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Energy Sources o f  Po lycyc l  i c Aromatic Hydrocarbons* 

M. R. Guerin, Oak Ridge Nat iona l  ~ a b o r a t o r y  

. . 

I n t r o d u c t i o n .  

The Uni ted States an amount o f  energy (73.7 quadst) equ iva len t  . . .  

, !.' t o  13,266 m i l l i o n  b a r r e l s o f  pe t ro leum i n  1972. O f  t h i s ,  4 5 % w i s  consumed as 

i 
I c rude .o i1 ,  19% as coal ,  and 31% as na tu ra l  gas. Nuclear power and hydropower 

c o n s t i t u t e d  most O f ,  t he  remaining .5% o f  energy resources consumed. cu r ren t  . , 

e,nergy p roduc t ion  u t i  1 i zes  essen t i a l  l y  t he  same d i  s t r i  bu.t ion o f  resources. Energy 
. . 

1 consumption i n  1985 i s  est imated t o  range from 96.97 t o  107.30 Quads. I n  t he  

process,, approxima'tely 200 x l o 8  l b s .  o f  p a r t i c u l a t e s  and 130 x 108 l b s  o f  hydro- 

I 
. . 

carbon's a re  est imated t o  be emi t ted  i n t o  t he  a i r  and approximately 20,000 tons ' .  

1 .  

o f  nondegradeable.organics w i l l  be emi t ted  as .wa te r  p o l l u t a n t s .  
, . 

.The importance o f  f o s s i l  f u e l s  t o  t he  na t ions  energy base i s  apparent by 1 

i t s  c o n s t i t u t i n g  95% o f  cu r ren t  consumption. t h e  emerging preeminence o f  coa l  

is .  due t o  t h r e e  f a c t o r s  ( a )  ' i t s  abundance, ( b )  dwindl  i n g  suppl i e s  of 'pet ro leum 

and na tu ra l  gas, and ( c )  t he  dependence o f  s o c i e t y  on l i q u i d  f u e l s  f o r  t rans -  

p o r t a t i o n .  As ; is i l l u s t r a t e d  i n  Table 1, a lmost t h ree  t imes as much "coal-energy" . 

i s  a v a i l a b l e  .as i s  energy 'from na tu ra l  gas, petroleum, s h a l e . o i  1, and uranium 

combined. Dome,stic crude o i  1, and na tu ra l  gas 1 i q u i d s  p roduc t ion  i s  p ro j ec ted  

t o  decrease from approximately 11 x l o 6  bb l l day  i n  1974 t o  5 x l o 6  bb l l day  i n  

I " 

1 ;  , tl Quad = 1 x 101.s B T U  i 1 8 0 m i l l  i o n  b a r r e l s  o f  petroleum 42 m i l l i o n  tons of ' . 

~. 
i ' .  ' 

, t 

'b i tuminous coal  E 0.98 t r i l l i o n  cub ic  f e e t  o f  na tu ra l ,  gas E 293 b i l l i o n  k i l o -  
. . I i . '  

wa t t  hours. o f  e 1 e c t r i c i . t ~ .  
j 

! 
: I .  
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2020. .Na tu ra l  gas p roduc t ion  i s  est imated t o  decrease from approximately 

23 x  1012 cub ic  f e e t  per year  t o  6  x  1 0 1 ~ u b i c  f e e t  per year  i n  2020. The 

equ iva len t  of 1.7 b i l l i o n  b a r r e l s  o f  petroleum were imported i n  '1972 w i t h  t h e  

I ; c u r r e n t  impor t  1  eve1 approximat ing one-ha1 f o f  t h e  na t i ona l  annual consumption. 

o f  o i l  . .  Whi le supp l ies  o f  l i q u i d  f u e l s  dec l ine ,  l e v e l s  o f  automobile., bus, 
~ 

t r uck ,  and r a i l  t r a n s p o r t a t i o n  a re  expected t o  more than double by t h e  year  
. . 

2000 as compared t o  1972 a n d  a i r  t r a n s p o r t a t i o n  i s  p ro j ec ted  t o  inc rehse  by a  

f ac to r  o f  s i x .  

Combustion i s  - t h e  predominant end-process by which f o s s i  1  f u e l s  a re  con- 

ve r ted  t o  energy. Combus t ion ,par t i cu la r l y  when i n e f f i c i e n t ,  i s  a l s o  t h e  p r imary  

techno log ica l  source 52 ,,I 09' 28 o f  po l ycyc l  i c  aromat ic  hydrocarbons (PAHs) re leased 

i n t o  t he  environment.  he need f o r  .1 i q u i d  f u e l s  t o  supply t he  t r a n s p o r t a t i o n  i n -  

dus t r y  and f o r  nonpo l l u t i ng  f u e l s  f o r  heat and power generat ion p rov ide  t he  

i ncen t i ve '  t o  commercial i ze processes t o  c o n v e r t  coa l  ' t o  s u b s t i t u t e  na tu ra l  gas 

a'nd o i l .  'These processes re'pr'esent a  p o t e n t i a l l y  massive new source o f  env i ron-  
. . 

mental PAHs. 
. . . . 

The re1  a t i  onshi p  between ca.ncer , po l ycyc l  i c  aromat ic  hydrocarbons, and f o s s i  1  

energy s.ources i s .  bes t  documented by ep idemio log ica l  studi.es o f  coke  oven work- . . 

ers,  96y100'106 gasworks  operators ,  25y26  and an exper imental  coa l  1  i q u e f a c t i o n "  

. p l a n t .  130 The assoc ia t i on  i s  a1 s o  i n d i c a t e d  by observa t ions lZ8  of h i ghe r  i n c i -  

dences o f  cancer i n  urban and i n d u s t r i a l  areas than r u r a l  areas and by b i o l o g i c a l  I 
s t u d i e ~ ~ ~ " ~ ~  o f  ene rgy  re1  a ted  ma te r i a l s  known t o  con ta i n  h i gh  concen t ra t ions  

o f  PAHs. , Resul ts  o f  systemat ic  studies52y121 'IZ2 o f  a i i b o r n e  PAHZ and extensive: 

reviews 109'128, of t h e  s u b j e c t .  a re  a v a i l a b l e .  A  l a r g e  number o f  papers 17,41,91,95 

cont inue t o  appear on t he  PAH composi t ion o f  a i r bo rne  p a r t i c u l a t e s .  Contamination : 
. . 

o f  t h e  aqua t i c  environment by 

excel  1  e n t l y  rev4 ewed. 4,5,53 

PAHs has rece ived  l ess ,  a t t e n t i o n  b u t  has a'lso 



I nsu r i ng  an adequate supply o f  energy w i t h  minimum .impact on t he  env i ron-  
. . 

ment and on heal'th' i s  one o f  t he  most impor tant ,  urgent ,  and 'cha l leng ing .goa ls  

c u r r e n t l y  f a c i n g  .science and techno1 ogy. Po lycyc l  i c  aromat ic hydrocarbon r e l a t e d  

:carcinogenesis i s  among ' t h e  mos t  impor tan t  o f  poss i b l e  occupat ional  - and env i ron-  

'mental-heal th impacts of-m&h. o f  t he  c u r r e n t  and p r o j e c t e d  . n a t i o n a l  energy base. 

An, understanding o f  t he  r e l a t i o n s h i p  o f  po l ycyc l  i c  aromat ic hydrocarbons (PAHS) 

t o  human cancer and a c o n t i n u e d ~ s u r v e i l l a n c e  . 
. 

o f  energy sources f o r  PAH content  

a re  necessary t o  minimize t h i s  . impact. ,  



Table 1. Selected Recoverable Domes t i c  Energy 
, . 

Resources 

.' Equ iva len t  
Resouces . . Amount Quads ('1015 BTU) 

~ o a  1 600 b i  11 ions o f  tons 
. . 

.. Jndeterminate ly  g r e a t e r  w i t h  i n - s i  t u  u t i l i z a t i o n  

Natura l  Gas '750 tr i l  l i .ons o f  cub ic  f e e t  775' 

' . . 1030 quads w i t h  enhanced recovery  
I :  .. . 
, . 

Petroleum 142 b i  11 ions , o f  ' ba r re l  s  

Shale O i l '  

1100 ~ u a d s  w i t h  enhanced recovery  

200 b i l l i o n s  o f  b a r r e l s  

,5800 Quads. us ing  low y i e l d  sha le  

Urani  urn. 3.6 m i l l i o n s .  o f  tons U3O8 

. . 1  30,000 Quads us ing  breeder r eac to r s  i : 
! :' 

I From re fe rence  1 
I : 



. .  p pro xi mat el^. 73 Quads o f  energy were consumed135 i n  t he  Un i ted  States i n  

i . . 
I ' 1974 w i t h  petroleum account ing f o r  45.8%.of t he  t o t a l .  Approximately 6 b i l l i o n  . 
!, . . . 

b a r r e l s  o f  pet ro leum a r e  r e q u i r e d  t o  produce t h i s  quant i . ty  o f  energy. Assuming . . 
. . 

crude o i l  c o n s t i t u t e d  t h e  ent . i re  "petroleum" supply (an overes t imate  s ince  n a t u r a l  I I 

. . 
gas 1 i q u i d s  a re  f r e q u e n t l y  cataloged as "petroleum"),  t h a t  one, b a r r e l  conta ins 

I i. 140 kg o f  crude o i l ,  and t h a t  the'  crude o i l  conta ins 1.0 w t .  % po lycyc l i c .  aro-  

mat i c  hydrocarbons and 1.0 ppm BaP, t h e  petroleum i n d u s t r y  3s c u r r e n t l y  handl ing 

84 m i l  1 i o n  metr i 'c  to,ns o f  PAHs and 840 m e t r i c  tons o f  BaP annual ly .  An under- 
I . . 1' . s tand ing o f  t he  f a t e  o f  PAHs through t h e  petroleum energy c y c l e  may p rov ide  t he  

! bas is  upon which t o  judge t he  r e l a t i v e  carc inogenic  hazard 'of coa l -  and shale- 

. . conversion processes: .being devel oped t o  supplant  dwi nd l  i ng petroleum reserves. 
, . 

1 .  
P o l y c y c l i c  Aromatic Hydrocarbon Content o f  Crude O i l s  

t 

I ' 

I 
I .  

There i s  no conc lus ive :evidence t h a t  t he  e x t r a c t i o n  and t r a n s p o r t a t i o n  o f  

petroleum crude o i  1 s a re  accompanied by a major polycycl  ic , .aromat i  c hydrocarbon 

(PAH)-related cancer r i s k .  T h e  PAH con ten t  o f  crude o i ' l s  i s  o f  i n t e r e s t  i n  
I .  

1 :. occupat iona l  carcinogenesis p r i m a r i l y  through i t s  poss ib l e  i n f l u e n c e  on subse- 1 : . .  quent r e f i n i n g  operat ions and t h e  composi t ion o f  process streams. PAH con ten t  

~ :, 
o f  crudes i s  o f  i n t e r e s t  in .env i ronmenta1 carcinogenesis as i t  m a y ' a f f e c t  t he  I 

I 
I ' . .  

composi t i o n  o f  r e f i n e r y  was te  streams and o f  emissions from t h e  end-use .(e.  g., . . I 
I .  

I : combustion) o f  f i n a l  p roduc ts .  ~ s t i m a t e s ' ~ ~  t h a t  more than 4 x l o 6  m e t r i c  tons 
5 

I 
. . 

o f . c rude  o i l s  and. petroleum products a re  in t roduced i n t o  t he  oceans annua l l y  . . 
' . .  
I "  

fu ' r ther  .sugges't a need t o  cha rac te r i ze  t h e  PAH component o f  crude petroleum. 

More t h a n  7000 crude o i l s  have been analyzed137 over t he  years us ing  t he  

"Bureau of Mines ~ o u t i n e  Method f o r  Crude ~ e t r o l e u m " ' ~ ~  which determines phys- 

i ca l .  p rope r t i es '  an'd t he  'weight d i s t r i b u t i o n  o f  d i s t i l l a t e  f r a c t i o n s .  A j o i n t  
. I 



' e f f o r t  o f  t he  Bureau o f  Mines and American Pe t ro l eum. Ins t i t u te  c a r r i e d  ou t  

p r i n c i p a l l y  a t  the  B a r t l e s v i  1.1 e  and Laramie Energy Research Centers has r e s u l t e d  

i n  a  standardized ' f o r  cha rac te r i z i ng  "heavy ends" ( h i gh  bo i  1  ing  
d i  s t i  1  l a t e s )  o f  crude o i ' l s .  These. d i  s t i  1  l a t e s  a re  enr iched i n  polyaromatic 

cons t i t uen t s  i n c l  udinb poly,cycl  i c  aromatic hydrocarbons. The procedure, i nvolv-  

i n g  anion an'd c a t i o n  exchange chromatography, f e r r i c  c h l o r i d e  tre'atment.and . , 

f i n a l l y  combined s f 1  i c a  ge l ,  and a1 umina adsorp t ion  chromatography prov ides 

a weight percentage d i s t r i b u t i o n  f o r  acids,  bases,. neu t ra l  n i t r ogen  . . compounds, 

saturates,  monoaromatics, d iaromat ics ,  and po lyaromat ic /po lar  compounds. The 

. l a t t e r  f o u r  f r a c t i o n s  a re  f u r t h e r ,  separated by ge l  chromatography' and - 

t he  sub f rac t ions  a re '  analyzed d i r e c t l y  us ing nuc lear  magnetic resonance and mass 
. . 

spectrometry. A weight  percentage d i s t r i b u t i o n  by compound type (e.g., a1 k y l d i -  . . 

. . 
napthenopyrenes, a1 ky l d i pheny ld i su l f i des ,  e t c .  ) i s  obta ined f o r  approximately 

100 "probable type" c l a s s i f i c a t i o n s  on ana lys is  o f  the  polyaromatic/pola.r  con- 
. . 

cen t ra te .  . ' . 

Data on 'coinpound types i s  d i f f i c u l t  t o  i n t e r p r e t  i n  terms o f  carcinogenic 

potency because b i o l o g i c a l  .acti;i ty i s  dependent on the  s p e c i f i c  isomer 'considered. . .. 

. . 

