  u n s p e c i f i e d  doses once d a i l y  fo r  5 c o n s e c u t iv e  days du r ing  the  
g e s t a t i o n  p e r io d s  o f  e i t h e r  7-11 days ( e a r l y  per iod  of  o rganogenes i s )  or 12-16 
days ( l a t e  per iod  o f  o r g a n o g e n e s i s ) .  E m b ry o l e t h a l i t y ,  m a l fo rm a t io n s ,  and 
f e t a l  weights  were determined  a f t e r  k i l l i n g  the  r a t s  a t  21 days o f  g e s t a t i o n .  
F e t a l  growth and s u r v iv a l  were dec reased  by a l l  t h r e e  m a t e r i a l s  adm in i s te red  
d u r in g  e i t h e r  p e r io d .  F e t a l  e f f e c t s  fo r  a l l  t h r e e  m a t e r i a l s  were more severe  
a t  12-16 days o f  g e s t a t i o n  than  a t  7-11 days o f  g e s t a t i o n .  None o f  the 
m a t e r i a l s  i n c rea sed  the inc idence  o f  mal format ion  over t h a t  in  c o n t r o l s  at  
7-11 days o f  g e s t a t i o n .  Inc rea sed  inc iden ce  o f  m a l fo rm a t io n s ,  p r i n c i p a l l y  
c l e f t  p a l a t e ,  d iaphragm at ic  h e r n i a ,  and h y p o p l a s t i c  lungs ,  was produced by the  
heavy d i s t i l l a t e  when adm in i s te r ed  a t  12-16 days o f  g e s t a t i o n .  In most c a s e s ,  
doses  o f  m a t e r i a l s  t h a t  produced p r e n a t a l  t o x i c i t y  a l s o  produced some i n d i c a ­
t i o n s  o f  m a te rna l  t o x i c i t y .

In 1978, MacFarland [46] r e p o r t e d  the  r e s u l t s  o f  s e v e r a l  s h o r t - t e rm
t o x i c i t y  s t u d i e s  in r a t s  and r a b b i t s  exposed to  dry  m in e ra l  r e s i d u e  (DMR) and 
to  s o l v e n t - r e f i n e d  coa l  p r o d u c t s .  The l e t h a l  dose fo r  50% s u rv iv a l  o f  group 
(LDso) fo r  both  m a t e r i a l s  t e s t e d  was >15,380 mg/kg in s h o r t - t e r m  o r a l  s t u d i e s  
on r a t s .  The s h o r t - t e r m  dermal LD50 fo r  both compounds in r a b b i t s  was >10,250 
mg/kg.  For s h o r t - t e r m  vapor i n h a l a t i o n  in r a t s ,  l e t h a l  c o n c e n t r a t i o n  fo r  50% 
s u r v i v a l  of  group (LCS0' s )  were determined  fo r  the process  so lv e n t  (>1.69 
m g / l i t e r ) ,  coa l  s l u r r y  (>0.44 m g / l i t e r ) ,  hea ted  f i l t e r  feed (>1.14 m g / l i t e r ) ,  
wet m in e ra l  r e s i d u e  (3 .94  m g / l i t e r ) ,  l i g h t  o i l  (>71.6  m g / l i t e r ) ,  and wash 
so lv e n t  (>7.91 m g / l i t e r ) .  The a d u l t  r a t s  t h a t  r e c e iv e d  l e t h a l  doses o f  l i g h t  
o i l  o r  wash s o lv e n t  showed s ig n s  o f  d i s t r e s s  w i th in  30 m in u te s ,  i n c lu d in g  con­
v u l s i o n s  and t w i t c h i n g  o f  e x t r e m i t i e s .  Because o f  t h e i r  low v o l a t i l i t y ,  the  
p rocess  so lv e n t  and wash so lv e n t  were t e s t e d  as a e r o s o l s  in s h o r t - t e rm  
i n h a l a t i o n  s t u d i e s  u s ing  r a t s ,  and the  LC50' s  were dete rmined  to  be >7.6 and 
16.7 m g / l i t e r ,  r e s p e c t i v e l y .  Tes t s  fo r  acute  eye i r r i t a t i o n  in r a b b i t s
i d e n t i f i e d  l i g h t  o i l  and wash so lv e n t  to  be s e v e r e ly  i r r i t a t i n g ,  wet m inera l
r e s i d u e  e x t r e m e l y  i r r i t a t i n g ,  c o a l  s l u r r y  and f i l t e r  f eed  m o d e r a t e l y  
i r r i t a t i n g ,  p roce ss  s o lv e n t  m i ld ly  i r r i t a t i n g ,  and dry  m ine ra l  r e s i d u e  and 
s o l v e n t - r e f i n e d  coa l  min im al ly  i r r i t a t i n g  [4 6 ] ,  The t h r e e  m a t e r i a l s  i d e n t i ­
f i e d  to  be s e v e r e ly  or  ex t remely  i r r i t a t i n g  were t e s t e d  in  14-day eye i r r i ­
t a t i o n  s t u d i e s .  Only w ith  l i g h t  o i l  was t h e r e  a n o t i c e a b l e  improvement a f t e r  
14 days.  I n d i c a t i o n s  o f  f e t o t o x i c i t y  were r e p o r t e d  in r a t s  and r a b b i t s  in 
p i l o t  t e r a t o g e n i c  t e s t i n g  w i th  f i l t e r  feed and wet m in e ra l  r e s id u e  app l ied  
derm a l ly  [46].  However, no a d d i t i o n a l  d a t a  were inc lud ed .  In a d d i t i o n ,  the
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number of  animals used in  the  s h o r t - t e r m  s t u d i e s  was not  mentioned,  excep t  fo r  
the  s t a tem en t  t h a t  a smal l  number o f  animals was used.

Mahlum and Andrew [47,58] observed  s h o r t - t e r m  t o x i c i t i e s  in  f a s t e d  a d u l t ,  
female W is ta r  r a t s  fo l lowing  a d m i n i s t r a t i o n  o f  SRC-I and SRC-II l i q u i d s  by 
g avage . Ten to  25 r a t s  per dose per m a t e r i a l  in  two to  four r e p l i c a t e s  were 
used.  Adult  LD50' s  were determined  fo r  SRC-I l i g h t  o i l ,  wash s o l v e n t ,  and 
p rocess  so lv e n t  and fo r  SRC-II l i g h t ,  medium, and heavy d i s t i l l a t e s .  The 
p rocess  so lv e n t  was a l s o  t e s t e d  in newborn and weanling  r a t s .  Acute a d u l t
LD50' s o f  0 .5 7 ,  2 .9 ,  and 2 .8  g/kg were ob ta ined  fo r  u n d i l u t e d  wash s o l v e n t ,
l i g h t  o i l ,  and p rocess  s o l v e n t ,  r e s p e c t i v e l y .  D i l u t i o n  in  corn  o i l  i n c re a s e d  
the  LD50 fo r  wash so lv e n t  to  1.7 g /kg  but  d id  not  a l t e r  v a lu e s  fo r  l i g h t  o i l  
and p rocess  s o l v e n t .  LDS# v a lu es  fo r  l i g h t  and heavy d i s t i l l a t e s  (2 .3  and 
3 .0  g /kg ,  r e s p e c t i v e l y )  were s i m i l a r  to  those  fo r  l i g h t  o i l  and p rocess  s o l ­
v e n t ,  whi le  the  va lue  fo r  d i s t i l l a t e s  o f  3.7  g/kg was f i v e  t imes the  v a lu e  fo r  
wash s o l v e n t .  The l e t h a l  dose (LD) o f  p rocess  so lv e n t  fo r  weanling  and a d u l t  
r a t s  was s i m i l a r  but  about  twice  as h igh  as t h a t  fo r  newborn r a t s .  Subchronic 
LD5#' s fo r  l i g h t  o i l ,  wash s o lv e n t ,  and p rocess  so lv e n t  d i l u t e d  in  corn o i l  
were 2 .4 ,  1 .5 ,  and 1 .0  g /k g /d ,  r e s p e c t i v e l y .  Subchronic t o x i c i t y  d a t a  fo r
l i g h t ,  m idd le ,  and heavy d i s t i l l a t e s  were 0 .9 6 ,  1 .48 ,  and 1.19 g / k g /d ,  r e s p e c ­
t i v e l y .  All  m a t e r i a l s  were a d m in i s te r ed  once a day fo r  5 c o n s e c u t iv e  days .  
For a l l  m a t e r i a l s  except  l i g h t  o i l  and wash s o lv e n t ,  the  subchronic  v a lu es  
were s i g n i f i c a n t l y  lower than  the  acu te  v a l u e s .  These r e s u l t s  i n d i c a t e  t h a t  
t he  cum ula t ive  e f f e c t s  are  low fo r  l i g h t  o i l  and wash s o l v e n t ,  but  s i g n i f i c a n t  
fo r  p roce ss  so lv e n t  and l i g h t ,  m idd le ,  and heavy d i s t i l l a t e s .

F r a z i e r  and coworkers [77 ,78] examined the  in v i t r o  c y t o t o x i c i t y  o f  mate­
r i a l s  from the  SRC-I and SRC-II p ro c e s s e s  and compared the  r e s u l t s  w ith  those  
from s t u d i e s  with  o th e r  f o s s i l  f u e l  p ro d u c t s .  The c lo n a l  growth a ssay  and 
Syr ian  hamster  embryo (SHE) c e l l  t r a n s f o r m a t io n  a ssay  were used .  The SRC-I 
p ro ce s s  s o lv e n t ,  the  sh a le  o i l ,  and the  SRC-II heavy d i s t i l l a t e  caused a 50% 
r e d u c t i o n  in  the  r e l a t i v e  p l a t i n g  e f f i c i e n c y  (RPES0) o f  Vero A f r ic an  green  
monkey kidney  c e l l s  a t  c o n c e n t r a t i o n s  between 30 and 50 ug/ml.  Other
m a t e r i a l s ,  i n c l u d in g  o th e r  SRC byp ro du c ts ,  d i e s e l  o i l ,  and s e v e r a l  crude  o i l s ,
were s l i g h t l y  l e s s  t o x i c  and produced R P E j / s  a t  c o n c e n t r a t i o n s  between 50 and 
500 pg/ml.

T rans fo rm a t ion  s t u d i e s  were a l s o  performed in  SHE c e l l s  in the  p resence  
and absence o f  S9 [7 7 ,7 8 ] .  C e l l s  t h a t  were p re in c u b a te d  fo r  16-24 hours  were 
t r e a t e d  w i th  the  t e s t  m a t e r i a l s .  The r e s u l t s  o f  the  t r a n s f o r m a t io n  a ssays  
were in  g en e ra l  agreement w ith  those  o f  t he  m i c r o b i a l  mutagenes is  s t u d i e s .  
Heavy d i s t i l l a t e  and p r o c e s s  s o l v e n t  p ro d u c e d  6 . 8  and 10% t r a n s f o r m e d  
c o l o n i e s ,  r e s p e c t i v e l y ,  compared w ith  0.2-0 .4% fo r  pe t ro leum  crudes  and 3% fo r  
s h a le  o i l .  Basic f r a c t i o n s  were more a c t i v e  than  the  u n f r a c t i o n a t e d  c ru de s .  
T rans fo rm a t ion  frequency  was h ig h e r  fo r  a l l  the  m a t e r i a l s  when they were 
m e t a b o l i c a l l y  a c t i v a t e d .  Pet ro leum crudes  and sh a le  o i l  e x h i b i t e d  low l e v e l s  
o f  a c t i v i t y  in  the  c e l l  t r a n s f o r m a t io n  a s s a y s .
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The a u th o r s  concluded t h a t  t he se  d a t a  dem ons t ra te  t h a t  c e r t a i n  f o s s i l  fue l  
components a re  t ox ic  and are  capab le  o f  t r a n s fo rm in g  mammalian c e l l s .  How­
e v e r ,  the  au th o r s  a l s o  s t r e s s e d  t h a t  c o n s i d e r a b l e  v a r i a b i l i t y  in  t h e se  a s s a y s ,  
due to  s o l u b i l i t y  d i f f e r e n c e s ,  may a r i s e ,  and t h e r e f o r e  t h e s e  d a t a  r e p r e s e n t  
on ly  p o t e n t i a l  r e s u l t s  and should not  be used to  e s t a b l i s h  the  ca rc in o g e n ic  
p o t e n t i a l  o f  t h e s e  compounds [7 7 ,7 8 ] .

In the same s e r i e s  o f  t e s t s ,  Burton and Schirmer [79,80] examined by gas 
chromatography (GC) the  t i s s u e  d i s t r i b u t i o n  o f  SRC p rocess  s o lv e n t  components 
in  two r a t s  a dm in i s t e r ed  90% p rocess  so lv e n t  in corn o i l  (1 ml/300 g) by 
gavage .  The r a t s  d ied  w i th in  2 days.  Small ,  u n s p e c i f i e d  amounts o f  p rocess  
s o lv e n t  were found in  the  k id n ey s ,  l i v e r ,  l u n g s ,  and f a t ;  l a r g e r  amounts were 
found in  the  gut  and gut  c o n t e n t s ,  and in  the  stomach and stomach c o n t e n t s .  
To ta l  amounts recovered  were 10-40% of  the  adm in i s te red  dose .

A second group o f  10 r a t s  was adm in i s t e red  0 .5  ml o f  p rocess  s o lv e n t  by 
gavage.  The animals were k i l l e d  2, 4, 8, 24, and 48 hours  a f t e r  the  dose ,  and 
t i s s u e s ,  u r i n e ,  and feces were c o l l e c t e d .  In a d d i t i o n ,  blood samples were 
taken  a t  0 .5 ,  1, 1 .5 ,  and 16 hou rs  as wel l  as a f t e r  the animals were k i l l e d .  
S i g n i f i c a n t  l e v e l s  o f  p h e n a n t h r e n e  (17 v g / g )  , b i p h e n y l  (3 y g / g ) ;  and 
2 -m e thy lnaph tha lene  (7 Ug/g) were found in  the l i v e r s  w i th i n  I h o u r .  S i g n i f i ­
c an t  l e v e l s  were a l s o  found in  red  blood c e l l s  (RBC's) a f t e r  1 hour .  
C o n c e n t r a t io n s  were h i g h e s t  d u r ing  the  f i r s t  8 hours  and s i g n i f i c a n t l y  lower 
through  48 h o u r s .

In the same s e r i e s  o f  exp e r im en ts ,  the  pulmonary r e s i s t a n c e ,  dynamic
pulmonary compl iance ,  r e s p i r a t o r y  r a t e ,  t i d a l  volume, and minute  volume were 
a l s o  determ ined  in  gu inea  p igs t h a t  inh a led  100 mg/m3 l i g h t  o i l  from s o l v e n t -  
r e f i n e d  c oa l  [4 9 ] .  P reexposure  v a lu e s  were recorded  fo r  15 minutes  p r i o r  to  
exposing the  an im a ls .  Animals were then exposed e i t h e r  to a i r  or  to l i g h t  o i l  
fo r  30 m in u te s ,  fol lowed by a 15-minute re cove ry  p e r io d .  No e f f e c t s  were
n o te d ,  i n d i c a t i n g  t h a t  i n h a l a t i o n  o f  100 mg/m3 o f  l i g h t  o i l  did  not  a f f e c t
pulmonary r e s i s t a n c e ,  dynamic compl iance ,  or  b r e a t h in g  p a t t e r n s  in  guinea  
p i g s .

By measu ring  f l u o r e s c e n c e  i n t e n s i t y ,  Holland e t  a l  [9 ,81]  developed  an
a ssay  system to  determine  the  t i m e - i n t e g r a t e d  dose o f  m a t e r i a l  t h a t  i n t e r a c t s  
w i th  ep idermal  d eo x y r ib on u c le ic  ac id  (DNA) a f t e r  t o p i c a l  a p p l i c a t i o n  in v iv o .  
Although a r e l a t i o n s h i p  between f l u o re s c e n ce  i n t e n s i t y  and c a r c i n o g e n i c i t y  
e x i s t s  fo r  c e r t a i n  m a t e r i a l s ,  w ith  the exc e p t ion  o f  coa l  l i q u i d  A, the  
s y n t h e t i c  pet ro leums a c t u a l l y  e x h i b i t e d  lower s p e c i f i c  f l u o r e s c e n c e  than  d id  
t h e  r e f e r e n c e  b lend of n a t u r a l  pe t ro leum,  thus  e x h i b i t i n g  l i t t l e  or  no c o r ­
r e l a t i o n  w ith  c a r c i n o g e n i c i t y .  The a u th o r s  a l s o  compared in  v i t r o  and in  v ivo  
f l u o r e s c e n c e  i n t e n s i t y  with  c a r c i n o g e n i c i t y  fo r  coal  l i q u i d  A, coa l  l i q u i d  B, 
s h a le  o i l ,  and composite c ru de .  A p o s i t i v e  c o r r e l a t i o n  between t i s s u e  f l u o ­
re s c e n c e  and c a r c i n o g e n i c i t y  was observed  fo r  both o f  the  coa l  l i q u i d s  but  not  
fo r  s h a l e  o i l .  Nonf luoresc ing  c o n s t i t u e n t s  o f  s h a le  o i l  may have been re spon ­
s i b l e  fo r  t h e se  d i f f e r e n c e s ,  which i n d i c a t e  l i m i t a t i o n s  in u s ing  t h i s  t e c h ­
n ique fo r  complex o rgan ic  m ix tu re s .
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Data on the  e f f e c t s  of  exposing animals  to  coa l  l i q u e f a c t i o n  m a t e r i a l s  
summarized in  Table I I I - 8 .

a re
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TABLE III-8

SUMMARY OF TOXICITY STUDIES

Animal Exposed to Maximum Dose Effects Reference (Year)
Organism (Number) and Route (Incidence)

Mice (225 male and 
225 female)

Bergius oil fractions: 
Centrifuge residue* 
Heavy oil let-down 
Light oil bottoms 
Middle oil
Cold catchpot liquid 
Cold catchpot vapor 
Raw gasoline 
Finished gasoline 
Pitch flash 
distillation residue*

Und i1uted , 
2x/wk/1ifet imo , 
cutaneous

Care inoma (10), 
papi 11 orna (6), 
leukemia (6)

5 (1956)

(450)

LOV0
Bergius oils:

Heavy oil 
Light oil
Centrifuge residue

Progressive dilutions, 
lx/wk/15 mo, 
cutaneous

Carcinoma (28), 
papilloma (45), 
leukemia (4), 
lung adenoma (3)

8 (1953)

(375) Fischer-Tropsch oil:
Light oil (undiluted)
Heavy oil (diluted 1,:2) 
Reaction water (diluted 1:4)

lx/wk/18 mo, 
cutaneous

Papilloma (1), 
carcinoma (5), 
adenoma (4), 
leukemia (I), 
hepatoma (4)

8 (1953)

(25 male and 
25 female)

Fischer-Tropsch oil: 
Synthesis condensate 
Cracking stock 
Diesel oil 
Raw gasoline 
Coolant oil

Undiluted, 
2x/wk/1i fet ime, 
cutaneous

Papilloma (2), 
sarcoma (1)

6 (1956)

(450) 15 coal hydrogenation 
chemicals

Varying dilutions, 
3x/wk/l yr,
cutaneous

Care inogenic**, 
tumorigenic**

7 (1960)

( 120) Product oils:
Synthoil
COED
Shale oil
Composite petroleum

25 mg 3x/wk/22 wk, 
cutaneous

Carcinoma (44) 9 (1979)



TABLE III-8 (CONTINUED)

SUMMARY OF TOXICITY STUDIES

An inai 
Organisa (Number I

Exposed to Maximum Dose 
and Route

-P~O

Mi ce (continued) 

(320)

(800)

Guinea Pigs 

Rats (100)

(75)

Product oils:
Svnthoil
COED
Shale oil
Single source petroleum

Product oils:
Synthoil
COED
Shale oil
Composite petroleum

Light oil from solvent- 
refined coal

Bergius oil fractions: 
Centrifugation residue 
Heavy oil let-down 
Light oil bottoms 
Middle oil
Cold catchpot liquid 
Cold catchpot vapor 
Raw gasoline 
Finished gasoline 
Pitch flash 
distillation residue

Fischer-Tropsch oil : 
Synthesis consensate 
Cracking stock 
Diesel oil 
Raw gasoline 
Coolant oil

25 mg 2x/wk/30 w k , 
cut aneous

2.5 mg 3x/wk/24 mo, 
cutaneous

100 mg/m' for 
30 min, inhalation

0.02 g for 
lx/wk/3 wk, then 
lx/wk/3 wk after 
6 m o ,

Dose unknown,
6 doses in 7 mo, 
im

Dry mineral residue 
Solvent-refined coal

L D , t> 15.4 g/kg, 
oral

Kf f cet s 
( 1 n c  i tK 'n c  r  )

Kf* • ( V r . ' i r  )

Carcinoma (16) 9

Carcinoma (124) 9 (1979)

No pulmonary effects 49 (1979)

Sarcoma (7), 5 (1956)
carcinoma (2), 
fibroma (I)

Sarcoma (15), 6 (1956)
carcinoma (2)

46 (1978)



TABLE II1-8 (CONTINUED)

SUMMARY OF TOXICITY STUDIES

Animal 
Organism (Number)

Exposed to Maximum Dose 
and Route

Effects 
(Incidence)

Reference (Year)

Rats (continued)

Process solvent 
Wash solvent

Process solvent 
Coal slurry 
Heated filter feed 
Wet mineral residue 
Light oil 
Wash solvent

SRC-X light oil 
Wash solvent 
Process solvent

SRC-I light oil 
Wash solvent 
Process solvent

SRC-11 light distillate 
Middle distillate 
Heavy distillate

SRC-XI light distillate 
Middle distillate 
Heavy distillate

LC , # >7.6 mg/liter 
L C 5, >16.7 mg/liter, 
inhalation

L C S0's, vapor 
inhalation:
>1.69 mg/liter 
>0.44 mg/liter 
>1.14 mg/liter 
3.94 mg/liter 
>71.6 mg/liter 
>7.91 mg/liter

Acute LD, 
oral

2.9 g/kg 
0.7 g/kg
2.8 g/kg

0.7, 1.4, and 3.0 g/kg Fetal malformations, 
to pregnant rats, oral low fetal weights

Subchronic 
L D S0, oral

“ 2.4 g/kg/d 
“ 1.5 g/kg/d
= 1 . 0  g/kg/d

Acute LD,,, “ 2.3 g/kg 
oral = 3 . 7  g/kg

- 3.0 g/kg

Subchronic 
LD,,, oral

0.96 g/kg/d 
1.48 g/kg/d 
1.19 g/kg/d

46 (1978)

46 (1978)

47 (1979)

14 (1979) 

52 (1979)

52 (1979)

52 (1979)



TABLE III-8 (CONTINUED)

SUMMARY OF TOXICITY STUDIES

Animal Exposed to Maximum Dose
Organism (Number' and Route

Rabbits (5) Fischer-Tropsch Fractions: 
Synthesis condensate 
Cracking stock 
Diesel oil 
Raw gasoline 

Used coolant oil

2x/wk/25 no, 
cutaneous

M

Rergius oil fractions: 
Centrifuge residue 
Heavy oil let-down 
Light oil bottoms 
Middle oil
Cold catchpot liquid 
Cold catchpot vapor 
Raw gasoline 
Finished gasoline 
Pitch flash 
distillation residue

2x/wk/22 mo, 
cutaneous

Dry mineral residue 
Solvent-refined coal

LDj, >10.3 g/kg, 
cutaneous

S typhimuriun Fractions of Synfuels 
A and B:

Sodium hydroxide, 
insoluble 

Weak acids, diethyl 
ether-soluble 

Bases, insoluble (a) 
Bases, diethyl ether- 
soluble 

Neutral
Weak acids, insoluble 
Strong acids, insoluble 
Strong acids, water- 
soluble 

Bases, insoluble (b)

Unspecified

Ef fee t s 
(Inc i Hence)

Re fprence ( Yc.ir )

None arcinogenic 6 (1956)
effects

Carcinoma (10), 5 (1956)
papi 11 orna (IR), 
leukemi a (1)

46 (1978) 

44 (1978)

Mutagenic
IIII
IIII

Nonmutagenic
II

II
II



TABLE III-8 (CONTINUED)

SUMMARY OF TOXICITY STUDIES

Animal Exposed to Maximum Dose
Organism (Number) and Route

S tvphimurium (continued)

Fractions of Synthoil Unspecified
and COED process:

Hydrogen chloride, 
insoluble 

Bases, ether-soluble 
Weak acids, ether-soluble "
First cyclohexane extract 
(neutrals)

Second cyclohexane extract "
Phenanthrene-BaA
BaA
BaP
S o d i h y d r o x i d e ,  
insoluble 

Weak acids, insoluble 
Strong acids, insoluble 
Bases, insoluble 
Strong acids, ether- 
soluble 

Neutrals
Polar compounds in water 
Dimethyl sulfoxide residuals 
Phenanthrene

Fractions of Syncrude Unspecified
from COED process:

Sodiian hydroxide, 
insoluble 

Weak acids, insoluble 
Weak acids, diethyl 
ether-soluble 

Strong acids, insoluble 
Strong acids, diethyl 
ether-soluble 

Strong acids, water-soluble 
Bases, insoluble (a)



Effects 
(Inc idence)

Ref er ence  (Year)

4 0  ( 1 9 7 6 )

Mutagenic

it

it
tiit

Nonmutagenic
I f

II
II
II
II

42 ( 1 9 7 6 )

Nonmutagenic**ii

Mutagenic** 
Nonmutagenic



TABLE I I I - 8  (CONTINUED)

SUMMARY OF TOXICITY STUDIES

An imal 
Organism (Numb'M )

Exposed to Maximum Dose 
and Route

S typhimurium (continued)

Bases, insoluble (b)
Bases, diethyl ether-soluble 
Bases, water-soluble 
Hexane
Hexane/benzene
Hexane/ether
Methanol

Polyaromatic hydro- 50 |ig/plate
carbons:

Anthracene 
Benzo(a)pyrene 
BenzoCa)anthracene

7,12 Dimethyl-benz- 
(a)anthracene 

Dibenzo(a,i)pyrene 
Dibenzo(a,c)pyrene 
Dibenz(a,b)anthracene

Light oil 
Wash solvent 
Process solvent 
Light distillate 
Medium distillate 
Heavy distillate 
Paraho 16 shale oil 
Paraho 504 shale oil 
Livermore L01 shale oil

Fractions of Synfuel A-3 Unspecified

Fractions of Synfuels "
A and B

■P'-P- Benzo(e)pyrene

E coli II II



Ef fee t s 
(Inc idence)

Reference (Year)

Nonmutagenic
Mutagenic
Nonmutagenic
Mutagenicti

M
Nonmutagenic

Nonmutagenic
MutagenicII
Nonmutagenic

Mutagenic
I I

Nonmutagenicn
Mutagenicii

i tit
i i

i t

i i
n
i i

Mutagenic
I I

I I

41 (1975)

50 (1979)

45 (1978) 

43 (1977)

43 (1977)



TABLE I I I - 8  (CONTINUED)

SUMMARY OF TOXICITY STUDIES

An ima 1 
Orpanisni (Number)

Exposed to Maximum Dose 
and Route

Effects 
(Inc idence)

Kt'ierence (Year)

Saccharomvces Synfuel A Unspec i f i ed Mutagenic 43 (1977)

Human leukocyte Synfuel B i t Nonmutagenic 43 (1977)

Drosoph ila i t i i Weakly mutagenic 43 (1977)

♦Applied in diluted form 
•♦Incidence not reported



IV. ENGINEERING CONTROLS

Engineering  c o n t r o l s  combined with  good work p r a c t i c e s  w i l l  minimize 
worker exposure in coa l  l i q u e f a c t i o n  p l a n t s .  Such c o n t r o l s  p e r t a i n  to  e r o ­
s i o n ,  s e a l  and ins t rument  f a i l u r e s ,  m a i n t a i n a b i l i t y ,  r e l i a b i l i t y ,  and sample 
withdrawal sys tems.  A dd i t iona l  eng inee r ing  c o n t r o l s  fo r  s p e c i f i c  equipment or  
systems are a l so  i d e n t i f i e d  in the fo l lowing paragraphs .

Engineering c o n t r o l s  to p r o t e c t  worker h e a l t h  and s a f e t y  inc lude  (1) modi­
f i c a t i o n  of des ign  layout  and s p e c i f i c a t i o n s ,  (2) m o d i f i c a t io n  of o pe ra t in g  
c o n d i t i o n s ,  or  (3) add-on c o n t ro l  dev ices  to con ta in  l i q u i d s ,  gases ,  or  s o l i d s  
produced in the  process  and /or  to minimize p hys ica l  h az a rd s .  Modifying oper­
a t i n g  c on d i t ion s  or  adding c o n t r o l  devices  may r e q u i r e  r e t r o f i t t i n g  equipment 
o r  components a f t e r  p la n t  s t a r t u p .  Such m o d i f i c a t io n s  may n e c e s s i t a t e  system 
or p la n t  shutdown.

Throughout t h i s  c h a p te r ,  m o d i f i c a t i o n  of  p l a n t  des ign  and s p e c i f i c a t i o n s  
i s  emphasized.  Engineering  c o n t r o l s  based on t h i s  methodology may minimize 
maintenance and r e t r o f i t t i n g  requ i rem en ts .  Engineer ing c o n t r o l s  involv ing  
des ign  inc lude  system s a f e t y  a n a ly s e s ,  containment i n t e g r i t y ,  equipment s e g re ­
g a t i o n ,  redundancy o f  s a f e t y  c o n t r o l s ,  and f a i l - s a f e  des ig n .  The a p p l i c a t i o n  
of  these  eng inee r ing  c o n t r o l s ,  as d i scussed  in  the  fo l lowing  s e c t i o n s ,  w i l l  
minimize the need to modify o p e ra t in g  c o n d i t io n s  or  to add c o n t ro l  dev ice s .

P lan t  Layout and Design
P la n t  l ayou t  and des ign  f e a tu r e s  to  ensure  a sa fe  work environment inc lude 

system s a f e t y  programs and a n a ly s e s ,  p re s s u re  v e s s e l  codes,  c o n t ro l  room lo c a ­
t i o n  and d es ign ,  equipment l a y o u t ,  i n s u l a t i o n  of  ho t  s u r f a c e s ,  n o i se  a b a t e ­
ment,  i n s t ru m e n ta t i o n ,  emergency power s u p p l i e s ,  redundancy,  and f a i l - s a f e  f e a t u r e s .

(a )  System Safe ty
I d e n t i f i c a t i o n  of hazards and necessa ry  c o n t r o l s  i s  impor tan t  in the 

des ign  of  a sa fe  o p e ra t in g  p l a n t .  Hazards and c o n t r o l s  should be determined 
dur ing  the  des ign  phases of  the p l a n t  and whenever a change in process  des ign  
occu rs .  For example,  a f t e r  recogn iz ing  the hazards  a s s o c ia t e d  with  h ig h -  
p re s su re  v e s s e l s ,  one p lan t  i n s t a l l e d  p r o t e c t i v e  b a r r i e r s  around i t s  bench- 
s c a le  coa l  l i q u e f a c t i o n  process  [1 ] .  An exp los ion  did occur in  t h i s  system, 
but  because of the b a r r i e r s  no workers were i n j u r e d .  In c id e n t s  in  o th e r  
i n d u s t r i e s  have r e s u l t e d  in  f a t a l i t i e s  when i n i t i a l  des ign  and /or  des ign  
changes were inadequa te ly  reviewed fo r  p o t e n t i a l  s a f e t y  problems [82-84].

Introduction
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Review and a n a l y s i s  of des ig n ,  i d e n t i f i c a t i o n  of hazards and p o t e n t i a l  
a c c i d e n t s ,  and s p e c i f i c a t i o n  of  c o n t r o l s  fo r  minimizing a cc id en t s  and t h e i r  
consequences should be performed dur ing  p l a n t  des ig n ,  c o n s t r u c t i o n ,  and opera ­
t i o n .  Review and a n a ly s i s  should inc lud e ,  but  not  be l im i t e d  t o ,  procedures  
fo r  s t a r t u p ,  normal o p e ra t io n s ,  shutdown, maintenance,  and emergencies .  This 
review process  should be performed by knowledgeable h e a l t h  and s a f e t y  person­
n e l  working wi th  the e n g in e e r in g ,  maintenance,  and management s t a f f  who are 
cogn izan t  o f  the i n i t i a l  des ign  and/or process  des ign  changes.  To provide
t h i s  i n t e r a c t i o n ,  a formal program should be developed and documented. At a 
minimum, i t  should inc lude  rev iew and a n a ly s i s  r equ i rem en ts ,  assignment of 
r e s p o n s i b i l i t i e s ,  methods of  ana lyses  to be performed,  and necessa ry  documen­
t a t i o n  and c e r t i f i c a t i o n  requ i rem en ts .  All  of  these  elements a re  necessa ry  in  
o rder  to review the  des ig n ,  i d e n t i f y  h az a rd s ,  and s p e c i f y  s o l u t i o n s ,  and would 
be inc luded in a well -documented,  fo rmal ized  system s a f e t y  program.

The system s a f e t y  concept  has been used in the  aerospace  and n uc lea r  
i n d u s t r i e s  [85] to c o n t ro l  haza rds  a s s o c i a t e d  with systems or p ro du c ts ,  from 
i n i t i a l  des ign  to f i n a l  o p e ra t io n .  This concept  i s  a l so  being app l ied  in 
o th e r  i n d u s t r i e s ,  eg,  the chemical  i n d u s t ry  [821.

F a u l t - t r e e  a n a l y s i s  i s  one method of system s a f e t y  e v a lu a t i o n  t h a t  has 
been a pp l ied  in  coal  g a s i f i c a t i o n  p i l o t  p l a n t s  [86] , and i t  i s  used in  the
w o r ld ' s  o l d e s t  and l a r g e s t  coa l  l i q u e f a c t i o n  p la n t  to he lp  eng ineers  with  the 
des ign  and c o n s t r u c t i o n  of  new f a c i l i t i e s  [21].  In the coal  g a s i f i c a t i o n  
c r i t e r i a  document [16],  NIOSH recommended t h a t  f a u l t - t r e e  systems a n a l y s i s ,  
fa i lu re -m ode  e v a l u a t i o n ,  or  e q u iv a l e n t  s a f e t y  a n a ly s i s  be performed dur ing  the 
des ign  of coa l  g a s i f i c a t i o n  p l a n t s  or  dur ing  the des ign  of major m o d i f i c a t io n s  of  e x i s t i n g  p l a n t s .

A sy st em  s a f e t y  program t h a t  i n c o r p o r a t e s  d e s i g n  r e v i e w s ,  h a z a r d  i d e n t i f i ­
c a t i o n  and c o n t r o l ,  o r g a n i z a t i o n ,  and f a u l t - t r e e  a n a l y s i s  sh ould  a l s o  be used  
d u r i n g  the  d e s i g n  o f  c o a l  l i q u e f a c t i o n  p l a n t s  and d u r in g  any d e s i g n  m o d i f i c a ­
t i o n s  o f  o p e r a t i n g  p l a n t s .  T h is  program would p r o v i d e  a d i s c i p l i n e d  approach  
to  i n v o l v i n g  a l l  r e s p o n s i b l e  de p ar tm en ts  in d e s i g n  d e c i s i o n s  t h a t  w i l l  a f f e c t  
employee p r o t e c t i o n .  Appendix  V I I  l i s t s  s e v e r a l  r e f e r e n c e s  on sy st em  s a f e t y .

(b)  Pres su re  Vessels
Because most l i q u e f a c t i o n  p l a n t s  ope ra te  a t  high p re s su re s  ranging from

400 to  4,000 p s i  (2 .8  to 28 MPa) and a t  tempera tures ranging from 800 to
932°F (427 to 500°C) [33],  i t  i s  e s s e n t i a l  t h a t  p re ssu re  v e s s e l s  be p rope r ly  
des igned .  Rupture of  a p re s s u re  v e s s e l  c o n ta in in g  flammable s o lv en t  or  o the r  
flammable m a t e r i a l s  could be c a t a s t r o p h i c  [87] . P ressu re  v e s s e l s  a t  e x i s t i n g  
p l a n t s  a re  designed in  accordance with  the a p p l i c a b l e  American Socie ty  of  
Mechanical  Engineers (ASME) B o i le r  and P ressu re  Vessel  Codes to ensure v e s s e l  
des ign  adequacy [1 ,8 8 ] ,  Q ua l i t y  c o n t ro l  measures should be formulated  and 
performed to ensure  the necessa ry  r e l i a b i l i t y  of  the v e s s e l  i n t e g r i t y  [1 ] .  A
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q u a l i t y  assu rance  (OA) program should be e s t a b l i s h e d  p r i o r  to p l a n t  and equ ip ­
ment des ig n .  The program should document fo rmal ized  q u a l i t y  c o n t ro l  measures 
fo r  d es ign ,  c o n s t r u c t i o n ,  and o p e ra t io n .  I t  should a l s o  document the r e q u i r e ­
ments of  fu n c t ion s  such as a u d i t s ,  i n s p e c t i o n s ,  and t e s t s .  The program should 
be modeled a f t e r  the ASME QA programs and the American Nat iona l  Standards 
I n s t i t u t e  (ANSI) QA s t a n d a rd s .

P re ssu re  s a f e t y  and r e l i e f  v a lves  should be i n s t a l l e d  where a p p r o p r i a t e ,  
as determined by w e l l - e s t a b l i s h e d  eng inee r ing  p r a c t i c e  [1 ,88 ] .  I f  the  d i s ­
charge of  these  v a lv es  i s  a tox ic  or  p o t e n t i a l l y  dangerous m a t e r i a l ,  i t  should 
be c o l l e c t e d  and t r e a t e d  in an accep tab le  manner. F la r in g  should be 
r e s t r i c t e d  to gaseous d i s c h a rg e s ;  any l i q u i d  d ischa rges  should be con ta ined  by
a p p ro p r i a t e  knockout drums. P ressu re  s a f e t y  va lves  on steam drums and o th e r
v e s s e l s  t h a t  do not  c o n ta in  tox ic  or dangerous m a t e r i a l s  should be vented  in 
accordance with s tanda rd  s a f e t y  p r a c t i c e s .  These va lves  should be des igned or 
loca ted  so t h a t  they w i l l  not  become plugged with  condensed coal  p roduc ts .

(c )  Control  Room Design
The c o n t ro l  room fo r  p la n t  o pe ra t io n  should be designed to  provide  a safe  

environment fo r  o p e ra t in g  personnel  and to remain f u n c t io n a l  in  the event  of 
an a c c id en t  and /or  the r e l e a s e  of hazardous  m a t e r i a l s  w i th in  the p l a n t .  For
example,  a t  one s i t e ,  r e i n f o r c e d  conc re te  wal l s  were provided between the
l i q u e f a c t i o n  system and the o p e ra t in g  c o n t ro l  room to  p r o t e c t  the o pe ra t in g  
personnel  from p o s s ib l e  exp los ions  [1 ] .  An exp los ion  did occur ,  but  c o n t ro l  
room personnel  were not  i n j u r e d ,  and c o n t ro l  equipment was not  damaged. As a 
r e s u l t ,  the  o p e ra to r s  were ab le  to  shut  down the o pe ra t io n  to prevent  ad d i ­
t i o n a l  o ccu r ren ces ,  such as in t e ns e  f i r e  r e s u l t i n g  from the unco n t ro l led  flow 
of hydrogen.  The c o n t ro l  room was s t r u c t u r a l l y  designed  to w i ths tand  the 
fo rce s  gene ra ted  by a n t i c i p a t e d  a c c id e n t s .

Air supp l ied  to the c o n t ro l  room should not  be contaminated  with hazardous  
m a t e r i a l s .  In the event  of  an a c c id en t  or  the r e l e a s e  of  hazardous m a t e r i a l s  
(such as hydrogen s u l f i d e )  w i th in  the p l a n t ,  o p e r a to r s  must be able  to respond 
e f f e c t i v e l y .

(d) S epa ra t ion  of Systems or Equipment
System s a f e t y  ana lyses  can i d e n t i f y  those  systems,  u n i t  p ro c e s s e s ,  and 

u n i t  o pe ra t io n s  t h a t  should be separa ted  from one ano ther  by des ign  or l o c a ­
t i o n .  In one coal  l i q u e f a c t i o n  p i l o t  p l a n t ,  a f i r e  r e s u l t i n g  from a pump s ea l  
f a i l u r e  con tac ted  an a d jacen t  pump and caused i t  to f a i l  [1 ] .

Experience with hydrocrackers  used in pe tro leum r e f i n e r i e s  fo r  producing 
g a s o l in e  from h e a v ie r  hydrocarbons has led the Oil  Insurance  A sso c ia t io n  to 
recommend t h a t  these  u n i t s  be remotely  loca ted  w i th in  the p la n t  p e r im ete r  
[89],  Hydrocrackers ope ra te  a t  p re ssu re s  of up to 3,200 p s i  (22 MPa) and a t  tem pera tures  of  up to  1,800°F (980°C) [891, s i m i l a r  to  the hydro t rea tm ent
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u n i t s  used in coal  l i q u e f a c t i o n .  When a hydrocracker  f a i l s ,  flammable 
m a t e r i a l  i s  r e l e a s e d  over a l a r g e r  a rea  than with  low er-p ressu re  u n i t s .  Based 
on exper ience  with hydrocrackers  [891 , the h y d r o t r e a t e r  u n i t  should a l so  be 
remote ly  lo ca ted  w i th in  the p lan t  to minimize the impact t h a t  i t s  f a i l u r e  
might  have on o th e r  equipment. A systems s a f e t y  a n a ly s i s  can i d e n t i f y  the 
types of m u l t i p l e  f a i l u r e s  t h a t  could occur in a s p e c i f i c  p lan t  des ign .  Unit 
p rocesses  and o pe ra t io n s  should be designed or loca ted  to  prevent  a s in g le  
f a i l u r e  from i n i t i a t i n g  subsequent  f a i l u r e s .

(e )  Loca tion  of  R e l i e f  Valves
R e l i e f  v a lves  d i s ch a rg in g  d i r e c t l y  to the  atmosphere should be loca ted  so 

t h a t  o p e ra t in g  personnel  a re  not  exposed to r e l e a s e s .  These va lves  should not  
be loca ted  near  s t a i rw ays  or  below walking p la t fo rms [11.

Design C ons idera t ions
The systems in coal  l i q u e f a c t i o n  p l a n t s  are c losed  because flammable and 

o th e r  hazardous  m a t e r i a l s  a re  handled a t  high p re ssu re s  and t em pera tu re s .  
However, workers can be exposed to  the process m a t e r i a l s  when these  systems 
are  opened.  The opening of the system may be i n t e n t i o n a l ,  as i s  the case 
dur ing  maintenance.  On the o the r  hand,  poor connec t ions ,  s ea l  f a i l u r e s ,  or  
l i n e  f a i l u r e s  due to  e ro s ion  or co r ro s io n  can r e s u l t  in leaks t h a t  may r e l e a s e  
process  m a t e r i a l s  i n to  the work environment. Minimizing maintenance a c t i v ­
i t i e s ,  l im i t i n g  the ’ amount of  process  m a t e r i a l  p re sen t  during maintenance,  and 
p reven t in g  leaks  w i l l  reduce the p o t e n t i a l  fo r  worker exposure .  Design 
f a c t o r s  r e q u i r i n g  eng inee r ing  c o n t ro l s  fo r  systems,  u n i t  o p e r a t io n s ,  and u n i t  
p r o c e s s e s  i n c l u d e  m a i n t a i n a b i l i t y ,  s e a l s ,  e r o s i o n / c o r r o s i o n  in  sys tem s  hand l ing  f l u i d s  t h a t  con ta in  s o l i d s ,  hot  s u r f a c e s ,  n o i s e ,  i n s t ru m e n ta t io n ,  
emergency power, redundancy of c o n t r o l s ,  f a i l - s a f e  des ign ,  and sampling.

