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Dur ing t h e  l a t e  1970s shortages o f  n a t u r a l  gas, f u e l  o i l ,  and gas01 i n e  
d r a m a t i c a l l y  demonstrated t h e  need f o r  t e  inc reased  use of coa l  by 
e l e c t r i c  u t i l i t i e s .  A l though p r e d i c t i o n s  vary ,  t h e  Na t i ona l  Coal 
Assoc ia t ion  f o r e c a s t s  an inc rease  i n  coa l  usage f rom 787 m i l l i o n  m e t r i c  
tons  i n  1976 t o  approx imate ly  1.5 b i l l i o n  m e t r i c  tons  by  1985. The 
combustion o f  coa l  produces s o l i d  wastes composed p r i m a r i l y  o f  t h e  
noncombust ib le m inera l  ma t te r  (ash) p resen t  i n  t h e  coa l .  F l y  ash i s  t h a t  
p o r t i o n  o f  ash t h a t  i s  smal l  enough, i n  terms o f  p a r t i c l e  s ize ,  t o  be 
en t ra i ned  i n  t h e  f l u e  gases and c a r r i e d  away f rom t h e  s i t e  o f  combustion. 
O f  t h e  67.8 m i l l i o n  tons o f  ash produced i n  t h e  1J.S. i n  1977, approx imate ly  
48 m i l l i o n  tons  was f l y  ash (Faber, 1979). Ash p roduc t i on  may reach 125 
m i l l i o n  tons  by  1990 and may inc rease  by a  f a c t o r  o f  f o u r  i n  t h e  nex t  20 
years (Faber, 1979). I n  I l l i n o i s ,  t h e  t h r e e  major  e l e c t r i c  u t i l i t i e s  
generated an est imated l,867,OO0 tons  o f  f l y  ash i n  1979 (Roy e t  a l . ,  
1981). 

The imp1 i c a t  ions  o f  t h e  Resource Conservat ion and Recovery Act  (RCRA) o f  
1976 have focused a t t e n t i o n  on coa l  f l y  ash and i t s  subsequent d isposa l  
problems. The p reva len t  method o f  f l y  ash d i sposa l  i s  b y  s l u i c i n g  t h e  ash 
s l u r r i e s  f rom t h e  power p l a n t s  i n t o  some t ype  o f  n a t u r a l  o r  man-made bas in  
where t h e  ash s e t t l e s .  The r e s u l t i n g  supernatant  may c o n t a i n  p o t e n t i a l l y  
t o x i c  t r a c e  c o n s t i t u e n t s ,  leached f rom t h e  f l y  ash, which cou ld  pose 
problems t o  t h e  aquat i c  ecosystems i n t o  which t h e y  e v e n t u a l l y  f l o w .  

Several s t u d i e s  assessing t h e  environmental  impact o f  coa l  f l y  ash have 
d e a l t  l a r g e l y  w i t h  f l y  ashes generated f rom c o a l s  f rom t h e  Appalachian 
r e g i o n  (Chu e t  a l . ,  1978; F u r r  e t  a l . ,  1977; K l e i n  e t  a l . ,  1975; Plank e t  
a l . ,  1975) and f rom western b i tuminous,  subbituminous, and l i g n i t e  coa l s  
(Elseewi e t  a l . ,  1980; Mann e t  a l . ,  1978; Ondov e t  a l . ,  1979; Swanson e t  
a l . ,  1976). 

F l y  ashes produced by t h e  combustion o f  coa l s  f rom t h e  I l l i n o i s  coa l  bas in  
have a l s o  been s t u d i e d  (Cox e t  a l . ,  1978; Davison e t  a1 . , 1974; G r i f f i n  e t  
a l . ,  1980; L i n t o n  e t  a l . ,  1976; Natusch e t  a l e ,  1977; Theis  and M i r t h ,  
1977). However, as i n d i c a t e d  i n  l i t e r a t u r e  rev iews  by  Adriano e t  a l .  (1980),  
Page e t  a l .  (1979),  and Roy e t  a l .  (1981 ) ,  t h e  physicochemical  p r o p e r t i e s  
o f  f l y  ash may va ry  f rom p l a n t  t o  p l a n t  and even f rom d i f f e r e n t  b o i l e r s  
w i t h i n  a  p a r t i c u l a r  p l a n t .  Moreover, 1  abora to ry  l each ing  and d i sposa l  pond 
s tud ies  o f  t h e  aqueous chemical i n t e r a c t i o n s  w i t h  f l y  ashes generated f rom 
I l l i n o i s  Basin coa l s  have a l so  produced va ry i ng  r e s u l t s .  A d d i t i o n a l  work 
w i t h  I l l i n o i s  f l y  ashes i s  needed i n  o rde r  t o  assess t h e  p o s s i b l e  
env i ronmenta l  impacts o f  coa l  f l y  ash d isposa l .  

E leva ted  pH l e v e l s  o f  f l y  ash leacha tes  have been shown t o  be t o x i c  t o  
aqua t i c  organisms (Ca i rns  e t  a1 . , 1972; Wasserman e t  a1 . , 1974). Other 
s t u d i e s  (B i rge ,  1978; Thompson, 1963) have examined t h e  r o l e  o f  t r a c e  
elements i n  t h e  aquat i c  t o x i c o l o g y  o f  leacha tes  f rom coa l  and f l y  ash. 

Trace elements leached f rom f l y  ash can accumulate i n  t h e  t i ,ssues o f  f i s h  
and f i s h  fo rage  (Cherry  e t  a l . ,  1976; Ryther e t  a l . ,  1979). Contaminated 
f i s h  f rom c o o l i n g  lakes  o r  o t h e r  aqua t i c  ecosystems exposed t o  f l y  ash 
e f f l u e n t  may pose p o t e n t i a l  h e a l t h  hazards t o  f ishermen. 



The o v e r a l l  purpose o f  t h i s  i n v e s t i g a t i o n  was t o  p rov ide  i n f o r m a t i o n  t h a t  
may be o f  ass is tance  i n  p r e d i c t i n g  t h e  environmental  impacts o f  coa l  f l y  
ash d isposa l .  Data r e s u l t i n g  f rom t h i s  i n v e s t i g a t i o n  should be u s e f u l  t o  
u t i l i t i e s ,  consu l tan ts ,  and s ta te ,  l o c a l ,  and f e d e r a l  agencies concerned 
w i t h  f l y  ash and i t s  d i sposa l .  

The o b j e c t i v e s  o f  t h e  s tudy  were t o :  

Review t h e  e c o l o g i c a l  and h e a l t h  l i t e r a t u r e  concern ing f l y  ash. 

Assess t h e  v a r i a b i l i t y  i n  terms o f  chemical composi t ion and 
aqueous s o l u b i l i t y  o f  f l y  ashes de r i ved  f r om I l l i n o i s  Basin c o a l s ,  
and compare these f l y  ashes t o  those generated f rom western U.S. 
coa l  s. 

Determine i f  t h e  e x t r a c t s  generated f rom f l y  ash were a c u t e l y  
t o x i c  t o  f i s h e s .  

- Determine i f  t h e  s o l u b l e  t r a c e  meta ls  i n  t h e  f l y  ash 
e x t r a c t s  were accumul ated by  f i s h e s  under 1  abo ra to r y  
c o n d i t i o n s .  

Nine f l y  ash samples generated f rom I l l i n o i s  Basin coa l s - -  
p redominan t l y  s i l t s  (USDA c l a s s i f i c a t i o n ) - - v a r i e d  i n  c o l o r  f r om v e r y  
dark  g r a y i s h  brown (10YR Munsel l  s o i l  c o l o r s )  t o  g ray  (2.5Y - 5Y) .  The 
average s p e c i f i c  g r a v i t y  o f  t h e  n i n e  samples was about 2.4. Two f l y  
ashes generated by  t h e  combustion o f  western U.S. l i g n i t e  c o a l s  were 
l i g h t e r  i n  c o l o r  ( l i g h t  g ray )  and had g r e a t e r  s p e c i f i c  g r a v i t i e s  (about 
3.05),  whereas a western subbituminous coa l  f l y  ash had a  da rke r  g ray  
(10YR) c o l o r  and a  s p e c i f i c  g r a v i t y  o f  2.2. 

The genera l  m ine ra log i ca l  composi t ion o f  t h e  I l l i n o i s  Bas in  f l y  ashes 
was comparable t o  t h a t  o f  f l y  ashes generated f rom eas te rn  1J.S. 
b i tuminous coa ls ,  as repo r ted  elsewhere. They were e s s e n t i a l l y  
sphe r i ca l  p a r t i c l e s  composed o f  an amorphous a l u m i n o - s i l i c a t e  g lass ,  
quar tz ,  mu1 1  i t e  (A1 6 S i  2013), and i r o n  ox ides.  The subbi tuminous 
western ash was s i m i l a r  i n  m i n e r a l o g i c a l  composi t ion t o  t h e  I l l i n o i s  
samples, except  f o r  t h e  presence o f  c a l c i t e  i n  t h e  western ash. The two 
western l i g n i t e  samples had h ighe r  concen t ra t i ons  o f  some a l k a l i n e  
meta ls  and m a t r i x  s u l f u r ,  p r i m a r i l y  i n  t h e  fo rm o f  anhyd r i t e  (CaS04) 
and p e r i c l  ase ( MgD) . 

Most o f  t he  m a t r i x  s u l f u r  i n  a l l  12 samples e x i s t e d  as s u l f a t e  
compounds. The average r a t i o  o f  s u l f a t e  S t o  s u l f i d e  S i n  t h e  I l l i n o i s  
samples was about 5 : l .  

The t r a c e  c o n s t i t u e n t  concen t ra t i ons  i n  t he  samples were h i g h l y  
va r i ab le ,  b u t  t h e  I l l i n o i s  f l y  ash samples g e n e r a l l y  had g r e a t e r  
concen t ra t  ions  o f  ( i n  decreas ing o rde r  o f  concen t ra t  i on )  Zn , N i  , Rb, 
Cs, C r ,  Co, U, Ge, Mo, V, L i ,  Cd, TI ,  Sm, Pb, Be, Eu, Tb, Ga, Ce, As, 



Cu, Lu, and Sc than d i d  t h e  t h r e e  western f l y  ashes. S i m i l a r  t r e n d s  
f o r  c e r t a i n  t r a n s i t i o n a l  meta ls  have been r e p o r t e d  elsewhere f o r  ashes 
f r om eas te rn  and western coa l s .  

5. IJnder 1  abo ra to r y  c o n d i t i o n s ,  t h e  seven g ray  samples produced a1 k a l  i n e  
e x t r a c t s ,  whereas t h e  two r e d d i s h  f l y  ashes generated a c i d i c  e x t r a c t s .  
Co lo r  may be u s e f u l  i n  p r e d i c t i n g  t h e  i n i t i a l  pH o f  a  f l y  ash s l u r r y  o r  
l eacha te  i n  t h e  f i e l d -  

6 .  The r a t i o  o f  m a t r i x  CaO t o  SO3 may i n f l u e n c e  t h e  pH o f  e x t r a c t s  
d u r i n g  t h e  i n i t i a l  stages. Shor t - te rm a c i d i c  e x t r a c t s  were assoc ia ted  
w i t h  samples hav ing  a  CaO/S03 r a t i o  o f  l e s s  than  2; a l k a l i n e  
s o l u t i o n s  were produced f rom samples hav ing  m a t r i x  CaO/S03 r a t i o s  
exceeding 2. 

7. The genera l  t r e n d  o f  EP s o l u b i l i t y  f o r  t he  I l l i n o i s  Bas in  f l y  ashes was 
found t o  be S04-S > Ca, B > Cd > Sb, Mn, Mg > Zn > Na, Mo > K, N i ,  C r ,  
Cu > Be, Ba, Si ,  Al, Fe. The genera l  p a t t e r n  o f  s o l u b i l i t y  f o r  t h e  
subbi tuminous f l y  ash was S04-S > B > As > Ca > Se > Mg, Zn > Mn > Na 
> K, Ba, and f o r  t h e  two l i g n i t e  f l y  ashes, S04-S > 6 > K, Mo >> Se, 
Na > Ca > Zn, Mg > Be, C r  > Mn, S i ,  Ba. 

8. A l though a l l  f l y  ashes a re  c u r r e n t l y  exempt f rom t h e  l i s t  o f  hazardous 
wastes under RCRA, E P  d a t a  i n d i c a t e d  t h a t  one o f  t h e  12 samples would 
be c l a s s i f i e d  as a  hazardous waste b y  p resen t  c r i t e r i a .  One a c i d i c  f l y  
ash con ta ined  enough s o l u b l e  Cd t o  c l a s s i f y  i t  as a hazardous waste i f  
t h e  s t a t u s  o f  f l y  ash as a  nonhazardous waste were t o  be rev i sed .  

9. I n  long- te rm e q u i l i b r a t i o n s  (100-140 days) o f  f i v e  f l y  ash samples, t h e  
concen t ra t i ons  o f  seve ra l  p o t e n t i a l  p o l l u t a n t s  began t o  decrease almost 
immediate ly  a f t e r  t h e  f i r s t  day o f  e x t r a c t i o n ,  and t h i s  decrease 
con t inued  f o r  60 t o  120 days u n t i l  s teady  s t a t e  c o n d i t i o n s  developed. 
The pH o f  t h e  a c i d i c  e x t r a c t s  became n e u t r a l  a f t e r  about 3 t o  5 weeks 
and consequent ly  severa l  p o t e n t i a l  p o l l u t a n t s  were l e s s  s o l u b l e  i n  t h e  
r e s u l t i n g  nonac id i c  s o l u t i o n .  I n  a l l  f i v e  long- te rm e q u i l i b r a t i o n s ,  
severa l  c o n s t i t u e n t s  reached a  metas tab le  e q u i l i b r i u m ,  p e r s i s t i n g  a t  
i n v a r i a n t  concen t ra t i ons  f o r  t h e  l a t t e r  p a r t  o f  t h e  e x t r a c t i o n  
i n t e r v a l  . 

10. The s p e c i f i c  concen t ra t i ons  o f  some o f  t h e  i n o r g a n i c  c o n s t i t u e n t s  i n  
t h e  s o l u t i o n s  ( p r i o r  t o  e q u i l i b r a t i o n  and a f t e r  s teady  s t a t e  c o n d i t i o n s  
developed) exceeded t h e  EPA i n t e r i m  p r ima ry  o r  secondary d r i n k i n g  water  
s tandards and i r r i g a t i o n  water c r i  t e r i  a. 

11. Organic compounds i d e n t i f i e d  i n  t h e  f l y  ashes were o n l y  s l i g h t l y  
s o l u b l e  i n  t h e  aqueous e x t r a c t s .  Al though some o f  t h e  o rgan i cs  p resen t  
i n  t h e  samples a re  on t h e  p r i o r i t y  p o l l u t a n t  l i s t ,  t h e y  a re  p resen t  i n  
such low concen t ra t i ons  t h a t  i t  i s  d o u b t f u l  t h a t  t h e y  would pose any 
s i g n i f i c a n t  env i ronmenta l  problems d u r i n g  l a n d f i l l i n g  o p e r a t i o n s  o r  
pond i n g . 

12. F l y  a s h e s - - p a r t i c u l a r l y  a c i d i c  t ypes- -a re  p robab l y  most t o x i c  t o  
aqua t i c  ecosystems when i n i t i a l l y  s l u r r i e d  t o  d i sposa l  ponds; t h e i r  
t o x i c i t y  may decrease w i t h  t ime.  I f  t h e  p o t e n t i a l  contaminants  ach ieve 



steady s t a t e  c o n d i t i o n s  i n  t h e  d i sposa l  pond, t hey  may have l ong  
res idence  t imes i n  t h e  ash e f f l u e n t ,  t hus  i n c r e a s i n g  t h e  p r o b a b i l i t y  of 
b ioaccumulat ion by  aqua t i c  organisms. 

13. O f  t h e  1 2  f l y  ash samples evaluated, f i v e  were se lec ted  f o r  t o x i c i t y  
t e s t i n g  on t h e  b a s i s  o f  t h e  d i v e r s i t y  o f  e x t r a c t  pH va lues observed. 
A l l  f i v e  e x t r a c t s  were a c u t e l y  t o x i c  t o  fa thead  minnow f r y .  

14. Physicochemical components p robab ly  r espons ib l e  f o r  t h e  acute t o x i c i t y  
o f  t h e  f l y  ash e x t r a c t s  t o  f i s h  were pH, A l ,  i o n i c  s t reng th ,  and Zn. 
Because o f  t h e  complex composi t ion o f  some e x t r a c t s  and t h e  unknown 
s y n e r g i s t i c  and a n t a g o n i s t i c  e f f e c t s  o f  t h e  chemical c o n s t i t u e n t s  o f  
t h e  e x t r a c t s ,  i t  was n o t  p o s s i b l e  f rom these exper iments t o  determine 
which chemical c o n s t i t u e n t s  s p e c i f i c a l l y  were respons ib l e  f o r  t h e  
observed m o r t a l i t y .  

15. The f l y  ash e x t r a c t s  were d i l u t e d  t o  l e v e l s  presumed subacu te ly  t o x i c  
f o r  use i n  b ioaccu~nul  a t  i o n  exper iments.  The growth o f  fa thead  minnows 
and green s u n f i s h  exposed t o  these d i l u t e d  f l y  ash e x t r a c t s  was n o t  
s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  o f  c o n t r o l  t e s t  organisms exposed t o  
f i l t e r e d  t a p  water under s i m i l a r  c o n d i t i o n s .  

16. The fa thead  minnows and green s u n f i s h  accumulated s i m i l a r  elements f rom 
the  f l y  ash e x t r a c t s ;  t h e  s i x  chemical c o n s t i t u e n t s  most commonly 
accumulated f rom f l y  ash e x t r a c t s  were A l ,  B, Cd, Mn, Mo, and N i .  O f  
these s i x  chemical c o n s t i t u e n t s ,  Cd appeared t o  be o f  g r e a t e s t  
importance because o f  i t s  h i g h l y  t o x i c  na tu re .  

1. An apparent r e l a t i o n s h i p  was observed between t h e  i n i t i a l  pH 
cha rac te r  o f  a  f l y  ash leacha te  and i t s  c o l o r  and t h e  m a t r i x  
CaO/S03 r a t i o  i n  t h e  s o l i d  waste. Fu r the r  s tudy  o f  t h e  l e s s  commonly 
produced a c i d i c  h i g h - i r o n  f l y  ashes should be done. 

2. The long- te rm e q u i l i b r a t i o n  (LTE) e x t r a c t i o n  procedure was designed t o  
s imu la te  e q u i l i b r a t e d  ash ponds. A l though o b t a i n i n g  r e p r e s e n t a t i v e  pond 
samples i s  d i f f i c u l t ,  such f i e l d  work should be done t o  assess t h e  
accuracy o f  t h e  LTE procedure. 

3 .  F l y  ash l a b o r a t o r y  e x t r a c t s  o f t e n  undergo complex changes i n  chem is t r y  
w i t h  t ime  and should be s tud ied  t o  determine which m ine ra l  phases 
c o n t r o l  t h e  aqueous s o l u b i l i t y  o f  t h e  components. The chem is t r y  o f  
s l u r r y  water and d isposa l  ponds should a l so  be s tud ied  and modeled t o  
determine whether t h e  same types o f  changes t h a t  occur i n  l a b o r a t o r y  
e x t r a c t s  occur i n  t h e  f i e l d ,  

4. Grab samples were c o l l e c t e d  f r om o n l y  n i n e  power p l a n t s ,  seven o f  which 
were i n  I l l i n o i s .  To p rov ide  a  more complete p i c t u r e  o f  f l y  ash 
composi t ion and v a r i a b i l i t y ,  samples f rom o t h e r  I l l i n o i s  power p l a n t s  
and f rom o t h e r  s t a t e s  should be s tud ied .  

5. The scope o f  t h e  e c o l o g i c a l  analyses o f  f l y  ash i n  t h i s  s tudy  cons i s ted  
o f  acute s t a t i c  bioassays us ing  fa thead  minnow f r y  and b ioaccumulat ion 



exper imen ts  u s i n g  f a t h e a d  minnows and green s u n f i s h .  It i s  a p p r o p r i a t e  
t o  expand t h e  scope o f  e c o l o g i c a l  a n a l y s i s  t o  a  m u l t i - t i e r  approach 
(Brown and Suloway, 1982; Lee e t  a l . ,  1979) i n c l u d i n g  b i o a c c u m u l a t i o n ,  
b i o c o n c e n t r a t i o n ,  and b i o m a g n i f i c a t i o n  exper imen ts .  Severa l  spec ies  o f  
t e s t  o rgan isms r e p r e s e n t i n g  d i f f e r e n t  t r o p h i c  l e v e l s  shou ld  be  used i n  
c h r o n i c  o r  subchron ic  b ioassays .  