The weight percentage o f  t he  d i s t i l l a t e  and o f  the  crude o i l .  accounted f o r  by 
. . 

each major f r a c t i o n  provides some i n s i g h t  i n t o  the  polyaromatic content '  o f  the  

mater ia ls .and  o f  the  ma t r i x  i n  which the  p o l y c y c l i c  aromatic hydrocarbons res ide  

i n  t he  d i s t i  1  l a t e .  'These d a t a  a re  summarized i n  Table 2 f o r  t he  f i v e  crude' o i l s  
. . 

s tud ied20y28 ' i n  de ta i  1  us ing the  USBM-API procedure. 50 The polyaromatlc/pola+ 
. . 

content  o f  . t h e  crudes .range from approximately 1-3.5 weight percent  (2-6 weight 

percent i f  d iaromat ics  Bre inc luded)  . Cor rec t ing  f o r  t he  reported2* presence 

o f ,  s u l f u r  and nitrogencompounds i n  the  f r a c t i o n s ,  an est imate of 1-2 wt; % 

: '  po lycyc l  i c  aromatic hydrocarbons (2-4 w t .  % i f  d iaromat ics  a re  i n c l u d e d )  seems 
. . 



reasonable. Th is  i s  i n  general agreement w i t h  our  exper ience o f  a  3.2 w t .  % 

y i e l d  o f  po l ycyc l  i c  aromat ics i s o l a t e d  by so l ven t  e x t r a c t i o n  and adsorp t ion  

chromatography from a mixed  crude o i  1  f o r  mouse dermal The 

PAH i s o l a t e  inc luded  d iaromat ics .  ' .  

 orris: and ~i l l  analy2rid108 t h ree  base-stock o i l s  ( p a r t i a l l y  r e i i n e d  crudes)  

f o r  t he  presence o f  ten  s p e c i f i c  PAHs by i s o l a t i n g  t h e  c o n s t i  tuent,s us ing  .ex- 

t r a c t i o n ,  column chromatography and t h i n  l a y e r  chromatography f o l l  owed by u l t r a -  
. . 

v i o l e t  spectromet ' r ic  measurement.. None o f  t he  compounds cduld, be .de tec ted  i n  
. . 

one of. t he  o i l s .  Resul ts  f o r .  t he  o the r  o i l s  a re  summarized i n  Table 3. 

The f i n d i n g l o 8  o f  8  t o  10 t imes as much benzo(e)pyrene ' ( B ~ P )  as BaP 

i .1 l u s t r a t e s  the  need f o r  a d d i t i o n a l  c h a r a c t e r i z a t i o n  a t  t h e '  isomeric.  l e v e l  and 

the  ease w i t h  which carc inogenic  potency can be overest imated by r e s u l t s  o f ,  

analyses capable on ly  o f  "c lass"  r e s o l u t i o n .  The r e s u l t s  summarized i n  Table 3  

and. t h e  f a c t  t h a t  a  t h i r d  . ' o i l  examined by t he  i n v e s t i g a t o r s  produced nega t i ve  

r e s u l t s  f o r  a.11 t h e  indiv idua.1 cons t i t uen t s  sought a l s o  i l l u s t r a t e s  t h e  h i gh  
. . 

degree of v a r i a b i l i t y  i n  . . PAH con ten t  between crude o i l s .   his i s  n o t  suggested . . 

by t he  USBM-API' .60 procedure which i n d i c a t e s  a  v a r i a b i l i t y  i n  t o t a l  po lyaromat ic  

and d ia romat i c  c0nten.t no g rea te r  than a f ac to r  o f  t h ree  across t h e  f i v e  crudes 

s tud ied  t o  date. The t o t a l  weight o f  PAHs found' i n  sample " C " '  accounts f o r  o n l y  

1.7 mg/.kg o f  t h e  10 g/kg.of  PAHs which would be expected i f  t h e  o i  1  conta ined 1% 

po l ycyc l i c , a roma t i c  hydrocarbons. The g rea t  m a j o r i t y  o f  PAHs c o n s t i t u t i n g  these 
. . 

o i l s  remain u n i d e n t i f i e d .  

Values o f  0.04,1.3,  and 1 . 6  ppm BaP have been repor ted  by ~ r a f  and Winters 42 

f o r  crude o i l s  f rom t h e  P.ersian Gu l f ,  L ibya,.and Venezuala, respect ive ly . .  Analy- 
I 
I i 

, . ses o f  c r u d e  o i l s  i n  our l abo ra to r y  us ing  mu1 t i p l e  ex t r ac t i on ,  m u l t i p l e  chromato- 
I " . . 

! , . 
g raph ic  p u r i f i c a t i o n ,  gas chromatographic and f luorescence measurement w i t h  

3 .  

. . 

! carbon.-1 4  BaP t o  determine recover ies  have produced' r e s u l t s  ranging ' f rom,  1  t o  4  ' 



ppm BaP. Mu1 ticomponent. gas chromatogra.phic ana l ys i s  o f  PAH-enriched. f r a c t i o n s  

reveal  the  presence ' o f  a  wide v a r i e t y  o f  o t he r  PAHs a t  concent ra t ions 1000 

t imes t h a t  of '  BaP as i s  i l l u s t r a t e d  by t he  data i n  Tables 9  and . lo .  ' . 

petroleum Processing and Products 

. . 
Crude o i l  must be processed i n t o  useable products.  Each o i l  r e f t n e r y  i s  . 

' p r a c t i c a l l y  uniq,ue i n  terms o f  i t s  crude o i l  capac i t y  and . v a r i e t y  o f  products .  

produced, b u t  a l l  r e l y  on d i s t i . l l a t i o n  f o r  t he  pr imary separat ion.  Depending , : 

on t he  . soph i s t i ca t i on  o f  t h e  ] r e f i ne r y ,  t he  d i s t i l l a t e s  a re  f u r t h e r  upgraded by 
. . 

p u r i f i c a t i o n ,  c a t a l y t i c  crack ing,  hydro t rea t ing ,  and o the r  proce.sses t o  produce 

a ' v a r i e t y  of products.  The products may be processed' f u r t h . e r  t o  produce, f o r  

example, chemic,als f rom the  o l e f i n s  .or petroleum p i t c h  f r ~ m  t h e  re f i ne r y .  s tock  

by o the r  ' i n d u s t r i e s .  PAHs a r e  gene ra l l y  found t o  concent rq te  i n  t he  'h igher  

b o i l i n g  p o i n t  d i s t i l l a t e s  a,nd s o l i d  res idues as would be expec.ted. 

O i  1  r e f i n e r i e s  c o n s t i t u t e  a  major energy- re la ted source 'of bo th  aqua t i c  ' 93,117,140 

and a i r bo rne  O g y  40 PAHs. ~ e i d '  ' r e p o r t s  t h a t  1000 g a l  1  ons o f  water a re  ' requ i red 

t o  process .each 'ba r re l  o f  crude o i  1  suggest ing t h a t  some water contaminat ion i s  

i nev i  tab1 @. ~ e b o w i  t zg3  has" ' ident i f  i ed PAHs as 1  i k e l y  kontami nants o f  severa l  
. . 

aqueous streams o f  t he  r e f i n i n g  opera t ion .  Ref in ing and p e t r ~ c h e m i c a l  p l q n t  waste 

o i l s  have' been esti .matedl4' t o  c o n t r i b u t e  195,402 m e t r i c  tons t o  t h e  annual source 

of crude o i  1  s  and petroleum products in t roduced  i n t o  the'ocean.. Fugat ive emis-.  . 

s ions a re  suggestedg3 as t h e  br imary source, of hazardous cons t i t uen t s  from 

petroleum r e f i n i n g .  

The s i n g l e  most  impor tant  source o f  a i r bo rne  PAHs from petroleum r e f  i ni,ng' 
. . 

. . . , 

i s  c a t a l y t i C  c~ack ing.52 '109?128 Approximately 6 tons o f  BitP a re  re leased  annua l l y  , . '  
. . 

as r e s u l t  of combusti,ng the'  coke on t h e  c a t a l y s t  su r face  t o  t he .  

c a t a l y s t .  The na tu re  o f  airbirne emissions a r e  f u r t h e r  de f ined  i n  a  s tudy o f .  a  



' : 

I 
' Table 2. composi t ion of t h e  370'-535OC ~ i s t i l l a t e s  o f  Crude O i l *  

I i 

W t .  % o f  Crude O i l  ( o f  D i s t i l l a t e )  

Gach Saran Swan   ills Wi.lmington . Recluse 
. I r a n  Canada C a l i f o r n i a  Wyoming 

Acids 0.34 (1.7) 0.33 (1.8) 1.38 (5.6) 0..25 (1.3) 

Bases 0.42 ( 2 . . 1 ) .  0 . 4 0 ( 2 . 2 )  1 . 6 7 ( 6 . 8 )  . 0.21 (1 .1)  

Neu t ra l  N i t rogen  

Prudhoe Bay 
Alaska 

I .  
Compounds. 0.23 (1.2) 0.08 (0.4) 1.04.(4.2) 0;17 (0.9) 0.19 (0.9) 

I I sa tu ra tes  9.54 (48.5) 12.10 (65.9) 9.12 ( 3 6 . 9 )  10.16 (54.7) 10 .45(48 .3 )  
! 
I ..: ~ o n o a r o m a t i c s  3.31 (16.8) 2.30 (12.5) 4.15 (16.8) 2 .09 ' (11.2) .  . . 3.67 (17.0) 

I. . 
D iaromat ics  2.30 (11.7) 1.15 (6.3) 3.05 (12.4) 0.94 (5.0) 2.58 (11.9) 

. . 

1 .  . . Po la r  
/ " ' .  

, .  Whole D i s t i l l a t e  19.67 (100) 1 8 . 3 5  (100) 21.69 (100) 18.58 (100) 21,.63 (100) 
I 
1. . 

i *Abst rac ted f rom re fe rences  20, 28. ! 
. . ,  . . 



Table 3. Indi .v idua1 ~ o l ~ c ~ c l  i c  Aromatic Hydrocarbons i n  Base Stock O i  1 s 

O i  1 
"B" " C "  llBll l lCl l  . . . ' Compound Compound 

P P ~  P P ~  

. . 

~ e n z  (a)anthracene .. . . - - - Pyrene . 1.9 - 
Benzo(a ) pyrene 29 106 Tr iphenylene .. 5 - 

i . '  370 831 Chrysene Benzo (e )  pyrene. ' 1 - 
. . 

Benzo (gh i  ) p e r y l  ene 48 - F l  uoranthene 3 - '  

~or 'onene, 28 61 Pery l  ene . ' - 666 ' 

From Reference 108; 



. ~ i s s i a n  petroleum . re f ine ry .  ~ i r e e v a ~ ~  r e p o r t s  a i r  concent ra t ions o f  258 pg/100 

m3 f o r '  BaP and 61.5 pg/100 m3 f o r  1,12-benzperylene i n  t h e  v i c i n i t y  o f  process 

stages &d l  i n g  w i t h  h igh-bo i  1  i n g  products ( f ue l  o i  1, t a r ,  c r a c k i n g  res idues) .  

A i r  concent.rat ions'  of these PAHs were lowest  i n  t h e  f i r s t  stages o f  ' t he '  r e f i n i n g  

and. a t  's tages i n v o l v i n g  lower b o i l i n g  d i s t i l l a t e s .  Espec ia l l y  h i gh  concent ra t ions,  

3659 pg/100 m3 'and 996 eg/m3 f o r  BaP and 1,l .Z-benzperylene respec t i ve l y ,  were found 

i n t h e  v i c i n i t y  o f  'the cok ing equipment. The authors  r e p o r t  evidence f o r  a t  l e a s t  

15 o ther  PAHs i n  the  cok ing environment and i d e n t i f i e d  anthracene, 1,2-benzanthra- 

cene, 1,'2,5,6-dibenzanthracene, and 1,2,3,4-dibenzanthracene.. 

The concent ra t ions o f  severa l  PAHs as determined by N o r r i s  and H i l l  
1  08 

i n  common pe.troleum products a re  summarized i n  Table 4. Resul ts  f o r '  the '  BaP' 

con ten t  o f  gasol ines a r e  i n  good agreement w i t h  concent ra t ions o f  0.48 and 0.21 

rg/gm repor ted l4 '  f o r  nat ionwide composi t e  premium and regu la r  gas03 ines,  , respec- 

t i v e l y .  Concentrat ions o f  BaP. i n  gasol ines ranged t o  3.1 pg/gm i n  t h e  study. 

4  2 Graf .  and Winter . r e p o r t  f i nd i ng  0.03 ppm BaP i n  a  d i e s e l  f u e l  , f u e l  o i  1, and 
. . 

unused motor o i  1  . 
The, h i gh  concen t ra t ion  o f  BaP i n  gasol i nes compared t o  h igher  bo i  1.i ng 

d i  s t i  1 l a t e  products may 'be due t o  upgrading steps i n  processing. Gasol i n e  "B" 

(Table 4) ,  con ta i n i ng  c a t a l y t i c a l l y  reformed product,  i s  found t o  con ta i n  t e n  

t imes more' BaP and most o the r  PAHs than do t h e  o the r  gasol ines.  Whi le i n i t i a l  

d i s t i  1  l a t i o n  undoubtedly pr'oduces a gasol i n e  f r a c t i o n  deple ted i n  BaP and PAHs 

r e l a t i v e  t o  the '  s t a r t i n g .  ma te r i a l ,  upgrading steps r e s u l t  i n  gasol i nes  con ta i n i ng  

approximately t he  same concent ra t ions o f  these c o n s t i t u e n t s  as i s  found i n  pe t ro -  

leum crudes. The range o f  concent ra t ions o f  PAHs i n  gasol ines i s  s u f f i c i e n t l y  

l a r g e  t o  over lap  concentrat . ions found i n  kerosene, d i e s e l  f u e l s ,  and No. 2  

heat ing o i l .  



I 
! .? . . 

Data (Table 4)  on motbr ? i l s l o 8  represen t  an i n t e r e s t i n g  case b f  t he  end ' 

. 

use of a petroleum product  en r i ch i ng  i t s  PAH content .  Graf  and .winter4' r e p o r t  
i 

a 200-fold increase i n  BaP content  o f  a motor o i l ,  f rom 0.03 pg/gm t o  almost I I 
6 rg/gm a f t e r  o n l y  1400 mi les  o f  use. It has, been est imated1 l7 t h a t  350,000,000 

. . 

I I ga l lons  o.f used motor o i l s  a re  d iscarded (much i n t o  munic ipa l  sewer systems) 

I 
I 

f . 
annu'ally.. A worse-case c a l c u l a t i o n  (assuming a concen t ra t ion  approx imate ly  6 

i. ppm BaP) suggests t h a t  ,up t o  8 m e t r i c  tons o f  BaP i s  re leased in. to t h e  env i ron-  ' .  

i . .  ment annua l l y  as waste motor o i l .  The t y t a l  PAHs re leased by t h i s  r o u t e  would 

be expected t o  be.many' t imes h igher .  The comp1ex i t y .o . f - the  PAH.content of motor . . 
' I 

I ' .  o i l s  i s  w e l l  i l l u s t r a t e d  by, t he  c a p i l l a r y  column gas chromatographic p r o f i l e s  ! 
94 repo.r ted by Lee e t  a1 . . . 

Petroleum p i t c h  i s  an example o f  a petroleum product  h e a v i l y  enr iched i n  
. . 

PAH content ,  Methyl phenanthrenes, pyrene, methyl  pyrenes, chrysene, benz (a)an- 
. . 

thracene, methyl  chrysenes , dimethy l  chrysenes, benzo(a)pyrene , and benzo(e)pyrene 

cons t i  t ~ t e ~ ~  almost 2.5 w t .  % o f  one p i t c h  s tud ied ' .    he p i t c h  v o l a t i  l e s  

from the  same .mate.r ia ls were composed o f  a lmost 5.5 w t .  % .  o f  these PAHs. .The 

p i t c h .  contained' 0..2 w t .  % BaP and t h e  v o l a t i l e s  0.4 wt. % BaP. 