(a)  M a in t a i n a b i l i t y
Maintenance a c t i v i t i e s  a re  the most f requen t  cause of worker exposure to 

the process  m a t e r i a l s  in  coa l  l i q u e f a c t i o n  p l a n t s .  Coal l i q u e f a c t i o n  p l a n t s  
should be des igned to ensure  t h a t  systems,  u n i t  p ro ce sse s ,  and u n i t  ope ra t ions  
hand l ing  hazardous  m a t e r i a l s  can be mainta ined  with minimum employee exposure.  
P r i o r  to maintenance,  the  equipment should be i s o l a t e d  from the  process  stream 
by b l i n d s  and i s o l a t i o n  va lves  [1 ,90 ,911 .  The equipment should a lso  be 
d e p re s s u r i z e d  i f  n ec e s sa ry ,  f l u she d ,  and then  purged,  where p r a c t i c a b l e ,  with 
steam or an i n e r t  gas ( n i t r o g e n  or carbon d io x id e ) .  Cleaning s o lv e n t ,  w a te r ,  
o r  o th e r  s u i t a b l e  m a t e r i a l  may be used fo r  f lu sh in g  equipment t h a t  handles 
l i q u id s  and s o l i d s .  Flush ing and purging are  necessa ry  to  minimize r e s i d u a l  
p rocess  m a t e r i a l s  in equipment r e q u i r i n g  maintenance or removal .

Decontamination of  equipment in  p lace  r e q u i r e s  a p p ro p r i a t e  systems with 
adequate f lu sh  and purge c a p a c i ty  as w el l  as adequate s to rage  c a p a c i t y  fo r  the
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m a t e r i a l s  f lushed  out  of  the system. The contaminated f lu s h in g  m a t e r i a l
should be con ta ined ,  t r e a t e d ,  and d isposed of p rope r ly  i f  i t  i s  not  recyc led
[1 ,92 ] .  At one p l a n t ,  the  i n e r t  gas purge i s  sen t  to a f l a r e  header system 
and then to a f l a r e  s t a ck  [88] . Decontamination a t  another p lan t  i s  performed 
a f t e r  the equipment has been removed from the process  system and p r i o r  to 
maintenance a c t i v i t i e s  [1 ] .  In o th e r  c a s e s ,  equipment is  removed f i r s t ,  
decontaminated,  and checked fo r  con tamina tion  using  a UV l i g h t  p r i o r  to any 
maintenance [1 ] .  However, UV l i g h t  was i n e f f e c t i v e  in f l u o re s c in g  t h i c k  
l ay e rs  of  c oa l -d e r iv e d  m a t e r i a l s  [11. Decontamination of  equipment a f t e r
removal from the system inc rea se s  the p o t e n t i a l  fo r  worker exposure to r e s i d ­
ual  m a t e r i a l  in the equipment.  However, i f  the equipment i s  decontaminated 
p r i o r  to removal from the system, the amount of  r e s i d u a l  m a t e r i a l  would be minimal .

Employee exposure dur ing  maintenance should be minimized by providing 
redundant  equipment.  I f  an e n t i r e  system must be shut  down to r e p a i r  one 
p iece  of equipment,  workers w i l l  sometimes be i n s t r u c t e d  to  postpone main­
t e n a n c e  and c o n t i n u e  o p e r a t i n g  w i th  m a r g i n a l  equ ipm en t  u n t i l  e x t e n s i v e  
maintenance i s  necessa ry .  Redundant equipment permits  maintenance a c t i v i t i e s  
to be performed without  i n t e r r u p t i n g  normal o p e ra t io n s  [88].  I s o l a t i o n  and 
decontamination  c a p a b i l i t i e s  should a lso  be a v a i l a b l e  fo r  equipment r e q u i r i n g  
fr equen t  maintenance.

Maintenance a c t i v i t i e s  may r e s u l t  in process  m a t e r i a l  s p i l l s .  All  s p i l l s  
should be conta ined  and c o l l e c t e d  to c o n t r o l  the r e l e a s e  of  the m a t e r i a l .  
Dikes with chemical  sewer d ra in s  are  sometimes used to con ta in  and c o l l e c t  
s p i l l s  [1 ] ,  For example, one p l a n t  was b u i l t  on a d iked concre te  pad t h a t  
d ra ined  in to  a chemical  sewer arrangement [1 ] .  Adequate v e n t i l a t i o n  should be 
provided where flammable l i q u id s  are  c o l l e c t e d  to reduce the flammable vapor 
c o n c e n t r a t io n  to l e s s  than i t s  lower exp los ive  l i m i t .

(b) Systems Handling F lu ids  Containing Sol ids
Minimizing leaks w i l l  reduce employee exposures.  Good eng ineer ing  p rac ­

t i c e s  should minimize leakage from loose f lange  b o l t s ,  connec t ions ,  or  improper welds.
(1) Seals
In systems t h a t  handle  f l u i d s  c on ta in ing  s o l i d s ,  ab ras ive  p a r t i c l e s  

may e n t e r  the s e a l  c a v i ty  and cause ra p id  s ea l  f a i l u r e ,  r e s u l t i n g  in the 
r e l e a s e  of  hazardous m a t e r i a l s  [1 ,88 ,93 -9 5 ] .  To reduce the frequency of leaks 
and minimize personnel  exposure ,  pumps, compressors,  and o th e r  equipment with 
r o t a t i n g  s h a f t s  should be designed so t h a t  s e a l s  are  compatib le  with the f l u id  env ironment .
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(2) Eros i o n / Corrosion
Where e ros ion  occurs in a c o r ro s iv e  environment,  base meta ls  are more 

s u s c e p t ib l e  to c o r ro s io n .  The term " e r o s io n / c o r r o s io n "  i s  used throughout 
t h i s  document to i n d i c a t e  e ro s io n ,  co r ro s io n ,  or a combination of  both .  
Eros i o n /co r r o s io n  o f t e n  causes leakage problems in systems,  u n i t  p ro ce sse s ,  
and u n i t  o pe ra t io n s  t h a t  handle gases with e n t r a in e d  s o l i d s  and s l u r r i e s .  
Where p r a c t i c a b l e ,  s l u r r y  t r a n s p o r t  p ipes should be designed  to minimize sharp 
elbows and t u r b u l e n t  f l o w s ,  which i n c r e a s e  t h e  s e v e r i t y  o f  e r o s i o n  
[1 ,9 3 ,96 -9 8 ] .  Severe e ro s ion  has a lso  been observed where the re  is  poor 
alignment a t  f langed j o i n t s  on p ip ing  and a t  s l i p  j o i n t s  o f  inner tubes 
in s e r t e d  to minimize e ro s io n .  Erosion is  enhanced by the flow tu rbu lence  a t  
these  d i s c o n t i n u i t i e s  [98],

P e r io d ic  u l t r a s o n i c  t e s t s  may be performed to i n d i c a t e  l o c a t i o n s  of exces­s ive  e ro s ion  [1 ,8 8 ] .  Other methods t h a t  have been used include  dye-checking 
fo r  c racks ,  sp e c i a l  m e ta l log rap h ic  examinat ions ,  and X-rays to i d e n t i f y  
a f f e c t e d  a reas  [88].  The l o c a t i o n  and frequency of monito r ing  for  e ro s io n /  
c o r ro s io n  should be e s t a b l i s h e d  p r i o r  to p lan t  o pe ra t io n  and r e v i s ed  as 
n e c e s s a r y .

Valve i n t e r n a l s  should a l so  be designed to minimize e r o s i o n /c o r r o s io n .  
Considerab le  e r o s io n / c o r r o s i o n  has been observed in h ig h -p r e s s u re  letdown 
va lves  in coa l  l i q u e f a c t i o n  p l a n t s  [8 8 ,9 3 ,9 6 ,99 ,10 0 ] .  However, improved 
des igns  and m a t e r i a l s ,  such as m u l t i p l e  letdown va lves  in s e r i e s  and tungs ten  
ca rb ide  t r im ,  have minimized e ro s io n  e f f e c t s  [8 8 ,9 4 ,9 6 ] .  Other va lves  used in 
s l u r r y  s e rv i c e  have a l so  shown s igns  of  e r o s i o n / c o r r o s i o n  [96 ,100] ,  Consider­
ab le  r e se a rc h  has been and i s  being conducted on methods to minimize valve  
e r o s io n / c o r r o s i o n  [3 2 ,8 8 ,9 6 ,9 8 ,1 0 1 ] .  A hard su r face  meta l  to be appl ied  to 
the va lve  i n t e r n a l s  is  c u r r e n t l y  being developed [1 ,9 4 ] .  However, a major 
problem to da te  has been e f f e c t i n g  an adequate bond between the  p r o t e c t i v e  
coa t ing  metal  and the base metal  [ 1 ,9 4 ] .  In a d d i t i o n ,  e x t r a  ca re  needs to be 
exe rc i sed  dur ing  c o n s t ru c t i o n  and maintenance to  avoid chipping  any p r o t e c t i v e  
coa t ings  [94].  Valves used in systems handling  f l u i d s  t h a t  con ta in  s o l i d s  
should a lso  be designed  to c lo se  p ro p e r ly ,  because problems have occurred  when 
suspended s o l i d s  have prevented  proper  va lve  c lo su re  Tl] .  Where these  valves  
a re  needed for  c o n t ro l  purposes,  redundant  va lves  should be included in the  
p l a n t  des ign .

Pump c a s in g s ,  p a r t i c u l a r l y  c e n t r i f u g a l  pumps, should a l so  be designed to 
minimize e ro s io n .  C en t r i fu g a l  pumps have been designed  with hard coa t ings  to 
provide  abras ion  r e s i s t a n c e  in s l u r r y  s e rv i c e  [94] ,  and pumps ope ra t ing  at  
tempera tures below 150°F (66°C) were r e l a t i v e l y  s u c c e s s f u l .  However, poor 
coa t ing  adherence to the base metal  was noted with pumps t h a t  handle  s l u r r i e s  
a t  tempera tures above 150°F (66°C).

Although one p lan t  experienced e ro s ion  problems in i t s  c e n t r i f u g a l  pumps 
[94],  ano ther p la n t  had favorab le  experience  using  Ni-Hard cas ings  fo r  i t s  c e n t r i f u g a l  pumps [88].
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Other m a t e r i a l  problems in coa l  l i q u e f a c t i o n  systems inc lude hydrogen 
em br i t t l em en t ,  p a r t i c u l a r l y  in hydrogena tion  p rocesses  and h y d r o t r e a t e r  u n i t s ,  
and s t r e s s - c o r r o s i o n  c rack ing ,  p a r t i c u l a r l y  around welds.  These problems have 
been in v e s t ig a t e d  [3 2 ,8 8 ,9 6 ,98 ,10 1 ] ,  and r e sea rch  i s  being conducted in an 
e f f o r t  to so lve  or minimize them [102,1031.

Eros i o n /co r ro s io n  i s  a lso  a problem in p y r o ly s i s  and hydrocarbon iza t ion  
p ro ce s se s .  Erosion in these  p rocesses  is  due to e n t r a in e d  s o l i d s  in gas and 
vapor streams a t  high v e l o c i t i e s .  These problems are analogous to those  
experienced in coal  g a s i f i c a t i o n  p rocesses  where s o l i d s  become e n t r a in e d  in 
gas and vapor st reams.

(c) Hot Surfaces
Equipment opera ted  a t  e l ev a ted  tempera tures should be designed to minimize personnel  burn  p o t e n t i a l  and hea t  s t r e s s .  One method for  accomplishing t h i s  

i s  to i n s u l a t e  a l l  hot  s u r f a c e s .  However, exper ience  has shown t h a t  t h e re  i s  
a f i r e  p o t e n t i a l  i f  the process  so lven t  c o n t a c t s  and r e a c t s  with  c e r t a i n  
i n s u l a t i o n  m a t e r i a l s .  One example of  t h i s  occurred  in a small development 
u n i t  when hot  process m a t e r i a l s  came in to  c o n tac t  with porous magnesium oxide 
i n s u l a t i o n ,  caus ing a minor f i r e  [ 1 ,8 8 ] .  T he re fo re ,  i n s u l a t i o n  used to pro­
t e c t  personnel  from hot  su r fa c e s  should be n o n reac t ive  with the m a t e r i a l  being 
h an d le d .

(d) Noise
Noise abatement should be cons idered  dur ing  f a c i l i t y  des ign .  Noise expo­

sures occur in the coa l  hand ling  and p re p a ra t io n  system, around pumps and
compressors,  and near systems with h ig h - v e l o c i t y  flow l i n e s  [38].  Where 
p r a c t i c a l ,  no ise  l e v e l s  in the p la n t  should be minimized by means of  equipment 
s e l e c t i o n ,  i s o l a t i o n ,  or a c ou s t i c  b a r r i e r s .  The no ise  l e v e l s  to which employ­
ees may be exposed should not  exceed the NIOSH-recommended 85 dBA l e v e l ,
c a l c u la t e d  as an 8-hour TWA, or eq u iv a l en t  dose l e v e l s  fo r  s h o r t e r  p e r iods  
[104].

(e)  In s t ru m en ta t io n
Ins t ru m en ta t io n  necessa ry  to ensure  the sa fe  o p e ra t io n  of  the  coal  l i q u e ­

f a c t i o n  p la n t  should be designed  to remain fu n c t i o n a l  in the  most severe  
o pe ra t in g  environment.  Inst rument l i n e s  can become plugged w i t h . m a t e r i a l s  in 
the process  stream [1] and should be purged where needed with  a s u i t a b l e
m a t e r i a l  to prevent  p lugging .  For process  l i q u i d  s t ream s ,  inst rument  l i n e s
are  normally  purged with c lean  process  s o lv en t  [1 ] ,  while ins t rument  l i n e s  in 
gas systems are u s u a l ly  purged with i n e r t  gases such as n i t ro g e n  or carbon 
d iox ide  [1 ] .  The purge m a t e r i a l  s e l e c t e d  should be compat ible with the pro­
cess stream. Because of  small  f low ra te s  used in p i l o t  p la n t  o p e r a t i o n s ,  the 
purge m a t e r i a l  may d i l u t e  the process  st ream.
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Radioac t ive  sources and d e t e c t o r s  are used in some coal  l i q u e f a c t i o n
p la n t s  to monitor  the l i q u id  l e v e l  i n s id e  v e s s e l s  and, in some ca ses ,  to
perform d e n s i t y  analyses  by neut ron  a c t i v a t i o n  [1 ] .  S u f f i c i e n t  s h ie ld in g  is
needed to minimize the r a d i a t i o n  l e v e l s  to which workers are  exposed in a reas  
in  and around the r a d i o a c t i v e  source l o c a t i o n .  The use of  r a d io a c t i v e  mate­
r i a l s  a lso  r e q u i r e s  comprehensive h e a l th  physics  procedures and mon i to r ing ,  
p a r t i c u l a r l y  when maintenance is  to be performed on equipment in which r a d io ­
a c t i v e  m a t e r i a l s  are normally  p r e s e n t .  Anyone using  r a d io a c t i v e  m a t e r i a l s  
must comply with the r e g u l a t i o n s  in 29 CFR 1910.96.  Combining eng ineer ing
c o n t r o l s  and work p r a c t i c e s  should prevent  r a d i a t i o n  exposures in excess of
those s p e c i f i e d .

( f )  Emergency Power Suppl ies
In s t ru m e n ta t io n  and p l a n t  equipment t h a t  must remain fu n c t i o n a l  to ensure sa fe  o p e ra t io n  and shutdown of the p la n t  should have emergency power s u p p l i e s .  

For example, pumps used for  emptying equipment such as c a t a l y t i c  r e a c t o r s  of  
a l l  m a t e r i a l  t h a t  might coke or s o l i d i f y  and i n e r t  gas purge systems necessa ry  
fo r  shutdown need an emergency power supply.  Without an i n e r t  gas purge or 
b lan ke t  dur ing  shutdown, the p o t e n t i a l  for  a f i r e  or an exp los ion  in c rea se s  
[1 ] .  Emergency power su pp l ie s  should be remote from areas  in which acc iden t s  
i d e n t i f i e d  in the  system s a f e ty  a n a ly s i s  are  l i k e l y  to occur .

(g) Redundancy of Controls  Needed for  Safe ty
Throughou t  t h e  c o a l  l i q u e f a c t i o n  p l a n t ,  e q u ip m e n t ,  i n s t r u m e n t s ,  and 

systems needed to perform a s a f e ty  func t ion  should be i d e n t i f i e d  by the  system 
s a f e t y  a n a l y s i s .  These s a f e ty  func t ions  should be redundan t .  For example, 
p re s su re  r e l i e f  va lves  are provided to prevent  o v e r p r e s s u r i z a t i o n  and v e s s e l  
r u p tu r e .  Where necesa ry ,  p a r a l l e l  r e l i e f  v a l v e s ,  r u p tu r e  d i s k s ,  or s a f e t y  
va lves  should be provided fo r  an added degree of  s a f e t y  so t h a t  in the event  
t h a t  one f a i l s  to fu n c t ion  when needed, ano ther i s  p r e s e n t .  Redundant p r e s ­
sure r e l i e f  systems are  used in the petroleum in d u s t r y  [91] and in coal  
l i q u e f a c t i o n  o p e ra t io n s  [1 ] ,

(h) F a i l - S a f e  Design
The f a i l u r e  of any s a f e t y  component i d e n t i f i e d  in the system s a f e t y  

a n a ly s i s  should always r e s u l t  in a sa fe  or nonhazardous s i t u a t i o n  [1 ,105] .  
For example, f a i l - s a f e  f e a tu r e s  include sp r ing  r e t u r n s  to sa fe  p o s i t i o n s  on 
e l e c t r i c a l  r e l a y s ,  which deenerg ize  the system [106].  All  pneumatica l ly  
ac tua ted  va lves  should f a i l  in to  a safe  or nonhazardous p o s i t i o n  upon the  loss  
of  the pneumatic system [105].  The safe  p o s i t i o n ,  open or c lo se d ,  of  a va lve  
depends on the va lve  func t ion .

( i )  Process  Sampling
A common source of  worker exposure to hazardous m a t e r i a l s  in  the  petroleum 

in d u s t r y  i s  process  stream sampling [107].  This source of  exposure a lso
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e x i s t s  in coal  l i q u e f a c t i o n  p l a n t s .  In a d d i t i o n ,  process  streams c on ta in ing  
flammable l i q u i d s  or gases p re sen t  f i r e  and exp los ion  hazards  [1 ] .  To min i­
mize the p o t e n t i a l  fo r  f i r e s ,  e xp lo s io ns ,  or personnel  exposures ,  sampling 
systems should be designed to remove flammable or t ox ic  m a t e r i a l  from the 
l i n e s  by f lu sh in g  and purging p r i o r  to removal of  the  sampling bomb. Flushing  
and purging a lso  minimize the p o t e n t i a l  fo r  some process m a t e r i a l s  to  s o l i d ­
i f y  in the l i n e s  i f  allowed to cool  to near-ambient  tem pera tures  [ 1 ,8 8 ,9 5 ] .  A 
number of  sampling systems have been developed and are shown in Figure 
XVIII-3.  The system shown as " b e s t "  in t h i s  f ig u re  does not  permit  removal of  
the m a t e r i a l  between the i s o l a t i o n  va lves  p r i o r  to  removal of  the bomb. The 
sampling system shown in Figure XVIII-4 al lows removal of  m a t e r i a l  contained  
between the two i s o l a t i o n  va lves  on each s ide  of  the  bomb [1 ] .  When the 
o p e r a to r  removes the bomb, the p o t e n t i a l  for  f i r e ,  exp lo s io n ,  or worker expo­
su re  to r e s i d u a l  process  m a t e r i a l  i s  minimized.  F u r th e r  p r o t e c t i o n  from 
exposure would be a f fo rded  i f  a f lu sh  and purge system were provided to remove 
the  m a t e r i a l  from the sampling l i n e s  but  not  from the bomb. The f lu sh  and 
purge system could a lso  be used to enhance d e p r e s s u r i z a t i o n  of  h ig h - p r e s s u r e  
sampling systems.  For gas sampling systems,  the b leed  l i n e s  should d ischa rge  
to a gas c o l l e c t i o n  system fo r  cleanup and d i s p o s a l .

Systems Opera t ions
Another s a f e t y  a spec t  in p la n t  des ign  involves ev a lu a t in g  systems,  t h e i r  

hazards  and eng inee r ing  problems,  and the necessa ry  eng inee r ing  c o n t r o l s .
(a) Coal P re p a ra t io n  and Handling
The coal  p re p a r a t io n  and hand ling  system r e c e iv e s ,  c ru s h e s ,  g r i n d s ,  s i z e s ,  d r i e s ,  and mixes the p u lv e r ized  coa l  with process s o lv e n t ,  and p rehea ts  the 

coa l  s l u r r y .  S lu r ry  mixing and p rehea t in g  may not  be req u i r e d  fo r  the  pyro ly ­
s i s  and h yd roca rbon iza t ion  p ro c e s s e s ,  bu t  the o th e r  o p e ra t io n s  a re  needed for  
a l l  coa l  l i q u e f a c t i o n  p ro c e s s e s .  I n s t e ad  of  s l u r r y  pumps, p y r o ly s i s  and 
h yd roca rbon iza t ion  p rocesses  g e n e ra l l y  have lockhoppers , which provide a 
g r a v i t y  feed of  the coal  in to  the l i q u e f a c t i o n  r e a c t o r  [70].  NIOSH's coa l  
g a s i f i c a t i o n  c r i t e r i a  document [16] d i scu ssed  and recommended s tanda rds  fo r  
lockhopper des ign .

Noise,  coa l  d u s t ,  hot  s o lv e n t s ,  flammable m a t e r i a l s ,  and i n e r t  gas purging 
a re  f a c t o r s  t h a t  c o n t r i b u t e  to  p o t e n t i a l  h e a l t h  and s a f e t y  h az a rd s .  For 
example,  coa l  dus t  p r e s e n t s  i n h a l a t i o n ,  f i r e ,  and exp los ion  h az a rd s .  In h a la ­
t i o n  hazards should be minimized by using  enc losed  systems for  t r a n s p o r t i n g  
the coal  f i n e s ,  by using an i n e r t  gas stream [1 ,8 8 ] ,  or  by using proper work 
p r a c t i c e s  [1 ] .  Vacuum and water  spray systems have been suggested as methods 
for  c lean ing  up coal  dust  r e s u l t i n g  from f u g i t i v e  emissions [92].  To minimize 
the f i r e  and exp los ion  p o t e n t i a l ,  s tanda rds  should be app l ied  such as the 
N at iona l  F i r e  P r o t e c t i o n  A sso c ia t io n  (NFPA) Standard 653, "P reven t ion  of  Dust 
Explos ions in Coal P re p a ra t io n  P l a n t s " ;  NFPA Standard 91, "Blower and Exhaust
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Systems,  Dust , Stock,  and Vapor Removal or Conveying"; NFPA Standard 85F, 
"Pu lver ized  Fuel Systems";  NFPA Standard 85E, "P reven t ion  of  Furnace Explo­
s ions in P u lve r ized  Coal -F ired  Mul t ip le  Burner B o i l e r - F u r n a c e s " ; and NFPA 
Standard 69,  "Explosion  P reven t ion  Systems." P re s su re  r e l i e f  va lves  a re  used 
to prevent  o v e r p r e s s u r i z a t i o n  and equipment f a i l u r e  r e s u l t i n g  from f i r e s  in 
the coal  handling  system [1 ] .  Equipment in the coal  hand ling  and p re p a ra t io n  
system has been i d e n t i f i e d  as a major no ise  source  [38].  This equipment 
inc ludes  the p u l v e r i z e r  (90-95 dBA), p re h e a te r  charge pump (95-100 dBA), 
g r a v im e t r i c  feeder (90-95 dBA), and v i b r a t o r  (110 dBA) [38].  When s e l e c t i n g  
such equipment,  p r i o r i t y  should be given to equipment des igned to a t t a i n  no i se  
l e v e l s  t h a t  are w i th in  the NIOSH-recommended l i m i t s  [104].  I f  t h i s  equipment 
des ign  i s  i m p ra c t i c a l ,  a c o u s t i c a l  b a r r i e r s  and pe rsona l  p r o t e c t i v e  equipment 
(see  Chapter V) should be used.

C er ta in  o p e r a t i o n s ,  such as coal  p u lv e r i z i n g  and d ry ing ,  should be p er ­
formed in a r e l a t i v e l y  oxygen-f ree  atmosphere to  minimize the  p o t e n t i a l  fo r  
f i r e s  or e xp los io ns .  At va r ious  p l a n t s ,  the oxygen c o n c e n t r a t io n  l e v e l  dur ing 
s t a r t u p ,  shutdown, and ro u t i n e  and emergency o p e ra t io n s  i s  main ta ined  a t  <5% 
by volume using n i t ro g en  as the  i n e r t  purge gas [1 ,106 ,108] .  At one p l a n t ,  
the  baghouse used to c o l l e c t  coal  d us t  and the coa l  s to rage  b in s  are b lanke ted  
with an i n e r t  gas ,  i e ,  n i t r o g e n  [1 ,108 ] .  At one b en ch - sca le  hydrocarboniza ­
t i o n  u n i t  [106],  n i t r o g e n  purge is  used to remove hydrogen dur ing  shutdown. 
The oxygen c o n c e n t r a t io n  l e v e l ,  which minimizes or  e l im in a te s  the f i r e  and 
exp los ion  p o t e n t i a l ,  v a r i e s  with the type of  purge and b la n k e t in g  gas and the 
type of  coal  being used [109].  I f  carbon d iox ide  i s  used as the i n e r t  gas ,  
the oxygen c o n c e n t r a t io n  should be l e s s  than 15-17% by volume, depending on
the  type of  coa l  used,  to preven t  i g n i t i o n  of  coa l  dust  clouds  [1091. When
the i n e r t  gas i s  n i t r o g e n ,  the  oxygen c o n c e n t r a t io n  should be lower [109].
The maximum oxygen c o n c e n t r a t io n  in the  coal  p re p a r a t io n  and hand ling  system
should be determined by the type o f  i n e r t  gas and the type o f  coal  used.  
Oxygen l e v e l s  sh ou ld  be c o n t i n u o u s l y  m o n i t o r e d  d u r i n g  p l a n t  o p e r a t i o n s  
[1 ,106 ,108] .  In a d d i t i o n ,  redundancy in oxygen moni to r ing  should be provided 
because the oxygen c o n c e n t r a t io n  is  an important  parameter  in a s su r ing  a safe  
system o p e r a t io n .

Purge and vent  gases fo r  a l l  systems handling  co a l -d e r iv e d  m a t e r i a l s  in a 
coa l  l i q u e f a c t i o n  p l a n t  should be c o l l e c t e d ,  t r e a t e d ,  r e c y c le d ,  or  f l a r e d
[ 1 ,9 2 ] .  An emergency backup purge system ( s to ra g e  of  carbon d io x ide  or  n i t r o ­
gen) with s u f f i c i e n t  c a p a c i t y  should be provided fo r  emergency shutdown and 
extended purging p e r io d s .  I n e r t  gas purging p re s e n t s  an a sphyx ia t ion  hazard  
i f  i t  accumulates in a reas  where worker e n t r y  i s  r e q u i r e d .  P lan t  des igns  t h a t  
inc lude enclosed or low-lying a reas  should be avoided to minimize the 
p o t e n t i a l  fo r  such accumulat ion .  Where carbon d iox ide  g en e ra to r s  are  used,  
monitoring  should be performed to d e t e c t  i n c rea se s  in carbon monoxide concen­
t r a t i o n s  r e s u l t i n g  from incomplete combustion [38].

Coking and s o l i d i f i c a t i o n  of  the process  stream can occur in the p re h e a te r  
tubes  and in  the p ip ing  to  the l i q u e f a c t i o n  system [1 ,88 ,10 8 ] .  One f a c t o r
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t h a t  c o n t r i b u t e s  to coking i s  improper h e a t in g  of  the s l u r r y .  To minimize 
coking and subsequent  maintenance,  c o n t r o l s  and in s t ru m e n ta t io n  should be p ro ­
vided to ensure  the proper  h ea t in g  of the s l u r r y .  I f  the tubes cannot be
decoked in p lace by combustion with steam and a i r ,  they  must be removed and
decoked by mechanical  means such as chipping [108].  Worker exposure to 
process  m a t e r i a l s ,  p a r t i c u l a t e s ,  vap o rs ,  and trapped gases should be minimized 
dur ing  the decoking of the l i n e s .  Where p r a c t i c a b l e ,  p r i o r  to the performance 
of  maintenance a c t i v i t i e s ,  the m a t e r i a l  t h a t  has not  coked should be removed. 
Worker exposure can be minimized i f  adequate v e n t i l a t i o n  and /or  pe r sona l  
p r o t e c t i v e  equipment such as r e s p i r a t o r s  are provided (see  Chapter  V ) . How­
e v e r ,  adequate v e n t i l a t i o n  may not  always be p o s s ib l e  because of  d i f f i c u l t i e s  
in  o b ta in in g  cap tu re  v e l o c i t i e s  in outdoor l o c a t i o n s  where the re  a re  high 
winds,  and d i f f i c u l t i e s  in  l o c a t i n g  the exhaus t  on p o r ta b le  v e n t i l a t i o n  u n i t s  
so as not  to d ischa rge  vapors i n to  another w ork e r ' s  a rea .  Where adequate 
v e n t i l a t i o n  i s  not  p o s s ib l e ,  work p r a c t i c e s  and persona l  p r o t e c t i v e  equipment 
should be r e l i e d  upon to minimize worker exposure dur ing  decoking a c t i v i t i e s .

The process  st ream can a l s o  s o l i d i f y  and plug the p re h e a te r  tubes and the 
t r a n s f e r  l i n e s  beyond the  p re he a te r  i f  the s l u r r y  tempera ture  approaches 
ambient  t empera ture  [1 ,88 ,10 8 ] .  At one p l a n t ,  the pour p o in t  of  the process
so lven t  used fo r  s l u r r y in g  ranged from 25 to 45°F ( -4  to  7°C) [108];  the
process  s o lv en t  was semiso l id  a t  room tempera ture  [1] .  U n t i l  the pour po in t  
of  the m a t e r i a l  i s  lowered by hydrocrack ing  to a tempera ture  l e s s  than  the 
a n t i c i p a t e d  ambient  tem pera tu re s ,  the p o t e n t i a l  e x i s t s  fo r  the m a t e r i a l  to 
s o l i d i f y  or  become too v iscous  fo r  t r a n s p o r t i n g .  S o l i d i f i c a t i o n  in the  l i n e s  
i s  p o s s ib l e  from the p r e h e a te r  to the  l i q u e f a c t i o n  system in  a l l  coa l  l i q u e ­
f a c t i o n  processes  except  p y r o ly s i s  and h y d ro c a rbo n iz a t io n .  Plugging can be 
minimized by h e a t - t r a c i n g  the l i n e s  to m ain ta in  the necessa ry  tem pera ture  
dur ing  s t a r t u p ,  r o u t i n e  o p e ra t io n s ,  shutdown, and emergency o p e ra t io n s  [1] .  
Plugging due to the s e t t l i n g  of s o l i d s  can be minimized by avoid ing dead- leg  
p ip ing  c o n f ig u r a t i o n s  and by connec t ing  i n to  the top of  process  p ip ing  [1] .

Even when pipes a re  h e a t - t r a c e d  and p ro pe r ly  des igned ,  t h e re  w i l l  be occa­
s ions  when plugging occurs and maintenance i s  r equ i red  [1 ] .  Lines must be 
removed from the system i f  the o b s t r u c t i o n  cannot be f lu shed  out  under p r e s ­
sure  [1 ] ,  Where p r a c t i c a b l e ,  p r i o r  to removal of the plugged l i n e s  or equ ip ­
ment,  r e s i d u a l ,  n o n s o l i d i f i e d  process m a t e r i a l  should be removed to avoid 
worker exposures .  I f  the m a t e r i a l  has complete ly  s o l i d i f i e d ,  the  l i n e  or 
equipment may be c le a re d  by h y d ro b l a s t in g  [1 ] ,  which i s  a method of d i s lo d g in g  
s o l i d s  using a low-volume, h ig h - p r e s s u r e  (10 ,000  p s i  or  70 MPa), h ig h - v e l o c i t y  
stream of water  [11. During the h y d ro b la s t in g  p ro ce s s ,  workers may be exposed 
to p a r t i c u l a t e s ,  a e r o s o l s ,  and process  m a t e r i a l s ,  bu t  t h i s  exposure has been 
r ep o r te d  to be low [1 ] .  P o r tab le  l o c a l  exhaus t  v e n t i l a t i o n  should be used ,  
wherever p o s s ib l e ,  to  c o n t ro l  i n h a l a t i o n  exposures .  The exhaus t  from p o r ta b le  
v e n t i l a t i o n  should be d i r e c t e d  to a reas  t h a t  are not  r o u t i n e l y  occupied .  
Water contaminated with  process  m a t e r i a l  should be c o l l e c t e d ,  t r e a t e d ,  and 
r e c y c le d ,  or  d isposed o f .  I f  the  m a t e r i a l  plugging the l i n e  i s  sem iso l id ,  the 
l i n e  can be c le a re d  using  mechanical means, eg,  a sc rape r  or  rod [1 ] .  During
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the  removal of s em iso l id s ,  g en e ra t io n  of p a r t i c u l a t e s  i s  minimal.  However, 
hydrocarbon vapors or gases may be p re sen t  [11, and lo c a l  exhaust  v e n t i l a t i o n ,  
i f  p r a c t i c a l ,  should be used to minimize worker i n h a l a t i o n  of these  m a t e r i a l s .  
Where l o c a l  exhaus t  v e n t i l a t i o n  i s  not  p r a c t i c a l ,  personal  p r o t e c t i v e  equ ip ­
ment should be provided.

(b) L iqu e fac t ion
In p y r o ly s i s /h y d r o c a r b o n iz a t io n  p ro ce s se s ,  s o l i d  coal  from the coal  p rep­

a r a t i o n  and hand l ing  system i s  t r a n s f e r r e d  to the l i q u e f a c t i o n  system. In the 
hydrogena t ion  and s o lv en t  e x t r a c t i o n  p roce sse s ,  the coal  i s  f i r s t  s l u r r i e d  
with  a s o l v e n t ,  and e ro s io n / c o r r o s i o n  and s e a l  f a i l u r e  may occur because of  
s o l i d  p a r t i c l e s  suspended in  the s l u r r y  [1 ,88 ] .  Erosion can a l so  occur in 
p y r o ly s i s /h y d r o c a rb o n iz a t io n  p rocesses  because of  s o l i d s  e n t r a in e d  in the  g as -  
vapor stream leav ing  the r e a c t o r .  P ressu re  letdown va lves  in the  l i q u e f a c t i o n  
system are  ano ther  a rea  where con s ide rab le  e ro s ion  occurs  [1 ,88 ,9 9 ,1 0 8 ] .  
E ro s io n / c o r r o s io n  and s e a l  f a i l u r e  problems can r e s u l t  in r e l e a s e s  of  p rocess 
m a t e r i a l  i n to  the  worker environment,  and these  r e l e a s e s  may p re sen t  a f i r e  hazard  [1] .

Plugging caused by s o l i d i f i c a t i o n  of the process m a t e r i a l  can occur in the hydrogena tion  and so lven t  e x t r a c t i o n  l i q u e f a c t i o n  systems,  p a r t i c u l a r l y  in 
t r a n s f e r  l i n e s  [1 ,8 8 ] .  Major problems with agglomerat ion  may be encountered  
in p y r o l y s i s  r e a c t o r s  when s t ro n g ly  caking coa ls  a re  used [2 ] ,  I f  agglomera­
t i o n  occu rs ,  maintenance  must be performed to unplug the equipment or l i n e s .  
Unplugging may expose workers to a e r o s o l s ,  p a r t i c u l a t e s ,  tox ic  and/or flam­
mable vap o rs ,  and r e s i d u a l  process  m a t e r i a l .

During the  s t a r t u p  of  a coa l  l i q u e f a c t i o n  p l a n t ,  i n sp e c t io n s  should be 
performed to d e t e c t  p o t e n t i a l  leaks  a t  welds ,  f l a n g e s ,  and s e a l s .  Leaks,  when 
found,  should be r e p a i r e d  as soon as i s  p r a c t i c a b l e .  Systems throughout the 
p l a n t  should be p re s su re  t e s t e d  p r i o r  to s t a r t u p  using  m a t e r i a l s  such as 
dem inera l ized  water  and n i t r o g e n  [88] to l o c a te  and e l im in a te  l e a k s ,  the reby  
reducing  the  p o t e n t i a l  fo r  worker exposure.

The l i q u e f a c t i o n  system of a l l  coal  l i q u e f a c t i o n  p rocesses  should be 
f lu shed  and purged when the p lan t  shuts  down to minimize process  m a t e r i a l  
s o l i d i f i c a t i o n  and /or  plugging due to s o l i d s  s e t t l i n g .  A f lu sh  and purge 
c a p a c i t y  equal  to or g r e a t e r  than the c a p a c i ty  of  the l i q u e f a c t i o n  system 
should be a v a i l a b l e .  Storage v e s s e l  c a p a c i ty  should be equal  to the f lu sh  
c a p a c i t y  so t h a t  a l l  m a t e r i a l s  f lushed  from the system can be c o l l e c t e d  and 
con ta in ed .  During shutdown, as well  as dur ing  s t a r t u p ,  the purge m a t e r i a l  
(ca rbon  d io x id e ,  n i t r o g e n ,  e t c )  may co n ta in  flammable hydrocarbon vapors and 
should be c o l l e c t e d ,  c leaned ,  and re c y c le d ,  or c o l l e c t e d  and sen t  to a f l a r e  
system to  be i n c i n e r a t e d .

Other h e a l t h  and s a f e t y  hazards  a s s o c ia t e d  with the l i q u e f a c t i o n  system 
fo r  a l l  l i q u e f a c t i o n  p rocesses  a re  thermal burns and exposure to hazardous 
l i q u i d s ,  vap o rs ,  and gases dur ing  o pe ra t io n  and maintenance.
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(c) Separation

The s e p a ra t io n  system s e p a r a t e s  the  m ix tu res  of m a t e r i a l s  produced in  the 
l i q u e f a c t i o n  system. Table XVIII-1 l i s t s  the s e p a r a t i o n  methods used fo r  coa l  
l i q u e f a c t i o n  p ro ce s se s .  M a te r i a l s  found in s e p a r a t io n  systems inc lude s o l ­
v e n t s ,  unreac ted  c o a l ,  m in e r a l s ,  water  con ta in ing  compounds such as ammonia, 
t a r s ,  and phenols ,  and vapors c on ta in in g  compounds such as hydrocarbons,  
hydrogen s u l f i d e ,  ammonia, and p a r t i c u l a t e s  [31].  Workers may be exposed to 
these  m a t e r i a l s  dur ing  maintenance a c t i v i t i e s  and when r e l e a s e s  occur because 
of  l e a k s ,  e r o s i o n / c o r r o s i o n ,  and s ea l  f a i l u r e s .  Steam i s  sometimes used to 
c le an  equipment t h a t  has been used to  se p a ra t e  s o l i d s  from ho t  o i l  f r a c t i o n s  
[31].  Steam d isch a rg es  from blowdown systems and e j e c t i o n  j e t s  on vacuum 
systems have been i d e n t i f i e d  as sources  of  a i rbo rne  m a t e r i a l s  t h a t  f luo resce  
under UV l i g h t i n g  [31].  Engineering c o n t ro l s  should be provided  to minimize 
the se  d i s c h a r g e s .  Steam should be d ischarged  in to  a c o l l e c t i o n  system where 
i t  i s  condensed,  t r e a t e d ,  and /o r  re c yc le d .

Plugging and coking may be a problem in  s e p a ra t io n  systems for  a l l  coal  
l i q u e f a c t i o n  p ro ce s se s .  For i n s t a n c e ,  plugging has occurred  in  the nozz les  
i n s id e  the f i l t r a t i o n  u n i t  [88].  M a te r i a l  remaining in the nozzle  may r e a c t  
chemica lly  and s o l i d i f y  a t  the f i l t e r  tem pera tu re .  Coking in the wash so lven t  
h e a t e r s  a l so  produces s o l i d s  t h a t  plug the nozz le s  downstream. Nozzles should 
be cleaned  dur ing  each f i l t e r  outage and should be aimed downward when not  in 
use to permit  adequate dra inage  of m a t e r i a l .  Coking has a l s o  occurred  in the 
minera l  r e s id u e  d ryer  downstream from the f i l t e r  [88].  However, the  use of  
minera l  r e s id ue  d ryers  has been observed a t  only one p la n t  [1] .  These d ryers  
may not  be used in  l a r g e r  p l a n t s  where the s o l i d s  from the s e p a r a t i o n  u n i t  may 
be sen t  to a g a s i f i e r  [26 ,27 ] ,  The dry minera l  re s idue  i t s e l f  p re se n t s  
problems because of  i t s  pyrophoric  n a tu re  [100].

The s e p a r a t i o n  methods d iscu ssed  are  those c u r r e n t l y  used in coal  l i q u e ­
f a c t i o n  p i l o t  p l a n t s .  As new s e p a r a t i o n  technology i s  developed,  the p re se n t  
s e p a r a t i o n  systems and t h e i r  r e l a t e d  problems may no longer be r e l e v a n t .  For 
example,  s o lv en t  de-ash ing  p rocesses  have been developed and w i l l  be t e s t e d  a t  
two coal  l i q u e f a c t i o n  p i l o t  p l a n t s  [1 ,28 ,29 ,1 10 ] ,  Data on these  new u n i t s  are 
l im i t e d  because o f  p r o p r i e t a r y  informat ion  [1 ,110] ,  As new technology i s  
developed ,  the  h e a l t h  and s a f e t y  hazards  a s s o c ia t e d  with  the new u n i t s  should 
be i d e n t i f i e d ,  and c o n t r o l s  should be s p e c i f i e d  to minimize r i s k s  to worker 
h e a l t h  and s a f e t y .  A system s a f e t y  program would perform t h i s  func t ion  by 
reviewing  haza rds  and dete rmin ing  necessa ry  c o n t r o l  m o d i f i c a t i o n s ,

(d) Upgrading
The upgrading system r e c e iv e s  the l i q u id  produc ts  from the  s e p a r a t i o n  

system. Upgrading i s  achieved by using  methods such as d i s t i l l a t i o n  and 
hydrogena t ion .  Process  s o lv e n t s ,  f i l t e r e d  coal  s o l u t i o n ,  c a t a l y s t s ,  hydro­
carbon v apo rs ,  hydrogen,  and o th e r  gases  may be p re se n t  in the  f r a c t i o n a t o r  
and the h y d r o t r e a t e r . Maintenance a c t i v i t i e s  p re sen t  a s i g n i f i c a n t  p o t e n t i a l
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fo r  worker exposure to  these  m a t e r i a l s .  Plugging r e s u l t i n g  from s o l i d i f i c a ­
t i o n  of  the process  stream i s  a problem in so lven t  e x t r a c t i o n  and n o n c a t a ly t i c  
and c a t a l y t i c  hydrogenation  processes  [1] .

Severe c o r ro s io n  has occurred  in the d i s t i l l a t i o n  system a t  one p l a n t ,  
p a r t i c u l a r l y  in the wash so lven t  column [88, 111]. The design  of  the d i s t i l ­
l a t i o n  system and of a l l  systems s u s c e p t ib l e  to co r ro s io n  should minimize 
c o r ro s iv e  e f f e c t s .  This may be accomplished by developing and /or  using more 
s u i t a b l e  c o n s t r u c t i o n  m a t e r i a l s  (eg ,  316 S t a i n l e s s  S tee l  and a l l o y s  such as 
Incoloy 825 [88 ] ) .