6. A b a t t e r y  o f  h e a l t h  e f f e c t s  t e s t s  s h o u l d  be conducted t o  e v a l u a t e  each 
f l y  ash and i t s  e x t r a c t s .  The U.S. EPA has recommended ( f o r  a  l e v e l  1 
assessment) t h a t  s o l i d  wastes be t e s t e d  f o r  t h e  presence o f  m i c r o b i a l  
m u t a g e n i c i t y ,  r o d e n t  acu te  t o x i c i t y ,  and c y t o t o x i c i t y .  The s p e c i f i c  
t e s t s  i n c l u d e  t h e  Ames Test ,  t h e  R a b b i t  A1 v e o l  a r  Macrophage (RAM) 
assay, t h e  Human Lung F i b r o b l a s t  (MI -38)  Assays, and a c u t e  t o x i c i t y  
b i o a s s a y s  w i t h  r a t s .  W i t h  t h e s e  t e s t s  i t  i s  p o s s i b l e  t o  sc reen  wastes,  
i n c l u d i n g  f l y  ashes and t h e i r  e x t r a c t s ,  f o r  p o s s i b l e  c a r c i n o g e n i c i t y ,  
c y t o t o x i c i t y ,  and o t h e r  d e t r i m e n t a l  h e a l t h  e f f e c t s .  

A summary o f  t h e  o r i g i n  and g e n e r a l  c h a r a c t e r i s t i c s  o f  g r a b  samples o f  12  
f l y  ashes c o l l e c t e d  f o r  t h i s  s t u d y  i s  g i v e n  i n  Tab le  1. A l l  o f  t h e  samples 
were c o l l e c t e d  f r o m  t h e  hoppers  be low t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r s  a t  
n i n e  i n d i v i d u a l  power p l a n t s .  Two samples, each d e r i v e d  f r o m  d i f f e r e n t  
b o i l e r s ,  were c o l l e c t e d  a t  each o f  t h r e e  o f  t h e  f a c i l i t i e s .  

N ine o f  t h e  f l y  ash samples, i d e n t i f i e d  as I 1  t h r o u g h  19, were genera ted  b y  
t h e  combust ion  o f  I l l i n o i s  B a s i n  c o a l s  ( p r e d o m i n a n t l y  t h e  H e r r i n  No. 6 c o a l  
seam) i n  I l l i n o i s  and I n d i a n a .  One f l y  ash (Wl )  was produced b y  a  power 
p l a n t  i n  I l l i n o i s  u s i n g  a  l o w - s u l f u r  subb i tum inous  c o a l  f r o m  Co lo rado  
( F i s h c r e e k  Seam), and t h e  r e m a i n i n g  two f l y  ashes (W2 and W3) were f r o m  
p l a n t s  o u t s i d e  I l l i n o i s  u s i n g  l i g n i t e  f r o m  wes te rn  N o r t h  Dakota.  F i g u r e  1  
shows t h e  a r e a l  e x t e n t  o f  t h e  I l l i n o i s  B a s i n  and t h e  approx ima te  l o c a t i o n  
o f  t h e  p a r e n t  c o a l s  o f  f l y  ashes I 1  t h r o u g h  I 9  ( c o a l s  f r o m  two  mines were 
used t o  g e n e r a t e  f l y  ash 15 ) .  A l l  chemica l  and s o l u b i l i t y  s t u d i e s  were 
done w i t h  t h e  b u l k  samples as t a k e n  f r o m  p r e c i p i t a t o r  hoppers .  The b u l k  
samples were r i f f l e d  t o  i n s u r e  t h a t  r e p r e s e n t a t i v e  samples were used f o r  
each exper imen t .  

s for inorganic, mineralogical, an 

The 12 s o l i d  wastes were ana lyzed b o t h  c h e m i c a l l y  and m i n e r a l o g i c a l l y .  
Chemical ana lyses  o f  t h e  samples f o r  S i ,  A l ,  Mg, Ca, K, Fe, T i ,  and P were 
pe r fo rmed  b y  x - r a y  f l u o r e s c e n c e  s p e c t r o m e t r y .  A rsen ic ,  Ba, Br,  Ce, Co, C r ,  
Cs, Eu, Ga, Hf, La, Lu, Ni ,  Rb, Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, U, W, Yb, 
and Zn c o n t e n t s  were de te rm ined  b y  i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  
a n a l y s i s .  Mercury  d e t e r m i n a t i o n s  were c a r r i e d  o u t  b y  n e u t r o n  a c t i v a t i o n  
w i t h  rad iochern i ca l  s e p a r a t i o n .  Boron, Cu, Ge, L i  , Mo, Pb, Sn, and V 
c o n c e n t r a t i o n s  were measured b y  o p t i c a l  e m i s s i o n  spec t rochemica l  
p rocedures .  A d e t a i l e d  d i s c u s s i o n  o f  sample p r e p a r a t i o n ,  d e t e c t i o n  l i m i t s ,  
and p rocedures  f o r  t h e s e  t e c h n i q u e s  can be  found  i n  G l u s k o t e r  e t  a1. 
(1977) .  The s u l f u r  d e t e r m i n a t i o n s  were done b y  ASTM method 0-2492, and 



t o t a l  carbon determinations were carri'ed out by IS0 method 609-1975E. The 
mineralogy of the  samples was determined by x-ray d i f f r a c t i o n  with a 
Phil ips Norelco x-ray diffractometer using CuKa radiation (Russel 1 and 
Rimmer, 1979).  

Nost of the  chemical analyses of the  supernatant solut ions  were determined 
by inductively coupled argon plasma spectrometry ( I C A P )  with a J a r r e l l  -Ash 

Table '1. Summary o f  the origin and general characteristics o f  the 12 f l y  ash samples. 

Color of Location of Location of 
Fly ash samplea coal source power plant Boiler type 

grayish brown 
2.5Y 6 / 2  

very dark 
grayish brown 
10YR 31'2 

grayish brown 
2.5Y 5.512 

very dark 
grayish brown 
lOYR 312 

gray 
lOYR 611 

light gray 
2.511 712 

gray - light 
gray 
2.5Y 6.512 

Illinois 

Illinois 

Indiana 

Indiana 

Illinois 

Illinois 

Illinois 

I1 linois 

I1 1 inois 

Co 1 or ado 

N. Dakota 

M .  Dakota 

Illinoisc 

I1 1 i noi sc 

I1 linois 

Illinois 

Illinois 

11 1 inoisd 

~llinoisd 

Illinois 

Mi nnesota 

N. Dakota 

cyclone 

pulverized 

pul ver i zed 

pulveri zed 

pulverized 

pu1 veri zed 

cyclone 

pul ver i zed 

pul veri zed 

pul veri zed 

pulverized 

cyclone 

aDry Munsell soi 1 colors 
b¶c,d~amples indicated were taken from same individual power plant but were 

derived from different boilers. 



Figure 1. Areal extent of Pennsylvanian strata in which coal resources of the l llinois Basin are found and the approxi- 
mate location of the parent coals of fly ashes I 1  through 19. 

Model 975 Plasma AtornComp. The c o n s t i t u e n t s  de te rm ined  b y  ICAP were A1 , 
As, €3, Ba, Be, Ca, Cd, C r ,  Cu, Fe, K, Mg, Mn, Mo, Na, Ni ,  Pb, Sb, Se, S i ,  
Sn, V, and Zn. The p rocedures  and t e c h n i q u e s  o f  t h i s  s p e c i f i c  i n s t r u m e n t  
a r e  d i scussed  i n  a  F i s h e r  S c i e n t i f i c  Company p u b l i c a t i o n  b y  t h e  J a r r e l l - A s h  
D i v i s i o n  (1978) .  S u l f a t e  c o n t e n t  was measured t u r b i d i ~ n e t r i c a l  l y  ( S t a n d a r d  
Methods, 1975) .  A l k a l i n i t y  was de te rm ined  b y  t i t r a t i o n s  w i t h  d i l u t e  
s u l f u r i c  ac id ,  and o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  (Eh),  pH, and e l e c t r i c a l  
conductance were measured b y  e l e c t r o d e s  (1J.S. EPA, 1974).  

Most o f  t h e  samples were c h a r a c t e r i z e d  i n  te rms o f  p a r t i c l e  s i z e  
d i s t r i b u t i o n  b y  p i p e t  and wet s i e v i n g  methods ( S o i  1 Conserva t i on  Serv i ce ,  
1972) .  S p e c i f i c  g r a v i t y  d e t e r m i n a t i o n s  were made b y  ASTM method C128. 

Analytical methods for organic matter characterization 

Solvent e x t r a c t i o n .  The o r g a n i c  m a t e r i a l  i n  t h e  s o l i d  f l y  ash samples was 
e x t r a c t e d  w i t h  benzene, u s i n g  a  l a r g e  (70inm x 300mm body)  S o x h l e t  
appara tus .  The sample s i z e  p e r  S o x h l e t  v a r i e d  f r o m  350 t o  500 g o f  f l y  ash. 
The volume o f  benzene used was 1 L and t h e  e x t r a c t i o n  t i m e  was 24 hours .  
A f t e r  e x t r a c t i o n ,  t h e  s o l v e n t  volume was reduced on a  r o t a r y  e v a p o r a t o r .  
E lementa l  s u l f u r ,  f ound  t o  be c o - e x t r a c t e d  w i t h  t h e  o r g a n i c s ,  was removed 



b y  p a s s i n g  t h e  e x t r a c t  t h r o u g h  a  column o f  a c t i v a t e d  copper a c c o r d i n g  t o  a  
method d e s c r i b e d  b y  Blumer (1957) .  A f t e r  removal  o f  t h e  s u l f u r ,  t h e  f i n a l  
t r a c e s  o f  s o l v e n t  were removed w i t h  g e n t l e  h e a t  (50°C) under a  s t ream of  
d r y  n i t r o g e n .  The benzene-ex t rac tab le  m a t e r i a l  s, determined 
g r a v i m e t r i c a l l y ,  were denoted as " t o t a l  e x t r a c t a b l e  o rgan ics . "  

The e x t r a c t s  were separated i n t o  seven f r a c t i o n s  a c c o r d i n g  t o  t h e  U.S. E P A  
Leve l  1 (Rev ised)  Procedure f o r  Organ ic  A n a l y s i s  (U.S.  €PA, 1978).  T h i s  
s e p a r a t i o n  was done b y  l i q u i d  chromatography (LC) on a  s i l i c a  g e l  coluinn 
u s i n g  a  g radua l  g r a d i e n t  o f  s o l v e n t s  f r o m  nonpo la r  t o  p o l a r .  An i n f r a r e d  
spect rum was r u n  on each e x t r a c t  and on each LC f r a c t i o n .  Gas 
chromatography (GC) , h i g h  p r e s s u r e  1  i q u i d  chromatography (YPLC) , and gas 
chromatography-mass spec t roscopy  (GC-MS) were used t o  f u r t h e r  c h a r a c t e r i z e  
t h e  o r g a n i c  f r a c t i o n s .  

PyroZysis s tudy .  A 5- t o  10-gram sample o f  f l y  ash was p l a c e d  i n  t h e  
bot tom o f  a  300-mm x  13-mm-ID Pyrex tube,  and a  wad o f  o r g a n i c - f r e e  q u a r t z  
wool was p o s i t i o n e d  j u s t  above t h e  f l y  ash t o  a c t  as a  r e t a i n e r .  The 
d iamete r  o f  t h e  t u b e  was t h e n  c o n s t r i c t e d  b y  h e a t i n g  w i t h  an oxygen-na tu ra l  
gas t o r c h  j u s t  above t h e  q u a r t z  wool r e t a i n e r .  The t o p  o f  t h e  t u b e  was 
t h e n  sea led  w i t h  a  s k i r t e d - s e p t u m  s t o p p e r  and t h e  t u b e  was evacuated f o r  
s e v e r a l  minutes ,  u s i n g  a  vacuum pump l i n k e d  t o  t h e  t u b e  v i a  a  hypodermic 
need le  t h r o u g h  t h e  septum. 

F o l l o w i n g  t h e  evacua t ion ,  t h e  sample end o f  t h e  t u b e  was hea ted  i n  a  
h o r i z o n t a l  p o s i t i o n  a t  450°C i n  a  t u b e  f u r n a c e  w h i l e  t h e  upper  end o f  t h e  
t u b e  was c o o l e d  w i t h  powdered d r y  i c e .  A f t e r  a  5 m i n u t e  h e a t i n g  p e r i o d  t h e  
t u b e  was immed ia te l y  sea led  and separa ted  a t  t h e  p o i n t  o f  t h e  c o n s t r i c t i o n  
b y  m e l t i n g  t h e  g l a s s  w i t h  an oxygen-na tu ra l  gas t o r c h .  Thus, t h e  v o l a t i l e  
o r g a n i c s  were condensed and t r a p p e d  i n  t h e  upper,  c o o l e d  p o r t i o n  o f  t h e  
tube .  

The headspace gas (noncondensable a t  room tempera tu re )  was ana lyzed b y  GC, 
and t h e  components were i d e n t i f i e d  b y  compar ison o f  r e t e n t i o n  t i m e s  w i t h  
known s tandards .  The condensable p o r t i o n  was taken  up i n  i s o o c t a n e  and 
ana lyzed b y  GC; one sample ( d e r i v e d  f r o m  f l y  ash W1) was a l s o  ana lyzed  b y  
GC-MS. The ma jo r  components i n  t h e  samples were d e t e r a i n e d  b y  compar ison 
w i t h  t h e  GC-MS a n a l y s i s  and w i t h  t h e  r e t e n t i o n  t i m e s  o f  r e f e r e n c e  
s tandards .  

The i n f r a r e d  s p e c t r a  were o b t a i n e d  w i t h  a  Perk in-E lmer  Model 283B I n f r a r e d  
Spectrophotometer.  The samples were mounted as n e a t  smears o r  t h i n  f i l m s  
between sodium c h l o r i d e  p r i sms .  Norma l l y  t h e  s p e c t r a  were o b t a i n e d  b y  
u s i n g  a  12-minute scan t i m e  w i t h  response s e t t i n g  1  and s l i t  program 6. 
I n t e r p r e t a t i o n  o f  t h e  s p e c t r a  was made w i t h  t h e  h e l p  o f  t h e  f o l l o w i n g  
re fe rences :  Barnes e t  a l e  ( l 9 4 4 ) ,  Be1 lamy ( l 9 5 8 ) ,  Nakan ish i  ( l 9 6 2 ) ,  
S i  l v e r s t e i n  and B a s s l e r  ( l 9 6 3 ) ,  and Szymanski (1967).  

A  rough i n d i c a t i o n  o f  t h e  a b s o r p t i o n  i n t e n s i t i e s  i n  t h e  I R  s p e c t r a  o b t a i n e d  
f r o m  t h e  f l y  ash samples i s  r e p o r t e d  i n  t h e  R e s u l t s  Sec t ion ;  t h e  a b s o r p t i o n  
i n t e n s i t i e s  a r e  g i v e n  as "s t rong , "  "medi um," and "weak". "S t rong"  i s  
d e f i n e d  as t h e  s t r o n g e s t  a b s o r p t i o n  i n  a  g i v e n  spectrum. "Medium" and 
"weak" d e s i g n a t i o n s  r e l a t i v e  t o  t h e  s t r o n g e s t  a b s o r p t i o n  w i t h i n  t h e  same 
spect rum a r e  t h e n  determined.  



A Perkin-Elmer Sigma 1 gas chromatographic system w i t h  a  f lame i o n i z a t i o n  
d e t e c t o r  was used f o r  GC ana l ys i s .  A 2-rn x  3mm s t a i n l e s s  s t e e l  column 
packed w i t h  Chrornosorb 102 was used f o r  t h e  noncondensable gas analyses. 
The c a r r i e r  gas (he l ium)  f l o w  r a t e  was 30 mLfmin, t h e  i n j e c t i o n  p o r t  
temperature was 125"C, and t h e  d e t e c t o r  temperature was 200°C- The column 
oven temperature was programmed f o r  an i n i t i a l  h o l d  o f  50°C f o r  1  minute,  a  
temperature r i s e  t o  170°C a t  10°/min, and a f i n a l  h o l d  a t  170°C f o r  5 
minutes. 

A 1.25-m X 3-mm s t a i n l e s s  s t e e l  column packed w i t h  3% SP-2100 on 100/120 
mesh Supelcoport  (Supelco Inc., B e l l e f o n t e ,  PA) was used f o r  t h e  a n a l y s i s  
o f  t h e  condensables f rom t h e  p y r o l y s i s  s tudy  and f o r  t h e  e x t r a c t s  and 
s u b f r a c t i o n s  o f  t h e  e x t r a c t s .  The c a r r i e r  gas (he l ium) f l o w  r a t e  was 35 
mL/min, i n j e c t i o n  p o r t  temperature was 250°C, and t h e  d e t e c t o r  (FID) 
temperature was 315°C. The column oven temperature was programaed f o r  an 
i n i t i a l  h o l d  a t  100°C f o r  2  minutes, a  temperature r i s e  r a t e  o f  4"fmin t o  
260°C, w i t h  a  f i n a l  h o l d  o f  1 0 m i n u t e s .  The l a t t e r  colu,nn and c o n d i t i o n s  
were a l s o  used f o r  t h e  Level  1  LC f r a c t i o n s .  

A Perkin-Elmer Ser ies 3 L i q u i d  Chromatograph w i t h  UV d e t e c t i o n  was used f o r  
HPLC de te rmina t ions .  An A1 t e x  U l t rasphere@ ODs, 5-pm sphere s i ze ,  4.6 x 
250-mm (Beckman Inst ruments,  Inc. ,  Berkeley,  CA) HPLC column was used. A 
5-cm guard column w i t h  LC-18 p e l  1  i c u l a r  pack ing (Supelco, Inc. ,  B e l l e f o n t e ,  
PA)  was p laced between t h e  sampling va l ve  and t h e  t o p  o f  t h e  a n a l y t i c a l  
column. The e l u t i o n  so l ven t  was methanokwater  (80:209 v :v)  w i t h  a  
1  -mL/min f l o w  r a t e  under i s o c r a t i c  c o n d i t i o n s .  The o rder  o f  e l u t i o n  under 
these parameters was shown t o  be phenols f o l l o w e d  b y  to luene  and then  
aromat ic  and po lyaromat ic  hydrocarbons (PAHs) w i t h  ascending mo lecu la r  
weights  (F ig .  2 ) .  Toluene was used as an i n t e r n a l  r e fe rence  standard. 

Figure 2. HPLC of a known mixture of phenols and polyaromatic hydrocarbons referenced to toluene. Peak 
identification: 1. phenol; 2. p-cresol; 3. 2,3-dimethylphenol;4. 2,4,5-trimethyphenol; 5. toluene;6. phenan- 
threne; 7. pyrene; 8. chrysene; 9. benzo ( a )  pyrene. 



The GC-MS analyses were performed by t e  I n s t i t u t e  f o r  Environmental  
Stud ies a t  t h e  U n i v e r s i t y  of I l l i n o i s ,  Urbana, us i ng  a  Hewlett-Packard 5985A 
GC/MS/data system equipped w i t h  a  cap i  11 a r y  c o l  umn coated w i t h  SP-2100. 