~ d d i  t i o n a l  i n f o f i a t i  on about t he  PAH con ten t  o f  petroleum products,  process 

streams, .and. process e f f l u e n t s '  i s  p a r t i c u l a r l y  impor tan t  t o  the  development o f  

coa l  conversion technolog ies.  ' Concerns about the  carc inogenic  impact o f  these 

processes, l a r g e l y  due t o  documented occupat iona l  exposure hazards and h i gh  con- 

cen t ra t i ons  o f  PAHs'inherent t o  t he  processes, a r e  des t ined  t o  s low t h e  .commer- 

c i a l  i z a t i o n  o f  t h e i e  needed technologies.  I n d u s t r i a l  hygiene3' and envir,onmental 

c o n t r o l  methodologies which have proven e f f e c t i v e  i n  m in im iz ing  t he  hazards o f  , 

exposure t o  re l 'a ted PAHs can o n l y  be t r a n s l a t e d  t o  coa l  convers ion 

processing . i f  t h e  re la t ' i ' ve  q u a n t i t i e s  of PAHs i n  t h e  m a t e r i a l s  and the  carcino-.  
. . 

gen i c i  t y  o f  these ma te r i a l s  a re  .known. 



Table 4. Some P o l y c y c l i c  Aromatic Hydrocarbons i n  Petroleum Products 

. . 
. . Gas01 ines No. 2 Heat ing O i l s  Motor O i l s  

. . ;. ~ g / m l  .CPP~) ~ g / g m  ( P P ~ )  ~g:g ( P P ~ )  ~ g / m l .  (ppm) 

A ' B . . C  D .  - - - - -  A B ' C '  D . New Used 

Anthracene - 

Phenanthrene - 

~ e t h ~ l a n t h r a c e k e  - 

Benz (a)anthracene 1 .O 

Pyrene 2.0 

F l  uoranthene 1.8 

Chrysene 0.57 

T r i  phenylene - 

~ e n z o  (e )  pyren& 0.37 

From re fe rence  '1 08.. 

- - 

M D '  2.4' 

0.67 2.7 
. . 

0.28 1..8 

ND. 0;57 



,Combustion o f  Petroleum Products 

Approximately one- ha1 f o f  t h e  petroleum p resen t l y  consumed i n  t he  - ~ n i  t ed  

States ' i s  consumed i n  t he  form , o f  gas01 i ne .  An a d d i t i o n a l  q u a n t i t y  o f  pe t ro -  
. .  . 

leum i s  a l so  consumed f a r  t r a n s p o r t a t i o n  as d i e s e l  f u e l .  Annual consumptions 

i 09 of gaso l ine  and d i ese l  fue' l  i n  1968 were est imated . as 80.6 x  109 and 5  x  

l o 9  .ga l lons. 'per  year,  respec t i ve ly .  H igher -bo i l  i n g  . ' d i s t i l l a t e s  o f  .petroleum 

crudes a re  consumed t o  .produce .process - o r  space-heat and f o r  e l e c t r i c  power 
. . 

generat ion.  ' combustion i s  c l e a r l y  t h e  predominant end-use of as an 

energy. source. 

Combus t i  on. processes a re .  among t he  most i n t e n s i v e l y  . s t ud ied  energy- re la ted 

sources o f  envi.ron,mental PAHs. Concern about a i r  p o l l u t i o n  i n  the  l a t e  1950's 

prompted a  s tudy  o f  t h e '  poiycycl  i c  aromat ic hydrocarbon con ten t  o f  28 ' r u r a l  and 

103 urban atmospheres by Sawicki ' e t  a1 ,lZ2 which found BaP present  i n  a l l  o f  : 

t he  urban areas sampled. Concentrat ions ranged f rom 0.1 t o  61 ng/m3 w i t h  a  geo- 

m e t r i c  mean o f  6.6 f o r  t he  urban areas and f rom 0.01 t o  1.9 ng/m3 w i t h  a  mean 

o f  0.4 : f o r  t he  ndn-urban a r e a s .  Cont inu ing s tud ies  have produced . . ex tens ive  

tabu la t ions123y124  o f  t h e  B a P  con ten t  o f  a i r  and o f  na tu ra l  and man made ma te r i a l s .  

. . 
Systematic inves t iga t i0n .s  o f . t h e  p o l y c y c l i c  aromat ic .composit ion o f  gaso l ine  

and r e s u l t i n g  v e h i c l e  exhausts have been repor ted  by Gross. 46, 47 48 Hangebrauc k 5 2 

i nc ludes  motor veh i c l e  emissions and, f u e l  o i l  combustion i n  h i s  study o f  sources 

o f  p o l y c y c l i c  aromat ics i n  t h e  atmosphere, bas ic  i n v e s t i g a t i o n s  o f  cond i t i ons  

lead ing  t o . t h e  fo rmat ion  o f  p o l y c y c l i c  aromat ics have been ' repor ted  10,60,61',8 

and r e p o r t s  cont inue t o  appear on t he  composi.tion of a i r bo rne  p a r t i c u -  

7y95y57y17,35 diese176y107 and automobile exhaustsll ,16,3OY72 and all 
I . l a t es ,  ... . 

I f a ce t s  o f  combusti'on-generated 'po' lycycl  i c  aromat ic hydrocarbons. The revi'ews 
, . 
I 

prepared by t h e  ~a t i  bnal  Academy o f  Sciences on P a r t i c u l a t e  Polycyc l  i c Organic 



Matter"' and Vapor, Phase OrganiC p o i n t  t o  energy sources as a 

pr imary c o n t r i b u t o r  o f  . po l ycyc l i c  aromat ics t o  t h e  environment. 

 h he PAH con ten t  o f  v e h i c l e  exhausts and o f  s tack e f f l u e n t s  i s  r e l a t e d  t o  

the  PAH content  o f  t h e  fuel . ,  , ~ e ~ e m a n ~  found higher.  emissions of BaP when a t e s t  
. . 

engine was operated us ing  f u e l s  h igher  i n  PAH con ten t  than commercial gaso l ines.  

4 6 y 4 7 y 4 8  as f i n d i n g  t h a t  increas ing.  t he  aromat ic i  t i  The NAS review6' r e p o r t s  Gross . ,  

o f  the  f u e l  f rom 12% t o  46% r e s u l t e d  i n  an increase o f  fr.om 8-74% i n  t he  PAH 

emissions depending. on t he  veh i c l e  and emission c o n t r o l  cond i t i ons .  The data 

repor ted  b y  Hangebrauck e t  a15' i n d i c a t e s  t h a t  2-5 t imes mbre BaP, perylene, and 

f luoranthene i s  produced on combustion o f  a No. 6 Fuel O i l  than No. 2 Fuel O i l  

t o  produce process. heat  under 's imi  1 a r  opera t ing  condi  t i .ons.  No. 6 Fuel O i  1 

would be expected t o  conta' in h igher  concen t ra t ions  o f  PAHs and h igher  molecu lar  

weight .organics which cou ld  serve as precursors  f o r  PAH product ion.  The impor t -  

ance o f .  PAH precursors  . . i n  t h e  f u e l  i s  underscored by emission f a c t o r s  f o r  BaP 

o f  11,',000 vg/gal  . fo r  two-cycle engines (e.g., outboard motors, motorcycles,  . . . 

lawnmowers) which operate on o i 1 : f u e l  .mixes ( t y p i c a l l y  1:30) as. compared by . . 
. . 

109 170 pg/gal  f o r  automobi l e s .  

While a r d m i t i c i  ty o f '  t he  f u e l  c l e a r l y  i n f l uences  -PAH emissions, combustion 

c h a r a c t e r i s t i c s  a re  i a r  more- impor tant .  A major  f a c t o r  i s  t he  a i r : f u e l  r a t i o .  

used f o r  combustion. . The N.AS review109 r e p o r t s  Begeman as f i n d i n g  a 30 t imes 

g rea te r  p roduc t ion  o f  BaP a t  an a i r : f u e l  r a t i o  o f  10:1 than a t  14:'l f o r  au to - .  

mobi les.  I t  i s  a l s o  po in ted  ou t  t h a t  BaP emissions increase w i t h  inc reas ing  

engine use such t h a t  emissions a r e  f i v e  t imes h igher  a f t e r  50,000 m i l es  o f  use 

than a t  5,000 mi' les and. ten  t imes h igher  when o i l  consumption reaches 200 mi /q t .  

r a t h e r  than.1'600 m i / q t .  T h e . d e t e r i o r a t i n g  engine a l t e r s  i t s  f u e l  composi t ion and , 

r e s u l t i n g  combustion c h a r a c t e r i s t i c s  by drawing l u b r i c a t i n g  o i l  i n t o  t h e  cy l i nde rs .  ' 
1 ~ 

The importance o f  combustion and combustor c h a r a c t e r i s t i c s  i s  r e a d i l y  abparent ' 

' 



i n  t h e  data prov ided by Hangebrauck e t  'a1 52 who repo r t s  emission f a c t o r s  o f  
. . 

from 40-470 ug ~ a ~ / ~ a l  f o r  e i g h t  automobiles tes ted,  from 40-1450 ug BaP/gal 
. * 

f o r  . . four t rucks,  and from approximately 1-18 pg ~ a ~ / l b  o f  f u e l  o i l  f o r  s i x  con-' 

d i  t i o n s .  of ,process o r  space heatiing. Emission f a c t o r s  a re  more cons i s t en t '  than. 

i s  i n d i c a t e d  by these extremes but,  w i t h  t h e  except,ion o f  i n a d v e r t e n t  combustion 
. . 

of l u b r i : c a t i n g . o i l ,  t he  i n f l uence  o f  f u e l  a r o m a t i c i t y  i s  r e l a t i v e l y  minor i n  

comparison. .The e f f i c i e n t ,  d o n t r o l l e d  combustion o f  coa l  as i s  sought i n  e lec -  

t r i c  power generat ion can .produce l e s s  BaP per  pound o f  f ue l .  than does t h e '  l e ss  

e f f i c i e n t  combus t i on~o f  o i l  o r  even n a t u r a l  gas 5 2 y  28 as m igh t  o c c u r  i n  space 

heat ing.  O i  1 and n a t u r a l  produce s i g n i f i c a n t l y  lower .  qua.nti t i e s  o f  PAHs 
I 

j '  ' ' 

than does. coa l  when cond i t i ons  o f  comparable combus t i o n  e f f i c i e n c y  a re  considered. 

. . 
BaP emission f a c t o r &  (Table 5 )  a re  use fu l  f o r  i d e n t i f y i n g  sources o f  

environmental contaminat ion by PAHs. Expressed per  q u a n t i t y  : o f  m a t e r i a l  cgmbusted, 

.the f a c t o r s  may a1 so sugges.t sources o f  h i g h  l o c a l i z e d  concent ra t ions o f '  BaP and, 
i 

thus, reg ions and per iods. '  o f  s i g n i f i c a n t  ca r c i nogen i c  p o t e n t i a l .  ~easuremen't o f  1. :. 

t :  
BaP alone obv ious ly  pr'ovides i n  underest imate o f  t o t a l  PAH emissions and i s  1 i k e l y  

. . 1 . .  , . 
t o  be inadequate f o r  es t ima t i ng  t h e  r e l a t i v e  c a r c i n o g e n i c i t y  o f  t he  emissions. 

8 . .  i 42 As i s  i l l u s t r a t e d  b y  t h e  data i n  Table 6, pyrene, a documented co-carcinogen , .. 
1 '  . . . 
! :  
! . . 

i s  present  i n  bo th  motor v e h i c l e  emissions and f u e l  o i l -genera ted  process heat  

emissions a t  conce.ntrat ions much exceeding t h a t  o f  BaP: BaP c o n s t i  t u t e s  between 

0.5 and 4.2% o f  t h e  t e n  PAHs r e p o r t e d  and presumably a much sma l le r  percentage . . 

o f  t he  t o t a l  P A H S  present .  . \ h i  i e  t h e  q u a n t i t i e s  (Table, 6 )  o f  BaP emi t ted  by 

two home hea t ing  un'i t s  a re  s imi  1 a r ,  q u a n t i t i e s  o f  pyrene,. phenanthrene, and 

f l  iroranthene d i f f e r  by two  orders  o f  magnitude. 

16 : A more recen t  s tudy . of automobi le exhausts r e p o r t s  t h e  .presence o f  chry-  

sene and 2,3 benzofl uorene a t  l e v e l s  o f  approx imate ly  120-240 ',ug/gal 'and 160- . 



1000 pg/gal f o r  the same 'fuels.. Other recen t  examples o f  the  chemical complex- 

i t y  o f  emissions a re  found i n  h i gh  r e s o l u t i o n  chromatographic p r o f i l e s  o f  auto- 

mobi i e  exhausts 1 1 y 3 0  and i n  a h i gh  r e s o l u t i o n  mass spect ro inet r ic  a n a l y t i c a l  
. . 

s t ~ d y ' ~ ~ , o f  d i e s e l  exhaust p a r t i c u l a t e s .  The l a t t e r  s t udy  i d e n t i f i e d  c o n s t i  - 

tuen ts  w i t h  t h e  molecu lar  formulas corresponding t o  48 known hazardous compounds 

i n c l  ud i  ng napthal.ene, anthracenelphenanthrene, pyrene ,. and chrysene/benzo[c]pyrenel 

I 
I. ' 

benzo(b ) f l  uoranthene/betizo[j ] f  1 uoranthene i n  d i e s e l  exhausts. One sample pro-  
. . 

duced a molecular.  formula corresponding t o  7,12-dimethylbenz[a]anthracene. 

! An addi  t i o r i a l  f a c t o r  ' impor tant  t o  judg ing  t he  carc inogenic  p o t e n t i a l  of 
! 

! ' emissions i s  t he  morphology o f  t h e  carc inogenic  c o n s t i  t u e n t s - p a r t i c l e  s i z e  d i s -  
I 

! .'. tri b u t i b n  and t he  nature. o f  t he  p a r t i c l e s .  Several s tud ies2y82y110 have shown 
I 

t h a t  PAHs. tend t o -  be .concentrated on t h e  smal ler ,  more resp i r ab le ,  a i rborne, , 

p a r t i c l e s  i n d i c a t i n g  t h a t  the  hazard may be g rea te r  than p red i c t ed  by t o t a l  

BaP miss par t icu ' , la te  ' load ing;  The work o f   tant ton'^^ has c l e a r l y  demonstrated 

the  importance o f  a contSnuous l o c a l i z e d  dose of PAHs t o  l ung  ep i t he l i um  as a 

f a c t o r  i n  t he  e t i o l o g y  o f  exper imental  l ung  cancer. The v e h i c l e  ( d i sso l ved  i n  

a l i q u i d  p a r t i c l e  as w i t h  tobacco smoke, adsorbed on a s o l i d  p a r t i c l e  as w i t h  
. . 

f l yash ,  k c .  ) w i t h  which t he  carc inogenic  p o l y c y c l i c  aromat ic i s  dosed may b e  
' ,  

as impor tan t  as . i s  the  t o t a l  dose o f  PAH. Boyer and ~ a i  tehen1 ' have demonstrated 
:. 

t h a t  r e s p i r a b l e  and nonresp i rab le  p a r t i c u l a t e s  generated i n ' au tomob i l e  exhausts 

d i f f e r  w ide ly  i n  elemental 'composi t ion.  P a r t i c l e  . c h a r a c t e r i s t i c s ,  i n c l u d i n g  

sur face ' p rope r t i es ,  must be known be fo re  t h e  s p e c i f i c  c a r c i n o g e n i c t i y  o f  an - -  

emission can be est imated. 

