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ABSTRACT 

Eleven coal sol id wastes were characterized chemical l y  and mineral ogi - 
cal ly .  The wastes comprised three Lurgi gasification ashes, mineral residues 
from the SRC-I and H-Coal 1 iquefaction processes, two chars, two coal - 
cleaning residues, and a f l y  ash and water-quenched bottom ash ( s lag)  from a 
coal-fired power plant. Leachates tha t  were generated from the solid wastes 
a t  four pH levels and under two different  gas atmospheres were analyzed for  
more than 40 chemical consti tuents.  These leaehates were also used in soi l  
attenuation studies and in acute 96-hour s t a t i c  bioassays using fathead min- 
now f ry .  

Sixty consti tuents were determined in the solid wastes; the major ones 
among them were A1 , Ca, Fe, K, Mg, Na, S, Si , and Ti. Concentrations of 
other consti tuents such as B ,  Ba, Ce, C1, Cr, F, Mn, Sr ,  Z n ,  and Zr were gen- 
e ra l ly  between 100 and 1000 ppm, and s ignif icant  quant i t ies  ( 4 0 0  ppm) of 
t race metal s were a1 so present. Of the approximately 60 chemical consti t u -  
ents measured in the solid wastes, a range of 2 to  13 in the aqueous extracts  
generated in the 1 aboratory from the individual wastes exceeded minimum 
standards of water qual i ty  recommended by the federal government. 

The most s ignif icant  mineral transformations tha t  occurred during coal 
conversion processing were those of the iron-bearing mineral s .  For example, 
pyri te-the predominant i ron-bearing mineral identified in the feed coal s- 
was converted to  pyrrhoti te by processes tha t  employed a reducing 
atmosphere, such as liquefaction and charring. Pyrite was converted 
to  the oxides-hematite, magnetite, and goethite-by processes that  used an 
oxidizing atmosphere, such as Lurgi gasification and power-plant combustion. 
Pyrite remained unaltered in the coal -cleaning refuse. 

Thermodynamic speciation of inorganic ions and complexes in solution was 
model ed using the computer program WATEQF. One-hundred-fifteen aqueous spe- 
c ies  were considered in the model, and saturation data were computed for  more 
than 100 minerals. The model demonstrated tha t  similar mineral phases con- 
t ro l led  the aqueous so lubi l i ty  of the major ionic species for  a l l  the wastes. 
Furthermore, adsorption and coprecipi ta t ion of t race metals with iron,  man- 
ganese, and aluminum oxides and hydroxides were thought t o  be l ike ly  controls 
on t race metal concentrations in the leachates. 

Study of the soil  attenuation of soluble consti tuents leached from the 
coal solid wastes used the dispersed soi l  method with three I l l i n o i s  s o i l s  of 
widely varying character. The resu l t s  showed tha t  chemical consti tuents were 
attenuated by the s o i l s  to  a high degree. The soil  properties controlled the 
degree of attenuation to  a greater extent than the chemical composition of 



t h e  waste leachates.  E l u t i o n  o f  Mg, and i n  some cases Mn, f rom t h e  s o i l s  
cou ld  p resen t  t h e  g r e a t e s t  p o t e n t i a l  f o r  con tamina t ion  f rom l a n d  d i sposa l .  

The r e s u l t s  o f  96-hour s t a t i c  bioassays i n d i c a t e d  t h a t  t h e  wate r -so lub le  
c o n s t i t u e n t s  i n  e q u i l i b r i u m  w i t h  t h e  wastes g e n e r a l l y  were n o t  a c u t e l y  t o x i c  
t o  fa thead  niinnow f ry  a t  near  n e u t r a l  pH's (7.0-8.5); however, t h e r e  was com- 
p l e t e  m o r t a l i t y  i n  bo th  t h e  h igh-  and low-pH leachates.  M o r t a l i t y  was iden-  
t i f i e d  as be ing  caused by t h e  combined e f f e c t s  o f  pH and t o t a l  i o n i c  s t r e n g t h  
o f  t h e  leacha te .  Complex chemical ,  m i n e r a l o g i c a l ,  b i o l o g i c a l ,  and s o i l  
a t t e n u a t i o n  f a c t o r s  must be i n t e g r a t e d  when assess ing t h e  environmental  
impact o f  l a n d  d isposa l  o f  s o l i d  wastes f rom coa l  u t i l i z a t i o n  processes. 

Th i s  r e p o r t  was submi t ted i n  p a r t i a l  f u l f i l l m e n t  o f  Cont rac t  no. 68-02- 
2130 t o  t h e  U n i v e r s i t y  o f  I l l i n o i s ,  and was executed by t h e  I l l i n o i s  S t a t e  
Geolog ica l  and Na tu ra l  H i s t o r y  Surveys under p a r t i a l  sponsorship o f  t h e  U. S. 
Environmental  P r o t e c t i o n  Agency (EPA). Work was completed i n  June 1979. 
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SECTION 1 

INTRODUCTION 

Because of the o i l  and natural gas shortages in recent years,  much has 
been written about finding a l te rna te  energy sources. Since coal i s  so abun- 
dant in the United States ,  i t  i s  an important energy a l te rna t ive ;  however, 
many of our coal reserves cannot be d i rec t ly  processed for  energy production 
i f  the government enforces s t r i c t  compliance with the Clean Air Amendments of 
1977. Technologies do ex i s t ,  however (or  a t  l e a s t  are  being developed), tha t  
produce clean fuel from coal by removing the environmentally hazardous 
materials from the coal,  and/or by converting the coal into  o i l  and gas 
products. 

No less  than 13 low/medium-BTU and nine high-BTU gasification systems 
are  being considered for  commercial and government agency support. An addi- 
tional 19 major 1 iquefaction processes are  being considered for  commercial 
development. In addition to  the major coal conversion techniques, there are 
many other coal processing methods tha t  clean the coal before i t  i s  used for  
energy production. 

A1 though the qua1 i t y  of fuel s produced by these techniques i s  improved, 
the accessory elements from the coal are  concentrated in the waste streams 
from the process plant. These waste products need to  be characterized before 
environmentally acceptable methods for  t h e i r  disposal can be developed. 
Emerson (1  978), fo r  example, itemized 15 waste streams from 1 iquefaction pro- 
cesses. Included in t h i s  l i s t  were f ive  sol ids:  par t iculate  coal,  ash and 
slag residues, char, spent ca ta lys t ,  and spent absorbents. These wastes are  
as dif ferent  as the processes t ha t  produce them; t h e i r  nature depends upon 
the variables of the conversion techniques. The nature of the wastes a1 so 
strongly depends upon the feed coal -and coal i t s e l f  can be highly variable 
within any par t icular  seam. 

Unti 1 recently,  research has emphasized the characterization of airborne 
contaminants. Several investigators,  however-incl uding Cavanaugh and Thomas 
(1 977) ; Spaite and Page (1978); Cavanaugh, Corbett, and Page (1977); and 
Somervi 1 l e  and Elder (1 978)-have characterized the waste streams from low/ 
medium-BTU gas i f ie rs .  Fil by, Shah, and Sautter (1 978) characterized the 
t race elements in solid wastes from the Solvent Refined Coal (SRC-I) l ique- 
faction process. Sinor (1977) determined tha t  the flow ra t e  of Ni, As, Cd, 
and Pb from a Lurgi gasification plant may be as high as several pounds per 
hour. Because of the large quant i t ies  of raw materials consumed, large quan- 
t i t i e s  of accessory elements may be discharged even though they may be 
present in the whole coal in low concentrations, 



The estimated quantities of solid wastes produced from coal conversion 
vary widely, b u t  a l l  are high. Sather e t  a l e  (1975) estimated that a com- 
mercial coal gasification plant with a capacity of 250 mill ion cubic feet  of 
gas per day will use about 8 million tons of coal and generate about 2.3 mil- 
lion tons of ash and dry refuse per year. Other investigators (Seay e t  a l . ,  
1972; Asbury and Hoglund, 1974) have estimated that the amount of residue 
generated by a single gasification plant would occupy an area of 625 acre 
feet  per year; in 20 years the residue would cover 1,250 acres t o  a depth of 
10 feet .  In another report, van Meter and Erickson (1975) estimated that  
400,000 tons of slag or ash would be produced annually by a 250 mil 1 ion scfd 
gasification plant. These estimates, however, do n o t  include the wastes gen- 
erated from coal pretreatment processes. Jahni g (1  975) calculated that 
4,804 tons of refuse per day would resul t  from the pretreatment of coal 
before i t s  use in the Bi-Gas high-BTU gasification process. 

Detailed characterization of the wastes produced from coal conversion and 
processing i s  just i f ied because of the volume of wastes produced and the i r  ex- 
treme variabi l i ty .  Characterization alone, however, i s  insufficient to deter- 
mine acceptable disposal methods. The accessory and trace elements present may 
or may not be in a form that  allows mobility; therefore, i t  i s  necessary to de- 
termine which elements can be leached from the wastes under which circumstances. 

Sun e t  a1 . (1 978) and Stone and Kahle (1 977) have run leaching t e s t s  on 
wastes from fluidized-bed gasif iers ,  b u t  most research has been done on 
wastes other than those from coal conversion processes. Wewerka e t  a l .  (1978) 
have done extensive leaching t e s t s  on bulk refuse samples from the I l l inois  
Basin under a wide variety of testing conditions. C h u ,  Krenkel, and Ruane 
(1 976) ,  Theis (l975),  and Natusch e t  a l e  (1 977) t r ied to determine which con- 
s t i tuents  could be leached from f l y  ashes. The solubili ty of trace and other 
accessory elements in gasification ashes and slags i s  important, b u t  has n o t  
yet been investigated thoroughly. Data on f l y  ashes and slags produced in 
coal-fired furnaces may n o t  be pertinent because the gasification ashes and 
1 iquefaction residues are produced under different condi tions-namely, a t  
high temperatures and pressures, and usually in a reducing atmosphere rather 
than in an oxidizing one. Thus, significant alterations in the mineralogy 
and solubil i ty  of the accessory elements in ash can effect  the potential of 
these elements as pollutants. 

Severe contamination could also resul t  from the disposal of refuse from 
coal that was cleaned before combustion or conversion. I t  i s  well known that  
when the pyri t ic  minerals in th i s  refuse are exposed to a i r  and oxidizing 
conditions, iron sulfates and acids are produced (Singer and Stumm, 1969; 
Smi t h y  Svanks, and Hal ko, 1969; Jones and Ruggeri , 1969). Garrel s and 
Thompson (1960) concluded that the rate  of oxidation was chiefly a function of 
oxidation-reduction potential ( E h ) ,  and was independent of total Fe content. 
Similarly, Bell and Escher (1969) found that  the production of acidic iron 
sa l t s  from pyrite was an almost immediate response to the atmospheric gas 
composition in contact with the water. Reversing the gases from a i r  to 
nitrogen caused the acid formation to decrease, and reversing the gases from 
nitrogen to a i r  caused the acid formation t o  increase. There i s  also some 
evidence that  oxidation of Fe (11) can be affected by the catalyt ic  
responses of trace constituents such as copper (Stauffer and Love1 1 , 1969) .  



These r e s u l t s  have f a r - r e a c h i n g  i m p l i c a t i o n s  f o r  those p roposa ls  t h a t  
recommend us i ng  a l k a l i n e  g a s i f i c a t i o n  ashes t o  n e u t r a l i z e  a c i d  mine re fuse ,  
o r  those t h a t  recommend d i spos ing  o f  ash and r e f u s e  t oge the r  as l a n d f i l l  i n  
s t r i p  mines. Probably,  accessory elements i n  t h e  ash and r e f u s e  w i l l  be ex- 
t r a c t e d  by t he  a c i d  s o l u t i o n ;  t r a c e  elements may a c t u a l l y  c a t a l y z e  t h e  forma- 
t i o n  o f  a d d i t i o n a l  a c i d .  

C h a r a c t e r i z i n g  t h e  s o l i d  wastes and de te rm in i ng  t h e  leachab le  c o n s t i -  
t u e n t s  t h a t  may be generated a re  impo r tan t  f i r s t  s teps  i n  de te rm in i ng  t h e  
p o t e n t i a l  p o l l u t i o n  hazards f rom t h e  d i sposa l  o f  these wastes. Furthermore, 
i t  i s  necessary t o  determine t h e  f a t e  o f  t he  s o l u b l e  c o n s t i t u e n t s  upon d i s -  
posal  and t h e  e f f e c t  o f  l eacha tes  t h a t  a re  generated f rom t h e  wastes upon 
b i o t a .  

PURPOSE AND EXPERIMENTAL DESIGN 

The purpose o f  t h i s  s tudy  was t o  i n v e s t i g a t e  t h e  p o t e n t i a l  p o l l u t i o n  
hazards o f  e leven  se lec ted  coa l  so l  i d  wastes. Th i s  s tudy  i s  p a r t  o f  ongoing 
research  by t h e  I l l i n o i s  S t a t e  Geo log ica l  Survey i n t o  t h e  c h a r a c t e r i z a t i o n  o f  
coa l  and coa l  res idues  (Ruch, G l  usko te r ,  and Kennedy, 1971 ; Ruch, G l  u sko te r ,  
and Shimp, 1973; Ruch, G lusko te r ,  and Shimp, 1974; G lusko te r ,  1975; and Glus- 
k o t e r  e t  a l . ,  1977).  The e leven  wastes chosen f o r  t h i s  s tudy  i nc l uded :  
t h r e e  L u r g i  g a s i f i c a t i o n  ashes f rom runs  employing t h r e e  d i f f e r e n t  feed  coals;  
two l i q u e f a c t i o n  residues-an S R C - I  d r y  m ine ra l  r es i due  and an H-Coal vacuum 
s t i l l  bot tom minera l  res idue ;  a  h i g h - s u l f u r  and l o w - s u l f u r  coa l  - c l ean ing  
r e f u s e  sample; a  h i gh -  and low- temperature char ;  and a  f l y  ash and bot tom ash 
( s l a g )  f rom a  c o a l - f i r e d  power p l a n t .  

L i s t i n g  d e t a i l e d  d e s c r i p t i o n s  o f  a1 1  t h e  a v a i l a b l e  coa l  convers ion  and 
p rocess ing  techno log ies  i s  beyond t h e  scope o f  t h i s  i n v e s t i g a t i o n ;  such 
d e s c r i p t i o n s  a re  a v a i l a b l e  elsewhere (Brauns te in ,  Copenhaver, and P fudere r ,  
1977; Parker  and Dykst ra ,  1978).  To unders tand t h e  n a t u r e  o f  t h e  waste 
samples s t ud ied ,  however, we have i n c l u d e d  d e s c r i p t i o n s  o f  t h e  t echno log ies  
used t o  produce these s o l i d  waste samples. 

To determine t h e  p o t e n t i a l  p o l l u t i o n  hazards o f  t h e  s o l i d  wastes, t h e  
s tudy  was d i v i d e d  i n t o  s i x  s tages:  

1. M i n e r a l o g i c a l  c h a r a c t e r i z a t i o n  o f  t h e  feed  c o a l s  and t h e  so l  i d  wastes. 
2. Chemical c h a r a c t e r i z a t i o n  o f  t h e  s o l i d  res idues .  
3. De te rmina t ion  o f  t h e  s o l u b l e  c o n s t i t u e n t s  o f  t he  wastes. 
4. Appl i c a t i o n  o f  equ i  1  i br ium s o l  u b i l  i ty  model s  t o  determine m ine ra l  phases 

c o n t r o l l i n g  t h e  aqueous s o l u b i l i t y  o f  t h e  ma jo r  i o n i c  spec ies.  
5. I d e n t i f i c a t i o n  o f  t h e  i n t e r a c t i o n s  between e a r t h  m a t e r i a l s  and leacha tes  

generated f rom t h e  wastes, as would occur  i n  a  d i sposa l  environment.  
6 .  Determina t ion  o f  t h e  acu te  t o x i c i t y  o f  t h e  generated leacha tes  by con- 

d u c t i n g  96-hour s t a t i c  bioassays u s i n g  fa thead  minnow f ry.  



SECTION 2 

CONCLUSIONS 

Chemical and mineralogical characterization of solid wastes from coal 
ut i l izat ion processes showed that they had a wide range of chemical and 
mineral composition. 

Characteristics of the feed coal and process operating variables affected 
the mineral transformations that occurred during processing and the 
character of the sol id wastes generated by a given process. 

Thermochemical sol ubi 1 i ty  model ing demonstrated that  simi 1 a r  mineral 
phases control led the aqueous solubil i ty  of many major, minor, and trace 
ionic species for a l l  of the solid wastes. 

Many metastable mineral phases-such as iron, al uminum, manganese, and 
sil icon oxides and hydroxides-must be considered when predicting 
environmental impact during the in i t i a l  leaching of coal solid wastes. 
Trace metal adsorption on or coprecipitation with these oxides and 
hydroxides i s  a probable control on the trace metal concentrations in 
coal-waste leachates. 

The chemical constituents in the leachates were highly attenuated by a l l  
the so i l s ,  and the soil properties, rather than the chemical composition 
of the leachates, dominated the degree of attenuation. Elution of Mg, 
and in some cases Mn, from the so i l s  could have the greatest potential for 
contaminating waters as a resul t  of land disposal of coal solid wastes. 

Approximately one-ha1 f of the 1 eachates generated from the el even coal 
solid wastes a t  the i r  natural pH levels were acutely toxic to young fa t -  
head minnow fry. 

Several acidified leachates were very toxic (LC-50 4 . 0  mL/100 m L )  and 
required 1 arge amounts of di 1 ution (>1 :I  00) to ensure survival of the 
minnows during 96-hour bioassay. 

The acute toxicity of leachates equi 1 i brated under anaerobic conditions 
did not significantly d i f fer  from the acute toxicity of similar leach- 
ates equilibrated under aerobic conditions. 

The degree of a leachate's toxicity and the amount of dilution necessary 
to ensure survival of the minnows during a 96-hour bioassay was largely a 
function of the pH and total ion concentration of the leachate. 



10. Some of the leacheates contained concentrations of A19 B, Ca, Cd, C u ,  Fe, 
K, Li, Mn, Ni, Pb ,  SO,, Sb, and Zn that may be hazardous to biota. 

11. The SRC liquefaction residue, along with the f l y  ash and slag, for which 
the natural pH leachates were acidic,  produced the leachates most toxic 
t o  fathead minnow fry in th is  study. 

12.  Complex chemical, mineralogical , biological, and soil attenuation 
factors must be integrated on a case-by-case basis t o  correctly assess 
the environmental impact of land disposal of solid wastes from a given 
coal ut i l izat ion process. 



SECTION 3 

RECOMMENDATIONS 

The potential environmental and economic consequences caused by the dis- 
posal of the solid wastes generated by even one large-scale coal ut i l izat ion 
f a c i l i t y  are impressive because of the sheer magnitude of the wastes gener- 
ated. The major solid wastes'are the refuse from coal cleaning; the ashes, 
slags,  and chars from conversion processes; and the sludges from stack 
scrubbing and water cleanup. Clearly, careful planning i s  needed to mi t i  gate 
adverse effects  on the environment; however, planning can be effective only 
when there i s  an adequate data base. 

The data base should contain information on the qualitative and quanti- 
ta t ive characterization (both chemical and biological ) of coal sol id wastes. 
This information should include: 

1 .  Quantitative determination of the accessory elements contained in the 
wastes 

2. Determination of the solubil i ty  of the accessory elements under a 
variety of environmental conditions 

3 .  Establishment of the effects of coal characteristics and process oper- 
ating variables on the character of the solid wastes generated by a 
given process 

4. Determination of methods for recovering economically valuable metals 
from the solid wastes 

5. Determination of the ultimate fa te  of waterborne pollutants resulting 
from solid-waste materials 

6 .  Characterization and quantification of both the acute andchronic 
biological toxicity and pub1 i c  health hazard associated with pollutants 
from coal solid wastes 

Research should be conducted to  improve and validate environmental 
goal s ,  such as the Mu1 timedia Environmental Goal s (Cleland and Kingsbury, 
1977). The goals should be aimed a t  protecting the integrity of the environ- 
ment within real i s t i c  bounds. 

The energy demands of the nation necessitate the large-scale construc- 
tion of coal gasification, liquefaction, and scrubber plants. The conversion 
process designs are a t  the pi lot  and demonstration plant stages of develop- 
ment; more plants will undoubtedly be bui l t  within the next decade. On a 
scale th is  large, there are few precedents that could be used to  predict the 
environmental impact of the disposal of waste products. 



Through proper planning, val uabl e trace elements can probably be 
recovered from many wastes. We need basic and appl ied research t o  formulate 
those strategies and disposal options necessary to avoid the serious 
problems that  could appear suddenly in large-scale operations. Furthermore, 
the research must be begun soon so that the data will be available for the 
planning of the in i t i a l  large-scale coal conversion facil  i t i e s .  



SECT 

OM COAL C O N K  AND UTILIZATION 

Descriptions of the more than 40 coal conversion technologies being 
studied for  possible commerci a1 deve opment are  contained in various techni- 
cal l i t e r a t u r e ;  however, t h i s  study only contains descriptions of the Lurgi 
gasification and H-Coal and SRC-I liquefaction processes. 

Both types of conversion processes--liquefaction and gasification-are 
meant t o  increase the hy ogen-to-carbon r a t i o  of the coal and remove 
envi ronmental 1 y hazardou r i a l s  from the feed c a l s .  Natural gas i s  com- 
posed of 75 percent carb 25 percent hydrogen y weight, with t races  of 
envi ronmental 1 y unaccept l e  consti tuents (Linden e t  a l . ,  1976). On the 
other hand, petroleum i s  3 to  87 percent carbon, 11 to  15 percent hydrogen, 
and u p  to  4 percent oxygen, nitrogen, and/or sulfur  (El l ison,  1967). Clean 
coal i s  approximately 75 percent carb M ,  only 5 percent hydrogen, and 20 per- 
cent additional consti tuents,  includi g pyrite and organic sulfur (Linden 
e t  a ] .  , 1976). Thus, i t  i  s necessary to  e i t he r  increase the amount of 
hydrogen or  decrease the re la  t i t y  of carbon i f  coal i s  to  be con- 
verted t o  a product containin quant i t ies  of o i l  or  gas. 

LURGI GASIFICATION 

There are  two c lass i f ica t ions  of gas i f i e r s ,  low/medium-BTU and high-BTU. 
I n  order t o  synthesize s are  needed: carbon, 
hydrogen, and oxygen ( e r e r ,  1977). Coal and 
steam provide the carb n low-BTU processes, 
a i r  i s  the combustant, alue of 150 to  300 BTU/ 
scf .  For medium-BTU g raw gas with a heating 
value of 300 to  400 BT gas i f ie rs  can be up-  
graded to  a high-BTU s addition of a methana- 
t ion step.  The l a t t e r  gas of pipeline qual i ty  tha t  can 
f i l l  commercial and re  e low- and medium-BTU gas i f ie rs  are  
now primarily used on purposes. Gasifiers can be fur ther  
subdivided by the type d :  f ixed,  f luidized,  and entrained 
beds. Braunstei n ,  Cop r (1977) give a detailed discussion 
of the reactor types. 

The Lurgi gas i f ica t i  
1936 (Cavanaugh, Corbett , csmmercial plants 
use t h i s  process. T gas i f i e r  tha t  oper- 
a tes  with e i t he r  a i r  o r  ox m. Figure 1 shows a process schematic, 
and a material balance fo r  on i s  g i ven  in Table 1 .  With the 
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Figure 1. Flow scheme for gas production from the Lurgi process (Sinor, 1977). 

TABLE 1. MATERIAL BALANCE FOR GAS PRODUCTION FROM THE LURGI PROCESS (SINOR, 1977) 

St ream number 4 . 1  4 . 2  4 . 3  4.4 4 .5  4 .6  4 .7  4 . 8  
component l b s / h r  l b s / h r  l b s / h r  l b s / h r  l b s j h r  l b s l h r  l b s / h r  l b s / h r  

co 2 

H2S 

C2H4 
co 

H2 

CH 4 

'zH6 

N 2  + Ar 

0 2  

T o t a l  d r y  gas  

Water 314,950 

Coal (MAF) 1 ,250 ,300  

Ash 373,220 

N a ~ t h a  

T a r  o i l  

Tar  

Crude pheno l s  

NH 2 15 ,978  9 ,640  7 ,989 

TOTAL 1 ,938 ,480  1 ,783,540 470,640 392,859 77 ,977 3 ,757,489 2 ,054,592 1 ,702,897 



fixed-bed process, the coal i s  supported on a grate and the gases are passed 
through the coal, with the hot product gas exiting from the top of the 
reactor. The product gas i s  scrubbed to remove particulate matter and i s  
eventually desulfurized, and the hydrogen sulfide i s  converted to elemental 
sul fur (Braunstei n ,  Copenhaver , and Pfuderer, 1977). The sol id ash fa1 1 s 
through the grate of the fixed bed and i s  removed. 

Noncaking coals need no pretreatment except for sizing. Caking coals 
such as those from the eastern United States cannot be used in the Lurgi pro- 
cess unless the system i s  modified so that  the coal bed can be agitated t o  
prevent agglomeration. During 1973 and 1974, the American Gas Association 
and the Office of Coal Research studied the performance and sui tabi l i ty  of 
various American coals for gasification by the Lurgi process. Four different 
coals were sent to Scotland, where they were gasified in the full-scale 
modified gasif ier  a t  Westfield. The solid ashes from gasification of three 
of the feed coals were analyzed for th is  investigation. The feed coals 
included I l l ino i s  Herrin (No. 6)  and Harrisburg (No. 5)  Coals, and a Montana 
Rosebud seam coal. 

LIQUEFACTION: H-COAL AND SRC-I 

Coal conversion technologies termed liquefaction can produce not only a 
liquid fuel b u t  also gaseous o r  solid products, and in some cases a low- 
melting solid fuel. There are two basic liquefaction processes, pyrolysis 
and dissolution. 

Pyrolysis processes yield only low volumes of liquid fuel ,  along with 
large quantities of char, that would require further refinement. I t  i s  
doubtful that pyrolysis systems will become a major source of petroleum 
(Epperley and Siege1 , 1974). 

Liquefaction by dissolution involves dissolving crushed coal in a sol- 
vent, f i l t e r ing  out the ash, and treating the liquid by hydrocracking. Once 
the solids are removed, the liquid can be catalyt ical ly upgraded. The solid 
ash can be used as fuel or for the production of hydrogen for the system. 
Hydrogen i s  used to remove the organic sulfur from the product that  i s  not 
removed along with the ash. 