The h y d r o t r e a t e r  p re s e n t s  a s i g n i f i c a n t  p o t e n t i a l  fo r  f i r e  or ëxp los ion  
hazards  because of  h igh  p r e s s u re ,  h igh  t em pera tu re ,  and the presence  of  hydro­
gen and flammable l i q u id s  and vapors .  Vessel  i n t e g r i t y  should be ensured to 
reduce t h i s  p o t e n t i a l .  Proper m e ta l lu rgy  should be used in h y d r o t r e a t e r  
des ign  to minimize hydrogen a t t a c k  and o the r  co r ro s io n  problems [1] .

(e)  Gas P u r i f i c a t i o n  and Upgrading
The process  gases  a re  p u r i f i e d  us ing  an ac id -gas  removal system to  remove 

hydrogen s u l f i d e  and carbon monoxide from the hydrogen and hydrocarbon gases 
such as methane.  Methanation may be used to upgrade the hydrogen w ith  carbon 
monoxide to  form p ip e l i n e  q u a l i t y  g as ,  or  the hydrogen may be recyc led  w i th in  
the  p l a n t  fo r  hydrogena t ion .

P o t e n t i a l  s a f e t y  and h e a l t h  hazards to workers in t h i s  system inc lude  hot
s u r fa c e s  and exposure to  hazardous  m a t e r i a l s  dur ing  maintenance.  NIOSH has
p re v io u s ly  made recommendations Ll6] on eng inee r ing  c o n t r o l s  fo r  n ic k e l  
carbonyl  fo rm at ion ,  hydrogen em br i t t l em en t  m on i to r ing ,  c a t a l y s t  r e g e n e ra t io n  
g as es ,  and o th e r  s a f e t y  and h e a l t h  hazards  a s s o c ia t e d  with  t h i s  system.

Nickel  carbonyl  format ion  in the methanat ion  u n i t  i s  a major hazard  a s s o ­
c i a t e d  with  t h i s  system. As the  methanat ion  u n i t  cools  dur ing  shutdown, 
carbon monoxide r e a c t s  with  the n i c k e l  c a t a l y s t  to form h ig h ly  tox ic  n i c k e l  
c a rbony l .  In the coa l  g a s i f i c a t i o n  c r i t e r i a  document [16],  NIOSH recommended 
t h a t  an i n t e r l o c k  system, or  i t s  e q u i v a l e n t ,  be used to  d ispose  of  any gas 
c o n ta in in g  n i c k e l  carbonyl  where n i c k e l  c a t a l y s t s  a re  used.  Formation of 
n i c k e l  carbonyl  can be e l im in a ted  dur ing  s t a r t u p  and shutdown of methanat ion 
u n i t s  i f  carbon monoxide i s  not  pe rm i t ted  to  c o n tac t  the c a t a l y s t  once the
c a t a l y s t  tempera ture  i s  below 260°C (500°F) [1 ,16 ] .

( f )  Product  Storage and Handling
P i l o t  p l a n t s  ope ra te  in ba tch  modes, and ba tch  o p e ra t io n s  r e q u i r e  person­

ne l  to handle  products  f r e q u e n t ly .  Product  s to rage  and hand l ing  equipment 
should be des igned to minimize,  to  the e x te n t  p o s s ib l e ,  employee exposure to 
c o a l -d e r iv e d  l i q u i d s ,  vapors ,  and s o l i d s  dur ing  ro u t i n e  and maintenance o p e r a t i o n s .
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S p e c i f i c  e n g i n e e r i n g  c o n t r o l s  sh ou ld  be d e v e lo p e d  as p rob lem s  a r e  
i d e n t i f i e d .  For example, dust  in the s o l i d  product  hand ling  system a t  one 
p la n t  presented  an i n h a l a t i o n  hazard [88],  A baghouse and c o l l e c t i o n  system 
were i n s t a l l e d  to minimize t h i s  h aza rd .  A dust  c o l l e c t i o n  and f i l t e r  system 
should be provided for  product  s to rage  and handling  a reas  in a l l  coal  l i q u e ­
f a c t i o n  p l a n t s  where an i n h a l a t i o n  hazard  i s  found to be p r e s e n t .

Liquid and gas are s to red  in c losed  systems,  thus minimizing the  p o t e n t i a l  
fo r  worker exposure under normal c o n d i t i o n s .  However, workers may be exposed 
to  these  m a t e r i a l s  during maintenance.  Exposures can be minimized by emptying 
the equipment p r i o r  to  maintenance.  During f i l l i n g  o p e r a t io n s ,  vapors i n s id e  
tanks w i l l  be d i s p l a c e d .  Vapors and gases from l i q u id  and gas s to rage  should 
be c o l l e c t e d  and r e c y c le d ,  or  f l a r e d .

(g) Waste Treatment F a c i l i t i e s ,  S to rage ,  and Disposal
Waste t rea tm en t  f a c i l i t i e s  con c e n t r a t e  waste products  t h a t  may con ta in  

p o t e n t i a l l y  hazardous m a t e r i a l s .  Because of the presence  of concen t ra ted  
waste m a t e r i a l s ,  v e n t i l a t i o n  systems and /or  persona l  p r o t e c t i v e  equipment 
should be provided dur ing  waste t rea tm en t  equipment maintenance.  S im i la r  
p r e ca u t io n s  need to be taken dur ing  the hand l ing  and d isp o s ing  of  wastes such 
as spent  carbon,  ash ,  contaminated  sludge from ponds,  and contaminated 
c a t a l y s t s .  Where p o s s ib l e ,  waste products  should be con ta ined  when handled or  
t r a n s p o r t e d ,  using  a p p r o p r i a t e  methods.  One method could involve  packaging 
and s e a l i n g  contaminated wastes in drums under c o n t r o l l e d  c o n d i t io n s  p r i o r  to 
hand l ing  or  t r a n s p o r t i n g .

Where p ro v i s ion s  are made for  pumping or sp raying  l i q u id s  in to  l i q u id  
r e t e n t i o n  ponds,  eng inee r ing  c o n t r o l s  such as louvered windbreaks should be 
provided  to l i m i t  the d i s p e r s a l  of  water  d r o p l e t s  from the  sp ray .  An indus­
t r i a l  hygiene study  a t  a C ha r le s ton ,  West V i r g i n i a ,  p i l o t  p l a n t  revea led  t h a t  
the a i rbo rn e  water  d ro p l e t s  o r i g i n a t i n g  in the a e r a t i o n  pond con ta ined  mate­
r i a l  t h a t  was f l u o r e s c e n t  under UV l i g h t i n g .  A louvered windbreak was 
i n s t a l l e d  ad ja c en t  to the pond in an a t tempt to confine  the  water  d r o p l e t s  
[37].  Whenever p o s s ib l e ,  l i q u id s  should be pumped in to  the  bottom of the pond 
to minimize the g en e ra t io n  and d i s p e r s a l  of contaminated sp ray s .
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V. WORK PRACTICES

Occupational  h e a l t h  hazards  a s so c ia t ed  with coal  l i q u e f a c t i o n  can a l so  be 
minimized or reduced by the  use of work p r a c t i c e s ,  d e f ined  here  as a l l  aspec ts  
o f  an i n d u s t r i a l  s a f e t y  and h e a l th  program not  covered under eng ineer ing  
c o n t r o l s  (d i scussed  in Chapter  IV).  Work p r a c t i c e s  cover a reas  such as 
persona l  p r o t e c t i v e  equipment and c lo t h i n g ,  s p e c i f i c  work p rocedures ,  emer­
gency p rocedures ,  medical  s u r v e i l l a n c e ,  and exposure m on i to r ing .

S p e c i f i c  Work Procedures
Workplace s a f e t y  programs have been developed in  coal  l i q u e f a c t i o n  p i l o t  

p la n t s  to address  r i s k s  of  f i r e ,  exp los ion ,  and exposure to tox ic  chemicals  
[ I ] .  These programs are  p a t t e rned  a f t e r  s im i l a r  programs in petroleum r e f i n ­
e r i e s  and the  chemical i n d u s t r y .  Most coa l  l i q u e f a c t i o n  p i l o t  p l a n t s  have 
w r i t t e n  p o l i c i e s  and procedures t h a t  govern work p r a c t i c e s  in  the p l a n t .  
These inc lude  procedures  fo r  lockout o f  e l e c t r i c a l  equipment,  t ag -o u t  of  
v a lv e s ,  f i r e  and rescue  b r ig a d e s ,  sa fe  work p e rm i ts ,  v e s s e l  en t ry  perm i ts ,  
wearing s a f e t y  g l a s s e s  and h a r d h a t s ,  housekeeping,  and o th e r  o p e r a t io n a l  
s a f e t y  p r a c t i c e s  [1 ] .

Personnel  r e s p o n s i b l e  for  the development of o ccupa t iona l  h e a l t h  and 
s a f e ty  programs fo r  coa l  l i q u e f a c t i o n  p l a n t s  should r e f e r  to  gene ra l  i n d u s t ry  
s tanda rds  (29 CFR 1910) to  i d e n t i f y  mandatory requ i rem en ts .  In a d d i t i o n ,  they 
should use v o lu n t a ry  g u i d e l i n e s  o f  s im i l a r  i n d u s t r i e s ,  recommendations of  
equipment m a n u fac tu re r s ,  and t h e i r  own o pe ra t in g  exper ience  and p r o f e s s io n a l  
judgment to  match programs with  s p e c i f i c  p la n t  o p e r a t i o n s .  R e i t e r a t i o n  here  
of  a l l  a p p ro p r i a t e  requirements  would d e t r a c t  from recommendations fo r  work 
p r a c t i c e s  needed in  coa l  l i q u e f a c t i o n ,  but  u n l i k e ly  to be app l ied  in  o th e r  
i n d u s t r i e s .  This s e c t i o n  d e s c r ib e s  s p e c i a l  work p r a c t i c e s  to  minimize the 
r i s k  o f  a c c id e n t s  o r  adverse  chron ic  h e a l t h  e f f e c t s  to  workers in  coa l  l i q u e ­f a c t i o n  p l a n t s .

(a )  T ra in ing
The e f f e c t i v e  use of  good work p r a c t i c e s  and eng ineer ing  c o n t r o l s  depends 

on the  knowledge and c o o p era t ion  o f  employers and employees.  Verbal  i n s t r u c ­
t i o n s ,  supplemented by w r i t t e n  and aud iov isua l  m a t e r i a l s ,  should be used to 
inform employees o f  the  p a r t i c u l a r  hazards  o f  s p e c i f i c  s u b s ta n ce s ,  methods for  
hand ling  m a t e r i a l s ,  procedures for  c lean ing  up s p i l l s ,  persona l  p r o t e c t i v e  
equipment re q u i re m e n ts ,  and procedures for  emergencies .  A con t inu ing  employee 
t r a i n i n g  program i s  a l so  necessa ry  to keep workers ab r ea s t  of  the  l a t e s t  
procedures  and requi rements  for  worker s a f e t y  and h e a l t h  in  the  p l a n t .  Addi­
t i o n a l l y ,  e x p e r i e n c e  a t  c o a l  l i q u e f a c t i o n * p i l o t  p l a n t s  i n d i c a t e s  t h a t
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p ro v i s i o n s  a re  needed to ev a lu a t e  employee comprehension of s a f e ty  and h e a l t h  
inform at ion  [1 ] .

(b) Opera t ing Procedures
I t  i s  common p r a c t i c e  in i nd u s t ry  to develop d e t a i l e d  procedures for  each 

phase o f  o p e r a t i o n ,  i nc lud ing  s t a r t u p ,  normal o p e r a t io n ,  r o u t i n e  maintenance,  
normal shutdown, emergency shutdown, and shutdown for extended p e r io d s .  In
developing  the se  p rocedures ,  c o n s id e r a t i o n  should be given to  p ro v i s ion s  for s a f e l y  s t o r i n g  process  m a t e r i a l s ,  fo r  p reven t ing  s o l i d i f i c a t i o n  of  d i s s o lv ed  
c o a l ,  fo r  c lean in g  up s p i l l s ,  and fo r  decontaminat ing  equipment t h a t  r e q u i r e s  
maintenance .  In h ig h -p r e s s u re  sys tems,  l eaks  a re  major s a f e ty  c o n s id e r a t i o n s  
dur ing  p la n t  s t a r t u p .  T h e re fo re ,  the  e n t i r e  system should be g ra d u a l ly  p re s ­
su r ized  to an app ro p r i a t e  in t e rm e d ia t e  p r e s s u re .  At t h i s  p o i n t ,  the  whole 
system should be checked fo r  l e a k s ,  e s p e c i a l l y  a t  va lve  o u t l e t s ,  b l i n d s ,  and
f lange  t i e - i n s .  P a r t i c u l a r  a t t e n t i o n  should be given to a reas  t h a t  have been
r e c e n t l y  r e p a i r e d ,  m a in ta in ed ,  o r  r e p la c e d .  I f  no s i g n i f i c a n t  leaks  are 
found,  t he  system should be slowly brought up to o pe ra t in g  p r e s s u re  and
tem pera tu re .  I f  l eaks  are  found,  a p p ro p r i a t e  maintenance should be performed 
[16].

Equipment such as the  h y d r o t r e a t e r , which o p e ra t e s  a t  high p r e s s u re s ,  
should be in spec ted  r o u t i n e l y  a t  predetermined i n t e r v a l s  to  determine m a in te ­
nance needs.  Because of  the  l im i t e d  o p e ra t io n s  of  p i l o t - p l a n t  and bench-sca le  
coa l  l i q u e f a c t i o n  p ro c e s s e s ,  the  in s p e c t i o n  or  moni to r ing  i n t e r v a l s  and the  
equipment replacement  i n t e r v a l s  cannot be s p e c i f i e d .  These i n t e r v a l s  should 
be based on a c tu a l  o p e ra t in g  expe r ience .  A s i m i l a r  approach should be used to  
develop mon i to r ing  and replacement  i n t e r v a l s  fo r  equipment s u s c e p t i b l e  to 
e ro s ion  and c o r ro s io n ,  eg,  s l u r r y  pumps and a c id -g as  removal u n i t s .  Moni­
t o r i n g  requ i rem en ts ,  schedu le s ,  and replacement  i n t e r v a l s  should be p a r t  of 
the  QA program fo r  coa l  l i q u e f a c t i o n  p l a n t s .

(c)  Confined Space Entry
In  s ev e ra l  p l a n t s ,  a permit  system c o n t ro l s  worker en t ry  i n to  confined  

spaces  t h a t  might  con ta in  exp los ive  or  t ox ic  gases  or  oxy g en -d e f i c i e n t  atmos­
pheres [1 ,11 2 ,1 1 3 ] .  P re v io u s ly ,  NIOSH d i scussed  the  need fo r  f r equen t  a i r  
q u a l i t y  t e s t i n g  dur ing  v e s s e l  e n t r y  [16].  Procedures fo r  v e s s e l  e n t ry  were 
a l s o  d e s c r ib e d ,  i nc lud ing  recommendations fo r  r e s p i r a t o r y  p r o t e c t i o n ,  and 
l i f e l i n e s .  S u rv e i l l a n c e  by a t h i r d  person ,  equipped to take  a p p r o p r i a t e  
re scue  a c t i o n ,  has  been recommended where hydrogen s u l f i d e  i s  p r e se n t  [65].  
S afe ty  r u l e s  developed a t  one coa l  l i q u e f a c t i o n  f a c i l i t y  [1] recommended:
(1) d i sc o n n e c t in g  the  l i n e s  con ta in in g  p rocess  m a t e r i a l s  r a t h e r  than using 
doub le -b lock -and -b leed  v a lv e s  and (2) provid ing  v e n t i l a t i o n  s u f f i c i e n t  fo r  a i r  
changeover s ix  t imes per hour in the v e s s e l  dur ing  e n t r y .  This recommended 
procedure may not  be f e a s i b l e  in  a l l  c i r cu m s tan ces ,  but  should be adopted 
where p o s s ib l e ;  d i s co nn ec t in g  p ip ing  from v e s s e l s  would provide  g r e a t e r  
p r o t e c t i o n  to workers than would c lo s in g  doub le -b lock -and-b leed  con n ec t io n s .
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(d) Restricted Areas
Access in coal  l i q u e f a c t i o n  p la n t s  should be c o n t r o l l e d  to p reven t  en t ry  

of  persons u n f a m i l i a r  with  the  h a z a rd s ,  p re c a u t i o n s ,  and emergency procedures 
o f  the p l a n t .  Access a t  one h yd roca rbon iza t ion  u n i t  i s  c o n t r o l l e d  by using 
warning s i g n s ,  red  l i g h t s ,  and p hys ica l  b a r r i e r s  such as doors in  a reas  
s u b je c t  to p o t e n t i a l  PAH con tam ina t ion  [106] .  Due to the small sc a le  of t h i s  
o p e r a t i o n ,  the  use o f  doors i s  f e a s i b l e  for  access  c o n t r o l .  D i f f e r e n t  mecha­
nisms,  such as fences and g a t e s ,  would serve  s i m i l a r  func t ions  in l a r g e rf a c i l i t i e s .  At o th e r  p l a n t s ,  access  c o n t r o l s  inc lude  v i s i t o r  r e g i s t r a t i o n  
with  the s e c u r i t y  guard ,  v i s i t o r  e s c o r t s  in process  a re a s ,  and fences around 
the  p la n t  [1 ] ,  Because o f  the  v a r i e t y  of  p o t e n t i a l  hazards  ( in c lu d in g  h ig h ly  
tox ic  chem ica ls ,  f i r e ,  and e x p l o s io n ) ,  p rocess  a reas  should be separa ted  from 
o th e r  p a r t s  of  the  p la n t  by phys ica l  b a r r i e r s .  Access to the  p lan t  a rea  
should be c o n t r o l l e d  by r e g i s t r a t i o n  of those r e q u i r i n g  e n t r y .  V i s i t o r s
should be informed o f  the  p o t e n t i a l  h az a rd s ,  the  necessa ry  p re cau t io na ry
measures,  and the necessa ry  a c t i o n s  to take in an emergency. An en t ry  log 
should be kept  o f  workers e n t e r i n g  r e s t r i c t e d  a re a s .  This w i l l  f a c i l i t a t e
medical  fol lowup of h i g h - r i s k  groups in  the  event  of  occupa t iona l  i l l n e s s  
among workers .  In a d d i t i o n ,  t he  v i s i t o r s '  log would h e lp  account fo r  people 
a t  the  p la n t  i f  t h e r e  were an a c c id en t  or emergency.

(e )  Decontamination of  S p i l l s
S p i l l s  and leaks  from equipment c on ta in ing  tox ic  l i q u id s  should be cleaned 

up a t  the  e a r l i e s t  sa fe  o p p o r tu n i t y .  Cleanup o p e ra t io n s  should be performed 
and d i r e c t l y  superv ised  by employees i n s t r u c t e d  and t r a i n e d  in  safe  decontam­
i n a t i o n  and d i s p o s a l  p rocedures  [16].  C or rec t ion  may be as simple as t i g h t e n ­
ing a pump-seal packing gland or switching to  spare  equipment,  or  as d r a s t i c  
as i n i t i a t i n g  a process  shutdown. Small s p i l l s  may be e f f e c t i v e l y  conta ined  
by a so rbent  m a t e r i a l  [16 ] .  Used so rben t  m a t e r i a l  should be disposed of 
p r o p e r l y .

Safe ty  r u l e s  have been developed fo r  the removal of s o l i d i f i e d  coal  from equipment and plugged l i n e s  [1 ] .  Whenever p o s s i b l e ,  h y d ro b l a s t in g  should be 
used to  remove the  s o l i d i f i e d  coa l  e x t r a c t  r a t h e r  than fo rc ing  the  blockage 
out  with h igh  p r e s s u r e .  When h ig h - p r e s s u re  water  i s  used,  the  p re s su re  l i m i t s  
o f  the  p ip ing  and equipment should not  be exceeded.  Access of  p la n t  personnel  
to the  work a rea  should be r e s t r i c t e d  whi le h y d ro b l a s t in g  i s  in p rogress  or  
whi le  equipment i s  under p re s s u re  [1 ] .

Dried t a r  i s  d i f f i c u l t  to remove from any s u r f a c e ,  p a r t i c u l a r l y  from the 
i n s i d e  of  process  v e s s e l s .  Manual sc rap ing  and ch ipping  and the  use o f  
c h l o r i n a t e d  hydrocarbon s o lv e n t s  or  commercial c l e a n s e r s  a re  common methods of  
c leanup  [16].  Where o rgan ic  s o lv e n t s  are used fo r  t h i s  purpose ,  s p e c i a l  ca re  
i s  necessa ry  to p reven t  employee exposure to so lven t  vap o rs .  Cleaning 
s o lv e n t s  should be s e l e c t e d  on the  b a s i s  o f  low t o x i c i t y  and low v o l a t i l i t y ,  
as wel l  as fo r  e f f e c t i v e n e s s .  I f  n ece s sa ry ,  approved r e s p i r a t o r s  should be
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worn whi le  using  such s o lv e n t s .  Steam s t r i p p i n g  i s  a lso  commonly used and i s  
e f f e c t i v e ,  but  i t  can cause s i g n i f i c a n t  i n h a l a t i o n  exposures to a i r b o rn e  
p a r t i c u l a t e s  ( l o w -b o i l in g -p o in t  r e s id u e s  may vapo r ize  and h ig h - b o i l i n g - p o i n t  
m a t e r i a l s  may become e n t r a in e d  in induced a i r  c u r r e n t s ) .  G enera l ly ,  steam
s t r i p p i n g  i s  not  recommended because i t  may gen e ra te  a i rbo rne  contaminants.  
There may be i n s t a n c e s ,  however,  where i t  must be used ,  eg,  on smal l ,  confined  
s u r f a c e s .  I f  i t  i s  used,  emiss ions  should be con ta ined  and t r e a t e d .

The use o f  s t r i p p a b l e  p a i n t s  or  o th e r  e f f e c t i v e  c oa t in g s  should be con­
s ide red  fo r  p lan t  s u r f a c e s  where t a r  can s p i l l .  S u i t a b le  c oa t in g s  a re  
impenetrab le  by t a r  and do not  adhere wel l  to  s u r f a c e s .  Thus, any t a r  can be 
removed along with  the c o a t in g ,  and the  su r face  r e p a in te d  [16].

Hand t o o l s  and p o r t a b le  equipment f r e q u e n t ly  become contaminated and p r e ­
sen t  an exposure hazard to employees who use them. Contaminated t o o l s  and 
equipment can be st eam-c leaned  in an adequa te ly  v e n t i l a t e d  f a c i l i t y  [I ]  or  
c leaned  by vapor degreas ing  and u l t r a s o n i c  a g i t a t i o n  [16].

( f )  Personal  Hygiene
Good persona l  hygiene p r a c t i c e s  a re  impor tan t  in c o n t r o l l i n g  exposure to 

c o a l -d e r iv e d  p roduc ts .  I n s t r u c t i o n s  r e l a t e d  to persona l  hygiene have been 
developed in f a c i l i t i e s  t h a t  use c o a l -d e r iv e d  p roduc ts .  Employees a re  advised 
to :  (1) avoid touching  t h e i r  faces  or  rep ro d u c t iv e  organs without  f i r s t
washing t h e i r  hands [1 ,11 4 ] ,  (2)  r e p o r t  to the  medical  department a l l
s u sp ic io u s  l e s i o n s ,  eg,  improper ly  h e a l in g  s o r e s ,  dead s k in ,  and changes in  
w ar t s  or  moles [114],  (3)  wash sk in  wi th  soap and water  a f t e r  d i r e c t  co n tac t  
with c o a l - d e r iv e d  products  [1 ,11 4 ] ,  and (4) wash t h e i r  hands ,  fo rearms,  f ace ,  
and neck a f t e r  complet ion of each o p e ra t io n  involv ing  known or suspec ted  
ca rc inogens  [1 ,114] ,

Showers a re  commonly r e q u i r e d  a t  the end of each s h i f t  in  f a c i l i t i e s  where 
p o t e n t i a l  ca rc inogens  a re  handled [1 ,113-115] ,  To seg rega te  contaminated  
c lo th in g  from s t r e e t  c l o t h i n g ,  employers should provide  a shower f a c i l i t y  with 
a double locker  room. F igures  XVIII-5 and XVIII-6 give examples o f  f l o o r  
p lans  fo r  shower and c lo th e s  change f a c i l i t i e s  [116].

I f  e i t h e r  exposed sk in  or  o u t e r  c lo t h in g  i s  s i g n i f i c a n t l y  contaminated ,  
the  employee should wash the  a f f e c t e d  a reas  and change in to  c le an  work c lo th in g  a t  the e a r l i e s t  s a f e  o p p o r tu n i ty .  Because o f  the  importance o f  t h i s  
p r o t e c t i v e  measure,  supe rv i so ry  employees must be r e s p o n s ib l e  fo r  ensur ing  
s t r i c t  compliance with t h i s  requ i rem en t .

An adequate number of  washrooms should be provided throughout  each p l a n t  
to encourage f requen t  use by workers .  In p a r t i c u l a r ,  washrooms should be 
l o ca ted  near lunchrooms,  so t h a t  employees can wash thoroughly  b e fo re  e a t i n g .  
I t  i s  very  impor tant  t h a t  lunchrooms remain uncontaminated ,  minimizing the  
l i k e l i h o o d  of workers i n h a l in g  or i n g e s t in g  m a t e r i a l s  such as hydrocarbon
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vap o rs ,  p a r t i c u l a t e s ,  o r  c o a l -d e r iv e d  o i l s .  I t  i s  necessa ry  t h a t  workers remove contaminated g lo ves ,  b o o t s ,  and h a rdh a ts  b e fo re  e n t e r i n g  lunchrooms.  
T h ere fo re ,  some type of  i n t e r im  s to rage  f a c i l i t y  should be provided [16].

Cheng [115] r ep o r ted  t h a t  experience  a t  one SRC p i l o t  p lan t  i n d ica t e d  t h a t  
t he  fo l lowing sk in  care  products  were use fu l  fo r  and accepted by workers:  
w a t e r l e s s  hand and face c l e a n e r s ,  emol l ien t  cream, g ranu la ted  or powdered soap 
fo r  c l e a n s in g  the  hands,  and bar soap fo r  use in showers. NIOSH recommends 
p rov id ing  bar  soap in showers and l an o l in -b a s ed  or  eq u iv a l en t  w a t e r l e s s  hand 
c l e a n e r s  in  a l l  p l a n t  washrooms and in the locker f a c i l i t y .  The use of 
o rgan ic  s o lv e n t s  such as benzene,  carbon t e t r a c h l o r i d e ,  and g as o l in e  for  
removing con tamination  from skin should be d iscouraged  fo r  two reasons .  
F i r s t ,  s o lv e n t s  may f a c i l i t a t e  sk in  p e n e t r a t i o n  o f  contaminants  and thus 
h in d e r  t h e i r  removal [16] .  Second, many o f  these  so lv en t s  a re  themselves 
hazardous and suspec ted  ca rc inogens .  Workers should thoroughly  wash t h e i r  
h a i r  dur ing  showers [ 1 ,1 6 ] ,  and should pay p a r t i c u l a r  a t t e n t i o n  to c lean ing  
sk in  c r e a s e s ,  f i n g e r n a i l s ,  and h a i r l i n e s .  All  use of  s a n i t a r y  f a c i l i t i e s  
should be preceded by a thorough hand c leans ing  [16].

In summary, good personal  hygiene p r a c t i c e s  a re  needed to ensure prompt 
removal of  any p o t e n t i a l l y  ca rc inogen ic  m a t e r i a l s  t h a t  may be absorbed by the 
sk in .  These p r a c t i c e s  inc lude  frequen t  washing o f  exposed sk in  s u r f a c e s ,  
showering d a i l y ,  and observ ing and r e p o r t i n g  any l e s i o n s  t h a t  deve lop .  To 
encourage good personal  hygiene p r a c t i c e s ,  employers should provide adequate 
washing and showering f a c i l i t i e s  in r e a d i l y  a c c e s s i b l e  l o c a t i o n s .

P ersona l  P r o t e c t i v e  Equipment and Clothing
The proper use of p r o t e c t i v e  equipment and c lo th in g  he lps  to  reduce  the 

adverse  h e a l t h  e f f e c t s  o f  worker exposure to  coa l  l i q u e f a c t i o n  m a t e r i a l s  t h a t  
may be hazardous .  Many types  of  equipment and c lo th in g  are  a v a i l a b l e ,  and 
s e l e c t i o n  o f t e n  depends on the  type of  exposure a n t i c i p a t e d .

(a )  R e s p i r a t o r y  P r o t e c t i o n
R e s p i r a t o r s  should be considered  as a l a s t  means of reducing  employee 

exposure to  a i r b o rn e  t o x i c a n t s .  Their  use i s  a ccep tab le  only  (1) a f t e r  
eng inee r ing  c o n t r o l s  and work p r a c t i c e s  have proven i n s u f f i c i e n t ,  (2)  b e fo re  
e f f e c t i v e  c o n t r o l s  are implemented,  (3) dur ing  the  i n s t a l l a t i o n  o f  new eng i ­
nee r in g  c o n t r o l s ,  (4)  dur ing  c e r t a i n  maintenance o p e r a t io n s ,  and (5 )  dur ing  
emergency shutdown, l e a k s ,  s p i l l s ,  and f i r e s  [16].

When eng inee r ing  c o n t ro l s  a re  not  f e a s i b l e ,  r e s p i r a t o r y  p r o t e c t i v e  dev ices  
should reduce worker i n h a l a t i o n  or  i n g e s t io n  o f  a i r b o rn e  con taminants  and 
provide  l i f e  support  in  oxyg en -d e f ic ien t  atmospheres .  Although r e s p i r a t o r s  
a re  u s e fu l  fo r  reducing  employee exposure to  hazardous  m a t e r i a l s ,  they  have 
c e r t a i n  u n d e s i r a b l e  usage a s p e c t s .  Some problems a s s o c ia t ed  with  r e s p i r a t o r
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usage inc lude  ( I )  poor communication and h e a r i n g ,  (2)  reduced f i e l d  of v i s i o n ,  (3) inc reased  f a t ig u e  and reduced worker e f f i c i e n c y ,  (4) s t r a i n  on h e a r t  and 
lungs ,  (5)  sk in  i r r i t a t i o n  or  d e r m a t i t i s  caused by p e r s p i r a t i o n  or f a c i a l  
c o n tac t  with  the  r e s p i r a t o r ,  and (6) d iscom for t  [117,118].  F ac ia l  f i t  i s  
c r u c i a l  to e f f e c t i v e  use of  most a i r - p u r i f y i n g  r e s p i r a t o r s ;  i f  l eaks  occur ,  
a i r  contaminants w i l l  bypass a r e s p i r a t o r ' s  removal mechanisms. F ac ia l  h a i r ,  
eg,  beards or  long s ideb u rn s ,  and f a c i a l  movements can prevent  good r e s p i r a t o r  f i t  [117,118].  For t h i s  r e a so n ,  a t  l e a s t  one coal  l i q u e f a c t i o n  p lan t  [1] 
p r o h i b i t s  bea rd s ,  and mustaches extending below the  l i p .

S e l e c t i o n  o f  a p p ro p r i a t e  r e s p i r a t o r s  i s  an impor tant  i s su e  in  environments 
where a l a rge  number of  chemicals  may be p re sen t  in m ix tu re s .  In g en e ra l ,  
f a c to r s  to cons ide r  fo r  r e s p i r a t o r  s e l e c t i o n  inc lude  the  na tu re  and s e v e r i t y  
o f  the  haza rd ,  contaminant  type and c o n c e n t r a t io n ,  per iod  of exposure ,  d i s ­
tance from a v a i l a b l e  r e s p i r a b l e  a i r ,  phys ica l  a c t i v i t y  o f  the  weare r ,  and c h a r a c t e r i s t i c s  and l i m i t a t i o n s  of  the  a v a i l a b l e  r e s p i r a t o r y  equipment [59].

Where p e r m is s ib le  exposure l i m i t s  (PEL's) for  contaminants  have been 
e s t a b l i s h e d  by Federal  s t a n d a rd s ,  NIOSH and OSHA g u i d e l i n e s  fo r  r e s p i r a t o r  
s e l e c t i o n  should be fol lowed.  In a d d i t i o n  to exposure l i m i t s ,  the  NIOSH 
g u i d e l i n e s  examine sk in abs o rp t io n  or i r r i t a t i o n ,  warning p r o p e r t i e s  of  the 
subs tance ,  eye i r r i t a t i o n ,  lower flammable l i m i t s ,  vapor p r e s s u r e s ,  and con­
c e n t r a t i o n s  immediately dangerous to l i f e  or  h e a l th  [119] .  S i t u a t i o n s  where 
PEL's cannot be used to  determine r e s p i r a t o r  s e l e c t i o n  r e q u i r e  i n d iv id u a l  
e v a l u a t i o n .  Such c o n d i t i o n s  a r e  l i k e l y  in  c o a l  l i q u e f a c t i o n  p l a n t s ,  
e s p e c i a l l y  dur ing  maintenance t h a t  r e q u i r e s  l i n e  b reak ing  or v e s s e l  e n t r y ,  or 
dur ing  emergencies.

T ra in ing  workers to  p rope r ly  use ,  h an d le ,  and m a in ta in  r e s p i r a t o r s  helps  
to achieve  maximum e f f e c t i v e n e s s  in  r e s p i r a t o r  p r o t e c t i o n .  Minimum r e q u i r e ­
ments fo r  t r a i n i n g  of  workers and su p e r v i s o r s  have been e s t a b l i s h e d  by OSHA in  
29 CFR 1910.134.  These requirements  inc lude  hand l ing  the  r e s p i r a t o r ,  proper 
f i t t i n g ,  t e s t i n g  f a c e p i e c e - t o - f a c e  s e a l ,  and wearing i t  in  uncontaminated 
workplaces dur ing  a long t r i a l  p e r iod .  This t r a i n i n g  should enable  employees 
to  determine whether r e s p i r a t o r s  a re  o pe ra t in g  p ro pe r ly  by checking them for 
c l e a n l i n e s s ,  l e a k s ,  proper  f i t ,  and exhausted c a r t r i d g e s  or f i l t e r s .  The 
employer should impress upon workers t h a t  p r o t e c t i o n  i s  necessa ry  and should 
t r a i n  and encourage them to wear and m a in ta in  r e s p i r a t o r s  p ro pe r ly  [119].  One 
way to  do t h i s  i s  to exp la in  the reasons  fo r  wearing a r e s p i r a t o r .  According 
to ANSI Standard Z88.2,  S ec t ion  7.4 [120] ,  the  fo l lowing p o in ts  should be
included in an accep tab le  r e s p i r a t o r  t r a i n i n g  program: (1)  in fo rm a t ion  on the
n a tu re  o f  the  h aza rd ,  and what may happen i f  the  r e s p i r a t o r  i s  not  used,
(2)  e x p lan a t io n  of why more p o s i t i v e  c o n t r o l  i s  not  immediately f e a s i b l e ,
(3) d i s c u s s i o n  o f  why t h i s  i s  the proper  type  o f  r e s p i r a t o r  fo r  the  p a r t i c u l a r  
purpose ,  (4)  d i s c u s s i o n  of the  r e s p i r a t o r ' s  c a p a b i l i t i e s  and l i m i t a t i o n s ,
(5) i n s t r u c t i o n  and t r a i n i n g  in a c tu a l  r e s p i r a t o r  use ,  e s p e c i a l l y  with an 
emergency-use r e s p i r a t o r ,  and c lose  and f requen t  su p e r v i s io n  to ensure  proper 
u se ,  (6) classroom and f i e l d  t r a i n i n g  in recogn iz ing  and coping with  emergency
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s i t u a t i o n s ,  and (7) o th e r  s p e c i a l  t r a i n i n g  as needed.  At l e a s t  one major coa l  
l i q u e f a c t i o n  r e sea rch  c e n t e r  has adopted these  po in ts  fo r  i n c lu s io n  in i t s  
s a f e t y  manual [121].

R e s p i r a to r  facep ieces  need to be cleaned  r e g u l a r l y ,  both  to remove any 
con tamination  and to h e lp  slow the  aging o f  rubber p a r t s .  Employers should 
c o n s u l t  the m a n u fac tu re r s '  recommendations on c lean ing  methods,  t ak ing  care  
not  to use so lven t  m a t e r i a l s  t h a t  may d e t e r i o r a t e  rubber p a r t s .

(b) Gloves
Gloves a re  u s u a l ly  worn a t  coal  l i q u e f a c t i o n  p l a n t s  in  cold wea the r ,  when 

heavy equipment i s  hand led ,  or in  a reas  where hot  process  equipment i s  p re ­
s e n t .  Where g loves  w i l l  not  cause a s i g n i f i c a n t  s a f e ty  h aza rd ,  they  should be 
worn to  p r o t e c t  the  hands from process  m a t e r i a l s .  Gloves made of severa l  
types  of  m a t e r i a l s  have been used in coal  l i q u e f a c t i o n  p l a n t s ,  inc lud ing  
c o t to n  m i l l  g lo v es ,  v in y l - c o a te d  heavy rubber g loves ,  and neoprene rubbe r -  
l i n e d  c o t to n  gloves  [1 ,115 ] .  A f te r  using  many types of  g loves ,  the  s a fe ty  
s t a f f  a t  the  PETC did not  f ind  any t h a t  s a t i s f a c t o r i l y  withs tood  both hea t  and 
p e n e t r a t i o n  by p rocess  s o lv e n t s  [ I ] .

Sansone and Tewari [122,123] s tud ied  the  p e r m eab i l i ty  o f  glove m a t e r i a l s .  
They t e s t e d  n a t u r a l  rubbe r ,  neoprene,  a mix tu re  o f  n a t u r a l  rubber and neo­
p rene ,  po lyv iny l  c h l o r i d e ,  po lyviny l  a lc o ho l ,  and n i t r i l e  rubber aga in s t  pene­
t r a t i o n  by se v e ra l  suspec ted  ca rc inogens .  The glove m a t e r i a l s  were placed in 
a t e s t  ap p a ra tu s ,  s e p a r a t i n g  equal  volumes of  the  permeant s o lu t i o n  and 
ano ther  l i q u i d  m i s c ib l e  with  the  permeant. Samples were e x t r a c t e d  per iod ­
i c a l l y  and analyzed by GC. For one subs tance  t e s t e d ,  d ib romochloropropane , 
the  c o n c e n t r a t io n  t h a t  p en e t r a t e d  neoprene a f t e r  4 hours was approximate ly  
10,000 t imes g r e a t e r  than the  c o n c e n t r a t io n  t h a t  p ene t ra ted  bu ty l  rubber of 
the  same t h i c k n e s s ;  po lyv iny l  a l c o h o l ,  po lye thy lene ,  and n i t r i l e  rubber were 
l e s s  permeable _than neoprene [122] .  Measurable p en e t r an t  c o n c e n t r a t io n s ,  i e , 
g r e a t e r  than 10 * volume p e r c e n t ,  were r ep o r ted  a f t e r  5 minutes fo r  most 
g lo v e  m a t e r i a l s  t e s t e d  a g a i n s t  d i b r o m o c h l o r o p r o p a n e ,  a c r y l o n i t r i l e , and 
e t h y l e n e  d i b r o m i d e  [ 1 2 2 ] .  R e a d i l y  m e a s u r a b l e  amounts o f  n i t r o s a m i n e s  
p en e t r a t e d  glove m a t e r i a l s  w i th in  30 minutes  [123].  Although the chemicals  
t e s t e d  a re  not  p re sen t  in coa l  l i q u e f a c t i o n  p ro ce s se s ,  the t e s t  r e s u l t s  
suggest  t h a t  the p r o t e c t i o n  a fforded  by g loves can vary markedly with the 
chemical  composi t ion  o f  the  m a t e r i a l s  being handled.

In ano ther  s tudy r e l a t e d  to  the s e l e c t i o n  of  g loves ,  C o le t ta  e t  a l  [124] 
i n v e s t i g a t e d  the  performance o f  v a r io u s  m a t e r i a l s  used in p r o t e c t i v e  c lo t h in g .  
They surveyed pub l ished  t e s t  methods fo r  r e levance  in  ev a lu a t in g  p r o t e c t i v e  
c lo t h in g  used a g a in s t  c a rc inogen ic  l i q u i d s ,  but  no s p e c i f i c  methods were found 
fo r  t e s t i n g  permeat ion  r e s i s t a n c e ,  thermal r e s i s t a n c e ,  or  decontamina t ion .  
More than  50 permeation  t e s t s  were conducted in an appara tus  s im i l a r  to the 
one used by Sansone and Tewari ,  with  the p r o t e c t i v e  m a t e r i a l  se rv ing  as a 
b a r r i e r  between the  permeant and d i s t i l l e d  w ate r .  Nine e la s tomers  were
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eva lua ted  fo r  r e s i s t a n c e  to permeation by one or  more o f  n ine  ca rc in og en ic  
l i q u i d s .  Of p a r t i c u l a r  importance a re  the t e s t s  conducted with  coal  t a r  
c reos o te  and benzene,  because benzene and some c o n s t i t u e n t s  o f  c r e o s o t e ,  eg,  
p h e n o l s  and b e n z o ( a ) p y r e n e , have  been  i d e n t i f i e d  in  c o a l  l i q u e f a c t i o n  
m a t e r i a l s .  Neoprene r e s i s t e d  p e n e t r a t i o n  by c reos o te  for  270 m inu tes ,  and 
benzene for  25 minutes [124] .  Butyl rubber and Viton  were more r e s i s t a n t  to 
both c r e o s o te  and benzene than was neoprene.  Other e la s tomers  were not  t e s t e d  
fo r  r e s i s t a n c e  to  c r e o s o t e ,  but  were i n f e r i o r  aga ins t  benzene.  In g e n e r a l ,  a 
wide v a r i a t i o n  in  p e rm e ab i l i t y  was observed for  d i f f e r e n t  combinations  of  
b a r r i e r  and p e n e t r a n t .  These d a t a  demonst rate the need to q u a n t i t a t i v e l y  
eva lua te  the  r e s i s t a n c e  o f  p r o t e c t i v e  c lo th i n g  m a t e r i a l s  a g a in s t  coa l  l i q u e ­
f a c t i o n  p r o d u c t s  b e f o r e  making recom m end a t io ns  f o r  s u i t a b l e  p r o t e c t i v e  c l o t h i n g .

NIOSH r e c e n t l y  rep o r te d  on an i n v e s t i g a t i o n  a t  the Los Alamos Nat iona l  
Labora tory  and on a re se a rc h  p r o j e c t  to  develop a permeation t e s t i n g  p ro to c o l .  
I t  was demonst ra ted  t h a t  some m a t e r i a l s  of  garments made to p r o t e c t  workers 
may be i n e f f e c t i v e  when used fo r  more than a shor t  t ime.  Design c r i t e r i a  are 
being developed fo r  the degree of impermeabi l i ty  o f  p r o t e c t i v e  m a t e r i a l  and 
for  the s p e c i f i c  m a t e r i a l s  to  use a g a in s t  v a r io u s  chemica ls .

No q u a n t i t a t i v e  d a ta  on glove p e n e t r a t i o n  by coa l  l i q u e f a c t i o n  m a t e r i a l s  
have been r e p o r t e d .  In the  absence o f  such d a t a ,  i t  i s  prudent  to  assume t h a t  
g loves and o the r  p r o t e c t i v e  c lo th in g  do not  provide  complete p r o t e c t i o n
a ga ins t  sk in  c o n t a c t .  Because p e n e t r a t i o n  by tox ic  chemicals  may occur in a 
r e l a t i v e l y  s h o r t  t i m e ,  g l o v e s  s h o u ld  be d i s c a r d e d  f o l l o w i n g  n o t i c e a b l e  
co n tam in a t io n .