With t he  except ion o f  t he  low e f f i c i e n c y  combustion o f  coa l  f o r  space 

i .  heat ing,  the  combustion o f  petroleum products con t r i bu tes  as much ' B ~ P  t o  . t h e  

r e s p i r a t o r y  environment as does any o t h e r  energy source. 
. . 



 able 5. BaP Emission Factors  f o r  t h e  combustion 

o f  Petroleum Products i n  Motor Vehic les  . 

. . . . 

pg BaP/gal f u e l .  ' t o n s  BaP/year.-. ' 

Hangebrauck NAS 'Hangebrauck NAS EPA 
1968 1972 

170 170 8.6 Gas01 i ne-Automobi l e s  - . 

1 ° j  10 
Gas01 i ne-Trucks >460 %500 . >10 %12 

Diese l  690 6 2 2.0 0.4 <1 

. .' ~ r o m .  references. . . 52 ,' 109, 128. 



Table 6. D i s t r i b u t i o n  of Polycycl i c  Aromatic Hydrocarbons i n  ~ e ' t r o l e u m  Combustion ~ f f l  uentsa 

. . .  
Source . ~ ~ 1 ~ ~ 1  micrograms per veh ic le  m i  1 e 

~utomobi .1 .e~ (1 956-1 964) ,I70 12 '111 ~ 1 6  1 . 4 9  1 2 0 5 ' 32 74 ' . '  

Trucks (1 956-1 964) >455 . . 40 745:. >48 6 199 -, 105 - 78 485 ' 475 ' 
. . .  . . . . 

690 Diesel. powered . . 

Process Heat 
No. 2 Fuel Oil 
No. 6 Fuel' Oil 

. . 

vg/l b micrograms per  mi l l ion  BTU h e a t  inpu t  

Home   eat in^ 
- Sec t iona l  B o i l e r  <0.9 <40 1800 . ' 

Hot Air Furnace.  < 1 < 60 1 5  

I n s t i t u t i o n a l  Heating 
. .  Low Pressure .  a i r -  

atomized f i r i n g '  18 

a ~ r o m .  r e f e r e n c e  52 .. . 



Coal . . . .  

Approximately 1 8 %  o f  the  energy consumed1 35 i n  t he  Uni ted States i n  1974 

was suppl ied.  by coa l  w h i l e  coa l  c o n s t i t u t e s  63% o f  th,e na t i ona l  energy reserve.  
. . 

' The inc reas ing  c o s t  . o f  o i  1  and inc reas ing  dependence on f o r e i g n  sources o f  o i  1  

a re  p rov i d i ng  s t rong  i ncen t i ves  t o  increase coal  u t i  1  i z a t i o n .  Plans q re  be ing 

made t o  double ' . the c u r r e n t  l e v e l  o f  coa l  p roduc t ion  t o  one b i l l i o n  tons per  

year  as soon . as . p r a c t i c a l .  Coal, w i l l  c0ntinu.e t o  supply heat  and e l e c t r i c  power 

and i s '  1  i k e l y  t o  become a  ma jo r .source  o f  1  i q u i d  f u e l s '  f o r  t r a n s p o r t a t i o n ,  and o f  
. , 

c rude o i l s  f o r  t he  chemical . indust ry .  The conversion o f  coa l  t o  gaseous o r  l i q u i d .  

f u e l s  i s  f u r t h e r  a t t r a c t i v e  i n  t h a t  i t  prov ides  an a1 t e r n a t i v e  t o  expensive 

6  environmenta'l c o n t r o l  devices now requ i r ed  a t  power p l an t s .  A' recen t  s tudy . 

concludes t h a t  t h e  p roduc t ion  o f  e l e c t r i c i t y  f rom p ipe1 i n e  qua1 i ty n a t u r a l  gas 
. . 

produced from coa l  i s  l ess  expensive than e l e c t r i . c i t y  produced d i r e c t l y  from coal i n  . . . . 

c e r t a i n  areas.. The predominant end-use o f  coa l  w i  11' con t inue  t~ b e  through combus- 
. . . . . . 

148 t i o n .  As i s  ev iden t  from the  Wiser concep tua l  i z a t i o n  o f  coal., f i g u r e  1, combustion 

and conve rs i on  a r k  accompanied by the ,  poss ib l e  p roduc t ipn  of polycycl  ic aromatic. 

hydroca rbdns . 
. . 

coal  E x t r a c t  i o n  and Conventional processing 

~ r e u d e n t h a l  , e t  have reviewed t h e  carc inogenic  ' po ten t i a l  o f  types 

o f  coa l  process ing and conclude t h a t  t he re  i s  l i t t l e  t o  no carc inogenic  r i s k  

assoc ia ted w i t h  t h e  m in ing  opera t ion .  Th i s  i s  i n  s p i t e  o f  t he  f a c t  t h a t  coa l  

dusts  a r e  i nha led  (as i s  evidenced by t he  inc idence o f  pneumoconiosis) and 
. . 

known t o  con ta i n  PAHs. IBnov i s  repor ted36 t o  have determined t h e  presence o f  

PAHS i n c l u d i n g  BaP i n  mine dusts  c o l l e c t e d  a f t e r  b l a s t i n g  operat ions.  Mentser 

and sharkeylo7 . . have r e c e n t l y  surveyed mine dusts  by h i g h  r e s o l u t i o n  mass-spectro- ' 

met ry  and r e p o r t  t he  presence o f  c o n s t i t u e n t s  w i t h  t h e  formula C18H12 and C20H12 

(poss ib ly .  chrysene a n d . ~ a ' ~ . ,  r e s p e c t i v e l y ) .  Evidence o f  t he  presence o f  o t he r  



PAHs and' o f  a l i p h a t i c  hydrocarbons was a l s o  found; p a r t i c u l a r l y  f r om  t he  sec t i on  
. . 

I a '  ' .  o f  t h e  mi'ne wh.ich employed d i ese l  ' r a t h e r  than e l e c t r i c a l  haulage. 

I I . . .  Lebowitz e t  a l g3  has iu rveyed  o the r  stages (e.g., c rush ing .  and g r i n d i n g )  o f  

convent ional  coa l  processing.. ' Coal dusts  a re  i temized among t he  p o t e n t i a l  l y  

I hazardous emissions bu t  PAHs were not .  
I . . 

C l e a r l y  t he .  most impor tant  source o f  PAHs (a major c o n t r i  bu te r  
109,128 t o ,  

. . . . 

t he  na t i ona l  a i r bo rne  BaP burden, and a documented 'O6'' occupa t iona l  hazard) ' ' 

. . 

f rom convent iona l  coal  processing i s  t he  coking' operat ion.  Coke i s  produced by I ! '.. 
. . 

hea t ing  coa ls  t o  temperatures as h i gh  as 1400°C i n  t h e  absence o f  a i r .  Ammonia, 
I .  
,. . . coke-oven gas, a .  l i g h t  o i l , ,  t a r ,  and coke r e s u l t  f rom the  process. As a measure . I 

. , * ,  

4 .  

I .  
o f  t he  m'agni tude o f  t h e .  i ndus t r y ,  approx imate ly  87 x  l o 6 '  tons o f  b i  tumonus coal  

were processed t o  produce 60 x  106 tons o f  coke i n  1972. I 
I 

1 . Coke oven ba t t e r ys  are. d i f f i c u l t  t o  sample because emissions .are d i f f u s e  . . 
. . . . 

I : '  r a t h e r  than' from a p o i n t  source. Most s tud ies  examine samples f rom personal : I 
( .  

! . moni tors  o r  f rom the  general ' v i c i n i t y  o f  t he  coke ovens. Resul ts  a re  genera l l y  

I 
i expressed as '"Coal Tar P i t c h  V o l a t i l e s "  (CTPV)', the' cyclohexane o r  benzene 

. . 

9 '  

' .  . 
s o l ub le  cons t i t uen t s  o f  ' t h e  p a r t i c u l a t e s ,  o r  BaP i s '  determihed.. Concentrat ions 

1 o f  ~ a p ' a b o v e  t h e  gas works r e t o r t s  o f  a  coke oven have, been reportedg2 as h i g h  t ' .  
! / 
I @ as 216;000 ng/m3. Jackson i t  i68 r e p o r t  concent ra t ions up t o  16,000 ng/rn3 on . . 

I 

the coke .oven. ba t t e r y .  1 I 
52 

O f  t he  re ferences surveyed f o r  t h i s  review, on l y  Hangebrauck repo r t s  .: 

1 '  q u a n t i t a t i v e  data on. o the r ,  PAHs. A i r  samples taken from the, general  v i c i n i t y  of I 
a combined. stee' l  and cok ing i n d u s t r y  ranged from 4 4 0 ' t o  8600 ng/m3, i n '  concen- 

t r a t i o n i  of , B ~ P ,  . benzo(:e)pycene . ,. pyrene, perylene, . . benzo(ghi ) ~ e r ~ l e n e ,  anthanthrene, 

coronene, anthracene,. a n d , f  1  uoranthene. BaP was .present , a t  t h e  g rea tes t  con- . . 

; .  . . . . . .  

c e n t r a t i o n  o f . t h e  cons t i t uen t s  determined. 
. . 



Add i t i ona l  study,, p a r t i c u l a r l y  o f  t he  composi t ion o f  CTPVs and o f  t he  mor- 

phology o f  t h e  p a r t i c u l a t e s ,  would be very  impor tan t  t o  p rov ide  re fe rence  data 

f o r .  advanc-ed coal  conversion technology development. 

. . 

Coal Conversion 

Coal " c o i ~ e r s i o n " ~ ~ ~ ~ '  y85  i s  a gener ic  term eicompissing more than 100 
6 5 

, . 

s pec i f i c  processes desi.gned t ~ ' . ~ r o d u c e  l i q u i d ,  gaseous, o r  r e f i n e d  so l  i d  f u e l s  
. . 

as energy sources or.  s u b s t i t u t e  petrochemical  feedstocks f rom coal  . ~ n d e s i  r e -  

ab le  ash and s u l f u r  i s  removed and t h e  coal  i s  converted i n t o  a form s u i t a b l e  

f o r  d i r e c t  use as l ow  BTU o r  h i g h  BTU gas o r  f o r  f u r t h e r  r e f i n i n g  t o  produce 

gaso1.i ne, f u e l  o i  1 , and o the r  products t y p i c a l  o f  petroleum processi,ng. Processes 

designed t o  produce l i q u i d  fue ls  a re  opt imized t o  maximize produc' t ion o f  satu- 

r a t e d  hydrocarbons'. Processes designed t o  produce .petrochemical feedstocks a re  

opt imized - t o  g,enerate 1 ow molecu lar  weight  aromat ics.  Most processes generate 
. . 

a m i x tu re  ' o f  gaseous,, 1 i qu i d ,  and s o l  i d  products some o f  which become an, i n t e g r a l  
, 

I " '  p a r t  of , the.  proce.ss ' be ing consumed a t  t h e  p l a n t  t o  enhance t h e  y i ' e l d  o f  t h e  

t . s p e c i f i c  product  o f  i n te res t . .  
1. 

~ o c h r a n l ~  p o i n t s  ou t  t h a t  the  common chemical o b j e c t i v e  o f  t h e  processes 
I.; 

i s  t o  increase t h e  atomic hydrogen t o  carbon r a t i o  o f  t h e  coa l  f rom i t s  t y p i c a l  

value o f  0..8 t o  1 t o  a r a t i o  o f  1.75 t o  1 as i s  t y p i c a l  o f  o i l .  Hi.gher r a t i o s ,  

i d e a l i y  4 t o  1 a s ' f o r  methane, a re  sought i n  t he  p roduc t ion  o f  gaseous f u e l s .  

I t  i s  necessary t o  depolymerize t h e  coal  and hydrogenate t he  r e s u l t i n g .  fragments 

t o  a d j u s t  t h e  H/C r a t i o .  

. . 
cochran19 d i v i des  t he  many conversion technolog ies i n t o  f o u r  bas ic  cate-  

' 

, . 

gor ieb,  ( a )  carboni  za t ipn ,  (,b) d i r e c t  hydrogenation, ( c )  e x t r a c t i o n ,  and (d)  

synthes is .  A coa l  i s  "carbonized" by hea t ing  ( t y p i c a l l y  a t  1000°F) i n  the  

absence o f  a i r  causing t he  r e l e a s e  o f  gases and t a r s .  Hydrogen may be added 



a t  r e l a t i v e l y  low pressure,  ' e .g .  600 ps i ,  t o  r e s u l t  in  "hydrocarbonization" t o  

increase the y ie ld  of vo la t i l e s  and t a r s .  The remaining so l id  char i s  used t o  

generate syrithesis gai f o r  the production of process hydrogen. !'Direct hydro- 
. . . . 

genation" invo'l ves heat ing a coal s lu r ry  t o  approximately 8504F i n  the presence 
' 

of hydrogen a t  pressures of 3500- psi and, usually, a c a t a l y s t . '  The "extract ion" 

process requires t h a t  the coal be dissolved in a pe t r~ leum s o l v e n t .  Dissolution 

occurs a t  a p p r o x i m a t e l y ~ 5 0 0 ~  a id  300 psi pressure and t h e ' r e s u l t i n g  l iquid  i s  . 

hydrogenated t o  produce a crude o i l  and addit ional  solvent .  f o r  extract ion.  .The 

Fi scher-Tropsch "synthesis" involves burning the coal i n  a .  g a s i f i e r  in  the pre- 

sence of oxygen and steam t o  produce primarily carbon monoxide and hydrogen. 

The gas i s  purif ied and passed over a c a t a l y s t  y ie ld ing  l iquid  products ranging 

from methanol through waxes and o i l s .  Subs t i tu te  natural gas, 1 iquid petroleum 

gas and 1 iqui'd fue l s  a r e  

s t a t e  of the a r t  engineering technology i s  required t o  make these con- 

c e p t u a l . 1 ~  straight-forward 'operations commerically pract ical  . Process flow 
. . 

diagrams a r e  reminiscent of those f o r  large sca.le petroleum re f ine r i e s .  ~ d e q u a t e  + 

.technology. i s  a.t hand f o r  conimerc'ially viable small s ca le  conversion a s  i s  evi-  

l ' ~ ~ ~  by the successful operation of the ~ a s o l '  syn the t i c  fuel p l an t  f o r  ' . . denced 
. . . . 

20 years in 'South Africa. I t  i s  the s i z e  of the  projected conversion plants  and 
. . 

conversion..i ndustry in the United Sta tes  t h a t  chal lenges engineers and concerns 

environmentalists.    he Sasol plant  processes approximately 3500 tons of coal 

per day while U.S. planners 'visual ize a t  l e a s t  20 platits,  each. processing approx- 

imately 25,000 tons of coal per day, preferably 40 plants  processing a t o t a l  of 

106 tonslday and possibly i s  many as  100 such p lants .  One p lan t  processing 
. . .  

'25,000 to'ni of coal each day would produce19 205 i 106. scf of gas, 5000 barre ls  

of 1 iquid .petroleum gas, 40,000 barre ls  of motor fuel s ,  . and. , 5,000 barre ls  of 
. . 

fuel  o i l  da i ly  ' f o r  a c a p i t a l  investment of $1.5 bill ' ion. Twenty such plants  
. . 



wOuld one m i l l i o n  b a r r e l s  o f  l i q u i d  products and 4..1 x 109 cubic  f e e t  

of gas d a i l y  t o  p rov ide  6 percent o f  the  na t ions  present energy demand. ' , 

. . 