Dissolution processes can be divided into three types: (1 ) systems that 
use neither catalyst nor hydrogen; ( 2 )  systems that use hydrogen b u t  no cata- 
lys t ;  and ( 3 )  systems that  use both hydrogen and a catalyst.  The Solvent- 
Refined Coal (SRC) process i s  of the second type, whereas the H-Coal process 
employs both a catalyst and hydrogen. 

The SRC-I process ( f ig .  2 )  produces a solid fuel containing less  sulfur 
than the original feed coal and l i t t l e  or no ash regardless of the feed coal. 
The solvent-refined coal has a melting point of 300° to  400°F3 and a heating 
value of approximately 16,000 BTU/lb. The SRC process can be divided into 
five steps: 
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Figure 2. SRC process schematic (White and Zahradnik, 1976). 

SULFUR 

COAL 

D R Y  MINERAL RESIDUE 

SAMPLE 

LIOUIO FUEL TO SOL IOIFICATION 

The 
thro 
to 2 
coa 1 

ground coal i s  mixed with a solvent that  i s  derived from the process 
u g h  a preheater to a dissolver maintained a t  800" to 900°F and 1000 
000 psig. Approximately 90 percent of the organic material in the 
i s  dissolved. 

The excess hydrogen i s  separated and cleaned by acid-gas absorption t o  
remove hydrogen sul f i de. 

The slurry i s  f i l te red  to remove the undissolved sol ids,  which are then 
washed with a l ight  solvent and dried. 

The solvent i s  recovered from the f i l t r a t e  by f lash-dist i l l ing in a 
vacuum. 

The d i s t i l l a t ion  results in four fractions: a l ight  liquid by-product, a 
wash solvent, a process solvent that  can be recycled for  use in the 
slurry, and a heavy residual product oi 1 , termed sol vent-refi ned coal . 



In September 1976, we received a quantity of dry mineral residue from 
the Pittsburg and Midway Coal Mining Co. solvent-refined coal pi lot  plant a t  
Fort Lewis, Washington, for  analysis. A Kentucky No. 9 feed coal was being 
used a t  the time .the sample was obtained. The point in the process from 
which the sample was taken i s  indicated in figure 2.  

Dissolution by the H-Coal process requires slurrying the crushed coal 
with a heavy recycled o i l ,  mixing i t  with hydrogen, and treating i t  in an 
ebullated bed reactor a t  about 850°F and 2500 psig ( f ig .  3 ) .  The H-Coal pro- 
cess employs a cobal t-molybdate catalyst that i s  kept in an ebul lated s t a t e  
by the upward flow of the coal suspension and by hydrogen bubbles (Braunstein, 
Copenhaver, and Pfuderer, 1977). Hydrogen needed for the process comes from 
the slurry oi 1 ,  which circulates through the reactor to maintain a constant 
temperature. Sulfur and ammonia are recovered from the gas taken from the 
top of the reactor, and the unused hydrogen i s  treated and returned to the 
dissolution process. The raw oi l  product i s  flashed down to low pressure, 
with the vapors d i s t i l l ed  in an atmospheric d is t i l la t ion  unit and the liquid 
d i s t i l l ed  under vacuum. 

Either a l ight  synthetic crude oi l  or a heavy synthetic fuel oi l  can be 
produced by th is  process, depending upon the temperature and pressures 
involved. Because of the d i f f icul t ies  in separating the solids,  the process 
i s  more appl icable to production of a crude oi 1 .  Hydrocyclones, centrifuges, 
magnetic separators, and f i  1 te rs  are a1 1 ,  for a variety of reasons, less  than 
100 percent e f f ic ient .  

The sol id waste sample used in thi s study was an unfiltered vacuum s t i l l  
bottom ( f ig .  3 )  from the H - c o ~ ~ ~  PDU a t  the Hydrocarbon Research Inc., 
Trenton, New Jersey, laboratory. A t  the time, the PDU was producing a fuel 
oi 1 product from an I1 1 inois Herrin (No. 6) feed coal . 

ADDITIONAL COAL SOLID WASTES 

In additional to the solid wastes collected from the conversion pro- 
cesses, six solid wastes from other forms of coal processing and ut i l izat ion 
were studied. These included a f l y  ash and water-quenched bottom ash (s lag)  
from a pulverized coal-fired power plant; the I l l inois  Herrin (No. 6 )  Coal 
was the power plant feed coal. A1 S O ,  two coal-cleaning refuse samples-a low- 
sulfur and a high-sul fur gob-were analyzed. Again the I1 1 inois Herrin 
(No. 6) Coal was the source. 

The final samples were a medium-temperature char (1200°F) and a high- 
temperature char (1800°F). Both of these were prepared from the I1 1 inois 
Herrin (No. 6 )  Coal using an e lec t r ica l ly  heated movable wall coke oven oper- 
ated by the I l l inois  State Geological Survey in Urbana, I l l inois .  The medium- 
temperature char was prepared according to the American Society of Testing 
Material s standard method for t e s t i  ng the expansion or contraction of 
coal by the sole-heated oven (ASTM, 1973). Jackman e t  a1 . (1 955) present a 
detailed discussion of the Survey's pi lot  coking plant and the procedure for  
making the high-temperature char. 





SECTION 5 

MINERALOGICAL AND CHEMICAL CHARACTERIZATION 
OF THE COAL SOLID WASTES 

The f i r s t  stage in determining the potential pollution hazards of coal 
solid wastes was a complete characterization of the wastes, including both 
chemical and mineralogical analyses. These analyses are necessary to predict 
the total amounts and forms of constituents that could become available to 
the environment upon disposal . By determining the mineralogy of the feed 
coals, i t  i s  also possible to determine what changes take place during coal 
ut i l izat ion.  

ANALYTICAL PROCEDURES 

El even sol id wastes were analyzed chemical ly  (over 60 consti tuents were 
determined) and mineralogically. In addition, 88 supernatant solutions gen- 
erated by making 10 percent s lurr ies  of the solid wastes were analyzed for 
over 40 constituents and properties. An additional 360 solutions were col- 
lected from a soil attenuation study, and these were analyzed for 10 princi- 
pal constituents. The supernatant solutions and the solutions from the soil 
attenuation study will be described l a t e r  in th is  report. 

The methods used to characterize the solid wastes were instrumental 
neutron activation analysi s ,  neutron activation analysi s wi t h  radi ochemi cal 
separation, optical emi ssion spectrochemical analysi s (direct  reading and 
photographic), atomic absorption analysis (flame and graphite furnace modes), 
x-ray fluorescence analysis, and ion-selective electrode procedures. A 
detailed discussion o f  sample preparation, detection l imits ,  and procedures 
for  these techniques can be found in Gluskoter e t  a1 . (1977). 

Chemical analyses of the supernatant solutions, and of solutions from 
the soil attenuation experiments, were done by atomic absorption using flame 
and cold vapor methods, by ion-selective electrode, and by colorimetric 
techniques. The U.S. Environmental Protection Agency's "Methods for Chemical 
Analysis of Water and Wastes" (1974) was used as a reference for these 
techniques. Parameters measured by electrode included pH, oxidation-reduction 
potential , specific conductance, chl orides, f l uorides, and sul fide. Ferrous 
iron, sulfate ,  orthophosphate, and boron were determined colorimetrica1ly. 

The mineralogical characterization employed x-ray diffraction, optical 
and scanning electron microscopy, and 57Fe Mossbauer spectroscopic analysi s 
(Bancroft, 1973). The x-ray diffraction and scanning electron microscopy 



techniques a re  exp la ined  i n  d e t a i l  i n  Russe l l  and Stepus in (1979). The p ro -  
cedures i n v o l v e d  i n  Mossbauer spec t roscop ic  a n a l y s i s  have a l s o  been c i t e d  i n  
o t h e r  1  i t e r a t u r e  (Smi th  e t  a l e  , 1978).  

MINERALOGICAL CHARACTERIZATION 

Samples o f  t h e  e leven wastes were analyzed by x - ray  d i f f r a c t i o n  f o r  
m i n e r a l o g i c a l  c h a r a c t e r i z a t i o n  and by Mossbauer spec t roscop ic  a n a l y s i s  f o r  
de te rm ina t i on  o f  t h e  i r o n  species ( t a b l e  2 ) .  Three feed coa l s  were a l s o  
cha rac te r i zed  by x - ray  d i f f r a c t i o n :  t he  I 1  1  i n o i s  H e r r i n  (No. 6 )  Coal , t h e  
Ha r r i sbu rg  (No. 5)  Coal, and t he  Montana Rosebud seam c o a l .  The two I 1  1  i n o i  s  
coa l s  were a l s o  analyzed by Mossbauer spectroscopy. 

Using techniques a p p l i e d  i n  p rev ious  s tud ies  o f  coa l  (Smi th  e t  a1 . , 
1978), ash (H inck ley  e t  a l . ,  1979), and o i l  sha le  (Cole e t  a l . ,  1978), t h e  
Mossbauer parameters were analyzed f o r  t he  i r o n  species i n  t h e  coa l s  and coa l  
s o l i d  wastes ( t a b l e  3 ) .  Each i r o n  abso rp t i on  was descr ibed  i n  terms of 
Lo ren t z i an  curves w i t h  t h r e e  parameters : i sotope s h i f t  ( S )  , quadrupole 
coup1 i n g  cons tan t  ( E )  , and i n t e r n a l  magnet ic f i e 1  d, when p resen t  (M) . 

Usua l l y ,  t h e  major  i r o n - c o n t a i n i n g  component i n  t h e  I l l i n o i s  No. 6  Coal 
was p y r i t e  w i t h  a  smal l  amount o f  p resen t  i n  i 11 i t e  (Saporoschenko 
e t  a l . ,  1979). Because t h i s  was a washed sample, some o f  t h e  s o l u b l e  i r o n -  
c o n t a i n i n g  minera l  s  such as s u l f a t e s  may have been removed. S u l f a t e s  i n  coa l  
a re  p r i m a r i l y  o x i d a t i o n  p roduc ts  o f  p y r i t e  t h a t  a re  formed when coa l  i s  ex- 
posed t o  mo i s tu re  and t h e  atmosphere. 

I n  comparison, t he  ma jo r  i r o n  spec ies i n  t h e  I l l i n o i s  No. 5  Coal was 
a l s o  p y r i t e ,  b u t  f e r r o u s  s u l f a t e  r a t h e r  than  i l l i t e  i r o n  spec ies were found. 
X-ray d i f f r a c t i o n  ana l ys i s ,  however, does show t h e  presence o f  some i l l i t e  i n  
t h e  coa l .  

The Rosebud coal  e x h i b i t s  two a d d i t i o n a l  f e r ro -m ine ra l  s-melanter i  t e  and 
goe th i  t e .  Thi  s  coa l  , however, was n o t  s t ud ied  w i t h  Mossbauer spectroscopy. 

Spect ra  o f  L u r g i  ash samples d e r i v e d  f rom t h e  Ill i n o i s  No. 5 and No. 6  
Coals were ve ry  s i m i l a r .  Computer f i t t i n g  o f  bo th  spec t ra  y i e l d e d  seven 
m u l t i p l e t s  t h a t  were assigned t o  s i x  d i f f e r e n t  i r o n  spec ies.  These spec ies 
were separated i n t o  two groups. The f i r s t  group, i r o n  ox ides,  i nc l uded  hema- 
t i t e ,  magnet i te ,  and goe th i  t e  (H inck ley  e t  a1 . , 1979; Dezsi and Fodor, 1966).  
A1 1 of these compounds had s i x  1  i n e  Mossbauer spec t ra  cha rac te r i zed  by mag- 
n e t i c  hype r f i ne  s p l i t t i n g .  They accounted f o r  59 percen t  o f  t h e  i r o n  i n  No. 5  
Coal ash and 56 percen t  i n  t h e  No. 6 Coal ash. The second group con ta ined  
t h e  remain ing t h r e e  species,  one f e r r i c  and two f e r r o u s .  These t h r e e  spec ies,  
which gave two l i n e  spect ra ,  were i r o n  i o n s  i n  s i l i c a t e  and m u l l i t e .  

Assignment o f  a  MBssbauer abso rp t i on  t o  an i r o n  s i l i c a t e  spec ies i s  a  
nonspec i f i c  i d e n t i f i c a t i o n  because i s o t o p e  s h i f t s  and quadrupole coup l i ng  con- 
s t a n t s  va ry  w i d e l y  f o r  these spec ies (Banc ro f t ,  Maddock, and Burnes, 1967).  
I r o n  s i l i c a t e  i s o t o p e  s h i f t s  va ry  f rom 0.0 (measured vs. i r o n  f o i l )  t o  0.5 mm/ 
sec f o r  Fe+3, and f rom 1.0 t o  1 .4  mm/sec f o r  ~ e + ' .  Quadrupole coup1 i n g  



TABLE 2. MINERAL COMPOSITION OF COALS AND COAL SOLID WASTES 

Medium- High-  Lu rg i  Lu rg i  Lu rg i  
Refuse Refuse temper- temper- ash ash ash Water- 

Rose- No. 6 No. 5 Fines (high-S (low-S a tu re  a t u r e  H- (No. 6 (No. 5 (Rose- F l y  SRC quenched 
bud (washed) (washed) ( s l u r r y )  gob) gob) char  char  CoalR c o a l )  c o a l )  bud) ash res idue s l ag  

Nonferro minera ls  

Spha le r i t e  - X X - - X - - - - - - - - 
Quar tz  X* X X X X X X X X X X X X X - 
C a l c i t e  X X X X X X X - X - - - - - - 
Dolomite X X X - - - - - - - - X - - - 
Anhydri t e  X X X X - - X - - - - - X - - 
Bass in i  t e  X - - X - - - - - - - - - 

A Ferro mineral  s 
cn P y r i t e  X* MX' M X M X M X X M X MX - - - - - - .- 

Pyrrho+ite 
- - - - - M X MX MX - - - - MX - 

I l l i t e  x x MX MX M x M x MX MX# - -  A - - - - - 
 MU^ l i t e *  - - - - - - - - - MX MX MX - - - 
Me1 a n t e r i  t e  X - - - - - - - - - - - - - 
Fe+Zs i l i ca te  - - - - - - - - - M M M M - M 

* ~ - r a y  analyses. 

'scanning e l e c t r o n  microscope. 

f x-ray d i f f r a c t i o n  cannot d i s t i n g u i s h  between valence s ta tes  o f  i r o n .  

'M = Missbauer ana l ys i s  . 

#sp ine l  group hercyn i  t e .  



constants for iron s i l ica tes  vary from 0.0 to 1 - 0  mm/sec for ~ e + ~ ,  and from 
1.5 to 3.0 mm/sec for Fe+2. The assignment means that s i l i ca te  species are 
known to be present from x-ray and/or elemental analysis, that the assigned 
absorption i s  described by isotope s h i f t  and quadrupole coupling parameters 
that f a l l  within the above ranges, and that these parameter values do not 
correspond to those of other known species. 

Analysis of the Lurgi ash from Rosebud coal revealed that the oxides 
hematite, magnetite, and goethite were also present. This ash was similar to  
the ashes mentioned above, b u t  differed in two important respects. F i rs t  of 
a 65 percent of the iron was present as oxide-a greater proportion than 
was present in the other two Lurgi ashes. Secondly, the oxide component 
assigned to goethite in the Rosebud Coal ash had a smaller magnetic f ie ld  
parameter than the goethi t e  in the ashes from I1 1 inois No. 5 and No. 6 Coal S .  
Dezsi and Fodor (1966) observed Mossbauer multiplets for goethite character- 
ized by small magnetic f ie ld  parameters; they ascribed th is  t o  l a t t i c e  imper- 
fections. Consequently, since the nature of the l a t t i c e  modifications are 
n o t  known, th is  species i s  best described as goethite-like. 

Nonoxide species were also similar to the other ashes in the study. 
Iron was distributed in mullite and s i l i ca te  l a t t i ces .  All of these species 
were insoluble because spectra of the ash as s lurr ies  in d i s t i l l ed  water were 
essential ly unchanged. In such an experiment, absorptions caused by soluble 
species are expected to  show reduced or zero intensity in the wet sample. 

The magnetite species in the three Lurgi ashes were not identified in the 
x-ray diffraction analyses because hematite, feldspar, and mullite-which 
interfere with the principal magnetite peaks-were present. Thus, the two 
techniques complement each other and a1 low identification of mineral species 
that could not be identified by one method alone. 

The Lurgi ash samples included in th is  study are similar t o  the ashes 
derived from other oxidative processes (e.g. combustion), such as those ob- 
tained from a conventional power plant (Hinckley e t  a1 . , 1979). 

The 1 iquefaction residues were a1 so characterized mineralogical ly  
(tables 2 and 3 ) .  The major iron compound in the ~ - ~ o a l ~  sample identified 
from the Mossbauer spectrum was hexagonal pyrrhotite with a small amount of 
hydrated ferrous sulfate.  

Pyrrhotite spectra in the ~ - ~ o a l R  sample was unusual; magnetic parameters 
determined from th is  spectrum do n o t  include the value 228 KOe found in both 
monocl inic and hexagonal pyrrhoti te .  Furthermore, a magnetic parameter value 
around 310 KOe was found in a l l  of the samples containing pyrrhotite. This 
l a s t  value i s  characteristic of t r o i l i t e ,  and suggests that  the pyrrhotite in 
these materials i s  a mixture of t r o i l i t e  and iron-rich pyrrhotite (Schwarz 
and Vaugham, 1972; Novikov e t  a1 . , 1 9 7 7 ) .  X-ray analysis, however, indicates 
only pyrrhotite t o  be a component. 

X-ray diffraction and MGssbauer analysis for  the SRC-I dry mineral resi - 
due indicated that  pyrrhoti t e  was present (Kei sch, Gibbon, and Akhtar, 1977/ 
1978; Jacobs, Levi nson, and Hart, 1978), a1 ong with hydrated ferrous sulfate .  



TABLE 3. MOSSBAUER PARAMETERS FOR IRON SPECIES IN COALS AND COAL SOLID WASTES 

Fe * 
Assignment S ( m /  sec ) E (m/ sec) M(K0e) ( X I  

No. 6 coal (washed) 
Pyrite 
Illite ~ e + ~  

No. 5 coal (washed) 
Pyrite 
Ferrous sulfate 

No. 6 coal slurry (fines) 
Pyrite 
Illite ~ e + ~  

Refuse (high-sulfur gob) 
Pyrite 
Illite ~ e + ~  
Illite ~ e + ~  
Ferrous sulfate 

Refuse (low-sulfur gob) 
Illite Fe+j 
Illite ~ e + ~  
Illite Fef2 
Iron carbonate 

Medium-temperature (650'~) char 
Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
Pyrite 
Illite ~ e + ~  
Ferrous sulfate (hydrated) 

High-temperature (990'~) char 
Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
Pyrite 
Spinel group-hercynite 
Ferrous sulfate (hydrated) 

H-Coal 
R 

Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
Ferrous sulfate (hydrated) 



TABLE 3 .  Cont inued.  

Fe* 
Assignment S (mm/ sec) E (mm/ sec) M(K0e) (%I 

Lurgi ash (No. 6 coal) 
Hematite 
Magnetite 
Magnetite 
Goethite 
~ e + ~  mullite 
~ e + ~  mullite 
~ e + ~  silicate 

Lurgi ash (No. 5 coal) 
Hematite 
Magnetite 
Magnetite 
Goethite 
~ e + ~  mullite 
~ e + ~  mullite 
~ e + ~  silicate 

Lurgi ash (Rosebud) 
Hematite 
Magnetite 
Magnetite 
Goethite 
~ e + ~  mullite 
~ e + ~  mullite 
~ e + ~  silicate 

Fly ash power plant 
Hematite 
Magnetite 
Magnetite 
Unassigned 
Goethite 
~ e + ~  silicate 

Water-quenched slag 
Fe+' silicate 

~ e + ~  silicate 

SRC residue 
Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
Pyrrhotite 
'Pyrite 
Ferrous sulfate (hydrated) 

9:Percentages are approximate values based on calculated areas of the absorption curves; they are 
relative to the iron species within each sample-not from one sample to another on a quantitative 
basis. 

S = Isotope shift. 
E = Quadrupole coupling constant. 
M = Internal magnetic field (when present). 



Mossbauer parameter va lues f o r  p y r r h o t i t e  i n  t h i s  sample were d i f f e r e n t  f rom 
those o f  t h e  H-CoalR and t h e  chars i n  t h a t  t hey  f e l l  w i t h i n  ranges cha rac te r -  
i s t i c  of t h e  n a t u r a l  p y r r h o t i t e  f rom Sudbury i n  Onta r io ,  Canada, which i s  
o f t en  used as a  s tandard o f  re fe rence .  

S p h a l e r i t e ,  c a l c i t e ,  anhydr i  t e ,  and c l a y  m ine ra l s  were a l s o  i d e n t i f i e d  
i n  t h e  H-CoalR res idue  by x - ray  d i f f r a c t i o n .  W o l l a s t o n i t e  (CaSi03) ,  unde- 
t e c t e d  by x - ray  d i f f r a c t i o n ,  was found by a  scanning e l e c t r o n  microscope w i t h  
an energy-d ispers ive  x - ray  ana lyzer  i n  po l i shed  and etched samples o f  heavy 
m ine ra l s .  P y r r h o t i t e ,  quar tz ,  and c l a y  m ine ra l s  were i d e n t i f i e d  i n  t h e  SRC-I 
m inera l  r es i due  by x - ray  d i f f r a c t i o n .  

Mossbauer spec t ra  o f  coarse r e f u s e  f rom a  p repa ra t i on  p l a n t  us i ng  low- 
s u l f u r ,  J e f f e r s o n  County I l l i n o i s  (No. 6 )  Coal i n d i c a t e d  t h a t  two f e r r i c  and 
two f e r r o u s  i r o n  spec ies were present .  The two f e r r i c  and one o f  t h e  f e r r o u s  
species were assigned f rom t h e  Mossbauer parameters t o  i l l i t e ;  t h e  remain ing 
f e r r o u s  species was assigned t o  an i r o n  carbonate. X-ray d i f f r a c t i o n  da ta  
revea led  t r a c e s  o f  p y r i t e  and m e l a n t e r i t e  i n  t h i s  sample, a l though i t  was 
n o t  found i n  t he  Mossbauer a n a l y s i s  ( t a b l e s  2  and 3 ) .  

The p r i n c i p a l  i r o n  compound i n  t he  gob f rom h i g h - s u l f u r  No. 6 Coal was 
p y r i t e .  The compound w i t h  t h e  nex t  h i ghes t  percentage o f  i r o n  was a  f e r r i c  
species which, t oge the r  w i t h  one o f  t h e  f e r r o u s  species,  was assigned t o  
i l l i t e .  Ferrous s u l f a t e  was p resen t  i n  sma l le r  q u a n t i t i e s  than t h e  o t h e r  
species.  

A coa l  s l u r r y  ( f i n e s )  f rom t h e  washing p l a n t  con ta ined  p y r i t e  and i l l i t e .  
Nea r l y  6  percen t  o f  t he  i r o n  found i n  t h e  s l u r r y  was assoc ia ted  w i t h  i l l i t e ,  
whereas o n l y  0.2 percen t  o f  t he  i r o n  found i n  t h e  washed coa l  was assoc ia ted  
w i t h  i l l i t e .  A l though hydrated f e r r o u s  s u l f a t e  was found i n  t h e  s l u r r y  by 
x - ray  d i f f r a c t i o n  ana l ys i s ,  i t  was n o t  found by Mossbauer spectroscopy- 
perhaps because o x i d a t i o n  occurred d u r i n g  t h e  t ime between t h e  two analyses. 

Resu l ts  o f  Mossbauer and x - ray  d i f f r a c t i o n  analyses o f  t h e  medium- (650°C) 
and t h e  h iqh-  ( 9 9 0 0 ~ )  temperature chars i n d i c a t e  t h a t  p y r i t e  was t h e  p r i n c i p a l  
i r o n  compound i n  bo th  chars ( t a b l e s  2 and 3 ) .  I r o n  was found a t  concen t ra t ions  
o f  46.8 percen t  and 49.3 percen t ,  r e s p e c t i v e l y ,  i n  t h e  form o f  p y r i t e .  Consid- 
e r a b l e  concen t ra t i ons  (42.8 percen t  and 43.2 percen t )  o f  t h e  i r o n  was found i n  
t h e  form o f  p y r r h o t i t e  (Smi t h  e t  a1 ., 1978; Montano, 1977). I n  t h e  low-tempera- 
t u r e  char,  7.4 pe rcen t  o f  t h e  i r o n  was found i n  i l l i t e ,  whereas 4.5 percen t  
o f  t h e  i r o n  was found i n  s p i n a l  (H inck ley  e t  a1 , 1979) i n  t h e  h igh- temperature 
char .  Both x - ray  d i f f r a c t i o n  a n a l y s i s  and Massbauer spectroscopy showed t h e  
presence o f  hydrated f e r r o u s  su l  f a t e  i n  bo th  chars.  X-ray d i f f r a c t i o n  a n a l y s i s  
of t h e  two chars a l s o  i n d i c a t e d  t h e  presence o f  two ca lc ium compounds-calci t e  
and a n h y d r i t e - i n  t h e  low-temperature char  t h a t  were n o t  p resen t  i n  t h e  h i gh -  
temperature char ,  b u t  were e v i d e n t  i n  t h e  I l l i n o i s  No. 6  feed coa l .  

F l y  ash f rom t h e  power p l a n t  was d i f f e r e n t  f rom t h e  L u r g i  ashes. For  
example, t h e  ox ide  m i x t u r e  con ta ined  more components more u n i f o r m l y  d i s t r i b -  
u ted  than  t h e  L u r g i  ashes. F l y  ash con ta ined  o n l y  two m u l l i t e  and s i l i c a t e  
species;  t h i s  d i f f e r e n c e  was accentuated by an a d d i t i o n a l  f e a t u r e .  I n  t h e  



L u r g i  ashes, f e r r o u s  i r o n  ( ~ e + ~ )  accounted f o r  36 t o  43 percen t  o f  t h e  i r o n ;  
whereas i n  t h e  f l y  ash , f e r rous  i r o n  accounted f o r  o n l y  24 percen t  o f  t h e  i r o n .  