(c)  Work Clothing
Proper work c lo t h i n g  can e f f e c t i v e l y  reduce exposure to h e a l t h  hazards 

from coal  l i q u e f a c t i o n  p ro c e s s e s ,  e s p e c i a l l y  exposure to heavy o i l s .  Work 
c lo t h i n g  should be supp l ied  by the  employer. The c lo th in g  program a t  one coal  
l i q u e f a c t i o n  p i l o t  p lan t  p rovides each process  a rea  worker with  15 s e t s  o f  
s h i r t s ,  s l a c k s ,  t e e - s h i r t s ,  unde rpan ts ,  and c o t ton  socks;  3 j a c k e t s ;  and 1 
rubber r a i n c o a t  [115].  Thermal underwear fo r  use in  cold weather i s  a l so
provided a t  t h i s  p lan t  [1 ] .  Work c lo t h i n g  should be changed a t  the  end of 
every w o r k s h i f t ,  or  as soon as p o s s ib l e  when contaminated .

Cotton c lo th in g  with  a f a i r l y  c lo s e  weave r e t a r d s  the  p e n e t r a t i o n  of  many 
con tam inants ,  ye t  permi ts  the escape o f  body h e a t .  Nylon c o v e r a l l s  used a t  
one coal  l i q u e f a c t i o n  p la n t  proved to be e a s i e r  to c lean  than c o t t o n  c o v e r a l l s  
(ME Goldman, w r i t t e n  communication,  February 1978). However, most s y n th e t i c  
f i b e r s  mel t  when exposed to f lame.  For comparison, Nylon 6 ,6  s t i c k s  a t  445°F
(229°C) and m e l t s  a t  about  500°F (260°C), whi le  c o t to n  d e t e r i o r a t e s  a t  475°F(246°C) [125]:
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There i s  evidence t h a t  c l o th in g  worn under the c o v e r a l l s  a id s  in reducing sk in  con tam ina t ion .  In a 1957 experiment a t  a coal  hydrogena tion  p i l o t  p lan t
[37] ,  "pajamas" (bu ttoned  a t  the neck with c l o s e - f i t t i n g  arm and leg cu f f s )  
worn under t y p i c a l  work c lo th e s  prevented con taminants  absorbed by the  o u te r  
c lo th in g  from coming in to  c o n tac t  with  the sk in .  They a l s o  provided an add i­
t i o n a l  b a r r i e r  to vapors and a e ro s o l s .  However, in some i n s t a n c e s ,  p a r t i c u ­
l a r l y  in  hot  c l i m a t e s ,  t h i s  p r a c t i c e  may c o n t r i b u t e  to hea t  s t r e s s ,  which i s  a 
p o t e n t i a l l y  more s i g n i f i c a n t  hazard  [16].

All  work c l o th in g  and footwear should be l e f t  a t  the p lan t  a t  the end of 
each w o rk s h i f t ,  and the  employer should be r e s p o n s ib l e  fo r  proper  c lean ing  o f  
the  c lo t h i n g .  Because of  the volume of laundry invo lved ,  i n - p l a n t  laundry 
f a c i l i t i e s  would be conven ien t .  Any commercial l aunder ing  e s tab l i s hm en t  t h a t  
c le a n s  work c lo t h in g  should r e ce iv e  o r a l  and w r i t t e n  warning of p o t e n t i a l  
hazards  t h a t  might  r e s u l t  from hand l ing  contaminated  c l o t h i n g .  Opera tors o f  coa l  l i q u e f a c t i o n  p l a n t s  should r e q u i r e  w r i t t e n  acknowledgment from laundering  
e s t a b l i s h m e n ts  t h a t  proper work procedures w i l l  be adopted.

In one study [37],  experiments showed t h a t  d ryc lean ing  fol lowed by a soap 
and water  l aunder ing  removed a l l  bu t  a very  s l i g h t  s t a i n  from work c lo t h i n g .  
One in d u s t r y  r e p r e s e n t a t i v e  suggested t h a t  using the  above procedures  r eq u i red  
p e r io d ic  replacement  o f  the  d ryc lean ing  so lven t  to prevent  bu i ldup  of PAH's 
(ME Goldman, w r i t t e n  communication,  February 1978).

Outer c l o th in g  fo r  use dur ing  cold or  inclement weather should be s e l e c t e d  
c a r e f u l l y  to ensure  t h a t  i t  p rovides  adequate p r o t e c t i o n  and t h a t  i t  can be 
laundered  or  drycleaned  to e l im in a te  p ro c e s s - m a te r i a l  con tam ina t ion  [16].

(d) B a r r i e r  Creams
B a r r i e r  creams have been used in an at tempt to reduce sk in c o n tac t  with 

t a r  and t a r  o i l  and to  f a c i l i t a t e  t h e i r  removal should con tamination  occur
[1 ] .  Using pa tches  o f  pig s k in ,  the  PETC t e s t e d  se v e ra l  commercially a v a i l ­
ab le  b a r r i e r  creams for  e f f e c t i v e n e s s  in preven ting  p e n e t r a t i o n  o f  f l u o r e s c e n t  
m a t e r i a l  [ 1 ] .  The b a r r i e r  cream found to be most e f f e c t i v e  i s  no longer manu­
f a c tu r e d .  Weil and Condra [7] showed t h a t  b a r r i e r  creams app l ied  b efo re  
exposure to p as t in g  o i l  and v a r io u s  methods of  washing a f t e r  the o i l  had 
reached the  sk in  only  s l i g h t l y  delayed tumor induc t ion  in  mice.  Simple soap 
and water  wash appeared to be as e f f i c i e n t  as any t r ea tm en t  [7 ] .  This s tudy 
in d i c a t e d  t h a t  b a r r i e r  creams were i n s u f f i c i e n t  p r o t e c t i o n  a g a in s t  sk in  
con tam ina t ion  by coa l  l i q u e f a c t i o n  products  and t h a t  they should not  be used 
in p lace  o f  o th e r  means o f  p r o t e c t i o n .

(e)  Hearing P r o t e c t i o n
Exposure to no ise  l e v e l s  in  excess of  the NIOSH-recommended s tandard  of 85 dBA fo r  an 8-hour exposure may occur in some a rea s  o f  a coa l  l i q u e f a c t i o n  

p l a n t .  Engineering c o n t r o l s  should be used to l im i t  the no ise  to  accep tab le
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l e v e l s .  However, t h i s  i s  not  always p o s s ib l e ,  and i t  may be necessa ry  to 
provide workers with  p r o t e c t i v e  h ea r in g  d e v ic e s .

There a re  two b as ic  types of  ear  p r o t e c t o r s  a v a i l a b l e :  earmuffs t h a t  f i t
over the e a r ,  and ea rp lugs  t h a t  are i n s e r t e d  i n to  the  e a r .  Workers should 
choose the type of  ea r  p r o t e c to r  they want to wear.  Some may f ind  earp lugs  
uncomfortable ,  and o th e r s  may not  be able  to wear earmuffs with t h e i r  g l a s s e s ,  h a r d h a t s ,  or  r e s p i r a t o r s .

A h e a r in g  con se rv a t io n  program should be e s t a b l i s h e d .  As p a r t  of  t h i s  
program, workers should be i n s t r u c t e d  in the  ca re  and use o f  ea r  p r o t e c t o r s .  
This program should a lso  e v a lua te  the need fo r  p r o t e c t i o n  a ga in s t  no ise  in 
v a r io u s  a rea s  o f  the  coa l  l i q u e f a c t i o n  p la n t  and should provide workers with  a 
cho ice  of  ea r  p r o t e c t o r s  s u i t a b l e  fo r  those a re a s .  Workers should be cau­
t ioned  not  to use ea rp lugs  contaminated  with  coal  l i q u e f a c t i o n  m a t e r i a l s .

( f ) Other P r o t e c t i v e  Equipment and Clothing
S p e c ia l i z e d  p r o t e c t i v e  equipment and c lo t h i n g ,  inc lud ing  s a f e t y  shoes ,  

h a r d h a t s ,  s a f e t y  g l a s s e s ,  and f a c e s h i e l d s ,  may be r eq u i red  where the p o t e n t i a l  
fo r  o th e r  hazards  e x i s t s .  One company r e q u i r e s  rubber gloves  with  long c u f f s ,  
p l a s t i c  goggles,  and a rubber apron for  the  handling  of coa l  t a r  l i q u id  
w as te s ,  and a thermal l e a t h e r  apron ,  thermal l e a t h e r  g lo v es ,  f u l l - f a c e  v i s o r  
s h i e l d ,  and thermal l e a t h e r  s leeves  fo r  the handling  of  ho t  s o l i d s  samples
[126].  Requirements fo r  o th e r  types  of  p r o t e c t i v e  c lo th in g  and equipment 
should be determined in s p e c i f i c  i n s t a n ce s  based on the p o t e n t i a l  exposure.

S te e l - t o e d  workshoes should provide  adequate p r o t e c t i o n  under most circum­
s t a n c e s .  However, workers involved in the cleanup  of s p i l l s  or in o the r
o p e ra t io n s  invo lv ing  p o s s ib l e  con tam ina t ion  o f  footwear should be provided 
with  impervious overshoes .  Rubber-soled overshoes a re  not  recommended, 
because the  rubber  may swel l  a f t e r  c o n tac t  with  process  o i l s  [16].

Medical  S u r v e i l l a n c e  and Exposure Monitoring
(a)  Medical  S u rv e i l l a n c e
Medical monito r ing  i s  e s s e n t i a l  to p r o t e c t  workers in  coal  l i q u e f a c t i o n  

p l a n t s  from adverse h e a l t h  e f f e c t s .  To be e f f e c t i v e ,  medical  s u r v e i l l a n c e  
must be both wel l  timed and thorough.  Thoroughness i s  necessa ry  because of 
the  many chemicals  to which a worker may be exposed (see  Appendix VI).  In
a d d i t i o n ,  worker exposure i s  not  p r e d i c t a b l e ;  i t  can occur whenever any c losed
process  system a c c i d e n t a l l y  l e a k s ,  v e n t s ,  or  r u p tu r e s .  Not a l l  adverse 
e f f e c t s  o f  exposure to the  chemicals  a re  known, but  most major organs may be 
a f f e c t e d ,  i nc lud ing  the  l i v e r  [127] ,  kidneys [128] ,  lungs [129] ,  h e a r t  [58],  and sk in  [130].
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A medica l  s u r v e i l l a n c e  schedule inc ludes  preplacement,  p e r i o d i c ,  and p o s t ­
employment examinat ions.  The preplacement examinat ion  provides  an o p p o r tu n i ty  
to se t  a b a s e l i n e  fo r  the employee 's  genera l  h e a l t h  and fo r  s p e c i f i c  t e s t s  
such as audiometry.  During the examinat ions ,  the w orke r ' s  p hys ica l  iob- 
performing c a p a b i l i t y  can be a s s e s s e d , " i n c lu d in g  h i s  a b i l i t y  to use r e s p i r a ­
t o r s .  F in a l l y ,  the examinat ion  can d e t e c t  any p red i spos ing  con d i t io n  t h a t  may 
be aggravated by, or make the employee more v u ln e r ab le  t o ,  the e f f e c t s  of  
chemicals  a s s o c ia t e d  with coal  l i q u e f a c t i o n .  I f  such a c o n d i t io n  i s  found,  
the  employer should be n o t i f i e d ,  and the employee should be f u l l y  counseled on 
the p o t e n t i a l  e f f e c t s .

P e r io d ic  examinat ions a l low monitoring  of  worker h e a l t h  to a s se s s  changes 
caused by exposure to coal  chemica ls .  The examinations  should be performed a t  
l e a s t  annual ly  to d e t e c t  b io lo g ic  changes b efo re  adverse  h e a l t h  e f f e c t s  occur.  
Phys ica l  examinat ions should a lso  be o f f e r e d  to workers b e fo re  t e r m ina t io n  of  
employment in o rder  to provide complete in formation  to the worker and the 
medical  s u r v e i l l a n c e  program.

A comprehensive medical  examinat ion  inc ludes  medical  h i s t o r i e s ,  phys ica l  
examinat ions ,  and s p e c i a l  t e s t s .  H is t o ry - t a k in g  should inc lude  both medica l  
and occu pa t iona l  backgrounds.  Work h i s t o r i e s  should focus on p a s t  exposures 
t h a t  may have a l ready  caused some e f f e c t ,  such as s i l i c o s i s  [129],  or t h a t  may 
have s e n s i t i z e d  the worker,  as may be the case with many co a l -d e r iv e d  chemi­
c a l s  [17],  Phys ica l  examinations should be thorough,  and medical  h i s t o r i e s  
should focus on p red i spos ing  c on d i t ion s  and p r e e x i s t i n g  d i s o r d e r s .  Some 
c l i n i c a l  t e s t s  may be u s e fu l  as gen e ra l  sc reen ing  measures .

A thorough medical  h i s t o r y  and p hy s ica l  examinat ion  w i l l  permit  an 
examining phys ic ian  to determine the presence  o f  many p a tho log ic  p ro cesse s .  
However, l a b o r a to r y  s t u d i e s  are necessa ry  for  e a r l y  de t e rm in a t ion  of  dysfunc­
t io n  or d i s e a s e  in organs t h a t  are r e l a t i v e l y  i n a c c e s s ib l e  and t h a t  have a 
high degree of  fu n c t i o n a l  r e s e r v e .  In the sc reen ing  aspec t  of  a medical 
program, worker acceptance  of  each recommended l a b o r a to ry  t e s t  must be weighed 
aga in s t  the in format ion  t h a t  the t e s t  w i l l  y i e l d .  Cons idera t ion  should be 
g iven to t e s t  s e n s i t i v i t y ,  the  se r io u sn e s s  of  the  d i s o r d e r ,  and the proba­
b i l i t y  t h a t  the d i s o rd e r  could be a s s o c ia t e d  with exposure to coa l  l i q u e f a c ­
t i o n  m a t e r i a l s .  F u r t h e r m o r e ,  w he re v e r  p o s s i b l e ,  t e s t s  a r e  c ho se n  f o r  
s i m p l i c i t y  of sample c o l l e c t i o n ,  p ro cess in g ,  and a n a l y s i s .  In many i n s t a n c e s ,  
t e s t s  are recommended because they are easy to perform and are s e n s i t i v e ,  
al though they are  not  n e c e s s a r i l y  s p e c i f i c .  I f  the r e s u l t s  are p o s i t i v e ,  
ano ther  more s p e c i f i c  t e s t  would be r e q u e s t e d .  The cho ice  of  t e s t s  should be 
governed by the p a r t i c u l a r  chemica l( s )  to  which a worker i s  exposed.  Appro­
p r i a t e  l a b o ra to ry  t e s t s  and elements of  the phys ica l  examinat ion  to  be 
s t r e s s e d  are desc r ibed  in the  fol lowing parag raphs ,  according to t a r g e t  organ 
sys tem s .
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(1) Skin
NIOSH has  s tud ied  some chemicals  or m ix tures  t h a t  are  s im i l a r  to 

those  found in  coa l  l i q u e f a c t i o n  p rocesses  and t h a t  are known to a f f e c t  the  
sk in .  For example, the  NIOSH c r i t e r i a  document on coal  t a r  p roduc ts  [17] 
c i t e d  cases  of  k e r a t i t i s  r e s u l t i n g  from c re o s o te  exposure and cases  of  sk in  
cancer  produced from c o n tac t  with  crude naphtha ,  c r e o s o t e ,  and r e s i d u a l  p i t c h .  In a d d i t i o n ,  t h e r e  i s  the  p o s s i b i l i t y  o f  developing inflamed h a i r  f o l l i c l e s  or 
sebaceous g la n ds .  In the NIOSH c r i t e r i a  document on c r e s o l  [127] ,  sk in  c o n tac t  was shown to produce a burning  s e n s a t i o n ,  erythema, l o c a l i z e d  anes th e ­
s i a ,  and a brown d i s c o l o r a t i o n  of  the sk in .  Other r e l e v a n t  NIOSH c r i t e r i a  
documents t h a t  l i s t  sk in  e f f e c t s  as major concerns inc lude  those  on carbon 
b lack  [56] ,  r e f i n e d  pet ro leum s o lv e n t s  [130],  coke oven emissions [18] ,  and 
phenols [61].

Skin s e n s i t i z a t i o n  may occur a f t e r  sk in co n tac t  w i th ,  o r  i n h a l a t i o n  o f ,  
any o f  t h e se  chem ica ls .  Patch t e s t i n g  can be used as a d i a g n o s t i c  a id  a f t e r  a 
worker has developed symptoms of sk in s e n s i t i z a t i o n .  However, patch t e s t s  
should not  be used as a preplacement or  sc reen ing  t echn ique ,  because they may 
cause s e n s i t i z a t i o n  in the emplçyee.  Skin s e n s i t i z a t i o n  p o t e n t i a l  i s  b e s t  
determined by medical  h i s t o r y  and phys ica l  examinat ion .

W r i t t en  and pho tographic  reco rds  of  sk in  l e s i o n s  a re  one method of 
moni to r ing  p o t e n t i a l  development o f  sk in  carcinomas [ I ] .  When comparison of 
the se  r eco rds  i n d i c a t e s  any changes in  appearance of  the  sk in  l e s i o n s ,  the  
worker should be r e f e r r e d  to  a q u a l i f i e d  d e r m a to log i s t  fo r  exp e r t  op in ion .  A 
c l i n i c a l  d i a g n o s i s  of  cancer or  a "p recancerous"  c o n d i t io n  should be sub­
s t a n t i a t e d  by h i s t o l o g i c  examinat ion .

(2) L iver
The NIOSH c r i t e r i a  document on c r e s o l  [127] i n d ica t e d  t h a t  l i v e r  

damage may r e s u l t  from o ccupa t iona l  exposures to  t h i s  chemica l .  Medical 
s u r v e i l l a n c e  wi th  emphasis on p r e e x i s t i n g  l i v e r  d i s o r d e r s  has  been recommended 
by NIOSH in c r i t e r i a  documents on coa l  g a s i f i c a t i o n  [16] and phenols [61 ] .

Because of  the  v a s t  r e se rv e  fu n c t io n a l  c a p a c i ty  o f  the l i v e r ,  only  acute  
h e p a t o t o x i c i t y  or  severe  cumulat ive  chron ic  damage w i l l  produce r ecogn izab le  
symptoms such as nausea ,  vom i t ing ,  d i a r r h e a ,  weakness, gene ra l  m a la i s e ,  and 
j au n d ic e .  Numerous blood chem is t ry  ana lyses  a re  a v a i l a b l e  to sc reen  fo r  e a r l y  
l i v e r  d y s f u n c t io n .  The t e s t s  most f r eq u en t ly  employed in sc reening  fo r  l i v e r  
d i s e a s e  a re  serum b i l i r u b i n ,  serum glu tamic o x a lo a c e t i c  t ransam inase  (SGOT), 
serum glutamic pyruvic t ransam inase  (SGPT), gamma glutamyl t r a n s p e p t i d a s e  
(GGTP), and i s o c i t r i c  dehydrogenase.

(3) Kidney
Impaired re n a l  fu n c t io n  has been ind ica ted  by NIOSH c r i t e r i a  docu­

ments on c r e s o l  [127] ,  carbon d i s u l f i d e  [128],  coke oven emissions [18] ,  and

72



coa l  t a r  produc ts  [17].  Kidney fu n c t ion  can be screened by u r i n a l y s i s
fol lowed up with more s p e c i f i c  t e s t s .

(4) R esp i ra to ry
I n h a l a t i o n  of  chemicals  a s so c ia t ed  with  coal  l i q u e f a c t i o n  may be 

tox ic  to the  r e s p i r a t o r y  system. For example, s u l f u r  d iox ide  and ammonia are 
r e s p i r a t o r y  t r a c t  i r r i t a n t s  [60 ,131] .  S u b s t a n t i a l  exposures to ammonia can 
produce symptoms o f  chron ic  b r o n c h i t i s ,  l a r y n g i t i s ,  t r a c h e i t i s ,  broncho­pneumonia, and pulmonary edema [60] .  Asphyxia and severe  chemical broncho­
pneumonia have r e s u l t e d  from exposures to h igh  c o n c e n t r a t io n s  o f  s u l f u r  
d iox ide  in confined  spaces [131] .  Evidence t h a t  lung cancer i s  a s s o c ia t ed
with  i n h a l a t i o n  o f  coke oven emissions and coal  t a r  products  has a lso  been 
p re sen ted  in NIOSH c r i t e r i a  documents [17 ,18 ] .  S i l i c o s i s ,  a pulmonary 
f i b r o s i s ,  i s  caused by i n h a l a t i o n  and pulmonary d e p o s i t i o n  o f  f r ee  s i l i c a  
[129].

In the absence of  r e s p i r a t o r y  symptoms, phys ica l  examinat ion  alone may not  
d e t e c t  e a r l y  pulmonary i l l n e s s e s  in workers.  There fo re ,  sc reen ing  t e s t s  are 
recommended. These should inc lude  a che s t  X-ray examination performed i n i ­
t i a l l y  and t h e r e a f t e r  a t  the  p h y s i c i a n ' s  d i s c r e t i o n  and pulmonary fu n c t ion  
t e s t s ,  i e , forced v i t a l  c a p a c i ty  (FVC) and forced e x p i r a to ry  volume in
1 second (FEV,).

(5) Blood
On the b a s i s  o f  evidence  th a t  benzene i s  leukemogenic , NIOSH [132] 

recommended t h a t  benzene should be considered  ca rc inogen ic  in  man. For
workers exposed to benzene,  a complete blood count (CBC) i s  recommended as a 
sc reen ing  t e s t  fo r  blood d i s o r d e r s .  This inc ludes  de t e rm in a t ion  o f  hemoglobin 
(Hb) c o n c e n t r a t i o n ,  h e m a to c r i t ,  red blood c e l l  (RBC) coun t,  r e t i c u l o c y t e  
coun t ,  whi te  blood c e l l  (WBC) coun t,  and WBC d i f f e r e n t i a l  coun t .

(6)  C en t ra l  Nervous System
CNS damage can be caused by carbon d i s u l f i d e ,  carbon monoxide, 

c r e s o l ,  and l e a d ,  as ind ica t e d  by NIOSH c r i t e r i a  documents on those  chemicals  
[58 ,127 ,128 ,133] .  Following a s u b s t a n t i a l  exposure to any CNS t o x i c a n t ,  o r  i f  
s igns  or  symptoms o f  CNS e f f e c t s  occur or  are su spec ted ,  a complete neu ro log ic  
examinat ion  should be performed.

(7) Ca rd iovascu la r
Carbon d i s u l f i d e  has been suggested to have an e f f e c t  on the c a r d io ­

v a s c u l a r  system [128].  Recommended medical  s u r v e i l l a n c e  emphasizes c a r d i o ­
v a s c u l a r  e v a l u a t i o n ,  i nc lud ing  an e lec t roca rd iog ram  (ECG) [128].  D e le te r io u s  
myocard ia l  a l t e r a t i o n s  such as r e s t r i c t e d  coronary  blood flow may occur in  
workers with  chronic  h e a r t  d i s e a s e  who are  exposed to  carbon monoxide [58].
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The medical  h i s t o r y  w i l l  he lp  to  i d e n t i f y  workers with  a family h i s t o r y  o f  
h e a r t  problems.

(b) Exposure Moni tor ing
I n d u s t r i a l  hygiene moni to r ing  i s  used to determine whether employee expo­

sure  to  chemical  and p hy s ica l  haza rds  i s  w i th in  the  l i m i t s  s e t  by OSHA or 
recommended by NIOSH (see  Appendix V) and to i n d i c a t e  where c o r r e c t i v e  
m e a s u r e s  a r e  needed  i f  e x p o s u r e  e x c e e d s  t h o s e  l i m i t s .  There  a r e  no 
e s t a b l i s h e d  exposure l i m i t s  fo r  many subs tances  t h a t  may contaminate  the 
workplace a i r  in coa l  l i q u e f a c t i o n  p l a n t s .  In the se  c i r cu m s tan ces ,  exposure 
m on i to r ing  can s t i l l  se rve two purposes.  F i r s t ,  f a i l u r e s  in  eng inee r ing  c o n t r o l s  and work p r a c t i c e s  can be d e t e c t e d .  Second, d a t a  can be developed to 
he lp  i d e n t i f y  c a u s a t i v e  agen ts  fo r  e f f e c t s  t h a t  may be revea led  dur ing  medical 
m on i to r ing .  I t  i s  not  p o s s ib l e  a t  t h i s  t ime to p r e d i c t  which in d iv id u a l  
chemicals  may have the  g r e a t e s t  tox ic  e f f e c t .  Furthermore ,  the  p o ss ib l e  
i n t e r a c t i o n  o f  i n d i v id u a l  chemicals  must be con s ide red .

NIOSH has  publ ished  an Occupa t ional  Exposure Sampling S t r a t e g y  Manual 
[134] to provide  employers and i n d u s t r i a l  h y g i e n i s t s  with in fo rm at ion  t h a t  can 
h e lp  them determine the need fo r  exposure measurements, dev i se  sampling p la n s ,  
and ev a lu a t e  exposure measurement d a t a .  Although t h i s  manual was s p e c i f i c a l l y  
developed to d e f in e  exposure moni to r ing  programs for  compliance with  proposed 
r e g u l a t i o n s ,  the  in form a t ion  on s t a t i s t i c a l  sampling s t r a t e g i e s  can be used in  
coa l  l i q u e f a c t i o n  p l a n t s .  G uide l ines  a re  a lso  provided fo r  s e l e c t i n g  employ­
ees to  be sampled,  based on i d e n t i f i c a t i o n  o f  maximum r i s k  employees from 
e s t im ated  exposure l e v e l s  or  on random sampling when a maximum r i s k  worker 
cannot be s e l e c t e d .

The manual [134] sugges t s  t h a t  a workplace m a t e r i a l  survey be conducted to
t a b u l a t e  a l l  workplace m a t e r i a l s  t h a t  may be r e l e a s e d  in to  the  atmosphere or
contaminate  the sk in .  All  p roce sse s  and work o p e r a t io n s  using m a t e r i a l s  known 
to  be tox ic  or  hazardous should be e v a l u a t e d .

Many o f  the  m a t e r i a l s  p re se n t  in coal  l i q u e f a c t i o n  p l a n t s  a re  complex 
m ix tu res  o f  hydrocarbons ,  which may occur as vap o rs ,  a e r o s o l s ,  or p a r t i c ­
u l a t e s .  I t  would be im p ra c t i c a l  to r o u t i n e l y  q u a n t i t a t e  every component ofth e se  m a t e r i a l s .  For many m a t e r i a l s ,  measuring the  cyc lohexane-so lub le  
f r a c t i o n  of  t o t a l  p a r t i c u l a t e  samples would y i e l d  u se fu l  d a t a  for  eva lua t ing  worker exposure .  Chemical a n a l y s i s  p rocedures  developed fo r  coa l  t a r  p i t c h  
v o l a t i l e s  can  be r e a d i l y  a p p l i e d  to  c o a l  l i q u e f a c t i o n  m a t e r i a l s ,  and 
comparison o f  d a t a  from o th e r  i n d u s t r i e s  would be p o s s ib l e .  However, t h i s  
does not  imply t h a t  the  PEL o f  0.15 mg/m3 of b enzene -so lub le  coal  t a r  p i t c h  
v o l a t i l e s  e s t a b l i s h e d  fo r  coke oven emissions i s  a sa fe  l e v e l  fo r  coa l  l i q u e ­
f a c t i o n  m a t e r i a l s .  I n s t e a d ,  mon i to r ing  r e s u l t s  should be i n t e r p r e t e d  with  
to x i c o lo g i c  d a t a  on s p e c i f i c  coa l  l i q u e f a c t i o n  m a t e r i a l s ,  i nc lud ing  p ro du c ts ,  
i n t e rm e d ia t e  process  s t reams ,  and em iss ions .
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Several  a d d i t i o n a l  exposure monito r ing  techniques  have been suggested for  
c o n s id e r a t i o n  in s p e c i f i c  p l a n t s .

(1) I n d i c a to r  Substance
The use of an i n d i c a t o r  subs tance  fo r  monitoring  exposures has been suggested by sev e ra l  sources  [16 ,37 ,135] .  An i n d i c a t o r  i s  a chemical chosen 

to r e p r e s e n t  a l l  or most of  the chemicals  t h a t  may be p r e s e n t .  I d e a l l y ,  an 
i n d i c a t o r  should be (1) e a s i l y  monitored in r e a l  time by commercial ly a v a i l ­
ab le  persona l  or remote samplers ,  (2)  s u i t a b l e  for  a n a l y s i s  where r e sou rces  
and t e c h n i c a l  s k i l l s  are l im i t e d ,  (3) absent  in ambient a i r  a t  high or widely 
f l u c t u a t i n g  c o n c e n t r a t i o n s ,  (4)  measurable without  i n t e r f e r e n c e  from o th e r  
subs tances in the process  stream or ambient a i r ,  and (5) a r e g u la te d  agent  so 
t h a t  the measurements serve  the purposes of q u a n t i t a t i v e  sampling fo r  compli­
ance and of i n d i c a t o r  monito r ing  [16].  I n d ic a to r s  mentioned in the l i t e r a t u r e  
i n c l u d e  c a rb o n  monoxide [ 1 6 ] ,  b e n z o ( a ) p y r e n e  [ 3 7 , 1 3 6 ] ,  PAH's [ 1 3 6 ] ,  
2 -methylnaphthalene  [1 ] ,  and hydrogen s u l f i d e  [16].

Although i n d i c a t o r  subs tances  may be u s e fu l  in coa l  g a s i f i c a t i o n  p la n t s  
[16],  t h i s  monitoring  method i s  not  recommended fo r  coal  l i q u e f a c t i o n  because 
i n t e r p r e t a t i o n  of  r e s u l t s  may be m is lead ing .  Exposures to complex mixtu res  of  
a e r o s o l s ,  g as es ,  and p a r t i c u l a t e s  may occur in coal  l i q u e f a c t i o n ,  bu t  when 
i n d i c a t o r  subs tances are  used,  q u a n t i f i c a t i o n  of  employee exposure to agents 
o th e r  than  the i n d i c a t o r  cannot be determined .  For example, in one p la n t
[38],  chemical a n a ly s i s  of  n ea r ly  200 p a r t i c u l a t e  samples fo r  benzene-so lub le  

m a t e r i a l  did not  r e v ea l  any c on s i s t en c y  in the r a t i o  o f  the mass of  benzene- 
so lu b le  c o n s t i t u e n t s  to the t o t a l  mass c o n c e n t r a t io n .  An a d d i t i o n a l  drawback 
i s  t h a t  t h i s  method provides a hazard  index only fo r  con taminants  in the same 
phys ica l  s t a t e  as the i n d i c a t o r  subs tance .  For example, carbon monoxide ac t s  
as an i n d i c a t o r  only for  o th e r  gases  and v apo rs ,  not  fo r  p a r t i c u l a t e s .  An 
i n d i c a t o r  subs tance  approach may be u se fu l  fo r  p lanning a more comprehensive 
e x p o s u r e  m o n i t o r i n g  p rogram and f o r  i d e n t i f y i n g  e m i s s i o n  s o u r c e s  o f  
co a l -d e r iv e d  m a t e r i a l s ,  bu t  not  for  e v a lu a t in g  employee exposure.

(2) Alarms fo r  Acutely Toxic Hazards
White [135] suggested monitoring  subs tances  or hazards  t h a t  could 

immediately t h r e a t e n  l i f e  and h e a l t h ,  such as hydrogen s u l f i d e ,  carbon 
m onox ide ,  n i t r o g e n  o x i d e s ,  oxygen d e f i c i e n c y ,  and e x p l o s i v e  h a z a r d s .  
Recommendations for  hydrogen s u l f i d e  alarms have been publ ished  by NIOSH [65] 
and should be adopted where the p o s s i b i l i t y  e x i s t s  fo r  h igh  c o n c e n t r a t io n s  of  
hydrogen s u l f i d e  to be r e l e a s e d .

(3) U l t r a v i o l e t  F luorescence
Based on the tox ic  e f f e c t s  desc r ibed  in Chapter  I I I ,  sk in  contamina­

t i o n  must be cons idered  an impor tant  rou te  of  e n t ry  fo r  exposure to t o x ic  
su bs tan ces .  Skin con tamination can occur by d i r e c t  c o n tac t  with a chemical or
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by c o n t a c t  with  contaminated work s u r f a c e s .  S tud ies  a re  c u r r e n t l y  being 
conducted [1,137] to  develop in s t ru m e n ta t io n  to  q u a n t i t a t e  s p e c i f i c  PAH 
c o n s t i t u e n t s  in su r face  con tamination  using  a sensor t h a t  d e t e c t s  f luo rescence  
a t  s p e c i f i c  wavelengths.  E x i s t i n g  methods a re  based on f luorescence  when 
i l l u m in a ted  by broad-spec trum UV lamps. Methods based on f luo rescence  have 
been recommended for  monito r ing  PAH's in su r f a c e  con tamination  [138 ,139] .  
However, t h i s  t e s t  i s  i n s e n s i t i v e  to s p e c i f i c  chemical compounds t h a t  may be c a rc in o g e n ic .  P oss ib ly  harmless f l u o r e s c e n t  m a t e r i a l s  a re  d e t e c t e d ,  whi le  
non f luo re sc ing  ca rc inogens  a re  no t .

Although UV l i g h t  has been used in severa l  p l a n t s  to  d e t e c t  sk in  contamin­
a t i o n  [ I ] ,  t h e r e  i s  concern about the  r i s k  of  sk in  s e n s i t i z a t i o n  and promotion 
o f  c a rc in og en ic  e f f e c t s .  In the c r i t e r i a  document on coal  t a r  p roduc ts ,  the  
p o t e n t i a l  fo r  p h o t o s e n s i t i v e  r e a c t i o n s  in i n d iv id u a l s  exposed c o n c u r re n t ly  
to  UV r a d i a t i o n  and coal  t a r  p i t c h  was d i s c u s s e d .  UV r a d i a t i o n  a t  330-440 nm, 
but  not  a t  280-320 nm, in  combination with  exposure to coal  t a r  p i t c h  was 
found to induce a p h o to s e n s i t i v e  r e a c t i o n  evidenced by erythema and wheal 
format ion [17] .

In one p l a n t ,  a booth to d e t e c t  sk in  con tam ina t ion  has been cons t ruc ted  
fo r  use by employees [ I ] .  This booth o p e ra t e s  a t  320-400 nm with an app rox i ­
mate exposure time of 15-30 seconds.  A person s tand ing  i n s id e  the booth under 
UV l i g h t  can observe f lu o r e s c e n t  m a t e r i a l  on the  body by looking i n to  m i r r o r s  
on a l l  four w a l l s  [1 ] .  This enab les  the worker to d e t e c t  contamination  t h a t  
might  o the rw ise  go unno t iced .  Contamination may occur from s i t t i n g  or  l ean ing  
on contaminated  s u r f a c e s  or  from not  washing hands b e fo re  using s a n i t a r y  
f a c i l i t i e s .  When the booth i s  used ,  eye p r o t e c t i o n  i s  r e q u i r e d ,  and employees 
a re  i n s t r u c t e d  to  keep exposure time to a minimum [ 1 ] .  Because of  the p o s s i ­
b le  r i s k  a s s o c ia t e d  with  excess ive  use o f  a UV boo th,  UV examination fo r  sk in  
c o n t a m i n a t i o n  sh ou ld  o n ly  be  c o n d u c t e d  u nd e r  m e d i c a l  s u p e r v i s i o n  f o r  
demonst ra t ion  purposes ,  p r e f e r a b l y  with hand-held  lamps.

At p r e s e n t ,  no s u i t a b l e  method fo r  q u a n t i t a t i v e  measurement of  s u r face  
con tamination  has been developed .  Skin con tamina tion  was recorded by the  
medical  personnel  in one p la n t  [1] who used contour marking c h a r t s  and ra t ed  
f l u o r e s c e n t  i n t e n s i t y  on a s u b j e c t i v e  num er ic  s c a l e .  T h i s  method o f  
e s t im a t i n g  and record ing  sk in  con tam ina t ion  could provide  a u se fu l  i n d i c a t i o n  
of  such exposure .  Some p re l im in a ry  work [39] has been completed to develop a 
method fo r  analyzing  sk in  wipe samples from contaminated sk in .  Analys is  of  
contaminants e x t r a c t e d  from 5-cm gauze pads wetted with  70% isop ropy l  a lcoho l  
showed t h a t  benzene -so lub le  m a t e r i a l s  can be recovered  from the  sk in  s u r f a c e ;  
wipe samples o f  contaminated  sk in  con ta ined  10 t imes more benzene s o lu b le s  
than  did wipe samples from app a re n t ly  c le a n  sk in  [39].

(4) Base line  Monitoring
One company has  developed a system of b a s e l i n e  moni to r ing  fo r  c o a l -  

de r ived  m a t e r i a l s  in i t s  coa l  convers ion  p l a n t s  [140].  In t h i s  system,
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d e t a i l e d  comprehensive a rea  and persona l  monito r ing  i s  conducted .  The 
b a s e l i n e  d a ta  obta ined  are  used to  s e l e c t  a r e p r e s e n t a t i v e  group o f  a rea  s i t e s  
and people (by job c l a s s i f i c a t i o n )  to be monitored p e r i o d i c a l l y .  Changes can 
be noted by comparing the  r e s u l t s  over t ime.  Base line  monito r ing  should be 
repea ted  q u a r t e r l y  [140].  When t h i s  technique i s  used,  chemicals  r e p r e s e n t a ­
t i v e  of  the  process  should be chosen and monitored in p laces  where they a re  
l i k e l y  to  be e m i t t ed .

(c)  Recordkeeping
In prev ious  s e c t i o n s  of  t h i s  c h a p te r ,  moni to r ing  of  worker h e a l t h  and the 

working environment i s  recommended as an e s s e n t i a l  p a r t  o f  an occupa t iona l  
h e a l t h  program. These measures a re  r eq u i red  to c h a r a c t e r i z e  the workplace and 
the  exposures  t h a t  occur t h e r e  and to  d e t e c t  any adverse  h e a l t h  e f f e c t s  
r e s u l t i n g  from exposure .  The a b i l i t y  to  d e t e c t  p o t e n t i a l  occupa t iona l  h e a l th  
problems i s  p a r t i c u l a r l y  c r i t i c a l  with a developing  technology such as coa l  
l i q u e f a c t i o n ,  where exposures to s u l f u r  compounds, t o x ic  t r a c e  e lements,  coa l  
d u s t ,  PAH's, and o th e r  organic  compounds r e s u l t  in an occu pa t io n a l  environment 
t h a t  i s  most d i f f i c u l t  to c h a r a c t e r i z e .  Act ions taken by the in d u s t r y  to 
p r o t e c t  i t s  workers and by government agencies to  develop r e g u l a t i o n s  must be 
based on d a t a  t h a t  d e f in e  and q u a n t i fy  h az a rd s .  Because coal  convers ion  i s  a 
developing techno logy ,  i t  i s  a lso  p a r t i c u l a r l y  a p p r o p r i a t e  to  recommend t h a t  
c e r t a i n  types of  occupa t iona l  h e a l t h  in fo rm at ion  be c o l l e c t e d  and recorded  in 
a manner t h a t  f a c i l i t a t e s  comprehensive a n a l y s i s .

This need fo r  a recordkeeping  system t h a t  c o l l e c t s  and ana lyzes occupa­
t i o n a l  h e a l t h  d a t a  has r e s u l t e d  in  a p r o l i f e r a t i o n  of  methods being adopted ,
u s u a l l y  on a company-by-company b a s i s  [141,142].  There i s  a need fo r  s t a n ­
dard ized  recordkeeping  systems for  use by a l l  coal  l i q u e f a c t i o n  p l a n t s  t h a t  
w i l l  permit  comparisons of  d a t a  from se v e r a l  sources  [143] .  Accordingly ,  
those  engaged in  coa l  l i q u e f a c t i o n  should implement a recordkeeping  system 
encompassing the  fo l lowing  e lements :

(1) Employment H is to ry
Each employee should be covered by a work h i s t o r y  d e t a i l i n g  h i s  job 

c l a s s i f i c a t i o n s ,  p la n t  l o c a t i o n  codes,  and to the  e x ten t  p r a c t i c a l ,  the  time
spent  on each j o b .  In a d d i t i o n ,  compensation claim r e p o r t s  and dea th  c e r t i f i ­
c a t e s  should be inc luded .

(2)  Medical H is to ry
Each employee 's  medical  h i s t o r y ,  i nc lud ing  persona l  h e a l t h  h i s t o r y  

and r e c o rds  o f  medical  examinations  and r ep o r ted  i l l n e s s e s  or  i n j u r i e s ,  should 
be m a in t a in e d .
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(3) I n d u s t r i a l  Hygiene Data
All  r e s u l t s  of  persona l  and area  samples should be recorded and 

mainta ined  in a manner t h a t  s t a t e s  monito r ing  r e s u l t s ,  no tes  whether persona l  
p r o t e c t i v e  equipment was used,  and i d e n t i f i e s  the worker(s )  monitored or the 
p lan t  l o c a t i o n  code where the  sampling was performed. An e s t im a te  o f  the 
frequency and ex ten t  of sk in  con tamination  by c o a l -d e r iv e d  l i q u id s  should be 
recorded annua l ly  fo r  each employee.

Emergency P lans  and Procedures
(a )  I d e n t i f i c a t i o n  o f  Emergency S i t u a t i o n s
The key to developing meaningful and adequate emergency p lans  and pro­

cedures i s  i d e n t i f i c a t i o n  of  hazardous  s i t u a t i o n s  t h a t  r e q u i r e  immediate 
emergency a c t i o n s  to  m i t i g a t e  the  consequences.  In most chemical i n d u s t r i e s ,  
hazards  such as f i r e s ,  e x p lo s io n s ,  and r e l e a s e  o f  and exposure to p os s ib ly  
t ox ic  chemicals  have been i d e n t i f i e d ,  and adequate s a f e t y ,  h e a l t h ,  and 
emergency procedures  have been developed [1 ,112 ,113 ,144 ,145] .  In a d d i t i o n ,  
chemical  and phys ica l  c h a r a c t e r i s t i c s  o f  m a t e r i a l s  processed in coal  l i q u e ­
f a c t i o n  p l a n t s  p re sen t  a d d i t i o n a l  h e a l t h  and s a f e t y  haza rd s ,  as  d i scussed  in  
Chapter  I I I .  These hazards  should be formally addressed  in the development of  
emergency p lans  and p rocedures .  Some f a i l u r e  mechanisms could r e s u l t  in 
s i t u a t i o n s  r e q u i r i n g  emergency a c t i o n s ,  eg ,  ru p tu r e  of  h ig h - p r e s s u r e  l i n e s  due 
to th in n in g  by e ro s ion  and c o r r o s i o n ,  and ru p tu r e  o f  l i n e s  du r ing  the use o f  
h ig h - p r e s s u re  water  to c l e a r  blockage r e s u l t i n g  from the  s o l i d i f i c a t i o n  and 
plugging o f  coa l  s o l u t i o n s .  System s a f e t y  ana lyses  can be used to  i d e n t i f y
p o s s ib l e  f a i l u r e s  or  hazards expected dur ing  p l a n t  o p e r a t io n .