An ' . indust ry  o f  t h i s  s i ze  might  be expected t o  have some impact o n . t h e  . . 
. . 

environment and, cons ide r i ng  the  s i m i l a r i t y  t o c o k i n g  and coal  t a r  works, 

on t he  h'eal t h  o f  the. wo,riker. An ' increas ing number o f  .documents a r e .  appearing 

which o u t l i n e  and eva lua te . spec i f i c  processes for.environmenta1 impact. General 

s tud ies  have been repor ted  by Glazer e t  a138 a n d ~ a t z . ' ~ ~  The Energy Research a n d ,  

~evelopment  ~ d m i n i i t r a t i o n  (ERDA) coal  g a s i f i c a t i o n  program> i s  unde rgo ing  an 

ep i ronmenta lassessmhnt  a t  Carnegie - Mel lon ~ n i v e r s i t y . ' ~ ~  ~ a s i f i c a t i o n  

processes which have been ~ e v i e w e d  inc lude  t he  CO, acceptor,  ' 75 69,31 O4 Synthane , 
. . 

0 i   a as ,70 Lurg i  ,' 33 ~ o ~ ~ e r s - ~ o t z e k , ~  O2 and  as^^ processes. The so lven t  r e f i n e d  

coal  (SRC) process70 and COED pyro lyses process75 a re  among the  s p e c i f i c  l i q u i -  

f a c t i o n .  techno1 ogies which ha& been evaluated. A comprehensive, review of the 

'environmental and h e a l t h  aspbcts o f  coal  conversion has been prepared1 by the , 

1nformat.ion Center Complex o f  Oak Ridge Nat iona l  Laboratory.  The r e s u l t s  o f  
. . 

these and- o the r  studi.es .are forming t he  bas is  o f  Envionmental Development Plans, 3 3 

documents being prepared by t he ,  USERDA t o  guide energy-related enviornmental  and 

hea l t h  research.,, , . 

The t h r e a t  o f  an increase i n  occupat ional  and/or environmental c a r c i  nogenesi s 

i s  t he  major h e a l t h  impact r ece i v i ng  a t t en t i on .15y36  A f i r m  epidemio log ica l  bas is  . ' 

f o r  t h i s  ,concern e x i s t s  f o r  occupat ional  cancer. As i s  summarized i n  Table 7, . . 

technologies c l o s e l y '  r e 1  ated t o  those compri s i  ng t he  p ro jec ted  coal  conversi  on . . 

. . .  

i ndus t r y  a re  known t o  be accompanied by an e levated r i s k  o f  occupat ional  carc ino-  
. . 31,83,129,130,146 in genesis; ~ a b o r a t o r y  ,' c l i n i c a l  and epidemi 01 ogy s tud ies  

support  o f  t he  u n i o n  carb ide Corporat ion coal  convers ion  p l a n t  a t  I n s t i t u t e ,  

W. v i r g i n i a  con f i rm (coomesZ2 has quest ioned t h i s  conc lus ion)  the  carc inogenic  

nature of ;the 'process m a t e r i a l s  and document a subs tan t i a l  increase i n  s k i n  . . 



cancer ra.te for employees in spite '  of protective measures taken. Concern about 

an increase in environmental carcinogenesis i s  less well-founded b u t  cannot be.  

ignored until i t  i s  demo,nstrated that carcinogenic rnaterials.can be contained 

- '  within plant boundaries and the transportation and end-use of the products are 

not accompanied by a n  increased cancer r i  s k .  sauteriS0 has s t rongly urged that  

both the occupat'iorial arid environmental cancer risk.be given maximum attention 
i ' .  

in. national, pol icy decisions affecting the development of a fossi 1 ' fuels  conver- 
i '  , ' 

sion industry. 
, . .  , . ' 

P O I ~ C ~ C ~  i c  aromatie hydrocarbons are imp1 icated as piimary carcinogens i n  
I 
I . . .  coal derived materials .by virtue of their  carcinogenicity and common occurance 
! 

. . 
in 'coal tars .  The experimental carcinogenicity of coal .derived materials increases . 

, . . . 

'with increasing 'boiling point ,and i s  correlated with process conditions which 

favor the formation of PAHs. . . 

The Bartlesville Energy Research Center i s  engaged in a systematic study 

of coal -derived 1 iquids using modifications of the API-60 method for characterizing 

petroleum crudes. . Reports . are .available on Syncrude from the COED Process using 

two coals, "' '3.' on t w o  oi 1 s from the H-coal process ,63 and the product of the 

Synthoil Process. 14' ~ i s t i l  lates " y 6 3  3 9 y  49 prepared from the crudes are pre- 

dominantly hydrocarbon in nature b u t  also contain acidic, basic, and heteroaro- . ' 

matic constituents. Rubin e t  all1' has reported as much as 15% removal of 
74 constituents from C O E D  syncrude by acid-base extraction. Jones e t  a1 , using 

a newly devel'oped Sephadex LH-20 procedure, reports 3% of t h e  syncrude i s  hydro-.. . .  

-phi 1 ic .with an additional. 8% being capable of strong hydrogen bonding. 

Table 8 summarizes the d i s t r i b u t i o r ~ ' ~ ~  of compound types in d i s t i l l a t e s  . . . . '  

. . . . 

from two coal conversion processes. Polyaromatics. 3 rings and larger are seen . . 

to constitute fiom 5-40 wt'. % of t h e  products depending on process type; coal 

feed, and .d is t i l la te  boil ing range. Diaromatics a r e  present a t  twice the con- 



c e n t r a t i o n  o f .  polyaromat ics i n  t he  lower b o i l i n g  d i s t i l l a t e s  and at"equa1 
. . 

concent ra t ions f o r  two o f  t h ree  h igher  bo i  1  i n g  d i s t i  1  l a t e s  considered. . .  The 
. . 

coa l  used i n f l u e n c e s  t h e  d i s t r i b u t i o n  o f  t h e  products b u t  has a  sma l le r  a f f e c t  

on polyarotnat ic con ten t  than does t h e  process. The crudes examined' con ta in  f rom 

approximately 7.5-14 w t .  %. po lyaromat ics  i f  i t  f s  assumed t h a t  a l l  of t he  po ly -  

aromat ic cons t i t uen t s  a r e  recovered i n  t h e  two d i  s t i  1  l a t e s .  Separat ion a ' t  t h i s  

laboratory74 of a  COED Syncrude from a  Western Kentucky coa l  by Sephadex LH-20 

chromatography produced a  p o l y c y c l i c  aromat ic f r a c t i o n  c o n s t i t u t i n g  5 wt. % o f ,  

t h e  Synci-ude. Prepara t i ve  sca le  p o l y c y c l i c  aromat ic i .so la tes r e c e n t l y  generated 
18 

6 2  by so l  vent ex t ' rac t ion  , and adsorpt ion chromatography f o r  mouse dermal testi 'ng . 

corresponded t o '  6.0 and 5.1 w t .  % o f  t h e  exper imental  COED Syncrude and Syn tho i l  

products,  r espec t i ve l y ,  under s tudy a t  t h i s  l abo ra to r y .  Syn the t i c  crude o i l s  

thus- appear t o  con ta i n  f rom two t o  f i v e  t imes t he  q u a n t i t y  o f  PAHs normal ly  found 
. . 

i n  petroleum crudes.. - Tars and o the r  h i gh  b o i l i n g  res idues pr'oduced as' by products 

of the. convk is ion  process may con ta i n  ten  t imes  more PAHs than do t he  syn the t i c  

crude o i l s .  . . 

The P i t t sbu rgh  and B a t - t l e s v i l l e  Energy Research Centers a r e  examin- 

2 9 ' y 6 3 y  3 9 y 1 4 9 y ' 4 7 y 7 7 i 1 3 2 y  t h e  p o l y a r o m a t i ~  component of syncrudes and r e -  i ng 

l a t e d  produ,cts by mass spect rometr ic  and nuc lear  magnetic resonance techniques 

designed t o  i d e n t i f y  and q u a n t i t a t e  c lasses o f  cons t i t uen t s .  Resul ts  i nd i ca te .  

t he  presence o f  a  wide v a r i e t y  df  hydrocarbon and heteroatomic cons t i t uen t s  and 

t he  presence of.many a l k y l  s u b s t i t u t e d  d e r i v a t i v e s .  Data, some.of which appears 

37,39,49987,134 on t h e  q u a n t i t i e s  of i n - .  . . i n  Tables 9  and. 10, has, been ' reported 

d i v i d u a l  po l ycyc l  i c  aromat ic hydrocarbons i n  coa l  convers ion r e l a t e d  ma te r i a l s .  

Resul ts  con f i rm  t h e  presence o f  a  v a r i e t y  o f  known t um0r i gen . i ~  cons t i t uen t s ,  

poss i b l e  tumor promoters, and .co-'carcinogens. 

E s s e n f  a l l y  no d a t a i s  a v a i l a b l e  on t he  unambiguous i d e n t i f i c a t i o n  and 

subsequent q u a n t i t a t i o n  o f  PAHs i n  syn the t i c  f u e l s  m a t e r i a l s  a t  t h e  ' isomeric 



f 

l e v e l .  .The po ten t  carcinogens 3-methyl cholanthrene and 7,12-dimethylbenzan- 

9 thracene have been repor ted  i n  shale o i l s  and we have noted cochromatographic 

and. mass spect rometr ic  evidence f o r  the  presence o f  3-methyl chol  anthrene.  i n  a 

I 
. va r i e t y  o f  syn. thet ic  crude o i l s  b u t  t h e i r  presence.has n o t  been p o s i t i v e l y  

I .  ' i d e n t i f i e d .  WL have a'ni lyzed synfuels. and re1  a ted  ma te r i a l s  f ir benzo(a)pybene 

(BaP) co i l tent  by i so tope  d i  1 u t i o n / f l  uorescence spectrometry/gas chromatography/ 

f o l l o w i n g  extens ive p u r i f i c a t i o n  by so l ven t  e x t r a c t i o n  and adsorp t ion  o r  c e l  l u -  

, l ose  acetate'. col'umn, paper, o r  t h i n  l a y e r  chromatography and found from approx i -  

i .  mate ly  40 ppm BdP t o  1;s; than 2 ppm BaP f o r  t h e  same sample type. b u r  a p p l i c a t i o n  39 

I . .  o f  Hech t ' s  procedure54 t o  t he  analyses o f  one syncrude f o r  methyl chrysene con ten t  
. . 

i nd i ca tes  t h a t  ch rysene  a i d  i t s  2-methyl and 3-methyl d e r i v a t i v e s  a r e  present  a t  

concen t ra t ions ,o f  approximat ing 100 ppm bu t  t h a t  t he  h i g h l y  carc inogenic  54,55 

5-methyl d e r i v a t i v e  . c o n s t i t u t e d  ' l e s s  than 20 ppm, i f  any, o f  t h e  syncrude. 

L i m i t a t i o n s  o f  e x i s t i n g  analyt ica.1 methodologies and/or resources f o r  d e t a i l e d .  

chemica l  s tud ies .  has impeded the  i d e n t i  f i c a ' t i o n  and quan t i  t a t i o n  o f  known 'tumor- 

i gen i c  agents,..at- t h e  isomer ic  l e v e l .  

phenols 5 8 y 1 2 5 y  134 a r e  t he  major organic  contaminants o f  by-product and 

prbcess waters f rom coal  conversion. As i s  i l l u s t r a t e d  i n  Table 11 ; p o l y c y c l i c  

ar0mati.c hydrocarbons' a re  a1 so found i n  t he  waters.  The condensate f rom, Synthane 

g a s i f i c a t i o n  i s  seen t o  con ta in  predominant ly napthalenes w i t h  t he  2-methyl 

d e r i v a t i v e '  being present  a t  a g rea te r  concen t ra t ion  .than a1 1 t h e  o t h e r  isomers 

combi ned. The raw process water ' from t h e  Solvent  Ref ined Coal process i s  seen 

t o  con ta i n  a l a r g e r  v a r i e t y  o f  PAHs a t  much. h igher  concen t ra t ions .  than i s  found 

f o r , t h e  g a s i f i c a t i o n  water o r  f o r  by-product water f rom o i l  sha le  r e t o r t i n g .  

~oncen t ra t ' i ons  a re  i n  t he  sub-ppm range f o r  most const i ' tuents .  As i s  the  case 

f o r  s y n t h e t i c .  o i  1 s, these i d e n t i f i c a t i o n s  a re  based p r i m a r i l y  on co-chromatography 

o r ,  a t  best ,  mass spectr.ometry and r e q u i r e  con f i rmat ion .  



1 ; We have been c o l l a b o r a t i n g  w i t h  J. L. ~ ~ l e r 3 ~  and h i s  s t a f f  on a s tudy o f  

3  t h e  Ames' Test  as a  shor t - te rm screening bioassay o f  coa l  -der ived ma te r i a l s .  

. O i  1s and organic  con'st i  tuen ts  o f  process der i ved  waters a re  sub jected t o  t he  ' 

119 acid-base so l  vent  . p a r t i  t i o n  and adsorp t ion  chromatographic f r a c t i o n  procedure.  . 

found use fu l  i n  b i o l o g i c a l  s tud ies '  o f  tobacco smoke condensates and t h e  r e s u l t i n g  

f r a c t i o n s  a re  b io tes ted .  Ea r l y  q u a n t i t a t i v e  r e s u l t s  have, been repor ted.  49 

These and more. recen t  s tud ies  'show t h a t  two coa l -der i ved  o i  1  s  are' more a c t i v e  

i n  the  Ames system than a re  a  sha le  der i ved  o i l  o r  a  pet ro leum'crude o i l .  B i o -  
. . 

l o g i c a l  a c t i v i t y  i s  concentrated i n  t h e  bas ic  f r a c t i o n s  and n e u t r a l  f r a ~ t i o n s  

thought t o  con ta i n  polyaromat ic cons t i t uen t s .  A recen t  study here5' has i n d i c a t e d  

t he  presence, o f  azapyrene and poss ib l y  o the r  azaarenes i n  a  b i o l o g i c a l l y ' a c t i v e  

sub f rac t i on  o f  one'basi 'c f r a c t i o n .  The u t i l i t y  o f  t he  Ames.test f o r  p r e d i c t i n g  

carc inogenic  a c t i v i t y  i s ,  under s t u d y  here62 through a mouse dermal 1 : .  
c a r c i nogen i c i t y  bioassay o f  ma te r i a l s  p rev i ous l y  s tud ied  by Epler.  

. . 
. . 

I t  i s  n o t  t o  d i r e c t l y  ex t r apo la te  t he  r e s u l t s  o f  ana l ys i s  sum- , 

ma r i zedhe re  t o  the  product ion o r  environmental re lease  o f  PAHs by an eventual  
. . .  . . 

coa l  convers ion i n d u s t r y . .  Samples which have been analyzed come f rom very  smal l  
. . 

sca le  operati 'ons wi thout '  'emission c o n t r o l  modules and 0f te.n f rom engineer ing 

experiments where' process cond i t i ons  a re  be ing manipulated t o  extremes.. M a t e r i a l s  

f rom more r e a l  i s t i c  ope ra t i ons ,  those process ing up t o  100 tons of coa l  pe r  day 
4 .  