The c o n t r a s t  between water-quenched mo l ten  bottom ash and f l y  ash Sam- 
p l e s  was dramat ic .  The bottom ash con ta ined  no ox ides.  Species i n  t h e  
bottom ash were s i  1  i c a t e s  (g lasses)  ; a1 though f o u r  were i d e n t i f i e d  ( t a b l e  3 ) ,  
t h e  r e l a t i v e l y  broad l i n e w i d t h  parameters suggested t h a t  more were p robab ly  
p resen t .  Furthermore, most o f  t h e  i r o n  i n  t h e  bottom ash was p resen t  as 
fe r rous  r a t h e r  than  f e r r i c  ions .  The Fe+2/Fe+3 r a t i o  i n  bottom ash was 35.4, 
whereas i n  t h e  f l y  ash and L u r g i  ashes, t h e  r a t i o  ranged f rom 0.3 t o  0.7. 

Comparing t h e  minera logy  o f  t he  coa l  s o l i d  wastes w i t h  t h a t  o f  t h e  feed 
coa l  s  revea led  t h a t  severa l  chemical r e a c t i o n s  took  p l ace  d u r i n g  p rocess ing  
and convers ion.  For example, i n  t he  H-CoalR process, a  smal l  amount of 
qua r t z  and c a l c i t e  r eac ted  t o  form w o l l a s t o n i t e .  More i m p o r t a n t l y ,  n e a r l y  a l l  
t h e  p y r i t e  i n  t he  feed coa l  was conver ted t o  p y r r h o t i t e  i n  t h e  s o l i d  waste. 
Th i s  occurred a t  temperatures lower  than  one would expect,  based on da ta  con- 
ce rn ing  r e a c t i o n s  o f  pure i r o n  s u l f i d e s  a t  e q u i l i b r i u m  c o n d i t i o n s .  These 
r e a c t i o n s  cou ld  have occur red  i n  t h e  s l u r r y  p reheate rs  o r  i n  t h e  l i q u e f a c t i o n  
process r e a c t o r s .  The p y r i t e - t o - p y r r h o t i t e  convers ion m igh t  have been a 
r e s u l t  o f  t h e  cobal t -molybdate c a t a l y s t  (which conver ts  o rgan i c  c o n s t i t u e n t s  
t o  a  f u e l  o i  1  p roduc t  i n  t h e  H-CoalR process) ,  bu t  t h e  e f f e c t  o f  t h e  c a t a l y s t  
on the  m ine ra l  - i n t e r a c t i o n s  i s  n o t  known. For  example, i n  t h e  SRC process, 
t h e  change from p y r i t e  t o  p y r r h o t i t e  a1 so occur red  w i t h o u t  a  c a t a l y s t ;  t h e  
SRC process does n o t  use a  c a t a l y s t .  

I n  t h e  two l i q u e f a c t i o n  processes s tud ied ,  n e a r l y  a l l  t h e  p y r i t e  i n  t h e  
feed  coa l s  was conver ted t o  p y r r h o t i t e  i n  t h e  s o l i d  res idues .  Th i s  cou ld  have 
been caused by i n t i m a t e  a s s o c i a t i o n  o f  t h e  hydrogen i n  t h e  l i q u e f a c t i o n  
system w i t h  t h e  p y r i t e  i n  t h e  coa l  s l u r r y .  Es tab l i shed  phase r e l a t i o n s h i p s  
i n  c l osed  systems cannot be d i r e c t l y  a p p l i e d  t o  m ine ra l  m a t t e r  i n  t h e  l i q u e -  
f a c t i o n  processes because o f  t h e  undef ined  i n t e r a c t i o n s  o f  t h e  components and 
t h e  removal o f  vapor f rom t h e  system d u r i n g  r e a c t i o n s .  M ine ra l  r e a c t i o n s  must 
be deduced, t he re fo re ,  f rom a  thorough s tudy o f  t he  coa l  m ine ra l  m a t t e r  be fo re  
and a f t e r  coal  convers ion.  

Dur ing  t h e  L u r g i  g a s i f i c a t i o n  process, t h e  p y r i t e  i n  t h e  f eed  coa l  was 
conver ted t o  hemat i te ;  t h i s  i n d i c a t e s  t h a t  an o x i d a t i o n  process occur red  
d u r i n g  convers ion.  A s i m i l a r  chan e  f rom p y r i t e  t o  hemat i te  took  p l ace  i n  t h e  9 power p l a n t  f l y  ash. The ~ e + ~ / ~ e +  r a t i o s  i n  t h e  f l y  ash suggest t h a t  t h e  
o x i d i z i n g  c o n d i t i o n s  i n  t h e  p o w e r e p l a n t  were more extreme than  t h e  c o n d i t i o n s  
i n  t h e  L u r g i  process. Furthermore, hemat i te  and magnet i te  a r e  c l o s e l y  r e l a t e d  
substances. A t  h i g h  temperatures, magnet i te  i s  t h e  more s t a b l e  ox ide;  whereas 
below 1388OC, hemat i te  i s  more s t a b l e  (Deer, Howie, and Fussman, 1962).  

Ferrous i r o n  p resen t  as magnet i te ,  t he re fo re ,  r e f l e c t s  t h e  ash ' s  temper- 
a t u r e  h i s t o r y .  On t he  o t h e r  hand, f e r r o u s  i r o n  p resen t  i n  s i l i c a t e  g lasses 
more l i k e l y  r e f l e c t s  o x i d i z i n g  c o n d i t i o n s .  Ferrous i r o n  was p resen t  i n  a l l  
samples i n  s u b s t a n t i a l  amounts ( ~ 2 5  pe rcen t )  ; thus,  t h e  ~ e + ~ / ~ e + ~  r a t i o  d e t e r -  
mined by MGssbauer spectroscopy may be a  u s e f u l  f a c t o r  t o  cons ide r  when 
f o l l o w i n g  process c o n d i t i o n s .  



The two chars were similar mineralogically in that both contained pyrite 
and pyrrhotite, which indicated that an incomplete conversion occurred upon 
heating. 

TABLE 4. MAJOR ELEMENTAL COMPOSITION AND ASH CONTENT OF THE SOLID WASTES 
-- -. - - -  

Solid wastes 

Bottom High- Low- 
Lurgi Lurgi Lurgi Fly ash temp. temp, Low-S High-s 
No. 5 No. 6 Rosebud H-Coal SRC ash (slag) char char refuse refuse 

Element (%) (%I (%I (%I (2)  (%) (%) (%> (2)  (%>  (%I 

A1 9.6 

Ca 2.3 

Fe 15.1 

K 1.3 

Mg 0.4 

Na 0.2 

S 0.5 

S i 24.6 

Ti 0.6 

Ash ?6.3* 
content 

*Source: Sather et al., 1975 

TABLE 5. MINOR ELEMI3NTAL CONSTITUENTS OF THE SOLID WASTES 

Solid wastes 

Bottom High- Low- 
Lurgi Lurgi Lurgi Fly ash temp. temp. Low-S ~igh-s 
NO. 5 No. 6 Rosebud H-Coal SRC ash (slag) char char. refuse refuse 

Element (rngllcg) (mglkg) (mglkg) (mglkg) (mg/kg) (mg/kg) (mg/kg) (&kg) (mg/kg) ( m g k  ) (mg/kg) 



CHEMICAL CHARACTERIZATION 

Knowing which constituents are 
present in the solid wastes and in 
what concentrations i s  necessary to  
predict the maximum release of con- 
s t i tuents  during disposal ; there- 
fore,  the chemical composition of 
the solid wastes was determined for 
over 60 consti tuents . 

TABLE 6. CHEMICAL COMPOSITION OF TWO FLY ASH 
SAMPLES FROM THE SAME POWER PLANT 
COLLECTED IN DIFFERENT MONTHS 

- --.  -- - 

Fly ash I* Fly ash I1 
Constituent (mdkg) (mg/ki%) 

General ly ,  nine constituents 
were found in concentrations 
greater than 1000 mg/kg, or 0.1 per- 
cent of the solid wastes ( table 4 ) .  
These were Al, Ca, Fe, K, Mg, Na, 
S, Si ,  and Ti. Another group of 
minor constituents was found in 
concentrations generally greater 
than 100 mg/kg, b u t  less  than 
1000 mg/kg ( table 5 ) .  These in- 
cluded B y  Ba, Ce, C 1 ,  Cr, F ,  Mn, 
Sr, Z n ,  and Zr. Another 20 ele- 
ments were found in concentrations 
less than 100 mg/kg (tables 7 to  1 7 ) .  

13,200 5,527 

Correlation of the chemical 
characterization of the wastes 
from th is  study with characteri- 
zations from other investigations 
i s  d i f f i cu l t .  The problem arises  
from the variabi l i ty  in the feed 
coals and the process parameters 
used-that i s ,  changes in temper- 
ature and pressure will affect  the 
fa te  of constituents and the 
nature of various waste streams. 

A1 

As 

B 

Ba 

Be 

Ca 

Cr 

Co 

Cu 

F 

Fe 
Total 

K 

La 

Mi3 

Mn 

Mo 

*Fly ash I was used in the solubility, attenuation, 
and toxicity studies. 

Table 6 shows the chemical analy- 
s i s  of two f l y  ashes collected a t  
different times from the same coal-fired power plant. Although there are 
minor differences throughout, the major discrepancy i s  in the sulfur values. 
Whether the reduction in sulfur i s  caused by the use of a low-sulfur coal, 
or a cleaning process for coal pretreatment, or a change in operating 
conditions, i s  unknown. 



SECTION 6 

AQUEOUS SOLUBILITY OF COAL SOLID WASTES 

Leaching experiments have long been used to determine the soluble con- 
s t i  tuents of waste material s ;  however, research has only recently begun to 
focus on the importance of the vast array of variables inherent in these 
techniques (Ham e t  a1 . , 1978; Wewerka e t  a1 . , 1978). Three principal vari - 
ables influence the design of a leaching experiment: (1 ) the duration of the 
leaching period; ( 2 )  the type of system to use-static or flowthrough; and 
( 3 )  which experimental parameters will be set-e.g. temperature, pH, aerobic 
or anerobic. Because of the number of variables, the leaching experi- 
ment can be designed t o  su i t  the f ie ld  situation that the investigator wishes 
to  simulate. 

A short shake t e s t ,  which the U.S. EPA recommends for algal and s t a t i c  
bioassays (1977), will p u t  only the readily soluble sa l t s  into solution. A 
long-term t e s t  (over several months) would be more 1 i kely to allow equil i -  
brium conditions to develop. Similarly, a long-term batch reactor t e s t  would 
permit the equilibration of large volumes of leachate. A column study, how- 
ever, would allow for a more complete investigation of the rates of consti- 
tuent solubil i ty  under the more variable conditions that  would occur in a 
f ie ld  situation. For example, the column t e s t  can be designed to  study the 
different flow rates and volumes, along with the wetting and drying that 
simulates ra infa l l .  

A variety of experimental parameters exis t ;  the parameters chosen depend 
upon the f ie ld  conditions to be simulated. These parameters include the size 
of the solid waste part icles ,  the type of atmosphere (aerobic vs. anerobic) 
in which the system will be kept, the temperature of the leaching system, the 
method of agitation, and the use of a natural vs. adjusted pH for the system. 

To determine the soluble constituents of the eleven coal solid wastes, 
large-volume, s t a t i c  leaching t e s t s  were used. This involved making 10 per- 
cent (weight to volume) s lur r ies  of solid waste and d i s t i l l ed  water i n  2%- 
and 5-gal lon glass carboys. The subsequent bioassay and attenuation studies 
to be conducted with the leachates necessitated large volumes of leachate 
and rapid attainment of equilibrium. To at tain equilibrium rapidly, the 
wastes were i n i t i a l l y  ground to pass through a 28-mesh sieve. This insured 
uniformity among the wastes, which in turn promoted a more rapid equilibrium 
than i f  larger sized particles were employed. The 10 percent slurry simu- 
lated a ponding type of disposal; i t  also fac i l i ta ted  attaining equilibrium 
conditions more rapidly than i f  higher percentage s lur r ies  were made, and 
made i t  easier to  s t i r  the large volumes of heavy slurr ies .  



Duplicate series of four s lur r ies  were made for  each solid waste. One 
slurry from each se t  was allowed to equilibrate to i t s  natural pH, while the 
other three s lurr ies  in the se t  were adjusted by adding ei ther  n i t r i c  acid or 
sodium hydroxide to pH values over the range of 2 to 12. Over a period of 
3 to 6 months, the s lurr ies  were s t i r red  daily and the i r  pH monitored or 
readjusted when necessary to a specified value. When a constant pH was 
attained, i t  was assumed that chemical equilibrium had been reached. Pre- 
liminary studies conducted with the Lurgi ashes indicated that over 90 per- 
cent equilibrium was attained within one week. 

O u t  of the two se ts  of s lurr ies  for each waste, one was equilibrated 
under an argon (oxygen- and C02-free) atmosphere, and the other under an a i r  
atmosphere. 

Probably the single most important factor affecting the solubil i ty  of 
the accessory elements in the coal solid wastes i s  pH. Many coal wastes con- 
tain sulfide minerals that can acidify upon exposure to a i r .  Heavy metals 
contained in solid wastes disposed of in acidic s t r i p  or underground mines, 
are potentially more soluble than metals in wastes disposed of under neutral 
or alkaline conditions. To study the effect  of pH on leaching of consti- 
tuents from the wastes, i t  was desirable to maintain a range of pH levels in 
the s lurr ies .  

The oxidation-reduction potential ( E h )  i s  a1 so an important factor 
affecting the solubili ty of minerals (Garrels and Christ, 1965). When solid 
wastes are buried underground or in water-saturated material s , anaerobic 
(oxygen-def ici  ent)  conditions usual ly  develop. Studies of the effects  of Eh 
and pH on the solubil i t ies  of coal solid wastes could produce data that  would 
allow the prediction of potential pollution hazards or ,  on the other hand, 
could predict which conditions would be optimum for  extraction of the poten- 
t i a l l y  valuable elements in the wastes. 

RESULTS OF SOLUBILITY ANALYSIS 

The supernatant solutions (leachates) from the equil i brated s lur r ies  
were analyzed for 43 constituents. These concentrations plus the solid ash 
chemical characterizations are given in tables 7 through 17. Any values given 
with a less-than symbol (< )  represent concentrations that  could not be 
detected by the technique used for  the analysis. 

Several generalizations can be made about the soluble constituents gen- 
erated from the solid wastes. As would be expected, the highest metal con- 
centrations per any particular waste were found in the most acid supernatant 
solutions. A comparison of a l l  the acid solutions shows that four consti- 
tuents are a t  re1 a t i  vely high level s compared to recommended water qual i t y  
c r i t e r i a  for a1 1 the waste solutions. (The recommended water qual i ty c r i t e r i a  
were based on values for the most sensitive likely use of the water recommended 
by the U.S. E P A  in 1972. ) These four constituents were A1 , total Fe (both ~ e + ~  
and Fe+3), Mn, and Z n .  The range of concentrations of these constituents was 
6 to 510, 2 to  3000, 1 t o  31, and 0.3 to 110 mg/L respectively. 



TABLE 7. CHEMICAL COMPOSITION OF LURGI ASH AND SLURRY SUPERNATANT SOLUTIONS OF THE ASH 
FROM AN ILLINOIS NO. 5 COAL AT SEVERAL pH's  

Chemical compos i t i on  o f  10% s l u r r y  supernatant  

A i r  Argon 
(mg/L) (ms/L 

S o l i d  ash P H P H PH P H PH P H P H 
C o n s t i t u e n t s  (mg/kg ) 

pH 
8.25* 8.90 6.05 3.09 10.88" 9.57 6.25 4.14 

FeTo tal 

~ e + ~  
G a 
Ge 
H f  
Hg 



TABLE 7. Continued. 

Chemical composition of  10% s l u r r y  superna tan t  

A i  r Argon 
(mg/L) (mg/L) 

So l i d  ash  PH PH PH PH PH P H PH PH 
Cons t i t uen t s  (mg/kg) 8.25* 8 .09  6.05 3.09 10.88" 9.57 6.25 4.14 

EC (mmhos/cm) - 
Eh ( e l e c t r o d e  mv) - 

* Natural pH of  superna tan t .  
   he mi ca l  oxygen demand. 

h e t h y l e n e  c h l o r i d e  e x t r a c t a b l e  organics .  



TABLE 8. CHEMICAL COMPOSITION OF LURGI ASH AND SLURRY SUPERNATANT SOLUTIONS OF THE ASH 
FROM AN ILLINOIS NO. 6 COAL AT SEVERAL pH's 

- 

Chemi ca1 composi t ion o f  10% sl u r r y  supernatant 

A i  r Argon 
(mg/L) (mg/L) 

Sol i d  ash 
Cons t i tuen ts  (mg/ kg) 

PH P H pH PH pH PH pH P H 
7,55* 5 J 0  3.82 2,68 8.82" 7.20 5.35 3.79 



TABLE 8. Continued. 

Chemical composition of 10% s l u r r y  supernatant 

Ai r Argon 
(mgb-1 (mg/L) 

Sol id  ash P H PH P H PH P H P H PH PH 
Consti tuents (mg/kg) 7.55* 5.10 3.82 2.68 8.82* 7.20 5.35 3.79 

EC (mmhos/cm) - 
Eh (e lec t rode  mv) - 

"Natural pH of supernatant. 
   he mi cal  oxygen demand. 

 ethylene chlor ide  ext rac table  organics.  



TABLE 9. CHEMICAL COMPOSITION OF LURGI ASH AND SLURRY SUPERNATANT SOLUTIONS OF THE ASH 
FROM A ROSEBUD COAL AT SEVERAL pH 's  

Chemical compos i t i on  o f  10% s l u r r y  supernatant  

A i  r Argon 
(mg/L) (mg/L) 

Sol i d  ash PH P H PH PH PH PH P H PH 
C o n s t i t u e n t s  (mg/kg) 8.44" 5.14 4.95 3.13 11.05* 8.76 5.26 3.43 



TABLE 9. Continued. 

Chemical composi t ion o f  10% s l u r r y  supernatant  

A i  r Argon 
(mg/L) (mg/L) 

S o l i d  ash PH P H P H PH PH PH PH PH 
Const i tuen ts  (mg/kg) 8.44* 8.14 4.95 3.13 11.05* 8.76 5.26 3.43 

EC (mmhos/cm) 
Eh (e l ec t rode  mvj - 

*Natural pH o f  supernatant. 

 h he mi ca l  oxygen demand. 

 ethylene c h l o r i d e  e x t r a c t a b l e  organics.  



TABLE 10. CHEMICAL COMPOSITION OF H-COAL LIQUEFACTION WASTE AND SLURRY SUPERNATANT SOLUTIONS 
OF THE WASTE AT SEVERAL pH's 

Chemical composit ion o f  10% s l  u r r y  supernatant 

A i  r Argon 
(mg/L) (mg/L ) 

S o l i d  ash 
Const i tuents  (mg/kg) 

pH P H P H P H P H P H pH 
8.83" 8.16 5.01 

pH 
3.14 11.31* 8.50 5.53 2.30 



TABLE 10. Continued. 

Chemical composi t ion o f  10% s l  u r r y  supernatant 

Ai r Argon 
(mg/L) (mg/L) 

S o l i d  ash P H P H PH PH PH PH PH PH 
Const i tuen ts  (mg/kg) 8.83* 8.16 5.01 3.14 11.31* 8.50 5.53 2.30 

Eh (e l ec t rode  mv) - 

*Natural  pH o f  supernatant .  

'chemical oxygen demand. 

+ N ~ O H  added f o r  pH adjustment. 



TABLE 11. CHEMICAL COMPOSITION OF SRC LIQUEFACTION WASTE AND SLURRY SUPERNATANT SOLUTIONS 
. OF THE WASTE FROM A KENTUCKY COAL AT SEVERAL pH's  

Chemical compos i t i on  o f  10% s l u r r y  supernatant  

A i r  Argon 
(mg/L (mg/L 

- 
S o l i d  ash P H P H P H P H P H PH PH P H 

C o n s t i t u e n t s  (mg/kg) 10.21 6.35* 4.69 2.93 9.66 7.47* 4.95 3.00 



TABLE 11. Continued. 

-- 

Chemical compos i t i on  o f  10% s l u r r y  supernatant  

A i r  Argon 
(mg/L) (mg/L) 

S o l i d  ash P H PH PH P H PH PH PH P H 
C o n s t i t u e n t s  (rng/kg) 10.21 6.35* 4.69 2.93 9.66 7.47* 4.95 3.00 

---- ------..--- - - - 

EC (mmhos/cm) - 
Eh ( e l e c t r o d e  mv) - 

*Natura l  pH o f  supernatant .  
 h he mi c a l  oxygen demand. 

N ~ O H  added f o r  pH adjustment .  



TABLE 12. CHEMICAL COMPOSITION OF FLY ASH AND SLURRY SUPERNATANT SOLUTIONS OF FLY ASH 
FROM AN ILLINOIS NO. 6 COAL AT SEVERAL pH's  

- 
Chemical composi t ion o f  10% s l u r r y  supernatant  

S o l i d  ash P H P H P H PH PH P H PH PH 
C o n s t i t u e n t s  (mg/kg) 8.82 7.97 4.08* 2.74 9.98 7.08 4.26" 2.52  



TABLE 1 2. Continued. 

Chemical composit ion o f  10% s l u r r y  supernatant 

A i r  Argon 
(mg/L > (mg/L) 

S o l i d  ash PH PH PH PH PH PH P H PH 
Const i tuents (mg/kg) 8.82 7.97 4.08" 2.74 9.98 7.08 4.26* 2.52 

EC (mmhos/cm) - 
Eh (e lec t rode mv) - 

*Natural pH of supernatant. 

'chemical oxygen demand. 

$ N ~ O H  added f o r  pH adjustment . 



TABLE 13. CHEMICAL COMPOSITION OF WATER-QUENCHED SLAG AND SLURRY SUPERNATANT SOLUTIONS 
OF THE SLAG FROM AN ILLINOIS NO. 6 COAL AT SEVERAL pH's  

Chemical compos i t i on  o f  10% s l u r r y  supernatant  

A i  r Argon 
(mg/L) (mg/L) 

S o l i d  ash PH P H PH PH PH P H  PH P H 
C o n s t i t u e n t s  (mg/kg) 8.82 7.40 3.81* 2.83 9.94 8.30 5.65" 3.09 



TABLE 13. Continued. 

Chemical composit ion o f  10% s l u r r y  supernatant 

A i r  Argon 
(mg/L) (mg/L) 

S o l i d  ash PH P H PH P H PH PH PH P H 
Consti  tuents  (mg/ kg) 8.82 7.40 3.81* 2.83 9.94 8.30 5.65" 3.09 

Yb 1.7 - - - - - - - - 
Z n 6 2 .02 c.01 .18 .28 c. 01 <. 01 -02  .28 
Z r 200 - - - - - - - - 
EC (mmhos/cm) - 0.55 0.33 0.32 1.00 0.24 0.18 1.64 1.26 

E h  (e lec t rode mv) - +244.3 +305.3 +462.1 +527. 4 +89.9 +186.3 +310.3 +362.1 
-- --- 

*Natural pH o f  supernatant. 
*~he rn i ca l  oxygen demand. 
+ N ~ O H  added f o r  pH adjustment. 



TABLE 14. CHEMICAL COMPOSITION OF CHAR (1800°F) AND SLURRY SUPERNATANT SOLUTIONS OF THE 
CHAR FROM AN ILLINOIS NO. 6 COAL AT SEVERAL pH's 

Chemical composit ion o f  10% s l u r r y  supernatant 

A i r  Argon 
(mg/L) (mg/L) 

S o l i d  ash P H P H PH P H PH PH P H PH 
Const i tuents (mg/kg) 8.05* 6.17 4.33 2.46 7.45" 7.26 4.95 3.03 



TABLE 1 4. Continued. 

Chemical composit ion o f  10% s l u r r y  supernatant 

A i r  Argon 
(mg/L) (mg/L) 

S o l i d  ash PH P H PH PH P H P H P H PH 
Const i tuents  (mg/kg) 8.05* 6.17 4.33 2.46 7.45" 7.26 4.95 3.03 

Ec (mmhos/cm) - 
Eh (e lec t rode mv) - 

- 
*Natural pH o f  supernatant. 
t ~ h e m i  ca l  oxygen demand. 
f N ~ O H  added f o r  pH adjustment. 



TABLE 15. CHEMICAL COMPOSITION OF CHAR (1200°F) AND SLURRY SUPERNATANT SOLUTIONS OF THE CHAR 
FROM AN ILLINOIS NO. 6 COAL AT SEVERAL pH's 

Chemical composit ion o f  10% s l  u r r y  supernatants 

Sol i d  ash PH PH P H P H PH P H PH P H 
Consti  t uen ta  (mg/ kg) 9.71 7.19" 3 .  2.67 9.72 7.63" 4.09 2.42 



TABLE 1 5. Continued. 

- 
Chemical composition of 10% s1 urry supernatants 

Ai r Argon 
(mg/L) (mg/L) 

Solid ash P H PH PH P H P H P H P H PH 
Constituents (mg/kg) 9.71 7.19* 3.81 2.67 9.72 7.63* 4.09 2.42 

E C  mmhos/cm) I - 
Eh electrode mv) - 

*Natural pH of supernatant. 
'Chemi cal oxygen demand. 
f 
' N ~ O H  added fo r  pH adjustment. 



TABLE 16. CHEMICAL COMPOSITION OF HIGH-SULFUR CLEANING WASTE (GOB) AND SLURRY SUPERNATANT 
SOLUTIONS OF THE GOB FROM AN ILLINOIS NO. 6 COAL AT SEVERAL pH's 

Chemical composi t ion o f  10% s l u r r y  supernatant 

A i r  Argon 
(mg/ L (mg/L) 

Sol i d  ash PH PH PH PH PH PH PH PH 
Const i tuen ts  (mg/kg) 8.34 7.45" 3.43 2 .63  8.89 7.41" 3.81 2.53 , 



TABLE 1 6. Continued. 

Chemical composit ion o f  10% s l u r r y  supernatants 

Ai  r Argon 
(mg/L) (mg/L) 

S o l i d  ash PH PH PH P H P H PH PH PH 
Const i tuents (mg/kg) 8.34 7.45* 3.43 2.63 8.89 7.41* 3.81 2.53 

EC (rnmhos/cm) - 3.8 2.4 7.6 11.0 3.4 2.4 7.4 10.9 
Eh (e lec t rode mv) - +I90 +223.1 +502.6 +386 +63.2 +158.1 +303 +333.5 

*Natural pH o f  supernatant. 

 h he mi c a l  oxygen demand. 