(b)  Emergency Plans and Procedures for  F i r e s  and Explosions
P r i o r  to  p l a n t  o p e ra t io n ,  emergency p lans and procedures  fo r  f i r e s ,  exp lo­

s i o n s ,  and rescue  should be developed ,  documented, and provided to a l l  appro­
p r i a t e  pe r sonne l .  The p lans  should fo rmal ly  e s t a b l i s h  the o rg a n i z a t io n  and 
r e s p o n s i b i l i t i e s  o f  a f i r e  and rescue  b r i g a d e ,  i d e n t i f y  a l l  emergency person­
nel  and t h e i r  l o c a t i o n s ,  e s t a b l i s h  t r a i n i n g  requ i rem en ts ,  and e s t a b l i s h  
g u id e l i n e s  fo r  the  development o f  the  needed emergency p rocedures .  They 
should fo l low the  g u id e l i n e s  in 29 CFR 1910, Subpart  L, F i r e  P r o t e c t i o n ,  Means 
of  Egress ,  Hazardous M a t e r i a l s .  Regula t ions  con ta ined  in the  Energy Research 
and Development  A d m i n i s t r a t i o n  (ERDA) Manua l ,  C h a p te r  0601,  "Emergency  
P lanning  Preparedness  and Response Program, 1977," [146] should a l s o  be used 
as g u i d e l i n e s  fo r  developing the  emergency p lan .

Tra in ing  o f  emergency personnel  should a l so  fo l low the  g u i d e l i n e s  in 
29 CFR 1910, Subpart  L, with  s p e c i a l  a t t e n t i o n  given to systems hand ling  c o a l -  
de r ived  m a t e r i a l s  and any s p e c i a l  procedures a s s o c ia t e d  with these  sys tems.  
Spec ia l  f i r e f i g h t i n g  and rescue  p rocedures ,  p r o t e c t i v e  c lo th in g  requ i rem en ts ,
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and b re a th in g  appara tus  needs should be s p e c i f i e d  fo r  a reas  where m a t e r i a l s  might  be r e l e a s e d  from the  process  equipment dur ing  a f i r e  or e xp los ion .  
These procedures  should be documented and inco rpora ted  in to  s tandard  ope ra t ing  
p rocedures ,  and cop ies  o f  t he se  documents should be provided to a l l  emergency 
p e r s o n n e l .

Emergency s e r v i c e s  should be adequate to  c o n t ro l  such s i t u a t i o n s  u n t i l  
community-provided emergency s e r v i c e s  a r r i v e .  Where a l a r g e  f i r e  department 
i s  s t a f f e d  with  permanent, p r o f e s s i o n a l l y  t r a i n e d  employees and has developed
adequate t r a i n i n g  programs,  i t  would be a p p ro p r i a t e  fo r  a p la n t  manager to
r e l y  more on the emergency s e r v i c e s  of  t h a t  department .  When lo c a l  community 
s e r v i c e s  are r e l i e d  upon fo r  emergency s i t u a t i o n s ,  the  emergency plan  d i s ­
cussed above should inc lude  p r o v i s io n s  fo r  c lo se  c o o r d in a t io n  with  these  
s e r v i c e s ,  f requen t  e x e r c i s e s  with them, and adequate t r a i n i n g  in the  p o t e n t i a l  
haza rds  a s s o c ia t e d  with  the v a r io u s  systems in the p l a n t .

( c )  Emergency M edica l  T re a tm e n t
I t  i s  impor tant  to i d e n t i f y  the  hazardous m a t e r i a l s  a s s o c ia t e d  with  coa l  

l i q u e f a c t i o n  and the  medical  t rea tm en t  n ec e s sa ry .  In t h e i r  o p e ra t in g  and 
s a f e t y  p rocedures ,  p l a n t s  have documented recognized and e s t a b l i s h e d  f i r s t - a i d  
and medical  t rea tm en t  fo r  v a r io u s  chemical  exposures  [1 ,112 ,113 ,144 ,145] .  The 
f i r s t - a i d  program should comply with  the requi rements  in 29 CFR 1910.151.

Emergency medica l  p e r so nn e l ,  such as nurses  or  those  with f i r s t - a i d  
t r a i n i n g ,  should be a t  the  p lan t  a t  a l l  t im es .  Immediate response  i s  needed 
when l i f e  would be endangered i f  t rea tm en t  were de layed ,  eg,  the  i n h a l a t i o n  of  
t o x ic  gases  such as hydrogen s u l f i d e  or carbon monoxide, and a sphyx ia t ion  due 
to  oxygen d isp lacement  by i n e r t  gases  such as n i t r o g e n .

Each coal  l i q u e f a c t i o n  p lan t  should develop f i r e ,  r e s c u e ,  and medical
p lans  and procedures add ress ing  a l l  haza rd s  a s s o c ia t e d  with  the hand l ing  o f  
coa l  l i q u e f a c t i o n  m a t e r i a l s .  F i r e ,  r e s c u e ,  and medical  s e r v i c e s  should be 
provided t h a t  a re  capable  of  hand l ing  and c o n t r o l l i n g  emergencies u n t i l
a d d i t i o n a l  community emergency s e r v i c e s  can a r r i v e  a t  the p lan t  s i t e .  The 
emergency personnel  a t  the  p lan t  should d i r e c t  a l l  emergency a c t io n s  performed by o u t s i d e  s e r v i c e s .
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V I .  CONCLUSIONS AND RECOMMENDATIONS

NIOSH recogn ize s  t h a t  t h e re  are many d i f f e r e n c e s  between a p i l o t  p l a n t  and 
a commercial p l a n t .  F i r s t ,  commercial p l a n t s  a re  des igned fo r  economical  
o p e r a t io n ,  whereas p i l o t  p la n t s  are designed to o b ta in  eng inee r ing  d a t a  to  
opt imize  o p e ra t in g  c o n d i t i o n s .  For example, commercial p l a n t s  may reuse  
wastewater  a f t e r  t r e a tm en t  or process  byproduc ts ,  such as c h a r ,  m inera l  
r e s id u e  s l u r r y ,  and s u l f u r ,  t h a t  a re  not  used in  p i l o t  p l a n t s .  Recycling of 
m a t e r i a l s  may r e s u l t  in h igher  c o n c e n t r a t io n s  of  some tox ic  compounds in 
p rocess  st reams.  Second, because commercial p l a n t s  ope ra te  longer between 
shutdowns than p i l o t  p l a n t s ,  t h e r e  may be s i g n i f i c a n t  d i f f e r e n c e s  in employee 
exposure to p rocess  m a t e r i a l s .  Th i rd ,  the  chemical  composit ion  of  m a t e r i a l s  
in commercial p l a n t s ,  the  equipment c o n f i g u r a t i o n ,  and o p e ra t in g  c o n d i t i o n s  
may d i f f e r  from those  in p i l o t  p l a n t s .  New technology may be developed t h a t  
could a l t e r  p rocess  equipment or the  chemical  composi t ion  of  products  or 
process  s t reams.  Such d i f f e r e n c e s  in  chemical composit ion  have been d esc r ibed  
for  F ischer -Tropsch  and Bergius o i l s  [2 ] .  Solvent  de -ash ing  u n i t s  a re  
c u r r e n t l y  being i n v e s t i g a t e d  for  s o l i d - l i q u i d  s e p a r a t i o n  [ I ] .  D i f f e re n c e s  in  
equipment s e l e c t i o n  r e s u l t i n g  from new technology or process  improvements may 
a f f e c t  the  type of  emiss ion  sources  and e x te n t  of  worker exposure.

Although the  d es ign  o f  a commercial p la n t  and the equipment used may be 
d i f f e r e n t  than fo r  a p i l o t  p l a n t ,  the  eng ineer ing  des ign  c o n s i d e r a t i o n s ,  which 
may a f f e c t  the  p o t e n t i a l  fo r  worker exposure ,  and the  recommended c o n t r o l s  and 
work p r a c t i c e s  should be s i m i l a r .  Both commercial and p i l o t  p la n t  p rocesses  
w i l l  o p e ra t e  in  a h ig h - t e m p e r a t u r e , h ig h -p r e s s u re  envi ronment,  and in  most 
c a s e s ,  a coal  s l u r r y  w i l l  be used .  Although the  equipment may d i f f e r ,  the  
sources  o f  exposure ,  such as l e a k s ,  s p i l l s ,  maintenance ,  h an d l in g ,  and a c c i ­
d e n t s ,  w i l l  be s i m i l a r .  In a d d i t i o n ,  s p e c i f i c  technology used to minimize or 
c o n t ro l  worker exposure may be d i f f e r e n t  for  the  two p lan t  typ es .  For 
example,  commercial p l a n t s  ope ra te  con t inuous ly  and may use a c lo sed  system to 
handle  s o l i d  wastes and to  minimize i n h a l a t i o n  haza rd s .  This system may not  
be s u i t a b l e  fo r  a p i l o t  p l a n t ,  which g e n e r a l l y  o p e r a t e s  in a batch  mode and 
where a p o r t a b le  l o c a l  exhaus t  v e n t i l a t i o n  system could be provided when 
needed [1 ] .  The systems d i f f e r ,  but  both  a re  designed to  minimize worker 
exposure to  hazardous m a t e r i a l s .

P o t e n t i a l  worker exposure to hazardous  m a t e r i a l s  i d e n t i f i e d  in p i l o t  
p l a n t s  (see  Appendix VI) w ar ran t s  eng inee r ing  c o n t r o l s  and work p r a c t i c e s  as 
wel l  as a comprehensive program of persona l  hyg iene ,  medical  s u r v e i l l a n c e ,  and 
t r a i n i n g  to  minimize exposure in  both p i l o t  and commercial p l a n t s .  I f  add i ­
t i o n a l  hazardous  m a t e r i a l s  a re  i d e n t i f i e d  in commercial p l a n t s ,  f u r t h e r  p re ­
c a u t io n s  should be taken .  I f  new process  technology were to reduce p o t e n t i a l  
h az a rd s ,  a l e s s  v igo rous  c o n t ro l  program might be w ar ran ted ,  but  evidence  of 
t h i s  i s  u n a v a i l a b l e .  When new d a t a  on these  hazards  become a v a i l a b l e ,  i t  w i l l  
be a p p ro p r i a t e  to review and r e v i s e  these  recommendations.
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Summary o f  P i l o t  P l a n t  Hazard s
An apparent  excess inc idence  of  cancerous and precancerous l e s i o n s  was 

r e p o r t e d  among workers in  a West V i rg in i a  coa l  l i q u e f a c t i o n  p lan t  t h a t  i s  no 
longer  o p e ra t in g  [4 ,5 3 ] .  Although excess r i s k  may have been overes t imated  
because  o f  d es ign  l i m i t a t i o n s ,  the  excess observed to expected inc idence  would 
not  be expected  to be e l im in a te d .  F i f t e e n  years  a f t e r  the i n i t i a l  s tudy ,  a 
fol lowup m o r t a l i t y  study was conducted on the 50 p lan t  workers who had 
cancerous and precancerous sk in  l e s i o n s .  This fol lowup study d id  not  i n d i c a t e  
an inc rea sed  r i s k  of  systemic cancer.  However, a b e t t e r  e s t im a te  o f  r i s k  o f  
systemic cancer  m o r t a l i t y  would have been der ived i f  the  e n t i r e  o r i g i n a l  work 
force  in  the  p i l o t  p lan t  had been fol lowed up fo r  more than 20 y e a r s .

Two o th e r  r e p o r t s  [1,75] demonstrated t h a t  the most common medical  
problems a t  p i l o t  p l a n t s  have been d e r m a t i t i s ,  eye i r r i t a t i o n ,  and thermal 
b u rns .  From the  a v a i l a b l e  epidemiologic evidence ,  i t  i s  p o s s ib l e  to i d e n t i f y  
s e v e ra l  acute  problems a s so c ia t ed  with occupa t iona l  exposure to  the  coal  
l i q u e f a c t i o n  p ro ces s .  The f u l l  p o t e n t i a l  of cancer or o the r  d i s e a s e s  of  long 
l a t e n c y  p o s s ib ly  r e l a t e d  to  coa l  l i q u e f a c t i o n ,  however, has not  been e s t a b ­
l i s h e d  because of  inadequate  epidemiologic d a t a .

There a re  numerous hazardous  chemicals  p o t e n t i a l l y  in  coa l  l i q u e f a c t i o n  p l a n t s  fo r  which h e a l t h  e f f e c t s  have been i d e n t i f i e d ,  dose - re sponse  r e l a t i o n ­
s h i p s  d e f i n e d ,  and e x p o s u r e  l i m i t s  e s t a b l i s h e d .  A d d i t i o n a l  h a z a r d o u s
chemicals  a re  p re sen t  about  which l e s s  i s  known. Furthermore,  the  combined 
e f f e c t s  o f  t h e s e  chemicals  in  mix tu res  may d i f f e r  from t h e i r  independent  
e f f e c t s .

R e s u l t s  o f  r e c e n t  s t u d i e s  [14,15] using  r a t s  show t h a t  SRC-I and SRC-II 
p rocess  m a t e r i a l s  can cause adverse r e p ro du c t iv e  e f f e c t s ,  inc lud ing  embryo- 
l e t h a l i t y ,  f e t o t o x i c i t y , and f e t a l  m alfo rmat ions .  These e f f e c t s  a re  observed 
when m a t e r i a l s  are  admin is tered  dur ing  both mid- and l a t e  g e s t a t i o n  a t  dose 
l e v e l s  h igh  enough to cause >50% materna l  l e t h a l i t y .

Long-term e f f e c t s  on n e a r l y  a l l  major organ systems o f  the  body have been
a t t r i b u t e d  to  c o n s t i t u e n t  chemicals  in  va r io u s  coal  l i q u e f a c t i o n  process 
s t ream s .  Many o f  the aromatics and phenols i r r i t a t e  the  sk in  or  cause derma­
t i t i s .  S i l i c a  dust  and o the r  components of  the  minera l  re s idue  may a f f e c t  the 
r e s p i r a t o r y  system. Benzene, ino rganic  l e a d ,  and n i t r o g e n  oxides  may a f f e c t  
the  b lood.  Creosotes and coal  t a r s  a f f e c t  the  l i v e r  and k idneys ,  and to lu en e ,  
x y le n e ,  hydrogen s u l f i d e ,  and ino rgan ic  lead  may a f f e c t  the CNS.

Opera t ing  c on d i t ion s  in  coal  l i q u e f a c t i o n  p l a n t s  (such as high tempera ture  
and p r e s s u r e ,  and e r o s io n /c o r ro s io n  a s s o c ia t e d  with s l u r r y  hand ling)  i nc re a se  
the  p o t e n t i a l  fo r  leaks in process  equipment.  These c o n d i t io n s  a lso  inc rease  
the  p o t e n t i a l  fo r  a cu te ,  p os s ib ly  f a t a l  exposures to carbon monoxide, hydrogen 
s u l f i d e ,  and hydrocarbon emiss ions .  Furthermore,  t h e r e  i s  the p o t e n t i a l  for  
exp los ions  when combust ib le  m a t e r i a l  i s  r e l e a s e d  from p rocesses  o p e ra t in g  a t
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t e m p e r a t u r e s  above t h e  a u t o i g n i t i o n  t e m p e r a t u r e  o f  t h e  m a t e r i a l s  b e i n g  
c o n t a i n e d .

Because of  the  new technology invo lved ,  i t  i s  not  p o s s ib l e  to a c c u ra t e l y  p r e d i c t  the  o p e r a t i o n a l  lon g ev i ty  o f  i n d iv id u a l  equipment components used in a 
p l a n t .  Often ,  f r eq u en t  maintenance i s  r equ i red  fo r  some components, invo lv ing  
d isa ssem bl ing  normally c losed  system components and, in some c a s e s ,  r e q u i r i n g  
worker e n t ry  i n t o  confined  spaces .

Con tro l  of  P i l o t  P la n t  Hazards
Because s u f f i c i e n t  d a t a  a re  not  a v a i l a b l e  to support  exposure l i m i t s  for  

a l l  coal  l i q u e f a c t i o n  m a t e r i a l s ,  recommendations a re  made for  worker p r o t e c ­
t i o n  through the combined implementat ion  of  eng inee r ing  c o n t r o l s ,  work p rac ­t i c e s ,  medical  s u r v e i l l a n c e ,  exposure m on i to r ing ,  educa t ion  and t r a i n i n g ,  and 
use of  persona l  p r o t e c t i v e  equipment.  In many c a s e s ,  i t  i s  not  p o s s ib l e  to 
s p e c i f y  a s i n g l e  course  o f  a c t i o n  t h a t  i s  c o r r e c t  for  every s i t u a t i o n .  The 
in fo rm a t ion  presented  in t h i s  document i s  intended to a s s i s t  those persons 
re s p o n s ib l e  fo r  e v a lu a t in g  hazards  and recommending c o n t r o l s  in coa l  l i q u e f a c ­
t i o n  p i l o t  p l a n t s .  By applying  the se  recommendations to i n d iv id u a l  s i t u a ­
t i o n s ,  i t  may be p o s s ib l e  to  reduce or e l im in a te  p o t e n t i a l  workplace haza rd s .

(a)  Medical  S u rv e i l l a n c e
Workers in  coal  l i q u e f a c t i o n  p la n t s  may be exposed to  a wide v a r i e t y  o f  

chemicals  t h a t  can produce adverse h e a l t h  e f f e c t s  in  many organs o f  the  body.
Medical s u r v e i l l a n c e  i s  t h e r e f o r e  necessa ry  to  a s se s s  the a b i l i t y  o f  employees
to perform t h e i r  work and to  monito r  them for any changes or  adverse e f f e c t s  
o f  exposure .  P a r t i c u l a r  a t t e n t i o n  should be paid to the sk in ,  o r a l  c a v i t y ,  
r e s p i r a t o r y  system, and CNS. E f f e c t s  on the  sk in  may range from d i s c o l o r a t i o n  
to  cancer [17] .  In a d d i t i o n  to  l o c a l  e f f e c t s  on the  r e s p i r a t o r y  t r a c t  mucosa 
[6 0 ,6 1 ] ,  t h e r e  i s  the  p o t e n t i a l  fo r  d i s a b l i n g  lung impairment from cancer
[17 ,18 ] .

NIOSH recommends t h a t  a medical  s u r v e i l l a n c e  program be i n s t i t u t e d  fo r  a l l  
p o t e n t i a l l y  exposed employees in  coa l  l i q u e f a c t i o n  p l a n t s  and t h a t  i t  inc lude  
preplacement  and in t e r im  medical  h i s t o r i e s  supplemented with  preplacement and 
p e r io d ic  examinat ions emphasizing the  lungs ,  the upper r e s p i r a t o r y  t r a c t ,  and 
the  sk in .  Workers f r e q u e n t ly  exposed to c o a l -d e r iv e d  m a t e r i a l s  should be 
examined a t  l e a s t  annual ly  to permit  e a r l y  d e t e c t i o n  o f  adverse e f f e c t s .  In 
a d d i t i o n ,  a complete p hys ica l  examinat ion  fo l lowing the  p ro toco l  of  p e r iod ic  
examinations  should be performed when employment i s  t e rm ina ted .

Pulmonary fu n c t ion  t e s t s  (FVC and FEVi) should be performed annual ly .
Chest X-ray f i lms should a l so  be made annual ly  to  aid  in d e t e c t i n g  any 
e x i s t i n g  or developing adverse e f f e c t s  on the lungs .  Annual audiometr ic
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examinat ions should be given to  a l l  employees who work in a reas  where noise  l e v e l s  exceed 85 dBA for an 8-hour d a i l y  exposure.  The sk in  o f  employees who 
are  o cc u p a t io n a l ly  exposed to c o a l -d e r iv e d  l i q u id s  should be thoroughly  
examined p e r i o d i c a l l y  fo r  any a c t i n i c  and o the r  e f f e c t s  or the  presence  of  
benign  or p remalignant  l e s i o n s .  Employees with suspected l e s io n s  should be 
r e f e r r e d  to  a d e rm a to log i s t  fo r  e v a lu a t i o n .

Other s p e c i f i c  t e s t s  t h a t  should be included in the medical  examination 
a re  r o u t i n e  u r i n a l y s i s ,  CBC, and t e s t s  to sc reen  l i v e r  fu n c t ion .  Addi t iona l  
t e s t s ,  such as sputum c y to logy ,  u r i n e  cy to logy ,  and ECG, may be performed i f  
deemed nece ssa ry  by the  r e s p o n s ib l e  p h y s ic ian .

In fo rmat ion  about s p e c i f i c  occupa t iona l  h e a l t h  hazards and p l a n t  condi­
t i o n s  should be provided to the  phys ic ian  who performs,  or i s  r e s p o n s ib l e  fo r ,  
the  medical  s u r v e i l l a n c e  program. This in formation  should inc lude  an e s t im a te  
o f  the employee 's  a c tu a l  and p o t e n t i a l  exposure to  the  phys ica l  and chemical 
agents  g en e ra te d ,  i nc lud ing  any a v a i l a b l e  workplace sampling r e s u l t s ,  a de­
s c r i p t i o n  o f  any p r o t e c t i v e  dev ice s  or  equipment the  employee i s  r eq u i red  to 
use ,  and the  tox ic  p r o p e r t i e s  o f  coa l  l i q u e f a c t i o n  m a t e r i a l s .

Employees or p r o s p e c t iv e  employees with  medical  c o n d i t i o n s  t h a t  may be 
d i r e c t l y  or  i n d i r e c t l y  aggravated  by work in  a coal  l i q u e f a c t i o n  p lan t  should 
be counseled by the examining p hys ic ian  regard ing  the inc reased  r i s k  o f  h e a l t h  
impairment a s s o c ia t e d  w ith  such employment.

Emergency f i r s t - a i d  s e r v i c e s  should be e s t a b l i s h e d  under the  d i r e c t i o n  of  
the  r e s p o n s i b l e  phys ic ian  to provide  ca re  to any worker poisoned by m a t e r i a l s  such as hydrogen s u l f i d e ,  carbon monoxide, and l i q u id  phenols .  Medical 
s e r v i c e s  and equipment should be a v a i l a b l e  fo r  emergencies such as severe 
burns and a s p h y x ia t io n .

P e r t i n e n t  medica l  reco rds  should be mainta ined  fo r  a l l  employees fo r  a t  
l e a s t  30 yea rs  a f t e r  t he  l a s t  occupa t iona l  exposure in a coa l  l i q u e f a c t i o n  
p l a n t .

(b) Engineering  Contro ls
In coa l  l i q u e f a c t i o n  p l a n t s ,  coal  l i q u id s  a re  con ta ined  in equipment t h a t  

i s  not  open to  the  atmosphere.  S tandards ,  codes,  and r e g u l a t i o n s  for  main­
t a i n i n g  the  i n t e g r i t y  o f  t h a t  equipment a re  c u r r e n t l y  being a p p l i e d .  The use 
o f  eng inee r ing  c o n t r o l s  to  minimize the  r e l e a s e  o f  contaminants i n to  the work­
p lace  environment w i l l  l e s s e n  dependence on r e s p i r a t o r s  fo r  p r o t e c t i o n .  In 
a d d i t i o n ,  lower contaminant  c o n c e n t r a t io n  l e v e l s  r e s u l t i n g  from the  a p p l i c a ­
t i o n  of  eng inee r ing  c o n t r o l s  w i l l  reduce the  in s t a n ce s  where r e s p i r a t o r s  are  
r e q u i r e d ,  make p o s s ib l e  the  use o f  l e s s  c o n f in in g ,  e a s i e r - t o - u s e  r e s p i r a t o r s  
when they a re  r e q u i r e d ,  and p rovide  added p r o t e c t i o n  fo r  workers whose 
r e s p i r a t o r s  a re  not p ro p e r ly  f i t t e d  o r  c o n s c i e n t io u s ly  worn.
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P r i n c i p l e s  of  eng in e e r in g  c o n t r o l  of  workplace  haza rd s  in  c oa l
l i q u e f a c t i o n  p l a n t s  can be app l i e d  to  both  p i l o t  and commercial  p l a n t s ,  and to  
a l l  types  of  l i q u e f a c t i o n  p ro c e s s e s .  Recognizing t h a t  eng in e e r in g  d es ig n  f o r  
bo th  dem ons t ra t ion  and commercial  coa l  l i q u e f a c t i o n  p l a n t s  i s  only  c u r r e n t l y  
be ing  developed ,  emphasis should be p laced  on des ign  to  p reven t  employee 
exposure ,  i e ,  to  ensure  i n t e g r i t y  of  p rocess  con ta inm ent ,  l i m i t  the  need fo r  
worker exposure du r ing  maintenance,  and p rovide  fo r  maximum equipment 
r e l i a b i l i t y .  These des ign  c o n s i d e r a t i o n s  inc lud e  min imiz ing the  e f f e c t s  of  
e r o s i o n ,  c o r r o s io n ,  ins t rum en t  f a i l u r e ,  and s e a l  and va lve  f a i l u r e ,  and
p ro v id in g  fo r  equipment s e p a r a t i o n ,  redundancy,  and f a i l - s a f e  d e s ig n .  
A dd i t io n a l  t echn iques  fo r  l i m i t i n g  worker exposure ,  such as d e s ig n in g  p roce ss
sampling equipment to  minimize the  r e l e a s e  of  p roce ss  m a t e r i a l ,  a r e  a l s o
a p p r o p r i a t e .  A system s a f e t y  program t h a t  w i l l  i d e n t i f y  c o n t r o l  s t r a t e g i e s  
and the  r i s k s  of  a c c i d e n t a l  r e l e a s e  of  p rocess  m a t e r i a l s  i s  needed fo r  
e v a lu a t i n g  p l a n t  des ign  and o p e r a t in g  p rocedures .

The primary o b j e c t i v e s  of  eng inee r ing  c o n t r o l s  a re  t o  minimize the  
p o t e n t i a l  f o r  worker exposure to  hazardous  m a t e r i a l s  and t o  reduce the
exposure  l e v e l  to  w i t h i n  a c c e p ta b le  l i m i t s .  Many of the  eng in e e r in g  d es ign  
c o n s i d e r a t i o n s  d i scussed  throughout  t h i s  assessment  a re  addressed  in e x i s t i n g  
s t a n d a r d s ,  codes,  and r e g u l a t i o n s  such as the  ASME B o i l e r  and P r e s s u r e  Vesse l
Code and the  NFPA s t a n d a r d s .  These p rov ide  the  eng in e e r in g  d e s ig n
s p e c i f i c a t i o n s  n ece ssa ry  fo r  en s u r in g  the  i n t e g r i t y  and r e l i a b i l i t y  of  
equipment used to  handle  hazardous m a t e r i a l s ,  t h e  degree  of  redundancy and 
f a i l - s a f e  d e s ig n ,  and the  s a f e t y  of  p l a n t  l ayou t  and o p e r a t i o n .  Although 
the se  r e g u l a t i o n s  address  des ign  c o n s i d e r a t i o n s  t h a t  may a f f e c t  worker s a f e t y  
and h e a l t h ,  s e v e r a l  eng in e e r in g  d es ig n  c o n s i d e r a t i o n s  a re  not  s p e c i f i c a l l y  
a dd ressed .  These inc lude  the need fo r  a system s a f e t y  program, equipment 
m a i n t a i n a b i l i t y ,  improved sampling systems,  and reduc ing  the  l i k e l i h o o d  of 
coa l  s l u r r y  coking or s o l i d i f y i n g .

Because coa l  l i q u e f a c t i o n  p l a n t s  a re  l a r g e  and invo lve  many u n i t  
o p e ra t io n s  and u n i t  p r o c e s s e s ,  a mechanism i s  needed to  ensure  t h a t  
e n g in e e r in g  des igns  a re  reviewed and supported  by the  a p p r o p r i a t e  s a f e t y  and 
h e a l t h  p r o f e s s i o n a l s .  This rev iew would p rov ide  fo r  e a r l y  r e c o g n i t i o n  and 
r e s o l u t i o n  of  s a f e t y  and h e a l t h  problems.  A formal system s a f e t y  program
should be formulated  and i n s t i t u t e d  fo r  t h i s  review and a n a l y s i s  o f  d e s ig n ,  
i d e n t i f i c a t i o n  of  hazards  and p o t e n t i a l  a c c i d e n t s ,  and s p e c i f i c a t i o n  of  s a f e t y  
c o n t r o l s  and p rocedures .  Review and a n a l y s i s  should be conducted d ur ing  both  
i n i t i a l  p l a n t  d es ign  and p rocess  d es ign  m o d i f i c a t i o n s  u s ing  methods such as
f a u l t - t r e e  a n a l y s i s ,  fa i lu re -m ode  e v a l u a t i o n ,  or  o th e r  s a f e t y  a n a l y s i s  
t e c h n i q u e s .  P rocess  o p e r a t in g  modes such as s t a r t u p ,  normal p ro d u c t io n ,  
shutdown, emergency,  and maintenance  should be con s ide red  in  the  haza rd s  
rev iew p ro c e s s .  At a minimum, the  system s a f e t y  program should in c lud e :

(1) A schedule  s t a t i n g  when reviews and ana ly s e s  a re  r e q u i r e d .
(2) Assignment of  employee r e s p o n s i b i l i t i e s  to  ensure  t h a t  the se  

rev iews a re  performed.
(3)  Methods of  ana ly s e s  t h a t  should be used .
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(4) Documentation and s a f e t y  c e r t i f i c a t i o n  requ i rem en ts .
(5) Documented review procedures fo r  ensur ing  t h a t  knowledgeable 

h e a l t h  and s a f e t y  p e r so nn e l ,  as wel l  as the  eng in e e r in g ,  main tenance,  or 
management s t a f f  review des igns  and des ign  changes.

Coal l i q u e f a c t i o n  p l a n t s  should be designed to ensure  t h a t  systems,  u n i t  
o p e r a t i o n s ,  and u n i t  p rocesses  handling  hazardous and c oa l -d e r iv e d  m a t e r i a l s  
can be mainta ined  or  r e p a i r e d  with minimal employee exposure.  P r io r  to 
removal or maintenance a c t i v i t i e s ,  such equipment should ,  a t  a minimum, be:

(1) I s o l a t e d  from the  process stream.
(2) F lu sh ed  and p u r g e d ,  where p r a c t i c a b l e ,  t o  remove r e s i d u a l

m a t e r i a l s .
The f l u s h ,  purge ,  and r e s i d u a l  process  m a t e r i a l s  should be con ta ined ,  

t r e a t e d ,  and d isposed  of p ro pe r ly  i f  they are  not  r e c y c le d .  Gas purges should
be d isposed of by i n c i n e r a t i o n  in a f l a r e  system or by o th e r  e f f e c t i v e  
methods.  Areas in to  which flammable m a t e r i a l s  a re  c o l l e c t e d  should have 
adequate  v e n t i l a t i o n  to reduce the flammable vapor  c o n c e n t r a t io n  to  l e s s  than 
i t s  lower exp los ive  l i m i t .  When employees must e n t e r  these  a r e a s ,  adequate 
v e n t i l a t i o n  should be provided to reduce the tox ic  vapor c o n c e n t r a t io n  to 
whatever NIOSH recommends as the  lower exposure l i m i t .

During p rocess  stream sampling,  the  p o t e n t i a l  fo r  worker exposure to the 
m a t e r i a l  being sampled can be s i g n i f i c a n t .  Sampling techniques  observed 
dur ing  p l a n t  v i s i t s  have ranged from employees hold ing  a small  can and 
d i r e c t i n g  the  m a t e r i a l  in to  i t  using  a nozz le ,  to c lo se d - loo p  systems using  a 
sampling bomb. Reducing employee exposure dur ing  sampling i s  e s s e n t i a l .  Where p r a c t i c a b l e ,  process  stream sampling systems should use a c lo sed - loop  
system des igned to remove flammable or  tox ic  m a t e r i a l  from the  sampling l i n e s  
by f lu s h in g  and purging b efo re  removing the sampling bomb. Discharges from 
the f lu sh in g  and purging of sampling l i n e s  should be c o l l e c t e d  and disposed of 
p r o p e r l y .

The chemical and phys ica l  c h a r a c t e r i s t i c s  of  the  coal  s l u r r y  handled in 
coa l  l i q u e f a c t i o n  p la n t s  may n e c e s s i t a t e  frequen t  maintenance,  i n c re a s in g  the  
p o s s i b i l i t y  o f  worker exposure to p o t e n t i a l l y  hazardous m a t e r i a l s .  I f  hea ted  improperly ,  the  coal  s l u r r y  can coke and plug l i n e s  and equipment.  In addi ­
t i o n ,  t he  pour poin t  of  the coal  s l u r r y  i s  h ig h ,  and l i n e s  and equipment w i l l  
become plugged i f  the  tempera ture  o f  the  s l u r r y  f a l l s  below t h i s  p o i n t .

In s t ru m e n ta t io n  and c o n t r o l s  should be provided to m a in ta in  proper hea t ing  
o f  the  coa l  s l u r r y ,  thus  minimizing i t s  coking p o t e n t i a l .  When coking does 
o ccu r ,  l o c a l  v e n t i l a t i o n  and /or  r e s p i r a t o r s  should be provided to l im i t  worker 
exposure to hazardous  m a t e r i a l s  dur ing  decoking a c t i v i t i e s .  The p o t e n t i a l  for  
s o l i d i f i c a t i o n  of the  coa l  s l u r r y  in  l i n e s  and equipment dur ing  s t a r t u p ,  
r o u t i n e  and emergency o p e r a t i o n s ,  and shutdown should be minimized by h e a t -  
t r a c i n g  equipment and l i n e s  to  m a in ta in  tem pera tures  g r e a t e r  than the pour 
p o in t  o f  the  m a t e r i a l .
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Where p r a c t i c a b l e ,  equipment used to handle  f l u id s  t h a t  c on ta in  s o l i d s  
should be f lushed  and purged dur ing  shutdown to minimize the  p o t e n t i a l  for  
coa l  s l u r r y  s o l i d i f i c a t i o n  or  s e t t l i n g  of s o l i d s .

When l i n e s  become plugged,  one method for  removing the  plug i s  h y d r o b l a s t ­
ing .  During h y d ro b l a s t in g  a c t i v i t i e s ,  adequate v e n t i l a t i o n  or r e s p i r a t o r y  
p r o t e c t i o n  should be provided .  Water t h a t  i s  contaminated  by process  mate­
r i a l s  should be c o l l e c t e d ,  t r e a t e d ,  and r e c y c l e d ,  o r  d isposed o f .

These d es ign  c o n s id e r a t i o n s  and c o n t r o l s  a re  n ece ssa ry  to p ro t e c t  worker 
s a f e t y  and h e a l t h  by minimizing exposures  to p o t e n t i a l l y  hazardous  m a t e r i a l s .  
During the  des ign  and o p e ra t io n  o f  coa l  l i q u e f a c t i o n  p l a n t s ,  every e f f o r t  should be made to use eng inee r ing  c o n t ro l s  as much as p o s s ib l e .  When a v a i l ­
ab le  eng inee r ing  c o n t r o l s  a re  not  s u f f i c i e n t  or  p r a c t i c a l ,  work p r a c t i c e s  and 
persona l  p r o t e c t i v e  equipment should be used as a supplementary p r o t e c t i v e  
measu re .

(c)  Work P r a c t i c e s
The major o b j e c t i v e  in the  use of work p r a c t i c e s  i s  to  provide  a d d i t i o n a l  

p ro t e c t i o n  to the  worker when eng inee r ing  c o n t r o l s  a re  not  adequate or  f e a s i b l e .  Workplace s a f e t y  programs have been developed in  coa l  l i q u e f a c t i o n  
p i l o t  p l a n t s  to address  r i s k s  o f  f i r e ,  exp lo s io n ,  and tox ic  chemical exposure .  
These programs a re  p a t t e rne d  a f t e r  s i m i l a r  ones in  the petroleum r e f i n i n g  and 
chemical  i n d u s t r i e s .  Most coa l  l i q u e f a c t i o n  p i l o t  p l a n t s  have w r i t t e n  
p o l i c i e s  and p rocedures  fo r  v a r io u s  work p r a c t i c e s ,  eg ,  procedures fo r  
b reak ing  i n to  p i p e l i n e s ,  lockout  o f  e l e c t r i c a l  equipment,  t ag -o u t  of  v a l v e s ,  f i r e  and rescue  b r i g a d e s ,  sa fe  work p e rm i t s ,  v e s s e l  en t ry  p e rm i t s ,  wearing 
s a f e t y  g l a s s e s  and h a r d h a t s ,  housekeeping,  and o th e r  o p e ra t io n a l  s a f e t y  p rac ­
t i c e s  [ I ] ,  Personnel  r e s p o n s i b l e  fo r  the development of s a f e t y  programs for  
coal  l i q u e f a c t i o n  p l a n t s  can draw upon genera l  i n d u s t ry  s t a n d a rd s ,  v o lu n t a ry  
g u i d e l i n e s  o f  s i m i l a r  i n d u s t r i e s ,  equipment m a n u fac tu re r s '  recommendations,  
o p e ra t in g  e xp e r ien ce ,  and common sense to  develop s i m i l a r  programs t a i l o r e d  to  
t h e i r  own o p e r a t i o n s .  Appendix V I I I  c o n t a in s  some of the  codes and s tandards  
a p p l i c a b l e  to  both the  development o f  s a f e t y  programs f o r ,  and the  des ign  o f ,  
coal  l i q u e f a c t i o n  p l a n t s .

I t  i s  common p r a c t i c e  in  i nd u s t ry  to  develop d e t a i l e d  o pe ra t in g  procedures  
for  each phase o f  o p e r a t i o n ,  i nc lud ing  s t a r t u p ,  normal o p e r a t io n ,  r o u t i n e  
m aintenance ,  normal shutdown, emergency shutdown, and shutdown for extended 
p e r io d s .  In developing the se  p rocedures ,  c o n s id e r a t i o n  should be given to  
p r o v i s io n s  fo r  sa fe  s to rage  of  process  m a t e r i a l s ,  and fo r  decontaminat ion  of  
equipment r e q u i r i n g  maintenance.

Emergency f i r e  and medical  s e r v i c e s  a re  recommended. At a minimum, these  
s e rv i c e s  should be capab le  o f  hand l ing  minor emergencies and c o n t r o l l i n g  
se r io us  ones u n t i l  a d d i t i o n a l  h e lp  can a r r i v e .  P r i o r  to o p e ra t io n ,  l o c a l  f i r e  
and medical  s e rv i c e  personnel  should be made aware o f  the  v a r io u s  hazardous
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chemicals  used and any s p e c i a l  emergency procedures  n ec e s sa ry .  This s tep  w i l l  he lp  to ensure  t h a t ,  when summoned, t he se  loca l  s e r v i c e s  know the  hazards and 
req u i r e d  a c t i o n s .  In a d d i t i o n ,  emergency medical  s e r v i c e s  a re  needed a t  the  
p l a n t  a t  a l l  t imes to provide  t rea tm en t  necessa ry  in  l i f e  or  death s i t u a t i o n s  
such as a sp h y x ia t io n .

The p o t e n t i a l  fo r  occupa t iona l  exposure to hazardous m a t e r i a l s  in c re a s e s  
dur ing  maintenance  o p e r a t i o n s .  For t h i s  r ea son ,  p ro v i s ion s  should be made for  
p reven t ing  in a d v e r t e n t  e n t ry  o f  i n e r t  or  tox ic  m a t e r i a l s  i n to  the work a rea  b efo re  work beg ins  in  or  on any tank ,  l i n e ,  or  equipment.  Where p r a c t i c a b l e ,  
process  equipment and connec t ing  l i n e s  hand l ing  tox ic  gases ,  vap o rs ,  or  
l i q u i d s  should be f lu she d ,  steamed, or  o therwise  purged b e fo re  being opened.  
Flushed l i q u id s  should be s a f e l y  d isposed  of by d i v e r t i n g  them to sea led  
d r a i n s ,  s to r a g e  v e s s e l s ,  o r  o th e r  a p p r o p r i a t e  c o l l e c t i n g  d e v ic e s .  Toxic gases 
should be i n c i n e r a t e d ,  f l a r e d ,  r e c y c l e d ,  o r  o therwise  d isposed of in a safe 
manner.

Tanks,  p rocess  equipment,  and l i n e s  should be c lean ed ,  m a in ta ined ,  and 
r e p a i r e d  only  by p rope r ly  t r a i n e d  employees under r e s p o n s ib l e  s u p e r v i s i o n .  
When p r a c t i c a l ,  such work s h o u l d  be pe r fo rm ed  from o u t s i d e  t h e  t a n k  o r  
equipment .

To avoid sk in  con tam ina t ion ,  the  accumulat ion  of  hazardous  m a t e r i a l s  on 
work s u r f a c e s ,  equipment,  and s t r u c t u r e s  should be minimized,  and s p i l l s  and 
leaks  of  hazardous m a t e r i a l s  should be cleaned  up as soon as p o s s ib l e .  
Employees engaged in  c leanup  o p e ra t io n s  should wear s u i t a b l e  r e s p i r a t o r y  
p r o t e c t i v e  equipment and p r o t e c t i v e  c l o t h i n g .  Employees should a lso  be aware 
o f  the  p o s s ib l e  permeation  r i s k  o f  some p r o t e c t i v e  equipment and p r o t e c t i v e  
c l o t h i n g ,  and should take  ca re  to change such equipment or c lo th in g  whenever 
sk in  c o n tac t  with  hazardous  m a t e r i a l s  occu rs .  Cleanup o p e ra t io n s  should be 
performed and d i r e c t l y  superv ised  by employees i n s t r u c t e d  and t r a in e d  in  pro­
cedures  fo r  sa fe  decontamina t ion  or  d i s p o s a l  o f  equipment, m a t e r i a l s ,  and 
w as te .  All  o the r  persons  should be excluded from the  area  of  the  s p i l l  or 
l e a k  u n t i l  c leanup  i s  complete and sa fe  co n d i t io n s  have been r e s t o r e d .

A s e t  of  p rocedures  cover ing  f i r e ,  e xp lo s io n ,  a s p h y x ia t io n ,  and any o th e r  
fo re se e ab le  emergencies t h a t  might  a r i s e  in  coa l  l i q u e f a c t i o n  p l a n t s  should be 
f o r m u l a t e d .  A l l  p o t e n t i a l l y  a f f e c t e d  em ployees  s h o u ld  be t h o r o u g h l y  
i n s t r u c t e d  in the  implementat ion o f  these  procedures  and r e i n s t r u c t e d  a t  l e a s t  
a nn u a l ly .

These procedures  should inc lude  emergency medical  ca re  p ro v i s ion s  and pre ­
arranged plans fo r  t r a n s p o r t a t i o n  o f  in ju red  employees.  Where o u t s id e  
emergency s e r v i c e s  a re  used,  prearranged  p lans  should be developed and 
provided to a l l  e s s e n t i a l  p a r t i e s .  Outside  emergency se rv i c e s  personnel  
should be informed o r a l l y  and in w r i t i n g  of  the  p o t e n t i a l  hazards  a s s o c ia t ed  
with coa l  l i q u e f a c t i o n  p l a n t s .  F i r e  and emergency rescue  d r i l l s  should be 
conducted a t  l e a s t  semiannually  to  ensure  t h a t  employees and a l l  ou t s ide
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emergency s e rv i c e s  personnel  a re  f a m i l i a r  with  the  p lan t  layout  and the 
emergency p lans  and p rocedures .  Necessary emergency equipment, inc lud ing  
a p p ro p r i a t e  r e s p i r a t o r s  and o th e r  personal  p r o t e c t i v e  equipment, should be 
s to red  in r e a d i l y  a c c e s s i b l e  l o c a t i o n s .

Access to process  a reas  should be r e s t r i c t e d  to p reven t  i n a d v e r t e n t  en t ry  
o f  unau thor ized  persons who are u n fam i l i a r  with the h az a rd s ,  p r e c a u t i o n s ,  and 
emergency p rocedures  a s s o c ia t e d  wi th  the p rocess .  When these  persons  a re  
perm i t ted  to  e n t e r  a r e s t r i c t e d  a r e a ,  they  should be informed o f  the  p o t e n t i a l  
hazards  and of the  necessa ry  a c t i o n s  to  take in an emergency.