, ( s t i l l  f a r  from t h e  25,000 ton/day commercial p l a n t  pro jecte .d) ,  a re  o n l y  .now. 

1 i becoming a v a i l a b l e .  Product, process streams, waste .streams, and t he  working 1 , .  . . , '  environment o f  t he  30 ton/day Solvent  Ref ined Coal P l a n t  i n  F o r t  Lewis, ~ i i h i n g t o n  
* .  . . 
I are  undergoing15 a systemat ic chemical and b i o l o g i c a l  study. 

The q u a n t i t i e s  and v a r i e t y  o f  p o l y c y c l i c  aromat ic hydrocarbons found i n  . . . . 

syn fue ls  re ' la ted ma te r i a l s  c l e a r l y  i n d i c a t e s  t h e  ex is tence  of a  cancer t h rea t .  

~ h e r ' e  i s  some ev'iden'celo3 t h a t  t h e  convers ion process can be mod i f i ed  t o  r e d u c e  ,. 



.Tab le .7 .  Ep idemio log ica l  Bas is  f o r  Synfuels/Carcinogenesi.s Concern , ' 

. . . . 

I Reference . ~ x ~ o s u r e / ~ x ~ e r i m e n t  . . . . Cancer 
. . 11.2 / . . P o t t ,  ~ 7 7 5  , E n g l i s h  chimney sweeps Scrot,um 

/ i '144 
, . Vol kmann, 1875 Handl ing t a r  and p a r a f f i n  f rom 

c a r b o n i z a t i o n  o f  l i g n i t e  ; ' . Scrotum 

116 . . Rehn, 1895 . . . P roduc t ion  o f  - s y n t h e t i d  dyes 

f . f rom coa l  t a r  . . . ' B ladder  I '  ' 

i 97 
1 , . .  Lueke, 1907 . . . carbon workers ' . . Sk in  

. . I 
5 6 . . 

I * .  Henry, 1,931 , Coal t a r  workers B ladder  
I 9 0 ! Kuroda; 1936 Coal gas workers Lung . 

. 80 . 
Kennaway , 1936 

( .  . 'Coa l  c a r b o n i z a t i o n  workers Lung, l a r y n x  
. . 
8 '  81 
, Kennaway ,. 1947 ' .  S t r e e t  pavers, aspha l te rs ,  c o a l  

I . .  gas workers, chimney sweeps , ' Lung 
I .  . 
I .  24 

. . D o l l  , 1952 Gas . r e t o r t  workers ' Lung 
I 
I . . 
I .  Anon, 1958 Coal gas and coke workers , Stomach, Kidney, 
I . . 

and pancreas I . . 

I 14 B ladder  Bruugaard, 1959 , Gas ' r e t o r t  workers 

31,83', 129, 'sexton, e t  a l ,  1960. . . . . 

130,146 Coal l i q u e f a c t i o n  S k i n  . . 

, . 
" 2 6  . 

D o l l ,  1965 . Gas works Lung, b ladder  

Kawai , 1967 7 9 Gas works Lung 

L loyd,  ~edmbnd, e t  a l ,  

96y99'100y101 1,3y1 l4 stee lworkers ,  coke producers Lung . , 1969-1 974 

'25 
. . 

D o l l , . 1 9 7 2 .  . , . . Gas works Lung, b ladder  ,. s c k o t a l  

' 106 . Mazumdar, 1975 Coke Oven w0rker.s Lung. . . 

Abs t rac ted  i n  p a r t  f rom re fe rence  36. 



Table 8. D i s t r i b u t i o n  of ~ ' o n s t i t u e n t s  i n  s y n t h e t i c  crude O i  1 D i s t i  1 l a t e s  
. . .  . . 

. . 

Synthoi  1 COED COED Process Syn t h o i  1 ' . COED COED 
Coa 1 W. V i r g i n i a  W. Kentucky Utah W: V i r g i n i a  W.  Kentucky Utah ' .  

. D i s t i 1 . l a t e  . . 207"-363°C' 205"-380°C 204"-381 "C 363"-531 O C  >380°C , ' >381°C ' 

. . . . . . 

S a t u r a t e  16 25 , 27.8 9 . 7 .. . 23.8 25;8 
~ 

- - 
. . . . Monoaromati c. 27.3 . : 4.7 42 ' ' 

. . . . 
2.5.1. . 

. . . ;  25.1 . 14.4 i 
. . . I  

~ i a r o m a t i c  21;6 : 13 . . . '17.5 - - 22.'6. . . 24.3. . ; 18.4. . . 
. . 

. ' Po lyaromat ic  

. . 7.9 5.. 4 7.1 41.1 . .  2 0 25.1 

Heteroaromat ic 22.2 4.4 15.2 1'5.6 . 4.5 7.4 

D i s t i l l a t e  % o f  
2 

crude 42.6 54.2 45.4 27.3 24.2 40.3 

From re fe rence  149. 



Table 9. Polycycl  i c  Aromatic Hydrocarbons i n  Coal Der ived O i l s  and Related Ma te r i a l s  
. . 

m i  1 1 i grams per  'gram o f  Sample 

~ ~ ~ . ' ~ r o c e s s  Ma te r i a l s  Coal Der ived Crude O i l s  
' C a t a l y t i c  La-Mi ss Shale ~ e r i v e d  

Wash"So1 vent  ' ~ r o c e s s  Solvent Hydrbgenati on P y r o l j s i  s Petroleum Crude Crude O i l  

. . 
Napthal ene . 32 . . . .0.,1 1.6 1 .7  . 0.9 1.; 4 

. . 

. ~ e t h ~ , l  napthal  enes. 

Dimethyl napthal  enes 

1 s 0 ~ r 0 ~ ~ 1  napthal  enes 

., Biphenyl 

.Dimethyl b i  phenyl s 

F l  uorene 

9,10-Di hydroanthracene 

9-Methyl f 1 uorene. 

1 - ~ e t h ~ l  f 1 uorene 

Anthracene 

Phenan threne 
. . 

F l  uoranthene 

.Pyrene 

1,2-Benzof 1 uorene <O. 1 
. . 

0.1 

2,3-Benzof 1 uorene to.  1 . O.' l  

, 1 -Methyl pyrene 0.6 .0.1 . . qO.1 0.1 
. . . . 

. . 

. .  . . . 
. . . .. 

. . . . 
. . . . . . .  

. . . , . . .  . . 



, Table 9 (Cont'd) 

Polycycl i c  Aromatlc Hydrocarbons in Coal Derived Oils and Related Materials 

mi 1 1 i grams, per gram of Sample 

SRC ~ r o c e s s  Materials ' c o a l ~ e i i v e d  Crude Oi 1s 
Catalytic La-Mi ss  Shale Derived 

Wash Sol vent Process Solvent Hydrogenation Pyro1,ysis . Petroleum Crude . Crude Oil 

Tri phenyl ene 

Pi cene 

1 ,12-Benzoperyl ene 

Anthanthrene 

. . 

~ r o m  References 37, 49,  87. 



Table 10. ~ a ~ t h a l e r i e i  i n  Syn the t i c  and Natura l  crude O i l s  

M i l  1 igrams per  gram 

. . . . 
Coal Der ived Shale LMS Alaskan 

, .  t a t .  Hydrogen. .: Pyro. lysi  s - . -  . O i  1 Crude Crude 

Napthalene 

1-Methylnapthalene 

Biphenyl  

. . 
I 
I '  . 1 $2-D.iemthylnaptha1ene 0.3 0.2. 0.2 0.4 0.5 

i . . 
Acenapthylene ' . 1.3 2.2 0.2 0.2 . 0.6 

, 
I , Acenapthene 0.5 0.3 
I 

TOTAL 

, . 
I. . From Reference 44.. ! 
h .  



Ta.ble 11. Polycyc l  i c  Aromatic Hydrocarbons i n '  Coal and. Shale 

' Conversion Waters 

. . 
M i  11 igrams per  L i t e r  (ppm) i 

I . . .  
i . . 

~ v n t h a n e  G a s i f i c a t i o n  Solvent  Ref ined Coal . Simulated 1 n - s i t u  
Const i  t uen t  

- 
. . Condensate Raw Process Water . Shale R e t o r t  

By Product Water 
'. . 

Napthalene 0.2 5 
! 

0.1 

, '  
2-methyl napthalene 1 ;3 2 0.3 . 

a . . l -methylnapthalene ' <O. 1 - 0.1 

1,2-dimethyl napthalene <O. 1 - <O. 1 

2- isopropylnapthalene ' . 

1 -i sopropyl napthalene 

I .  
B i  phenyl 

i 
D .  . 
i Acenapthalene 

1 .  . .. . Acenap t hene 
4 .  

I 
! Dimethyl b ipheny ls  
1 .  . 
i . 

j ' F l  uorene <O. 1 0.3 . 0.. 2 
I . .. 

I 

j .  9,lO-di hydroanthracene 

9-methyl f 1 uorene, 

1 -methyl f 1 uorene ' 
, ' ' I; 

: j 1 . .  . . A'nthracene/phenanthrene 
. . 

2-methyl anthracene' 
, . . . 
I 1 -methyl 'phenanthrene 
I . . 



1. ' .  
Table 11 (contid.) 

Po lycyc l  i c  Aromatic ~ ~ d r o c i r b o n s  i n  Coal and Shale Conversion Waters 

. . 
. . 

. . M i l l i g rams  per  L i t e r  (ppm) 
i 
I ., . .Synthane Gas i f i ca t i on  Solvent  Ref ined Coal Simulated'  1 n - ~ i t u  

Cons ti tuen t  Condensate Raw Process Water Shale R e t o r t  
By. Product Water 

9-methylanthracene 

Methyl phenanthrene 

N D 
. . 

I F luoranthene , . 0.4 . <O. 1 

D i  hydropyrene 

Pyrene . 

1 ,2-benzof 1 uorene 

chrysene / ' t r i  phenylene 

I 
!. . a 
I no t  repor ted  
! ' 
I 

, .  bincomplet'e r e s o l u t i o n  
'not detected I 

From' ,References 37 ,' 49. 
. . 

. . 

1 :  
. .  . 



the production of undesirable constituents without 1 essening the qua1 i ty  of the 
t 

f inal  product. Industrial hygiene practices wi 11 have t o  be  careful ly followed 

t o  1 imi t occupational carcinogensis. ~ e c y c l  ing  hazardous waste streams as i s  

bresently planned. in several processes and the development of control tech- 

nologies optimized ' t o  .remove PAHs may be required .to avoid the environmenta'l 

release of potential carcinogens. 

C.oa1 Combustion 

.Most of the coal mined in the United States i s  eventu4;'ly consumed by 

combustion t o  produce'. process, residential  , or ins t i tu t ional  heating o r  e l e c t r j c  
. . 

. . 
power. An additional quantity i s  consumed by destructive d i s t i l  lqt ion ' to  produce 

coke. As 'is i l lus t ra ted  in Table 12, these sources combined with the '  open. 'burning 
.. . 

of coal refuse, account fo r  approximately 90% of the nati.onal .inventory of a i r -  
. . 

borne benzo(a)pyrene. Of the,.600-800 metric' tons of BaP estimated t o  be e m i t t d  

i n  1972, control led combustion and open burning contributed approximately 280 

metri c..tons each. . . 

. . 

Network (NASN) fo r  BaP content over the peri.od 1966 t o  1970 from urban and non- 

urban areas fur ther  emphasize the importance of coal combustion as a source of 
. . 

atmospheric po1ycycli.c aromatic hydrocarbons. Average seasonal 'concentra.tions:, . . 

of airborne 'BaP ranged from'0.l ng/m3 to  50 ,ng/m3 for . . rura l  .and urban areas ' ' 

respectively.  concentrations are  consis tent lyhigher  in the winter mbnths re- 
. . 

gardless of the region sampled in most cases and  a re  always highest f o r  heavily 

coal-based industr ial  ized .regions. The Pittsburgh and Birmi,ngham areas , .  both 

heavy coal consumers, were found t o  contain maximum annual average concentrations 

of 14, and 1 8  ng/m3 of BaP, respectively, over t h e  f ive  sampl ing years reported. 
. 

Perhaps most impbrtantly, the carcinogenici ty of organic ext ract  of 



i .  

1 
c o l l e c t e d  i n  Birmingham are  repor ted66 t o  be g rea te r  than t h a t  o f  comparable 

. . e x t r a c t s  from Los Angeles area p a r t i c u l a t e s .  Whi le we1 1-noted f o r  i t s  "smog", 

very  l i t t l e  o f  t he  a i r bo rne  p a r t i c u l a t e s  i n  . t h e  Los Angeles area a re  coa l -der ived.  

~ i e h l  e t  a l Z 3  have demonstrated a dependence o f  emiss ion f a c t o r s  f o r  
, 

benzo(a)pyrene, benzo'(e)pyrene', and benz(a)anthracene .on t h e  type o f  coal. bu.t 

conclude, a's was p rev i ous l y  .noted f o r  t he  combustion o f  petroleum .products, t h a t  

combus t i o n  e f f i c i e n c y  ' i s  t h e  pr imary f a c t o r  i n f  1 uencing PAH emissions .. -The annual 

"BaP I nven to r i es "  (Table 12) i d e n t i f y  smal l  r e s i d e n t i a l  furnaces as t h e  over-  

whelming source o f  heat -generat ion r e l a t e d  BaP. Process-or i n s t i t u t i o n a l  -heat 

generat ion combustors , a re  i d e n t i f i e d  as more , important t o  t he  i nven to r y  a re  
. . 

than l a r g e  sca le  p l an t s .  The s tud ies  summarized by Hangebrauck e t  a1 5 2 

prov ides the  bas is  f o r  these conc lus ions and i l l u s t r a t e s  t h a t  PAHs o the r  than 

. . .  BaP f o l l o w  t he  same'trend.. The data summarized . i n  Tabl'e 13 f u r t h e r  i l l u s t r a t e  
, . . . 

I ,  . t h a t .  the' type, and presumably' t he  e f f i c i e n c y ,  o f  combustion i s  .a more impor tant  
. . . . 

I . fac t@-  than i s  the. $ i .ze o r  purpose' o f  t he  combustor. ' ! .  
. :  
i .  Coal f i r e d '  power p l a n t s  c o n t r i b u t e  r e l a t i v e l y  1 i t t l e  t o  t h e ,  n a t u r a l  ' p a r t i c -  . .. 

I .  

. . u l a t e  BaP burde.n. ' A hig'h combustion e f f i c i e n c y  combined w i t h  e f f e c t i v e  emission , '  

, . 
, 

c o n t r o l  methods reduce t h e a n n u a l  emission t o  one t o n '  o r  l e ss  o f  BaP. A low'  
1 .  

I 
! annual emission does no t  e l i m i n a t e  t h i s  source as a c o n t r i b u t e r t o  t he  PAH 

r e l a t e d  cancers. Loca l  t oncen t ra t i ons  may be high. D ieh l  e t  a1 ,23 f o r  example, 
. . 

I 
! .  . 