The proposed U.S. EPA E x t r a c t i o n  Procedure (EP) (U.S.  EPA, 1980) was used 
t o  s tudy  t h e  s o l u b i l i t y  of t h e  12 f l y  ashes. The EP was in tended t o  serve 
as a  qu i ck  t e s t  f o r  i d e n t i f y i n g  wastes capable o f  pos ing p o t e n t i a l  
p o l l u t i o n  hazards when imp rope r l y  disposed. The E P  method c a l l s  f o r  m i x i n g  
200 g  o f  a  s o l i d  waste w i t h  3200 mL o f  de ion ized  water and a g i t a t i n g  t h e  
m i x t u r e  by  a  shaking mot ion  f o r  24 hours.  Dur ing t h e  24-hour 
s o l u b i l i z a t i o n  i n t e r v a l ,  t h e  r e s u l t i n g  m i x t u r e  was a c i d i f i e d  t o  a  pH of 5.0 
( +  0.2) by  p e r i o d i c  a d d i t i o n s  of  0.5N a c e t i c  a c i d  i f  t h e  pH o f  t h e  aqueous 
p5ase was g r e a t e r  than  5. If t h e  pH o f  t h e  aqueous phase was l e s s  than  5, 
no a d d i t i o n s  o f  any k i n d  were made. A f t e r  t h e  e x t r a c t i o n  i n t e r v a l ,  t h e  
s o l i d  and l i q u i d  phases were separated b y  f i l t r a t i o n ,  and t h e  f i l t r a t e  was 
d i l u t e d  t o  4,000 mL w i t h  de ion ized  water.  I n  t h i s  study, t h e  m i x t u r e s  were 
f i l t e r e d  through a  0.45-pm-pore-size M i l l i p o r e @  f i l t e r  membrane, and t h e  
f i l t r a t e s  ( e x t r a c t s )  were a c i d i f i e d  t o  a  pH <I - 5  w i t h  n i t r i c  a c i d  (HN03) 
p r i o r  t o  ICAP a n a l y s i s -  

A  long- term e q u i l i b r a t i o n  procedure was a l so  used t o  assess t h e  s o l u b i l i t y  
o f  chemical c o n s t i t u e n t s  con ta ined  i n  some o f  t h e  f l y  ash samples. Th is  
procedure i nvo l ved  m ix i ng  3,400 g  o f  f l y  ash w i t h  17 l i t e r s  o f  de ion ized  
water  i n  a  1 9 - l i t e r  r e a c t i o n  vessel  made o f  Pyrex g l ass  ( t h e  l a r g e  volume 
was necessary f o r  t h e  bioassays and b ioaccumulat ion s t u d i e s ) .  These 
m ix tu res  were s t i r r e d  f o r  30 minutes t h r e e  t imes  a  week i n  o rde r  t o  (as a  
f i r s t  approx imat ion)  s imul a t e  ash pondi ng environments accord ing t o  a  
procedure designed by  G r i f f i n  e t  a l .  (1980). However, t h i s  e x t r a c t i o n  
procedure was more s p e c i f i c a l l y  o r i e n t e d  toward genera t ing  a  s o l u t i o n  a t  
chemical e q u i l i b r i u m  w i t h  t h e  s o l i d  wastes. Th is  procedure was used t o  
produce a  s o l u t i o n  t h a t  m igh t  approximate t h e  aqueous chem is t r y  o f  pond 
e f f l u e n t  i n  s e t t i n g s  where metastab le  chemical e q u i l i b r i u m  c o n d i t i o n s  
develop. 

Us ing procedures o u t l i n e d  b y  t h e  U.S. EPA (1975), 96-hour s t a t i c  
bioassays o f  e x t r a c t s  generated f rom f l y  ash samples were conducted w i t h  
1  - to-6-day-o ld  fa thead  minnow f r y  ( ~ i m q h a t e s  pmmetas) - The acu te  
t o x i c i t y  t e s t i n g  was d i v i d e d  i n t o  two phases: ( ) t h e  screening procedure 
and (2 )  t h e  LC-50 de te rmina t ion .  Dur ing t h e  screening procedure t h e  t e s t  
organisms were exposed t o  t h e  u n d i l u t e d  e x t r a c t s ;  i n  t h e  LC-50 
de te rmina t ions  t h e  organisms were exposed t o  " f u l l - s t r e n g t h "  e x t r a c t  
d i l u t e d  w i t h  f i l t e r e d  t a p  water.  The LC-50 i s  t h e  concen t ra t i on  o f  e x t r a c t  
a t  which 50% m o r t a l i t y  occurs d u r i n g  a  bioassay. 

Ten 1- t o  6-day-old fa thead  minnows were p laced i n  250-mL g lass  beakers 
c o n t a i n i n g  200 mL o f  u n d i l u t e d  o r  d i l u t e d  e x t r a c t .  Each b ioassay  was 
r e p l i c a t e d  once. 



The a c u t e  b ioassays  were conducted a t  a  c o n s t a n t  t empera tu re  (21'  2 1°C) 
and p h o t o p e r i o d  ( 1  6L-8D) i n  an e n v i r o n m e n t a l  chamber. Test  o r g a n i  sms were 
n o t  fed, and t h e  s o l u t i o n s  were n o t  a e r a t e d  d u r i n g  t h e  b ioassay .  D u r i n g  
a1 1  b ioassays ,  pH, d i s s o l v e d  oxygen, and tempera tu re  were moni t o r e d .  
M o r t a l  i t y  d a t a  were c o l l e c t e d  a t  24, 48, 72, and 96 h o u r s  a f t e r  t h e  
b ioassays  had begun. D i l u t e d  and u n d i l u t e d  e x t r a c t s  were sampled a t  t h e  
c o n c l u s i o n  o f  t h e  b i o a s s a y s  f o r  chemica l  ana lyses .  

The a c u t e  t o x i c i t y  o f  t h e  f i v e  u n d i l u t e d  LTE e x t r a c t s  was de te rm ined  w i t h  
t h e  s c r e e n i n g  p rocedure .  The LC-50 d e t e r m i n a t i o n s  demonst ra ted t h e  
r e l a t i v e  acu te  t o x i c i t i e s  o f  t h e  s o l u t i o n s  and were used t o  i d e n t i f y  t h e  - 
n o s t  t o x i c  e x t r a c t s ,  t o  e s t i i n a t e  t h e  d i l u t i o n  necessa ry  t o  e l i m i n a t e  
m o r t a l i t y  d u r i n g  a  96-hour s t a t i c  b ioassay ,  and t o  e s t a b l i s h  e x t r a c t  
c o n c e n t r a t i o n s  f o r  use i n  t h e  b i o a c c u m u l a t i o n  exper imen ts .  LC-50 v a l u e s  
were c a l c u l a t e d  u s i n g  g r a p h i c  methods ( L i t c h f  i e l d  and W i  l coxon ,  1949).  

In t h e  b i o a c c u m u l a t i o n  exper imen ts  f o r  each f l y  ash e x t r a c t ,  f i v e  a d u l t  
f a t h e a d  minnows were p u t  i n t o  each o f  two  6 0 - l i t e r  a q u a r i a  c o n t a i n i n g  40 
l i t e r s  o f  d i l u t e d  e x t r a c t .  C o n t r o l  t a n k s  c o n t a i n e d  a e r a t e d ,  f i l t e r e d  t a p  
w a t e r .  The f i v e  f i s h  f r o m  each aquar ium j o i n t l y  c o n s t i t u t e d  a  s i n g l e  
r e p l i c a t e  f o r  t i s s u e  a n a l y s i s .  T h i s  p rocedure  was r e p e a t e d  u s i n g  j u v e n i l e  
green sun f  i sh ( ~ e ~ o r n i s  cyaneZ2us). Rioaccumul a t  i o n  exper imen ts  were 
conducted a t  a  c o n s t a n t  t empera tu re  ( 2 3 "  - + 3°C) and p h o t o p e r i o d  (16L-8D) i n  
a  l a r g e  e n v i r o n m e n t a l  chamber. 

To i n s u r e  t h e  s i z e  s i m i l a r i t y  o f  t e s t  o rgan isms used i n  each 
b i o a c c u m u l a t i o n  exper imen t ,  each f i s h  was weighed and measured b e f o r e  t h e  
t e s t .  At t h e  c o n c l u s i o n  o f  t h e  exper imen t  o r  a t  d e a t h  i f  p rematu re  
m o r t a l  i t y  o c c u r r e d ,  t h e  f i s h  were ~ e i  ghed and measured aga i  n, f r o z e n ,  and 
s t o r e d  f o r  chemica l  a n a l y s i s .  Water samples were ana lyzed  week ly  t o  
m o n i t o r  f l u c t u a t i o n s  i n  t h e  chemica l  c o m p o s i t i o n  o f  t h e  d i l u t e d  l e a c h a t e s .  
Temperature was inoni t w e d  d a i  l y  and d i s s o l v e d  oxygen and pH were rnoni t o r e d  
t w i c e  p e r  week. The f i s h  were f e d  f r o z e n  b r i n e  sh r imp  d a i l y  and excess 
food was removed each day.  T e s t s  were conducted f o r  30 days.  One-way 
a n a l y s i s  o f  v a r i a n c e  (ANOVA) was used t o  d e t e r m i n e  i f  t e s t  o rgan isms used 
i n  each r e p l i c a t e  were s i g n i f i c a n t l y  d i f f e r e n t  i n  s i z e .  ANOVA was a l s o  
used t o  compare f i n a l  l e n g t h s  and d e i g h t s  o f  f i s h  w i t h  i n i t i a l  v a l u e s  t o  
d e t e r m i n e  i f  t h e  t e s t  o r g a n i s a s  exposed t o  t h e  e x t r a c t s  grew a t  d i f f e r e n t  
r a t e s  t h a n  t h o s e  o f  t h e  c o n t r o l s .  

The two r e p l i c a t e  f r o z e n  green s u n f i s h  and f a t h e a d  minnow groups f o r  each 
f l y  ash e x t r a c t  and c o n t r o l  were f r e e z e - d r i e d  whole,  u s i n g  a  V i r t i s  U n i t r a p  
10-100 Freeze Drye r  w i t h  a  Welch Duo-Seal Model 1402 Vacuum Pump, p l a c e d  
i n t o  p o l y s t y r e n e  b o t t l e s  w i t h  s e v e r a l  g l a s s  beads, and homogenized u s i n g  a 
Spex 5000-11 " lxer  M i l l .  P o l y e t h y l e n e  b o t t l e s  were used t o  s t o r e  t h e  
homogenized samples. 

T o t a l  d i g e s t i o n  was r e q u i r e d  t o  ana lyze  t h e  f i s h  samples f o r  chemica l  
c o n s t i t u e n t s .  A  5 : l  m i x t u r e  o f  HNO3 and r e d i s t i l l e d  p e r c h l o r i c  (HC104) 
a c i d  was added t o  1-g subsamples o f  f i s h  i n  150-mL round  b o t t o m  d i s t i l l a t i o n  
f l a s k s .  F l a s k s  were hea ted  on a  Kontes R o t a r y  K j e l d a h l  D i s t i l l a t i o n  
Appara tus  u n t i l  HClO4 fumes began t o  form. A f t e r  c o o l i n g ,  t h e  d i g e s t e d  
samples were t r a n s f e r r e d  t o  50-mL v o l u m e t r i c  f l a s k s  and d i l u t e d  t o  volume 



w i t h  u l t r a p u r e  wa te r .  The f i n a l  HClO4 c o n c e n t r a t i o n  (5%)  was w i t h i n  t h e  
range  c o m p a t i b l e  w i t h  I C A P  techn iques .  D i l u t e d  s o l u t i o n s  were s t o r e d  i n  
60-mL p o l y e t h y l e n e  b o t t l e s  and r e f r i g e r a t e d  u n t  i 1 a n a l y s i  s. 

R e s u l t s  f o r  t h e  p a r t i c l e  s i z e  d e t e r m i n a t i o n s  a r e  p r e s e n t e d  i n  T a b l e  2. 
Most of t h e  samples f e l l  w i t h i n  t h e  s i l t  c a t e g o r y  (USDA s o i l  
c l a s s i f i c a t i o n ) ,  p r e d o m i n a n t l y  i n  t h e  8- t o  31-micron range .  The s i l t -  
s i z e d  component o f  t h e  ashes ( l e s s  t h a n  62 -m ic ron -  t o  2 -m ic ron -d iamete r  
p a r t i c l e s )  ranged  f r o m  53 t o  about  90 p e r c e n t  ( T a b l e  2 ) .  The p a r t i c l e  s i z e  
d i s t r i b u t i o n  o f  t h r e e  o f  t h e  f l y  ashes i s  shown i n  F i g u r e  3; t h e s e  samples 
were s e l e c t e d  f o r  t h e  i l l u s t r a t i o n  as b e s t  d e m o n s t r a t i n g  t h e  v a r i a b i l i t y  
and range  o f  t h e  t e x t u r a l  d i s t r i b u t i o n s  o f  t h e  samples. F l y  ash I 2  was a  
s i l t  loam; I 6  and I 7  were b o t h  loams. The s p e c i f i c  g r a v i t y  o f  t h e  f l y  
ashes ( T a b l e  2)  ranged  f r o m  2.2 t o  3.1 c~/crn3; t h e  I l l i n o i s  B a s i n  samples 
averaged about  2.4. Comparable measurements have been r e p o r t e d  e l sewhere  
(EPKI, 1979) .  

Chetnical and m i n e r a l o g i c a l  ana lyses  o f  t h e  f l y  ash s a s p l e s  i n d i c a t e d  t h a t  
t h e  ashes genera ted  f r o m  I 1  1  i n o i  s Bas in  c o a l s  (samples I 1  -19) c o n s i s t e d  

Diameter (pm) ISGS 1981 

Figure 3. The particle size distribution in fly ashes 12, 16, and 17. 



e s s e n t i a l l y  o f  S i ,  A l ,  and Fe as amorphous a l u m i n o - s i l i c a t e  g l a s s ,  q u a r t z  
( S i 0 2 ) ,  m u l l i t e  (A16Si2013),  and v a r i o u s  i r o n  o x i d e  s p e c i e s  such as 
m a g n e t i t e  (Fe304) and h e m a t i t e  (Fe203) ( T a b l e  3 ) .  Comparable r e s u l t s  
were r e p o r t e d  b y  Natusch e t  a l .  (1977) and G r i f f i n  e t  a l .  (1980)  f o r  o t h e r  
I 1  l i n o i s  B a s i n  f l y  ashes. A  s m a l l  amount o f  l i m e  (Ca0) was a l s o  d e t e c t e d  
by x - r a y  d i f f r a c t o m e t r y  i n  f o u r  o f  t h e  I l l i n o i s  Bas in  samples. S i l i c o n ,  
r e p o r t e d  as p e r c e n t  s i l i c a  ( S i 0 2 ) ,  ranged f rorn  about  43 t o  52% ( T a b l e  4 ) .  
A1 urninum and Fe, r e p o r t e d  i n  t h e i r  o x i d e  forms, r e p r e s e n t e d  a p p r o x i m a t e l y  
20% o f  t h e  m a t e r i a l .  The redd ish -b rown  c o l o r s  (IOYR, d r y  M u n s e l l  s o i l  
c o l o r s )  a s s o c i a t e d  w i t h  I 2  and I 7  were p r o b a b l y  due t o  t h e  Fe l e v e l s ,  about  
2 t o  3% g r e a t e r  t h a n  t h e  average l e v e l s  o f  t h e  seven o t h e r  I l l i n o i s  B a s i n  
f l y  ashes l a c k i n g  t h e  redd ish -b rown  hues and h a v i n g  2.5Y-5Y c o l o r s .  The 
Ca, Mg, Na, T i ,  K, and S t o g e t h e r  (as  o x i d e s )  c o n s t i t u t e d  a b o u t  10% o f  t h e  
samples. O the r  m i n o r  c o n s t i t u e n t s  ( l e s s  t h a n  0.01%) were Ba, S r ,  P, and 
Mn. The t o t a l  S  c o n t e n t  o f  t h e  I l l i n o i s  B a s i n  samples ranged f rorn  0.32 t o  
1.06% ( T a b l e  5) .  Most o f  t h e  t o t a l  S ( 6 2  - 92%) was p r e s e n t  as s u l f a t e  
compounds. The r e m a i n i n g  S ( 8  - 38%) was i n  s u l f i d e  fo rms .  The average 
r a t i o  o f  s u l f a t e 4  t o  s u l f i d e - S  i n  t h e  I l l i n o i s  Bas in  samples was about  
5:1. 

I n  c o n t r a s t  t o  t h e  I l l i n o i s  B a s i n  f l y  ashes, t h e  two l i g n i t e - b a s e  samples 
(W2 and W3) c o n s i s t e d  o f  about  30% Si02,  25% CaO, and 8% MgO. The 
m i n e r a l o g i c a l  c o m p o s i t i o n  o f  t h e s e  samples was p r e d o m i n a n t l y  p e r i c l a s e  
(MgO) , q u a r t z  ( SiOz),  and a n h y d r i  t e  (CaSO4). The 1 i g n i t e - b a s e  f l y  

Table 2. Particle size data for the 12 f ly  ashes by  pipet analysis (percent weight) and specific gravity. 

Particle size (p) 
Specific 

Fly ash >62 31 -62 16-31 8-16 4-8 2-4 1-2 0.5-1 <0.5 gravity 

-- -- - - 

asample chemistry incompatible with method. 
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Be 3. Wlir~eraiogical composi'tion of the I2 fly ash samples. 

M i n e r a l  

Q u a r t z  (SiO2) X X X X ~ X X X X X X  

Mu1 1 i t e  (A1 6Si 2013) x x x x x  x x x  

"Magnet i t e  -mag hemiee 
s u i t e "  (Fe304-Fe203) 

Hemat i te  (Fe203) ~ ~ x x x x ~ x ~ ~  

Lime (CaO) x x x x x 

C a l c i t e  (CaC03) x 

P e r i c l  ase (MgO) x x 

Anhydr i  t e  (CaS04) x x 

U n i d e n t i f i e d  x x 

Chemical composition of the 11 2 fly ashes: major and minor constituents (percent weight). 

Chemical  Fly ash 
c o n s t i t u e n t  I 1  P 2 I 3  I4  15 I6  I 7  I8 I 9  Ld 1 W 2  W 3  

S i  0 2  

T i  0 2  

203 

Fe203 

CaO 

Mg 0  

Mn 0  

Na20 

K20 

p205 

9'3 

T o t a l  C 

Hz0 - 



Table 6. Sulfur species in the 12 fly ashes (percent weight). 

Fly ash Sulfate S S u l f i d e  S Total S 

ashes were a l so  cha rac te r i zed  by g rea te r  amounts o f  Na, Ba, and S r ,  w h i l e  
A1 and Fe were lower  as compared w i t h  t h e  amounts i n  t h e  I l l i n o i s  Bas in  
samples. These f i n d i n g s  are s i m i l a r  t o  those repo r ted  i n  t h e  coa l  and f l y  
ash l i t e r a t u r e ,  i n  which h i ghe r  l e v e l s  o f  Ba, Ca, Mg, Na, and S r  have been 
general  l y  assoc ia ted w i t h  western l i g n i t e  coa l  s  ( Abernathy, 1969; F u r r  e t  
a l . ,  1977; G lusko te r  e t  a l . ,  1977; and Natusch e t  a l . ,  1977). 

The s p e c i f i c  g r a v i t i e s  r e p o r t e d  i n  Table 2  f o r  t h e  I l l i n o i s  Basin f l y  ashes 
are c l o s e  t o  t h e  s p e c i f i c  g r a v i t y  o f  pure q u a r t z  (GO2) ,  which i s  2.65. 
The h ighe r  s p e c i f i c  g r a v i t i e s  o f  t h e  two l i g n i t e  f l y  ashes W2 (3.0) and W3 
(3.1) were p robab ly  due t o  t h e  low carbon con ten t  (Table 4)  and t h e  
dominant m inera l  s - - p e r i c l a s e  (MgO) , w i t h  a d e n s i t y  o f  3.58 and anhydr i  t e  
( C ~ S O ~ ) ,  a t  about 2.92. 

The t r a c e  c o n s t i t u e n t  concen t ra t i ons  i n  t h e  f l y  ashes (Tab le  6 )  were 
ex t reme ly  v a r i a b l e .  Arsenic i n  t h e  I 1  l i n o i  s  Basin samples (11-19) ranged 
from 21  t o  360 mg/kg; Co v a r i e d  f r om 38 t o  88 mg/kg. Z inc was t h e  most 
v a r i a b l e ,  r ang ing  f rom 90 t o  2,100 mg/kg. I n  s p i t e  o f  t h e  v a r i a b l e  n a t u r e  
of f l y  ash, t h e  I l l i n o i s  Bas in  samples can be b r o a d l y  cha rac te r i zed  as 
hav ing  g r e a t e r  t r a c e  c o n s t i t u e n t  concen t ra t i ons  than  t h e  t h r e e  western 
samples have. These t r a c e  c o n s t i t u e n t s  a re  ( i n  o rde r  o f  decreas ing average 
concen t ra t i ons  i n  t h e  s o l i d )  Zn, N i ,  Rb, Cs, C r ,  Co, U, Ge, Mo, V, L i ,  Cd, 
TI ,  Sm, Pb, Be, Eu, Tb, Ga, Ce, As, Cu, Lu, and Sc. M a n y o f  t h e s e e l e m e n t s  
have been c i t e d  i n  t h e  l i t e r a t u r e  as g e n e r a l l y  o c c u r r i n g  i n  g r e a t e r  
concen t ra t i ons  i n  eas te rn  Paleozoic  c o a l s  and t h e i r  ashes than  i n  western 
c o a l s  o f  Mesozoic and T e r t i  ary-age (Abernathy, 1969; G l  usko te r  e t  a1 . , 
1977; Natusch e t  a l . ,  1977; and Page e t  a l . ,  1979). The average 
concen t ra t i ons  o f  H f ,  Sb, Se, Ta, Th, W ,  and Yb i n  t h e  f l y  ashes were n o t  
found t o  c o r r e l a t e  w i t h  coa l  t ype  i n  t h i s  study. 