(d )  In fo rm in g  Employees o f  Hazards
At the  beg inning of employment, a l l  employees should be informed of the  

known o ccupa t iona l  exposure hazards  a s s o c ia t e d  with  coa l  l i q u e f a c t i o n  p l a n t s .  The fo l lowing in fo rm a t ion  could be included as p a r t  of  a t r a i n i n g  program:
(1) I d e n t i f i c a t i o n  o f  tox ic  raw m a t e r i a l s  and coa l  l i q u e f a c t i o n  

p roduc ts  and byproducts .
(2)  Toxic  e f f e c t s ,  i n c l u d i n g  t h e  p o s s i b l e  i n c r e a s e d  r i s k  o f  deve loping  cance r .
(3)  Signs and symptoms of overexposure  to hydrogen s u l f i d e ,  carbon 

monoxide, o th e r  t ox ic  g a s e s ,  and a e r o s o l s .
(4)  F i r e  and exp los ion  h az a rd s .
(5) Oxygen d e f i c i e n c y  h az a rd s .
(6)  Emergency f i r s t - a i d  t r e a tm en t  for  overexposure .
(7) P lan t  l ay ou t  and emergency evacuat ion  procedures .
(8)  The use ,  l i m i t s  of  use ,  s t o r a g e ,  and maintenance  of  a l l  pe r sona l  

p r o t e c t i v e  c lo t h i n g  and equipment t h a t  may be used.(9)  H az a rd s  t h a t  may a r i s e  d u r i n g  m a t e r i a l s  h a n d l i n g ,  p r o c e s s  
sampling,  housekeeping,  waste d i s p o s a l ,  and maintenance.

(10) The reasons  fo r  and the p r a c t i c e  of  persona l  hyg iene .
(11) A d e s c r i p t i o n  o f  the  genera l  n a tu re  o f  environmental  and medical  

s u r v e i l l a n c e  procedures and the  advantages to  the  employee in coopera t ing  with  
such p rocedures .

T ra in ing  should be repea ted  p e r i o d i c a l l y  as p a r t  o f  a con t inu ing  educa t ion  
program to  ensure  t h a t  a l l  employees have c u r r e n t  knowledge o f  job  h az a rd s ,  
s ign s  and symptoms of overexposure ,  proper maintenance  and emergency p roce­
d u r e s ,  proper use o f  p r o t e c t i v e  c lo th in g  and equipment,  and the  advantages o f  good per sona l  hyg iene .  R e t r a in in g  should be conducted a t  l e a s t  annual ly  or  
whenever n e c e s s i t a t e d  by changes in equipment,  p ro ce s se s ,  m a t e r i a l s ,  or  
employee work ass ignments .

Because employees of  vendors who se rv i c e  coa l  l i q u e f a c t i o n  p i l o t  p l a n t s  
may a l s o  come in to  c o n tac t  with contaminated  m a t e r i a l s ,  s i m i l a r  in fo rm at ion  
should be provided to them. This can be accomplished more r e a d i l y  i f  
o p e r a to r s  o f  coal  l i q u e f a c t i o n  p l a n t s  o b ta in  w r i t t e n  acknowledgements from 
c o n t r a c t o r s  r e c e iv in g  waste p roduc ts ,  contaminated  c l o t h i n g ,  o r  equipment t h a t
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th e se  employers w i l l  inform t h e i r  employees of the  p o t e n t i a l  hazards  t h a t  might  a r i s e  from occupa t iona l  exposure to  coal  l i q u e f a c t i o n  m a t e r i a l s .
Another means of informing employees of  hazards i s  to  post  warning s igns  and l a b e l s .  All  warning s igns  should be p r in t e d  both in Engl ish  and in the 

predominant  language of non -E ngl i sh - read ing  employees.  Employees reading  
languages  o th e r  than those  used on l a b e l s  and posted s igns  should r e c e iv e  
in fo rm a t ion  regarding  hazardous a rea s  and should be informed of the  i n s t r u c ­
t i o n s  p r i n t e d  on l a b e l s  and s ig n s .  All  l a b e l s  and s igns should be r e a d i l y  
v i s i b l e  a t  a l l  t imes .

I t  i s  recommended t h a t  the  fol lowing s ign  be posted a t  or  near systems 
hand l ing  o r  c on ta in in g  c o a l -d e r iv e d  l i q u i d s :

DANGER 
CANCER-SUSPECT AGENTS

AUTHORIZED PERSONNEL ONLY 
WORK SURFACES MAY BE CONTAMINATED 

PROTECTIVE CLOTHING REQUIRED 
NO SMOKING, EATING, OR DRINKING

In a l l  a reas  in which t h e r e  i s  a p o t e n t i a l  fo r  exposure to tox ic  gases 
such as hydrogen s u l f i d e  and carbon monoxide, s igns should be posted  a t  or 
nea r  a l l  e n t r a n c e s .  At a minimum, th e se  signs should c on ta in  the fo l lowing 
in fo rm a t ion  :

CAUTION 
TOXIC GASES MAY BE PRESENT 

AUTHORIZED PERSONNEL ONLY
When r e s p i r a t o r y  p r o t e c t i o n  i s  r e q u i r e d ,  the fo l lowing  s ta tement  should be 

posted  or  added to the  warning s igns :
RESPIRATOR REQUIRED

The l o c a t i o n s  o f  f i r s t - a i d  s u p p l i e s  and emergency equipment, inc lud ing  
r e s p i r a t o r s ,  and the  l o c a t i o n s  of  emergency showers and eyewash b a s in s  should 
be c l e a r l y  marked.

Based on the p o t e n t i a l  fo r  se r io us  exposure or  i n j u r y ,  t h e  employer should 
determine  a d d i t i o n a l  a rea s  t h a t  should be posted  or i tems t h a t  should be l ab e led  w ith  app ro p r i a t e  warnings.

(e )  S a n i t a t i o n  and Personal  Hygiene
Good persona l  hygiene  p r a c t i c e s  a re  needed to  ensure prompt removal of any 

coa l  l i q u e f a c t i o n  m a t e r i a l s  t h a t  may be absorbed through the  s k in .  These
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p r a c t i c e s  inc lude  f requen t  washing o f  exposed sk in  s u r f a c e s ,  d a i l y  showers,  
and s e l f - o b s e r v a t i o n  and r e p o r t i n g  of any l e s i o n s  t h a t  deve lop .  To encourage 
good personal  hygiene p r a c t i c e s ,  adequate f a c i l i t i e s  for  washing and showering 
should be provided in r e a d i l y  a c c e s s i b l e  l o c a t i o n s .

Change rooms should be provided t h a t  are equipped with s to rage  f a c i l i t i e s  
fo r  s t r e e t  c lo t h e s  and s e p a ra t e  s to rage  f a c i l i t i e s  fo r  work garments,  p r o t e c ­
t i v e  c l o t h i n g ,  work b o o t s ,  h a r d h a t s ,  and o th e r  s a f e t y  equipment.  Employees 
working in process  a r e a s  should be encouraged to  shower and shampoo a t  the end 
o f  each w o r k s h i f t .  A s e p a ra t e  change a rea  fo r  removal and d i s p o s a l  o f  contam­
ina ted  c l o t h i n g ,  with  an e x i t  to showers,  should be provided.  The e x i t  from 
the  shower a rea  should open in to  a c lean  change a re a .  Employers should
i n s t r u c t  employees working in  process  a reas  to wear c lean  work c lo t h i n g  d a i l y  
and to remove a l l  p r o t e c t i v e  c lo th i n g  a t  the  comple t ion of  the w o rk s h i f t .  
Closed,  l ab e le d  c o n t a in e r s  should be provided fo r  contaminated c lo th in g  t h a t  
i s  to  be d ryc leaned ,  l aunde red ,  or  d i s c a rd e d .

Lunchroom f a c i l i t i e s  should have a p o s i t i v e - p r e s s u r e  f i l t e r e d  a i r  supply and should be r e a d i l y  a c c e s s ib l e  to employees working in process  a r e a s .
Employees should be i n s t r u c t e d  to  remove contaminated h a r d h a t s ,  b oo t s ,  g loves ,  
and o th e r  p r o t e c t i v e  equipment before  e n t e r i n g  lunchrooms,  and handwashing 
f a c i l i t i e s  should be provided near  lunchroom e n t r a n ce s .

The employer should d iscourage  the  fo l lowing a c t i v i t i e s  in process  a r e a s :  
c a r r y i n g ,  consuming,  o r  d i spens ing  food and beverages;  using  tobacco products  
and chewing gum; and applying  cosm et ics .  This does not  apply to  lunchrooms or 
c le a n  change rooms.

Washroom f a c i l i t i e s ,  eyewash fo u n ta in s ,  and emergency showers should be 
r e a d i l y  a c c e s s i b l e  from a l l  a reas  where hazardous  m a t e r i a l s  may c o n tac t  the 
sk in  or  eyes.  Employees should be encouraged to wash t h e i r  hands before  
e a t i n g ,  d r i n k in g ,  smoking, or using  t o i l e t  f a c i l i t i e s ,  and as n ecessa ry  dur ing
the  w ork sh i f t  to  remove con tam ina t ion .  Employers should i n s t r u c t  employees
not  to use o rgan ic  so lv e n t s  such as carbon t e t r a c h l o r i d e ,  benzene,  or  g a s o l in e  
fo r  removing con tamination  from the  sk in ,  because these  chemicals  may enhance 
de rm a l  a b s o r p t i o n  o f  h a z a r d o u s  m a t e r i a l s  and a r e  t h e m s e l v e s  h a z a r d o u s .  
I n s t e a d ,  t he  use of  w a t e r l e s s  hand c l e a n s e r s  should be encouraged.

I f  g ross  con tamina tion  o f  work c lo th in g  occurs dur ing  the  w o r k s h i f t ,  the 
employee should wash the a f f e c t e d  a reas  and change in to  c lean  work c lo t h i n g  a t  
the  e a r l i e s t  s a fe  o p p o r tu n i ty .  The employee should then c o n tac t  h i s  immediate 
s u p e r v i s o r ,  who should document the i n c id e n t  and p rovide  the d a t a  for  i n c lu ­
s ion  in  the  medical  and exposure r e c o r d s .

Techniques using UV r a d i a t i o n  to check fo r  skin con tamination  have been 
t e s t e d  [1 ] .  However, the  c o r r e l a t i o n  between contamination  and f luo rescence  
i s  im p er fe c t ,  and th e r e  a re  a lso  p o s s ib l e  s y n e r g i s t i c  e f f e c t s  of using UV 
r a d i a t i o n  with  some o f  t he  chemica ls .  For t h e se  r e a s o n s ,  the use of  UV
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r a d i a t i o n  fo r  checking sk in  con tamination  should only  be allowed under medical  
su p e r v i s io n .

( f ) P ersona l  P r o t e c t i v e  Equipment and Clothing
Employers should provide  c lean  work c lo t h i n g ,  r e s p i r a t o r y  p r o t e c t i o n ,  

h ea r ing  p r o t e c t i o n ,  workshoes or  shoe cove r ings ,  and g loves ,  su b je c t  to 
l i m i t a t i o n s  d esc r ibed  in Chapter  V. R e s p i r a t o r s  may be necessa ry  to prevent  
workers from in h a l in g  or i n g e s t in g  c oa l -d e r iv e d  m a t e r i a l s .  However, because r e s p i r a t o r s  a re  not  e f f e c t i v e  in a l l  c a s e s — for reasons  inc lud ing  improper 
f i t ,  inadequate  maintenance ,  and worker avoidance— they should be used only 
when o th e r  methods o f  c o n t r o l  are  inadequate .  S e l e c t i o n  o f  the proper 
r e s p i r a t o r  fo r  s p e c i f i c  o p e ra t io n s  depends on the  type of  con taminant ,  i t s  
c o n c e n t r a t i o n ,  and the  l o c a t i o n  o f  work o p e r a t io n s .  S e l e c t io n  of  r e s p i r a t o r s  
and o th e r  p r o t e c t i v e  equipment can be c o n t r o l l e d  through the  use of sa fe  work 
p e r m i t s .

P r o t e c t i v e  c lo th in g  should be s e l e c t e d  fo r  e f f e c t i v e n e s s  in p roviding  pro­
t e c t i o n  from the  hazards  a s s o c ia t e d  with  the  s p e c i f i c  work a rea  or  o p e ra t io n  
invo lved .  The employer should ensure t h a t  p ro t e c t i v e  c lo th in g  i s  inspec ted  
and main ta ined  to p rese rve  i t s  e f f e c t i v e n e s s .

(g) Monitoring and Recordkeeping Requirements
Performance c r i t e r i a  should be e s t a b l i s h e d  to  h e lp  employers e v a lua te  the 

p ro g re s s  made toward achiev ing  t h e i r  worker p r o t e c t i o n  o b j e c t i v e s .  Sampling 
and a n a l y s i s  fo r  a i r  contaminants  provide  a re a sonab le  means for  c o n t ro l  pe r ­
formance assessment .  Records of  d i s r u p t i o n s  in  p lan t  o p e ra t io n  by process  
a r e a ,  i nc lud ing  the  frequency and s e v e r i t y  o f  l e a k s ,  provide an e x c e l l e n t  
means fo r  comparing performance with  o b j e c t i v e s  and fo r  d i r e c t i n g  fu tu re  
e f f o r t s  to problem a re a s .  A comparison o f  the se  reco rds  with d a t a  from 
p e r io d ic  persona l  monito r ing  fo r  s p e c i f i c  t o x i c a n t s  a f f o r d s  a d d i t i o n a l  p e r f o r ­
mance e v a lu a t i o n .

Where a p p r o p r i a t e ,  i n d u s t r i a l  hygiene monito r ing  should be used to d e t e r ­
mine whether employee exposure to  chemical  and p hys ica l  hazards  i s  w i th in  the  l i m i t s  se t  by OSHA or those recommended by N10SH and to i n d i c a t e  where c o r r e c ­
t i v e  measures a re  needed i f  such exposure exceeds those  l i m i t s .  To determine 
compliance with  recommended PEL's,  NIOSH recommends the  use of the  sampling 
and a n a l y t i c a l  methods con ta ined  in  the  NIOSH Manual o f  A n a ly t i c a l  Methods 
[147-149].

Because of  the numerous chemicals  involved in coal  l i q u e f a c t i o n  p rocesse s ,  
i t  i s  im p ra c t i c a l  to r o u t i n e l y  monitor  for  every subs tance  to which exposure 
might  occur .  T here fore ,  an exposure monito r ing  program based on the r e s u l t s  
o f  an i n i t i a l  survey o f  p o t e n t i a l  exposures i s  recommended. The cyclohexane- 
s o lu b le  f r a c t i o n  (cyclohexane e x t r a c t a b l e )  o f  the  sampled a i rbo rne  p a r t i c u ­
l a t e ,  which has  been recommended in  c r i t e r i a  documents [17 ,18 ,76] as an
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i n d i c a t o r  o f  the  q u a n t i t y  of  PAH compounds p r e s e n t ,  should be used.  Addi­
t i o n a l  compounds for  which worker exposure may exceed e s t a b l i s h e d  l i m i t s  
should be s e l e c t e d  for  i n c lu s io n  in  the monitoring  program based on r e s u l t s  o f  
the  i n i t i a l  su rvey.  Exposure monito r ing  should be repea ted  q u a r t e r l y ,  and the number o f  employees s e l e c t e d  should be l a rge  enough to al low e s t im a t i o n  o f  the 
exposure of  a l l  employees ass igned  to work in process  a r e a s .

The combinat ion  o f  d a t a  from exposure r e c o r d s ,  work h i s t o r i e s ,  and medical  
h i s t o r i e s ,  i nc lud ing  h i s t o r i e s  of  personal  h a b i t s  such as smoking and d i e t ,  w i l l  provide  a means o f  e v a lu a t in g  the  e f f e c t i v e n e s s  o f  eng inee r ing  c o n t r o l s  
and work p r a c t i c e s ,  and of i d e n t i f y i n g  c a u sa t iv e  agents  fo r  e f f e c t s  t h a t  may 
be rev ea led  dur ing  medical  m on i to r ing .  The a b i l i t y  to  d e t e c t  p o t e n t i a l  
o ccupa t iona l  h e a l t h  problems e a r l y  i s  p a r t i c u l a r l y  c r i t i c a l  in a developing 
technology such as coa l  l i q u e f a c t i o n .  Such i d e n t i f i c a t i o n  i s  needed because 
exposures to numerous aromatic  hydrocarbons,  a l i p h a t i c  hydrocarbons,  s u l f u r  
compounds, tox ic  t r a c e  e lements ,  and coa l  d u s t s  r e s u l t  in an occupa t iona l  
e n v i ro n m e n t  f o r  which a n t i c i p a t i o n  o f  a l l  p o t e n t i a l  h e a l t h  e f f e c t s  i s  
d i f f i c u l t .

I t  i s  impor tan t  t h a t  medical  records  and p e r t i n e n t  suppor t ing  documents be 
e s t a b l i s h e d  and main ta ined  for  a l l  employees,  and t h a t  cop ies  be inc luded o f  
any environmenta l  exposure reco rds  a p p l i c a b l e  to the employee.  To ensure  th a t  
the se  r eco rds  w i l l  be a v a i l a b l e  fo r  fu tu r e  r e f e r e n c e  and c o r r e l a t i o n ,  they 
should be main ta ined  fo r  the d u r a t i o n  of  employment plus 30 y e a r s .  Copies o f  
the se  medical  r eco rds  should be made a v a i l a b l e  to  the  employee,  former 
employee,  o r  to h i s  or  her  des igna ted  r e p r e s e n t a t i v e .  In a d d i t i o n ,  t he  d e s ig ­
nated  r e p r e s e n t a t i v e s  o f  the S ec re t a ry  of  Health  and Human S e rv ices  and o f  the  
S ec re t a ry  o f  Labor may have access  to  the  records  or  cop ies  o f  them.
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V I I .  RESEARCH NEEDS

In fo rmat ion  ob ta ined  from coa l  l i q u e f a c t i o n  p i l o t  p l a n t s  can be used to 
q u a l i t a t i v e l y  a s se s s  the hazards in commercial p l a n t s  in the f u t u r e .  D i f f e r ­
ences in o pe ra t in g  c on d i t ion s  between p i l o t  and commercial p l a n t s ,  however, do 
not  c u r r e n t l y  al low these  r i s k s  to be q u a n t i f i e d .  Once commercial p l a n t s  begin  o p e r a t i n g ,  d a ta  can be c o l l e c t e d  fo r  q u a n t i f i c a t i o n .  S tudies  c u r r e n t l y  
being conducted by NIOSH are  l i s t e d  in Appendix IX. A dd i t iona l  re sea rch  
t o p i c s ,  d iv ided  i n to  n e a r -  and f a r - t e r m  needs,  are  d i scussed  h e r e .  Most of  
the re sea rch  necessa ry  can be based on p i l o t  p lan t  o p e ra t io n s  (n ear - t e rm  
s t u d i e s )  and then c a r r i e d  over i n to  commercial o p e r a t io n s .  However, c e r t a i n  
re se a rc h  w i l l  not  be p o s s ib l e  u n t i l  commercial p l a n t s  a re  in o pe ra t io n  ( f a r -  
term s t u d i e s ) .  Research should not  only be d i r e c t e d  a t  r e c o g n i t i o n  and 
e v a lu a t i o n  of  the r i s k s  bu t  a t  f u tu re  q u a n t i f i c a t i o n  and c o n t ro l  of them.

Near-Term S tudies
A d d i t i o n a l  r e s e a r c h  needed  to  i d e n t i f y  and a s s e s s  t h e  t o x i c i t y  o f  

m a t e r i a l s  in coal  l i q u e f a c t i o n  p l a n t s  can be based on the m a t e r i a l s  in p i l o t  
p l a n t s .  Included in t h i s  r e sea rch  should be i n d u s t r i a l  hygiene s t u d i e s ,  
animal t o x i c i t y  s t u d i e s ,  pe r sona l  hygiene s t u d i e s ,  p ro s p e c t iv e  epidemiology 
s t u d i e s  of p i l o t  p l a n t  workers ,  and s t u d i e s  on the c a rc in og e n ic ,  mutagenic ,  
t e r a t o g e n i c ,  and re p ro du c t iv e  e f f e c t s  o f  these  coal  l i q u e f a c t i o n  m a t e r i a l s .

Near- te rm i n d u s t r i a l  hygiene s t u d i e s  a re  necessa ry  because the r i s k s  can­
not  be as sessed  un less  the hazards  can be d e t e c te d  and measured.  To account 
fo r  changes t h a t  occur ,  these  s t u d i e s  should be expanded con c u r re n t ly  with 
development of  the technology.  D e ta i l ed  chemical  ana lyses  of  a l l  l i q u id  and 
gaseous p rocess  s t reams,  as wel l  as su r face  contaminants,  should be conducted 
to  provide  a d d i t i o n a l  in format ion  on p o t e n t i a l  haza rd s .  These ana lyses  w i l l  
be compl ica ted  by the f a c t  t h a t  process  stream composit ion w i l l  vary  over a 
wide range depending on the r e a c t i v i t y  and type of  c o a l ,  r a t e  of  h e a t i n g ,  
l i q u e f a c t i o n  tem pera tu re ,  c a t a l y s t s ,  p r e s s u re ,  and c o n tac t  time [21. There­
f o r e ,  as many combinations of  coa l  types and o pe ra t in g  c on d i t ion s  as p o s s ib l e  
should be s tud ied  in order  to c h a r a c t e r i z e  these  changes .  S tudies should a l so  
be conducted to  determine the e x te n t  to which PAH compounds and aromatic 
amines are  absorbed on the su r face  of  minera l  r e s id u e s  and to determine 
whether PAH's or  aromatic  amines are  l o s t  through evapora t ion  dur ing  ae roso l  
sample c o l l e c t i o n .  S tudies  to c o r r e l a t e  f luorescence  of  s u r face  con tamination  
with b i o l o g i c a l l y  a c t i v e  c o n s t i t u e n t s  may lead to  u se fu l  methods fo r  measuring 
su r face  con tam ina t ion .  Ins t ruments  t h a t  measure PAH's and aromatic amines in 
r e a l  t ime a re  d e s i r a b l e .

The s i g n i f i c a n c e  of bo th  PAH's and aromatic amines as i n h a l a t i o n  hazards 
s h o u ld  be d e t e r m i n e d .  E x i s t i n g  sa m p l in g  and a n a l y t i c a l  methods  f o r
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determining  PAH c o n c e n t r a t io n s  in the workplace a i r ,  based on the cyclohexane- 
s o l u b l e  m a t e r i a l  in  p a r t i c u l a t e  s a m p le s ,  r e q u i r e  r e f i n e m e n t  to  improve 
accuracy ,  s e n s i t i v i t y ,  and p r e c i s i o n .  The c u r r e n t  sampling method does not  
cap tu re  vapor-phase  organic  compounds, and some loss  of the more v o l a t i l e  
compounds from the a i rbo rn e  p a r t i c u l a t e  may occur dur ing  sampling.  Muta­
g e n i c i t y  t e s t s  w i th  v a r i o u s  f r a c t i o n s  of  c o a l  l i q u e f a c t i o n  m a t e r i a l s  
c on ta in in g  3- and 4 - r i n g  primary aromatic  amines are  important  mutagens [150].  
F ur ther  chemical ana lyses  of  these  f r a c t i o n s  should be done to i d e n t i f y  the s p e c i f i c  compounds p r e s e n t .  As i n d iv id u a l  aromatic  amines are i d e n t i f i e d ,  
sampling and a n a l y t i c a l  methods need to be developed to measure them. S tudies 
a re a l so  needed to determine how long samples remain s t a b l e  p r i o r  to  a n a l y s i s .  
I f  n ec e s sa ry ,  hand l ing  methods t h a t  prevent  sample d e t e r i o r a t i o n  and loss  
should be deve loped .

Animal s t u d i e s  to determine  the t o x i c i t i e s  of  d i s t i l l a t i o n  f r a c t i o n s  are req u i red  in o rder  to i n v e s t i g a t e  the p o t e n t i a l  e f f e c t s  of  long-term exposure 
to coal  l i q u i d s ,  vap o rs ,  and a e r o s o l s ,  p a r t i c u l a r l y  a t  low c o n c e n t r a t i o n s ,  and 
e f f e c t s  of  the d i s t i l l a t i o n  f r a c t i o n s  of  the l i q u id s  on va r io u s  phys io log ic  
systems.  As the i n d iv id u a l  components of these  f r a c t i o n s  are determined ,  
animal t o x i c i t y  s t u d i e s  should be done fo r  them as w e l l .  Previous s t u d i e s  
[5-8] have only used dermal and im ro u te s  of a d m in i s t r a t i o n .  Well-planned 
i n h a l a t i o n  s t u d i e s  in  se v e ra l  animal spec ie s  are  needed to determine  the 
exposure e f f e c t s  of  ae ro s o l s  and v o l a t i l e s  from s y n t h e t i c  coa l  l i q u i d s .  
Comparative animal s t u d i e s  using  produc ts  from d i f f e r e n t  p rocesses  could 
provide  in fo rm a t ion  t h a t  would h e lp  to f u r t h e r  i d e n t i f y  chemical  c o n s t i t u e n t s  
c o n t r i b u t i n g  to the tox ic  e f f e c t s .

Toxicologic  i n v e s t i g a t i o n s  [5 -9 ,51] of  c a rc inogen ic  e f f e c t s  in  animals 
have i l l u s t r a t e d  t h a t  l i q u e f a c t i o n  products  can induce cancerous l e s i o n s  in 
some animal s p e c i e s ,  a l though not  a l l  m a t e r i a l s  produced s i m i l a r  r e s u l t s  in  
a l l  o f  the spec ie s  t e s t e d .  A dd i t iona l  t e s t s  of  mutagenic ,  c a r c in o g e n ic ,  t e r a ­
to g e n ic ,  and r e p ro du c t iv e  e f f e c t s  should be performed to  augment a v a i l a b l e  
in formation  on va r io u s  process  st reams and products  from d i f f e r e n t  coal  l i q u e ­
f a c t i o n  p ro ce s se s .  Less i s  known about the  t o x i c i t y  of  products  from p yro ly ­
s i s  and so lven t  e x t r a c t i o n  p rocesses  than about products  from c a t a l y t i c  and 
n o n c a t a ly t i c  hydrogenation  and i n d i r e c t  l i q u e f a c t i o n  p ro cesse s .  Another area  
t h a t  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n  i s  the p o t e n t i a l  fo r  c o -ca rc in og e ne s i s  and 
i n h i b i t i o n  or promotion of ca rc inogen ic  e f f e c t s  by v a r io u s  c o n s t i t u e n t s  of 
coa l  l i q u e f a c t i o n  m a t e r i a l s .  Tests  fo r  t e r a to g e n ic  and rep ro du c t iv e  e f f e c t s  
have only been performed fo r  one type of  coal  l i q u e f a c t i o n  p rocess ,  i e ,  non­
c a t a l y t i c  hydrogena t ion .  A dd i t iona l  t e s t s  should be performed fo r  coal  
l i q u e f a c t i o n  m a t e r i a l s  from o th e r  p ro ce s se s ,  p a r t i c u l a r l y  those s e l e c t e d  for  
commercial development.

Mic rob ia l  s t u d i e s  [40 ,42 ,44 ,45 ,50 ,150]  have i n d ica t e d  mutagenic p o t e n t i a l  
in v a r io u s  coal  l i q u e f a c t i o n  produc ts  and t h e i r  d i s t i l l a t i o n  f r a c t i o n s .  
However, t h e se  e f f e c t s  have not  been r e p l i c a t e d  in  c e l l  c u l t u r e s  of human leukocytes  [43].  The p o t e n t i a l  mutagenic e f f e c t s  should be s y s t e m a t i c a l l y
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i n v e s t i g a t e d  in  g r e a t e r  d e t a i l  b o th  in  human c e l l  c u l t u r e s  and i n  a n i m a l s .  
A d d i t i o n a l  s t u d i e s  w i th  m u ta g e n ic  t e s t  systems  would be u s e f u l  f o r  i d e n t i f y i n g  
the  a c t i v e  c o n s t i t u e n t s  i n  f r a c t i o n s  f rom d i f f e r e n t  p r o c e s s  s t r e a m s .

While much r e sea rch  can be done to  l e a r n  more about the  hazards  of  expo­
sure to  process  m a t e r i a l s ,  r e se a rc h  should a l s o  be c a r r i e d  out  to improve the 
s a f e t y  of  work with  m a t e r i a l s  a l r ea d y  known or suspec ted  to be t o x i c .  Some 
contamina tion  of  workers '  sk in  and c lo th in g  w i l l  occur r e g a r d l e s s  of the 
eng inee r ing  c o n t r o l s  implemented and work p r a c t i c e s  used.  Therefo re ,  persona l  
hygiene s t u d i e s  should be conducted to determine the b e s t  c lean in g  methods fo r  
sk in  a r e a s ,  i nc lud ing  wounds and burns ,  and to develop ways to determine t h a t  
c le an s in g  has been e f f e c t i v e l y  accomplished.  UV r a d i a t i o n  has been used to 
d e t e c t  sk in  con tamination  [1 ] ;  however,  f u r t h e r  i n v e s t i g a t i o n s  a re  needed on 
the s y n e r g i s t i c  e f f e c t s  o f  UV r a d i a t i o n  and coa l  l i q u e f a c t i o n  m a t e r i a l s ,  
p a r t i c u l a r l y  a t  wavelengths above 360 nm. The a p p l i c a t i o n  of image enhance­
ment dev ices  to a l low the use of  low UV r a d i a t i o n  i n t e n s i t i e s  should be 
con s ide red .  A l t e r n a t i v e  methods fo r  measuring or  d e t e c t i n g  sk in  con tamination  
should a l s o  be cons ide red .

Methods are a l so  needed to t e s t  and e v a lua te  the e f f e c t i v e n e s s  of  personal  
p r o t e c t i v e  c lo t h i n g  a g a in s t  coa l  l i q u e f a c t i o n  m a t e r i a l s .  Decontamination 
procedures  need to be developed fo r  i tems such as s a f e t y  g l a s s e s  and footwear .  
In a d d i t i o n ,  the  adequacy of l aunder ing  procedures  should be ev a lu a t e d .

The development of a simple noninvas ive  method fo r  b io lo g i c  monitoring  of 
s i g n i f i c a n t  exposure to  coa l  l i q u e f a c t i o n  products  would be u s e f u l ,  because i t  
i s  d i f f i c u l t  to  determine the e x t e n t  of  exposure from sk in  con tam ina t ion .  A 
u r ine  t e s t  t h a t  would s ig n a l  such an exposure i s  d e s i r a b l e .

Many p i l o t  p la n t  workers w i l l  be involved in  commercial p l a n t  o pe ra t io n  in 
the f u t u r e .  I f  these  workers a re  inc luded  in  f u tu r e  epidemio logic  s t u d i e s  of  
commercial p l a n t  workers ,  i t  w i l l  be impor tan t  to know t h e i r  previous h i s t o r y  
of  exposure in  p i l o t  p l a n t s .  T h e re fo re ,  p r o s p e c t iv e  epidemio logic  s t u d i e s  of  
these  workers should begin now. In a d d i t i o n ,  i t  would be d e s i r a b l e  to conduct  
a fol lowup study  of a l l  employees of  the I n s t i t u t e ,  West V i r g i n i a ,  p l a n t ,  
inc lud ing  309 workers who were not  fol lowed up in Pa lm er 's  s tudy [53].  I t  i s  
p o s s ib l e  t h a t  workers o th e r  than  those  who developed l e s io n s  were exposed to 
process  m a t e r i a l s .  A fol lowup study may r e v e a l  the  occurrence  of adverse 
h e a l t h  e f f e c t s  in these  workers .

Sol id  waste genera ted  dur ing  coal  l i q u e f a c t i o n  processes  inc ludes  ash ,  
spent  c a t a l y s t s ,  and s ludge .  Trace l e v e l s  o f  con tam inants ,  eg,  heavy m e ta l s ,  
t h a t  a re  p re s e n t  in raw m a t e r i a l s  w i l l  be concen t ra ted  in t h i s  was te .  There­
f o r e ,  s t u d i e s  should be done to c h a r a c t e r i z e  s o l i d  waste composit ion  and to 
a s s e s s  worker exposure to hazardous  waste components.
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Far-Term S tud ies
Unless epidemio logic  s t u d i e s  are  undertaken independently  o u t s id e  the 

United S t a t e s ,  the re  w i l l  be no o pp o r tu n i ty  to g a th e r  meaningful  epidemio logic  
d a ta  on commercial p l a n t s  u n t i l  they a re  o pe ra t in g  in t h i s  coun t ry .  Once 
these  commercial o p e ra t io n s  b eg in ,  d e t a i l e d ,  long- term p ro spec t iv e  epidemio­
lo g ic  s t u d i e s  of worker popu la t ions  should be conducted to a s se ss  the e f f e c t s
of o ccu pa t io n a l  exposure to  coal  l i q u e f a c t i o n  m a t e r i a l s  and to q u a n t i f y  the 
r i s k s  a s s o c ia t e d  with  these  e f f e c t s .  Because the  purpose of  these  epidemio­
log ic  s t u d i e s  i s  to  c o r r e l a t e  the  h e a l t h  e f f e c t s  with  exposure ,  they must
inc lud e ,  a t  a minimum, d e t a i l e d  i n d u s t r i a l  hygiene surveys and comprehensive 
medical  and work h i s t o r i e s .

D e ta i l ed  i n d u s t r i a l  hygiene su rveys ,  inc lud ing  measurements of  m a t e r i a l s  
such as PAH's, aromatic  amines,  t o t a l  p a r t i c u l a t e s ,  t r a c e  m e t a l s ,  and v o l a t i l e  
hydrocarbons ,  a re  necessa ry  on a continuous or  f r equen t  b a s i s  so t h a t  worker 
exposure can be c h a r a c t e r i z e d  over t ime.  In a d d i t i o n ,  these  surveys  w i l l  
i d e n t i f y  any problems a s s o c ia t e d  with  the eng inee r ing  c o n t ro l s  o r  work p rac ­
t i c e s .  Comprehensive work and medical  h i s t o r i e s ,  inc lud ing  smoking or o th e r  
tobacco use ,  and e a t i n g  and d r ink ing  h a b i t s ,  a re  impor tan t  fo r  d e t e c t i n g  
c o n f o u n d in g  v a r i a b l e s  t h a t  may a f f e c t  t h e  p o t e n t i a l  r i s k  to  w o r k e r s .  
Morbidity  and m o r t a l i t y  d a ta  from worker popu la t ions  in coal  l i q u e f a c t i o n
p l a n t s  should be compared with those  of  p ro pe r ly  s e l e c t e d  c o n t r o l  p o p u la t io n s ;  
eg ,  persons  exposed to coal  convers ion  products  should be compared with  those 
working in crude petro leum r e f i n e r y  p l a n t s .
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IX .  APPENDIX I

S P E C IF IC  COAL LIQUEFACTION PROCESSES

S p e c i f i c  coal  l i q u e f a c t i o n  process  des igns  a re  d iscussed  below fo r  so lven t  
e x t r a c t i o n ,  n o n c a t a l y t i c  hydrogena t ion ,  c a t a l y t i c  hydrogena t ion ,  p y r o l y s i s ,  
and i n d i r e c t  l i q u e f a c t i o n .  These des igns  inc lude  the Consol s y n th e t i c  fue l  
(CSF), s o l v e n t - r e f i n e d  coal  (SRC), H - c o a l , c h a r - o i l - e n e r g y  development (COED), 
and F ischer -Tropsch  p ro ce s se s ,  r e s p e c t i v e l y .

Solvent  E x t r a c t i o n
The s o lv en t  e x t r a c t i o n  p rocess  beg ins  with a s l u r r y  o f  pu lver ized  coal  and 

a hydrogen-donor s o lv e n t .  When the  s l u r r y  i s  h ea t e d ,  chemical  bonds in the 
coa l  s t r u c t u r e  are broken,  and the  donor so lvent  t r a n s f e r s  hydrogen atoms to 
the r e a c t i v e  fragments t h a t  are formed. This t r a n s f e r  he lps  prevent  r e p o ly ­
m e r i z a t i o n  by dec re a s ing  f r e e  r a d i c a l  l i f e t i m e .  Approximately 75% of the  coal  
i s  l i q u e f i e d  due to t h i s  hydrogen t r a n s f e r  [2 ] .

The CSF s o lv e n t  e x t r a c t i o n  p roce ss ,  based upon p i l o t  p la n t  o p e r a t i o n s ,  i s  
shown s c h em a t i ca l ly  in F igures  IX-1 and IX-2. In t h i s  p ro ce s s ,  coa l  i s  
c rushed ,  d r i e d ,  and s to red  under an i n e r t  gas atmosphere.  The coal  i s  then 
mixed with hydrogenated process  so lven t  to form a s l u r r y .  The s l u r r y  i s  
p rehea ted  and t r a n s f e r r e d  to the s t i r r e d  e x t r a c t i o n  v e s s e l  opera ted  a t  about 
400°C and 11-30 atm ( 1 . 1 - 3 . 0  MPa) [2 ] .

Unreacted c o a l ,  m i n e r a l s ,  and l i q u e f i e d  coal  are  conta ined  in  the s l u r r y  
l eav ing  the  e x t r a c t o r  v e s s e l .  The s l u r r y  passes on to the  l i q u i d - s o l i d  sepa­
r a t i o n  system where the  unreac ted  coal  and m inera ls  a re  separa ted  from the 
l i q u id  p roduc t .  The l i q u i d  product  i s  then passed through a f l a sh  s t i l l  to 
o b ta in  l i g h t  l i q u i d s  and a heavy coa l  e x t r a c t .  Heavy coa l  e x t r a c t  i s  fu r t h e r  
processed  in a c a t a l y t i c  h y d r o t r e a t e r  (hydrogenator)  where a heavy d i s t i l l a t e  
product  ( f u e l  o i l )  and donor so lven t  a re  produced.  F r a c t i o n a t i o n  of  the 
h y d r o t r e a t e r  product  s tream produces l i g h t ,  middle ( d o n o r - s o l v e n t ) ,  and heavy d i s t i l l a t e s .

The l i g h t  l i q u i d s  from the f l a s h  s t i l l  a re  f r a c t i o n a t e d  and separa ted  in to  
l i g h t  and middle d i s t i l l a t e s .  The l a t t e r  i s  used as r e c y c le  so lven t  and as fuel  o i l .

The s o l i d s - r i c h  stream from the  s e p a r a t i o n  system i s  pyrolyzed in a f l u id  
bed o f  char a t  about  925°F (496°C) [19] and 7 p s i  (48 k P a ) , known as the  low- 
tempera ture  ca rbo n ize r  [1 ] .

C o a l  L i q u e f a c t i o n  P r o c e s s e s
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The vapors  from the  u n i t  o p e ra t io n s  and p rocesses  a re  c o l l e c t e d .  Most of  the se  vapors then pass through g a s - l i q u i d  s e p a r a to r s  where sour g as ,  sour 
w a te r ,  and o the r  l i q u i d s  are s e p a r a t e d .  The remaining vapors a re  normally 
sen t  to a d e s u l f u r i z a t i o n  u n i t  and then to  a f l a r e  system. The sour gas and 
sour water  are t r a n s f e r r e d  to t rea tm en t  f a c i l i t i e s  to  remove waste m a t e r i a l s ,  
such as hydrogen s u l f i d e ,  ammonia, and phenols.

Hydrogenation
(a) N onca ta ly t ic  Hydrogenation
In n o n c a t a ly t i c  hydrogena t ion ,  prepared c o a l ,  hydrogen,  and a hydrogenated 

or  nonhydrogenated so lven t  a re  combined in a p re s su re  v e s s e l  to form hydro­
genated coal  p roduc ts .  The SRC p ro c e s s e s ,  I and I I ,  a re  examples of  the  non­
c a t a l y t i c  hydrogenation  p rocess .  However, the  m inera l s  in the  recyc led  stream 
may ac t  as a n a t u r a l  c a t a l y s t .

(1) SRC-I Process
A schematic of  the  SRC-I p rocess  i s  shown in Figure  IX-3. In the 

coa l  p re p a r a t io n  a r e a ,  raw coal  i s  r e c e iv e d ,  unloaded,  c rushed ,  and then 
s to red  in  b in s .  The coal  i s  s i z e d ,  p u lv e r i z e d ,  and mixed with a hydrocarbon 
so lven t  having a b o i l i n g  range of  550-800°F (290-430°C).  I n i t i a l l y ,  a blend 
o f  pet ro leum-der ived  carbon b lack  feeds tock  and a coal  t a r  d i s t i l l a t e  i s  used 
as a s t a r t u p  s o lv e n t .  U l t im a te ly ,  c o a l -d e r iv e d  l i q u i d s  r e p la c e  the  s t a r t u p  
b lend as the  process  s o lv e n t .  S o lv e n t - to -c o a l  r a t i o s  va ry  from as low as 2:1 
to as high as 4:1 [108].

The r e s u l t i n g  c o a l - s o l v e n t  s l u r r y  i s  pumped from the coal  p r e p a r a t io n  area
to the p r e h e a te r .  Hydrogen or s y n th e s i s  gas and water  a re  added to  the  s l u r r y
as i t  e n t e r s  the p r e h e a te r .  The s l u r r y  and hydrogen are  pumped through a
n a t u r a l  g a s - f i r e d  p re h e a te r  to a r e a c t o r .  The remaining und isso lved  m a t e r i a l  
c o n s i s t s  p r i m a r i ly  o f  ino rganic  minera l  m a t te r  and undisso lved  c o a l .  The 
p re h e a te r  and d i s s o l v e r  a re  designed  to ope ra t e  between 775 and 925°F (413 and 
496°C) a t  p re s su re s  from 500 to  2,000 p s i  (3 to  14 MPa) [108].  The c u r r e n t
o pe ra t in g  tempera ture  i s  850°F (454°C) [1 ] .

The excess  hydrogen and g as es ,  eg ,  hydrogen s u l f i d e ,  carbon monoxide, 
carbon d io x id e ,  methane,  and l i g h t  hydrocarbon g a s e s ,  produced in the  r e a c t i o n  
a re  separa ted  from the  s l u r r y .  The hydrogen s u l f i d e  and carbon d iox ide  (ac id  
g a s e s )  a r e  removed u s in g  a d i e t h a n o l a m i n e  (DEA) a b s o r p t i o n  s y s t e m .  A 
S t r e t f o r d  s u l f u r  recovery  u n i t  i s  then  used to conver t  the hydrogen s u l f i d e  to 
elemental  s u l f u r .  The c lean  hydrogen-hydrocarbon gas stream from the  DEA 
absorber  i s  p a r t l y  ven ted  to f l a r e  and p a r t l y  recyc led  to the p rocess .  Such 
streams w i l l  probably  be used for  fue l  gases in a dem ons t ra t ion  and/or
commercial f a c i l i t y  [152],  Fresh hydrogen i s  added to the r e c y c l e  stream to
m ain ta in  hydrogen p a r t i a l  p re s su re  in the  c i r c u l a t i n g  gas [108].
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The s l u r r y  from the g a s - l i q u i d  s e p a r a to r  goes to mineral  s e p a r a t i o n  where the  s o l i d s  may be separa ted  from the coal  s o lu t i o n  using r o t a r y  p re ssu re  p re ­
coa t  f i l t e r s .  These f i l t e r s  c o n s i s t  of a r o t a t i n g  drum in s id e  a p re ssu re  
v e s s e l .  Diatomaceous e a r t h  i s  used as the f i l t e r i n g  aid with process  so lven tas the p recoa t  s l u r r y  medium. Hot i n e r t  gas i s  c i r c u l a t e d  through the f i l t e r s
and f i l t r a t e  r e c e iv e r s  to m a in ta in  f i l t r a t i o n  p re ssu re  a t  approx im ate ly  
150 p s i  (1 MPa) and t em pera ture  a t  approximate ly  350-650°F (180-340°C) [108].This process  a l so  uses s o lv en t  de-ash ing  s e p a r a t io n  in p lace  of  f i l t r a t i o n  
[1] .