' r e p o r t  t h e  re lease  of up to. 50 mg/hr o f  BaP f rom power p l a n t s  r a t &  from 1 x l o 6 '  . . 

I . .  
. t o  2 x l o 6  1 bs steamjhr.  A re lease  o f  46.6 mg ~ a ~ / h k  may be ca l cu l a ted  f rom the  

1 
. .  . 

more recen t l y  summarized r e s u l t s  o f  ~ a n ~ e b r a u c k "  f o r  a power p l a n t  consuming 

: .  59 m e t r i c  tbns of coa l  per  hour.' W h i l e  o n l y  840 r g  b f  BaP a re  re leased per  

m e t r i c  t o n  o f  coa l  consumed, t he  process re leases l a r g e  q u a n t i t i e s  o f  BaP and 
. . 

presumably l a r g e r  qu'anti t i e ' s  o f  PAHs i n t o  a 1 och l  i z e d  environment. 



Emissions est imates a r e  dependent on accurate  sampling and ana lys is  methods.. 

PAHs a re  thought128. t g  be re leased f rom t h e  combustor f lame i n  t h e  vapor s t a t e  

l a t e r  t o  condense on ' i no rgan i c  p a r t i c l e s  o r  t o , c o a l e s e  t o  form p a r t i c l e s  o f  pure 

condensate. The recen t  s tudy o f  sampling techniques by Jones e t  a ~ ' ~  addressed 

the  p rob lem of vapor s t a t e  PAHS by des ign ing a sampl i n g  system which i n t o rpd ra ted  
. . 

an organic  adsorbent i n  - the sampling t r a i n .  The authors  determined t h e  concen- 
. . 

t r a t i o n s  o f  anthracene, pyrene,, f 1 uoranthene, chrysene, benz(a)arithracene, .and 

benzopyrenes i n  e f f  1 uents f rom . ' the small sca le  combustion o f  n a t u r a l  gas, and 

r e s i d u a l  o i l s  and f r o m  e f f l u e n t s  o f  a carbon b lack  manufactur ing f a c i  1 i ty  us ing  
. . 

t he  adsorbent sarnp1.i ng system and s t a n d a r d  sampl i 'ng systems. . Expressed as t o t a l  

p o l y c y c l i c  organic  ma,tter '(POM), Jones e t  a1 r e p o r t  f rom two t o  Jen t imes as . 

. . 
muoh POM i n  t he  e f f l u e n t s  us ing  t he  adsorbent sampler. . Enhancements by a f a c t o r  

. . . . 

o f  ten,seem t o  be assoc ia ted w i t h  t he  combustion o f  su l f u r - con ta i n i ng  f u e l s .  

, . .  I t  should be noted t h a t  t he  most v o l a t i l e  PAHs, t h e  napthalenes, were n o t  

s tud ied.  . T h e  l o g i c a l  conc lus ion i s  athat emissions from c o a l - f i r e d  power p l a n t s  

' may'be as much as an, order  o f  magnitude g rea te r  than has been p red i c t ed  us ing  

128 t r a d i t i o n a l  sampl i n g  methods. Methodolog ica l  l j m i  t a t i g n s ,  conb ined  w i t h  changes 
. . 

i n  combustion techniques des igned  t o  meet NOx emission s tanda rds ,  may r e s u l t  i n  . . 
. . 

a  s i g n i f . i c a n t  underest imate o f  ' the importance o f  c o a l - f i r e d  power p l a n t s  t o  t he  

.na t iona l  p a r t i c u l a t e  BaP inven to ry .  Regional a f f e c t s ,  p a r t i c u l a r l y  du r i ng  per iods  
. . 

o f  .atmospheric.condi t i o n s  which l o c a l i z e  the.  d i spe rs i on  o f .  emi t ted  p a r t i c u l a t e s ,  

may. be much g rea te r  than would be p red i c t ed  by annual . na t i ona l  i n ven to r i es  o f  BaP. 
. . 

~ i f f e r e n c e s ~ ~  i n  carc . inogenic i ty  f o r  a i r bo rne  p a r t i c u l a t e s  f rom d i f f e r e n t  

geographic locat i ions suggest t h a t  t he  composi t ion o f  adsorbed organic  mat te r  may 

be , important.  The data .summarized i n  Table '13 i 11 us t r a tes  t h a t  pyrene and 

f luoranthene a r e . c o n s i s t e n t l y  present  a t  concent ra t ions equal t o  o r  gre.ater than . . ' . . 
. . 



and alumina column chromatography t o  remove p a r a f f i n s  a f t e r . t h e s e  components were 
I 

found t o  predominate on the  ash. Resul ts  o f  these analyses f o r  PAHs a re  summarized I 

. .  I 
i n  Table 14. ~ o r m a l  p a r a f f i n s  16-through 34-carbons i n  chain- length i n c l u s i v e l y  1 
c o n s t i t u t e d  8.6. ppm o f  t he  ash wh i l e  t he  PAHs v i sua l i zed  c o n s t i t u t e d  less.  than 1 

BaP i n  coal  combustion emissions as i s  a l s o  noted (Table 6)  f o r  r es i dua l  o i l  

combustion. B.enzo(e)pyrene ( B ~ P )  i s  repor ted  present a t  c0ncentrat. i  ons approxi  - 

mat ing t h a t  o f  BaP f o r  coal  combustion w h i l e  'BeP was genera l l y  present  a t  l e v e l s  

below t h e  de tec t i on  1 im i  t f o r  o i  1  combustors studied' .  52 ~ i e h l  reports2'  t h a t .  ' . 

concentrat ions of benz(a,)anthracene a re  w i t h i n  a  f a c t o r  o f  two of those f o r  BaP 

f o r  the  c o a l - f i r e d  power p l an t s  he has sampled. 

G r i e s t  e t  a14' o f  t h i s  l a b o r a t o r y  have recen t l y  surveyed t he  hydrocarbon 

content  of an ash taken from the  stack o f  a  Tennessee Va l ley  ~ u t h o r i t y  c o a l - f i r e d  

power plan't.  , fhe ash was. ex t rac ted  w i t h  benzene a f t e r  adding carbon-.14-BaP t o  
. . 

t he  ash t o  determine recover ies,  and t he  e x t r a c t  was analyzed by f luorescence 

spectrometry and' gas chromatography. The e x t r a c t  was f u r t h e r  p u r i f i e d  by . f l o r i s i l  

0,. 2  ppm. Benzpf luorenes a n d  a1 k y l  -subs t i t u t e d  napthal  enes , pyrenes , ~henanthrenes , 

and anthracenes were found i n  ' add i t i on  t o  the  c o m n b n ~ ~ ,  repor ted  pyrene and f l u o r -  

anthene. The separate ana lys is  f o r  BaP by f luoresence spectrometry and carbon-14 

isotope d i l u t i o n ,  i nd i ca ted  t h a t  BaP c o n s t i t u t e d  35 p p b ' o f  t he  ash. ' The r e s u l t s  
. . 

cannot be 'converted t o  emission f a c t o r s  because t he  p l a n t  ope ra t i ng  

c h a r a c t e r i s t i c s .  and t h e  sampl i n g  p ro toco l  were n o t  speci f ied..  The data c l e a r l y  

demonstrate, however, t h a t  the  composi ti on o f  ' adsorbed organic mat te r  i s consider-  

ab l y  more complex than would be i nd i ca ted  by r e s u l t s  of analyses f o r  a small number 

o f  pre-se lected cons t i tuen ts .  
I 

. '  The con t r i bu t i on ,  if any, of coal  f i r e d  power p l an t s  d i r e c t l y  t o  the aquat ic  , . '1 
o r  t e r r e s t r i a l  environment i s  l e s s  w e l l  known. Mass f low l e v e l s  reportedq6 f o r  

a  t r ace  element balance study w i t h i n  a  power p l a n t  consuming approximately 88 



met r i c  tons o f  coal  per  hour show t h a t  8.43 x 1014 gm o f  P l y  ash a re  ,co l lec ted  

by .  the  p r e c i p i t a t o r  per minute wh i l e  o n l y  0.037 x lo4.  gmlmin of f l y  ash a re  

released i n t o  t he  environment through the  stack. Slag and p r e c i p i t a t o r  ash, 

394.5 tons per  ton  o f  released ash, a re  o f t e n  disposed o f  i:n ash ponds. I t  i s  

n o t  known how' e f f i c i e n t l y  the  spectrum o f  PAHs contained on t he  ash are leached , 

o r  acted upon by micororganisms and subsequently leached i n t o .  the  aquat ic  env i ron-  

ment. . . 

Present technologies a re  e f f e c t i v e l y  c o n t r o l  1  i n g  the annual emission's o f  
, , 

pa r t i cu l a te .  B ~ P  (and .presumably o the r  PAHs) from coal  - f i r e d  p l an t s .  The 

p ro jec ted  inc reas ing  na t i ona l  re1 iance on coal  -based e l e c t r i c .  power. and t he  

poss ib l e  reg iona l  c o n t r i b u t i o n  t o  environmental carcinogenesis from a  h igh  p o i n t -  

source emission o f  PAHs ,. r e q u i r e  a  cont inued surve i  1  lance o f . . t h i s  source o f  

energy-re1 ated po lycyc l  i c a r o m a t i c  hydrocarbons. '. 

O i l  Shale 

i '  Certa' in shales, p a r t i c u l a r l y  those i n  t he  Green R iver  Basin o f  colorado 
8 .  

i a re  s u f f i c i e n t l y  r i c h  i n  .organic  mat te r  ( "kerogen") t o  a1 1  ow the  product, ion o f  

.petroleum s u b s t i t u t e s  by r e t o r t i n g .  Shale i s  be ing.s . l ighted i n  t h i s  rev iew.on ly '  . '  
1 .  
j . .  
. .  . .  becahse ,po.lycycl i c  'aromatic hydrocarbon carcinogeneses problems a re  conceptual l y  ' .  

. . .  . . 
s i m i l a r  ( bu t  l e s s  severe) than those which have a l ready been discussed as ac- ' 

. . 

I 
companying the  1  i que fac t i on  , o f  coal .  High grade shales ' y i e l d  o n l y  25 ga l lons  

o f ,  o i  1  pe r  ton  as compar'ed, t o  1-3 b a r r e l s  per  ton  o f  coal .  The h i g h  grade . . o i  1  
9 .  

I sha'le deposi t i  i n  the dreen R i ve r .  fo rmat ion  o f  C o l o r a d o ,  Utah, 'and wyoming a re  

1 i . . .  
so massive, however,  as t o  a1 low estimates8' o f  some 600 b i  11 i o n  b a r r e l s  o f  

, . ,. . 

. . 

. . recoverable o i l  f rom . . t he  600 square m i l es  con ta in ing  the  shale. Th is  q u a n t i t y  

o f  o i  1  i s  reported8' t o  b e e q u i v a l e n t  t o  t h e  known reserves o f  petroleum o i  1  

I I 
i n c l u d i n g  t he  10 b i l l i o n  ba r re l s  i n  the  Prudhoe Bay area of Alaska. O i l  i s .  

. . 
I presen t l y  produced7' by heat ing ( " d e s t r u c t i v e  d i s t i l  l a t i o n  ;" " r e t o r t i n g 1 ' )  shale 
I ' .  
I 
, 



! . .  
, . 

Table 12. Est imated Annual A i rborne Emission o f  Benzo(a)pyrene i n  

t h e  Un i ted  States 
. . 

. . 

4 .  . , 
~ e - t k i c  ~ o n s  ' per  Year 

, '  
,1968 . ' 1972 

! .  Coa 1 - .  

! 
Hand-s toked and underfeed-s toked ?esi  d e n t i a l  furnaces 380 270 

. . 

9  6 .  . . In termediate  s i z e  furnaces . 

.S teampowerp lan t s  .. 
I 1  <1. 

.Open burning, coa l  re fuse  308 281 

I Coke p roduc t ion  0.05-153 . 0.05-153 
I 

. . 
To ta l ,  Coal $700-850 $550-700 

Petroleum and. Natura l  Gas. 
. . 

. . 
O i l ' ,  r e s i d e n t i a l  through steam power p l a n t s  2 .  2, . . 

: Gas, r e s i d e n t i a l  through -steam power p l a n t s  

Petroleum c a t a l y t i c  c r a c k i n g ,  ' 

Asphal t  a i r - b l ow ing  
. . 

~ s ~ h a l  t hot-road-mix p l a n t  

Gasoline-powered, automobiles and t r ucks  

~ i e s e l  -powered, ' t rucks  and buses 

Rubber t i r e  degradat i:on 

A i  r c r a f t  

Lawn mowers and' motor .cyc les . . 

To ta l  , Petroleum $4 1 $32 



I 

i 
I 
1 .  . 

4 3 
! .  
I '  
I .  

' Table 12 (Cont 'd)  

. . 
' ~ s t i m a t e d  Annual A i r bo rne  Emission o f  ~ e n r o ( a ) p y r e n &  i n  the  u n i t e d  States . 

, . 

! . . Me t r i c  Tons per  Year 
. . . . 

1968 - 1972 -. 
I 

. . 
! .  Other  ater rial s 

. . ! 

Wood, home f i rep laces .  ' ,  . ' 

~ n c l o s e d  i n c i  nerato.r, apartment . through munic ipa l  

Open burning, domestic and munic.ipa1 waste 

Open burning, veh i c l e  d isposal  

Open burning, f o r e s t  and a g r i c u l t u r e  

'Open burning, o the r  

U.S. Annual 'To ta l  ,100-1150 
. . 

From r e s u l t s  s'ummarized i n  re ference 128. 
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I 

.. . 

Table 13. D i s t r i b u t i o n  o f  P o l y c y c l i c  Aromat ic Hydrocarbons i n  -Coal Combustion E f f l u e n t s  
. . . . . . 

. , - .  
' w '  
s 

. . . . . . w . . 
. . w . W '  w F .  

. . s . s ?' - .  
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V 
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' . K  
. . o .. . 0 .  c o - m .  s ' ' &. . 2 ., m .  

0. 
s a 

' N N .  W . .  N =3 -C 0 
L 

. . . . :C K L S L E: N '  C, L 
r .  0 .  

. .. Q) a .  ' w W W K 
C ,  a, 2 

' m m a 0. 
" Q 

C r - 
. . . * : .  o a ' L L  

Heat ing P l a n t  Fuel Rate' y g / l b  ' ' r n i l l i g r a m s ' p e r  m i l l i o n ' B T U  heat  i n p u t  
. . 

Power P l a n t  A ~ 6 0  t o n s l h r  0.25 .020 ,160 

Power P l a n t  B 6 0  t o n s l h r  3.1 . .220. 1.025 .395 . .017 ,200 .005 .075 

Process Heat A ~5 t o n s l h r  0.43 .032 .24 .092 

Process Heat B ~ 3 0 0  1 bs/ h r  140 10 16 7.9 1 . 6  4.5. 

School Heat B % 2 0 0 l b s / h r  1.6 '. 1 1 . 7  ' , .23  1 .0  3 . 2 .  

R e s i d e n t i a l H e a t A  ; 5 l b s / h r '  52 3.8 7.7 5 . 4  .58 1.2 29 , . 47 

. . 
. . . .  . 

. . 
From r e s u l t s  summarized i n  Reference 52. . . ... : -. . 