Table 6. Trace constituent concentrations (rnglkg) in the 12 fly ashes. 

F l y  ash 
Cons t i tuen t  I 1  I 2  I3 I 4  I 5  I6  I 7  I 8  19 W 1 N2 W3 

ly ash classif icatisns 

The 12 f l y  ashes were c l a s s i f i e d  by  a  system developed b y  Roy e t  a l .  
(1981) and Roy and G r i f f i n  (1982). Th is  system i s  based on t h e  chemical 
composi t ion o f  t h e  s o l i d  waste and t h e  pH o f  an a s k d i s t i l l e d  water m i x t u r e  
( I : )  Seven o f  t h e  n i n e  I l l i n o i s  Basin f l y  ashes were a l k a l i n e  Modic 
s i l t s  (F ig .  4 ) .  F l y  ashes f i t t i n g  i n t o  t h e  Modic f i e l d  have a s i a l i c  
cornponent ( %  weight  of Si02 + A1 203 + TiOz), which i n d i c a t e s  t h a t  these 
elements c o n s i s t  o f  a  combinat ion o f  f rom >48% t o  88% o f  t h e  t o t a l  mass. 
The f e r r i c  cornponent ( %  weight  o f  Fez03 + S03) i s  f rom 0 t o  23%, and t h e  
C a l c i c  component (CaO + MgO + Na?O + K20) i s  f r om 0  t o  29%. These seven 
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Figure 4. The 12 fly ashes plotted on the Sialic-Ferric-Calcic diagram for classification. 

f l y  ashes produced a l k a l i n e  leachates w i t h  pH values g r e a t e r  than  9.0 and 
had s i l t  t e x t u r e s .  The o t h e r  two I l l i n o i s  Bas in  samples d i f f e r e d  i n  
chemical composi t ion:  I 2  was an a c i d  C-Modic s i l t  loam, and I 7  was an a c i d  
C,Zn-Fersic s i l t .  These two f l y  ashes produced a c i d i c  e x t r a c t s .  Both f l y  
ashes had t o t a l  C l e v e l s  exceeding 5% and I2 was c h a r a c t e r i z e d  by a h i g h  
f e r r i c  component (F ig .  4) and Zn con ten t  (>0.2%).  The two l i g n i  te-base 
f l y  ashes (W2 and W3) p l o t t e d  more toward t h e  Ca l c i c  end member than  d i d  
t h e  I l l i n o i s  Basin samples. F l y  ash W2 was an a l k a l i n e  B,Ba,Sr-Calsial ic, 
and W3 was c l a s s i f i e d  as an a l k a l i n e  B,Ba,Sr-Calcic. The subbituminous f l y  
ash (W1) was an a l k a l i n e  Ba-Modic s i l t .  A summation o f  t h e  c l a s s i f i c a t i o n s  
o f  a l l  12 f l y  ashes i s  g iven  i n  Table 7. 

F i g u r e  5 shows t h e  p o s i t i o n s  o f  t h e  f l y  ashes i n  t h i s  s tudy  and 27 o t h e r  
f l y  ashes on t h e  s i a l i c - f e r r i c - c a l c i c  compos i t iona l  f i e l d  diagram. 
Twenty-one o f  t h e  samples were f l y  ashes generated f rom eas te rn  U.S. 



Table 7. Fly ash sample classifications. 

Sample Type 

alkaline Modic silt 

acid C-Modic silt loam 

alkaline Modic silt 

alkaline Modic silt 

alkaline Modic silt 

alkaline Modic silt 

acid C, Zn-Fersic silt 

alkaline Modic silt 

alkaline Modic silt 

a1 kal ine Ba-Modic s i  1 t 
alkaline B, Ba, Sr-Calsialica 

alkaline 8, Ba, Sr-Calcica 
-- 

aTexture was n o t  determined 

bi tuminous coa ls ,  one f rom a  German b i tuminous coa l  and t h e  o t h e r  17 
, samples were de r i ved  f rom subbituminous and l i g n i t e  coa l s  f rom t h e  western 

U S . ,  I n d i a ,  and A u s t r a l i a .  

F l y  ashes f rom eas te rn  U.S.  b i tuminous c o a l s  tended t o  f a l l  on t h e  l e f t  
s i de  o f  t h e  diagram i n  t h e  Modic and Fe rs i c  f i e l d s  (F ig .  5):  t h i s  p a t t e r n  
i s  reasonable,  because t h e  eas te rn  U.S. coa l s  g e n e r a l l y  have h ighe r  
concen t ra t i ons  o f  Fe than do western c o a l s  (G lusko te r  e t  a l . ,  1977). F l y  
ashes f rom western U.S. l i g n i t e  and subbituminous coa l s  tended t o  p l o t  on 
t h e  r i g h t  s i d e  o f  t h e  diagram i n  t h e  Modic, C a l s i a l i c ,  and Ca l c i c  f i e l d s .  
Western U.S. coa l s  are g e n e r a l l y  assoc ia ted w i t h  h i ghe r  l e v e l s  o f  Ca, Mg, 
and Na than a re  eas te rn  coa l s  (Abernathy, 1969; F u r r  e t  a l . ,  1977; 
Gluskoter  e t  a l . ,  1977). Near t h e  S i a l i c -  o d i c  boundary are t h r e e  f 1  y  
ashes generated f rom l i g n i t e  coa l s  i n  I n d i a .  I n d i a n  l i g n i t e  coa l  i s  
c h a r a c t e r i s t i c a l l y  l o w  i n  Ca (Chopra e t  a l . ,  1979); t h e r e f o r e ,  these f l y  
ashes d i d  n o t  f i t  t h e  general  p a t t e r n  f o r d h e  U.S. ashes. A d d i t i o n a l  work 
w i t h  h i g h - i r o n  f l y  ashes i s  needed t o  p rov ide  a c l e a r e r  i n d i c a t i o n  o f  t h e  
d i s t r i b u t i o n  o f  F e r r i c s  and Fe rca l c i cs ;  few such f l y  ashes are comple te ly  
cha rac te r i zed  i n  t h e  l i t e r a t u r e .  However, t h e  magnetic f r a c t i o n s  o f  some 
F e r s i c s  and Modics can be c l a s s i f i e d  as F e r r i c s ,  as shown i n  F i g u r e  5. 

Solvent extraction 

F ive  f l y  ashes were e x t r a c t e d  w i t h  benzene. An amount o f  elemental  s u l f u r  
e q u i v a l e n t  t o  about 10% o f  the  t o t a l  e x t r a c t a b l e  m a t e r i a l  i n  each ash was 
co-ex t rac ted  w i t h  t h e  o rgan ic  m a t t e r  and i n t e r f e r e d  w i t h  t h e  q u a n t i f i c a t i o n  



o f  t h e  t o t a l  e x t r a c t a b l e  o rgan ics .  The elemental  s u l f u r  was removed by 
pass ing t he  e x t r a c t  through a c t i v a t e d  copper powder f o l l o w i n g  t h e  f i r s t  
concen t ra t i on  step. The amount o f  t h e  benzene-ext ractab le  o rgan ic  ma t te r  
i n  each f l y  ash sample i s  r e p o r t e d  as mg/kg o f  f l y  ash and as a  percen t  
weight o f  t h e  o rgan ic  C con ta ined  i n  t h e  sample (Tab le  8). The C and S 
va lues f o r  each f l y  ash sample a re  a l s o  r e p o r t e d  i n  Table 8. In two 
western f l y  ashes (W1 and W2), l e s s  than  1% o f  t h e  t o t a l  o rgan ic  C was 
benzene-extractable;  i n  two o t h e r  f l y  ashes ( I 6  and I 8 ) ,  l e s s  than  0.1% o f  
t h e  C was e x t r a c t e d  i n t o  benzene. The unburned and p a r t l y  burned coa l  
p a r t i c l e s  i n  t h e  f l y  ashes are presumed t o  be t h e  source o f  most o f  t h e  
o rgan ic  C. These coa l  p a r t i c l e s  would be o n l y  s l i g h t l y  s o l u b l e  i n  
benzene. 

1. Bobrowski and Pistilli ( 1979) 
@ fly ashes from bituminous coals 2. Chou et al. (1976) 

3. Chopra et at. (1979) 
fly ashes from subbituminous 4. Cooper (unpub. data) 
and lignite coals 5. Foster (unpub. data) 

6. Griffin et al. (1 980) . 
magnetic fractions of bituminous 7. Harvey (unpub. data) 
fly ashes 8. Hood (1976) 

9. Hurst and Sty ron ( 1979) 
10. Murtha and Burnet (1979) 
1 1. Rose et al. ( 1979) 
12. Ryan et al. ( 1  976) 
13. Santhanam and Ulrich (1979) 
14. This investigation 

. Thornton et al. (1976) 

. van der Sloot and Nieuwendijk 
(1981) 

17. Wochok et al. (1 976) 
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Figure 5. The 12 fly ash samples and 27 other fly ash samples from the literature plotted on the Sialic-Ferric-Calcic 
diagram for classification. 



Table 8. Carbon, sulfur, and benzene-extractable organic mat ter  o f  selected f l y  ashes. 

T o t a l  Inorganic  Organic Total  Benzene Ex t r ac t ab l e  
F l  Y C C C S Organic C 
Ash ( % I  ( % )  ( % )  ( % I  ( m g / k d  ( % I  

The i n f r a r e d  spect rum ( F i g .  6, f o r  example) o f  t h e  benzene e x t r a c t s  was 
used f o r  compar ison w i t h  t h e  i n f r a r e d  s p e c t r a  o f  t h e  c o r r e s p o n d i n g  LC 
f r a c t i o n s  o f  t h e  e x t r a c t s .  A b s o r p t i o n  peaks due t o  a l i p h a t i c  and a r o m a t i c  
s t r u c t u r e s  and f r o m  h y d r o x y l ,  c a r b o n y l ,  e t h e r ,  and n i t r o g e n  c o n t a i n i n g  
groups were e v i d e n t  i n  a l l  t h e  e x t r a c t s .  

The benzene e x t r a c t s  o f  f o u r  o f  t h e  f l y  ashes were separa ted  i n t o  seven LC 
f r a c t i o n s  a c c o r d i n g  t o  t h e  L e v e l  1  p rocedure .  On ly  11 mg o f  e x t r a c t  was 
o b t a i n e d  f r o m  f l y  ash 16; because t h e  LC s e p a r a t i o n  c o u l d  n o t  be  done w i t h  
t h i s  s m a l l  amount o f  e x t r a c t ,  t h e  a n a l y s i s  o f  t h i s  sample was d i s c o n t i n u e d .  
The r e s u l t s  f r o m  LC f r a c t i o n a t i o n  a r e  expressed g r a v i m e t r i c a l l y  as 
m i l l i g r a m s  o f  s o l v e n t - f r e e  LC f r a c t i o n  p e r  k i l o g r a m  o f  f l y  ash ( T a b l e  9 ) .  
Except  f o r  t h e  e x t r a c t  f r o m  W1, t h e  m a j o r  p o r t i o n s  o f  t h e  o r g a n i c s  i n  t h e  
e x t r a c t s  were found  i n  f r a c t i o n s  LC-1 and LC-6. The LC f r a c t i o n s  o f  t h e  W1 
e x t r a c t  were more e v e n l y  d i s t r i b u t e d  on a  w e i g h t  p e r c e n t  b a s i s  t h a n  were 
t h o s e  o f  t h e  o t h e r  f l y  ashes. The I R  spect rum i n d i c a t e d  t h a t  t h e  W1 
e x t r a c t  had a  somewhat d i f f e r e n t  d i s t r i b u t i o n  o f  compounds ( F i g .  7 )  t h a n  
d i d  t h e  o t h e r  f l y  ashes examined. 

aoQo 2000 lajb0 1000 sdo 
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Figure 6. In f rared spectrum o f  the benzene-extractable organic material  i n  f l y  ash 18. 



. Liquid chromatographic fractionation of the benzene extracts of four fly ashes. 

Fly Ash 

The i n f r a r e d  spec t ra  o f  t h e  LC-1 f r a c t i o n s  o f  a l l  t h e  f l y  ash samples were 
v e r y  s i m i l a r  and were t y p i c a l  o f  a l i p h a t i c  hydrocarbons showing s t r ong  -CH3 
and -CH2 s t r e t c h i n g  absorpt ions,  medi um -CHz-C(CH3) 2, and symmetr ical  
-C-CH3 de fo rmat ion  absorp t ions  (F ig .  8) .  Gas chromatograms o f  these 
f r a c t i o n s  con ta ined  peaks f o r  a l l  n - p a r a f f i n s  f r om C 1  
approx imate ly  C36, and numerous peaks due t o  much sma 
concen t ra t i ons  o f  branched-chain a l i p h a t i c s .  

The i n f r a r e d  spec t ra  o f  t h e  LC-2 f r a c t i o n s  showed t h a t  t h e  f r a c t i o n s  were 
h i g h l y  a l  i p h a t i c ,  w i t h  ve ry  weak a romat ic  absorp t ions ,  i n d i c a t i n g  a1 k y l -  
s u b s t i t u t e d  and/or f used - r i ng  aromat ics .  The gas chromatograms o f  these 
f r a c t i o n s  i n d i c a t e d  t h a t  t h e  major c o n s t i t u e n t s  were n - p a r a f f i n s .  The HPLC 
chromatogram o f  t h e  LC-2 f r a c t i o n  o f  f l y  ash W1 (F ig .  9)  had n i n e  major  
peaks i n c l u d i n g  phenanthrene, pyrene, and chrysene. Phenanthrene and 
pyrene were a l s o  de tec ted  i n  coa l  ash i n  a s tudy  d iscussed i n  EPRI (1978).  
Numerous sma l le r  peaks, most o f  which were e l u t e d  p r i o r  t o  chrysene, 
appeared i n  t h e  HPLC chromatogram. T h i s  f a c t  i n d i c a t e d  t h a t  srnal l e r  
q u a n t i t i e s  o f  po l ynuc lea r  aromat ic  hydrocarbons o t h e r  than  chrysene ( o f  
lower  molecul  a r  weight  than chrysene and phenol s) were p o s s i b l y  p resen t  i n  - 
t h e  f l y  ash. 

Wave number (cm-' 1 

Figure 7. Infrared spectrum of the benzene-extractable organic material in fly ash W1. 
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Figure 8. Infrared spectrum of the LC- 1 fraction from the benzene extract of fly ash W1. 

The i n f r a r e d  s p e c t r a  o f  t h e  LC-3 samples e x h i b i t e d  s t r o n g  a l i p h a t i c  
a b s o r p t i o n  peaks and weak a r o m a t i c  peaks excep t  f o r  t h e  W1 LC-3 f r a c t i o n  
( F i g .  l o ) ,  wh ich  appeared t o  have more a r o m a t i c  compounds t h a n  t h e  
r e m a i n i n g  t h r e e  LC-3 f r a c t i o n s .  There were a l s o  s t r o n g  a b s o r p t i o n s  i n  t h e  
c a r b o n y l  ( 1  750-1 700 cm-1) r e g i o n s  o f  t h e  W1 LC-3 spectrum. Because 
t h e s e  appeared i n  f r a c t i o n  LC-3, t h e y  were l i k e l y  due t o  l o n g - c h a i n  
a l i p h a t i c  e s t e r s  o r  a r y l  e s t e r s .  The a r y l  e s t e r s  were f i r s t  t h o u g h t  t o  be  
con taminan ts  o f  p l a s t i c i z e r s  i n t r o d u c e d  d u r i n g  sample h a n d l i n g .  P l a s t i c  
bags were used as s t o r a g e  c o n t a i n e r s  p r i o r  t o  o r g a n i c  a n a l y s i s  ( b o t h  e t h y l  
and d i e t h y l  p h t h a l a t e  were i d e n t i f i e d  b y  GC-YS i n  t h e  450°C p y r o l y s a t e  o f  
f l y  ash Wl). However, a r y l  e s t e r s  have been r e c e n t l y  i n d i c a t e d  i n  a  c h a r  

Figure 9. HPLC chromatogram of the LC-2 fraction from the benzene extract of f ly ash W1. See Figure 2 
for identification of the numbered peaks. 
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Figure 10. In f rared spectrum o f  t he  LC-3 f ract ion f r o m  the benzene-extractable organic mat ter  i n  f l y  ash W1. 

prepared by heating coal a t  350°C in a fluidized bed (Fuller e t  a l . .  1982)- 
Also, aryl esters  were inexplicably found i n  the f ly  ash wash water from 
a power plant ( F .  Harrison, Lawrence L i  vermore National Laboratory, 
personal communication, 1982). The gas chromatograms of the LC-3 
samples showed the presence of eight to ten dominant components, which 
are as yet unidentified (Fig. 11). 

The PAHs (phenanthrene, pyrene, and chrysene) were identified i n  the LC-3 
samples using HPLC.  Numerous other smaller peaks due to aromatics having 
molecular weights higher than chrysene were also detected. The HPLC 
chromatogram of W1 LC-3 i s  shown in Figure 12.  

Figure 11. Gas chromatogram o f  the LC-3  f ract ion f r o m  the  benzene-extractable organic mat ter  i n  f l y  ash W1. 



Figure 12. HPLC chromatogram of the LC-3 fraction from the benzene extract of fly ash W1. See Figure 2 
for identification of the numbered peaks. 

The i n f r a r e d  spec t ra  o f  t h e  LC-4 f r a c t i o n s  showed t h e  beg inn ing  o f  ma jo r  
d i f f e r e n c e s  i n  t h e  composi t ions o f  t h e  o rgan i cs  d e r i v e d  f r om t h e  v a r i o u s  
f l y  ashes. The LC-4 f r a c t i o n  o f  W1 ( l i k e  t h e  LC-3 f r a c t i o n )  con ta i ned  more 
aromat ic  compounds and was more complex i n  compos i t i on  than  were t h e  
o rgan i cs  i n  t h e  o t h e r  f l y  ashes. The peaks due t o  ca rbony l  abso rp t i on  were 
reso l ved  i n t o  a t  l e a s t  two d i s t i n c t  peaks (F i g .  13) ,  i n d i c a t i n g  t h e  
presence o f  b o t h  a l i p h a t i c  and a r y l  e s t e r s  o r  l ong-cha in  aldehydes and 
ketones. Phenanthrene and pyrene were aga in  i d e n t i f i e d  b y  HPLC ( F i g .  14) .  
Other sma l l e r  peaks e l u t e d  e a r l i e r  than  pyrene; t h i s  was i n t e r p r e t e d  t o  
i n d i c a t e  t h a t  p o l a r  compounds were beg inn ing  t o  be e l u t e d .  There were no 
major  peaks l a t e r  than  t h a t  o f  pyrene. 
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Figure 13. Infrared spectrum of the LC-4 fraction from the benzene extract of fly ash W1. 
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Figure 14. HPLC chromatogram of the LC-4  fraction from the benzene extract of fly ash W1. See Figure 2 
for identification of the numbered peaks. 

The i n f r a r e d  spec t ra  o f  t h e  LC-5 f r a c t i o n s  were s i m i l a r  t o  t h e  s p e c t r a  o f  
t h e  LC-4 samples, except t h a t  t h e  LC-5 f r a c t i o n  f r om  I8 had anomalous and 
unassigned peaks a t  2340 and 1690 cm-1 ( F i g .  15) .  The W1 sample had 
more carbony l  peaks than t h e  o t h e r  f l y  ash samples (such as t h e  peak a t  
1630 cm-1) i n d i c a t i n g  t h e  p o s s i b l e  presence o f  a d d i t i o n a l  a1 dehydes and 
ketones. The 1675 cm-1 peak may be due t o  hyd roxy l  over tones.  

The HPLC chromatogram o f  t h e  LC-5 f r a c t i o n  f r om  t h e  W1 f l y  ash e x t r a c t  
(F i g .  16) showed numerous peaks w i t h  r e t e n t i o n  t imes  i n  t h e  same range as 
those o f  PAHs. According t o  t h e  Level  1 scheme, t h i s  f r a c t i o n  c o n t a i n s  
aromat ics  w i t h  p o l  a r  f u n c t i o n a l  groups. 

The i n f r a r e d  spec t ra  o f  t h e  LC-6 f r a c t i o n s  f o r  15, 18, and W2 were q u i t e  
s i m i l a r ,  w i t h  s t r o n g  hydroxy l ,  ca rboxy l ,  and carbony l  absorp t ions .  The 
i n f r a r e d  spectrum o f  t h e  LC-6 f r a c t i o n  f r o m  W1 ( F i g .  17 )  had we1 1 - reso lved  
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Figure 15. Infrared spectrum of the LC-5  fraction from the benzene extract of fly ash 18. 