) N ~ O H  added f o r  pH adjustment . 



TABLE 17. CHEMICAL COMPOSITION OF LOW-SULFUR CLEANING WASTE (GOB) AND SLURRY SUPERNATANT 
SOLUTIONS OF THE GOB FROM AN ILLINOIS NO. 6 COAL AT SEVERAL pH 's  

Chemical compos i t i on  o f  10% s l  u r r y  supernatant  

A i r  Argon 
(mg/L) (mg/L) 

S o l i d  ash P H PH PH PH PH PH PH P H 
C o n s t i t u e n t s  (mg/kg) 9.19 7.79* 3.50 2.54 9.24 7.21" 4.88 2.43 



TABLE 1 7. Continued. 

Chemical composit ion o f  10% s l u r r y  supernatants 

Ai  r Argon 
(mg/L) (ms/ > 

S o l i d  ash PH P H PH P H P H P H PH PH 
Const i tuents (mg/kg) 9.19 7.79* 3.50 2.54 9.24 7,21* 4.88 2.43 

EC (mmhos/cm) - 
Eh (e lec t rode  mv) - 

*Natural pH o f  supernatant. 

 h he mi c a l  oxygen demand. 

h a 0 ~  added f o r  pH adjustment. 



Calcium values exceeded the recommended levels for  a l l  b u t  the slag acid 
leachate; however, a1 though several of the calcium concentrations were in the 
range of 1000 to 2000 mg/L, they d i d  not present the environmental hazard that  
the four constituents mentioned above do. Additional trace metals were found 
i n  some of the most acid leachates a t  concentrations s l ight ly above the recom- 
mended levels for certain water types. They were not found in solution a t  
detectable concentrations in the intermediate acid leachates (pH 5.5 to 4.0). 
Boron was present in amounts exceeding the recommended level for  irrigation 
water (0.75 m g / L )  in a l l  b u t  two of the most acid leachates, and over the ent ire  
pH range i n  eight of the slurry sets .  The current assessment of boron's ef- 
fec t  on the environment, however, leaves some question as to whether the 
boron concentrations found in th is  study are hazardous to the environment. 

Sulfate was the dominant anion in solution w i t h  concentrations that 
ranged as high as 5000 mg/L.  Sulfate, however, along w i t h  C 1 ,  K ,  and Na, 
showed no pH dependency in their  solubili ty.  

Nonetheless, the most easily leached constituent does not a1 ways possess 
the greatest potential for pol lution. A1 though, under acid conditions, many 
constituents exceeded the U.S. EPA recommended levels,  i t  was f e l t  that those 
that  exceeded the recommended levels over the ent ire  pH range had the greatest 
potential for  pollution. Table 18 1 i s t s  those constituents that were found t o  
exceed the recommended levels over the pH range studied (including b o t h  aerobic 
and anaerobic solutions) , and under the laboratory conditions described 
earl i er .  A1 so i ncl uded. i n 
table 18 i s  a summary of the pH 
ranges for  the supernatant solu- 
tions for  each waste along with 
the naturil (unadjusted) pH for 
both the aerobic and the 
anaerobic series.  

The two most important fac- 
tors affecting the solubil i ty  of 
minerals were probably the pH and 
the redox potential. The sol i d  
waste that  has the lowest pH 
value would also pose the great- 
e s t  potential threat to the 
envi ronment . Indeed, the power 
plant slag and f l y  ash natural 
leachates appear to present 
greater hazards because of their  
dissolved constituents than the 
natural pH leachates from the 
other wastes. The experimental 
condi t i  ons descri bed above, how- 
ever, may not have been as condu- 
cive as natural conditions to the 
development of naturally acid pH's 
for several of the other wastes, 
such as the gob samples. . 

TABLE 18. ELEMENTS WITH CONCENTRATIONS EXCEEDING 
RECOMMENDED WATER QUALITY LEVELS UNDER 
THE LABORATORY TEST CONDITIONS 

Natural pH 

Sample pH range Air Argon Constituents 

Lurgi Ash 8.8-2.7 7.6 8.8 B, Ca, Cd, K, 
(Ill. #6 Coal) M n ,  NH4, Pb, 

SO4, Sb 

Lurgi Ash 10.9-3.1 8.3 10.9 B y  Cay K, Mn, 
(Ill. #5 Coal) NH4, Pb, SO43 

Sb 

Lurgi Ash 11.1-3.1 8.4 11.1 B, Ca, Cd, F, 
(Rosebud Coal K, Mo, NH4, 
Monr. ) Pb, SO4, Sb 

SRC 10.2-2.9 6.4 7.5 B y  Ca, Fey 
Efn, NH4, SO4 

H-Coal 11.3-2.3 8.8 11.3 B, Ca, NHq 

Char ( 1 2 0 0 ~ ~ )  9.7-2.4 7.2 7.6 B 

Char (1800'~) 8.1-2.5 8.1 7.5 B, Ca, Mn, 
NH4 

Low-sulfur gob 9.2-2.4 9.2 9.2 None 

High-sulfur gob 8.9-2.5 7.5 7.4 K, NH4, SO4 

Slag 8.8-2.8 3.8 5.7 NHq 

Fly ash 10.0-2.5 4.1 4.3 B, Ca, SO4 



There i s  reason t o  b e l i e v e  t h a t  us i ng  10 percen t  s l u r r i e s  i n  l a r g e  
volumes may p r o h i  b i t  complete o x i d a t i o n  o f  t h e  i r o n  s u l f i d e s  i n  severa l  o f  
t h e  s o l i d  wastes because o f  oxygen 's  s low d i f f u s i o n  r a t e  through water .  
Complete o x i d a t i o n  would r e s u l t  i n  s u l f u r i c  a c i d  p roduc t i on  and a  l owe r i ng  o f  
pH, a long w i t h  a  subsequent inc rease  i n  c o n s t i t u e n t  s o l u b i l i t y  f o r  those 
wastes c o n t a i n i n g  an apprec iab le  amount o f  p y r i t e .  Under d i f f e r e n t  e x p e r i -  
mental c o n d i t i o n s ,  t h e r e f o r e ,  t h e  n a t u r a l  pH's  o f  some o f  t h e  waste leacha tes  
may be g r e a t l y  decreased. I t  was f e l t  t h a t  pH adjustment  t o  t h e  low va lues i n  
t a b l e  18 he lps  t o  s imu la te  t h e  a c i d  c o n d i t i o n s  t h a t  may develop under d i f f e r e n t  
environmental  cond i t i ons .  

Comparison o f  t h e  c o n s t i t u e n t  concen t ra t i ons  o f  t h e  two se t s  o f  s l u r r i e s  
f o r  each waste was d i f f i c u l t  because t h e  se t s  were e q u i l i b r a t e d  t o  s l i g h t l y  
d i f f e r e n t  pH va lues f o r  t h e  a i r  and argon s l u r r i e s .  A l though i t  was 
at tempted t o  p a i r  t h e  pH va lues between t h e  s e t s  o f  s l u r r i e s ,  t h e  va lues 
o f t e n  v a r i e d  by as much as 0.5 pH u n i t s .  The i r o n  concen t ra t i ons  were i n -  
s t r u c t i v e  i n  cases where t h e  a c i d  pH's were s i m i l a r :  g e n e r a l l y ,  t h e  leacha tes  
equi  1  i bra ted  under argon exh i  b i  t e d  h i ghe r  concen t ra t i ons  o f  i r o n  (predomi - 
n a n t l y  f e r r o u s  i r o n )  i n  s o l u t i o n - e s p e c i a l l y  a t  t h e  i n te rmed ia te  a c i d  pH 
l e v e l  (5.5 t o  4 .0) .  Undoubtedly t h i s  was caused by t he  l a c k  o f  a v a i l a b l e  
oxygen i n  t h e  s l u r r i e s  e q u i l i b r a t e d  under argon. S i m i l a r  r e s u l t s  cou ld  be 
expected f o r  severa l  o t h e r  meta ls  p resen t .  

Table 18 a l s o  i n d i c a t e s  t h a t  t h e  s o l u b l e  c o n s t i t u e n t s  found i n  s o l i d  
wastes were s i m i l a r  f o r  t h e  same t rea tment  no m a t t e r  which feed  coa l  was 
used; i . e . ,  t he  t h r e e  L u r g i  ashes y i e l d e d  n e a r l y  t h e  same ma jo r  s o l u b l e  con- 
s t i t u e n t s  f o r  a l l  t h r e e  feed coa ls .  The same was t r u e  f o r  t h e  two l i q u i -  
f a c t i o n  wastes. The I l l i n o i s  No. 6 Coal was used i n  bo th  t h e  L u r g i  and 
H-Coal processes, b u t  q u i t e  d i f f e r e n t  s o l u b l e  c o n s t i t u e n t s  were d e r i v e d  f rom 
t h e  wastes. The Cd, K, Mn, Na, Pb, SOb,  and Sb found i n  t h e  L u r g i  ash leach-  
a tes  i n d i c a t e d  t h a t  t hey  were more s o l u b l e  than  those same c o n s t i t u e n t s  f rom 
the  H-Coal r es i due  under t h e  c o n d i t i o n s  used. 



SECTION 7 

EQUILIBRIUM SOLUBILITY MODELING 
OF THE LEACHATES FROM COAL SOLID WASTES 

The a p p l i c a t i o n  o f  e q u i l i b r i u m  s o l u b i l i t y  models can lead t o  usefu l  i n -  
s i g h t s  i n t o  the  chemist ry  o f  aqueous systems. Equ i l i b r i um models prov ide,  a t  
a  minimum, boundary cond i t i ons  w i t h i n  which quest ions may be framed. For 
example, a  t y p i c a l  environmental problem solved by e q u i l i b r i u m  models i s  t h a t  
of p r e d i c t i n g  what i s  t he  h ighes t  concent ra t ion  o f  a  g iven c o n s t i t u e n t  t h a t  
can be achieved i n  s o l u t i o n  before p r e c i p i t a t i o n  occurs w i t h  a  g iven s o l i d  
phase. So lu t ions  t o  such problems can be suefu l  i n  developing a  "worst  case" 
scenar io f o r  a  g iven p o l l u t a n t  t h a t  i s  leaching from a  s o l i d  waste, by 
s e t t i n g  the  upper boundary f o r  concentrat ions o f  the  p o l l u t a n t  t h a t  w i l l  have 
t o  be d e a l t  w i t h  under a  g iven s e t  o f  cond i t ions .  

The r e s u l t s  o f  appl i c a t i o n s  o f  so l  u b i l  i t y  model s  t o  environmental prob- 
lems must be i n t e r p r e t e d  c a r e f u l l y .  For example, i t  i s  n o t  uncommon t o  f i n d  
l a r g e  d iscrepancies i n  l i t e r a t u r e  values f o r  t h e  s o l u b i l i t y  products o f  some 
mineral  phases. The value o f  the  s o l u b i l i t y  product  may depend on the  d i r e c -  
t i o n  o f  approach t o  equi 1  i brium, the  use o f  we1 1  -def ined c r y s t a l  s  versus pre-  
c i p i  t a t i o n ,  and phenomena such as phase t r a n s i t i o n s ,  aging, c o l l o i d  formation, 
and d i f f e rences  i n  p a r t i c l e  s ize .  These fac to rs ,  along w i t h  slow at ta inment  
of e q u i l i b r i u m  and the  f a c t  t h a t  impure minera ls  a re  found i n  na ture  as 
opposed t o  the pure minera ls  used t o  determine s o l u b i l i t y  constants, may 
obscure sol  u b i l  i ty r e l a t i o n s h i p s  and t h e i r  appl i c a t i o n  t o  p r a c t i c a l  envi ron-  
mental problems. 

Important  f a c t o r s  c o n t r o l l i n g  the  s o l u b i l i t y  o f  minera l  phases i nc lude  
pH, the  redox environment o f  the system, the  ox ida t i on  s t a t e  o f  the  minera l  
components, the  concent ra t ion  and spec ia t i on  o f  i n d i v i d u a l  inorgan ic  and 
organic ions and complexes i n  so lu t i on ,  and the i o n i c  s t reng th  ( t o t a l  so lub le  
i ons ) .  Applying t h e  r e s u l t s  obta ined from s o l u b i l i t y  models t o  r e a l  envi ron-  
mental cond i t i ons  requ i  res  considerable caut ion  ; never the l  ess , assuming t h a t  
the a c t i v i t i e s  are ca l cu la ted  c o r r e c t l y  and t h a t  the  e q u i l i b r i u m  constants 
are numer ica l l y  f a c t u a l ,  these models should accura te ly  p r e d i c t  the  s o l u b i l -  
i t y  o f  an i o n  under a  g iven s e t  o f  condi%ions f o r  a  long 1  i s t  o f  so l  i d  phases. 

EQUILIBRIUM SOLUBILITY MODEL 
C 

Exp la in ing  the  aqueous chemist ry  o f  a  complex system such as the  leach- 
ates from coal  conversion s o l i d  wastes i s  d i f f u c u l t .  Possib le complexation, 
i o n  p a i r  format ion,  and the  e f f e c t s  o f  organic components on the  fo rmat ion  o f  



organo-meta l l i c  complexes h inders  t h e  d e s c r i p t i o n  o f  these systems. On t h e  
o t h e r  hand, i t  i s  s t i l l  impo r tan t  t o  examine these systems and account f o r  
t h e i r  s o l u b l e  components, and we progress i f  we prepare diagrams showing t h e  
r e l a t i o n s  o f  t h e  known aqueous spec ies t o  t he  minera l  s o l i d  phases. 

S o l u b i l i t y  and minera l  s t a b i l i t y  diagrams were prepared accord ing t o  
Ga r re l s  and C h r i s t  (1965).  The thermodynamic s o l u b i l i t y  model used i n  t h i s  
s tudy (WATEQF) cons idered t h e  s p e c i a t i o n  o f  115 aqueous i n o r g a n i c  i ons  and 
complexes and computed s a t u r a t i o n  da ta  f o r  over  100 m ine ra l s .  The t heo ry  of 
t h e  model and i t s  computer implementat ion have been d iscussed p r e v i o u s l y  by 
T ruesde l l  and Jones (1973; 1974) and Plummer, Jones, and T ruesde l l  (1976).  

The s t a b i l i t y  r e l a t i o n s  o f  t h e  i r o n  ox ides and s u l f i d e s  i n  water  were 
p l o t t e d  as a f u n c t i o n  o f  Eh and pH i n  f i g u r e  4. Data f rom t h e  leacha tes  o f  
t h e  e leven wastes and a p y r i t e  standard, e q u i l i b r a t e d  under t h e  same 

Figure 4. Stability relations of iron oxides and sulfides in waste at 2 5 " ~  when ~ e + ~ ~ ~  = 10"M. and the sum of sulfur species is 
1 O - ~ M  (native sulfur field excluded). 



conditions as the solid wastes, were also plotted. Some explanation of 
figure 4 may help to interpret the data. The upper and lower 1 imi t s  of water 
s t ab i l i ty  are shown; they mark the upper and lower boudaries of the E h  and 
pH of concern. Thus, water decomposes into oxygen gas a t  E h  and pH values 
above the upper boudary; water decomposes into hydrogen gas a t  the lower 
boundary. E h  and pH values outside th is  range, therefore, are n o t  normally 
of concern when interpreting the aqueous chemistry of natural systems. 

The solid l ines between solid phases such as hematite and magnetite mark 
the boundaries of mineral s t ab i l i t i e s .  Data points fal l ing within these 
regions indicate that  the samples are within the s t ab i l i ty  f ie ld  of that 
particular mineral. Most of the data points in figure 4 f a l l  within the 
hematite s t ab i l i ty  f ie ld .  This i s  reasonable because x-ray diffraction 
showed hematite to be present in most of the samples; however, magnetite and 
pyrrhotite were also shown to  be present in some of the solid wastes. The 
diagram i l lus t ra tes  that  these two minerals are unstable in these systems 
and, given sufficient time, they wi 11 decompose to other mineral phases. 

Data points that f a l l  on or near a boundary l ine,  such as the pyrite 
standard ( f ig .  4 ) ,  indicate that a solution i s  in simultaneous equilibrium 
with the various solid phases described by the boundary. The pyrite used in 
th is  study was a technical grade material that  contained impurities in the 
form of hematite and magnetite; thus i t  i s  reasonable that  the solution 
would be in equilibrium with these three mineral phases, and that  the elec- 
trodes used in the measurements were operating properly. 

The boundaries between solid phases and aqueous species (such as between 
hematite and the aqueous ~e~~ ion) serve as true "solubili ty" boundaries; 
they are a function of the act ivi ty of the ion in solution. Two such bound- 
ar ies  are shown in figure 4-one for lo-%, and another for 10m2M Fe+2,q. 
The 1 o - ~ M  boundary i s  chosen by convention, on the premise that  i f  an 
ion 's  ac t iv i ty  in equilibrium with a solid phase i s  less than 10-6M, the 
solid will be immobile in that  particular environment. This convention was 
developed largely from experience b u t  seems to correlate we1 1 with natural 
geologic systems (Garrels and Christ, 1965). The ~ o - ~ M  boundary was chosen 
because i t  corresponds to the upper 1 imit of ~e~~ concentrations measured in 
the leachates from the solid wastes. 

The boundary between two aqueous species such as the ~ e + ~  and ~ e + ~  ions 
i s  drawn where the concentration of each ion i s  equal; thus the labeled 
areas are those where the particular ion i s  dominant, even though small con- 
centrations of other ions may also be present. 

The 1 0-6M boundaries of the metastable mineral s maghemi t e  and freshly 
precipitated fe r r i c  hydroxide are drawn as broken 1 ines. Maghemi t e  and 
fe r r i c  hydroxide are unstable w i t h  respect to hematite, pyrite,  and magne- 
t i t e ,  and given sufficient time, they will convert to the thermodynamically 
stab1 e mineral s .  However, maghemi t e  and fe r r i c  hydroxide are clearly of 
more than transitory existence in natural environments and warrant considera- 
tion as mineral phases that  probably control iron concentrations during the 
in i t i a l  leaching of solid wastes, which i s  probably the environmentally 
c r i t i ca l  period. 



The data plotted in figure 4 indicate that amorphous fe r r i c  hydroxide i s  
probably a control on iron concentrations in the leachates a t  pH values less  
than 7 .  Indeed, computations of ion act ivi ty products for t 
agree with the solubili ty constant for the amorphous f e  r i c  hydroxide in the 
acid solutions. The mineral phases that were identif ie  through chemical 
equil i brium model ing as contributing to  the control of the ionic composition 
of the leachates were summarized ( table 1 9 ) .  

1 ine 
mode 
diag 

Iron concentrations tended to drop below detectable levels in the alka- 
solutions. These low concentrations were predicted by the sol ubi 1 i ty 

l ing, and they support the interpretations given in the mineral s t ab i l i ty  
ram ( f ig .  4 ) .  

The plot of the data in figure 4 shows that the Eh-pH relations of the 
alkaline leachates are not being controlled by equilibria between minerals 
given on the diagram. Figure 5 shows the aqueous s t ab i l i ty  relations of the 
manganese oxide-carbonate system. The manganese oxides and carbonates are 

a u s m a n n l t e  

69 Lurgl-1 5 
Lurgl-l 6 

A Lurgl-Rosebud 
@ H-Coal 
9 SRC-I 
0 Fly ash 
0 Bottom ash 
0 H q h  temperature char 
0 M e d ~ u m  temperature char 
x H ~ g h  S refuse 
69 Low S refuse 

Figure 5. Stab i l i ty  relations o f  manganese oxides and carbon- 
ates i n  water a t  2 5 ' ~  when to ta l  carbonate species 
is I O - ~ M .  

very likely in equilibrium in the 
alkaline leachates, whereas the 
acid leachates f a l l  in the aqueous 
~n~~ ion field-facts that  are sup- 
ported by the computations of the 
ion act ivi ty products for the man- 
ganese minerals ( table 1 9 ) .  These 
computations showed that  the alka- 
l ine solutions were generally in 
equilibrium with the manganese 
oxides or carbonate on whichever 
boundary the particular data points 
shown in the diagram f e l l .  The 
acid leachates were undersaturated 
with respect to the various manga- 
nese minerals ( f i g .  5 ) .  Thus, i t  
appears that manganese oxides are 

ing the Eh-pH relations of 
the a1 kal ine leachates and the 
metastable, freshly precipitated 
fer r ic  hydroxide i s  controlling the 
Eh-pH relations in the acid leach- 
ates.  

The solubi l i t ies  of gypsum and 
anhydrite exerted a dominant 
influence over calcium and sulfate 
concentrations in the leachates a t  
a l l  pH levels,  with the exception 
of the H-Coal, bottom ash, high- 
temperature char, and low-sulfur 
refuse leachates ( f ig .  6 ) .  Whereas 
these leachates were a1 1 under- 
saturated with respect t o  gypsum, 
gypsum s t i l l  provided the upper 



TABLE 19. MINERAL PHASES CONTRIBUTING TO THE CONTROL OF THE IONIC COMPOSITION OF LEACHATES FROM COAL UTILIZATION SOLID WASTES 

Bottom Medi um- High- Low- 
L u r g i  L u r g i  L u r g i -  ash High-temp. temp. s u l f u r  s u l f u r  
I 1  1. #5 I 1  1. #6 Rosebud H-Coal SRC F l y  ash ( s l a g )  char  char  re fuse  r e f u s e  

Minera l  Formul a Base Ac id  Base Ac id  Base Acid Base Ac id  Base Ac id  Base Ac id  Base Ac id  Base Ac id  Base Acid Base Ac id  Base Acid 

Magnesi t e  MgC03 
Do1 omi t e  CaMg(CO,), EQ 

E Q 
SS 

E Q E Q 
SS 

E Q 

C a l c i t e  CaC03 
E Q 
S S 

E Q E Q E Q 
EQ E Q s s s s E Q E C EQ E Q E Q 

S t r o n t i -  
an i  t e  SrC03 EQ EQ S S EQ SS EQ EQ E Q SS E Q EQ 

Rhodo- 
ch ros i  t e  MnC03 EQ EQ E Q EQ EQ EQ EQ EQ 

An h y d r i  t e  CaS04 EQ EQ EQ EQ EQ EQ 
Gypsum CaS04.2H20 EQ EQ EQ EQ EQ EQ 

EQ EQ EQ EQ EQ EQ EQ 

B a r i t e  
EQ EQ EQ EQ EQ 

BaSO4 
EQ EQ EQ EQ 

EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ 
F l  u o r i  t e  CaF2 
F l  uo r- 

EQ EQ EQ EQ EQ EQ 

a p a t i t e  CaS(P04) 3F SS SS S S SS SS SS S S SS SS S S SS 
Hydroxy- 

a p a t i t e  Ca5(P04)30H SS E Q EQ S S EQ S S 
S t reng i  t e  FeP04 2H20 S S E Q EQ E Q E Q E Q SS 

EQ 

Manganese 
phosphate MnHP04 EQ E Q EQ EQ EQ EQ EQ EQ 

Magneti te Fe304 SS SS SS SS SS EQ SS EQ SS EQ SS EQ SS EQ SS SS SS SS EQ 
Hemati te Fe2.03 SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS SS 
Maghemi t e  Fep03 SS SS SS EQ SS EQ SS SS SS EQ SS EQ SS EQ SS SS SS EQ SS EQ SS SS 
Goethi t e  FeOOH SS SS SS SS SS SS SS SS SS EQ SS SS SS SS SS SS SS SS SS SS SS SS 
Amorphous 

Fe(OH), Fe(OH), SS EQ SS EQ SS EQ SS EQ SS EQ EQ EQ SS SS EQ EQ EQ SS E Q 

Pyro l  u s i  t e  Mn02 SS EQ EQ EQ EQ E Q S S E Q EQ 
B i  rness i  t e  MnO, E Q 
Nus t i  t e  

EQ 
MnO, 

E Q EQ EQ 

B i x b y i  t e  Mn203 
EQ 
S S 

EQ 
SS 

EQ 
SS 

EQ EQ EQ E Q 
E Q E Q ss s s EQ ss 

riausmani t e  Mn304 SS 
E Q EQ 

s s ss s s EQ EQ EQ EQ ss 
Mangani t e  MnOOH S S E Q S S SS E Q E Q E Q E Q E Q EQ E Q 

EQ 

Amorphous 
A1 (OH) A1 (OH) 3 EQ EQ 

Di aspore A1 OOH SS SS SS EQ EQ SS EQ EQ EQ SS SS EQ EQ EQ SS 
Boe hmi t e  A1 OOH EQ S S SS EQ EQ EQ EQ EQ EQ EQ EQ EQ E Q 

Amorphous 
S i  O2 S i  O2 EQ EQ EQ EQ EQ EQ 

Quar tz  S i  O2 
EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ EQ 

EQ SS EQ SS EQ SS EQ EQ EQ EQ SS EQ SS EQ EQ EQ SS EQ SS EQ SS 

EQ = Equ i l i b r ium.  
SS = Supersaturat ion.  
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Figure 6. Calcium sulfate equi l ibr ia o f  leachates f r o m  coal u t i l i zat ion sol id wastes. 

7 

boundary for  prediction of calcium and su l fa te  concentrations. This i s  sig- 
nif icant  for  the H-Coal residue, because i t  contained high concentrations of 
su l fur ,  b u t  had low water-soluble sulfur  l eve ls ,  fo r  a l l  the sulfur  species 
considered. This i l l u s t r a t e s  the need for  information on mineral forms in 
the sol id  waste, in addition t o  chemical analysis of the waste. 

@ Low S refuse 

I I I I I I 7 

The three Lurgi ashes, the medium-temperature char,  and the SRC-I r e s i -  
due were generally in equilibrium with gypsum, whereas the f l y  ash and high- 
sulfur  cleaning refuse were in equilibrium with anhydrite. The exceptions in 
these samples were those a t  high pH, where Ca concentrations in solution were 
l imi ted by CaC03 equi 1 i bria.  