.- 



Table  14. P o l y c y c l i c  Aromat ic Hydrocarbons on 
. . 

F l y  Ash f rom a Coal F i r e d  Power P l a n t  

Concent ra t ion ,  ng/gm 

'8.3 . 

5.0 

B ipheny l  . . . .10.3 

1,6- and/or 1,3-Dimethyl naphtha1 ene , T 

2,6-Dimethylnaphthalene ' T 

1 ,5- and/or 2 , 3 - ~ i r n e t h ~ l  napthalene T 

9 ,10-~ i .hydroanthracene 

Phenant'hrene 

F l  uoranthene 

pyrene 

.I, 2-Benzof 1 uorene 

2 , 3 - ~ e n z o f  1 uorene 

1 -Methyl pyrene 

Picene 

TOTAL . 

, 5 

I . .  ' , . . ' T, t r a c e  
I 

1 .  From re fe rence  45. 



extracted by.surface or underground mining to approximately 1000°F in above 

ground retor ts .  Research i's underway a t  the Laramie Energy Research center, 

Laramie'Wyoming, on methods to allow the in-situ conversion of shale to  oil.. 

The primary environmental. problems facing the shale oi 1 industry 'appear 

to be locating adequa'te supplies of water for proce'ssing, a'voidi,ng contaminating 

1 
.the limited western .water supply, and disposing 'of sol id wastes. Approximate.1~ two 

tons of spent sh,ale accompanies the production of each barrel .of . o i l .  Because . 
I 

. . .  . o f .  i t s  decreased density. following processing, i t  i s  not possible to return 
9 .  

!. 
a l l  uf. the spent sha'le to  the mine. Almost 600 mil'l ion tons of spent shale 

would have to be disposed of annhally from an 'oil shale industry producing one 

8 9 million barrels of oil per day. 
1 :  

. A report by Schmidt-~ol leruslP6 suggested that a carcinogenic hazard could 

be associated with spent shale. coomesP2 has recently responded to this  and the 

~ a u t { r ' ~ ~  paper. He reports t h a t  hairless mice .living in a bedding of spent 

shale exhibit no greater incidence of skin caricer than those living in normal 

bedding and' suggest'that this  4s evidence of the non-carcinogenic nature of spent 

shale. Coomes-dl50 reports resu l t s  frbm three liboratories which show that the 
. . 

b e n z ~ ( a ) ~ ~ r k n e  content of processed shale i s  no greatei than 40 ppb, well within 

the range of. concentration, reported for coconut oi 1 , oysters, and oak leaves. 
9 .Bonomo has reported concentrations of BaP of from 15-115 ppb in weathered spent 

. . 

shales. 

crude shale oil containsz2 approximately 3 ppm of BaP,, one  hundred times 

that found in spent shale and approximately that found in crude o i l s . .  

A shale oi 1 produced by an above ground simulated in-si t u  re tor t  has recently 

been subjected 'to sol-vent extraction and adsorption chromatographic separations . ' . ' .  

here to prepare a' polycycl ic  - aromatic hydrocarbon enriched' isolate for biological 
I 

study. The isolate composed approximately 2.0 w t .  % o f t h e . s h a l e  o i l .  This i s '  



l ess  than t he  q u a n t i t y  o f . i s o l a t e  prepared (3.2 w t ;  % )  f rom a m i x t u r e  o f  pe t r o -  

leum crude o i l s  us ing  t he  same procedure. The product  o f  s imulated i n - s i t u  . 
I 

r e t o r t i n g  conta ins i h e  same v a r i e t y  (Table 9 )  o f  po l ycyc l  i c  aromat ic hydrocarbons 

as ' i s  observed ' i n  petroleum and coa l -der i ved  o i l s .  The h i gh l y  carc inogenic  

i sorners 3-methyl cholanthrene .(MCA) and 7,12-dimethyl benzanthracen'e have been 

repor ted9y12o i n  b o t h  raw and processed shale  bu t  i d e n t i f i c a t i o n s  a r e  based 

p r i n c i p a l  l y  on chromatograp.hic r e t e n t i o n .  We have observed gas chromatographic 

andmass spect rometr ic  evidence f o r  t h e  presence o f  t r a c e  q u a n t i t i e s  o f  MCA i n  

a crude shale o ? l  pruduc.ed by  s imulated i n - s i t u . r e t o r t i n g  bu t  do n o t  cons ider  
. . 

t h e  data adequate f o r  p o s i t i v e  i d e n t i f i c a t i o n .  

Mouse dermal bioassay remains t h e  most w ide l y  accepted measure o f  ca rc ino-  

g e n i c i t y .  coomesJ2 has pub l i shed  t he  r e s u l t s  summarized i n  Table 15 from a' 

i e p o r t  by the  colpny Development The data suggest t h a t  crude shale  

o i l  i s  no more carc inogenic  ' than i s  commonly used f u e l  o i l .  I t  a l s o  suggests 

t ha t '  subs'equent upgrading (by hydrogenat ion) f u r t h e r  reduces t h e  ca rc i nogen i c i t y  
. . 

o f  t he  o i l .  

Reports o f  po l . ycyc l i c  aromat ic hydrocarbons i n  sha le  r e t o r t  de r i ved  waters 
. . 

cannot be ex t r apo l  a t e d , d i  r e c t l y  t o  environmental  re leases .  Data i n  Table 11 

were- generated us i ng  t he  water recovered by c e n t r i f u g i n g  t h e  o i l - w a t e r  product  

. . . o f  a.s imul.ated. i n - s i t i r e t o r t .  The d i s t r i b u t i o n  o f  p a r a f f i n s : i n  t h e  water was 

. '  i d e n t i c a l  t o  t h a t  found i n ,  t h e  o i l .  The p o l y c y c l i c  aromat ics may be d isso lved  

i n  t h e  o i l  . remaining . i n  t h e  water due t o  incomplete separat ion.  Con t ro l  

techno1 og i  es op.timi zed: t o  remove "hydrocarbons" may reduce t h e '  po lyaromat ic  con- 
. . 

1 t e n t  o f  t h e  water t o  acceptable l e v e l s .  

The commercial sca le  conversion o f  shales t o  o i l  w i l l  ' i nvo lve  processing 

l a r g e  , q u a n t i t i e s  o f  p o l y c y c l i c  aromat ic hydrocarbons. .The p o s s i b i l i t y  of. PAH 

r e l a t e d  occupat iona l  and environmental carcinogenesis cannot be r u l e d  o u t  based 
. . 

t he  1 i m i  t e d  exper imental  data .  and process exper ience ava i l ab l e :  



, . ' ,  

. . .  

Table 15. Mouse Dermal carcinogenicity of Shale Oils  -. 

and Related Materials . . 

Material Material 

Whole' Shale Oil .. ,O.,l Coke Oven Coal Tar 0.54. 
, . 

Upgraded Shale 0.03 Cracked Sidestream . . . . 
0.26 

. . 
Industr ial  Fuel 011 0.17 Napthenic Di sti.11 a t e  0.06 . 

6 4 
, a"carci  nocjenici ty"  r e l a t i v e  t o  3-methylcholanthrene . 

I i 
! ; 
I I 

From reference' '22. . ' 

. . 
I 
I 

I I 

1 :  , 

l a  , .  



Conclusions, . ~ o m ~ a r i s o n s ,  Comments 

F o s s i l  fue ls  p rov ide  more than 90% o f  t he  na t ions  energy and a re  t he  pri- 

mary techno log ica l  source o f  .po lycyc l  i c  aromat ic hydrocarbons. Combustion, coa l  

coking, and c a t a l y t i c  crack ing a re  t he  pr imary f o s s i l  energy sources 
. . 

o f '  a i rbo rne  PAHs. T ranspor ta t ion  and processing o f  petroleum are  the  pr imary 

technol.ogica1 sources o f  PAHs contaminat ing t h e  water environment. Energy r e -  , . . 
, . 

l a t e d  opera.t ions accompanied by t he  g rea tes t  hazard o f  occupat ional  carcinogenesis . . 
. . 

a re  those i n v o l v i n g  con tac t  w i t h  .petroleum- and coa l - " r es i dua l s "  ('e.g., coa l  t a r s )  

and r e s p l  r a t i o n  o f  heavl  l y  PAH-contaminated eh,viroriments (e.g., cok ing) .  

Coal and shale  conversion w i l l  c o n s t i t u t e  a new source o f  P ~ H S .  A s i n g l e  

commercial coa l  l i q u e f a c t i o n  p l a n t  w i l l  produce (assuming 25,000 tons o f  coal/day, 

2 b b l .  o i l / t o n  o f  coa l ,  140 kg o i l / b b l ,  3 w t .  % PAH') 21'0,000' kgs o f  PAHs and 

(assuming 1 ppm B ~ P )  7 k g s  o f  BaP d a i l y  as a component o f  t h e  product.  An i n d u s t r y ,  

process in( i  l o 6  tons o f  coal  p e r  day would produce approximately 100 m e t r i c  tong 

o f  BaP annual ly .  The q u a n t i t i e s ,  i f  any, o f  PAHs generated as was tes 'o r  emi t ted  

duk i  ng processing i s  unknown. 

Technology appears t o  e x i s t  t o  handle t h e  increased .PAH burden. The .petro- 

leum indus t ry ,  fo r  exampl'e, 'processed 780 m e t r i c  tons o f  BaP (assuming 0.78 x 

109MT petroleum c r u d e o i l  ionsumed, 1 ppm B ~ P )  i n  1972. . Secondly, much o f  the  

coa l -der ived o i  1 i s  'expected t o  be consumed by .combustion and. i t  i s  we1 1 docu-. . '  

menCed. t h a t  cqmbustion e f f i c i e n c y  i s  more impor tan t  than i s  t h e  a r o m a t i c i t y  o f  

t h e  f u e l  i.n determin ing f i n a l  PAH emissions. Conversion technolog ies remain a 

occupat ional  h e a l  t h  and l o c a l  environmental '  h e a l t h  t h r e a t  because i t  

i s  no t  known how e f f i . c ien t l y ,  t he  hazardous const i ' tuents .  can be contained i n  a . . 
. . 

commercial sca le  p l a n t .  



Based. on the  'very 1 im i t ed  data (Table 16) ava i l ab le ,  coal  and shale der ived 

crude o i l s  con ta in  on l y  2-3 t imes more BaP than do petroleum crudes. Some 

processes, p a r t i c u l a r l y  those opt imized t o  produce: chemical feedstocks, produce 

I I '  products con ta in ing  10-,100 t imes the  BaP and/or PAH content  o f  petro.leum crudes. 

! Tars and h igh  b o i l i n g  products produced i n  t he  conversion processes can c o n s i s t  

o f  40 w t .  % PAH b u t  thses must be compared t o  t h e i r  peotroleum counterpar t ,  e.g., 
I 
I 

1 : .  p i tches,  r a t h e r  than crude o i l s  i n  judging the  added impact o f  the  conversion 

i ndus t r y  on t he  environmental PAH burden. 1; general ,  cba l -  and shale-der ived 
; 

o i  1 s may be expected , to  con ta in  l a r g e r  q u a n t i t i e s  o f  a1 ky l a ted  PAHs, hetero- 

atami c cons t i  tuents  , and hydroaromatics than does' petroleum. 
. . 

. . 1 ;  . ,  
The experimental ca rc i nogen i c i t y  o f  shale o i  1 i s  repor ted  t o  be about equal 

t o  t h a t  o f  petroleum crude o i l .  Coal t a r s  a r e  w e l l  known t o  be h i g h l y  carc ino-  

genic;  Mutagenic i ty  screening shows two coal  der i ved  o i l s  t o  be more a c t i v e  than 
, . 

i a shale o i  1.  which, i n  turn,  i s  'approximately equal i n  a c t i v i t y  t o  'a  petroleum crude' 
! 

o i l .  I n  a l l  cases, t he  mutagenic a c t i v i t y  i s  concentrated i n  t he  p o l y c y c l i c  aromatic 
I '  

I . .  ' en r i ched  f r a c t i o n s  and t he  bas ic  f r a c t i o n s .  
. . . '  I 

Wi,th the poss ib le  except ion o f  a i rborne  p a r t i c u l a t e s ,  knowledge o f  t he  PAH 
I 

content  of energy-re la ted ma te r i a l s  fa1  1s f a r  sho r t  o f  e x i s t i n g  a n a l y t i c a l  capa- 
. . . . . . 

b i l i ' t i e s  and o f  needs o f  b i o l o g i s t s  . . t o  est imate carc inogenic  P o t e n t i a l .  A : 
. . 

! . '  systematic study .of  t he  types repor ted  by Sawick i ,and by Hangebrauck a re  requ i red  
I. I 

t o  generate the  data base. necessary. PAHs o the r  than BaP must a lso .  be determined, 

the.  ma t r i x  i n  which t he  PAHs res ide  must be determined, and the  .presence o r  absence . . '  
. . 

of unusual ly  b i o a c t i v e  . . isomers, e.g. 3-methylcholanthrene, m i s t  be es tab l  i sh id .  

The ex ten t  o f .  b ioaccumulat ion and o f  chemical. t rans fo rmat ion  due t o  environmental 

processes must be d.etermined t o  f u l l y  eva luate t he  relevance o f  source.'.terms t o  

. t he  impact on recep to r  organisms i n c l u d i n g  man. 
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. . 
Table 7 6. Benzo(a)pyrene Content of Energy Re1 ated Materials 

Materials . y p m  B ~ P  
. . .  

. . Crude Oi 1s ' 

Petroleum i 

Persian ~ulf~' 0.04 ~ r a b i a n ~ ~  1.5 

Shale Derived 

Crude 0i 1 22 '3.1 

Hydrotreatedz2 0.7 

Coal Derived 

Catalytic 1.6, 41 

Petroleum products 

0.46, 0.03, 0.55 

Catalytically Reformedlo8 6.2 . . 

~ a t i  onwi de Composite  rem mi uml 40 0.48 
. . 

Nationwide Composite 0.21 

Motor Oi 1 , new 42 

Motor Oi 1 , used 42y108 2.4, 6.0 

.D.iesel Fuel 42y108 .~.03, 0.07 
. . 

No. 2 Heating 0illo8 0.01-0.05 

~ ~ ~ h a l  t145 :0.1-27 

4 3 PetroTeum Pitch . . 



.' Table 16 (Cont 'd)  

Benzo(a)pyrene Content o f  Energy Related Ma te r i a l s  

Ma te r i a l s  y p m  BaP 
: .  

M i  sce l  1 aneous . 

98 creosote 200 

:Coal Tar 98 ' ' 2 4  1800, 5000 
. . 

3,000 

Coal. Tar .  P i t c h  145 

Raw 'shale 2 2 '  . ,  

Processed Shale 22 

124 ' Bitumonus cbal  . . 

, . Reference Envionmental Ma te r i a l s  

Waters 

Uncontaminated ground water 4 

4 Dri .nki  ng water 

Contaminated by i n d u s t r i a l  e f f  1 uent 4 

Heav,i ly c0n tam ina ted .b~  coking, o i l  shale, 

4 . . o i  1 -gas processing 

Miscellaneous 

124 . ' Foods 

4 . . Earths upper c r u s t  

~ i ' o s ~ n t h e s i z e d  per weight d r i e d  , 
" 4 wheat.and r y e  
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