F i l t e r  cake ,  c o n s i s t i n g  of the  undisso lved s o l i d s  and diatomaceous e a r t h ,  
i s  d r i e d  using an i n d i r e c t ,  n a t u r a l  g a s - f i r e d ,  r o t a r y  k i l n .  The dry ing  
process  removes the  wash s o lv e n t ,  which i s  pumped to the so lven t  recovery  a rea  
for  f r a c t i o n a t i o n .  The d ry  minera l  r e s id u e  from the  d ryer  i s  cooled with  
water  and s to red  in  a s i l o  [108],

The f i l t e r e d  coal  s o lu t i o n  goes to so lven t  recovery  fo r  so lven t  removal by
vacuum d i s t i l l a t i o n .  The vacuum f l a s h  overhead i s  f r a c t i o n a t e d  in to  a l i g h t  
o i l  f r a c t i o n ,  a wash so lven t  f r a c t i o n ,  and the  process  so lven t  fo r  r e c y c le  to 
s l u r r y  b lending  in  the  coal  p r e p a ra t io n  system [108].

The vacuum bottoms stream i s  the  p r i n c i p a l  product  of the SRC-I p ro ce s s .  
This s tream i s  the  s o lv e n t - r e f i n e d  coal  and may be s o l i d i f i e d  using a w a t e r -  
coo led ,  s t a i n l e s s  s t e e l  cool ing  b e l t  or  a p r i l l i n g  tower.  The s o l i d i f i e d  
product  i s  then sen t  to product  s to r a g e  [108].

The SRC-I p rocess  invo lves  r e a c t i n g  most of  the coal  in a donor so lven t  
d e r i v e d  from t h e  p r o c e s s ,  s e p a r a t i n g  u n d i s s o l v e d  c o a l  s o l i d s ,  o b t a i n i n g  
o r i g i n a l  p rocess  so lven t  by d i s t i l l a t i o n ,  and recover ing  d is so lved  coal  as a 
low-ash ,  l o w - s u l f u r ,  f r i a b l e ,  b l a c k - c r y s t a l l i n e  m a t e r i a l  with g lo s sy  f r a c tu r e d  
s u r f a c e s ,  known as s o l v e n t - r e f i n e d  c o a l .  The SRC-II p rocess  d i s s o l v e s  and 
hydrocracks  the  coa l  i n to  l i q u id  and gaseous p ro du c ts .  This p rocess  does not  
r e q u i r e  the f i l t r a t i o n  or  so lven t  de-ash ing  s t e p  used in SRC-I fo r  s o l i d -  
l i q u i d  s e p a r a t i o n .  An a s h le s s  d i s t i l l a t e  fue l  o i l  i s  produced c o n ta in in g  
s u b s t a n t i a l l y  l e s s  s u l f u r  than the  so l id  s o l v e n t - r e f i n e d  coal  [26] .  The 
c u r r e n t  SRC-II p rocess  i s  a m o d i f i c a t i o n  o f  the SRC-I p roce ss .

(2) SRC-II Process
SRC-II i s  a coa l  l i q u e f a c t i o n  process  in which coa l  i s  mixed with  a 

recyc led  s l u r r y  and hydrocracked to form l i q u i d  and gaseous p ro du c ts .  The
primary product  o f  t he  SRC-II p rocess  i s  a d i s t i l l a t e  fuel  o i l  [26].

A flow diagram o f  the  SRC-II process  des ign  i s  shown in Figure  IX-4.  In 
the  coal  p r e p a r a t i o n  a r e a ,  coa l  i s  p u lv e r iz e d ,  d r i e d ,  and mixed with  hot  
r e c y c le  s l u r r y  solvent^ from the  p rocess .  The c o a l - r e c y c l e  s l u r r y  mix tu re  and 
hydrogen a re  pumped through a f i r e d  p re he a te r  to a hydrocrack ing r e a c t o r  [26].
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FIGURE I X - 4 . FLOW DIAGRAM OF THE S R C -II  PROCESS



The tempera ture  a t  the o u t l e t  of the p re he a te r  i s  about 700-750°F (370—400°C).  While in the p r e h e a t e r ,  the  coal  beg ins to d i s s o lv e  in  the  r e c y c l e
s l u r r y  s o lv e n t .  The hea t  genera ted  by the  exothermic r e a c t i o n s  of  hydrogena­
t i o n  and hydrocrack ing  r a i s e s  the  tempera ture  o f  the  r e a c t o r  to  820-870°F 
(440-470°C). Cold hydrogen i s  used as a quench to c o n t ro l  the  tempera ture  in 
the  r e a c t o r  [26] .

M ate r ia l  leav ing  the r e a c t o r  goes to a h o t ,  h ig h - p r e s s u re  s e p a r a t o r .  The 
hot  overhead vapor stream from the  s e p a ra to r  i s  cooled to provide  v a p o r - l i q u i d  
s e p a r a t i o n  by condensa t ion .  Condensed l iq u id  from the se  s e p a r a t o r s  i s  f r a c ­t i o n a t e d .  Noncondensed g as ,  c o n s i s t i n g  of  unreac ted  hydrogen,  methane and 
o th e r  l i g h t  hydrocarbons,  and acid gases ,  i s  t r e a t e d  to  remove hydrogen s u l ­
f id e  and carbon d io x id e .  A p o r t io n  of  the  gases  i s  passed through a naphtha 
absorber  to remove much of the  methane and o th e r  l i g h t  hydrocarbons [154].  
The excess  gas i s  sent  to a f l a r e  system. The recovered hydrogen i s  used with
a d d i t i o n a l  hydrogen as feed to  the  process  [154].

The raw d i s t i l l a t e  from the  v a p o r - l i q u i d  s e p a r a t i o n  system i s  d i s t i l l e d  a t  
atmospheric  p r e s s u r e .  A naphtha  overhead stream and a bottoms stream are  
separa ted  in  t h i s  f r a c t i o n a t o r . The h ea v ie r  s l u r r y  from the  h o t ,  h ig h -  
p re s su re  s e p a r a to r  f l a s h e s  to a lower p re ssu re  where i t  s p l i t s  i n to  two major 
s t reams.  One stream comprises the  r e c y c le  so lven t  fo r  the p roce ss .  Fuel o i l  
i s  separa ted  from the  o th e r  stream in a vacuum f l a s h  tower.  The major fue l  
o i l  product  o f  the  SRC-II process  i s  a mixtu re  of  the  a tmospheric bottoms 
stream and the vacuum f l a s h  tower overhead [26].

In a p i l o t  p l a n t ,  the  vacuum tower bottoms a re  normally  packaged in to  
drums and e i t h e r  s to red  o n s i t e  or  disposed of o f f s i t e .  However, in  a commer­c i a l  p l a n t ,  the  vacuum tower bot toms,  c o n s i s t i n g  o f  a l l  o f  the und isso lved  
minera l  r e s id u e  and the  vacuum re s id ue  p o r t i o n  of  the  d i s s o lv ed  c o a l ,  may be 
used in  an oxygen-blown g a s i f i e r  to  form s y n th e s i s  gas .  Syn thes is  gas can be 
conver ted  to hydrogen and carbon d iox ide  using a s h i f t  c o n v e r t e r .  These prod­
uct  gases  would then  undergo an ac id  gas removal s t e p  to remove carbon d iox ide  
and hydrogen s u l f i d e .  The hydrogen from the  s h i f t  convers ion  s t ep  would com­
p r i s e  the  p r i n c i p a l  source fo r  the hydrogen requ i rem en ts  of  the  p rocess .  Any 
excess  s y n th es i s  gas produced in  the  g a s i f i e r  would be t r e a t e d  in  an ac id -gas  
removal u n i t  to remove hydrogen s u l f i d e  and carbon d io x id e ,  and burned as 
p l a n t  f u e l .  The excess  s y n th e s i s  gas can be separa ted  i n t o  hydrogen and c a r ­
bon monoxide,  and the  carbon monoxide can be used as p lan t  fu e l  [26],

(b)  C a t a l y t i c  Hydrogenation
In c a t a l y t i c  hydrogena t ion ,  coa l  i s  suspended in  a r e c y c l e  s o lv e n t ,  mixed 

with hydrogen,  and con tac ted  with  a c a t a l y s t  in a r e a c t o r  to  form a c o a l -  
de r ived  l i q u i d  product  [2 ] .  The c a t a l y t i c  hydrogenation  process  d esc r ibed  in 
t h i s  document i s  the  H-coal  p ro ce s s .
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A schematic of the  H-coal process  development u n i t  i s  shown in
Figure IX-5. P u lver ized  coa l  i s  d r i ed  using  hot  n i t r o g e n  gas and then s to red  
in  a v e s s e l  under a n i t r o g e n  b l a n k e t .  The prepared coal  i s  s l u r r i e d  with  a 
p r o c e s s - d e r i v e d  o i l ,  e g ,  r e f i n e d  h y d r o c l o n e  p r o d u c t s ,  a t m o s p h e r i c  s t i l l  
bot toms,  and vacuum tower overhead .  Hydrogen i s  added to the coal  s l u r r y  
p r i o r  to  p re h e a t in g .  The s l u r r y  and hydrogen mix tu re  i s  then fed to a c a t a ­
l y t i c  e bu l l a t e d -b e d  r e a c t o r ,  which o p e ra te s  a t  an approximate tempera ture  of 
850°F (454°C) and a p re s su re  of  approximate ly  3,000 p s ig  (21 MPa). Cobal t /
molybdenum i s  the c a t a l y s t .  P reheated  h ig h - p r e s s u r e  recyc led  hydrogen i s  a lso  
in t roduced  i n to  the  r e a c t o r .  The c a t a l y s t  s i z e  i s  such t h a t  i t  remains su s ­
pended whi le  ash p a r t i c l e s  and some unreac ted  coal  leave  the r e a c t o r  in the 
l i q u id  st ream. Small amounts of  c a t a l y s t  f i n e s  may be c a r r i e d  over in the  
l i q u id  st ream,  which i s  l e t  down a t  e s s e n t i a l l y  r e a c t o r  tempeature to atmo­
sphe r ic  p re s s u re .  At t h i s  s t a g e ,  a p o r t io n  of  the  l i g h t e r  hydrocarbon l i q u i d s  
i s  f l a s h  vapor ized  and fed to an atmospheric d i s t i l l a t i o n  tower.  The products  
from t h i s  tower a re  naphtha and atmospheric s t i l l  bot toms.  The naphtha i s
sen t  to s t o r a g e ,  and the bottoms a re  used as a s l u r r y  o i l .  Excess bottoms are
s to red  in drums [1 ] .

The s l u r r y  remaining in  the  f l a s h  drum i s  fed to  hydroclones fo r  p a r t i a l  
s o l i d  s e p a r a t i o n .  The r e f i n e d  hydroclone  product  i s  used as a s l u r r y  o i l  
and /or  s to red  in  drums. The hydroclone  bottoms a re  sen t  to e i t h e r  a vacuum d i s t i l l a t i o n  tower (syncrude mode) or  a so lven t  p r e c i p i t a t i o n  u n i t  ( f u e l  o i l  
mode). In the  syncrude mode, the  vacuum overhead ,  vrtiich i s  a heavy d i s t i l ­
l a t e ,  may be p a r t i a l l y  r ecyc led  to the s l u r r y  mix tank .  The vacuum bottoms 
a re  s to red  in  drums as a s o l i d . All  gases a re  scrubbed to remove l i g h t  hydro­
carbons ,  ammonia, and hydrogen s u l f i d e .  Hydrogen gas o f  approxim ate ly  80% 
p u r i t y  i s  recompressed and recyc led  to the p rocess .  The remaining o f f - g a s e s  
a re sen t  to  a f l a r e  system [1 ] .

P y ro ly s i s /H y d ro c a rb o n iz a t io n
P y ro l y s i s  i s  the  thermal decomposit ion  and recombinat ion  of  coal  with

c o a l -d e r iv e d  or  donor hydrogen t h a t  occurs  in the  absence of  oxygen. I f  
thermal decomposi t ion  occurs  with added hydrogen,  t he  process  i s  known as 
h yd ro c a r b o n iz a t io n .  O i l s ,  g a s e s ,  and char a re  produced in  the  p y r o ly s i s
r e a c t o r .  Char may be burned to produce hea t  needed fo r  the  endothermic 
p y r o l y s i s  process  [19].

The COED p rocess  i s  an example of  how a coal  l i q u e f a c t i o n  p la n t  uses a 
p y r o ly s i s  p rocess  (F igu re  IX-6).  In the  COED p ro ce s s ,  coal  i s  c rushed ,  d r i e d ,  
and hea ted  to su c c e s s iv e ly  h ig h e r  tem pera tures  ( 3 5 0 - 1 , 550°F or 177-843°C) in  a 
s e r i e s  of  f l u id i z e d -b e d  r e a c t o r s  opera ted  a t  low p r e s s u r e s  (1 -2  atm or 100- 
200 kPa) [31 ,34 ,155] .  A f te r  the  coal  i s  p a r t i a l l y  d e v o l a t i l i z e d  in  one 
r e a c t o r  s t a g e ,  i t  i s  hea ted  f u r t h e r  in the  next  s t a g e .  The tempera ture  of
each bed i s  j u s t  below the  tempera ture  a t  which the coal  would agglomerate and 
plug the  bed. The d ryer  and the  four process  s t ages  t y p i c a l l y  ope ra t e  a t  the
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FIGURE IX-6 . COED PROCESS SCHEMATIC



fol lowing approximate t em pera tu re s ,  in  the  o rder  of  the  s t ages  through which the  coal  p a s se s :  350°F (180°C),  550°F (290°C), 8508F (450°C) , 1,000°F
(540°C) , and 1,550°F (843°C) [34 ,155] .

The c lose  arrangement and descending e l e v a t i o n  of  these  s t ages  permit 
g r a v i t y  flow of the  char from one s tage  to the  nex t  and minimize h ea t  l o s s e s  
and p re s su re  d rops .  In commercial p l a n t s ,  h ea t  fo r  the process  may be 
genera ted  using  the  char  from the  l a s t  s t a ge .  The char i s  burned with a 
steam-oxygen mixtu re  forming hot  gases  and h ig h - p r e s s u re  steam. These hot  
gases  a c t  as the f l u i d i z i n g  gases  and hea t  sources  fo r  the previous s t age s
[31 .34 .155] .  In p i l o t  p l a n t s ,  gas h e a t e r s  a re  used [3 ] .

So l id s  a re  separa ted  from the  e x i t  gases in  each s t a ge .  The s o l i d s  sep­
a r a t i o n  i s  accomplished by an i n t e r n a l  p a r t i c u l a t e  s e p a r a t i o n  system. The 
v o l a t i l e s  s t ream from the  second s tage  passes through an e x t e rn a l  p a r t i c u l a t e  
s e p a r a t i o n  system to  remove s o l i d s  t h a t  would o therwise  c o l l e c t  in  and plug 
subsequent  p rocess ing  s t e p s .  The gases  c on ta in ing  o i l  vapors  are passed 
through an a b s o rp t io n  system; hydrogen s u l f i d e  and carbon d iox ide  a re  removed, 
l eav ing  a product  gas [31 ,34 ,155] .

Oil  and water  from the  p y r o ly s i s  gas /vapor  stream are  separa ted  i n to  an 
o i l  f r a c t i o n  h e a v ie r  than  w a te r ,  an o i l  f r a c t i o n  l i g h t e r  than w ate r ,  and an 
aqueous  f r a c t i o n .  The two o i l  f r a c t i o n s  a r e  d e h y d r a t e d  and f i l t e r e d
[3 1 .34 .155] .

Oil  from the  product  recovery  system co n ta in s  some char p a r t i c l e s  t h a t  a re  
removed by f i l t r a t i o n .  Hot f i l t e r  cake c o n s i s t i n g  o f  c h a r ,  o i l ,  and a f i l t e r  
aid  i s  d ischarged  from f i l t r a t i o n  to char s t o r a g e .  The f i l t e r e d  o i l  c on ta in s  
small amounts o f  im p u r i t i e s  such as s u l f u r ,  n i t r o g e n ,  and oxygen. In the 
h y d r o t r e a t i n g  a r e a ,  a c a t a l y t i c  ( nickel-molybdenum) r e a c t o r  o p e ra t e s  a t  750°F 
(400°C) and 2,000 p s i  (14 MPa) [155,156] to  conver t  the o i l  im p u r i t i e s  i n to  
hydrogen s u l f i d e ,  ammonia, and w ate r ;  the se  a re  then separa ted  from the prod­
uct  o i l  to  improve o i l  q u a l i t y  [31 ,34 ,155] .

I n d i r e c t  L iq u e fa c t io n
In  i n d i r e c t  l i q u e f a c t i o n ,  coa l  i s  conver ted  in to  a s y n th e s i s  gas by the 

use o f  a g a s i f i e r .  This gas ,  c on ta in in g  carbon monoxide and hydrogen,  i s  then  
passed over a c a t a l y s t  to form l iq u id  products  [19].  The F isher-Tropsch  
s y n th e s i s  p rocess  i s  an example o f  an i n d i r e c t  l i q u e f a c t i o n  p rocess .  Consid­
e r a b l e  exper ience  has been ob ta ined  using t h i s  p rocess .  The South Afr ican  
Coal,  O i l ,  and Gas C orpora t ion ,  Ltd (SASOL) p la n t  in Sasolburg ,  South A f r i c a ,  
uses the  F ischer -Tropsch  s y n th e s i s  process  to produce l i q u id  p roduc ts ,  such as 
motor f u e l s ,  on a commercial s c a l e  [1 9 ,3 1 ,3 4 ] .

A schematic of  the F ischer -Tropsch  s y n th e s i s  process  used a t  SASOL i s  
shown in Figure IX-7. Coal i s  c rushed ,  ground,  and then mixed with  steam and
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FIGURE I X - 7 . FISCHER-TROPSCH SYNTHESIS SCHEMATIC



oxygen in the g a s i f i e r .  Syn thes i s  gas i s  produced in  a Lurgi g a s i f i e r  by burning  coal  in  the  presence  of  steam and oxygen. The o pe ra t in g  p re s su re  and 
tempera ture  of  a Lurgi  g a s i f i c a t i o n  r e a c t o r  are 350-450 p s i  ( 2 . 4 - 3 .1  MPa) and 
1 ,140-1 ,400°F (616-760°C),  r e s p e c t i v e l y  [3 ] .  Syn thes is  gas from the  r e a c t o r  con ta in s  im p u r i t i e s  such as ammonia, phenols ,  carbon d io x id e ,  hydrogen s u l ­
f i d e ,  naph tha ,  w a te r ,  cyan ide ,  and v a r io u s  t a r  and o i l  components [31].  These 
im p u r i t i e s  a re  removed by using g a s - p u r i f i c a t i o n  u n i t s ,  such as a quenching 
system, or  by methanol sc rubbing .  The cleaned s y n th e s i s  gas i s  then  passed to 
an Arge f ixed-bed  s y n th e s i s  r e a c t o r  and a Kellogg f l u id i z e d - b e d  s y n th e s i s  
r e a c t o r  p a r a l l e l  with  one ano the r ,  where a mixtu re  of  g a s e s ,  v ap o r s ,  and 
l i q u i d s  a re  formed. Each o f  these  r e a c t o r s  co n ta in s  a c a t a l y s t  needed fo r  the 
sy n th e s i s  s t e p .  The c a t a l y s t s  a re  i r o n / c o b a l t  and i r o n ,  r e s p e c t i v e l y  [3 ] .  
The l i q u id s  produced a re  sen t  to  r e f i n e r y  o p e ra t io n s  fo r  s e p a r a t i o n  in to  prod­
uc t s  such as fu e l  g a s ,  propane,  b u ta ne ,  g a s o l i n e ,  l i g h t  fu rnace  o i l ,  waxy o i l ,  
methanol ,  e th a n o l ,  p ropanol ,  a c e to ne ,  naph tha ,  d i e s e l  o i l ,  c r e o s o t e ,  ammonium 
s u l f a t e ,  b u t a n o l ,  p e n t a n o l , b enzo l ,  and t o l u o l  [31].
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X. APPENDIX I I

SUMMARY OF COAL LIQUEFACTION PROCESSES UNDER DEVELOPMENT IN THE UNITED STATES

Category Process Developer Coal Reactor Type Reaction 
Temp3 "F

Cc)

Reaction 
Pressure 
atm abs 
(MPa)

Status of Development'3

Pyrolysis and 
hydrocarbon- 
ization 
processes

Char-oil-
energy
development
(COED)

FMC Corp Illinois 
No. 6

Multiple 
fluidized 
beds

550-1,500
(290-820)

1.4-1.7 
(.14-,17)

Operated 36 ton/d (33 Mg/d) 
pilot plant

Occ idental 
coal
pyrolysis

Occ idental Western
Kentucky

Entrained
flow

1,100
(579)

1
(.1 )

Results based upon 1-in 
(2.54-cm) diameter reactor; 
process to be tested in an 
available 3.6 ton/d (3.3 
Mg/d) pilot plant

Toscoal The Oil 
Shale
Corporation
(Tosco)

Subbitum- 
inous and 
bituminous

Kiln-type
retort
vessel

797-1,000
(425-540)

1
(.1)

25 ton/d (23 Mg/d) coal 
test; operated 1,000 ton/d 
(900 Mg/d) plant for oil 
shale

Clean coke US Steel 
Corp

Illinois 
No. 6

Fluidized
bed

1,200-1,400
(650-750)

6.5-11
(.66-1.1)

A 0.25-0.5 ton/d (0.230- 
0.450 Mg/d) process 
development unit under 
development; 100 ton/d 
(90 Mg/d) pilot plant under 
design

Union
Carbide
Corp

Union
Carbide
Corp

Lake de 
Smet

II 1,050
(566)

69
(7)

Successfully operated 
18 ton/d (16 Mg/d) pilot 
plant on noncaking coals

Flash
hydro­
pyrolysis
process
(FHP)C

Brookhaven
National
Laboratory

Lignite Entrained
tubular
flow

1,382-1,472 
(750-800)

136-170
(13.79-
17.24)

2 lb/hr (908 g/hr) 
experimental unit 
operated



APPENDIX

Category Process Developer Coal

Solvent
extraction and 
noncatalytic 
hydrogenation 
processes

Consol 
synthetic 
fuel (CSF)

Conoco Coal 
Development 
Co

Lignite 
and sub- 
bituminous

Solvent
extraction and 
noncatalyt ic 
hydrogenation 
processes

Solvent- 
re f ined 
coal (SRC)

Solvent-
refined
lignite
(SRL)

Pittsburg 
and Midway 
Coal Mining 
Co

Univ of
North
Dakota

Subbitumi- 
nous and 
bituminous

Lignite

Costeam US BOM Lignite 
and sub- 
bi turninous

Exxon
donor-
solvent
(EDS)

Exxon
Research
and
Engineering
Co

Subbitumi- 
nous and 
bituminous

Catalytic H-Coal Hydrocarbon Lignite,
hydrogenation Research subbitumi-
processes nous, and

bituminous



I I  (CONTINUED)

Reactor Type Reaction Reaction Status of Dev.
Temp °F Pressure

(°C) atm abs
(MPa)

Stirred-tank 750
extractor; (400)
ebullated-bed 
catalytic 
hydrotreater

10-30
extractor ; 
(1-3);
205 hydro­
treater 
(2 1)

20 ton/d (18 Mg/d) plant 
operated at Cresap, WV, 
until 1970; revamped plant 
in operation

Vertical 
tubular plug 
flow

Tubular 
plug flow

840
(450)

700-900
(370-480)

69-103
(7-10)

69-205
(7-21)

6 ton/d (5 Mg/d) plant 
operating at Wilsonville, 
AL; 50 ton/d (45 Mg/d) 
plant at Fort Lewis, WA

0.5 ton/d (0.45 Mg/d) pilot 
plant in startup stage

Stirred
tank

707-840
(375-450)

137-275
(13.9-27.9)

Bench-scale continuous flow 
unit

Tubular 797-900 100-140 Operated 1 ton/d (0.910
plug flow (425-480) (10-14) Mg/d) automated pilot

plant; 250 ton/d (230 
Mg/d) plant designed

Ebullated 840 150-205 Successfully tested in
bed (450) (15.2-20.8) 3 ton/d (3 Mg/d) plant,

Kentucky site construction 
of 600 ton/d (500 Mg/d) 
demonstration plant
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APPENDIX I I  (CONTINUED)

C.ii . gory Process Developer Coal Reactor Type Reaction 
Temp *F 

C C )

Reactiona 
Pressure 
atm abs 
(MPa)

Status of Development'1

Synthoil** ERDA—
Pittsburgh
Energy
Research
Center

it Fixed bed 840
(450)

135-275
(13.7-27.9)

1/4 ton/d (0.23 Mg/d) pilot 
plant with 1.0 bbl/d 
(.2 m ’/d) oil output in 
operation, 8 ton/d (7 Mg/d) 
pilot plant is in design 
and engineering stages

Catalytic
coal
liquefac­
tion (CCL)

Gulf Oil 
Corp

Lignite and 
subbitumi- 
nous and 
bituminous

Fixed bed >750
0 4 0 0 )

135+
(13.7)

1 ton/d (0.91 Mg/d) pilot 
unit started up January 
1975

Clean fuel 
from coal 
(CFFC)

CE Lummus Lignite and
subbitumi-
nous

Expanded bed 750-810
(400-430)

68+
(6.9)

Small pilot plant scale 
tests, Lumnus holds patents 
on solvent separation 
technique

Catalytic Liquid- Continental Bituminous _ 680-752 100-240 Small bench-scale unit; a
hydrogenation
processes

phase
zinc
chloride

Oi 1 Company and sub- 
bituminous

(360-400) (10.1-24.3) 1.2 ton/d (1.1 Mg/d) unit 
to be built; funding by 
Conoco, Shell Development 
Corporation, and ERDA

N O T E : I t  is difficult to compare results of the processes because of the various conditions and different coals used.

* Exact operating conditions will depend on the coal processed and the products desired.
Status as of December 1977 

d Taken from reference 152 [1'977]status as of June 1979
Synthoil yields include gas and liquids obtained from pyrolysis of solids residue for Western Kentucky coal.

Adapted from reference 2



SUMMARY OF SYSTEMS APPLICABILITY TO VARIOUS COAL LIQUEFACTION TECHNOLOGIES
X I . APPENDIX I I I

Specific System/Unit Operation/Unit Process
Process

Coal Hydro- Pyrolysis/ Hydro- Catalytic Phase Fraction- Gas Hydrogen/ Auxiliaries
Prepara- genation Hydrocar- treating Synthesis Separation ation Cleaning Synthesis 

tion bonization Gas
Generation

Synthoil +

H-coal +

Bergius +

SRC-I +
SRC-II +

Costeam +

COED +

Super­
critical 
Gas Extrac­
tion (SGE) +
Coalcon +

Clean coke +

Toscoal +

Occ idental 
Research 
Corporation 
(ORC) +

Fischer- 
Tropsch 
synthesis +



APPENDIX I I I  (CONTINUED)

Spec ific 
Process

System/Unit Operation/Unit Process

Coal
Prepara­

tion

Hydro­
genation

Pyrolysis/
Hydrocar­
bonization

Hydro-
treating

Catalytic Phase 
Synthesis Separation

Fraction­
ation

Gas
Cleaning

Hydrogen/
Synthesis

Gas
Generation

Auxiliaries

Donor
solvent + + - + + + + + +

Methanol
synthesis + + - - + + + + + +

+ Module 
- Module

or process 
or process

is in the 
is not in

system, 
the system.

Adapted from reference 12



DESCRIPTION OF EQUIPMENT USED 
IN COAL LIQUEFACTION

XII. APPENDIX IV

The i tems below a re  l i s t e d  in  the  o rder  they  normally  appear in  a coa l  
l i q u e f a c t i o n  p l a n t  when fo l lowing the  process  from re c e iv in g  coal  to  s to r in g  
the end p roduc t .
Item
Storage b in s

D esc r ip t io n
Usually  c y l i n d r i c  s t e e l  s to r a g e  b in s  
with a s to rage  c a p a c i t y  of  >1,000 tons (907 k g ) ;  c l o s e d  f a c i l i t i e s  r e d u c e  
w e a t h e r i n g  e f f e c t s  and c om bu s t io n  
h az a rd s ,  and r e q u i r e  l e s s  land a rea  fo r  
s t o r a g e .

Surge hopper

L i f t  pipe

P u lv e r i z e r

Screw conveyor,  
bucket  conveyor

Screens

S t o r e s  c o a l  i n t e r m i t t e n t l y  i n  t h e  
p r o c e s s .  Coal  i s  s e n t  t o  p r o c e s s  equipment,  i e , p re h e a te r  or  g a s i f i e r ,  
through a surge hop p e r .
P a r t  o f  coal  p r e p a r a t i o n /p r e t r e a t m e n t  
s e c to r  of  the  p rocess ing  p l a n t ;  conveys 
pu lve r iz ed  coal  from lower to  h ighe r  
e l e v a t i o n s .  U s u a l l y ,  t h e  c onvey ing  
medium i s  i n e r t  gas .
Term used for  s i z e - r e d u c t i o n  equipment . 
Depending on t h e  d e s i r e d  s i z e  o f  
prepared  c o a l ,  a b a l l  m i l l  or  r o l l e r  
m i l l  can be used to p u lv e r iz e  c o a l .
Convey coal  from one p iece  of  equipment 
to  ano the r .  Bucket conveyors u s u a l ly  
c a r r y  coal  to  e lev a ted  equipment.
Used in  coal  p r e p a r a t io n  s e c t i o n  o f  the  
p l a n t  to  s i ze  coa l ;  may be s t a t i o n a r y  
or  moving. Oversized coal  i s  r e tu rned  
t o  a p u l v e r i z e r  f o r  f u r t h e r  s i z e  
r e d u c t io n .  Desired s i z e  o f  coal  i s  
sen t  to the p rocess ing  u n i t .
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S lu r ry  mix tank

S lu r ry  pumps

F ired  p re h e a te r

P y r o l y s i s  r e a c t o r  
D iss o lve r

C a t a l y t i c  hydrogenation  
r e a c t o r

Hydrocarboniza t ion  r e a c t o r  
F i l t r a t i o n  u n i t

Gas P u r i f i c a t i o n  System Equipment: 
Cyclone s e p a r a to r

Quench towers and v e n t u r i  
sc rubbers

Quench water  s e p a r a to r

Absorber

Item

P ar t  of coa l  p r e p a r t i o n  s e c t i o n  of the 
p l a n t .  G enera l ly ,  coa l  and o i l  a re 
mixed in  t h i s  p iece  of  equipment to 
form a s l u r r y .
P a r t  o f  c o a l  s l u r r y  feed  s y s t em ;  
g e n e r a l l y  r e c i p r o c a t i n g  or  c e n t r i f u g a l  
pumps.
P rehea ts  the  c o a l - o i l  s l u r r y  b efo re  i t  
goes to  a d i s s o l v e r  o r  coa l  l i q u e f a c ­
t i o n  r e a c t o r .
Heats coal  in  the  absence o f  oxygen.
D i s s o l v e s  o r  l i q u e f i e s  c o a l  i n  a 
so lven t  in  p rocesses  such as s o lv e n t -  
r e f i n e d  c o a l  and Exxon d o n o r - s o l v e n t  
( s o l v e n t - e x t r a c t i o n  p r o c e s s e s ) .
Used fo r  d i r e c t  l i q u e f a c t i o n  of  coa l ;  
may be f i x e d  bed ( S y n t h o i l )  o r  
e b u l l a t e d  bed ( H - c o a l ) .
Heats coa l  in  the  presence  o f  hydrogen.
Used f o r  s o l i d - l i q u i d  s e p a r a t i o n .  
Genera l ly  s e p a r a t e s  ash and unreac ted  
o r  undisso lved  coa l  from d i s s o l v e r  or 
l i q u e f a c t i o n  r e a c t o r .

Description

S e p a r a t e s  c h a r  ash  and o t h e r  s o l i d  
p a r t i c u l a t e s  from gaseous st ream.
Used to  remove p a r t i c u l a t e s  and drop­
l e t s  ( o i l ,  t a r ,  l i q u o r ,  e t c )  from the 
product  gas.
Usual ly  s e p a r a t e s  o i l ,  t a r ,  and char 
p a r t i c u l a t e s  from gases .
Absorbs ac id  gas (H2S, C02, e t c )  from 
product  gas .
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Item Description

Desorber or  s t r i p p e r  

Solvent  ( c o a l )  recovery

Hydroclone

Cent r i fuge

F r a c t i o n a to r  or
d i s t i l l a t i o n  column

H yd ro t r ea te r  

Atmospheric tanks

Desorbs gases  from absorbent  and c leans  
gas .

u n i t  Recovers so lven t  from coal  s o lu t i o n  or
c o a l  l i q u i d s ;  r e c y c l e s  i t  back  to  p r e p a r e  s l u r r y  from p r o c e s s - d e r i v e d  
s o l v e n t .
Device used e x t e n s iv e ly  fo r  c l a s s i f i c a ­
t i o n  a n d / o r  removal  o f  f l u i d  from 
s l u r r i e s ;  g e n e r a l l y  used to s e p a ra t e  
a sh  and u n r e a c t e d  c o a l  from c o a l  
s o lu t i o n s  or coal  l i q u i d s .
Developed fo r  s o l i d - l i q u i d  s e p a r a t i o n ,  
p a r t i c u l a r l y  when s o l i d s  a re  ve ry  small  
(<200 m esh ) .
D i s t i l l s  l i q u i d  product  to  s e p a r a t e  the  
v a r io u s  components.
P re s su re  v e s s e l  in  which the  q u a l i t y  of  
l i q u id  hydrocarbon streams i s  improved 
by s u b j e c t i n g  them to mild or  severe  
co n d i t i o n s  of  hydrogen p re s su re  in the 
presence  of  a c a t a l y s t .
Any tank  t h a t  i s  designed to  be used 
w i t h i n  a few p s i  o f  a t m o s p h e r i c  
p re s s u re .  Syncrudes produced by coa l  
l i q u e f a c t i o n  p rocesses  may be s to red  in  
American  P e t r o l e u m  I n s t i t u t e  (API) 
s t anda rd  12A tan k s .

1 36



EXPOSURE LIMITS OF SOME CONTAMINANTS THAT MAY BE PRESENT IN COAL LIQUEFACTION PROCESSES
X I I I .  APPENDIX V

Compound OSHA Standard 
ppmC m g / m ,C

a ,b . . bNIOSH-Recoimnended Exposure Limit
ppm mg/m !

Area Affected and/or 
Health Effects

Reference

Acetic
acid

Acetone

Alkanes

Amnonia

Aniline—  
skin

Antimony

Arsenic

Arsine

Barium

Benzene

Beryllium

Boron
oxide

1,3-Buta­
diene

Cadmium dust

Cadmium fume

10

50

5

10
(50)

25

1,000 2,400

35

19

0.5

0.5

0 . 2

0.5

0.002

15

1,000  2,200

0.2
( 0 . 6 )

0.1
(0.3)

(varies) 350

(50) (34.8)

( 1)

( 0 . 002)

(3.2)

0 .002
(0.025)

0.04
( 0 . 2 )

Skin and nervous system 

Airway irritation

Deiuatitis; lung and 
lympnatic cancer

Blood changes, including 
leukemia

L-jng cancer

Lut--5? and kidneys

157

60

158

132

159

160



APPENDIX V (CONTINUED)

Compound OSHA Standard3 ’k NIOSH-Recommended Exposure Limit*5 Area Afi'..:trd and/or Kt-1 i-i.n
c / »c ppm m g / m 1 ppmC mg/m *c Healtl. Effects

Carbon
dioxide

5,000 9,000 10,000
(30,000)

18,000
(54,000)

Respiratory system 161

Carbon
disulfide

20
(100)

1
(10)

3
(30)

Heart; nervous and 
reproductive systems

128

Carbon
nonoxide

50 55 35
(200)

40
(229)

Heart 58

C h r o a i w
Soluble salts
Insoluble
salts

0.5
1

0.001
0.025

(0.05)

Lung cancer; skin ulcers; 
lung irritation 162

162

Coal tar pitch 
volatiles

0.15 0.1 Lung and skin cancer 17

Cobalt 0.1

Copper fuses
Dusts and aists

0.1
1

Creosote 0.1 Lung and skin cancer 17

Cresol—  
skin

5 22 2.3 10 Skin, liver, kidneys, 
and pancreas

127

Cyanides 
(HCN)— skin

5 (4.7) (5) Thyroid, blood, and 
respiratory system

66

Ethyl 
mere aptan

Free silica 0.050 Qtronic lung disease 
(silicosis)

129



APPENDIX V (CONTINUED)

C om pound OSHA Standardc 1 »c ppm mg/m

a ,b NIOSH-Recommended Exposure Limit
p p m mg/i • c

Hydrogen
chloride

Hydrogen
fluoride

Hydrogen
sulfide

(5) (7)

ceiling limit only

6
( 12 )
( 10)

2.5
(50)

(15)

Hydro-
quinone

Iron oxide 
(fuae)

Lead fumes 
and dusts

Manganese

Mercury
Alkyl
Nonalkyl

Methyl
ethyl
ketone

Methyl 
me reaptan

Naphtha 
(coal tar)

Naphthalene

0-Naphthylamine

Nickel

100

10

0.05

(5)

200 590

400

10 50

(See 29 CFR 1910.1009) 

1

( 2 )

0 .1 0

0.05

0.015

Area Affected and/or 
Health Effects

Reference**

Skin, eyes, airway 
irritation; bone

Eye irritation; severe acute 
effects on nervous and 
respiratory systems

Eyes and akin

Kidneys, blood, and 
nervous system

CNS and behavior

163 

*5

164

133

165

Skin; lung and nasal cancer



APPENDIX V (CONTINUED)

Compound PSIIA ^a.bStandard NIOSH-Kecommended Exposure Limit*5 Area Affected and/or Refei ■ .

ppmC mg/m,C ppmC m g / m îC Health Effects

Nickel
carbonyl

0.001 0.007 0.001 0.007 Lung and nasal cancer 167

Nitric
oxide

25 30 25 30 Blood 168

Nitrogen
dioxide

5 9 (1) (1.8) Airway irritation 168

Ozone 0.1 0.2

Phenol—  
skin

5 19 5.2
(15.6)

20
(60)

Skin, eyes, CNS, liver, 
and kidneys

61

Propane 1,000 1,800

Pyridine 5 15

Refined
petroleum
solvent

500 2,950 350 Eye, skin, nose, and throat 
irritation; nervous system

130

Resorcinol

Selenium 0.2

Sulfur
dioxide

5 13 2 5 Respiratory system 13:

Thallium 0.1

T i n -  
Organic 
compounds 
Inorganic 
compounds (except 
oxides)

0.1

2

Toluene— skin 200
(500)

100
(200)

375
(750)

CNS depressant 169



APPENDIX V (CONTINUED)

Compound OSHA
ppmC

Standard3
/ >c mg/m

NIOSH-Recommended
ppmC

Exposure Limit*5
/ »c mg/m

Area Affected and/or 
Health Effects

dK : - ri.-nce

Vanadium Eyes, skin, and lungs 170
V jO j dust (0.5) 0.05
V jOj fume (0.1) 0.05

Xylene 100 435 100 434 CNS depressant; airway 171
(200) (868) irritation

Zinc oxide 5 5 Metal fume fever 1 12
fume (15)

NOTE: Parentheses indicate a ceiling value.