7 6 5 4 3 2 I 0 
p ~ a + *  

The calcium carbonate equi l ibr ia  of leachates from the eleven sol id  
wastes in contact with a i r  are  shown in figure 7 .  Calcium concentrations in 
the acid leachates were usually controlled by gypsum and anhydrite equil ib- 
r i a ;  they appear as a vertical  l ine  independent of carbonate ac t iv i ty .  Cal- 
cium concentrations in highly alkaline solutions in contact with atmospheric 
carbon dioxide should be controlled by ca l c i t e  so lubi l i ty .  The data plotted 
in figure 7 indicate t ha t  leachates with pH values between 7 . 0  t o  7 .5  
were undersaturated with respect to  c a l c i t e ,  whereas those leachates with pH 
values greater than 7.5 were generally supersaturated with respect to  ca l c i t e .  
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Figure 7. Calcium carbonate equilibria of leachates in contact with air from coal utilization solid wastes. 

Other researchers have noted that  ca lc i te  i s  more soluble when the Mg 
ion i s  present, which was the case in these leachates. Hassett and Jurinak 
(1971) found that calci tes  w i t h  low levels of Mg increased in solubili ty.  
Similarly, Berner (1975) showed that incorporation of Mg within the ca lc i te  
crystal caused the resul t i  ng mangnesi an-cal ci t e  to  be considerably more 
soluble than pure calci te .  Furthermore, Akin and Lagerwerff (1 965) demon- 
strated that  Mg and SOb enhanced the solubili ty of calci te .  I t  seems, there- 
fore,  that  the mixed-salt system occurring i n  these leachates yields a cal- 
cium carbonate mineral w i t h  higher solubil i ty  than ei ther  pure ca lc i te  or 
aragoni t e  . Usi ng the sol u bi 1 i t y  product for pure cal ci um carbonate mi neral s 
to predict the cal cium concentration of the a1 kal ine leachates could resul t 
i n  error by underestimating the true Ca concentrations. 

Figure 8 shows the sil icon dioxide and aluminum hydroxide solubil i ty  
equilibria.  Most samples f e l l  within the range of S i  so lubi l i t ies  that  are 
expected from amorphous glass and quartz. This i s  consistent with the 
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Figure 8. Silicon dioxide and aluminum hydroxide solubility equilibria of leachates from coal utilization solid wastes. 

experimental design, which employed glass carboys as the equilibration vessel, 
and in which quartz was identified in a l l  the solid wastes. Clearly, amorphous 
Si02 i s  not the most stable phase, and s i l i ca  concentrations, a f t e r  long 
periods of time, would probably be control led by alumino-sil icate minerals or 
quartz. 

The A1 equil ibr ia ,  similar to the Fe and Si equilibria,  were dominated 
in the mid-acid and alkaline pH range by the amorphous hydroxide; a meta- 
stable mineral phase was apparently controlling the solubili ty.  These 
metastable mineral phases must be considered when estimating possible environ- 
mental impact during the in i t i a l  leaching of coal conversion solid wastes. 

The aqueous chemistry of other potential contaminants were examined 
( table 19); and i t  was found, for example, through computation of ion act ivi ty 
products for BaSO4, that Ba concentrations in the leachates would never exceed 
0.1 ppm, even in very acid solutions. Fluoride concentrations in the 



leachates seemed to be controlled by precipitation of f luor i te  (CaF2) and 
fluorapati t e  (Ca5(P04) 3 F ) .  Phosphate levels in the a1 kal ine leachates would 
never exceed 1 ppb;  th is  was indicated by the ion act ivi ty product calcula- 
tions for fluorapatite and hydroxyapatite ( C ~ ~ ( P O ~ ) ~ O H ) .  In the acid leach- 
ates ,  the precipitation of iron and manganese phosphates apparently control s 
the phosphate level s .  

The results of th is  study have several implications concerning heavy 
metals. The data suggest that removal of trace metals such as Cd, Co, Cr, 
C u ,  Ni, Pb, and Zn from slurry pond leachates may be controlled by adsorption 
on or copreci pi t a t i  on wi t h  iron, manganese, and a1 uminurn oxides and hydroxides. 
Trace metals would continue to  be removed th is  way for long periods of time 
because the adsorptive capacity of the solid phase would be continually 
replenished by formation of new metal oxides in the leachates. In any case, 
partitioning between trace metals and sol id phases must be considered when 
eval uati ng trace metal mobi 1 i ty in these systems, and furthermore, sulfate ,  
hydroxide, and carbonate are the major inorganic ligands that  must be con- 
sidered. 

Thus, appl ication of thermochemical solubil i ty  model s to the coal sol id 
waste leachates examined in th is  study has yielded some valuable insights 
into the potential these wastes have for  pollution. Application of these 
models has shown that ,  whereas the concentrations of chemical constituents 
in the solid wastes and leachates varied over a wide range, similar mineral 
phases controlled the aqueous solubil i ty  of many major, minor, and trace 
ionic species for a l l  of the solid wastes. 



SECTION 8 

SOIL ATTENUATION OF CHEMICAL CONSTITUENTS 
I N  LEACHATES FROM COAL SOLID WASTES 

INTRODUCTION 

When e v a l u a t i n g  t h e  p o t e n t i a l  coa l  s o l i d  wastes have f o r  p o l l u t i o n ,  i t  i s  
impo r tan t  t o  cons ider  where t h e  s o l u b l e  c o n s t i t u e n t s  o f  t h e  wastes go d u r i n g  
l a n d  d i sposa l .  O f  p r imary  importance i s  t h e  c h a r a c t e r i z a t i o n  o f  t h e  waste and 
waste l eacha te  and t h e  s o i l  o r  r e c e i v i n g  medium; these c h a r a c t e r i z a t i o n s  can 
be conducted by a  number o f  l a b o r a t o r y  techniques and a re  n o t  d i f f i c u l t  t o  
determine. What i s  more d i f f i c u l t  t o  determine, however, i s  t h e  i n t e r a c t i o n  
t h a t  takes p l ace  when t he  wastes o r  waste leacha tes  and s o i l s  a r e  b rought  
toge ther ,  as i n  a  s imu la ted  l a n d f i l l  c o n d i t i o n .  The problems i n  d u p l i c a t i n g  
f i e l d  c o n d i t i o n s  i n  t h e  l a b o r a t o r y ,  as i s  we1 1  known, stem f rom t h e  nonsteady 
s t a t e  of phys i ca l  parameters. To determine t h e  long- te rm e f f e c t s  o f  d i sposa l ,  
i t  i s  a l s o  d e s i r a b l e  t o  understand t h e  p h y s i c a l ,  chemical ,  and b i o l o g i c a l  
mechani sms o f  c o n s t i  t u e n t  removal . 

Th i s  i n v e s t i g a t i o n  i nc l udes  an exper imenta l  method designed t o  determine 
so i l -was te  i n t e r a c t i o n s ,  p l u s  a d i scuss ion  o f  env i ronmenta l  problems t h a t  
c o u l d  p o s s i b l y  r e s u l t  f rom t h e  d i sposa l  o f  coa l  s o l i d  wastes. A lso  i nc l uded  
i s  a  technique f o r  t h e  p r e d i c t i o n  o f  c o n s t i t u e n t  m i g r a t i o n  d i s tance .  A 
d e t a i l e d  d i scuss ion  o f  t h e  mechanisms t h a t  remove hazardous elements from s o i l  
a p p l i e d  wastes has been o m i t t e d  s i nce  i t  can be found elsewhere: i n  F u l l e r  
( 1  977), P h i l  1  i p s  and Nathwani ( 1  976), and Braunste in ,  Copenhaver, and P fuderer  
(1977). We have inc luded,  however, a  d i scuss ion  o f  these removal mechanisms 
as t hey  app l y  t o  t h e  wastes analyzed i n  t h i s  i n v e s t i g a t i o n .  

DISPERSED SOIL METHODOLOGY 

S o i l s  a r e  i d e a l  media f o r  waste d i sposa l  because t h e i r  a t t e n u a t i n g  
behav io r  can render  many o f  t h e  hazardous p r o p e r t i e s  harmless; then  t h e  wastes 
can be e v e n t u a l l y  i nco rpo ra ted  i n t o  t h e  s o i l  system ( P h i l l i p s  and Nathwani, 
1976). Before d i sposa l ,  however, i t  i s  d e s i r a b l e  t o  have some i dea  of t h e  
r e s u l t s  of  t h e  so i l -was te  i n t e r a c t i o n ,  which w i l l  va r y  w i t h  wastes and s o i l  
types. 

I n  t h e  pas t ,  column l each ing  s t u d i e s  have determined t h e  r e s u l t s  o f  s o i l -  
waste i n t e r a c t i o n .  There a re  two p r i n c i p a l  d i f f i c u l t i e s  w i t h  column l each ing  
s tud ies :  t h e  l ong  p e r i o d  o f  t ime  requ i red ,  and t h e  d i f f i c u l t y  i n  s i m u l a t i n g  



f ie ld  flow patterns. For example, i t  may require u p  to a year to obtain the 
necessary data for so i l s  with high clay contents, and even sandy soi l s  may 
require several months. 

Farquhar and Rovers (1976) and Rovers, Mooi j ,  and Farquhar (1976) de- 
signed a dispersed soi 1 (batch reactor) methodology as an alternative tech- 
nique. They conducted simultaneous experiments using dul picate soi 1 s and 
wastes to examine dispersed soil and column leaching techniques. For the 
l a t t e r ,  they used both undisturbed and remolded soil samples. Their success 
in comparing the use of these two types of soil samples enabled them to 
develop the dispersed soil technique, which represents a remolded so i l .  Their 
subsequent experimentation i l lustrated t h i s ,  b u t  not without the following 
reservations and assumptions: (1 ) the effects  of 1 ateral di spersi on cannot be 
measured; ( 2 )  intergranular flow must be assumed; ( 3 )  no microbial act ivi ty i s  
assumed because of the short duration of the dispersed soil method; ( 4 )  the 
remolded soil column must be leached in conjunction with the batch reactors to 
determine the degree of attenuation caused by dilution by soil water; and 
( 5 )  i t  i s  d i f f i cu l t  to accurately predict the attenuation of contaminants that 
undergo retarded removal. 

The f i r s t  two factors are also true for column studies. The inabil i ty  to 
measure the effects of microbial act ivi ty as an attenuation factor i s  a trade 
off for the short period of time needed for the dispersed soil experimentation. 
The l a s t  two factors l is ted above, however, are the most c r i t i c a l .  The need 
for leaching a remolded soil column simul taneous to the batch reactors would 
resul t  in lengthening the experimentation time. An increase in the waste 
solution to soil ra t io  in the batch reactors,  however, would reduce the impor- 
tance of dilution by soil water as an attenuation 'mechanism. Most waste 
leachates are highly complex systems and certain elemental components wi 11 be 
selectively removed prior to  other elements. I t  i s  d i f f i cu l t  to predict with 

Addition of waste effluent followed 
by slugs of desorption water 

any certainty the degree of attenua- 
tion of constituents that undergo 
.retarded removal, with a technique 
that would not take an unreasonable 
amount of time. 

EXPERIMENTAL DESIGN 

A modified version of the dis- 
persed soi 1 technique developed by 
Farquhar and Rovers (1976) was used 
to  determine the behavior of con- 
s t i tuents  in the aqueous super- 
natant solutions from the coal 
solid wastes. 

Three sets  of five 1 - l i t e r  
l inear polyethylene bottles were 
used as reaction vessels ( f ig .  9 ) ;  
each se t  was used to study one soi 1 .  
After the soi 1s had been b r o u g h t  to 

Aliquots for chemical analysis 

Figure 9. Schematic diagram of dispersed soil methodology. 
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f ield capacity (moisture content), 700 mL or uivalent volume of f i l tered 
(0.45 pm Mi 11 ipore) supernatant from the wast r r i e s  were added. Then the 
vessel s were shaken using an ~quipoi  seR Heavy Shaker a t  a rate  of 265 
oscillations per minute. The shaking lasted % hours, which was suff i-  
cient time to develop equilibrium conditions r s ,  Mooi j ,  and Farquhar, 
1976). The samples were then f i l te red  throug tman #45 f i  1 t e r s ,  and 60 m L  
of the f i l t r a t e  was f i l te red  again through MilliporeR -45  micron pore size 
membrane f i l t e r s .  The 60 m L  portion was withdrawn for chemical analysis, and 
the remaining solution was transferred to the next reaction vessel in the 
series.  A 60 m L  sample was collected from each of the post-contact solutions. 
This procedure was repeated t o  determine the constituents that  could be de- 
sorbed from the so i l s  a f ter  mixing with the leachates. This was accomplished 
by passing d is t i l led  water through the reaction series .  

Three I l l inois  soils-Ava s i l t y  clay loam ( s i c l ) ,  Bloomfield loamy sand 
( I s ) ,  and Catlin s i l t  loam (si1)-with a broad range of physical and chemical 
charac te r i  s t i  cs ,  were col 1 ected and characterized (tabl e 20 ) .  Twel ve waste 
leachates were studied, including 10 of the 11 aerated natural (unadjusted) 
pH supernatant solutions. The Lurgi gasification waste using the I l l inois  
No. 5 Coal did not possess sufficient sample volume for  analysis. Also, both 
of the acid-aerated liquefaction leachates, H-Coalk and SRCs,  were studied to 
assess the fa te  of their  relatively high trace metal concentrations. 

The f i l t r a t e s  collected from this  study were analyzed for  10 constitu- 
ents: A13 B 3  Ca, Fe, K, Mg, Mn, Na, SOs3 and Zn. These constituents were 
chosen because they were the constituents present in the leachates i n  suf f i -  
cient concentrations t o  be potential pollution hazards a f t e r  being leached 
through soi 1.  The f i  1 t ra tes  col lected from the two acid coal -1 iquefaction 
leachates were also analyzed for:  Be, Cd, Co, Cr, C u ,  F, Ni, and Pb .  

ATTENUATION RESULTS 

I t  i s  d i f f i cu l t  to make broad generalizatio s about varied, complex 
systems such as the waste leachate-soil mixtures One could say, however, 
that the attenuation of constituents in each leachate was 
soil type, although the degree of removal or elution of i 

TABLE 20. SOIL CHARACTERISTICS 

Soil 

Surface Organic 
CEC area, N 2  carbon Sand Silt Clay 

pH (meq1100 g) (m2/g) (%I ( X )  (2)  ( Z  > 

Catlin 
silt loam 

Ava 4.5 13.1 28.3 1.18 2 69.6 28.4 
silty clay loam 

Bloomfield 
loamy sand 



c o n s t i t u e n t s  v a r i e d  w i t h  s o i l  t ype  
( t a b l e  21) .  Most o f  t h e  c o n s t i t u -  
en t s  were a t tenua ted  through t he  
r e a c t o r  se r i es ;  however, because 
o f  s e l e c t i v e  removal, some o f  t h e  
c o n s t i t u e n t s  f o r  c e r t a i n  wastes 
were f i r s t  e l u t e d  f rom t h e  s o i l s  
be fo re  undergoing a t t e n u a t i o n .  

TABLE 21 .  SUMMARY OF SOIL-ATTENUATION BEHAVIOR 
OF CHEYICAL CONSTITUENTS I N  LEACHATES 
FROM SEVERAL COAL SOLID WASTES 

E l e m e n t s  

A l ,  B ,  C a ,  

T o t a l  F e ,  A t t e n u a t e d  

Na*, SO4, Zn 

To i l l u s t r a t e  t h e  r a t e  o f  
a t t e n u a t i o n  o r  e l u t i o n ,  f i g u r e s  10 A d d i t i o n a l  t race m e t a l s  

through 16 were drawn t o  rep resen t  R* V a r i a b l e  

t y p i c a l  exampl es o f  c o n s t i t u e n t  ~g E l u t e d  

behavior .  The f i g u r e s  d e p i c t  t h e  ~n P H - d e p e n d e n t  v a r i a b i l i t y  

c o n s t i t u e n t  concen t ra t i on  vs. t h e  
s o i l  l eacha te  r a t i o ,  which i s  t h e  * E l u t e d  o r  s t e a d y  a t  l o w  c o n c e n t r a t i o n s  (<I0 ppm) .  

grams o f  s o i l  necessary t o  remove 
o r  e l u t e  t h e  i n d i c a t e d  concen t ra t i on  o f  a  c o n s t i t u e n t  f rom one m i l l i l i t e r  o f  
leacha te .  A lso  i nc l uded  i s  t h e  o r i g i n a l  supernatant  concen t ra t i on  and a  

I recommended water  qua1 i ty  standard (U. S.  EPA, 1972) f o r  comparison. A f i g u r e  
d e p i c t i n g  the  a d d i t i o n a l  t r a c e  elements (Be, Cd, CO, C r ,  F, N i  , and Pb) t h a t  
were determined f o r  t h e  two ac id -aera ted  l ' i q u e f a c t i o n  wastes cou ld  n o t  be 
drawn because these elements were removed t o  l e s s  than  de tec tab le  concentra-  
t i o n s  i n  t h e  f i r s t  r e a c t i o n  vesse l .  

I r o n  and z i n c  were t h e  two meta ls  t h a t  were most o f t e n  p resen t  i n  t h e  
h i g h e s t  concen t ra t i ons  i n  t h e  waste leachates.  F i gu re  10 i s  a p l o t  o f  t h e  
z i n c  c o n c e n t r a t i o n  through t h e  l e a c h a t e - s o i l  m i x tu res  f o r  t he  n a t u r a l  pH 
leacha te  (pH 4.12) f rom t h e  f l y  ash w i t h  an o r i g i n a l  z i n c  concen t ra t i on  o f  
20 ppm. F igu re  11 i s  a  s i m i l a r  diagram f o r  t o t a l  i r o n  f o r  t h e  most a c i d i c  
SRC l i q u e f a c t i o n  res idue  leacha te  (pH 3.5) ;  i n  t h i s  case, t h e  o r i g i n a l  t o t a l  
i r o n  concen t ra t i on  i n  t h e  l eacha te  was 2962 ppm. 

Fly ash, 

Supernatant concentration 

ndary  drinking water  standard 

0 I 2 3 4 
Soil leachate ratio, gm/mL 

ISGS 1979 

Figure 10. Zinc  concen t r a t i ons  vs. soil / leachate ra t io  fo r  f ly  a s h 3  (pH 4.1 2). 



C a t l i n  s o i l  proved t o  be t h e  most e f f i c i e n t  o f  t h e  t h r e e  s o i l s  t e s t e d  i n  
removing meta ls  f rom s o l u t i o n .  Th i s  i s  p robab ly  due t o  i t s  h i ghe r  c a t i o n -  
exchange c a p a c i t y  and i t s  h i ghe r  pH ( 7  .I ) .  The h ighe r  exchange c a p a c i t y  o f  
t he  C a t l i n  s o i l  and i t s  h i ghe r  b u f f e r i n g  a b i l i t y  enables i t  t o  n e u t r a l i z e  
a c i d i c  leachates b e t t e r  than t h e  o t h e r  t w ~  s o i l s ,  and i n  many cases, 
p r e c i p i t a t i o n  o f  meta l  hydrox ides w i l l  r e s u l t .  Probably  adso rp t i on  as w e l l  
as p r e c i p i t a t i o n  a re  s i g n i f i c a n t  f o r  t h e  removal o f  meta ls  i n  cases where t h e  
metal  concen t ra t i ons  a re  as h i g h  as those descr ibed  above. Thus, t h e  h i gh  
c l a y  and o rgan ic  con ten t  o f  t h e  C a t l i n  s o i l  would make i t  a  b e t t e r  medium f o r  
adso rp t i on  than t h e  o t h e r  two s o i l s .  F igures  10 and 11 i l l u s t r a t e  t h e  "wors t "  
cases f o r  two meta ls  t h a t  a re  found throughout  t h e  supernatant  s o l u t i o n s .  I n  
t h e  o t h e r  leacha te  s o l u t i o n s ,  these meta ls  were e i t h e r  p resen t  i n  concentra-  
t i o n s  t o o  low f o r  de tec t i on ,  o r  t hey  were a t tenua ted  d u r i n g  m i x i n g  i n  t h e  
f i r s t  r e a c t i o n  vessel  t o  concen t ra t i ons  t o o  low f o r  d e t e c t i o n .  None o f  t h e  
meta ls  mentioned above d i sp layed  any degree o f  e l u t i o n  f rom t h e  s o i l s .  

Because o f  t h e i r  s e l e c t i v e  removal, t h e  behavior  o f  t h e  o t h e r  c o n s t i t -  
uents  measured i n  t he  a t t e n u a t i o n  a n a l y s i s  was n o t  as c o n s i s t e n t  o r  as e a s i l y  
i n t e r p r e t e d  as t h a t  o f  t h e  meta ls  d iscussed above. From t h i s  i n v e s t i g a t i o n ,  
Mg and Mn emerge as hav ing t h e  most p o t e n t i a l  f o r  p o l l u t i o n  f rom l a n d  
d isposa l  o f  t he  coal  s o l i d  wastes. Both Mg and Mn undergo va r i ous  degrees 
of e l u t i o n  (nega t i ve  a t t e n u a t i o n ) ,  depending upon t h e  p a r t i c u l a r  waste 
l e a c h a t e - s o i l  m i x tu re .  

F igures  12 and 13 a re  p l o t s  o f  t h e  e l u t i o n  o f  Mn through t h e  r e a c t o r  
s e r i e s  f o r  two o f  t h e  l i q u e f a c t i o n  res idue  leacha tes .  O v e r a l l ,  t h e  g r e a t e s t  
e l u t i o n  o f  Mn occurred i n  t h e  l i q u e f a c t i o n  res idue  l e a c h a t e - s o i l  m ix tu res .  
I n  a  t y p i c a l  example ( f i g .  12) ,  an i n i t i a l  f l u s h  o f  Mn f rom t h e  s o i l  i s  
f o l l owed  by adso rp t i on  o r  reverse  exchange o u t  o f  s o l u t i o n .  The t r e n d  i s  
g e n e r a l l y  t h a t  t h e  more a c i d  t h e  l e a c h a t e - s o i l  m i x tu re ,  t h e  h i ghe r  t h e  
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Figure 1 1. Total Fe concentration vs. soil/leachate ratio for SRC4 (pH 3.5). 
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Figure 12. Manganese concentration vs. soil/leachate ratio for  SRC (pH 4.69). 
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Figure 13. Manganese concentration vs. soil/leachate ratio fo r  H-Coal (pH 3.10). 



concen t ra t i on  o f  Mn i n i t i a l l y  e l u ted .  A m i x t u r e  o f  t h e  a c i d  H-Coal leacha te  
w i t h  t h e  B loomf i e l d  s o i l ,  however, r e s u l t e d  i n  a  g r e a t e r  e l u t i o n  o f  Mn than 
when t h e  leacha te  con tac ted  the  o t h e r  two s o i l s  ( f i g .  1 3 ) .  A s i m i l a r  
example i s  t h e  a c i d  SRC4, where t h e  i n i t i a l  l eacha te  n  concen t ra t i on  i s  
5.4 pprn and t h e  f i n a l  B loomf i e l d  e l u t i o n  was 108.2 ppm Mn. The recommended 
water q u a l i t y  l e v e l  f o r  Mn i s  0.05 ppm (U.S. EPA) ,  1 9 7 2 ) .  The o t h e r  m ix tu res  
e x h i b i t  a  p a t t e r n  s i m i l a r  t o  t h a t  o f  f i g u r e  12, b u t  t h e  i n i t i a l  e l u t e d  Mn 
concen t ra t i ons  a re  i n  t h e  range o f  0.5 t o  4.0 ppm. 

An e l u t i o n  o f  Mg i s  observed f o r  a l l  t he  l e a c h a t e - s o i l  m i x tu res  w i t h  t h e  
excep t ion  o f  t he  B loomf i e l d  m i x t u r e  ( f i g .  14) .  I n  severa l  cases, t h e  inc rease  
i n  Mg concen t ra t i on  i s  as h i g h  as 300 ppm. These f l u s h e s  o f  Mg a re  thought  t o  
be caused by cat ion-exchange r e a c t i o n  i n  t h e  s o i l .  The f l ushes  o f  m ine ra l s  
have been found t o  cause increases i n  t h e  hardness o f  groundwaters around 
waste d isposa l  s i t e s  s i m i l a r  t o  those env is ioned  f o r  t he  d i sposa l  o f  coa l  con- 
ve rs i on  wastes ( G r i f f i n  and Shimp, 1978). 

The f a t e  o f  boron i n  the  coa l  wastes i s  o f  i n t e r e s t  because i t  was found 
t o  exceed t h e  recommended water  q u a l i t y  l e v e l s  f o r  i r r i g a t i o n  water  i n  a l l  of 
t h e  waste leachates,  except  f o r  t h e  water-quenched s lag .  Boron 's  concentra-  
t i o n  ranges f rom 5 ppm t o  as h i g h  as 65 ppm ( L u r g i  Ash, Rosebud Seam Coal)  i n  
t h e  leachates.  Ca t l  i n  s o i l ,  f o l l o w e d  by Ava and B loomf i e l d  r e s p e c t i v e l y ,  was 
t h e  most e f f i c i e n t  a t  removing boron ( f i g .  15) .  Other researchers have shown 
t h a t  boron i s  r e a d i l y  adsorbed by ill i t e  (Harder, 1961 ; and Couch and G r i m ,  
l 968 ) ,  and t h a t  adso rp t i on  inc reases  w i t h  i n c r e a s i n g  pH (Sims and Bingham, 
1967). Both o f  these f a c t o r s  f a v o r  h i ghe r  r e t e n t i o n  o f  boron by Ca t l  i n  s o i l  
than t h e  Ava and B loomf i e l d  s o i l s .  
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Figure 14. Mg concentration vs. soillleachate ratio for SRC (pH 3.5). 
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I n  a lmost  a l l  o f  t h e  n a t u r a l  pH supernatant  s o l u t i o n s ,  ca lc ium and s u l -  
f a t e  a r e  t h e  dominant c a t i o n  and an ion  i n  s o l u t i o n .  Over t h e  pH range s tud-  
ied ,  S04-2 i s  t h e  dominant s u l f u r  spec ies i n  s o l u t i o n  (Ga r re l s  and C h r i s t ,  
1965; Stumm and Morgan, 1970).  Because o f  t h e  h i g h  concen t ra t i ons  o f  bo th  
ca lc ium and s u l f a t e  and t h e  r a t e  a t  which t hey  a re  removed f rom s o l u t i o n ,  t h e  
p r e c i p i t a t i o n  o f  gypsum (CaS04-2H20) and/or a n h y d r i t e  (CaS04) would seem t o  be 
an impo r tan t  a t t e n u a t i o n  mechanism. F igu re  16 p l o t s  t h e  t y p i c a l  case f o r  s u l -  
f a t e  a t t e n u a t i o n  w i t h  t h e  t r e n d  o f  Ava > C a t l i n  > B loomf ie ld .  Adsorp t ion  o f  
s u l f a t e  cou ld  a l s o  be o c c u r r i n g  w i t h  t h e  a c i d  leachate-Ava m ix tu re ,  a l though,  
because o f  t he  amount o f  s u l f a t e  be ing removed ( B o l t  and Bruggenwert, 1976), 
i t  i s  u n l i k e l y  t h a t  t h i s  i s  t h e  o n l y  mechanism. 