Figure 16. HPLC chromatogram of the LC-5 fraction from the benzene extract of fly ash W1. Peak 5 is 
toluene, the internal standard. 

abso rp t i ons  a t  3190 and 3355 cm-1, o v e r r i d i n g  a  broad hydroxy l  peak and 
t h e  peaks i n d i c a t i n g  aromat ic  cha rac te r .  These l a t t e r  peaks were p robab l y  
amino-n i t rogen peaks. HPLC a n a l y s i s  showed t h a t  t h e  sample p robab l y  
con ta ined  a - l a r g e  number o f  pheno l i c  compounds as we1 1 as o t h e r  p o l a r  
aromat ics  ( F i g .  18).  

Wave number (ern-' ISGS 1983 

Figure 17. Infrared spectrum of the LC-6 fraction from the benzene extract of fly ash W1. 



Figure 18. HPLC chromatogram of the L C - 6  fraction from the benzene extract of fly ash W1. Peak 5 is 
toluene, the internal standard. 

The LC-7 f r a c t i o n s  were q u i t e  smal l  and appeared t o  be contaminated w i t h  
s i l i c a  ge l  f rom t h e  column. I n f r a r e d  i n t e n s i t i e s  were weak, b u t  t h e  
absorp t ions  were e s s e n t i a l l y  comparable t o  t h e  absorp t ions  i n  t h e  
r e s p e c t i v e  LC-6 f r a c t i o n s .  The HPLC r e s u l t s  showed o n l y  one major  peak, 
which e l u t e d  e a r l i e r  than  t o l uene  and was assumed t o  be a  s t r o n g l y  p o l a r  
compound. 

Some of t h e  o rgan ics  i d e n t i f i e d  w i t h  these f l y  ashes a r e  on t h e  p r i o r i t y  
p o l l u t a n t  l i s t ;  however, t hey  a r e  p resen t  i n  ve ry  smal l  q u a n t i t i e s  (ppb 
l e v e l s  a t  most) ,  which a re  comparable t o  r e s u l t s  r epo r ted  elsewhere (EPRI, 
1979). However, t h e  o rgan ics  assoc ia ted w i t h  these f l y  ash samples do n o t  
appear t o  be present  i n  concen t ra t i ons  t h a t  would pose any s i g n i f i c a n t  
env i ronmenta l  hazard du r i ng  l a n d f i l l i n g  opera t ions  o r  t o  t h e  aquat i c  
environment d u r i n g  ponding. 

The noncondensable gas i n  t h e  headspace was analyzed b y  gas chroma- 
tography. The r e s u l t s  o f  these analyses a re  g iven  i n  Table 10. The 
d e t e c t i o n  o f  a  p a r t i c u l a r  component i s  i n d i c a t e d  b y  an " x "  i n  t h e  
app rop r i a te  column. Because t h e  headspace was s t i l l  a t  a  reduced p ressure  
a t  t h e  t ime  o f  ana l ys i s ,  no at tempt  was made t o  q u a n t i f y  t h e  amount o f  any 
o f  t h e  i n d i v i d u a l  components. Only sa tu ra ted  and unsa tu ra ted  hydrocarbons 
o f  low mo lecu la r  w e i g h t - - t y p i c a l l y  found i n  t h e  py ro l ysa tes  o f  h i ghe r  
hydrocarbons--were e tec led .  I n  t h e  W1 py ro  t e ,  carbon d i o x i d e  
accounted f o r  more han 50% o f  t h e  t o t a l  ~ h r 0  ographabl e  gases. 





Table 11. Organic components in the condensable pyrolysates of the fly ashes: (x) detected; (xx) detected in larger 
quantity; ( t )  trace; (7) retention time does not match. 

Organic F l y  Ash 
Component I 2  I 3  I4  I 5  I6  I 7  I 8  I 9  W 1  W2 W3 

to1 uene 

e thy l  
phtha l  a t e  

n-C14 

n-C15 

n-C16 
i - C 1 7  

n-C17 
i'C18 

n-Cl8 

n-C19 
d i e t h y l  

ph tha la te  

n-C2 0 
i - C 2 1  

n-C2 1 

i - C 2 2  

n-C22 

n-C2 3 

n-C24 

n-C2 5 

n-C2 6 

n-C2 7 

c 2 8  ? 

c 2 8 ?  

The "GC- f ingerpr in ts "  o f  t h e  noncondensable gas produced f rom t h e  11, 12, 
13, 14, and I7 samples were s i m i l a r  i n  t h e  k i n d  and q u a n t i t y  o f  any g i ven  
component (F igs .  19, 20; Table 11).  The 15, W1, W2, and 3 condensates 
were a l s o  s i m i l a r  t o  each o t h e r  (F i gs .  21, 22); however, t h e  two groups 
were q u i t e  d i s s i m i l a r  i n  t h a t  t h e  non-condensables f rom t h e  l a t t e r  f o u r  
ashes con ta ined  major  components t h a t  were p resen t  i n  much lower  q u a n t i t i e s  
o r  d i d  n o t  appear i n  t h e  former  group. 



. Gas chromatogram of the noncondensable hydrocarbons produced by pyrolysis at 45Q°C of fly 
ash 12. Peak identification: 1. methane; 2. ethylene; 3. ethane; 4. Cjls; 5. C4's; 6. C5's. 

Figure 20. Gas chromatogram of the noncondensable hydrocarbons produced by pyrolysis at 450'6 of fly 
ash 13. See Figure 19 for identification of the numbered peaks. 

The condensable f r a c t i o n  f rom t h e  y r o l y s i s  o f  t h e  W1 sample 
b y  GC-MS. The major components de tec ted  were t h e  n - p a r a f f i n s  w i t h  13 t o  28 
carbon atoms per  molecule.  The compounds p resen t  i n  t h e  l a r g e s t  q u a n t i t i e s  
were n -C l j ,  n-Cl8. n-C2 and n-Cz8 (F i g .  23).  I n  a  s tudy  
d iscussed i n  E P R I  ( 1  -C2z9 and n-C27-31 were t h e  
dominant hydrocarbons i i n  t h e  575 t o  816 ug/kg 
concen t ra t i on  range. Th i s  r a  e i s  c o n s i s t e n t  
a n a l y s i s  r e p o r t e d  he re *  

The r e s u l t s  f rom t h i s  s tudy  are 
i s  py ro lyzed  under s i m i l a r  condi  
conc lus ion  t h a t  a  probable source o  
p a r t i c l e s  p resen t  i n  t h e  ash. Howe 
d i e t h y l  p h t h a l a t e  were detec 

eared t o  be t h e  
es used i n  t h i s  

condensates may have been t h e  p l a s t  



Figure 21. Gas chromatogram of the noncondensable hydrocarbons produced by pyrolysis at 45O0C of fly 
ash W2. See Figure 19 for identification of the numbered peaks. 

Figure 22. Gas chromatogram of the noncondensable hydrocarbons produced by pyrolysis at 450°C of fly 
ash 15. See Figure 19 for identification of the numbered peaks. 

similar result  was observed from benzene extracts of these ashes. However, 
others (Fuller e t  a l e ,  1 personal communication, 1982) have 
reported aryl esters in in a manner that  would preclude 
aryl es ter  contamination ly ash wash water. 



Figure 23. Gas chromatogram of the condensable organics produced by pyrolysis a t  3 0 $ ~  af f l y  ash W1. Peak identi f icat ion 
1. n-tridecane; 2. n-tetradecane; 3. 11-pentadecane; 4. e thy l  pkthalate; 5. n-hexacieeane; 6. n-heptadecane; 7. n-octadecane; 
8. n-nondecane; 9. d ie thy l  phthalate; 98. n-eicosane; 1 9 ,  n-heneicosane; 12. n-docosaner 93. n-tetracosane; 14. n-octtpcOsen@. 

a1 uminosi 1 i c a t e  glass 
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Table 12. Chemical constituent concentrations obtained by the proposed U.S. EPA Extraction Procedure (EP) 
performed on the 12 fly ashes (concentrations in mg/L). 

Fl y  ash 

I1 12 I3 14 I5 I6 I7 18 19 W 1 W2 W3 

pH 
Tota l  a l  ka l  i n  i t y a  

pheno lph tha le in  a l  kaa  

E.C. i n  mmnhos/cm 

~h i n  m ~ b  

A1 

As 
I3 

Ba 

Be 

Ca 
Cd 

Cr 

Cu 
Fe 

K 

k4 

a ~ s  mg/L CaC03 

b ~ e l  a t  i ve t o  a n o r m  l hydrogen e l  ec t rode 



c o n s t i t u e n t s .  The amount o f  s o l u b l e  Mn averaged 12.88 - + 6.29% i n  t h e  
I l l i n o i s  Basin samples. 

The general  t r e n d  o f  EP s  l u b i l i t y  f o r  t e I l l i n o i s  Bas in  f l y  ashes was: 
S04-S > Ca, B > Cd > Sb, n, Mg > Zn, Na Mo > K, N i ,  C r ,  Cu > Be, Ba, 
S i  , A l  , and Fe. The gene a1 p a t t e r n  o f  EP s o l u  i 1 i t y  f o r  t h e  suI3b-i -iNninous 
f l y  ash W 1  was: S04-S > , As > Ca > Se > Mg, n > Mn > Na > K B  and Ba; 
S04-S > B  > K  > Mo >> Se, Na > Ca > Zn, Mg > Be C r  > Mn, 5 ,  and Ba was 
t h e  o rder  f o r  t h e  l i g n i t e  f l y  ashes 2 and W3. However, these s o l u b i  1  i t y  
t r e n d s  app ly  o n l y  t o  EP e x t r a c t s ;  i n  d i s s i m i l a r  l each ing  environments, 
d i f f e r e n t  e x t r a c t a b i l i t y  t r ends  may be observed. I n  s o l u b i l i t y  o r  l each ing  
exper iments i n  which e x t r a c t i o n  takes  p l ace  i n  a l k a l i n e  c o n d i t i o n s  (as  
t y p i c a l  w i t h  many f l y  ash leacha tes) ,  d i f f e r e n t  s o l u b i l i t y  regimes i n  t h e  
r e s u l t i n g  a l k a l i n e  s o l u t i o n s  may t ake  p lace ,  s i nce  t h e  pH o f  t h e  e x t r a c t  i s  
o f t e n  t h e  dominant f a c t o r  c o n t r o l l i n g  t h e  s o l u b i l i t y  o f  many i n o r g a n i c  
c o n s t i t u e n t s .  

The Cd l e v e l  i n  t h e  EP e x t r a c t  f rom I 7  exceeded t h e  recommended l e v e l  
o u t l i n e d  by  t h e  proposed 1J.S. EPA Resource Conservat ion and Recovery Act 
(RCRA) (Table 13) .  The concen t ra t i ons  l i s t e d  a re  100 t imes  t h e  EPA's 
Na t i ona l  I n t e r i m  Pr imary D r i n k i n g  Water Standards (U.S. EPA, 1976). 

I f  t h e  EP e x t r a c t  con ta ins  any c o n s t i t u e n t  exceeding t h e  maximum a l l owab le  
l e v e l  f o r  t h a t  g iven  contaminant i n  an EP  aqueous e x t r a c t ,  t h e  paren t  waste 
may be c l a s s i f i e d  as a  hazardous waste. The c l a s s i f i c a t i o n  o f  a  waste as 
p o t e n t i a l l y  hazardous may a l s o  be based on c r i t e r i a  o t h e r  than  t h e  EP d a t a  
(U.S. EPA, 1980). F l y  ash was r e c e n t l y  removed f rom t h e  1  i s t  o f  S u b t i t l e  C 
i n  Sec t ion  3001 o f  RCRA. Therefore,  a l l  f l y  ashes are c l a s s i f i e d  as 

Table 13. Contaminant concentrations (mg/L) in EP extracts qualifying for hazardous waste classification (U.S. EPA, 
1980). 

Const i tuen t  Concentrat ion 
(mg/L) 

Arsenic  

Bar i um 

Cadmi um 

Chromium 

Le ad 

ivlercury 

Selenium 

Si 1 ver  

Endr in  

L i  ndane 

Methoxychlor 

Toxaphene 

2,4-D 

2,4,5-TP Si l vex  



nonhazardous wastes under p resen t  c r i t e r i  ever, these g u i  d e l i  nes are 
s t i l l  i n  a  p e r i o d  o f  r e v i s i o n ,  and t h e  s t a t u s  o f  f l y  ash as a  nonhazardous 
waste may be mod i f ied .  

I f  t h e  s t a t u s  o f  power p l a n t  by-products  were t o  be rev ised ,  one f l y  ash 
(17)  would f a l l  i n t o  t h e  hazardous as te  c l a s s i f  i c a t i o n .  There 
73.9% s o l u b l e  Cd i n  t h i s  sample, r e l e a s i n g  1.38 mg Cd/L i n  s o l u t i o n ;  t h e  
maximum a l l owab le  e x t r a c t  l e v e l  f o r  Cd i s  1.00 mg/L. On t h e  b a s i s  of these  
data,  t h e  paren t  ashes o f  t h e  o t h e r  11 EP e x t r a c t s  o u l d  n o t  be c l a s s i f i e d  
as hazardous wastes under t h e  p resen t  c r i t e r i a .  

Most aqueous systems o f  f l y  ash do n o t  reach e q u i l i b r i u m  i n  most 
shor t - te rm (24-hour) e x t r a c t i o n  t e s t s  (E lsee 80)  . Shor t  - term 
e x t r a c t i o n  procedures w i l l  l each  ou t  t h e  mor t s ,  b u t  o t h e r  
elements such as Sb, As, Ba, and Se (James e t  a l . ,  1977); and Ca, Cu, Fe, 
and Zn (Natusch e t  a l . ,  1977) may be con t i nuous l y  leache i n t o  s o l u t i o n  f o r  
pe r i ods  longer  than 24 hou rs *  Therefore,  as a  f i r s t  app 
p r e d i c t i n g  t h e  water q u a l i t y  o f  ponded f l y  ash leachate,  a  long- term 
e q u i l i b r a t i o n  e x t r a c t i o n  procedure was designed t o  produce a  s o l u t i o n  
p o t e n t i a l l y  e q u i l i b r a t e d  w i t h  t h e  s o l i d  waste. F l y  ash ponds may reach 
metastab le  e q u i l i b r i u m  c o n d i t i o n s  i f  t h e  r a t e s  o f  t h e  chemical r e a c t i o n s  
c o n t r o l l i n g  t h e  s o l u b i l i t y  o f  t h e  p a r t i c u l a r  m ine ra l  phases i n v o l v e d  a re  
slow i n  comparison w i t h  t h e  r e t e n t i o n  t imes  o f  t h e  water i n  t h e  ponds. 

F i v e  o f  t h e  12 f l y  ash samples were chosen f o r  s o l u b i l i t y  s t u d i e s  b y  t h i s  
long- term equi  1  i b r a t i o n  (LTE) procedure t o  suggest t h e  genera l  chemical  
cha rac te r  o f  d i sposa l  ponds t h a t  may develop a f t e r  these ashes have been 
s l u r r i e d .  I n  t h e  LTE procedure ( i n  c o n t r a s t  t o  t h e  E P  method), t h e  pH of 
the  s o l u t i o n s  was n o t  adjusted, and a g rea te r  s o l i d - t o - 1  i q u i d  r a t i o  ( a  20% 
s l u r r y  w t / vo l  ) was used. These s o l u t i o n s  were p e r i o d i c a l  l y  sampled d u r i n g  
t h e  e x t r a c t i o n  per iod .  Resu l ts  f o r  t h e  two a c i d i c  f l y  ashes (12, I 7 ) ,  two 
a l k a l i n e  samples (13, I % ) ,  and one o f  t h e  western samples (W2) a re  
presented i n  Tables 14, 15, 16, 17, and 18. 

I t i s  d i f f i c u l t  t o  make d i r e c t  comparisons between t h e  LTE da ta  and those  
from t h e  EP because o f  t h e  d i f f e r e n t  pHs o f  t h e  e x t r a c t a n t s ,  t h e  l e n g t h  of  
t h e  s o l u b i l i z a t i o n  per iod ,  t h e  method of a g i t a t i o n ,  and t h e  r a t i o s  of s o l i d  
t o  l i q u i d  used i n  each procedure. A f t e r  24 hours ( t h e  d u r a t i o n  o f  t h e  EP 
method), t h e  two LTE s o l u t i o n s  generated f r om t h e  I l l i n o i s  Bas in  f l y  ashes 
( I 2  and 17) were a c i d i c  (pH 4.1), w h i l e  t h e  o t h e r  two ( I 3  and 18) were 
a l k a l i n e  (about pH 11) .  The western f l y  ash e x t r a c t ,  2, was h i g h l y  
a l k a l i n e  (pH 12.4). 

As suggested b y  t h e  da ta  i n  Tables 14-18, t h e  s o l u t i o n s  were p robab l y  n o t  
i n  chemical e q u i l i b r i u m  w i t h  t h e  s o l i d  phase a f t e r  t h e  f i r s t  24 hours of 
s o l u b i l i z a t i o n ,  because t h e  concen t ra t i ons  o f  many aqueous spec ies 
con t inued  t o  change f o r  severa l  weeks. F igures  24, 25. nd 26 g r a p h i c a l l y  
demonstrate t h e  changes i n  concen t ra t i ons  o f  se lec ted  c o n s t i t u e n t s  f o r  
t h r e e  o f  t h e  samples. 



Table 14. Change in chemical composition as a function of time of fly ash I2 extract generated by long-term (142 
days) equilibration procedure (concentrations in mg/L). 

1 hour 24 hours 48 hours 7 days 21 days 36 days 65  days 95 days 108 days 124 days 142 days 

pH 
Tota l  a l k a l  i n i t y a  

EOC. i n  mmhos/cm 
Eh i n  mvb 

A l 

As 
B 

Ba 

Bs 

Ca 

Cd 

CP 
Cu 

Fe 

K 

Mg 
Mn 

Mo 

Na 
N i 

Pb 

Sb 

se 

S i 
Sn 
V 
Zn 

504 

a ~ s  mg/L CaC03 

b ~ e l  a t  i ve t o  a norma l hydrogen e l  ectrode. 



Table 15. Change in chemical composition as a function of time of fly ash I3 extract generated by long-term (141 
days) equilibration procedure (concentrations in mg/L). 

1 hour 24 hours 48 hours 7 days 21 days 36 days 64 days 94 days 107 days 123 days 141 days 

PH 11.7 11.6 1 1,5 12.3 12.8 12.1 11.5 11.2 11.4 11.4 1 1  , I  
To ta l  a l k a l  i n i t y a  406 4 57 457 1530 1043 526 283 256 238 232 23 1 
phenol phthal  e i n  a l  kma  350 398 398 1403 9 50 497 213 213 187 183 183 
EmC. i n  mmhos/crn 2,38 2.17 2.07 4.96 4,17 2.29 1.43 1e15 1.11 0.91 0, 89 
~h in  mvb +43 5 +430 +422 +38 5 +303 +339 +320 +408 +336 +354 +38 1 

aAs mg/L CaC03 
%el a t  i ve t o  a normal  hydrogen e l  ectrode. 



Table 16. Change in chemical composition as a function of time of fly ash I7 extract generated by long-term (106 
days) equilibration procedure (concentrations in rng/L). 

1 hour 24 hours 48 hours 7 days 21 days 36 days 76 days 95 days 106 days 

pH 
Tota l  a l  ka l  i n  i t y a  

E.CO i n  mmhos/cm 
Eh i n  mvb 

Al 
As 

B 

Ba 

Be 

Ca 
Cd 

Cr 
Cu 

Fe 

K 

Mg 
Mn 
Mo 

Na 
N i 
Pb 
Sb 

Se 
S i 
Sn 
v 
Zn 

so4 

a ~ s  mg/L CaC03 

b ~ e l  a t  i ve t o  a n o r m  l hydrogen el ectrode. 



Table 17. Change in chemical composition as a function of time of fly ash I8 extract generated by long-term (140 
days) equilibration procedure (concentrations in mg/L). 

- - 

1 hour 24 hour 48 hour 7 days 21 days 37 days 63 days 93 days 106 days 122 days 140 days 

mgdL CaCO3 

%el a t  i ve  to a norm l hydrogen e l  eetrode. 



Change in chemical composition as a function of time of fly ash W2 extract generated b.y iong-term (140 
days) equilibration procedure (concentrations in mg/L). . 