* See 29 CFR 1910.1000
For some of these substances, ceiling limits have been established that vary with 
duration of exposure, and these can be found in the original reference, 

j 8-hour time-weighted average
Only for NIOSH exposure limits and health effects data



CHEMICAL SUBSTANCES POTENTIALLY ASSOCIATED WITH COAL LIQUEFACTION PROCESSES
XIV. APPENDIX VI

Category Where Found Ref

Aliphatic Hydrocarbons

n-Butane, isopentane, n-pentane, n-paraffins,
i-paraffins, monocycloparaffins, dicyclo- 
paraffins, tricycloparaffins, unsaturated 
mono-, di-, and tricycloparaffins, olefins, 
diolefins

Various hydrocarbons

Ethylene, propylene

Cyclohexane, methylcyclohexane, 
dimethylcyclohexane, dihydroxylene, 
hexahydromesitylene

Alcohols

Methyl alcohol, ethyl alcohol

Epoxides

Diphenylene oxide

2-Hydroxybiphenylene oxide

Aldehydes

Acetaldehyde, paraldehyde

Liquid products from H-coal conversion 12
processes

Vents and exhausts of coal pretreatment 31
equipment; some wastewater streams of coal 
liquefaction operation

Major products of the clean coke process 11

Major constituents of neutral oil from 173
liquid-phase hydrogenation of coal

Identified from the carbonization of coal 173

Gasworks tar 174

Identified from the carbonization of coal 173

173
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APPENDIX VI (CONTINUED)

Category Where Found Ref

Ketones

Acetone, methyl ethyl ketone

Methyl heptyl ketone

Acetophenone

Methyl tolyl ketone

Carboxylic Acids and Derivatives

Ethyl propionate, formic acid, acetic acid, 
propionic acid

n-Valeric acid, oxalic acid

Nitriles

Cyanogen

Acetonitrile

Benzonitrile

1- and 2-Naphthonitrile

Amines

Aminobenzenes, naphthylamines, 
aminobiphenyls

Toluidines

Aniline

Diethylamine, triethylamine 

Aniline

o- and p-Toluidine

2,3-Xylidine

Identified from the carbonization of coal 173

173

173

Coal tars

Low-temperature tar from coal carbonization

Product of the clean coke process; 
product of a coal liquefaction plant

Identified from the carbonization of coal

12

174

11

173



APPENDIX VI (CONTINUED)

Category Where Found Ref

Mercaptans, Sulfides, and Disulfides

Methylmercaptan, ethylmercaptan, 
dimethylsulfide, diethylsulfide

Tolylmercaptan

Diphenylene sulfide

Benzene and Substituted Benzene Hydrocarbons

C«-C|2 alkyl benzenes

Biphenyls

Biphenyl, triphenylbenzene 

Benzene

Benzene, toluene, xylene, polyalkyl- 
benzenes

Ethylbenzene, styrene, cumene, ethyl- 
benzene, propylbenzene, o-, m-, and 
p-ethyltoluene, mesitylene, hemimelli- 
tene, cymene, 3 ,4-dimethylethylbenzene

Phenols

Phenols (components only defined by 
108, 122, 136, and 150 mol wt)

Phenols (undefined components)

Phenols (undefined components)

Phenol, cresols, xylenols, pyro- 
catechin

Identified from the carbonization of coal

Liquid products from H-coal conversion 
processes

Coal liquefaction products

Significant commercial product of a coal 
liquefaction plant

Significant constituents of neutral oil 
liquid-phase hydrogenation of coal

Liquid products from H-coal conversion 
process

Liquid products from Synthoil conversion 
processes

Some wastewater streams of coal liquefac­
tion operation

Low temperature (below 450-500*C) tar 
from coal carbonization

173

12

175

10

11

173

12

175

31

174



APPENDIX

C.'it t'L'ory

Phenols (continued) 

a- and B ”Naphthol

Phenol, o-cresol, m- and p-cresols, 
xylenols

Phenol, cresols, mixed xylenols

m-, p - , and o-Ethylphenols,
2,3-, 3,5-, 2,4-, 2,5-, and 2,6- 
xylenols

Isohomocatechol

Paraphenylphenol

Tertramethy1biphenol

Resorcinol

Phenol, cresols, xylenols, 
undefined phenols

Fused Aromatic Hydrocarbons and Derivatives

Naphthalenes , phenanthrenes, chrysenes ,
1.2-benzanthracenes, 3,4-benzophenan- 
threnes, pyrenes, 5-ring compounds

Anthracenes, phenanthrenes, phenylnaph- 
thalenes, 4- and 5-ring aromatics (both 
peri- and cata-condensed), peri-condensed 
6-ring compounds

Naphthalene , 2-methylnaphthalene, 7-methyl- 
naphthalene , azulene, 2 ,6-dimethylnaphthalene,
1.3-dimethylnaphthalene, 1,5- and/or 2,3- 
di»ethylnaphthalene, acenaphthalene, acenaph- 
thene, phenanthrene and/or 1,3,6-trimethyl- 
naphthalene, 2-methylphenanthrene, 1-methyl- 
phenanthrene, 2-phenylnaphthalene, 9-methyl- 
anthracene, 1,2-dihydropyrene, fluoranthene , 
pyrene, 1,2-benzofluorene, 4-methylpyrene ,
1-methylpyrene, 1,2-benzanthracene, chrysene 
and/or triphenylene



VI (CONTINUED)

Where Found Kef

Gasworks tar 174

Products of the clean-coke process 11

Products of a coal liquefaction plant 11

Identified from the carbonization of coal 173

173

" 173

" 173

" 173

Heavy oil from Synthoil process 12

Liquid products from H-coal conversion 12
products

Liquid products from Synthoil conversion 175
products

Coal liquefaction products 10



APPENDIX VI (CONTINUED)

Category Where Found Ref

Fused Aromatic Hydrocarbons and Derivatives (continued)

Chrysene, 2-methylchrysene, 3-methylchrysene , 
5-methylchrysene, 6-methylchrysene

1,2- and 4,5-Benzopyrene, crackene, benz- 
erythrene, perylene, picene, triphenylene

Fused Nonalternant Polycyclic Hydrocarbons

Indans , indenes, acenaphthylenes,
(C H, ,, and C H, ,,) n 'n- n In - 1>
Indans, indenes, acenaphthylenes

Octahydroanthracene, 9,10-dihydrophen- 
anthrene, fluorene, 9-methylfluorene

Naphthalene

Heterocyclic Nitrogen Compounds

Carbazole, phenyl p-naphthylcarbazole, 
acridine, a-dimethylquinoline

Pyridine, a-picoline

Pyridine, pyrrole

Quinoline

Acridine, carbazole, 2- and 3-methylcarbazole 

Heterocyclic Oxygen Compounds 

B-Naphthofuran

3-, 4-, and 5-Methylcoumarone 

1,9-Benzoxanthene

Coal liquefaction products 176

Identified from the carbonization of coal 173

Liquid products from H-coal conversion 12
processes

Liquid products from Synthoil conversion 175
processes

Coal liquefaction products 10

Significant product of a coal liquefaction 11
plant

Gasworks tar 174

Products of the clean-coke process 11

Products of a coal liquefaction plant 11

Identified from the carbonization of coal 173
II

Gasworks tar 174

Identified from the carbonization of coal 173
ii



APPENDIX VI (CONTINUED)

■¡tcgory Where Found Ref

Heterocyclic Sulfur Compounds

Benzothiophene, methylbenzothiophene, 
dimethylbenzothiophene, methyltbiophene

Benzylthiophene, tetrahydrobenzothiophene, 
dibenzothiophene, methyldibenzothiophene, 
benzo(d ,e,f)dibenzothiophene, naphthobenzo- 
thiophene, methylnaphthobenzothiophene, 
dinaphthothiophene

Diphenylene sulfide

Dime thylth iophene

Thionaphthene

Dibenzothionaphthene

Organometallies

Metal porphyrins

Iron, nickel, and cobalt carbonyls

Iron, nickel, chromium, vanadium, 
tantalum, molybdenum, and tungsten 
metallocenes

Arene carbonyls

Metal chelates

Inorganic Elements

Aluminum, antimony, arsenic, barium, 
beryllium, boron, bromine, cadmium, 
calcium, cesium, chlorine, chromium, 
cobalt, copper, europium, fluorine, 
gallium, germanium, hafnium, iodine, 
iron, lanthanum, lead, lithium, 
magnesium, manganese, mercury, 
molybdenum, nickel, phosphorus,

Light oil product of coal hydrogenation

Heavy oil product of coal hydrogenation

Gasworks tar

Identified from the carbonization of coal

Coal

Gas phase after conversion 

Potentially in coal liquids

Potentially in aqueous process streams

Coal

175

175

174
173
173
173

177
177
177

177
177

12



APPENDIX VI (CONTINUED)

Category Where Found Ref

Inorganic Ferments (continued)

potassium, rubidium, scandium, 
selenium, silicon, sodium, 
strontium, sulfur, tantalum, 
thorium, tin, titanium, uranium, 
vanadium, yttrium, zinc, zirconium, 
cerium, dysprosium, gold, indium, 
lutetium, samarium, silver, tellurium, 
terbium, thallium, tungsten, ytterbium

Inorganic Oxides

SiOj , AljOj , Fe2O, , TiOj , P j O j , CaO, 
MgO, Na,0, KjO, SO,

TiO,

Inorganic Chemicals (General) 

Ammonia, hydrogen sulfide

Ash, Illinois No. 6 Coal

Spent catalyst of H-coal 
liquefaction plant

Gas phase of coal hydrogenation 
reactions

12

178

12

Carbon monoxide, nitrogen oxides

Sulfur dioxide, other sulfur oxides, ammonia, 
hydrogen sulfide

Ammonia, thiocyanates, sulfides, chlorides

Boron, sulfur, molybdenum, and cobalt 
compounds

Hydrogen sulfide

Vents and exhausts of coal pre- 12
treatment equipment and from gas leaks 
during coal liquefaction

Separation operations, auxiliary processes, 12
purification and upgrading operations

Some wastewater streams of coal 12
liquefaction operation

Spent catalyst of H-coal liquefaction 178
plant

Concentrated in gas stream from acid 178
gas removal operation of H-coal 
liquefaction plant
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APPENDIX VI (CONTINUED)

Category Where Found Uc-f

Inorganic Chemicals (General) (continued)

Sulfur, ammonia Marketable byproducts of the clean 
coke process

11

Hydrogen chloride, ammonium cyanate, 
carbon disulfide, ammonium sulfide

Identified from the carbonization of 
coal

173



XV. APPENDIX V I I  

SYSTEM SAFETY REFERENCES

Severa l  sources  concerning system s a f e t y  a re  c u r r e n t l y  a v a i l a b l e .  Useful  
r e f e r e n c e s  concerning  f a u l t - t r e e  a n a l y s i s  and system s a f e t y  a n a l y s i s  were 
recommended by NIOSH in  Appendix IV of the  coal  g a s i f i c a t i o n  c r i t e r i a  document 
[16].  Other u se fu l  r e f e r e n c e s  a re  l i s t e d  below.

(1) Johnson WG: The Management Oversight  and Risk Tree-MORT—In c lud ing  
Systems Developed by the  Idaho Opera t ions Off ice  and Aero je t  Nuclear 
Company (SAN 8 2 1 - 2 ) .  US Government P r i n t i n g  O f f i c e ,  1974 
(GPO-052-010-00-329-1)

(2) Knox NW, Eicher RW: MORT U s e r ' s  Manual—For Use with  the Management 
Overs ight  and Risk Tree A n a ly t i c a l  Logic Diagram/ERDA-76-45-4/SSDC-4. 
Idaho F a l l s ,  Aero je t  Nuclear  Company, 1976 (Submitted to ERDA under 
Cont rac t  No. E(10-11)-1375)

(3) Ner tney RJ, Bullock MG: Human F ac to r s  in  Design/ERDA-76-45/SSDC-2.
Idaho F a l l s ,  Aero je t  Nuclear  Company, 1976 (Submitted to ERDA under 
C on t rac t  No. E (10-11)-1375)

(4) Ner tney  RJ, Clark JH, E icher  RW: Occupancy-Use Readiness Manual— 
Safe ty  Considera t ions/ERDA-76-45-l /SSDC-l . Idaho F a l l s ,  Aero je t  
Nuclear  Company, 2nd p r i n t i n g ,  1976 (Submitted to  ERDA under Contrac t  
No. E (10—11)—1375)

(5) Rodgers P: In t r o d u c t i o n  to  System S afe ty  Engineer ing .  New York, 
John Wiley and Sons, Inc ,  1971

150



XVI. APPENDIX V I I I  
APPLICABLE CODES AND STANDARDS

There a re  sev e ra l  handbooks,  codes,  and s tanda rds  used by v a r io u s  indus­
t r i e s  t h a t  may apply to the des ign  and o p e ra t io n  of  coa l  l i q u e f a c t i o n  p l a n t s .  
Since these  p u b l i c a t i o n s  a re  g e n e r a l l y  a p p l i c a b l e  throughout i n d u s t r y ,  a d e t a i l e d  p r e s e n t a t i o n  of  codes and s tandards  r e l e v a n t  to coa l  l i q u e f a c t i o n  i s  
beyond the  scope of  t h i s  document. However, a few o f  the codes and s tanda rds  
t h a t  may be a p p l i c a b l e  a re  l i s t e d  h e re .  This l i s t  does not  in  any way imply a 
comprehensive com pi la t ion  of codes and s tanda rds  fo r  coal  l i q u e f a c t i o n  p l a n t s .

(1) American Standard Codes fo r  P ressu re  P ip ing ,  ASA B31.1-1955 and 
B31.8-1958

(2) The American S oc ie ty  of  Mechanical Engineers B o i l e r  and P ressu re
Vessel  Code, Sec t ion  V I I I ,  "Unfired P ressu re  V e s s e l s , "  New York,
1965

(3) Chemical  P l a n t  and P e t ro l e u m  R e f i n e r y  P i p i n g ,  American N a t i o n a l  
S t a n d a r d s  I n s t i t u t e  (ANSI) B31.3-1976

(4) Nat iona l  F i r e  Codes, the  Nat iona l  F i re  P r o t e c t i o n  A sso c ia t io n  Vol 1,
"Flammable L iqu id s" ;  Vol 2, "Gases";  Vol 3, "Combustible S o l id s ,  
Dust ,  and Exp lo s ives" ;  Vol 4,  "Build ing  Cons t ruc t ion  and F a c i l ­
i t i e s " ;  Vol 5, " E l e c t r i c a l "  ( the  Nat iona l  E l e c t r i c a l  Code); Vol 6, 
" S p r i n k l e r s ,  F i re  Pumps, and Water Tanks"; Vol 7 "Alarm and Spec ia l
E x t ingu ish ing  Systems";  Vol 8, "P o r tab le  and Manual F i re  Control
Equipment";  Vol 9,  "Occupancy Standards and Process Hazards";  and 
Vol 10, " T r a n s p o r ta t io n "

(5) P reven t ion  of Dust Explosions in Coal P r e p a ra t io n  P l a n t s ,  ANSI/NFPA 
No. 653-1959 [ANSI Z12.7]

(6) S afe ty  Guide fo r  R e s p i r a to r y  P r o t e c t i o n  Against  Coal Mine Dust ,  ANSI 
Z88.4-1972

(7) Liquid Petroleum T ra n s p o r t a t io n  Pip ing Systems,  ANSI B31.4-1974,  
Addenda ANSI B31.4a-1975

(8) Method of Sampling Pet roleum and Petroleum P roduc t s ,  ANSI/ASTM
D270-65 (1975)/API 2546-1965 [ANSI Z11.33]

(9) S afe ty  Standard fo r  Liquid-Level  Gauges and I n d i c a t o r s  fo r  Petroleum 
P roduc t s ,  ANSI/UL 180-January 1975 [ANSI B158.1]

151



(10) Flame A r r e s t e r s  for  Use on Vents of  Storage Tanks for  Petroleum Oil 
and Gaso l ine ,  ANSl/UL525-September 1973 [ANSI Z222.1]

(11) Flammable and Combustible Liquids Code, ANSI/NFPA No. 30-1973 [ANSI 
Z288 .1]

(12) S afe ty  Standard fo r  Pipe Connectors for  Flammable Liquids and 
LP-Gas, ANSI/UL567-August 1972 [ANSI B148.1]

(13) Gaseous Hydrogen Systems a t  Consumer S i t e s ,  ANSI/NFPA No. 50A-1973 
[ANSI Z292.2]

(14) L ique f ied  Hydrogen Systems,  ANSI/NFPA No. 50B-1973 [ANSI Z292.3]
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X V II .  APPENDIX IX

ONGOING NIOSH CONTRACTS RELATED TO COAL LIQUEFACTION

ISSUING OFFICE: Nat ional  I n s t i t u t e  for  Occupational
S afe ty  and Health 

Procurement and Grants Management Branch 
5600 F ishe rs  Lane, Room 8-29 
R oc k v i l l e ,  Maryland 20857

CONTRACT NUMBER: 210-78-0040
C on t rac t  T i t l e :  I n d u s t r i a l  Hygiene C h a r a c t e r i z a t io n  ofCoal G a s i f i c a t i o n  P lan ts
C on t rac t  P e r io d :  Ju ly  18, 1978 to Ju ly  17, 1980
C o n t r a c to r :  Enviro C on t ro l ,  Inc.

One C en t ra l  Plaza 
11300 Rockvi l le  Pike 
R oc k v i l l e ,  Maryland 20852

Sponsor: D iv is io n  of  R esp i ra to ry  Disease S tudies
C on t rac t  O b je c t ive :  Perform comprehensive re sea rch  for  i n d u s t r i a l  hygiene

c h a r a c t e r i z a t i o n  o f  worker envi ronments,  inc lud ing  the  
development of  a c a ta log  of worker exposure through e s t i ­
mations from area  sampling and t ime-motion s t u d i e s ,  or  
t h r o u g h  p e r s o n a l  sam p l ing  i n  two c o a l  g a s i f i c a t i o n  
p l a n t s ;  determine the  composit ion of  p tocess  s t reams ,  
product  and byproduct  s t reams,  e f f l u e n t s ,  and f u g i t i v e  
em iss ions ;  i d e n t i f y  p o t e n t i a l  exposure l o c a t i o n s ,  such as 
waste removal , spent  c a t a l y s t  hand l ing ,  and o th e r  t r a n s ­
f e r  p o i n t s ,  and determine  whether carc inogens a re  being 
c oncen t ra ted  in any process  a rea ;  conduct a thorough 
t e c h n i c a l  c h a r a c t e r i z a t i o n  of  coa l  g a s i f i c a t i o n  on a u n i t  
p rocess  b a s i s  as an i n t e g r a l  p o r t io n  of the o v e r a l l  char­
a c t e r i z a t i o n  study;  and, based on the t e c h n i c a l  and 
i n d u s t r i a l  hygiene f i n d in g s ,  make s p e c i f i c  recommenda­
t io n s  i d e n t i f y i n g  a reas  where c o n t ro l  technology a s s e s s ­
ment s t u d i e s  a re  necessa ry .
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CONTRACT NUMBER: 2 1 0 - 7 8 - 0 0 8 2

Contract  T i t l e :  I n d u s t r i a l  Hygiene C h a r a c t e r i z a t io n
of Petroleum R e f in e r i e s

Contrac t  Per iod :  September 28, 1978 to May 12, 1979
C on t rac to r :  Enviro C on t ro l ,  Inc.

One C en t ra l  Plaza 11300 Rockvi l le  Pike 
R oc k v i l l e ,  Maryland 20852

Sponsor: D iv is ion  o f  S u rv e i l l a nc e  Hazard
E v a lu a t ion s  and F ie ld  S tudies

Contrac t  O b jec t ive :  Perform an in -dep th  i n d u s t r i a l  hygiene c h a r a c t e r i z a t i o n
of worker environments in  n ine  s e l e c t e d  petroleum r e f i n ­
e r i e s ,  a t  s e l e c t e d  u n i t  o p e r a t i o n s ,  a n d / o r  w i t h i n  
s e l e c t e d  job c l a s s i f i c a t i o n s .

CONTRACT NUMBER: 210-78-0084
Cont rac t  T i t l e :  Control  Technology Assessment fo r  the Coal

G a s i f i c a t i o n  and L ique fac t ion  Processes
Contrac t  P e r iod :  September 27, 1978 to  December 26, 1980
C on t rac to r :  Enviro Con t ro l ,  Inc.

One C en t ra l  Plaza  
11300 Rockvi l le  Pike 
R oc k v i l l e ,  Maryland 20852

Sponsor: D iv is ion  of  Phys ica l  Sciences and Engineer ing
Contrac t  O b jec t ive :  Conduct a s tudy of the  c o n t ro l  technology a v a i l a b l e  to

preven t  occupa t iona l  exposure to  hazardous  agents  in  coa l  
convers ion  p l a n t s .  Where p o s s ib l e ,  the  study w i l l  be performed on a u n i t  o p e ra t io n s  b a s i s  and w i l l  inc lude  
c o n s i d e r a t i o n  of e x i s t i n g  g a s i f i c a t i o n  and l i q u e f a c t i o n  
p i l o t  p l a n t s ,  e x i s t i n g  or planned dem onst ra t ion  and com­
m erc ia l  p l a n t s ,  and s i m i l a r  i n d u s t r i a l  p rocesses  such as 
coke ovens or  petroleum r e f i n i n g ,  where a p p ro p r i a t e .
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CONTRACT NUMBER: 2 1 0 - 7 8 - 0 0 8 5

Contrac t  T i t l e :  Evalua t ion  of R e sp i ra to ry  P r o t e c t i o n  inCoal P r e p a ra t io n  P lan ts
Contrac t  Per iod:  September 29, 1978 to  September 28, 1979
C on t rac to r :  Enviro C on t ro l ,  Inc.

One C en t ra l  Plaza 11300 Rockvi l le  Pike 
R oc k v i l l e ,  Maryland 20852

Sponsor: D iv is ion  of Phys ica l  Science and Engineering
Contrac t  O b jec t ive :  Perform an e v a lu a t i o n  of coal  mine su r face  o pe ra t io n s  to

determine the n a tu re  o f  r e s p i r a b l e  dus t  and chemical  
vapor hazards and the use and e f f e c t i v e n e s s  of  r e s p i r a t o r  
p r o t e c t i v e  equipment provided to workers a g a in s t  haza rd ­
ous atmospheres occu r r ing  in and around coal  mining su r ­
face o p e ra t io n s  such as coal  p r e p a ra t io n  p l a n t s ,  d r i l l ­
i ng ,  auge r ing ,  load in g ,  t r a n s p o r t i n g ,  and dumping.

CONTRACT NUMBER: 210-78-0101
Contrac t  T i t l e :  Study o f  Coal L iqu e fa c t ion  Processes
Contrac t  Per iod:  February 23, 1971 to  February 22, 1980
C o n t rac to r :  Enviro Con t ro l ,  Inc .

One Centra l  Plaza  
11300 R ockv i l le  Pike 
Rockv i l l e ,  Maryland 20852

Sponsor: Appalachian Labora tory  fo r  Occupat ional
S afe ty  and Heal th

Cont rac t  O b jec t ive :  Conduct comprehensive,  o r i g i n a l  r e sea rch  for  i n d u s t r i a lhygiene c h a r a c t e r i z a t i o n  of  worker environments in four 
coa l  l i q u e f a c t i o n  p la n t s  to determine the composit ion  of 
process  s t reams ,  product  and byproduct  s t reams ,  e f f l u ­
e n t s ,  and f u g i t i v e  emiss ions .  For purposes of  t h i s  con­
t r a c t ,  a p lan t  i s  def ined  as e i t h e r  a p i l o t  p l a n t ,  p ro ­
cess  dem onst ra t ion  u n i t  (PDU), o r  a commercial p l a n t .  
This e f f o r t  w i l l  inc lude  the i d e n t i f i c a t i o n  of  p o t e n t i a l  
e x p o s u r e  l o c a t i o n s ,  such as w as te  r e m o v a l s ,  s p e n t  
c a t a l y s t  h an d l in g ,  and o th e r  t r a n s f e r  p o i n t s ,  and a
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de te rm in a t ion  of whether carc inogens  are  being concen­t r a t e d  in some process a re a s .  Based on the  t e c h n i c a l  and 
i n d u s t r i a l  hygiene f in d in g s ,  s p e c i f i c  recommendations w i l l  be made i d e n t i f y i n g  a reas  where c o n t ro l  technology 
assessment s t u d i e s  are  necessa ry .
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XVIII. TABLE AND FIGURES 
TABLE XVIII-1 

COAL LIQUEFACTION SEPARATION METHODS

Name Feed Separating Agent Products Principle of Separation

Equilibration 
Separation Methods

Flash expansion Liquid (slurry) • Pressure reduction Liquid + vapor Difference in volatiles 
(vapor pressure)

Vacuum/flash 
distillation

Liquid (slurry) 
and/or vapor

Heat I I Difference in volatiles

Stripping Liquid (slurry) Noncondensate gas I I i t

Solvent de-ashing Liquid + solid Solvent I I Precipitation by increasing 
particle size (by 
agglomeration)

Condensation Liquid and/or 
vapor

Cooling I I Difference in volatiles

Mechanical 
Separation Methods

Filtration Liquid + solid Pressure reduction 
(energy), filter 
medium

Liquid + solid Size of solid greater than 
pore size of filter medium

Centrifuge 
(filtration type)

I I Centrifugal force I I Size of solid greater than 
pore size of filter medium 
Density difference

Cyclone Gas + solid or 
liquid

Flow inertia Gas + solid or 
liquid

Density difference

Adapted from reference 31
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Adapted from re fe re n c e  2

FIGURE XVIII-1.  COAL LIQUEFACTION ROUTES (ONLY MAJOR PRODUCTS ARE SHOWN)
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NOTE: The numbers i n d i c a t e  where the process  stream goes with in the  p l a n t .
Adapted from re fe re n c e  31

FIGURE XVIII-2 . SCHEMATIC OF GENERAL SYSTEMS USED FOR COAL LIQUEFACTION PROCESSES
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Adapted from refe rence  107Copyright 1978 by the American In d u s tr ia l  Hygiene A ssociation

FIGURE XVIII-3. SAMPLING SYSTEMS



Adapted from r e fe r e n c e  1

FIGURE XVII1-4. IMPROVED SAMPLING SYSTEM DESIGN
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FIGURE XVII 1-6.  FLOOR PLAN FOR MEN'S CLOTHES CHANGE FACILITIES



XIX. GLOSSARY

ACID GAS. A gas t h a t ,  when d i s s o lv ed  in  an ion iz in g  l i q u i d  such as w a te r ,  
produces hydrogen ion s .  Carbon d io x id e ,  hydrogen s u l f i d e ,  s u l f u r  d io x id e ,  and 
v a r io u s  n i t r o g e n  oxides  a re  t y p i c a l  acid  gases produced in  coa l  g a s i f i c a t i o n .
ANTHRACITE. A "hard"  coa l  c on ta in ing  86-98% fixed  carbon and small  p e r c e n t ­
ages of  v o l a t i l e  m a t e r i a l  and ash .
ASH. T h e o r e t i c a l l y ,  t he  ino rganic  s a l t s  conta ined  in  c o a l ;  p r a c t i c a l l y ,  the  
noncombustible r e s i d u e  from the  combustion o f  d r ied  c o a l .
ASPHYXIANT. A subs tance  t h a t  causes unconsciousness or  dea th  due to lack  of  
oxygen.
BENCH-SCALE UNIT. A s m a l l - s c a l e  l a b o ra to ry  u n i t  fo r  t e s t i n g  p rocess  concepts 
and o p e ra t in g  parameters  as a f i r s t  s t e p  in the  e v a lu a t i o n  of  a p ro ces s .
BITUMINOUS COAL. A broad c l a s s  of  c o a l s  c on ta in in g  46-86% fixed  carbon and 
20-40% v o l a t i l e  m a t t e r .
BLOW DOWN. P e r io d ic  or  cont inuous  removal of  water  con ta in ing  suspended s o l i d s  and d i s s o lv ed  m a t te r  from a b o i l e r  or  coo l ing  tower to  p reven t  
accumula tion  of  s o l i d s .
BTU. B r i t i s h  thermal u n i t ,  o r  the  q u a n t i t y  o f  energy re q u i re d  to  r a i s e  the 
tem pera ture  of  1 lb  ( .454  kg) of  water  1°F ( .556°C) .
BTX. Benzene, t o lu e n e ,  xy lene ;  a romatic  hydrocarbons.
CAKING. The so f t e n in g  and agglomerat ing o f  coal  as a r e s u l t  of  h e a t .
CARBONIZATION. D e s t ru c t iv e  h ea t in g  of  carbonaceous subs tances  t h a t  produces a 
s o l i d  porous r e s i d u e ,  or  coke,  and a number o f  v o l a t i l e  p roduc ts .  For c o a l ,  
t h e r e  a re  two p r i n c i p a l  c l a s s e s  of  c a r b o n iz a t io n :  h ig h - t em pe ra tu re  coking
(about 900*C) and low-temperature  c a r b o n iz a t io n  (about 700°C).
CHAR. The s o l i d  r e s id u e  remaining a f t e r  the  removal of m o is tu re  and v o l a t i l e  m a t t e r  from c o a l .
CLAUS PROCESS. An i n d u s t r i a l  method of o b ta in in g  e lemental  s u l f u r  through the  
p a r t i a l  o x id a t i o n  o f  gaseous hydrogen s u l f i d e  in  a i r ,  fol lowed by c a t a l y t i c  
convers ion  to mol ten  s u l f u r .
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COAL. A r e a d i l y  combust ib le  rock con ta in in g  >50-weight  % and 70-volume % of 
c a r b o n a c e o u s  m a t e r i a l  and i n h e r e n t  m o i s t u r e ,  r e s p e c t i v e l y ,  formed from 
compaction and in d u ra t io n  o f  v a r i o u s l y  a l t e r e d  p la n t  remains.
COKE. Porous r e s id u e  c o n s i s t i n g  of  carbon and minera l  ash formed when 
bituminous coa l  i s  hea ted  in  a l im i t e d  a i r  supply or  in  the  absence of  a i r . 
Coke may a l s o  be formed by thermal decomposit ion of  pet roleum r e s i d u e s .
COKING. Process  whereby the  coa l  s o lu t i o n  changes to  coke.
CRACKING. The p a r t i a l  d e c o m p o s i t i o n  o f  h i g h - m o l e c u l a r - w e i g h t  o r g a n i c  
compounds i n to  lower-molecu lar -weigh t  compounds, g e n e r a l l y  as a r e s u l t  o f  h igh  
tem pera tu res .
DEVOLATILIZATION. The removal of  a p o r t io n  of  the  v o l a t i l e  m a t te r  from 
medium- and h i g h - v o l a t i l e  c o a l s .
DISSOLUTION. The t ak ing  up of  a subs tance  by a l i q u i d ,  forming a homogeneous s o l u t i o n .
DOG. Any o f  v a r i o u s ,  u s u a l l y  simple ,  mechanica l  dev ices  fo r  h o ld ing ,  
g r i p p in g ,  or  f a s t e n i n g .
EBULLATED BED. A c o n d i t i o n  in  which gas con ta in in g  a r e l a t i v e l y  small  p ropor­
t i o n  o f  suspended s o l i d s  bubbles through a h i g h e r - d e n s i t y  f l u id i z e d  phase so 
t h a t  the  system tak es  on the  appearance of  a b o i l i n g  l i q u i d .
ECONOMIZER. Heat-exchanging mechanism fo r  recover ing  h ea t  from f lu e  gases .
ELUTRIATION. The p r e f e r e n t i a l  removal of  the  small  c o n s t i t u e n t s  o f  a m ix tu re  
of  s o l i d  p a r t i c l e s  by a st ream o f  h i g h - v e l o c i t y  gas .
ENTRAIN. To draw in  and t r a n s p o r t  as s o l i d  p a r t i c l e s  or  gas by the  flow o f  a f l u i d .
FAULT-TREE ANALYSIS. An a l l - i n c l u s i v e ,  v e r s a t i l e ,  m a th e m a t i c  t o o l  f o r  
ana lyz ing  complex systems.  An undes ired  event  i s  e s t a b l i s h e d  a t  the  top o f  a 
" t r e e . "  System f a u l t s  or subsequent  component f a i l u r e s  t h a t  could cause or 
c o n t r i b u t e  to  the  top  event  a re  i d e n t i f i e d  on branches  o f  the, t r e e ,  working 
downward.
FINES. In  g e n e r a l ,  the  sm a l le s t  p a r t i c l e  of  coa l  or m inera l  in  any c l a s s i f i ­
c a t i o n ,  p ro ce s s ,  or  sample o f  m a t e r i a l ;  e s p e c i a l l y  those  t h a t  a re  e l u t r i a t e d  
from the  main body o f  m a t e r i a l  in  the  p rocess .
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FIXED BED. A bed in which the  i n d iv id u a l  p a r t i c l e s  o r  g ranu le s  of  a s o l i d  a re  
m ot ion less  (vs a moving bed) and supported by c o n tac t  with each o th e r .
FLASH CARBONIZATION. A c a rb o n iz a t io n  process  c h a r a c t e r i z e d  by s h o r t  r e s id en ce  
t imes o f  coal  in  the  r e a c t o r  to opt imize  t a r  y i e l d s .
FLASH DISTILLATION (FLASHING). A continuous equ i l i b r ium  v a p o r i z a t io n  in which a l l  the  vapor formed remains in  c o n tac t  with  the  r e s i d u a l  l i q u id  dur ing  the 
v a p o r i z a t i o n  p roce ss .  I t  i s  u s u a l l y  accomplished by the  sudden r e d u c t io n  of 
p re s su re  in  a hot  l i q u i d .
FLUE GAS (STACK GAS). Synonymous terms fo r  the gases  r e s u l t i n g  from combus­t i o n  o f  a f u e l .
FLUIDIZATION (DENSE PHASE). The t u r b u l e n t  motion of  s o l i d  p a r t i c l e s  in a 
f l u id  st ream;  the p a r t i c l e s  a re  c lo se  enough to  i n t e r a c t  and g ive  the 
appearance of  a b o i l i n g  l i q u i d .
FLUIDIZATION (ENTRAINED). Gas-so l id  co n tac t in g  p rocess  in  which a bed of 
f i n e l y  d iv ided  s o l i d  p a r t i c l e s  i s  l i f t e d  and a g i t a t e d  by a r i s i n g  stream of g a s .
FLUIDIZED BED. Assemblage of  small  so l id  p a r t i c l e s  main ta ined  in  balanced 
suspens ion  a g a in s t  g r a v i t y  by the  upward motion o f  a gas .
GAS LIQUOR (SOUR WATER). The aqueous a c id i c  streams condensed from coal  con­
v e r s io n  and p rocess ing  a rea s  by scrubbing and coo l ing  the crude gas stream.
GASIFIER. A v e s s e l  in  which g a s i f i c a t i o n  occu rs ,  o f t e n  using  f l u i d i z e d - b e d , 
f ix ed -b ed ,  or  en t ra ined -b ed  u n i t s .
HYDROBLASTING. A method of d i s lo d g in g  s o l i d s  using a low-volume, h ig h -  
p re s s u re  (10,000 p s i  or  70 MPa), h ig h - v e l o c i t y  stream of wate r .
HYDROCLONE. A cyclone  e x t r a c t o r  t h a t  removes suspended s o l i d s  from a flowing 
l i q u id  by means of  the  c e n t r i f u g a l  fo rce s  t h a t  e x i s t  when the  l i q u i d  flows 
through a t i g h t  conic v o r t e x .
HYDROCRACKING. The combination of  c rack ing  and hydrogenation  of  organic  compounds.
HYDROGENATION. Chemical p rocess  invo lv ing  the  a d d i t i o n  of  gaseous hydrogen to  a subs tance  in  the  presence  o f  a c a t a l y s t  under h igh  tem pera tures  and 
p r e s s u r e s .
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HYDROGEN DONOR SOLVENT. So lven t ,  such as an th racene  o i l ,  t e t r a l i n  ( t e t r a -  
h y d ro n a p h th a le n e ) , or  d e c a l i n ,  t h a t  t r a n s f e r s  hydrogen to coal  c o n s t i t u e n t s  
caus ing depo lym er iza t ion  and consequent  convers ion  to  l ow e r -b o i l in g  l i q u id  
p ro du c ts ,  which a re  then d i s s o lv ed  by the  so lv e n t .
LIGNITE. Brownish-black coa l  con ta in in g  65-72% carbon on a m in e r a l - m a t t e r -  
f r e e  b a s i s ,  with  a rank between pea t  and subbituminous c o a l .
LIQUEFACTION. Conversion o f  a s o l i d  to a l i q u i d ;  with  c o a l ,  t h i s  appears  to
invo lve  the  thermal f r a c t u r e  of  carbon-carbon and carbon-oxygen bonds,  forming 
f r ee  r a d i c a l s .  Adding hydrogen to  the se  r a d i c a l s  y i e l d s  low-molecular-weight  
gaseous and condensed aromatic  l i q u i d s .
LOCKHOPPER. A mechanical  dev ice  t h a t  permits  the i n t r o d u c t i o n  of  a so l id  i n to
an environment a t  d i f f e r e n t  p r e s s u r e .
METHANATION. The c a t a l y t i c  combination of carbon monoxide and hydrogen to 
produce methane and w ate r .
MOVING BED. A body o f  s o l i d s  in  which the  p a r t i c l e s  or  g ranu les  of  a so l id  
remain in  mutual c o n t a c t ,  but  in  which the  e n t i r e  bed moves (vs a f ixed  bed) 
in  p i s t o n - l i k e  fash ion  with  r e s p e c t  to the  con ta in ing  w a l l s .
PILOT PLANT. A s m a l l - s c a l e  i n d u s t r i a l  process  f a c i l i t y  opera ted  to t e s t  a 
chemical  or  o the r  manufac tur ing  p rocess  under c o n d i t io n s  t h a t  y ie ld  i n f o r ­
mation about the  des ign  and o p e ra t io n  of  f u l l - s c a l e  manufac tur ing  equipment.
POUR POINT. The lowest  t empera ture  a t  which a m a t e r i a l  can be poured.
PRILLING TOWER. A tower t h a t  produces small  s o l i d  agg lomerates by spray ing  a 
l i q u i d  s o lu t i o n  in  the top and blowing a i r  from the  bottom.
PROCESS DEVELOPMENT UNIT. A system used to study the e f f e c t s  of  process  
v a r i a b l e s  on per formance,  between a bench-sca le  u n i t  and a p i l o t  p la n t  in  
s i z e .
PROCESS STREAM. Any m a t e r i a l  s tream w i t h in  the coal  convers ion  p rocess ing  
a r e a .
PRODUCT STREAM. A st ream w i th in  a coal  convers ion  p l a n t  t h a t  c on ta in s  the 
m a t e r i a l  the  p la n t  was b u i l t  to  produce.
PYROLYSIS. Thermal decomposi t ion  of  organ ic  compounds in  the absence of 
oxygen.
QUENCHING. Cooling by immersion in  o i l ,  water  b a th ,  o r  water  spray .
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RANK. D if f e rences  in  coa ls  due to geo logic  p rocesses  d es igna ted  as meta-  m orph ic , whereby carbonaceous m a t e r i a l s  change from peat  through l i g n i t e  and 
bi tuminous coal  to a n t h r a c i t e  or even to g r a p h i t e ;  the  degree of  coal  
metamorphism.
REGENERANT. A subs tance  used to  r e s t o r e  a m a t e r i a l  to  i t s  o r i g i n a l  c on d i t ion  
a f t e r  i t  has  unde rgone  c h e m ic a l  m o d i f i c a t i o n  n e c e s s a r y  f o r  i n d u s t r i a l  
p u r p o s e s .
SHIFT CONVERSION. Process  for  the production  of  gas with a d e s i r ed  carbon 
monoxide c on ten t  from crude gases der ived  from coal  g a s i f i c a t i o n .  Carbon 
monoxide-r ich  gas i s  s a tu r a t e d  with  steam and passed through a c a t a l y t i c  
r e a c t o r  where the  carbon monoxide r e a c t s  with steam to produce hydrogen and 
carbon d io x id e ,  the  l a t t e r  being subsequen t ly  removed in a sc rubber by a 
s u i t a b l e  so rb e n t .
SLAG. Molten coal  ash composed p r im a r i ly  o f  s i l i c a ,  alumina,  and i ro n ,  
ca lc ium,  and magnesium ox ides .
SLUDGE. A s o f t  mud, s l u s h ,  o r  m ire ,  eg ,  the  so l id  product  of  a f i l t r a t i o n  
process  b e fo re  d ry ing .
SLURRY. A suspens ion  of  pu lver ized  so l id  in a l i q u i d .
SOUR GAS. A gas con ta in in g  a c id i c  subs tances  such as hydrogen s u l f i d e  or  
carbon d io x id e .
SOUR WATER. See gas l i q u o r .
SPARED EQUIPMENT. Standby,  p a r a l l e l  equipment t h a t  i s  a v a i l a b l e  fo r  immediate 
use by switching  power or  p rocess  from on-st ream equipment.
STACK GAS. See f lue  gas .
STUFFING BOX. A dev ice  th a t  p reven ts  leakage from an opening in  an enclosed 
c o n ta in e r  through which a s h a f t  i s  i n s e r t e d .
SUBBITUMINOUS COAL. Coal  o f  i n t e r m e d i a t e  r a n k  (b e tw e e n  l i g n i t e  and 
b i tum inous ) ;  weathering  and nonagglomerating coa l  having c a l o r i f i c  v a lu es  in  
t he  range of  8,300-11 ,000 BTU (8 ,756 ,500-11 ,605,000  J ) , c a l c u l a t e d  on a m o i s t ,  
m in e r a l - m a t t e r - f r e e  b a s i s .
SWEET GAS. Gas from which a c id i c  c o n s t i t u e n t s  such as hydrogen s u l f i d e  have been removed.
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SYNTHETIC NATURAL GAS (SNG). S u b s t i t u t e  fo r  n a t u r a l  gas ;  a manufactured 
gaseous f u e l ,  g e n e r a l l y  produced from naphtha or c o a l ,  t h a t  c on ta in s  95-98% 
methane and has an energy con ten t  of  980-1,035 BTU/ft3 (3 6 .5 -3 8 .6  MJ/m3) ,  or  
about  the same as t h a t  of  n a t u r a l  gas .
SYNTHESIS GAS. A mix tu re  of  hydrogen and carbon monoxide t h a t  can be reac ted  
to  y ie ld  hyd ro ca rbo n s .
SYSTEM. A c o l l e c t i o n  of  u n i t  o p e ra t io n s  and u n i t  p rocesses  t h a t  tog e th e r  p e r ­
form a c e r t a i n  f u n c t io n .  For example,  the  coal  hand ling  and p re p a r a t io n  
system c o n s i s t s  of  the  fo l lowing u n i t  o p e r a t io n s :  c r u s h e r ,  p u l v e r i z e r ,  and
d r y e r .
TAR (COAL). A dark  brown or b la c k ,  v i s c o u s ,  combust ib le  l i q u o r  formed by the 
d e s t r u c t i v e  d i s t i l l a t i o n  o f  c o a l .
TAR OIL. The more v o l a t i l e  p o r t io n  of  the  t a r ,  with  a s p e c i f i c  g r a v i t y  of  
approximate ly  0.9 and a b o i l i n g  range o f  approxim ate ly  185-300°C, depending on 
the  coa l  feed and o p e ra t io n  c o n d i t i o n s .  In a d d i t i o n ,  t a r  o i l  f l o a t s  on the gas l i q u o r .
TOXICANT. A subs tance  t h a t  i n j u r e s  or  k i l l s  an organism through chemical or 
p hy s ica l  a c t i o n ,  or  by a l t e r a t i o n  of  the  o rgan ism 's  environment.
TRACE ELEMENTS. A term app l ied  to  elements t h a t  a re  p re sen t  in the  e a r t h ' s  
c r u s t  in  c o n c e n t r a t io n s  o f  ^0.1% (1,000 ppm). Concent ra t ions  a re  u s u a l l y  
somewhat enr iched  in  coal  ash .  Envi ronmenta l ly  hazardous t r a c e  elements in  
coa l  inc lude  antimony,  a r s e n i c ,  b e ry l l iu m ,  cadmium, l e a d ,  mercury ,  se len ium, 
and z i n c .
VENTING. Release to  the  atmosphere of  gases  or  vapors under p re s s u re .
UNIT OPERATIONS. Equipment a p p l i c a t i o n  r e s u l t i n g  in  phys ica l  changes o f  the 
m a t e r i a l ,  eg ,  p u l v e r i z e r s ,  c r u s h e r s ,  and f i l t e r s .
UNIT PROCESSES. Equipment a p p l i c a t i o n  r e s u l t i n g  in  chemical changes or  r e a c ­
t i o n s  of  the  m a t e r i a l ,  eg ,  h y d r o t r e a t e r , g a s i f i e r ,  and p y r o l y s i s  r e a c t o r .
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XX. ACRONYMS

ANSI
API
ASME

American Nat iona l  S tandards  I n s t i t u t e
American Petroleum I n s t i t u t e
American S oc ie ty  of  Mechanical  Engineers

BOM Bureau o f  Mines
CBC
CCL
CFFC
CNS
COED
CSF

complete blood count 
c a t a l y t i c  coal  l i q u e f a c t i o n  
c lean  fue l  from coal  
c e n t r a l  nervous system 
c h a r - o i l - e n e r g y  development 
Consol s y n th e t i c  fue l

DEADMR
DMSO

die thanolamine  
d ry  m inera l  re s idue  
dimethyl  s u l fox ide

ECG
EDS
ERDA

e lec t ro ca rd iog ram
Exxon d ono r - so lven t
Energy Research and Development Admin i s t r a t i o n

FEV i
FHP
FVC

forced e x p i r a to r y  volume in  1 second 
f l a s h  h yd ropy ro lys i s  process  
forced v i t a l  c a p a c i t y

GC
GGPT

gas chromatography
gamma glutamyl t r a n s p e p t i d a s e

Hb hemoglobin
LC 5 o 
LD5 o 
LD

l e t h a l  c o n c e n t r a t io n  fo r  50% s u r v iv a l  of group 
l e t h a l  dose fo r  50% s u r v iv a l  o f  group 
l e t h a l  dose

MFAOMS
m ix e d - f r a c t i o n  amine oxidase  
mass spect rometry

NFPA Nat iona l  F i re  P r o t e c t i o n  A sso c ia t io n
NIOSH Nat iona l  I n s t i t u t e  fo r  Occupational  Safe ty  and Heal th
OCR O ff ice  o f  Coal Research
ORC Occiden ta l  Research Corpora t ion
ORNL Oak Ridge Nat ional  Labora tory
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PAH po ly cy c l i c  aromatic  hydrocarbon
PDU process  dem ons t ra t ion  u n i t
PEL p e rm is s ib l e  exposure l i m i t
PETC P i t t s b u r g h  Energy Technology Center
QA q u a l i t y  assu rance
RBC red blood c e l l
ROM run-of-mine
r p e 50 r e l a t i v e  p l a t i n g  e f f i c i e n c y
SASOL South Afr ican  Coal ,  O i l ,  and Gas C orpora t ion ,  Ltd
SGE s u p e r c r i t i c a l  gas e x t r a c t i o n
SGOT serum glu tamic  o x a lo a c e t i c  t ransam inase
SGPT serum glutamic pyruvic transaminase
SHE Syrian  hamster  embryo
SRC s o l v e n t - r e f i n e d  coal
SRL s o l v e n t - r e f i n e d  l i g n i t e
TLC t h i n - l a y e r  chromatography
TWA time-weighted average
UV u l t r a v i o l e t
WBC white  blood c e l l

*  U.S.GOVERNMENT PRINTING OFFICE: 1 9 8 1 --757- 0 7 4 / 1 097
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