F igures  17 and 18 a re  combined p l o t s  o f  ca lc ium and s u l f a t e  behavior  
through t h e  r e a c t o r  se r i es .  The f i g u r e s  have been normal ized by us ing  C/Co 
( t h e  c o n s t i t u e n t  concen t ra t i on  i n  each r e a c t i o n  vesse l / t he  o r i g i n a l  leacha te  
concen t ra t i on )  f o r  the  v e r t i c a l  a x i s .  The f i r s t  p l o t  i n d i c a t e s  t h e r e  i s  a  
d e f i n i t e  r e l a t i o n s h i p  between t he  removal o f  ca lc ium and s u l f a t e ,  which sup- 
p o r t s  an i n t e r p r e t a t i o n  t h a t  p r e c i p i t a t i o n  of gypsum i s  t he  dominant a t tenua-  
t i o n  mechanism. The second graph, however, g i ves  t h e  more normal case where 
bo th  c o n s t i t u e n t s  a re  removed s i m i l a r l y  i n  t h e  Ava m ix tu res ,  b u t  ca l c i um i s  a t  
l e a s t  i n i t i a l l y  e l u ted ,  whereas s u l f a t e  i s  a t tenua ted  f o r  t h e  C a t l i n  and 
B loomf i e l d  m ix tu res .  These samples i n d i c a t e  t h a t  i n  some s i t u a t i o n s ,  adsorp- 
t i o n  o f  s u l f a t e  by s o i l  appears t o  be t h e  dominant a t t e n u a t i o n  mechanism. I t  
i s  d i f f i c u l t  t o  account f o r  p r e c i p i t a t i o n  o f  CaSOb f o r  t h e  l a s t  two leacha te -  
s o i l  m i x tu res  because i t  was imposs ib le  t o  account f o r  t h e  a v a i l a b l e  Ca f rom 
t h e  s o i  1 s  themsel ves a 
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Figure 15. Boron concentration vs. soillleachate ratio for Lurgi-Rosebud (pH 8.4). 
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Figure 16. Sulfate concentrat ion vs. soill leachate ra t io  f o r  f l y  ash (pH 4.1 2). 
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Figure 17. Ra t io  o f  concentrat ion o f  Ca o r  SO4 i n  leachate after reaction w i t h  soil t o  the  in i t ia l  concentrat ion vs. soil/leachate ratio. 
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Figure 18. Ra t io  o f  concentrat ion o f  Ca o r  SO4 i n  leachate after react ion w i t h  soil t o  the  ini t ial  concentrat ion vs. soill leachate rat io. 

The desorp t ion  phase o f  the  ana lys i s  r e s u l t e d  i n  two conclusions: 
(1)  the  metals  which were removed r a p i d l y  dur ing  the  so rp t i on  phase were n o t  
e lu ted  from the  s o i l s  dur ing  the desorp t ion  phase; and (2 )  as a  general r u l e ,  
the  exchangeable ca t i ons  and s u l f a t e  were brought back i n t o  so lu t i on ,  bu t  n o t  
t o  t h e i r  o r i g i n a l  leachate concentrat ion.  

CALCULATION OF MIGRATION DISTANCE 

By us ing  the  dispersed s o i l  technique, i t  i s  poss ib le  t o  determine how 
f a r  a  p o t e n t i a l  p o l l u t a n t  w i l l  m igra te  w i t h  t ime. By us ing f i g u r e  10 ( t h e  
p l o t  of the  z inc  concent ra t ion  vs. the  so i l / l eacha te  r a t i o  f o r  the  f l y  ash 
leachate [pH 4-11) as an example, i t  can be shown how t o  determine t h i s  migra- 
t i o n  d is tance.  

The f i r s t  step i s  t o  determine g r a p h i c a l l y  the so i l / l eacha te  r a t i o  
needed t o  o b t a i n  the  des i red  water q u a l i t y  l e v e l  f o r  the  element o f  i n t e r e s t ;  
i n  t h i s  case, the d r i n k i n g  water standard f o r  z inc  i s  used-5.0 ppm. For t he  
Ava s o i l ,  the  r a t i o  equals 0.75 gm/mL. This  means t h a t  f o r  each mL o f  leach- 
ate,  0.75 gm o f  s o i l  were needed t o  reduce the  i n i t i a l  z i nc  concent ra t ion  o f  
the  leachate down t o  the  d r i n k i n g  water standard. Then i t  i s  necessary t o  
determine the  volume o f  leachate t o  be generated by the  waste per u n i t  t ime 



and the soi l  bulk density. From t h i s  data ,  the migration distance per uni t  
time can be computed. 

I f  i t  i s  assumed tha t :  soi l  bulk density = 1.50 gm/cm3, leachate volume = 
6 in.  /yr (1 5.24 mL/cm2 y r )  , and landf i l l  1 i f e  = 30 years,  then the migration 

" distance i s  computed to  be: 

(0.75 gm/mL(15.24 m ~ / c m ~  yr ) (30  years) 
= 228 cm or  7.5 f t  in 30 years 

This calculation does no t  account for  di lut ion by soi l  water or waters 
of i n f i l t r a t i o n ,  and interactions occurring in the soi l  p rof i le  prior t o  the 
subsequent waste additions reaching the leachate f ront .  



SECTION 9 

BIOASSAYS OF LEACHATES FROM COAL SOLID WASTES 

INTRODUCTION 

The environmental data acqui s i  tion for a compl e te  environmental assess- 
ment of coal-based energy technology includes physical, chemical, and bio- 
1 ogi cal analyses (Hangebrauc k , 1978) . The precedi ng sections have compri sed 
the physical and chemical analyses of th i s  investigation; th is  section corn- 
pri ses the biological analysis investigation of the potential pollution 
hazard of coal sol id wastes. 

If coal conversion processes are developed on a commercial scale,  they 
wi 1 l generate an enormous amount of sol id waste (Braunstein, Copenhaver, and 
Pfuderer, 1977). The sol id wastes from coal conversion plants will probably 
be deposited in landfi l ls  and ponds (Talty, 1978). Landfills are subject t o  
leaching; ponds could be contaminated and thus serve as potential sources of 
pollution to other water resources such as groundwater and nearby streams. 
Since the impact of coal solid wastes on aquatic biota has n o t  been adequately 
assessed, toxicity t e s t s  of the leachates generated from these wastes were 
conducted wi t h  fathead mi nnow fry (~imephales promebas) . 

The purposes of toxicity tes ts  were to determine: (1  ) i f  the leachates 
from three Lurgi gasification ashes, an H-Coal liquefaction residue, an SRC 
liquefaction residue, two chars, a f l y  ash, a water-quenched slag, and two 
gob samples were acutely toxic t o  young fathead minnows; ( 2 )  how much dilution 
was necessary to eliminate mortality caused by toxic leachates on a short-term 
basis; ( 3 )  i f  the acute toxicity of leachates equilibrated under anaerobic 
conditions differed significantly from similar leachates equilibrated under 
aerobic conditions; and ( 4 )  which water-soluble constituents leached from 
these coal solid wastes were responsible for the toxicity.  

MATERIALS A N D  METHODS USED FOR BIOASSAYS 

Ninety-six hour s t a t i c  bioassays of the leachates were conducted with 
1 -  to  6-day-old fathead minnow f ry ,  Pimephates prometas. The f ish were propa- 
gated in the laboratory and in outdoor ponds a t  the I l l inois  Natural History 
Survey in Urbana, I l l inois .  The leachates were obtained from the same vessels 
used in the solubil i ty  and attenuation studies; they were f i l te red  through a 
0.45 pm pore size membrane f i  l t e r  prior to the bioassays. 

The toxicity t e s t s  were divided into two phases: the screening procedure 
and the LC-50 determination. During the screening procedure, the young 



fathead minnows were exposed t o  t h e  " f u l l - s t r e n g t h "  achates. Dur ing t h e  
LC-50 de te rmina t ions ,  t h e  minnows were exposed t o  "f 1 -s t reng th "  leacha tes  
d i l u t e d  w i t h  s o f t  r e c o n s t i t u t e d  water  t h a t  was prepa d accord ing  t o  sugges- 
t i o n s  i n  "Methods f o r  Acute T o x i c i t y  Tests  w i t h  F ish,  Macro-i ve r t eb ra tes  and 
Amphibians" (Committee on Methods f o r  T o x i c i t y  Tests  w i t h  Aquat ic  Organisms, 
1975). The screening procedure enabled us t o  determine LC-50 va lues more 
e f f i c i e n t l y ,  s i nce  LC-50 de te rmina t ions  were n o t  needed f o r  leacha tes  t h a t  
d i d  n o t  cause 50 percen t  m o r t a l i t y  i n  t h e  screening procedure. Procedures 
out1 i n e d  i n  L i t c h f i e l d  and Wilcoxon (1949) were used f o r  t he  LC-50 d e t e r -  
m ina t ions .  

Ten young fa thead  minnows were p laced  i n t o  g l a s s  f ingerbowl  s  ( 1  15 x  
45 mm) c o n t a i n i n g  200 mL o f  " f u l l - s t r e n g t h "  o r  d i l u t e d  leacha te .  Each b i o -  
assay was r e p l i c a t e d .  F i s h  m o r t a l i t y  da ta  were c o l l e c t e d  a t  24, 48, 72, and 
96 hours a f t e r  t h e  bioassays were begun. The t e s t  organisms were n o t  fed and 
t h e  s o l u t i o n s  were n o t  aera ted  d u r i n g  t h e  bioassays. S ince one-hal f  of t h e  
leachates were e q u i l i b r a t e d  under anaerobic cond i t i ons ,  a l l  s o l u t i o n s  were 
aera ted  be fo re  t h e  f i s h  were added. The bioassays were conducted a t  a  con- 
s t a n t  temperature (21 + 1°C) and w i t h  a  cons tan t  pho to -per iod  (16L-8D) i n  an 
environmental  chamber. A t  t h e  beginn ing and end o f  a l l  b ioassays, pH and 
d i s s o l v e d  oxygen were measured w i t h  a  Beckman pH meter and a Y S I  d i s s o l v e d  
oxygen meter.  S p e c i f i c  conductance was measured a t  t h e  beginn ing o f  each 
bioassay w i t h  a  YSI p o r t a b l e  c o n d u c t i v i t y  meter.  

RESULTS OF BIOASSAY STUDY 

The screening procedures were conducted t o  determine i f  t h e  " f u l l -  
s t r eng th "  leacha tes  were a c u t e l y  t o x i c .  To t e s t  t h e  e f f e c t  o f  pH on t h e  
m o r t a l i t y  o f  fa thead  minnows, bioassays were conducted u t i l i z i n g  b u f f e r e d  r e -  
c o n s t i t u t e d  water rang ing  i n  pH f rom 4.9 t o  11.0. The r e s u l t s  o f  t h e  pH 
experiment were s i m i l a r  t o  those o f  t h e  screening procedures ( f i g s .  19 t o  23).  
Many o f  t h e  leachates and t he  r e c o n s t i t u t e d  water  were n o t  a c u t e l y  t o x i c  t o  
young fa thead  minnows i f  t h e  pH o f  t h e  s o l u t i o n s  was between 6.2 and 9.0. 
Low mor ta l  i t y  ( 5  t o  20 percen t )  occurred,  however, i n  37.5 pe rcen t  of t h e  
n e u t r a l  leachates,  and mor ta l  i t y  was g r e a t e r  than 20 percen t  i n  a  L u r g i  Ash 
(111-5-6, pH = 7.1),  H-Coal (HC-5, pH = 8.8), s o l v e n t - r e f i n e d  coa l  (SRC-6, 
pH = 7.3) ,  and a 1 ow-sul f u r  gob (LSR-2, pH = 6.9) .  T o t a l  mo r ta l  i t y  occur red  
i n  those s o l u t i o n s  w i t h  pH va lues l e s s  than  6.0, and m o r t a l i t y  was 50 pe rcen t  
o r  h i ghe r  i n  s o l u t i o n s  w i t h  pH va lues g r e a t e r  than 

The m o r t a l i t i e s  t h a t  occur red  d u r i n g  t h e  screening procedures of t h e  
n a t u r a l  pH leachates a re  l i s t e d  i n  t a b l e  22. The n a t u r a l  pH leacha tes  from 
t h e  L u r g i  g a s i f i c a t i o n  process were n o t  a c u t e l y  t o x i c .  The aerob ic  n a t u r a l  
pH leacha te  generated f rom H-Coal l i q u e f a c t i o n  res idue  was r e l a t i v e l y  non- 
t o x i c  on a shor t - te rm bas is ;  however, HC-5, t h e  n a t u r a l  pH leacha te  e q u i l i -  
b ra ted  under anaerobic cond i t i ons ,  was r e l a t i v e l y  a l  k a l i n e  (pH = 8.8),  and 
35 percen t  m o r t a l i t y  occurred.  T o t a l  m o r t a l i t y  occur red  i n  t h e  ae rob i c  
n a t u r a l  pH leacha te  f rom SRC d r y  minera l  res idue ;  t h i s  leacha te  was a c i d i c  
(pH = 5.6) .  The n a t u r a l  pH leacha te  o f  SRC e q u i l i b r a t e d  under anaerobic  con- 
d i t i o n s  (SRC-6) was a n e u t r a l  s o l u t i o n  (pH = 7.1);  however, 
m o r t a l i t y  occur red  d u r i n g  t h e  screening procedure. The na tu  
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Figure 19. Percentages of mortality of 1 - to  6day-old fathead minnow fry (Pimephales promelas) resulting from 96-hour exposures 
to  24 leachates of different pHs generated from three Lurgi gasification ashes and 7 buffered solutions of reconstituted 
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Figure 20. Percentages of mortality of 1 - to  6day-old fathead minnow fry (Pimephalespromelas) resulting from 96-hour exposures 
to 16 leachates of different pHs generated from SRC and H-Coal liquefaction residue and 7 buffered solutions of recon- 
stituted water. 
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Figure 21. Percentages of mortality of 1 - to 6day-old fathead minnow fry (Pimephalespromelas) resulting from 96-hour exposures 
to 16 leachates of different pHs generated from a water-quenched slag and a fly ash and 7 buffered solutions of reconsti- 
tuted water. 
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Percentages of mortality of 1 - to 6day-old fathead minnow fry (Pimephales promelas) resulting from 96-hour exposures 
to 16 leachates of different pHs generated from high- and low-temperature chars and 7 buffered solutions of reconsti- 
tuted water. 



TABLE 22. PERCENTAGES OF MORTALITY OF 1-TO-6-DAY-OLD FATHEAD MINNOW FRY (PIMPHALES PROMELAS) 
RESULTING FROM 96-HOUR EXPOSURES TO THE NATURAL pH LEACHATES OF 11 COAL SOLID WASTES 

Sample Atmosphere 
Mortality 

pH (2)  

BS-1 

BS-5 

ILL-5-1 

ILL-5-5 

ILL-6-1 

ILL-6-5 

HC-1 

HC-5 

SRC-2 

SRC-6 

KS-3 

KS-7 

FA-3 

FA- 7 

Gasification ash 

Gasification ash 

Gasification ash 

Gasification ash 

Gasification ash 

Gasification ash 

Liquefaction residue 

Liquefaction residue 

Liquefaction residue 

Liquefaction residue 

Water-quenched slag 

Water-quenched slag 

Fly ash 

Fly ash 

High-sulfur gob 

High-sulfur gob 

Low-sulfur gob 

- - 

Aerobic 

Anaerobic 

Aerobic 

Anerobic 

Aerobic 

Anaerobic 

Aerobic 

Anaerobic 

Aerobic 

Anaerobic 

Aerobic 

Anaerobic 

Aerobic i 

Anaerobic ' 

Aerobic j' 7.7 

Anaerobig 8.0 
) 

~erobic~' 8.8 

Low-sulf ur gob Anaersbic 

High-temperature char Aerobic 

High-temperature char Anaerobic 

Low-temperature char Aerobic 

Low-temperature char Anaerobic 

from the water-quenched slag and the f l y  ash from a coal-fired power plant 
were acidic (pH <5.8),  and total mortality occurred i n  a l l  four leachates. 
Low mortal i ty (<5  percent) occurred in the natural pH leachates generated 
from the high-sulfur gob. Both natural pH leachates generated from the low- 
sulfur gob were relatively alkaline (pH values of 8.8 and 8 .9) ,  and low 
mortality (15 percent) occurred in these solutions. Low mortal i  ty (<5 per- 
cent) occurred in natural pH leachates generated from the high- and low- 
temperature chars. 

Attempts were made to decrease the mortal i  ty rate  caused by low pH by 
neutralizing some of the acidic leachate solutions with sodium hydroxide. 
Total mortality occurred in a l l  neutralized solutions. Since a l l  the neu- 
t ra l  i  zed sol utions had specific conductance values greater than 7 .OO mmhos/cm, 
i t  was postulated that the exposures to relatively large total ion concentra- 
tions resulted in "ionic shock." To t e s t  th i s  hypothesis, several solutions of 
reconstituted water of differing specific conductances were prepared using 
NaC1; the results of 96-hour s t a t i c  bioassays of these solutions are shown in 
figure 24. Total mortality occurred in solutions with a specific conductance 
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Figure 23. Percentages of mortality of 1 - to 6day-old fathead minnow fry (Pimephalespromelas) resulting from 96-hour exposures 
to  16 leachates of different pHs generated from a highsulfur gob sample and a lovvsulfur gob sample and 7 buffered 
solutions of reconstituted water. 
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Figure 24. Percentages of mortality of 1 - to 6day-old fathead minnow fry (Pimephales promelas) resulting from 96-hour exposures 
to 7 buffered solutions of reconstituted water of different specific conductances adjusted with NaCI. 



greater than 6.10 mmhos/cm. The high total ion concentrations were probably 
responsible for the total mortality that  occurred in the neutralized acidic 
leachates. 

The LC-50 values were determined to investigate the relative toxici t ies  
of the leachates and how much dilution was necessary to ensure the i r  survival 
during 96-hour s t a t i c  bioassays. The LC-50 values, their  95 percent confidence 
interval s ,  and the dilutions necessary to ensure survival of the minnows are 
l i s ted  i n  tables 23 to 27. The pH values l i s ted  are those of the "full-strength" 
leachates af ter  aeration and prior to dilution with reconstituted water. The 

TABLE 23. THE LC-50 VALUES, THEIR 95 PERCENT CONFIDENCE INTERVALS, AND THE AMOUNT OF DILUTION 
NECESSARY TO ELIMINATE MORTALITY FOR THREE LURGI GASIFICATION ASH LEACHATES OBTAINED 
IN 96-HOUR STATIC BIOASSAYS USING 1-TO-6-DAY-OLD FATHEAD MINNOW FRY (PIMEPHALES 
PROMELAS). 

Sample Atmo spher e 
Dilution for 
0% mortality 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Rosebud 

7.8 

7.6 

5.4 

3.3 

8.0 

7.6 

4.7 

3.7 

Illinois No. 5 

7.1 >lo0 

7.0 >lo0 

6.1 11.00 t 3.85 

3.0 1.80 2 0.61 

7.3 >loo 

7.1 >lo0 

6.0 40.00 t 16.40 

4.4 1.OOt 0.09 

Illinois No. 6 

7.1 >lo0 

4.1 8.60 -1 2.92 

3.9 5.20 t 0.99 

2.6 6.40 + 0.90 

7.5 >loo 

7.1 >lo0 

4.9 10.00 t 2.60 

8 Anaerobic 3.8 0.38 &- 0.01 1 : 1000 
- - 

*Natural pH solutions 



LC-50 value i s  the s ta t i s t ica l  ly  determined concentration of leachate a t  
which 50 percent mortality occurs. There i s  an inverse relationship between 
toxicity and the LC-50 value; for example, the LC-50 values for Rosebud-3 
(BS,) and BS4 are 18.00 and 0.50, respectively ( table 23). Eighteen mil l i -  
l i t e r s  of BS3 diluted with 82 mL of reconstituted water was as toxic as 
0.50 m L  of BS4 di 1 uted with 99.5 mL of reconstituted water. Leachates exhi b- 
i t ing greater toxicity,  therefore, have lower LC-50 values than less  toxic 
leachates. I f ,  in the "full-strength" leachates, less than 50 percent mor- 
t a l i t y  occurred, the LC-50 i s  reported as greater than 100 mL/100 m L .  

Generally, a1 1 leachates were acutely toxic when acidic (pH <6.2).  With 
increasing acidity,  toxicity also increased and the LC-50 value decreased. 
The LC-50 values of leachates equilibrated under aerobic atmospheres were n o t  
significantly different from LC-50 values of similar leachates equilibrated 
under anaerobic atmospheres ( p  2.05, paired t - t e s t )  . 

Natural pH leachates generated from Lurgi gasification ashes were not 
acutely toxic; therefore, their  LC-50 values were greater than 100 mL/100 m L ,  
and no dilution was necessary to achieve 0 percent mortality (table 23). 

TABLE 24. LC-50 VALUES, THEIR 95 PERCENT CONFIDENCE INTERVALS, AND THE AMOUNT OF DILUTION 
NECESSARY TO ELIMINATE MORTALITY FOR H-COAL AND SRC LIQUEFACTION LEACHATES OBTAINED 
IN 96-HOUR STATIC BIOASSAYS USING 1-TO-6-DAY-OLD FATHEAD MINNOW FRY (PIMTPHALES 
PROMELAS) . 

Sample Atmosphere 
Dilution for 
0% mortality 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

SRC-I 

*Natural pH solutions 
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TABLE 25. LC-50 VALUES, THEIR 95 PERCENT CONFIDENCE INTERVALS, AND THE AMOUNT OF DILUTION 
NECESSARY TO ELIMINATE MORTALITY FOR LEACHATES GENERATED FROM BOTTOM SLAG AND FLY ASH 
OBTAINED IN 96-HOUR STATIC BIOASSAYS USING 1-TO-6-DAY-OLD FATHEAD MINNOW FRY 
(PIMEPHALES PROMELAS). 

LC-50 Dilution for 
Sample Atmosphere PH (mL/100 mL) 0% mortality 

Slag 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Fly ash 

*Natural pH solutions 

The aerobic na tu ra l  pH leachate generated from H-Coal l i q u e f a c t i o n  r e s i -  
due was n o t  acu te l y  t o x i c  and the re fo re  requ i red  no d i l u t i o n  f o r  0  percent  
mor ta l  i ty. Dur i  ng the  screening procedure, t o t a l  morta l  i ty  occurred i n  the  
anaerobic na tu ra l  pH H-Coal leachate ( t a b l e  22).  During the  LC-50 determina- 
t i o n ,  however, 40 percent  m o r t a l i t y  occurred i n  the  f u l l - s t r e n g t h  leachate,, 
and 30 percent  m o r t a l i t y  occurred i n  a  s o l u t i o n  o f  180 mL o f  HC-5 and 20 mL 
o f  r e c o n s t i t u t e d  water. The LC-50 determinat ion was made 9 months a f t e r  the  
screening procedure was performed, and apparent ly  the  leachate had n o t  
reached e q u i l i b r i u m  a t  the  t ime o f  t h e  screening procedure. The LC-50 value 
fo r  HC-5, there fore ,  was g rea te r  than 100 mL/100 mL, even though t o t a l  mor- 
t a l i t y  occurred dur ing  the  screening procedure ( t a b l e  24). The aerobic na t -  
u r a l  pH leachate generated from the  SRC 1  i q u e f a c t i o n  res idue had a  pH o f  5.6, 
was a c u t e l y  t o x i c ,  and requ i red  a  1 :10 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 .  I n  
add i t i on ,  we est imate t h a t  50 percent  m o r t a l i t y  would occur i n  a  s o l u t i o n  o f  
21 mL SRC-2 and 79 mL r e c o n s t i t u t e d  water ( t a b l e  24). The anaerobic n a t u r a l  
pH SRC leachate had an LC-50 value greater  than 100 mL/100 mL, and requ i red  
l e s s  than a  1  :1.5 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 na tu ra l  pH leachate generated from the  water-quenched s lag  and e q u i l -  
i b r a t e d  under aerobic cond i t i ons  was r e l a t i v e l y  t o x i c  (LC-50 = 22.50 + 4.28) 
and requ i red  a  moderate amount o f  d i l u t i o n  (1 :Z8) t o  negate i t s  t o x i c i t y .  The 



TABLE 26. LC-50 VALUES, THEIR 95 PERCENT CONFIDENCE INTERVALS, AND THE AMOUNT OF DILUTION 
NECESSARY TO ELIMINATE MORTALITY FOR HIGH-SULFUR AND LOW-SULFUR GOB LEACHATES 
OBTAINED DURING 96-HOUR STATIC BIOASSAYS USING 1-TO-6-DAY-OLD FATHEAD MINNOW FRY 
(PIMEE'HALES PROMELAS). 

LC-50 Dilution for 
Sample Atmosphere PH (mL/100 mL) 0% mortality 

1 5~ Aerobic 8.8 >lo0 1:l 

2 Aerobic 7.9 >lo0 1 : 1 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

*Natural pH solutions 

natural pH slag leachate equil ibrated under anaerobic conditions was l e s s  
toxic (LC-50 = 37.00 + 3.89) and l e s s  acidic  than the aerobic leachate. Both 
natural pH leachates generated from the f l y  ash were re la t ive ly  toxic 
(LC-50 4 1 . 7 0 )  and required a di l ution of 1 : 100 or greater t o  ensure survival 
during the bioassay. The natural pH leachates of the two gob and two char 
samples were not suf f ic ien t ly  toxic on a short-term basis to  es tabl ish LC-50 
values and required 1 i t t l e  di lut ion ( < I  : I  - 5 )  to  eliminate mortality 
( tab les  26 and 27). 