1 hour 24 hour 48 hour 7 days 21 days 37 days 63 days 93 days 106 days 122 days 140 days 

pH 32.4 
Total  al kal  i n  i t y a  2194 

phenolphthalein a l k e a  2022 
EeCe in  rnmhos/crn 8e82 

~h ~n m ~ b  ~ 3 4 9  

Ai  1 e38 
AS Oe05 
B 1 20 

Ba 0,lO 
B@ <OD 002 

Ch 869 

Cd <oeo1 

Cr 0.15 
Cu <O. 03 

Fe <Oe08 
K 294 

% <0,06 
<oeo1 

Ma 1 e 60 
tda 268 1 
N i <Oe 02 

Pb <OD03 
Sb (0, 02 

Se 0.03 
S i 3,48 

% <os03 

V <O.OQ 
Zn 0.1 1 

S04 546 1 

mg/L QC03 
b ~ e l  a t  ive  t o  a normal hydrogen electrode. 



T i m e  (days) ISGS 1981 

Figure 24. Changes i n  the  concentrat ions o f  selected aqueous consti tuents i n  the LTE extract o f  f ly ash I3 w i t h  t ime. 

0 
2 7 2 1 3 6 76 95 106 

T i m e  (days) ISGS 1981 

Figure 25. Changes i n  the concentrat ions o f  selected aqueous constituents i n  the LTE ext ract  o f  fly ash I7 w i t h  t ime. 



Figure 26. Changes in the concentrations of selected aqueous constituents in the LTE extract of fly ash W2 with time. 

I n  each s o l u t i o n ,  most o f  t h e  c o n s t i t u e n t s  were i n  g r e a t e r  concen t ra t i ons  
d u r i n g  t h e  f i r s t  week o f  e x t r a c t i o n  than  t h e y  were l a t e r .  Beginn ing almost 
i r rmed ia te ly  a f t e r  t h e  f i r s t  day, these  same c o n s t i t u e n t s  decreased i n  
concen t ra t i on ,  and t h i s  t r e n d  p r e v a i l e d  f o r  about 60 t o  120 days. A f t e r  
t h a t  i n t e r v a l ,  t h e  concen t ra t i ons  o f  these c o n s t i t u e n t s  no l onge r  changed 
s i g n i f i c a n t l y ,  hav ing  reached r e l a t i v e l y  s teady  s t a t e  c o n d i t i o n s .  

I n  b o t h  t h e  i n i t i a l l y  a c i d i c  s o l u t i o n s  ( I 2  and 17) t h e  concen t ra t i ons  o f  B, 
Ba, Ca, Cd, Mg, Mn, Na, N i ,  S i ,  S04, and Zn as w e l l  as pH became 
cons tan t  i n  3 t o  5 weeks (Tables 14, 1 6 ) .  The dominant f a c t o r  c o n t r o l l i n g  
t h e  s o l u b i l i t y  o f  inany meta ls  i s  pH. Both a c i d i c  e x t r a c t s  became n e u t r a l  
i n  pH and, as a  consequence, severa l  c o n s t i t u e n t s  were l e s s  s o l u b l e  i n  t h e  
r e s u l t i n g  nonac id i c  s o l u t i o n .  Therefore,  Al, Be, Cd, Cr, Cu, Fe, and Ni 
were i n  g r e a t e r  concen t ra t i ons  d u r i n g  t h e  e a r l y  phase o f  t h e  e x t r a c t i o n s .  
Molybdenum s t e a d i l y  inc reased  d u r i n g  t h e  e n t i r e  e x t r a c t i o n  i n t e r v a l  o f  t h e  
a c i d i c  f l y  ashes and had n o t  reached a  s teady s t a t e  when t h e  LTEs were 
te rm ina ted .  

These changes i n  s o l u b i l i t y  over  t i m e  make gene ra l i zed  s o l u b i l i t y  t r e n d s  
d i f f i c u l t  t o  p r e d i c t  w i t h  c e r t a i n t y .  For example, t h e  r a n k i n g  o f  t h e  
amount i n  s o l u t i o n  versus t h e  t o t a l  amount i n  t h e  s o l i d  f o r  f l y  ash I 2  
a f t e r  24 hours  o f  e x t r a c t i o n  was Cd, Zn > S04-S > B  > Ca, Mg > Cu > Na, 
Be, Ni ,  K > Mn > C r  > A1 > Ba, Si, Mo, Pb, and Fe. A f t e r  142 days, t h e  
r e l a t i v e  s o l u b i l i t i e s  were: S04-S > B > Mg > Mo, Ca > Cd > Na > Se > Mn 
> Zn > Sb, K > Ni > Ba > Cu, C r ,  Pb, and Si .  The change i n  s o l u b i l i t y  



t r e n d s  i s  a  r e f l e c t i o n  o f  t h e  s h i f t s  i n  e q u i l i b r i a  c o n t r o l l i n g  t h e  
s o l u b i l i t y  o f  t h e  c o n s t i t u e n t s  d u r i n g  t h e  e x t r a c t i o n  i n t e r v a l .  

I n  c o n t r a s t ,  t h e  pH o f  t h e  two a l k a l i n e  s o l u t i o n s  ( I 3  and 18) remained 
above pH 1 0  d u r i n g  t h e  e n t i r e  e x t r a c t i o n  i n t e r v a l  (140  days ) ,  and s l o w l y  
decreased t h e r e a f t e r .  I n  b o t h  t h e  a c i d i c  and a l k a l i n e  s o l u t i o n s ,  A1 was 
more s o l u b l e  d u r i n g  t h e  ea 
decreased i n  c o n c e n t r a t  i o n  
s o l u t i o n s  produced b y  t h e  
genera ted  b y  t h e  l i g n i t e  f 
e n t i r e  s o l u b i l i z a t i o n - e q u i  
s o l u b i l i t y  o f  A1 f r o m  t h e  

l y  phases o f  t h e  p rocedure  b u t  s i g n i f i c a n t l y  
w i t h  t i m e .  I n  c o n t r a s t  t o  t h e  two a l k a l i n e  
l l i n o i s  Bas in  f l y  ashes, t h e  pH o f  t h e  s o l u t i o n  
y ash (W2) was e s s e n t i a l l y  i n v a r i a n t  f o r  t h e  
i b r a t i o n  i n t e r v a l  (140  days) .  Moreover, t h e  
i g n i t e  sarople s t e a d i l y  i n c r e a s e d  w i t h  t i m e .  

O t h e r  s t u d i e s  d e a l i n g  w i t h  f l y  ash e x t r a c t s  have a l s o  n o t e d  ana logous 
changes i n  c o n c e n t r a t i o n s  w i t h  t ime .  T a l b o t  e t  a l .  (1978)  e q u i l i b r a t e d  a  
w e s t e r n  U.S. f l y  ash f o r  6 months i n  an open system. The pH o f  t h e  
a l k a l i n e  e x t r a c t  decreased f r o m  11 t o  8 .8  a f t e r  1 month, h a v i n g  reached a  
s teady  s t a t e .  

Townsend and Hodgson (1973)  e q u i l i b r a t e d  an a l k a l i n e  f l y  ash genera ted  f r o m  
B r i  t i s h  c o a l s  i n  a  c l o s e d  system. They observed t h a t  t h e  pH and t h e  OH and 
Ca c o n c e n t r a t i o n s  i n c r e a s e d  i n i t i a l l y ,  and t h e n  became i n v a r i a n t ,  whereas 
t h e  B and SO c o n c e n t r a t i o n s  decreased d u r i n g  t h e  e x t r a c t i o n  i n t e r v a l .  
Helm e t  a l .  41976) a l s o  n o t e d  t h a t  c o n c e n t r a t i o n s  o f  SO4 and B decreased 
w i t h  t i m e  i n  s o l u t i o n s  genera ted  f r o m  shake t e s t s  w i t h  an a l k a l i n e  f l y  ash 
produced f r o m  e a s t e r n  b i t u m i n o u s  c o a l s .  Page e t  a l .  (1979)  e q u i l i b r a t e d  a  
1 : l  f l y  ash-water  m i x t u r e  f o r  30  days.  I n  t h e  r e s u l t i n g  a l k a l i n e  s o l u t i o n ,  
Ca and OH c o n c e n t r a t i o n s  s t e a d i l y  decreased, whereas t h e  pH remained 
c o n s t a n t .  

The p r e s e n t  s t u d y  may have s e v e r a l  i m p l i c a t i o n s  c o n c e r n i n g  t h e  w a t e r  
q u a l i t y  o f  ash d i s p o s a l  ponds i n  a  c h r o n o l o g i c a l  f ramework.  The two f l y  
ashes t h a t  formed a c i d i c  e x t r a c t s  i n i t i a l l y  c o n t a i n e d  p o t e n t i a l l y  t o x i c  
t r a c e  m e t a l s ,  such as Cd, d i t h  t ime,  t h e s e  a c i d i c  s o l u t i o n s  became 
n e u t r a l ,  and s e v e r a l  such t r a c e  c o n s t i t u e n t s  were no l o n g e r  s o l u b l e ,  
a l t h o u g h  o t h e r  p o t e n t i a l  p o l l u t a n t s  p e r s i s t e d  i n  s o l u t i o n  f o r  l o n g e r  
p e r i o d s .  The f l y  ashes t h a t  produced a l k a l i n e  e x t r a c t s  genera ted  s o l u t i o n s  
t h a t  r e q a i n e d  a l k a l i n e ,  and s i m i l a r l y ,  s e v e r a l  p o t e n t i a l  p o l l u t a n t s  a l s o  
p e r s i s t e d  i n  s o l u t i o n .  

These r e s u l t s  i n d i c a t e  t h a t  f l y  ash, p a r t i c u l a r l y  a c i d i c  samples, a r e  most  . 

t o x i c  t o  a q u a t i c  ecosystems when i n i t i a l l y  s l u r r i e d  t o  d i s p o s a l  ponds and 
t h a t  t h e i r  t o x i c i t y  may decrease w i t h  t i m e .  However, i f  p o t e n t i a l  
p o l l u t a n t s  a r e  i n  m e t a s t a b l e  e q u i l i b r i u m  i n  t h e  pond, t h e y  may have l o n g  
r e s i d e n c e  t i m e s  i n  t h e  ash e f f l u e n t ,  i n c r e a s i n g  t h e  p r o b a b i l i t y  o f  
b i o a c c u m u l a t i o n  by  a q u a t i c  organ isms.  Excess i ve  l e v e l s  o f  Se have been 
d e t e c t e d  i n  v a r i o u s  s p e c i e s  o f  f i s h  i n h a b i t i n g  a  c o o l i n g  l a k e  a s s o c i a t e d  
w i t h  a c o a l - f i r e d  power p l a n t  i n  I l l i n o i s  ( L a r i m o r e  and T r a n q u i l l i ,  1979) .  
I n t e r m i t t e n t  o v e r f l o w  o f  a  nea rby  ash pond i n t o  t h e  c o o l i n g  l a k e  may have 
been t h e  sou rce  a f  t h e  Se. 

The s p e c i f i c  c o n c e n t r a t i o n s  o f  t h e  c o n s t i t u e n t s  exceed ing  EPM i n t e r i m  
p r i m a r y  o r  secondary  d r i n k i n g  wa te r  s tandards  o r  i r r i g a t i o n  wa te r  c r i t e r i a  
a r e  l i s t e d  i n  T a b l e  19. Depending on t h e  s o l i d  waste, As, Cd, C r ,  and Se 



Table 19. Corytituents in the long-term equilibrations exceeding EPA interim primary or secondary drinking water 
standards or irrigation water criteria as a function of time (concentrations in mg/L). 

Cons t i t uen t  

Primary d r i n k i n g  water 

Ar sen i c 0,05 

Cadm i urn 0.01 

Chromi um 0.05 

Sel en i urn 0.01 

Secondary d r i n k i n g  water 

Copper 1 .O 

l ron 0.30 

Manganese 0,05 

Su l f a t e  2 50 

Z inc  5.0 

pH ( u n i t s )  5,5 - 9.5 

I r r i g a t i o n  water 

Aluminum 20,O 

Boron 2.0 

Moi ybdenum 0.05 

N i  ckel 2.0 

12 
1 hour 142 days 

0.44 

1 moo 

2.1 3 

18.6 

2.65 

2972 

14.0 

4.1 

1 96 

65.2 

13 
I hour 141 days 

F l y  ash - 
I 7  

I hour 106 days 
18 

I hour 140days 
W2 

I hour 140 days 



were i n  concen t ra t i ons  exceeding t h e  p r ima ry  s tandards a f t e r  1  hour  i n  t h e  
LTE s o l u t i o n s .  A f t e r  106 t o  140 days of e x t r a c t i o n ,  t h e  concen t ra t i ons  of 
these  c o n s t i t u e n t s  changed, b u t  t h e  l e v e l s  o f  some o f  t h e  p o t e n t i a l  
p o l l u t a n t s  s t i l l  remained above recommended l e v e l s .  I n  each s o l u t i o n ,  
o t h e r  c o n s t i t u e n t s  exceeded t h e  secondary s tandards and t h e  recommended 
l e v e l s  f o r  i r r i g a t i o n  water  (U.S. EPA, 1976). As i t h  t h e  p r i m a r y  
standards,  c e r t a i n  p o t e n t i a l  p o l l u t a n t s  remained i n  s o l u t i o n  i n  excess ive  
l e v e l s .  Boron, Mo, and SO4 were c o n s t i t u e n t s  common t o  a l l  f i v e  e x t r a c t s  
t h a t  remained above recommended l e v e l s  d u r i n g  t h e  e n t i r e  e x t r a c t  i o n  
i n t e r v a l  . 

A l l  f i v e  u n d i l u t e d  f l y  ash LTE e x t r a c t s  were a c u t e l y  t o x i c  t o  f a t head  
minnows, caus ing  t o t a l  m o r t a l i t y  (Tab le  20) .  Three o f  t h e  e x t r a c t s  ( 
13, and 18) were v e r y  a l k a l i n e  (pH >10.0), and m o r t a l i t y  due t o  i o n i c  shock 
was expected. I n  a  p rev i ous  s tudy  (Suloway, e t  a l . ,  l W l ) ,  t e s t  s o l u t i o n s  
i n  which t h e  pH was g r e a t e r  t han  9.2 were a c u t e l y  t o x i c  t o  f a t head  minnow 
fry. However, two o f  t h e  samples i n  t h e  p resen t  s tudy  ( I 2  and 17) were 
r e l a t i v e l y  n e u t r a l  i n  pH and were n o t  expected t o  cause t o t a l  m o r t a l i t y .  
A l l  e x t r a c t s  were t hen  t e s t e d  w i t h  LC-50 de te rmina t ions .  

The c o n c e n t r a t i o n  o f  d i s s o l v e d  oxygen i n  a l l  t h e  sc reen ing  procedures was 
more than  60% o f  s a t u r a t i o n .  The pHs o f  t h e  e x t r a c t s  remained r e l a t i v e l y  
s t a b l e  d u r i n g  t h e  b ioassays w i t h  t h e  excep t ion  o f  18, i n  which t h e  pH 
decreased almost an e n t i r e  pH u n i t .  There was a  5% m o r t a l i t y  i n  t h e  
c o n t r o l s .  

LC-50 de te rm ina t i ons  (Tab le  21) were made t o  measure t h e  r e l a t i v e  
t o x i c i t i e s  o f  t h e  e x t r a c t s  and t o  determine t h e  d i l u t i o n s  necessary  t o  
ensure s u r v i v a l  d u r i n g  a  %-hour b ioassay  o f  t h e  t o x i c  e x t r a c t s .  An 
i n v e r s e  r e l a t i o n s h i p  e x i s t e d  between t o x i c i t y  and t h e  LC-50 va lue  f o r  an 
e x t r a c t .  The LC-50 va lues  f o r  W2 and I 3  were 2.8 and 63.0 (Tab le  21), 
r e s p e c t i v e l y .  S i x t y - t h r e e  mL o f  13, d i l u t e d  w i t h  37.0 mL o f  d i l u t i o n  
water, was j u s t  as t o x i c  as o n l y  2.8 mL o f  W2 d i l u t e d  w i t h  97.2 1nL o f  
d i l u t i o n  water .  Therefore,  w i t h  an i nc rease  i n  t o x i c i t y ,  t h e r e  was a  
decrease i n  t h e  LC-50 va lue.  

TABLE 20. The percentage of mortality of 9-to-6 day-old fathead minnow fry (Pimephales promelas) resulting from 
96-hour exposures to full-strength extracts generated from five fly ashes. Initial and final pHs and concentrations of 
dissolved oxygen (mg/L) are listed. 

Samp 1 e PH i pHf  0.O.i D-0.f M o r t a l i t y  (%)  



Table 21. The  LC-50 values, amount of dilution necessary t o  eliminate mortality,  and the initial pH values for extracts 
generated f rom five f ly  ashes. 

F l y  ash LC-50 Conf idence i n t e r v a l s a  Di l u t i o n  f o r  z e r o  
sample PH i mL/100mL mL/ 1  O0mL p e r c e n t  m o r t a l  i t y  

aThere i s  a 95 p e r c e n t  p r o b a b i l i t y  t h a t  t h e  LC-50 f a l l s  w i t h i n  t h e  c o n f i d e n c e  
i n t e r v a l  l i s t e d .  

The r e s u l t s  o f  t h e  LC-50 de te rmina t ions  i n d i c a t e  t h a t  W2 was t h e  f l y  ash 
e x t r a c t  most t o x i c  t o  young fa thead  minnows; i t  r e q u i r e d  as much as a  
1:1000 d i l u t i o n  t o  e l i m i n a t e  m o r t a l i t y .  The I 3  ash produced t h e  second 
most t o x i c  e x t r a c t ;  t h e  rema in ing  t h r e e  e x t r a c t s  had s i m i l a r  LC-50 va lues.  

The acute t o x i c i t y  o f  a  leacha te  should be p a r t l y  a  f u n c t i o n  o f  i t s  
chemical composit ion. Simple l i n e a r  and m u l t i p l e  r eg ress ion  analyses were 
used t o  determine, f o r  each e x t r a c t ,  t h e  r e l a t i o n s h i p  between t h e  m o r t a l i t y  
d a t a  and t h e  chemical da ta  c o l l e c t e d  d u r i n g  t h e  LC-50 de te rmina t ions  
(Tables 22-25) The I8 t e s t  s o l u t i o n s  were n o t  chem ica l l y  analyzed. The 
range o f  concen t ra t i ons  f o r  each chemical  c o n s t i t u e n t ,  t h e  recommended 
water q u a l i t y  l e v e l  f o r  each chemical c o n s t i t u e n t ,  t h e  change i n  r2  f o r  
t h e  m u l t i p l e  regress ion ,  and t h e  r va lue  f o r  t h e  s imple l i n e a r  r eg ress ion  
are l i s t e d  i n  each t a b l e .  I n  s t a t i s t i c a l  ana l ys i s ,  t h e  va lues f o r  r and 
r2  w i l l  va r y  f rom <0.001 t o  1.000. The c l o s e r  t h e  va lue  i s  t o  1.000, t h e  
s t r onge r  t h e  r e l a t i o n s h i p  between m o r t a l i t y  and a  p a r t i c u l a r  chemical 
c o n s t i t u e n t :  f o r  example, f o r  t h e  e x t r a c t  f rom W2 the  s t r onges t  
r e l a t i o n s h i p  de tec ted  by t h e  mu1 t i p l e  r eg ress ion  a n a l y s i s  (Table 22) was 
between m o r t a l i t y  and i n i t i a l  pH ( r 2  = 0.51 9 ) .  The concen t ra t i ons  of 
severa l  chemical c o n s t i t u e n t s  (B, Mo, S04, pH, and pHf) were h i g h l y  
c o r r e l a t e d  w i t h  m o r t a l i t y  ( r  >0.70). When t h e  r e s u l t s  o f  these s t a t i s t i c a l  
analyses are cons idered w i t h  t h e  l e v e l s  o f  va r i ous  chemical  c o n s t i t u e n t s  
p resen t  i n  t h e  t e s t  s o l u t i o n s ,  t h e  importance o f  va r i ous  chemical  
c o n s t i t u e n t s  w i t h  respec t  t o  acute t o x i c i t y  o f  a  p a r t i c u l a r  f l y  ash e x t r a c t  
can be assessed. 

A s t r ong  r e l a t i o n s h i p  e x i s t e d  between t h e  acute t o x i c i t y  o f  t h e  W2 leacha te  
and i t s  pH. A l k a l i n e  (pH > 9.2) s o l u t i o n s  have been shown t o  be a c u t e l y  
t o x i c  t o  young fathead minnows (Suloway e t  a l . ,  1981 ) . Cairns e t  a l .  
(1972) descr ibed  t h e  e f f e c t s  o f  a  f l y  ash pond s p i l l  on a  smal l  r i v e r  and 
suggested t h a t  t h e  p r i n c i p a l  l e t h a l  agent was t h e  h i g h  pH l e v e l .  Wasserman 
e t  a l .  (1974) r epo r ted  t h a t  r u n o f f  f rom a l k a l i n e  ash ponds was l e t h a l  t o  
c a t f i s h  because t h e  inc reased  pH caused t h e  p r e c i p i t a t i o n  of f e r r i c  
hydrox ide,  which migh t  have c logged t h e  g i  l l apparatus, caus ing asphyx ia t i on .  