DISCUSSION OF BIOASSAY RESULTS 

The potential hazard tha t  coal sol id wastes pose t o  the aquatic environ- 
ment l i e s  i n  the re la t ive ly  large concentrations of accessory elements in  the 
waste and the poss ib i l i ty  of acid formation. Accessory elements could be 
leached from the solid wastes by water i n  a slag pond or water percolating 
through a l and f i l l .  Pyr i t ic  minerals in these sol id  wastes produce acid when 
exposed to  a i r  and water, and acid could lower t h e  pH of the pond or  the pH 
9f the water passing through a l and f i l l .  Lowering the pH could increase the 
leaching of potentially hazardous chemical consti tuents or  d i rec t ly  harm 
organisms in the affected area.  



TABLE 2 7 .  LC-50 VALUES, THEIR 95 PERCENT CONFIDENCE INTERVALS, AND THE AMOUNT OF DILUTION 
NECESSARY TO ELIMINATE MORTALITY FOR HIGH-TEMPERATURE AND LOW-TEMPERATURE CHAR 
LEACHATES OBTAINED DURING 96-HOUR STATIC BIOASSAYS USING 1-TO-6-DAY-OLD FATHEAD 
MINNOW FRY (PIMEPEALFS PROMELAS). 

Sample Atmosphere 
Dilution for 
0 %  mortality 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

LTC - 

9.2 

6.8 

4 . 2  

4 . 0  

8.8 

8 . 1  

4.6 

3.8 

HTC 

Aerobic 

Aerobic 

Aerobic 

Aerobic 

Anaerobic 

Anaerobic 

Anaerobic 

Anaerobic 

'kNatural pH solutions 

Three of t he  11 na tura l  pH l eacha te s  t h a t  were e q u i l i b r a t e d  under aero-  
bic  atmospheres (SRC 1 i quefact ion r e s idue ,  water-quenched s l a g  , and f l y  ash)  
were a c i d i c  (pH <6.Z). Total m o r t a l i t y  occurred during t h e  screening proce- 
dures  of  these  a c i d i c  leachates  ( t a b l e  2 2 ) .  These a c i d i c  leachates  were 
r e l a t i v e l y  t o x i c  (LC-50 <25.00 mL/100 m L )  and a t  l e a s t  a 1 :10 d i l u t i o n  was 
necessary t o  ensure surv iva l  during a bioassay ( t a b l e s  24 and 2 5 ) .  

Many f a c t o r s  probably cont r ibuted  t o  the  acute  t o x i c i t y  of t he  a c i d i c  
l eacha te s .  I t  has been demonstrated ( G r i f f i n  e t  a l . ,  1978) t h a t  t o t a l  mor- 
t a l i  t y  occurs  when fathead minnow f r y  a r e  exposed t o  a c i d i c  r econs t i tu t ed  
water (pH <5.9)  f o r  96 hours. Since t h e  t e s t  organisms were propagated and 
held in  water having a pH of  approximately 7.4 and then experienced a rap id  
change i n  pH, t he  mor ta l i t y  was p a r t i a l l y  due t o  " ion ic  shock." A r ap id  
lowering of t h e  pH d i s r u p t s  t h e  N~'/H' exchange system of f i s h  and r e s u l t s  
i n  a l o s s  of  sodium t h a t  can cause death (Gi l e s  and Vanstone, 1976). Some 
of t h e  a c i d i c  leachates  a l s o  contained concent ra t ions  of Al, Cr, C u ,  Mg, N i ,  
and Z n ,  which under labora tory  condi t ions  have been shown t o  be acu te ly  t o x i c  
t o  f i s h  (Brown, 1968; Doudoroff and Katz, 1953; Eaton, 1973; McCarty, Henry, 
and Houston, 1978; Pickering,  1974; and Pickering and Gast,  1972).  



The natural pH leachates generated from the H-Coal liquefaction residue 
and the low-sulfur gob were relatively a1 kal ine (pH >8.3) and acutely toxic 
during the screening procedure ( table 2 2 ) .  The organi sms were propagated 
and held in water having a pH of approximately 7.4; they experienced a rapid 
change in pH during the bioassays. Thus the mortality might part ial ly be 
caused by the rapid r i se  in pH, since 5 percent and 50 percent mortality 
occurred in bioassays of reconstituted water with pH's of 9 .2  and 10.0, 
respectively. The short-term acute toxicity of three of these four natural 
pH 1 eachates, however, was el iminated with 1 i t t l  e di 1 ution (4 : 1 .5 ) ,  and 
HC-5 required a 1:6 dilution to ensure survival during a 96-hour bioassay. 

Because of the complex chemical composition of the leachates and the 
unknown synergistic and antagonistic effects of the chemical constituents 
composing the leachates, i t  i s  not possible from these experiments to deter- 
mine specifical ly  which chemical constituents were direct ly responsible for  
the observed mortality. This point i s  i l lustrated dramatically by the 
anaerobic leachates generated from SRC liquefaction residue. The pH of the 
leachate during the screening procedure was 7.3,  yet 40 percent mortal i ty 
occurred. I n  addition, none of the chemical constituents were present in 
concentrations exceeding known acute LC-50 values. 

To determine more precisely which chemical constituents are responsi ble 
for the toxicity of coal solid waste leachates, i t  i s  necessary to  perform 
additional chemical and biological analyses. Such analyses woul d include 
the determination of organic compounds found in the wastes and leachates, as 
we1 1 as bioassays of particular chemical constituents and mixtures of chemi- 
cal constituents found in those leachates generated from coal solid wastes, 
such as A 1 3  Cd, C u ,  Mg, and Ni. 

When coal sol id wastes are disposed of in landf i l l s ,  i t  i s  important to 
investigate how the waste leachates interact  with earth materials; the 
results of our investigation of soi 1 -1eachate interactions were discussed 
ear l ie r  in th is  report. Unfortunately, because of the small amount of leach- 
ate  used in the attenuation study, we were not able to conduct bioassays of 
the f i l t r a t e s ;  however, Al, Fe, K, Mg, and Zn were present i n  large enough 
concentrations to pose a hazard. For example, the f i l t r a t e s  produced from 
the acidified SRC leachate often contained zinc in amounts higher than 
0.87 m g / L ,  which was the LC-50 value for  zinc using fathead minnows in soft  
water, determi ned by Pi ckeri ng and Henderson (1 966). 

Fi l t rates  from the two chars, the low-sulfur gob, the SRC 1 iquefaction 
residue, and the two Lurgi ashes tested often contained more than 5 m g / L  of 
potassium. Although potassium i s  not acutely toxic to  fathead minnows a t  
th is  concentration, i t  i s  acutely toxic to  other aquatic organisms such as 
freshwater mussels (Imlay, 1973). Even though  several elements in the leach- 
ates are attenuated by the s o i l ,  some are not affected; they may even be 
eluted from the soil and could become a hazard to  the aquatic environment. 
The soil characteristics of a proposed disposal s i t e  for coal solid wastes, 
therefore, and the location and access to nearby water resources should be 
studied before the s i t e  i s  chosen. 



Th i s  l i m i t e d  b i o l o g i c a l  a n a l y s i s  o f  the  p o t e n t i a l  hazard o f  coa l  so l  i d  
wastes cons i s ted  o f  acu te  s t a t i c  bioassays o f  t h e  waste leachates us ing  f a t -  
head minnow f r y .  I t  i s  cons idered ve ry  impo r tan t  t o  inc rease  t h e  scope o f  t h i s  
i n v e s t i g a t i o n  t o  assess t h e  environmental  impact o f  coa l  s o l i d  wastes. 
Several  types o f  aqua t i c  organisms should be t e s t e d  i n  a d d i t i o n  t o  f i s h ,  
a l though recommended sa fe  l e v e l s  f o r  se lec ted  t e s t  f i s h  such as t h e  fa thead  
minnow, Pimephales promelas, q u i t e  o f t e n  p rov ide  p r o t e c t i o n  t o  o t h e r  aqua t i c  
animals and p l a n t s  (U  .S. €PA, 1972). 

P a t r i c k ,  Cai rns,  and Scheier  (1968) made a comparat ive s tudy o f  t h e  
e f f e c t s  o f  20 p o l l u t a n t s  on f i s h ,  s n a i l s ,  and diatoms and found t h a t  no 
s i n g l e  k i n d  o f .  organism was most s e n s i t i v e  i n  a l l  s i t u a t i o n s .  A l i t e r a t u r e  
rev iew by Braunste in ,  Copenhaver, and Pfuderer  (1977) i n d i c a t e d  t h a t  c r u s t a -  
ceans (such as Daphnia magnu) and phy top lank ton  may be app rec iab l y  more sen- 
s i t i v e  t o  t r a c e  elements than a r e  i n s e c t s  and f i s h .  P r e l i m i n a r y  exper iments 
w i t h  Daphnia mapa demonstrate t h a t  t h i s  zoop lank te r  i s  more s e n s i t i v e  t o  SRC 
1 i q u e f a c t i o n  1 eachate than t h e  fa thead  minnow f ry.  A complete environmental  
assessment o f  coa l  so l  i d  wastes should t h e r e f o r e  i n c l u d e  acu te  e c o l o g i c a l  
bioassays u t i l i z i n g  f i s h ,  zooplankton, phytop lankton,  and p o s s i b l y  a  d e t r i t o -  
vore-suggest ions t h a t  have a1 so been made i n  a  r e c e n t  EPA pub1 i c a t i o n  (EPA, 
1977). 

Besides conduct ing acu te  bioassays w i t h  severa l  types o f  organisms, 
r ep resen t i ng  a l l  ma jo r  t r o p h i c  l e v e l s ,  i t  i s  a l s o  e s s e n t i a l  t o  conduct 
ch ron i c  bioassays t o  assess t h e  ch ron i c  e f f e c t s  o f  coa l  s o l i d  wastes. Long- 
l i v e d  organisms such as f i s h  m igh t  be harmed by long- term exposure ( d i r e c t l y  
o r  through t h e  o rgan i  sin' s  food supply)  t o  chemical c o n s t i t u e n t s  leached f rom 
coa l  s o l  i d  wastes. Reduced reproduc t ion ,  ma1 fo rmat ion ,  disease, reduced 
growth, o r  g e n e r a l l y  decreased a b i l i t y  t o  compete w i t h  o t h e r  organisms cou ld  
r e s u l t  f rom long- term sub le tha l  exposure t o  p o t e n t i a l l y  hazardous chemical 
c o n s t i t u e n t s  found i n  coa l  s o l i d  wastes. I t  i s  impor tan t ,  t he re fo re ,  t o  i n -  
v e s t i g a t e  t h e  accumulat ion and concen t ra t i on  o f  p o t e n t i a l l y  hazardous chemi- 
c a l  c o n s t i t u e n t s  found i n  coa l  s o l  i d  wastes by lower  t r o p h i c  l e v e l s ,  as w e l l  
as t o  i n v e s t i g a t e  t h e  ch ron i c  t o x i c i t y  o f  coa l  s o l i d  wastes t o  l o n g - l i v e d  
aqua t i  c o rgan i  sms . 

F i n a l l y ,  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  must be conducted on coa l  
so l  i d  wastes and leachates.  The EPA has recommended ( f o r  a '  l e v e l  1  assess- 
ment) t h a t  t h e  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  mu tagen i c i t y ,  
r oden t  acu te  t o x i c i t y ,  and c y t o t o x i c i  ty.  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  Rabb i t  A l v e o l a r  Macrophage (RAM) assay, t h e  Human Lung F i b r o b l a s t  
(WI-38) Assays, and acu te  t o x i c i t y  bioassays w i t h  r a t s .  The t e s t s  d e t e c t  a  
broad spectrum o f  p o t e n t i a l  h e a l t h  e f f e c t s ,  a re  n o t  as c o s t l y  as long- term 
animal bioassays, and a r e  r e l a t i v e l y  r e l i a b l e  (Smith, 1978). Wi th  these t e s t s  
i t  i s  p o s s i b l e  t o  screen wastes, i n c l u d i n g  coa l  s o l i d  wastes and t h e i r  leach-  
a tes,  f o r  p o t e n t i a l  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  ty, and o t h e r  de t r imen ta l  
h e a l t h  e f f e c t s .  



SECTION 10 

POTENTIAL POLLUTION HAZARD FROM COAL SOLID WASTES 

Eva1 ua t i ng  the  p o t e n t i a l  pol  1  u t i o n  hazard o f  coal  so l  i d  wastes invo lves  
comparing the  q u a n t i t i e s  o f  t he  wastes and t h e i r  cons t i t uen ts  w i t h  standards 
fo r  acceptable l e v e l s  o f  these cons t i t uen ts  i n  the  environment. Unfor tu -  
na te ly ,  no es tab l ished standards e x i s t  t h a t  de l i nea te  which s p e c i f i c  chemical 
o r  minera log ica l  composit ions o f  coal s o l i d  wastes pose p o t e n t i a l  hazards. 
S i m i  1  a r l y ,  no es tab l  i shed standards e x i  s t  t h a t  spec i f y  which concentrat ions 
o f  chemical cons t i t uen ts  i n  aqueous e f f l u e n t s  from coal s o l i d  wastes w i l l  
cause s i g n i f i c a n t  environmental damage. This  sec t ion  addresses t h i s  problem 
by comparing the  chemical analyses o f  the  sol  i d  wastes and leachates and the  
bioassay data, w i t h  t h e  Mu1 t imed ia  Environmental Goals (MEGs) (Cle land and 
Kingsbury, 1977) and the  t o x i c a n t  e x t r a c t i o n  procedure c r i t e r i a  (U.S. EPA, 
1978) f o r  hazardous wastes. Both MEGs and t h e  t o x i c a n t  e x t r a c t i o n  procedure 
were sponsored o r  proposed by the  U.S. €PA. 

MATE VALUES FOR SOLID WASTES 

The e f f l u e n t  gu ide l ines  proposed i n  the  MEGs are  known as Maximum Acute 
T o x i c i t y  E f f l u e n t s  (MATE). A MATE value i s  a  t h e o r e t i c a l  value ca l cu la ted  t o  
p r e d i c t  the  maximum concent ra t ion  o f  a  c o n s t i t u e n t  t h a t  w i l l  n o t  have adverse 
h e a l t h  o r  eco log ica l  e f f e c t s  a f t e r  shor t - term exposure. MATE i s  now a  
defunct  term t h a t  w i l l  be replaced by DMEG (Discharge MEG) i n  f u t u r e  pub1 i c a -  
t i o n s  (D. Kingsbury, 1980, personal communication). MATELEL values were c a l -  
cu la ted  us ing equat ion 52 o f  MEGs Volume l (Cle land and K~ngsbury ,  1977, 
p. 112). They were based on eco log ica l  e f f e c t s  us ing the  LC-50 data from 
Sect ion 9  o f  t h i s  r e p o r t .  

Table 28 l i s t s  the  MATE values f o r  50 inorgan ic  cons t i t uen ts  o f  s o l i d  
wastes disposed o f  on land.  Each c o n s t i t u e n t  has two values: one based on 
pred ic ted  adverse e f f e c t s  t o  hea l th ,  the  o the r  based on p red i c ted  adverse 
e f f e c t s  t o  s o i l  ecosystems. The t a b l e  a l s o  l i s t s  t he  concentrat ions o f  those 
cons t i t uen ts  t h a t  were found t o  exceed t h e i r  respect ive  MATE values. Also 
l i s t e d  are the  MATELEl values, represent ing  the  MATE values measured f o r  t h e  
sol  i d  wastes as a  whole. 

The MATELEl values i nd i ca ted  t h a t  e i g h t  o f  the  11 wastes were n o t  a c u t e l y  
t o x i c .  The remaining th ree  had MATELE1 values t h a t  i nd i ca ted  r e l a t i v e l y  low 
t o x i c i t y .  On the  o the r  hand, the  MATE values f o r  the  i n d i v i d u a l  chemical con- 
s t i t u e n t s  o f  the  waste i nd i ca ted  t h a t  20 o f  the  50 c o n s t i t u t e n t s  were present  
i n  g rea ter  concentrat ions than t h e i r  MATE values. Th is  imp l i es  t h a t  these 20 
elements are p o t e n t i a l  p o l l u t i o n  hazards-a s t a t i s t i c  t h a t  does n o t  agree we1 1  
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TABLE 29. DISCHARGE SEVERITIES FOR CONSTITUENTS IN COAL UTILIZATION SOLID WASTES EXCEEDING 
HEALTH- OR ECOLOGY-BASED SOLID WASTE MATE VALUES 

MATE Lurg i  Bottom High- Medium- 
Param- Heal th Ecology Lurg i  Lurg i  Rose- ash temp. temp. High-S Low-S 
e t e r  (mg/kg) (mg/kg) No. 5 No. 6 bud H-Coal SRC F l y  ash ( s l ag )  char char re fuse  re fuse  

U 12,000 
V 500 
W 3,000 
Z n 5,000 
Z r 1,500 
Tota l  discharge 

s e v e r i t y  

Discharge s e v e r i t y  = concentration/MATE 



w i t h  t h e  r e s u l t s  generated by t h e  MATELEl va lues f o r  t h e  wastes ( t h a t  e i g h t  
were n o t  a c u t e l y  t o x i c ) .  I t  seems, t h e r e f o r e ,  t h a t  t h e  MATE va lues f o r  s o l i d  
waste d isposa l  on l a n d  a r e  perhaps conse rva t i ve  when a p p l i e d  t o  coal  s o l i d  
wastes. 

The d iscrepancy between t h e  es t imated  hazard based on MATE va lues f o r  
i n d i v i d u a l  chemical c o n s t i t u e n t s  and t h e  measured t o x i c i t y  o f  t h e  leacha tes  
seems t o  o r i g i n a t e  i n  t h e  assumption (du r i ng  t h e  d e r i v a t i o n  o f  t h e  MATE va lue)  
t h a t  t h e  s o l i d  waste i s  h i g h l y  s o l u b l e  i n  water .  Coal s o l i d  wastes a re  gen- 
e r a l l y  made up o f  m a t e r i a l s  o f  r e l a t i v e l y  low water  s o l u b i l i t y ;  t h i s  con t ra -  
d i c t s  t h e  assumption and may be t h e  reason f o r  t h e  ove res t ima t i on  o f  t h e  
hazard f o r  these p a r t i c u l a r  wastes. 

Another method t o  f u r t h e r  eva lua te  t h e  t o x i c i t y  o f  t h e  c o n s t i t u e n t s  i s  
comparing t h e i r  d i  scharge s e v e r i t i e s  (concentration/MATE va l  ue) . A f t e r  do ing  
so ( t a b l e  29) ,  i t  i s  c l e a r  t h a t  A l ,  Fe, and P a re  p r e d i c t e d  t o  have t h e  most 
p o t e n t i a l  f o r  exceeding d ischarge  l i m i t s  and pos ing env i ronmenta l  problems. 

MATE VALUES FOR LEACHATES 

The MATE values f o r  water  q u a l i t y  o f  t h e  chemical c o n s t i t u e n t s  measured 
i n  t h e  leacha tes  f rom t h e  coa l  wastes a re  g i ven  i n  t a b l e s  30 and 31. The 
t a b l e s  a l s o  p rov ide  a  l i s t i n g  o f  those c o n s t i t u e n t s  i n  t h e  leacha tes  t h a t  ex- 
ceeded t h e i r  MATE va lues f o r  i n d i v i d u a l  parameters (appendix C i n  C le land  and 
Kingsbury,  l 977 ) ,  a long  w i t h  a  l i s t i n g  o f  MATEwE values (C le land  and Kings- 
bury,  1977, eq. 50, p. 111 ) ,  which a re  based on e c o l o g i c a l  e f f e c t s  and acu te  
b ioassay da ta  t h a t  were ob ta ined  us ing  t h e  leacha tes  f rom t h e  wastes (Sec- 
t i o n  9 ) .  

TABLE 30. MATEwE VALUES MEASURED FOR LEACHATES, BASED ON ECOLOGICAL EFFECTS AND BIOASSAY DATA 

MATEWE v a l  ue* LCs0 96-hr  
M o r t a l  i t y ,  f u l l  

s t r e n g t h  l e a c h a t e  Di  1 u t i o n  for, 
Leachate 

L u r g i  No. 5 

L u r g i  No. 6 

L u r g i  Rosebud 

H-Coal 

S RC 

F l y  ash 

Bot tom ash ( s l a g )  

High-temp. c h a r  

Medium-temp. char  

None 

None 

None 

1 :1 

1 :10 

1 : l o o  
1 :28 

None 

1 :1 

High-S r e f u s e  >1 o9 >1 o7 5 1 :I 

Low-S re fuse  > l o 9  > l  o7 1 5  1 :1 

*MATEwE ( v g / L )  = 100 x LCso(mglL) 

'NO m o r t a l  i t y  d u r i n g  96- hour  b ioassay.  



TABLE 31. CONSTITUENTS I N  LEACHATES EXCEEDING HEALTH- OR ECOLOGY-BASED WATER MATE VALUES FOR INDIVIDUAL PARAMETERS 

MATE* 
Bot tom High-  Medi um- 

H e a l t h  Ecology . L u r g i  L u r g i  L u r g i  ash temp. temp. High-S Low-S 
Parameter (mg/L) (mg/L) I 1  1. No. 5 Ill. No. 6 Rosebud H-Coal SRC F l y  ash ( s l a g )  char  c h a r  r e f u s e  r e f u s e  

*From Appendix C ( C l e l a n d  and K ingsbury ,  1977). 



The MATEwE values, which a re  t h e  measured va lues o f  t h e  leachates,  were 
computed f rom t h e  LC-50 va lues f o r  t h e  aerob ic  n a t u r a l  pH leachates,  (see 
Sec t ion  9, t h i s  r e p o r t ) .  E i g h t  o f  t h e  11 leachates produced a  low m o r t a l i t y  
percentage (515 pe rcen t ) ,  whereas t h r e e  o f  t h e  leacha tes  were h i g h l y  t o x i c .  
The t o x i c i t y  o f  t h e  leachates f rom the  f l y  ash and bottom ash was ma in l y  
caused by t h e i r  a c i d i t y .  

Comparing t h e  MATEwEvalues o f  t h e  leacha tes  t o  t h e  t a b l e  o f  c o n s t i t u e n t s  
exceeding i n d i v i d u a l  MATE va lues and t o  t h e  d ischarge  s e v e r i t i e s  ( t a b l e  3 2 ) ,  

TABLE 32. DISCHARGE SEVERITIES FOR CONSTITUENTS I N  LEACHATES FROM COAL SOLID WASTES EXCEEDING 
HEALTH- OR ECOLOGY-BASED WATER MATE VALUES 

MATE 
L u r g i  Bottom High- Medium- 

Param- H e a l t h  Ecology L u r g i  L u r g i  Rose- ash temp. temp. High-S Low-S 
e t e r  ( m g / ~ )  ( r n g / ~ )  No. 5 No. 6 bud H-Coal SRC F l y a s h  ( s l a g )  char  char  re fuse r e f u s e  

T o t a l  d i scharge  
s e v e r i t y  38 55 37 10 3 9 975 35 9 19 53 48 



TABLE 33, CONSTITUENTS IN  LEACHATES FROM COAL UTILIZATION SOLID WASTES 

Maxi mum 
a1 lowable Lurg i  No. 5 Lurg i  No. 6 Lu rg i  Rosebud H-Coal 
leachate Nat. pH Adj. pH Nat. pH Adj. pH Nat. pH Adj .  pH Nat. pH Adj. pH 

Parameter (mg/L) 8.25 6.05 7.55 5.10 8.44 4.95 8.83 5.01 

Primary d r i n k i n g  water 

Arseni c 0.5 
Ba r i  um 10.0 
Cadmi um 0.1 
Chromium ( V I )  0.5 
F l  u o r i  de 14.0 
Lead 0.5 
Mercury 0.02 
N i t r a t e  100.0 
Sel en i um 0.1 
S i  1 ver  0.5 

Secondary d r i n k i n g  water 

Chl o r i  de 2,500.0 
Copper 10.0 
Hydrogen 

su l  f i de 0.5 
I r o n  3.0 
Manganese 0.5 
Sul f a t e  2,500.0 
To ta l  

d i  sso l  ved 
so l  i d s  5,000.0 

Zinc 50.0 
pH ( u n i t s )  5.5-9.5 

I r r i g a t i o n  water 

A1 umi num 20.0 
Bery l  1 i um 0.5 
Boron 2.0 5.0 6.8 4.0 4.5 26.9 29.9 11.0 11.6 
Cobal t  5.0 
Molybdenum .05 0.4 
N icke l  2.0 

Nat. = Natura l  

Adj .  = Adjusted 

r evea l s  t h a t  o n l y  Ca and Mn c o n s i s t e n t l y  exceed t h e i r  MATE va lues f o r  most o f  
t he  wastes. F l y  ash leacha te  con ta ins  t h e  most c o n s t i t u e n t s  t h a t  exceed MATE 
values, 13, compared t o  o n l y  two each f o r  t h e  H-Coal and t h e  two char  leach-  
a tes .  The measured MATEwE values f o r  t h e  leachates rep resen t  acu te  t o x i c i t y ,  
whereas those elements exceeding l i s t e d  MATE va lues rep resen t  p o t e n t i a l  
ch ron i c  t o x i c i t y  problems. More data need t o  be c o l l e c t e d  and eva lua ted  i n  
o rde r  t o  va l  i d a t e  t he  proposed MATE values and t h e  use o f  d ischarge seve r i  - 
t i e s  and acute t o x i c i t y  da ta  as a  bas i s  f o r  p r e d i c t i n g  long- term env i ron -  
mental e f f e c t s .  

Another bas i s  f o r  e v a l u a t i n g  t h e  p o t e n t i a l  hazard posed by coa l  s o l i d  
wastes i s  t o  compare t he  concen t ra t i ons  o f  c o n s t i t u e n t s  i n  t h e  leacha tes  f rom 
t h i s  s tudy  w i t h  t h e  proposed U.S.  EPA hazardous waste c r i t e r i a  (U.S.  EPA, 
1978). Before e v a l u a t i n g  r e s u l  t s ,  however, t h e  two e x t r a c t i o n  procedures 
must be compared. 



EXCEEDING PROPOSED U.S. EPA TOXICANT EXTRACTION PROCEDURE STANDARDS 

Bottom ash High-temp. Medium-temp. High-sul f u r  Low-sul f u r  
S RC Fly ash ( s l  ag) char char re fuse  re fuse 

Nat. pH Adj. pH Nat. pH Nat. pH Nat. pH Adj. pH Nat. pH Adj. pH Nat. pH Adj. pH Nat. pH Adj. pH 

The procedure proposed by the  EPA c a l l s  f o r  screening through a 3/8- inch 
sieve, which can be compared t o  the  45-mesh s ieve t h a t  was used i n  t h i s  study. 
The s o l i d  i s  then shaken i n  a volume o f  water t h a t  i s  16 times i t s  weight; i n  
t h i s  study, the  volume o f  water i s  n ine  times the  s o l i d ' s  weight.  I n  t he  EPA 
procedure, the  sample i s  adjusted t o  pH 5.0 + .1 w i t h  a c e t i c  ac id ;  i n  t h i s  
study, the  pH was adjusted w i t h  n i t r i c  a c i d  t o  several values, many o f  which 
were c lose  t o  5.0. The EPA procedure c a l l s  f o r  a 24-hour shaking period; t h i s  
study used a 6-month e q u i l i b r a t i o n .  