Table 22. The range of concentrations and recommended water quality levels for chemical constituents measured in 
test solutions of W2. 

Range of Recommended water 
Chemical concentrations quality levels r2 
constituent (mg/L)a  ( m ! m b  Changec r C 

aAl 1 values i n  mg/L except pH. 
b ~ a l u e s  are MATES c i ted from Cleland and Kin'gsbury (1977) unless another 

source i s  indicated. 
CValues of r2 and r represent the resul ts  from mul t i p l e  and simple l  inear 
regression analyses o f  the relationship between mortal i t y  observed in the t e s t  
solutions of the extract and the concentrations of each chemical constituent 
measured in those t e s t  solutions. 

d ~ r o m  Quality Cri ter ia  for  Water 1976 (U.S. EPA, 1976). 

The e x t r a c t  o f  13, l i k e  t h a t  genera ted  f r o m  W2, was v e r y  a l k a l i n e  and 
r e l a t i v e l y  t o x i c .  The r e g r e s s i o n  ana lyses  i n d i c a t e d  s t r o n g  r e l a t i o n s h i p s  
between t h e  f i n a l  and i n i t i a l  pH and f i s h  m o r t a l i t y  ( T a b l e  23) .  A l t h o u g h  
t h e  range  o f  v a l u e s  f o r  t h e  f i n a l  pH r e g r e s s i o n  was r a t h e r  nar row,  t h e r e  
were 16 d a t a  p o i n t s  between the minimum and mx imum pH v a l u e s .  The i n i t i a l  
p l i  v a l u e s  were a l s o  e l e v a t e d  enough t o  cause m o r t a l i t y .  Aluminum, As, and 
Ca were p r e s e n t  i n  c o n c e n t r a t i o n s  t h a t  exceeded recommended va lues ;  
however, p r o b a b l y  o n l y  A1 was p r e s e n t  a t  s u f f i c i e n t  l e v e l s  t o  be  a c u t e l y  
t o x i c .  

The e x t r a c t  genera ted  From I 7  was s l i g h t l y  a c i d i c  (pH < 6 . 7 )  when t h e  LC-50 
d e t e r m i n a t i o n s  were c a l c u l a t e d  ( T a b l e  24). The e x t r a c t  was much l e s s  t o x i c  
t h a n  t h o s e  o f  W2 and 13; t h e r e f o r e ,  t e s t  s o l u t i o n s  used t o  d e t e r m i n e  t h e  
LC-50 v a l u e  d i d  n o t  r e q u i r e  l a r g e  d i l u t i o n s .  The h i g h  pe rcen tage  o f  
e x t r a c t  i n  t h e  t e s t  s o l u t i o n s  ( 7 5  t o  100%) and t h e  l ower  pH r e s u l t e d  i n  



Table 23. The range of concentrations and recommended water quality levels for chemical constituents measured 
in test solutions of 13. 

Range o f  Recommended water 
Chemical concent ra t ions  qua1 i t y  1  eve1 s  r 2  ( d )  
c o n s t i t u e n t  (mg/L) a ( m w  Change' rc 

aAl 1 va lues i n  mg/L except pH. 
b a l u e s  are MATES c i t e d  f rom C le land  and Kingsbury (1977) un less  another source i s  

i nd i ca ted .  
CValues o f  r 2  and r rep resen t  t he  r e s u l t s  f rom m u l t i p l e  and s imp le  l i n e a r  

r eg ress ion  analyses o f  t he  r e l a t i o n s h i p  between m o r t a l i t y  observed i n  t h e  t e s t  
s o l u t i o n s  o f  t h e  e x t r a c t  and t h e  concent ra t ions  o f  each chemical c o n s t i t u e n t  
measured i n  those t e s t  s o l u t i o n s .  

d ~ r o m  Q u a l i t y  C r i t e r i a  f o r  Water 1976 (U.S. EPA, 1976). 

h i ghe r  concen t ra t i ons  o f  va r i ous  chemical  c o n s t i t u e n t s  i n  t h e  t e s t  
s o l u t i o n s  o f  I 7  than  were found f o r  I 3  o r  W2. The concen t ra t i ons  o f  B, Cd, 
Mn, N i ,  SO4, and Zn exceeded recommended l e v e l s  i n  t h e  t e s t  s o l u t i o n s  
(Tab le  24 ) .  However, B, Cd, Mn, N i  , and SO4 were p robab ly  n o t  p resen t  i n  
s u f f i c i e n t  concen t ra t i ons  by  thelnselves t o  cause m o r t a l i t y  accord ing  t o  
t o x i c i t y  da ta  a v a i l a b l e  i n  t h e  1  i t e r a t u r e  (Cardwel l ,  1976; C le land  and 
Kingsbury,  1977; P i c k e r i n g  and Gast, 1972; P icker ing ,  1974; P i c k e r i n g  and 
Henderson, 1966). 

Z inc concen t ra t i ons  ranged f rom 0.21 mg/L t o  0.63 mg/L i n  t h e  I 7  t e s t  
s o l u t i o n s  (Tab le  24).  Tox ic  e f f e c t s  o f  Zn on fa thead  minnows hav ing mean 96- 
hour LC-50 va lues o f  0.6 mg/L Z n  i n  d u p l i c a t e  f low- th rough acu te  bioassays 
i nc l uded  mor ta l  i t y  a t  concen t ra t i ons  as low as 0.294 mg/L o f  Zn (Beno i t  and 
Holcombe, 1978). However, 8-week-old fa thead  minnows and s o f t  water (46  
mg/L as CaC03) were used i n  t h e i r  exper iments.  Chapman (1978) r e p o r t e d  t h a t  



Table 24. The range of concentrations and recommended water quality levels for chemical constituents measured 
in test solutions of 17. 

Range of Recommended water 
Chemical concentrations qua1 i ty levels r2 
constituent (mdL) a ( m d ~ )  ChangeC YC 

aAl 1 values in mg/L except pH. 
b~alues are MATES cited from Cl eland and Kingsbury (1977) unless another source is 
indicated. 
CValues o f  r2 and r represent the results from mu1 tiple and simple 1 inear 
regression analyses of the relationship between mortality observed in the test 
solutions of the extract and the concentrations of each chemical constituent measured 
in those test solutions. 

d~rorn Quality Criteria for Water 1976 (U.S. EPA, 1976). 

96-hour LC-50s f o r  Zn f o r  s tee lhead  t r o u t  va r i ed ,  depending on which 
l i f e  stage was exposed. Mount (1966) found an i nve rse  r e l a t i o n s h i p  between 
Zn t o x i c i t y  and water hardness f o r  fa thead  minnows. Mount t e s t e d  t h e  acute 
t o x i c i t y  o f  Zn under va r i ous  pH and hardness cond i t i ons ,  making d i r e c t  
c o r r e l a t i o n s  o f  Zn and t o x i c i t y  d i f f i c u l t .  Using hard  (200 mg/L as 
CaC03) and a l k a l i n e  (nominal  pH = 8.0) d i l u t i o n  water, t h e  LC-50 was 
approx imate ly  8.2 mg/L o f  Zn. These da ta  suggest t h a t  Zn migh t  be p a r t l y  
r espons ib l e  f o r  t h e  m o r t a l i t y  caused by  I 7  t e s t  s o l u t i o n s .  

S u l f a t e  and o t h e r  i o n s  were p resen t  i n  r e l a t i v e l y  h i g h  concent ra t ions ,  
c o n t r i b u t i n g  t o  t h e  e l e c t r i c a l  c o n d u c t i v i t y  (EC) , whic var ied  between 4 . 1  
and 5.29 mmhos/crn (Tab le  16) i n  t h e  u n d i l u t e d  e x t r a c t  o f  17. S i g n i f i c a n t  
m o r t a l i t y  o f  fa thead  minnow f r y  has been observed i n  r e c o n s t i t u t e d  water i n  



Table 25. The range of concentrations and recommended water quality levels for chemical constituents measured 
in test solutions of 12. 

Range of  Recommended wa te r  
Chemical c o n c e n t r a t i o n s  qua1 i t y  1  eve1 s  r 2  
c o n s t i t u e n t  ( m d L )  a (m3 /Ub  Ch angec r c  

aAl 1  v a l u e s  i n  mg/L excep t  pH. 
b ~ a l u e s  a r e  MATES c i t e d  f r o m  C l e l a n d  and K i n g s b u r y  (1977) u n l e s s  ano the r  sou rce  i s  

i n d i c a t e d .  
cValues o f  r 2  and r r e p r e s e n t  t h e  r e s u l t s  f r o m  m u l t i p l e  and s i m p l e  1 i n e a r  

r e g r e s s i o n  ana lyses  o f  t h e  r e l a t i o n s h i p  between m o r t a l i t y  observed i n  t h e  t e s t  
s o l u t i o n s  o f  t h e  e x t r a c t  and t h e  c o n c e n t r a t i o n s  o f  each chemica l  c o n s t i t u e n t  measured 
i n  t h o s e  t e s t  s o l u t i o n s .  

d ~ r o m  Q u a l i t y  C r i t e r i a  f o r  Water 1976 (U.S. EPA, 1976).  

which t h e  EC exceeded 4.0 mmhos/cm (Suloway e t  a l . ,  1981). Thus, t h e  t o t a l  
i o n i c  s t r e n g t h  o f  t h e  t e s t  s o l u t i o n s  of I7 a l s o  p robab l y  c o n t r i b u t e d  t o  t h e  
acute t o x i c i t y  o f  t h i s  f l y  ash e x t r a c t .  

The e x t r a c t  generated f r om I 2  was n e a r l y  n e u t r a l  i n  pH when t h e  LC-50 
de te rm ina t i ons  were made (Tab le  24) .  Th is  e x t r a c t  was much l e s s  t o x i c  t han  
were t h e  W2 and I 3  e x t r a c t s  (Tab le  21); t h e r e f o r e ,  t e s t  s o l u t i o n s  used t o  
determine t h e  LC-50 va lue  were comprised o f  50 t o  100% e x t r a c t .  Because of  
t h e  h i g h  percentage o f  e x t r a c t  used i n  t h e  t e s t  s o l u t i o n s ,  concen t ra t i ons  
o f  va r i ous  chemical  c o n s t i t u e n t s  were h i ghe r  i n  t h e  t e s t  s o l u t i o n s  o f  I 2  
than i n  I 3  and W2. The concen t ra t i ons  o f  B, Mn, Mo, N i ,  SO4, and Zn i n  
t e s t  s o l u t i o n s  o f  I2  exceeded recommended water  q u a l i t y  l e v e l s  and 
c o r r e l a t e d  w e l l  w i t h  m o r t a l i t y  d a t a  based on t h e  s imp le  l i n e a r  r eg ress i ons .  



Boron concen t ra t i ons  were high, b u t  ex t reme ly  h i gh  concen t ra t i ons  of  B are 
r e q u i r e d  t o  produce t o x i c  e f f e c t s  i n  aqua t i c  l i f e  (Becker and Thatcher,  
1973). For example, the  minimum l e t h a l  dose f o r  minnows exposed t o  b o r i c  
a c i d  a t  20' C f o r  6  hours was repo r ted  t o  be 18,000 t o  19,000 mg/L i n  
d i s t i l l e d  water  and 19,000 t o  19,500 mg/L i n  hard  water  (Le Cle rc  and 
Devlaminck, 1955; Le Clerc,  1960). According t o  t o x i c i t y  da ta  a v a i l a b l e  i n  
t h e  1  i t e r a t u r e  (Cardwel l ,  1976; Cle land and Kingsbury,  1977; Mount, 1966; 
P icker ing ,  1974; P i c k e r i n g  and Gast, 1972; P i c k e r i n g  and Henderson, 1966).  
The i n d i v i d u a l  concen t ra t i ons  o f  Mn, 0, Ni, SO4, and Zn were p robab ly  
not. h i gh  enough t o  cause t he  m o r t a l i t y  observed i n  t he  t e s t  s o l u t i o n s  of 12. 
The t o t a l  i o n i c  s t r e n g t h  o f  t h e  I 2  e x t r a c t  as measured b y  E C  was l e s s  than 
t h a t  o f  t h e  I 7  e x t r a c t  (Tables 14 and 16) .  The EC o f  t h e  u n d i l u t e d  I 2  
e x t r a c t  ranged f rom 2.74 t o  3.80. I n s i g n i f i c a n t  m o r t a l i t y  was observed i n  
r e c o n s t i t u t e d  water i n  which t h e  EC was l e s s  than  3.0 (Suloway e t  a l . ,  
1981). Because o f  t h e  complex chemical  composi t ion o f  t h e  I 2  f l y  ash 
e x t r a c t  and t h e  unknown s y n e r g i s t i c  and a n t a g o n i s t i c  e f f e c t s  o f  t h e  
chemical c o n s t i t u e n t s  composing t h e  e x t r a c t ,  i t  i s  n o t  p o s s i b l e  f rom these 
exper iments t o  determine s p e c i f i c a l l y  which chemical c o n s t i t u e n t s  were 
d i r e c t l y  r espons ib l e  f o r  t h e  observed m o r t a l i t y .  

Analyses o f  va r iance  o f  f i s h  l eng ths  and weights  (Tables 26 and 27) 
showed t h a t  o n l y  t h e  fa thead  minnows were d i f f e r e n t  i n  weight  f o r  sample 
13, and so a l l  d u p l i c a t e s  were combined f o r  each organism f o r  each sample. 
The mean i n i t i a l  l e n g t h  and weight  o f  fa thead  minnows used i n  t h e  
b ioaccumulat ion exper iments were approximately 50 mm and 1  g, r e s p e c t i v e l y  
(Tab le  2 8 ) .  The mean i n i t i a l  l e n g t h  and weight  o f  t h e  green s u n f i s h  used 

Table 26. The mean initial lengths and weights of adult fathead minnows used in the bioaccumulation experiments. 

Mean l e n g t h  Mean we igh t  
Sample N ( m d  F v a l u e d  (9) F v a l u e d  

-- -- -- -- - - 

aResu l t s  o f  t h e  a n a l y s i s  o f  v a r i a n c e  i n d i c a t e  t h a t  i f  F(1,8) i s  g r e a t e r  
t h a n  3.46, t h e  r e p l i c a t e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  



Table 27. The mean initial lengths and weights of juvenile green sunfish used in the bioaccumulation experiments. 

Mean l e n g t h  Mean w e i g h t  
Samp 1  e  r\l (mm) F va luea  ( 9 )  F v a l u e d  

C o n t r o l  -A 5 47.8 1.356 
Con t ro l -B  5 48.6 0.133 1.326 0.01 3  

aResu l t s  o f  t h e  a n a l y s i s  o f  v a r i a n c e  i n d i c a t e  t h a t  i f  F(1,8) i s  g r e a t e r  
t h a n  3.46, r e p l i c a t e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  

were 50 mm and 1.3 g, r e s p e c t i v e l y  (Tab le  29 ) .  Fathead minnows and green 
s u n f i s h  i n  t h e  c o n t r o l  s o l u t i o n s  were e s s e n t i a l l y  t h e  same s i z e  as those 
exposed t o  t h e  f l y  ash e x t r a c t s  (Tab le  30). 

A t  t h e  conc lus i on  o f  t h e  exper iments,  a l l  t h e  d u p l i c a t e s  t h a t  c o u l d  be  
analyzed proved t o  be homogeneous (Tables 31 and 32) .  The mean f i n a l  
l eng ths  and weights  o f  t h e  f a thead  minnows and green s u n f i s h  between 
r e p l i c a t e s  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom each o t h e r  (Tables 33 and 
34).  Al though t h e  concen t ra t i ons  o f  t h e  e x t r a c t s  t o  which t h e  organisms 
were exposed should  n o t  have caused m o r t a l i t y ,  i t  was hypothes ized t h a t  t h e  
t o x i c  components may have been o f  s u f f i c i e n t  c o n c e n t r a t i o n  t o  cause 
sub le tha l ,  p h y s i o l o g i c a l  p e r t u r b a t i o n s  r e s u l t i n g  i n  decreased growth.  The 
r e s u l t s  o f  t h e  ANOVA demonstrated t h a t  a t  t h e  t e r m i n a t i o n  o f  t h e  
b ioaccumula t ion  exper iments  t h e  green s u n f i s h  and f a thead  minnows i n  t h e  

Table 28. Initial mean total lengths and weights of adult fathead minnows exposed to extracts from five fly ashes 
and a control. 

Me an St andard Mean S tandard  
Samp 1  e  N l e n g t h  (mm) d e v i  a t i o n  w e i g h t  ( g )  d e v i a t i o n  

C o n t r o l  10 47.9 3.33 0.998 0.230 
W2 10 49.8 4.09 1.135 0 - 3 0 0  
I 3  10  52.0 3.66 1  . I 6 0  0.252 
I 8  10 49.3 4.76 1.110 0.389 
I 7  10  49.4 4.34 1  . I 3 4  0.334 
I 2  10 47.8 4.81 1.132 0.432 



Table 29, Initial mean total lengths and weights of juvenile green sunfish exposed to extracts from five fly ashes 

and a control. 

Me an Standard Me an St  andard 
Sample N l e n g t h  (mm) d e v i a t i o n  we igh t  ( g )  d e v i a t i o n  

C o n t r o l  10 48.2 3.1 1.341 0.379 
W2 10 48.1 5.1 1.194 0.433 
I 3  10  48.9 3.0 1.324 0.328 

I 8  10 48.8 4.0 1.240 0.374 
I 7  10 51 - 1  4.0 1.491 0.431 
I 2  10 50.9 3.9 1.573 0.366 

Table 30. Comparison of the mean initial lengths and weights between the control test organisms and the organisms 
exposed to fly ash extracts. 

Green sun f  i sha Fathead mi nno,wa 
1 eng th  w e i g h t  1  ength  w e i g h t  

C o n t r o l  vs  ~ 2 b  0.002 0.585 1.167 1.178 
C o n t r o l  vs  I 3  0.229 0.010 2.618 0.748 
C o n t r o l  vs  I 8  0.1 24 0.322 0.242 0.551 
C o n t r o l  vs I 7  0.613 2.883 0.677 1.001 
C o n t r o l  v s  I 2  2.61 9  1.738 0.003 0.673 

aThe v a l u e s  l i s t e d  a r e  F 1,18) v a l u e s  generated b y  one-way 
a n a l y s i s  o f  v a r i a n c e .  f f t h e  F v a l u e  i s  g r e a t e r  t h a n  3.01, t h e  means 
a r e  s i g n i f i c a n t l y  d i f f e r e n t .  

b~ = 10 f o r  each t e s t  and c o n t r o l  group. 

Table 31. The mean final lengths and weights of juvenile green sunfish used in the bioaccumulation experiments. 

Mean l e n g t h  Mean we igh t  
Samp 1  e  N (mm) F v a l u e d  ( 9 )  F v a l u e a  

aResu l t s  o f  t h e  a n a l y s i s  o f  v a r i a n c e  i n d i c a t e  t h a t  i f  F(1,8) i s  g r e a t e r  
t h a n  3.46, t h e  r e p l i c a t e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  

54 



Table 32. The mean final lengths and weights of adult fathead minnows used in the bioaccumulation experiments. 

Mean l e n g t h  Mean weight  
Sample (mm) F valuea (9 )  F va lued 

Cont ro l  -A 
Contro l -B 

aResul ts  o f  t h e  ana l ys i s  o f  va r iance  i n d i c a t e  t h a t  i f  F(1,8) i s  g rea te r  
than 3.46, t h e  r e p l i c a t e s  a re  s i g n i f i c a n t l y  d i f f e r e n t .  

b ~ n s u f f i c i e n t  da ta  f o r  s t a t i s t i c a l  ana lys is .  

Table 33. Final mean total lengths and weights of adult fathead minnows exposed to extracts from five fly ashes and 
a control. 

Me an S t  andard Me an S t  andard 
Sample N l e n g t h  (mm) d e v i a t i o n  weight  ( g )  d e v i a t i o n  

Cont ro l  10 49.9 4.0 1.305 0.373 
W2 10 52.1 3.6 1.515 0- 456 
I 3  7  51 - 4  3.5 1.433 0.123 
I S  10 51 - 2  5.0 1.398 0.51 0  
I 7  6  51.7 8. 2 1.522 0.563 
I 2  10 47.9 4.6 1.135 0.453 

Table 34. Final mean total lengths and weights of juvenile green sunfish exposed to extracts from five fly ashes and 
a control. 

Me an St andard 
Samp 1 e  .N l e n g t h  (mm) d e v i a t i o n  

Cont ro l  10 56.0 6.6 
W2 10 54.3 6 - 3  
I 3  10 54.4 4.4 
I 8  10 55.1 6.1 
I 7  10 59.9 7.1 
I 2  10 58.5 6.3 

Me an 
weight  (g )  

2.997 
2.637 
2.589 
2.661 
3.696 
3.380 

Standard 
d e v i a t i o n  



c o n t r o l s  were e s s e n t i a l l y  t h e  same l e n g t h  and w e i g h t  as t h o s e  exposed t o  
t h e  e x t r a c t s  ( T a b l e  3 5 ) .  Fur thermore,  when t h e  d i f f e r e n c e s  between i n i t i  a1 
and f i n a l  mean l e n g t h s  and w e i g h t s  f o r  f a t h e a d  minnows ( T a b l e  36)  and green 
s u n f i s h  ( T a b l e  37) were compared, t h e  g rowth  o f  t h e  c o n t r o l  and 
e x p e r i m e n t a l  an ima ls  was a p p r o x i m a t e l y  t h e  same. On ly  t h e  f a t h e a d  minnows 
exposed t o  I 3  and I 2  e x t r a c t s  grew a p p r e c i a b l y  l e s s  t h a n  t h e  c o n t r o l s ,  b u t  
t h e  d i f f e r e n c e s  were n o t  s i g n i f i c a n t .  

Table 35. Comparison of the mean final lengths and weights between the control test organisms and the organisms 
exposed to fly ash extracts. 

Green s u n f i s h a  Fathead minnowa 
1  eng th  w e i g h t  l e n g t h  w e i g h t  

C o n t r o l  vs  ~ 2 b  0.31 3  0.457 1.503 1  . I 4 1  
C o n t r o l  vs  I 3  0.368 0.773 0.585 0.446 
C o n t r o l  vs  I 8  0.091 0. 508 0.369 0.195 
C o n t r o l  v s  17 1.467 1.447 0.291 0 -516  
C o n t r o l  vs  I 2  2.676 0.470 0.968 0.753 

aThe v a l u e s  l i s t e d  a r e  F ( 1  18)  v a l u e s  generated b y  one-way a n a l y s i s  
o f  v a r i a n c e .  I f t h e  F  v a l u e  i s  g r e a t e r  t h e n  3.01, t h e  means a r e  
s i g n i f i c a n t l y  d i f f e r e n t .  

b~ = 1 0  f o r  each t e s t  and c o n t r o l  group, excep t  f o r  I 3  f a t h e a d  minnows, 
N = 7, and f o r  I 7  f a t h e a d  minnows, N = 6. 

Table 36. Differences between initial and final mean lengths and weights of adult fathead minnows exposed to extracts 
from five fly ashes and a control. 

Di f f e r e n c e  i n D i f f e r e n c e  i n  
mean l e n g t h  Percen t  i n c r e a s e  mean we igh t  Percen t  i n c r e a s e  

(mm) i n  mean l e n g t h  ( 9 )  i n  mean w e i g h t  

C o n t r o l  +2.0 
W2 +2.3 
I 3  +0.6 
I 8  +1.9 
I 7  4-2.3 
I 2  4-0. 1  

Table 37. Differences between initial and final mean lengths and weights of juvenile green sunfish exposed to extracts 
from five fly ashes and a control. 

Di f f e r e n c e s  i n  Di f f  erences i n  
mean l e n g t h  Percen t  i n c r e a s e  mean w e i g h t  Percen t  i n c r e a s e  

(mm) i n  mean l e n g t h  ( 9 )  i n  mean w e i g h t  

C o n t r o l  +7.8 16.2 
W2 +6.2 12.9 
I 3  +5.5 11.2 
I 8  +6.3 12.9 
I 7  +8.8 17.2 
I 2  +7.6 14.9 



Several  o f  t h e  e x t r  

b i v a l v e s  ( ~ ~ a  arena 
Depending on t h e  o r  

I n ,  C l ,  and Ca were conc 
c o n s t i t u e n t  most concent 
Excessive l e v e l s  o f  Se 
(Lar imore and Tranqui 11 
c r a y f i s h  accumulate 

h e  S i m i l a r  accumulat ions 
o f  Al, As, and N i  i n  

t imes, r e s p e c t i v e l y ,  

Concentrat  i o n  f a c t o r  i s  78) as t h e  r a t i o  
organism ( o r  a  p a r t i c u l a r  
t h a t  substance i n  t h e  

l e ,  an organism 
pg Cu/L has 

e n t r a t i o n  f a c t o r  

b y  green s u n f i s h  were bo th  g rea te r  than  15. 

Both green s u n f i s  minnows concent ra ted  Mo f r om I 3  e x t r a c t .  
The concen t ra t i on  t i n  t h e  I 3  e x t r a c t  d i d  n o t  exceed p r ima ry  o r  
secondary d r i n k i n  ards (Table 1 eed t h e  l e v e l  

ab le  23) .  Yet t h e  green 
r e  Mo than d i d  t h e  c o n t r o l  

en t h e  l e v e l s  o f  
t o  t h e  c o n t r o l  so 
The concen t ra t i on  

ows accumu 1 a t e  e x t r a c t  The concen t ra t  i o n  
; t h e  l e v e l  o f  A1 p resen t  



Table 38. The mean concentrations of various chemical constituents measured in adult fathead minnows exposed to 
extracts from five fly ashes and a control. 

Fly ash 
Control kJ2 I 3  I 8  I 7  I 2  

% Extract 0.0 

i n  t h e  f a t h e a d  minnows exposed t o  t h e  I 3  e x t r a c t  was f o u r  t i m e s  g r e a t e r  
t h a n  t h e  l e v e l  measured i n  t h e  c o n t r o l  f i s h  ( T a b l e  38) .  Green s u n f i s h  d i d  
n o t  accumulate A1 f rorn 13, b u t  t h e y  d i d  accumula te  Pb. The c o n c e n t r a t i o n  
o f  Pb i n  t h e  t i s s u e s  o f  g reen s u n f i s h  exposed t o  t h e  I 3  e x t r a c t  was t w i c e  
t h a t  p r e s e n t  i n  t h e  c o n t r o l s .  The c o n c e n t r a t i o n  f a c t o r  f o r  Pb was g r e a t e r  
t h a n  25. N e i t h e r  t h e  c o n c e n t r a t i o n  o f  A1 n o r  o f  Pb exceeded p r i m a r y  o r  
secondary  d r i n k i n g  wa te r  s tandards  i n  t h e  I 3  e x t r a c t  ( T a b l e  1 9 ) .  The 
r e s u l t s  o f  t h e  LC-50 d e t e r m i n a t i o n s  gave some i n d i c a t i o n s  o f  a  p rob lem w i t h  
A1 i n  t h e  I 3  e x t r a c t ,  because t h e  l e v e l  o f  A1 exceeded t h e  recommended 
l e v e l  f o r  t h e  p r o t e c t i o n  o f  a q u a t i c  l i f e  ( T a b l e  2 3 ) .  

As o c c u r r e d  w i t h  t h e  e x t r a c t  f rorn 13, Mo was accumulated f ro rn  t h e  I 8  
e x t r a c t  b y  b o t h  t h e  f a t h e a d  minnows and t h e  green s u n f i s h .  Molybdenuin 
l e v e l s  i n  t h e  green s u n f i s h  t i s s u e  exposed t o  t h e  I8 e x t r a c t  were a lmos t  40 
t i m e s  g r e a t e r  t h a n  t h o s e  i n  t h e  c o n t r o l  f i s h .  The l e v e l  o f  Mo accumula ted 
i n  f a t h e a d  minnows exposed t o  I8 e x t r a c t  was more t h a n  20 t i m e s  t h a t  f o u n d  



The mean concentrations of various chemical constituents measured in juvenile green sunfish exposed to 
extracts from five fly ashes and a control. 

Fly ash 
Control W2 I3  I8 I 7  I 2  

% Extract 0-0 

i n  t h e  c o n t r o l s -  The concen t ra t i on  f a c t o r s  o f  o  f o r  green s u n f i s h  and 
fa thead  minnows exposed t o  I 8  e x t r a c t  were 1.1 nd 0.50, r e s p e c t i v e l y .  
These r e l a t i v e l y  low concen t ra t i on  f a c t o r s  i n d i c a t e  t h a t  t h e r e  were h i g h  

o i n  t h e  I 8  e x t r a c t  and t h a t  t h e  l e v e l  o f  o  i n  t h e  f i s h  t i s s u e  
migh t  inc rease  f u r t h e r  w i t h  longer  exposure. 

Fathead minnow osed t o  e x t r a c t  generated f r om I 7  accumulated Al, B, Cd, 
i n  t h e  I7  e x t  a c t  exceeded t h e  p r ima ry  
t h e  l e v e l  o f  n  exceeded t h e  secondary 

j  The b ioconcen t ra t i on  f a c t o r s  o f  A l ,  B, 
nows exposed t o  t h e  I 7  e x t r a c t  were >162, 

.8, r e s p e c t i v e l y ,  The l e v e l s  o f  these elements 
i n  t h e  fa thead  minnows exposed t o  t h e  I 7  e x t r a c t  were a t  l e a s t  t w i c e  those 
found i n  t h e  c o n t r o l  fa thead  minnows. I n  f a c t ,  t h e  l e v e l s  o f  f i v e  o f  these  
s i x  elements ( a l l  b u t  A l )  were 5 t imes  t i n  t h e  c o n t r o l s .  



The green s u n f i s h  exposed t o  t t accumulated e  same elements 
as t h e  f a t h e a d  minnows a l t h o u g  ese c o n s t i t u e  accumulated t o  a 
l e s s e r  degree. r e s e n t  i n  t h e  green s u n f i s h  
exposed t o  t h e  
c o n t r o l s .  The 
exposed t o  t h e  I 

F i n a l l y ,  t h e  compos i t i on  o f  t h e  e x t r a c t s  generated f r o m  samples I 7  and I 2  
were s i m i l a r .  The accumula t ion of e lements  Prom t h e  I 2  e x t r a c t  b y  t h e  t e s t  
organ isms a l s o  was s i m i l a r  t o  t h a t  observe i n  t e s t  organisms exposed t o  
17. The chemica l  c o n s t i t u e n t s  accumul a ted  t o  t h e  r e a t e s t  degree b y  t h e  
fa thead  minnows were B, Cd, Mn, NO, and 8 ) .  The c o n c e n t r a t i o n  
f a c t o r s  f o r  5, Cd, Mn, Ma, and Ni i n  f a t  posed t o  t h e  12 
e x t r a c t  were 0.3, >Q.3, 81.8, L 2 ,  and >22.1, r e s p e c t i v e l y .  

The green s u n f i s h  exposed t o  t h e  I 2  e x t r a c t  accumulated t h e  same chemica l  
c s n s t i  tuents a 
were accumul a t  
sunf i sh expose 7.0 times, respectively, 
t h o s e  measured ors f o r  B and Mo i n  
green s u n f i s h  

The s i x  most f r e q u e n t l y  accumulated chemica l  c o n s t i t u e n t s  f r o m  t h e  f l y  ash 
e x t r a c t s  were A l ,  B, C , Mn, MO, and i, Other  chemica l  c o n s t i t u e n t s  were 
accumulated, b u t  these  e lements  were accumulated t o  t h e  g r e a t e s t  e x t e n t .  
I n  most s i t u a t i o n s ,  t h e  r e s u l t s  o f  t h e  chemica l  ana lyses o f  t h e  e x t r a c t s  
and t h e  LC-50 d e t e r m i n a t i o n s  d i d  n o t  i n d i c a t e  which chemica l  c o n s t i t u e n t s  
would be accumulated. The U n i t e d  S t a t e s  Food and Drug Admini t r a t i o n  (FDA) 
c u r r e n t l y  l i s t s  Hg, Pb, Cd, As, Se, and Zn a t  t h e  t o p  o f  t h e  r i o r i t y  l i s t  
i n  i t s  program c o n c e r n i n g  t o x i c  e lements  i n  f o o d  ( J e l i n e k  and Corne l  i ussen, 

77) .  Of these,  o n l y  Hg has an FDB-spec i f i ed  r e g u l a t o r y  l i m i t  f o r  f i s h  
d  s h e l l f i s h  (Anonymous, 1974); FDA g u i d e l i n e s  f o r  o t h e r  m e t a l s  i n  foods  

have no% been e s t a b l i s h e  (Phi l l i p s  a n d  Russo, 1978). 

Aluminum i s  an element i s  r e l a t i v e l y  i n e r t  on b i o l o g i c a l  processes,  
and i t  r a r e l y  p r  raeder  and Dar 
Aluminum has a r ndency i n  f r e s  

onsumption o f  
t h e  low t o x i c i t y  o f  A1 

Boron i s  used i n  a p rocess  f o r  b l e a c h i n g  u l v e r i z e d  wood b y  t h e  p u l p  and 
paper i n d u s t r y  (Thompson e t  a l . ,  l 9 7 6 ) ,  a 
( P h i  11 i p s  and Russo, l 9 7 8 ) ,  and as  a n e u t r o  
i n s t a l l a t i o n s  ( N a t i o n a l  Academy o f  Science,  
f l y  ash f r o m  f o s s i l  f u e l s .  Boron g e n e r a l l y  
tendency i n  f r e s h w a t e r  f i s h  and a  l o w  t o x i c i t y  t o  a q u a t i c  organ isms and t o  
hurnans (Ph i  11 i p s  and Russo, 1978).  

Cadmium i s  r a r e  i n  n a t u r e ,  b u t  i s  h i g h l y  t o x i c  ( N a t i o n a l  Academy o f  
Science, 1973) .  I n h a l a t i o n  o r  i n g e s t i o n  o f  Cd produces b o t h  a c u t e  and 
c h r o n i c  h e a l t h  e f f e c t s .  Cadmium p o i s o n i n g s  i n  urnans r e s u l t i n g  f r o m  o r a l  
consumpt ion o r  i n h a l a t i o n  a r e  w e l l  documented ( a s s e t t ,  1975; F l i c k  e t  a l . ,  
1971; Voors and Shuman, 1977; American Con 
I n d u s t r i a l  H y g i e n t i s t s ,  1974; S t o k i n g e r ,  1  



1972). Cadmium i s  a  dangerous cumu la t i ve  poison. A  c o n c e n t r a t i o n  f a c t o r  
o f  up t o  1,000 has been r e p o r t e d  (Na t i ona l  Academy o f  Science, 1973). 
Several  au thors  have measured Cd uptake b y  f reshwate r  organisms. The 
accumulat ion o f  Cd by f reshwate r  f i s h  has been s tud ied  i n  w h i t e  c a t f i s h ,  
IctaZurms catus (Rowe and Massaro, 1974) ; g o l d f i s h ,  Camssius aumtus  
(Marafante,  1976); b l u e g i l l ,  Lepomis macrochirus (Mount and Stephan, 1967; 
Eaton, 1974) ; zebra f i s h ,  Brachydanio rerio (Rehwolt and Kar im i  an-Teherani , 

76) ; s t i c k l eback ,  Gasterosteus aeuZeatus (Pascoe and Mattey,  1977) ; 
guppy, Poecilia re t iculata  ( K i  nkade and Erdman, 1975) ; brook t r o u t ,  
SaZueZinu fontirrzlis (Benoi t e t  a1 . , 1976) ; ra inbow t r o u t ,  SaZm gairdneri 
(Kumada e t  a1 . , 1973) ; and 1 argemouth bass, Micropterus salmaides (Cea r l ey  
and Coleman, 1974). Very l i t t l e  Cd i s  accumulated i n  t h e  e d i b l e  p o r t i o n s  
o f  f i s h e s ;  i t  i s  u s u a l l y  concen t ra ted  i n  t h e  g i l l s ,  l i v e r ,  and k idneys.  
Cadmium i n  f i s h e s ,  t h e r e f o r e ,  does n o t  appear t o  r ep resen t  a  hazard t o  
human consumers. However, oys te r s ,  abalone, and mussels a re  capable  o f  
accumulat ing ex t reme ly  h i g h  l e v e l s  o f  Cd i n  e d i b l e  p o r t i o n s  ( P h i l l i p s  and 
Russo, 1978). 

Manganese has a  r e l a t i v e l y  low tendency f o r  b ioaccumula t ion  i n  f r eshwa te r  
anganese has a  low t o x i c i t y  t o  humans, b u t  po ison ings  have 

occur red  f r om excess ive  exposures t o  Mn i n  p l a n t s  ( B e r r y  e t  a1 . , 1974). 
r o n i c  po i son ing  may r e s u l t  f r om  t h e  i n h a l a t i o n  o f  Mn compounds ( S u l l i v a n ,  
69). Manganese has been de tec ted  i n  mar ine and f r eshwa te r  f i s h e s  and has 

een shown t o  be accumulated v i a  t h e  f ood  cha in  i n  mar ine and f r eshwa te r  
i n v e r t e b r a t e s .  However, Mn appears t o  be a  r e l a t i v e l y  nonhazardous element 
i n  most waters  due t o  t h e  low t o x i c i t y  o f  Mn t o  humans and aqua t i c  l i f e  
(Ph i  11 i p s  and Russo, 1978). 

Molybdenum has a  low b ioaccumula t i ve  tendency i n  f i s h .  B ioaccumulat ion o f  
Mo b y  l a k e  t r o u t ,  SaZveZims nzmycush, was s tud ied  b y  Tong e t  a l .  (1974).  
Molybdenum compounds e x h i b i t  a  low o r d e r  o f  t o x i c i t y  f o r  exposed workers 
(American Conference o f  Governmental and I n d u s t r i a l  Hyg ien i s t s ,  1974). 
Molybdenum does n o t  tend  t o  accumulate i n  t h e  e d i b l e  p o r t i o n s  o f  f i s h  and 
has a  r e l a t i v e l y  low t o x i c i t y  t o  humans ( P h i l l i p s  and Russo, 1978). 

A1 though Ni i s  p resen t  i n  cons ide rab le  amounts i n  p l a n t  and animal t i s s u e s ,  
d i e t a r y  i n t a k e  o f  N i  i s  n o t  ha rmfu l  t o  humans. Workers exposed t o  Ni may 
develop a  s e n s i t i v i t y  t o  i t  and even d e r m a t i t i s .  Because o f  N i k  low t o x i c i t y  
t o  humans, almost no i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  accumulat ion o f  Ni by 
aqua t i c  organisms ( P h i l l i p s  and Russo, 1978). 

I n  i n d u s t r i a l  s i t u a t i o n s  Ni dus t  has been shown t o  cause l u n g  and nasa l  cancers  
i n  exposed workers (Do1 1, 1958), and Ni meta l  can cause eczema i t i  s e n s i t i z e d  
workers (Browning, 1969). N i cke l  ca rbony l ,  an i n t e rmed ia te  i n  t h e  n i c k e l  
r e f i n i n g  process ( a l s o  found i n  c i g a r e t t e  smoke and a  p o s s i b l e  p roduc t  o f  t h e  
incomplete  combustion o f  c o a l ) ,  can cause cancer i n  r a t s  and humans and 
rep resen t s  t h e  p r ima ry  n i c k e l  r e l a t e d  hazard t o  human h e a l t h  (Sunderman and 
Donnel ly,  1965; Schroeder, 1970). The low t o x i c i t y  o f  n i c k e l  when o r a l l y  
inges ted  has been demonstrated f o r  severa l  an imals  (Underwood, 1971).  N i c k e l  
c o n s t a n t l y  occurs  i n  food, many waters,  and a l l  forms o f  l i f e ,  b o t h  mar ine and 
t e r r e s t r i a l  (Bowen, 1966). 

The r e s u l t s  o f  t h i s  s t udy  demonstrated t h a t  f l y  ash e x t r a c t s  were a c u t e l y  t o x i c  
t o  fa thead  minnows and t h a t  va r i ous  t r a c e  elements a re  accumlated i n  b o t h  



f a t h e a d  minnows and green s u n f i s h .  O f  t h e  s i x  chemica l  c o n s t i t u e n t s  most  
commonly accumulated i n  t h e  f i s h ,  Cd appears t o  be t h e  most t o x i c .  N e i t h e r  t h e  
b i o a c c u m u l a t i o n  and b i o m a g n i f i c a t i o n  o f  t r a c e  e lements  i n  f i s h  o f  v a r i o u s  
t r o p h i c  l e v e l s  n o r  t h e  h e a l t h  e f f e c t s  f r o m  t h e  human consumpt ion  o f  t h o s e  f i s h  
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