C lear ly ,  the  i n t e n t  and t.he methods used f o r  t he  two e x t r a c t i o n  proce- 
dures were q u i t e  s i m i l a r ;  however, they cannot be d i r e c t l y  compared. The 
e f f e c t s  o f  us ing a c e t i c  a c i d  compared t o  us ing  n i t r i c  ac id,  t he  e f f e c t s  o f  the  
d i f f e rences  i n  e q u i l i b r a t i o n  t imes, and the consequences o f  d i f f e rences  i n  
f i n a l  volumes i s  d i f f i c u l t  t o  assess. Nevertheless, the  r e s u l t s  obta ined by 
the  two methods should be s i m i l a r .  Table 33 presents a t a b u l a t i o n  o f  



c o n s t i t u e n t s  o f  t h e  leachates f rom t h i s  s tudy t h a t  exceeded t h e  proposed 
U S .  EPA maximum a l l owab le  e f f l u e n t  l e v e l s  f o r  p r imary  and secondary d r i n k i n g  
water  parameters and f o r  i r r i g a t i o n  water  standards f o r  shor t - te rm (1 ess than 
20 years )  appl  i c a t i o n .  

These r e s u l t s  i n d i c a t e  t h a t  o n l y  Cd i n  t h e  f l y  ash leacha te  exceeds t h e  
p r imary  leacha te  s tandard (10 t imes d r i n k i n g  wate r )  and would thus  be c lassed  
as a  hazardous waste by t h e  proposed U.S. EPA c r i t e r i a .  It i s  u s e f u l  t o  com- 
pare t h e  secondary d r i n k i n g  water  parameters and no te  t h a t  Mn and Fe f r e -  
q u e n t l y  exceed 10 t imes t h e  d r i n k i n g  water  s tandard l e v e l .  Th i s  occurs ma in l y  
i n  t he  a c i d i f i e d  leacha tes  as compared t o  t h e  n a t u r a l  pH leacha tes .  When 
making these comparisons, t he  d i f f e r e n c e s  between ou r  procedure and t h e  EPA 
procedure should be kep t  i n  mind, p a r t i c u l a r l y  t h e  two d i f f e r e n c e s  i n  f i n a l  
volume and i n  pH. 

I n t e r e s t i n g l y ,  boron exceeds t h e  i r r i g a t i o n  water  s tandard i n  t h e  leach-  
a tes  from n e a r l y  a1 1  t h e  coal  wastes and a t  a l l  pH l e v e l s .  Th i s  i s  a  poten- 
t i a l l y  se r i ous  problem i n  t h e  western s ta tes ,  where h i g h  l e v e l s  o f  boron i n  
i r r i g a t i o n  waters a re  a  problem because o f  t h e  t o x i c i t y  o f  boron t o  p l a n t s .  
Th i s  i l l u s t r a t e s  t h a t  t h e  e c o l o g i c a l l y  based MATE va lue  f o r  boron may need t o  
be lowered t o  be more c o n s i s t e n t  w i t h  i r r i g a t i o n  water standards. 

Of t h e  leacha tes  ob ta ined  f rom t h e  11 coa l  s o l i d  wastes a t  t h e i r  n a t u r a l  
pH l e v e l ,  o n l y  t h e  f l y  ash leacha te  con ta ined  a  s i g n i f i c a n t  l e v e l  o f  acute , 

t o x i c i t y .  Whereas t h e  acu te  t o x i c i t y  o f  most coa l  ash leachates was low, 
however, they  were measured w i t h  o n l y  one species o f  organism, and t h e  poten- 
t i a l  f o r  long- term p o l l u t i o n  t h a t  cou ld  cause ch ron i c  t o x i c i t i e s  i s  unknown. 
The elements i n  t h e  leachates t h a t  exceeded t h e  MATE va lues f o r  water  qua1 i t y  
and i r r i g a t i o n  water  standards may be a  gu ide t o  p o t e n t i a l  long- term p o l l u t i o n  
problems. 

The thermochemical model ing i n d i c a t e d  severa l  o f  t h e  leacha tes  were i n  a  
metastab le  e q u i l i b r i u m .  For example, t h e  p y r i t e s  and p y r r h o t i t e s  i n  t h e  coal -  
c l ean ing  and l i q u e f a c t i o n  res idues  w i l l  e v e n t u a l l y  o x i d i z e  t o  fo rm an a c i d i c  
leachate,  which would have a  much h ighe r  acu te  t o x i c i t y  than  was measured a t  
i t s  n a t u r a l  pH i n  t h i s  s tudy.  The t o x i c i t y  t o  be expected upon o x i d a t i o n  of 
t he  metastab le  m ine ra l s  would be more c l o s e l y  es t imated  f rom t h e  bioassay and 
chemical data f rom t h e  a c i d i f i e d  leachates.  Thus, a1 1  these chemical ,  
m ine ra log i ca l ,  b i o l o g i c a l  , and so i  1  a t t e n u a t i o n  f a c t o r s  must be i n t e g r a t e d  
when assessing t h e  environmental  impact o f  l a n d  d isposa l  o f  t h e  s o l i d  wastes 
from coal  u t i  1  i z a t i o n  processes. 



REFERENCES 

Akin, G. W.,  and J. V .  Lagerwer f f ,  1965, Calcium carbonate e q u i l i b r i a  i n  
s o l u t i o n s  open t o  t h e  a i r .  II. Enhanced s o l u b i l i t y  o f  CaC03 i n  t h e  
presence o f  Mg2+ and Sob2-:  Geochimica e t  Cosmochimica Acta,  v .  29, 
p. 353-360. 

American Soc ie t y  f o r  Tes t i ng  and M a t e r i a l s ,  1973, Expansion o r  c o n t r a c t i o n  of 
coa l  by t h e  so le-heated oven: ASTM D2014-71. 

Asbury, J. G.,  and B. M. Hoglund, 1974, F a c i l i t y  s i t i n g  i n  t h e  S t a t e  of 
I l l i n o i s ,  P a r t  1 :  S i t i n g  r e g u l a t i o n  a l t e r n a t i v e s :  Prepared f o r  I l l i n o i s  
I n s t i t u t e  f o r  Environmental  Qua1 i ty. 

Bancro f t ,  G. M., A. G. Maddock, and R. G. Burns, 1967, A p p l i c a t i o n s  of t h e  
MGssbauer e f f e c t  t o  s i l i c a t e  mineralogy-1. I r o n  s i l i c a t e s  o f  known 
c r y s t a l  s t r u c t u r e :  Geochimica e t  Cosmochimica Acta, v .  31, p. 2219. 

Bancro f t ,  G .  M. , 1973, Mijssbauer spectroscopy-An i n t r o d u c t i o n  f o r  i n o r g a n i c  
chemists and geochemists: John Wi ley and Sons, New York. 

B e l l ,  W. E., and E. D .  Escher, 1969, I n e r t  gas atmospheres and t h e  o x i d a t i o n  
of coa l  mine p y r i t e s ,  American Chemical Soc ie ty ,  D i v i s i o n  o f  Fuel 
Chemistry, P r e p r i n t s ,  v. 13, no. 2, p. 42-49. 

Berner, R. A.,  1975, The r o l e  o f  magnesium i n  t h e  c r y s t a l  growth o f  c a l c i t e  
and a ragon i t e  f rom sea water:  Geochimica e t  Cosmochimica Acta, v.  39, 
p. 489-504. 

B o l t ,  G. H., and M.G.M. Bruggenwert, 1976, S o i l  chemis t ry ,  P a r t  A: Bas ic  
elements: E l  s e v i e r  S c i e n t i f i c  Pub1 i sh ing  Company, New York, NY. 

Braunste in ,  H. M., E. D. Copenhaver, and H. A. Pfuderer ,  1977, Environmental ,  
hea l t h ,  and c o n t r o l  aspects  o f  coa l  convers ion:  An i n f o r m a t i o n  overview: 
Oak Ridge Na t i ona l  Laboratory ,  ORNL/EIS-94 and 95, v. 1 and 2, Oak Ridge, 
TN. 

Brown, V .  M., 1968, The c a l c u l a t i o n  o f  t h e  acu te  t o x i c i t y  o f  m i x tu res  of 
poisons t o  ra inbow t r o u t :  Water Research, v.  2, p. 723-733. 

Cavanaugh, E. C., and W.  C. Thomas, 1977, Environmental  assessment o f  low/ 
medium BTU g a s i f i c a t i o n :  Annual r e p o r t ,  U.S. Environmental  P r o t e c t i o n  
Agency, EPA-600/7-77-142, Research T r i a n g l e  Park, NC. 

Cavanaugh, E. C., W .  E. Corbet t ,  and G. C .  Page, 1977, Environmental  assess- 
ment da ta  base f o r  low/medium BTU g a s i f i c a t i o n  technology:  U.S. Env i ron-  
mental  P r o t e c t i o n  Agency, EPA-600/7-77-125a, Research T r i a n g l e  Park, NC. 

Chu , Tun-Yung J. , Peter  A. Krenkel , and R ichard  J .  Ruane, 1976, Charac te r i za -  
t i o n  and reuse o f  ash pond e f f l u e n t s  i n  coa l  - f i r e d  power p l a n t s :  49 th  
Annual Water P o l l u t i o n  Cont ro l  Federa t ion  Conference, Minneapol is ,  MN, 
October 3-8. 

Cle land,  J. G., and G .  L. Kingsbury,  1977, Mul t imed ia  env i ronmenta l  goa ls  f o r  
environmental  assessment: U.S. Environmental  P r o t e c t i o n  Agency, v. 1, 
EPA-600/7-77-136a; and v.  2, EPA-600/7-77-136b, Research T r i a n g l e  Park, 
NC. 



Cole, R. D . ,  J .  H. L i u ,  G. V .  Smith, C .  C .  H inck ley ,  and M. Saporoschenko, 
1978, I r o n  p a r t i t i o n i n g  i n  o i l  sha le  o f  t he  Green R i v e r  Formation, 
Colorado: A p r e l i m i n a r y  MBssbauer s tudy:  Fuel ,  v. 57, p. 514. 

Committee on Methods f o r  T o x i c i t y  Tests  w i t h  Aquat ic  Organisms, 1975, Methods 
f o r  t o x i c i t y  t e s t s  w i t h  f i s h ,  macro inver tebra tes ,  and amphibians: 
U.S. Environmental  P r o t e c t i o n  Agency, EPA-600/3-75-009, C o r v a l l i s ,  OR. 

Couch, E .  L. ,  and R. E. G r i m ,  1968, Boron f i x a t i o n  by i l l i t e s :  Clays and Clay 
Minera ls ,  v .  16, p. 249-255. 

Deer, W.  A., R.  A. Howie, and J. Zussman, 1962, Rock fo rming  minera ls ,  Vo1. 5: 
John Wi ley and Sons, New York, 68 p. 

Dezsi ,  I., and M. Fodor, 1966, On t h e  an t i fe r romagnet i sm o f  a-FeOOH: Physica 
S ta tus  S o l i d i ,  v .  15, p. 247. 

Doudoroff ,  P.,  and M. Katz, 1953, C r i t i c a l  rev iew o f  l i t e r a t u r e  on t h e  t o x -  
i c i t y  o f  i n d u s t r i a l  wastes and t h e i r  components t o  f i s h ,  P a r t  11. The 
meta ls ,  as s a l t s :  Sewage and I n d u s t r i a l  Wastes, v .  25, p. 802-839. 

Eaton, J. G . ,  1973, Chronic t o x i c i t y  o f  copper, cadmium and z i n c  t o  t h e  f a t -  
head minnow ( ~ i m e ~ h a ~ e s  promelas) : Water Research, v .  7, p .  1723-1 736. 

E l  1  i son, S. P. , J r .  , 1976, P e t r o l  eum ( o r i g i n ) ,  i n  Ki rk-Ot tmer  encyc lopedia of 
chemical technology:  2nd ed., John Wi ley and Sons, New York, v.  14, 
p. 838-45. 

Emerson, Dwight B., 1978, L i q u e f a c t i o n  env i ronmenta l  assessment, i n  Envi ron-  
mental aspects o f  f u e l  convers ion technology, 111, U . S .  Environmental  
P r o t e c t i o n  Agency, EPA-600/7-78-063, Research T r i a n g l e  Park, NC. 

Epperley,  W.  R. , and H. M. Siege1 , 1974, S ta tus  o f  coal  1  i q u e f a c t i o n  techno1 - 
ogy, i n  Proceedings o f  t h e  9 t h  I n t e r s o c i  e  t y  Energy Conversion 
Engineer ing Conference: American Soc ie t y  o f  Mechanical Engineers, 
Paper 7491 31 . 

Farquhar, G. J., and F .  A. Rovers, 1976, Leachate a t t e n u a t i o n  i n  und is tu rbed  
and remoulded s o i l s ,  i n  Gas and leacha te  from l a n d f i l l s :  Formation, 
c o l l e c t i o n ,  and t rea tment :  U.S. Environmental P r o t e c t i o n  Agency, EPA- 
600/9-76-004, C i n c i n n a t i  , OH. 

F i l b y ,  R.  H., K.  R .  Shah, and C. A. Sau t t e r ,  1978, Trace elements i n  t h e  s o l -  
ven t  r e f i n e d  coa l  process, i n  Symposium Proceedings, Environmental  
Aspects o f  Fuel Conversi on Techno1 ogy, I I I, U .S . Envi ronmental Pro tec -  
t i o n  Agency, EPA-600/7-78-063, Research T r i a n g l e  Park, NC. 

F u l l e r ,  W. H . ,  1977, Movement o f  se lec ted  meta ls ,  asbestos, and cyanide i n  
s o i l :  A p p l i c a t i o n s  t o  waste d i sposa l  problems: U.S .  Environmental Pro- 
t e c t i o n  Agency, EPA-600/2-77-020, C i n c i n n a t i ,  OH. 

Gar re ls ,  R. M., and M. E. Thompson, 1960, Ox ida t i on  o f  p y r i t e  by i r o n  s u l f a t e  
s o l u t i o n s :  American Journal  o f  Science 258-A. 

Gar re ls ,  R. M., and C.  L. C h r i s t ,  1965, So lu t i on ,  m inera ls ,  and e q u i l i b r i a :  
Harper and Row, New York, NY. 

G i l es ,  M. A., and W. E. Vanstone, 1976, Changes i n  ouaba in -sens i t i ve  
adenosine t r i phospha te  a c t i v i t y  i n  g i l l  s  o f  coho salmon ( ~ n c o r h ~ c h u s  
k i s u t c h )  d u r i n g  parr-smol t t rans fo rma t i on  : Journal  o f  t h e  F i  she r i es  
Research Board o f  Canada, v. 33, p. 36-42. 

G lusko te r ,  H. J.,  1975, M inera l  m a t t e r  and t r a c e  elemtns i n  coa l ,  i n  Trace 
elements i n  f u e l :  Advances i n  Chemistry Ser ies  141, American Chemical 
Soc ie ty .  

G lusko te r ,  H. J . ,  R. R. Ruch, W .  G .  M i l l e r ,  R .  S .  C a h i l l ,  G. B. Dreher, and 
J. K. Kuhn, 1977, Trace elements i n  coa l  : Occurrence and d i s t r i b u t i o n :  
I l l i n o i s  S t a t e  Geolog ica l  Survey C i r c u l a r  499. 



G r i f f i n ,  R. A., and N. F. Shimp, 1978, A t t enua t i on  o f  p o l l u t a n t s  i n  mun ic ipa l  
1 andf  i 11 leacha te  by c l  ay minera l  s: U. S. Environmental  P r o t e c t i o n  
Agency, EPA-600/2-78-157, C i n c i n n a t i ,  OH. 

G r i f f i n ,  R. A., R. M. Schu l l e r ,  J .  J.  Suloway, S. J .  Russe l l ,  W.  F. Ch i l de rs ,  
and N. F. Shimp, 1978, S o l u b i l i t y  and t o x i c i t y  o f  p o t e n t i a l  p o l l u t a n t s  
i n  s o l i d  coa l  wastes, in F. A. Ayer [ed.] ,  Environmental  aspects  o f  f u e l  
convers ion  technology, 111: U.S. Environmental  P r o t e c t i o n  Agency, EPA- 
600/7-78-063, Research T r i a n g l e  Park, NC. 

Ham, R. K . ,  M. A. Anderson, R. Sanfor th ,  and R.  Stegman, 1978, The develop- 
ment o f  a l each ing  t e s t  f o r  i n d u s t r i a l  wastes: in Proceedings o f  t h e  
F i r s t  Annual Conference o f  App l ied  Research and P r a c t i c e  on Mun ic ipa l  
and I n d u s t r i a l  Waste, Madison, W I .  

Hangebrauck, R. P.,  1978, Environmental  assessment methodology f o r  f o s s i l  
energy processes, in F. A. Ayer [ed.] , Environmental  aspects  o f  f u e l  
convers ion techno1 ogy, I I I : U. S. Environmental  P r o t e c t i o n  Agency, EPA- 
600/7-78-063, Resear-ch T r i a n g l  e Park, NC. 

Harder, H., 1961, I n c o r p o r a t i o n  o f  boron i n  d e t r i t a l  c l a y  m ine ra l s :  Geo- 
ch imica e t  Cosmochimica Acta, v. 21, p. 284-294. 

Hasset t ,  J. J., and J. J. Ju r i nak ,  1971, E f f e c t  o f  ~ g + ~  i o n  on t h e  s o l u b i l i t y  
o f  s o l i d  carbonates, S o i l  Science Soc ie t y  o f  America Proceedings, v. 35, 
p. 403-406. 

Hinck ley,  C. C.,  G. V .  Smith, H. Twardowska, M. Saporoschenko, R.  H. Sh i l ey ,  
and R. A. G r i f f i n ,  1980, Mossbauer s t u d i e s  o f  i r o n  i n  L u r g i  g a s i f i c a t i o n  
ashes and power p l a n t  f l y  and bottom ash: Fuel ,  v.  59, p. 161-165. 

Imlay, M., 1973, E f f e c t s  o f  potassium on s u r v i v a l  and d i s t r i b u t i o n  o f  f r e s h -  
water  mussels: Malacolog ia ,  v. 12, p. 97-114. 

Jackman, H. W., R.  J .  H e l f i n s t i n e ,  R. L. E i s s l e r ,  and F. H. Reed, 1955, Coke 
oven t o  measure expansion pressure-modi f ied I l l i n o i s  oven, in p r e p r i n t  
o f  B l a s t  Furnace, Coke Oven and Raw M a t e r i a l s  Conference, Ph i l ade lph ia ,  
PA: American I n s t i t u t e  o f  M in ing  and M e t a l l u r g i c a l  Engineers, I nc .  
R e p r i n t  1955E, I l l i n o i s  S t a t e  Geolog ia l  Survey, Urbana. 

Jacobs, I. S., L. M. Levinson, and R. H e  Har t ,  J r . ,  1978, Magnet ic and 
Mossbauer spec t roscop ic  c h a r a c t e r i z a t i o n  o f  coa l :  Journal  o f  App l ied  
Physics,  v. 49, p. 1775. 

Jahnig,  C. E., 1975, Eva lua t i on  o f  c o n t r o l  i n  f o s s i l  f u e l  convers ion  
processes, Sec t i on  5, Bi-gas process: U.S. Environmental  P r o t e c t i o n  
Agency, Research T r i a n g l e  Park, NC, EPA-65012-74-009-f. NTIS no. PB- 
243 694. 

Jones, J .  B., and S. Ruggeri, 1969, Abatement o f  p o l l u t i o n  f rom abandoned 
coal  mines by means o f  i n - s i t u  p r e c i p i t a t i o n  techniques:  American 
Chemical Soc ie ty ,  D i v i s i o n  o f  Fuel Chemistry, P r e p r i n t ,  v. 13, no. 2, 
p. 116-119. 

Keisch, B., G. A. Gibbon, and S. Akhtar,  1977/1978, Mossbauer spectroscopy o f  
i r o n  i n  coa l  and coa l  hydrogenat ion p roduc ts :  Fuel Processing Technol-  
ogy, V .  1, p. 269. 

Linden, H. R., W. W e  Bodle, B. S. Lee, and K. C. Ugas, 1976, Produc t ion  o f  
high-BTU gas f rom coa l ,  in J .  M. Ho l lander  and M. K. Simmons, [eds.] ,  
Annual Review o f  energy, v. 1 : Annual Reviews, Inc. ,  Palo A l t o ,  CA. 

L i t c h f i e l d ,  J.  T., J r . ,  and F. Wilcoxon, 1949, S i m p l i f i e d  methods o f  
e v a l u a t i n g  does e f f e c t  exper iments:  Journal  o f  Pharmacology and Expe r i -  
mental  Therapeut ics ,  v.  96, p. 99-113. 



cCarty, k .  S., J o  978, Toxic i ty  of cadmium t o  
t water:  Journal of t h e  

s i n  West Virg in ia  

Matusiewica, C .  A .  Evans, 3 .  Baker, A .  L0h3 
ke, 1977, Charac ter iza t ion  of t r a c e  elements 
nvironmental S tud ie s ,  Universi ty of I l l i n o i s ,  
rch Report no. 3,  UILU-IES 77-0003. 
I .  Popov, and L .  V .  Sipavina,  1977, Kinet ics  
t i o n s  i n  i ron - r i ch  pyrrhot i  t e s  and i n  
b l  e assemblages: Physics and Chemi s t r y  of 

s t r a ,  1978, Environmental assessment da t a  
technology, U.S. Environmental Pro tec t ion  
Research Tr iangle  Park, N C .  
h e i e r ,  1968, The r e l a t i v e  s e n s i t i v i t y  of d i a -  
wenty common c o n s t i t u e n t s  of i n d u s t r i a l  

wastes: Progressive Fish-Cul u r i s t ,  v.  30, p. 137-140. 
l i p s ,  C. R., and 3. Nathwani, 976, Soi l  waste i n t e r a c t i o n s :  A s t a t e - o f -  

t h e - a r t  review: S anagement Report, Environmental Pro tec t ion  
Serv ice  3-EC-76-1 ment Canada, Ottawa, Canada. 

Pickering,  Q. H., 1974, o x i c i t y  of nickel t o  t h e  fathead minnow: 
Journal of t h e  Wa ion Control Federat ion,  v. 46, p .  760-766. 

Pickering,  Q. H .  d M. H .  Gast,  1972, Acute and chronic t o x i c i t y  of cadmium 
PirnephaZes promelas : Journal of the Fi s h e r i e s  

t o x i c i t y  of some heavy 
rm water f i s h e s ,  Air .  Mat, P o l l .  I n s t .  

~ r - u e s d e l l  , 1976, WATEQF-A Fortran I V  
gram f o r  c a l c u l a t i n g  chemical equi l  i b- 
ogical  Survey Water-Resources Inves t i -  

ontaminant a t t enua t ion -  
by land d i sposa l :  U.S. 

-6OO/9-76-Ol5, Cincinnat i  , OH. 
ennedy, 1971 , Mercury content  of 
ogical  Survey Envi ronmental Geology 

himp, 1973, Occurrence and d i  s t r i  bu- 
elements in  coal : An intermim r e p o r t ,  
nvironmental Geology Notes 72, 96 p. 
himp, 1974, Occurrence and di s t r i  bu- 
elements i n  coal : A f i n a l  r epor t :  
nvironmental Geology Notes 6l , 43 p .  
, Analysis of mineral mat te r  i n  c o a l ,  
e f a c t i o n  res idues  by scanning el ec- 
on, i n  Clarence Kan, J r .  , [ed. ] , 
1 products ,  v. 3 ,  Academic Press ,  New 



Saporoschenko, M., H .  Twardowska, G .  V .  Smith, C .  C .  Hinckley, R .  H .  Shiley, 
and W .  A.  White, 1979, M6ssbauer studies of i l l i t e s  and heat treated 
i l l i t e s :  Fuel ( in  press).  

Sather, N .  F . ,  W .  M .  Swift, J .  R .  Jones, J .  L. Beckner, J .  H .  Addington, and 
R. L.  Wilburn, 1975, Potential trace element emissions for the gasifica- 
tion of I l l inois  coals, IIEQ Doc. no. 75-08, I l l inois  Inst i tute  for  
Environmental Qua1 i ty ,  Chicago, IL. 

Schwarz, E .  J . ,  and D .  J .  Vaugham, 1972, Magnetic phase relations of pyrrho- 
t i t e :  Journal of Geomagnetism and Geoelectricity, v .  24, p.  441. 

Seay, G. J . ,  Evaluation of s i t e s  for an I l l inois  coal gasification industry, 
report prepared for  the I l l inois  Inst i tute  for Environmental Quality by 
the Inst i tute  of Gas Technology, Chicago, IL. 

Sims, J .  R e ,  and F. T.  Bingham, 1967, Retention of boron by layer s i l i ca tes ,  
sesquioxides and soil materials: I .  Layer s i l ica tes :  Soil Sciences 
Society of America Proceedings, v .  31, p .  728-731. 

Singer, P. C . ,  and W. Stumm,  1969, Rate-determining step in the production of 
acidic mine wastes: American Chemical Society, Division of Fuel Chemi s- 
t ry ,  Preprints, v .  13, no. 2 ,  p.  80-87. 

Sinor, J .  E . ,  1977, Evaluation of background data relating to new source per- 
formance standards for Lurgi gasification: U.S. Environmental Protection 
Agency, EPA-60017-77-057, Research Triangle Park, NC. 

Smith, A. M . ,  1978, Testing for carcinogenicity, i n  Toxic substances source- 
book: Environmental Information Center, Inc., Toxic Substances Reference 
Dept., New York, N Y .  

Smith, E .  E . ,  K. Svanks, and E .  Halko, 1969, Aerobic-anaerobic oxidation of 
pyrite: American Chemical Society, Division of Fuel Chemistry, Pre- 
prints,  v .  13, no. 2 ,  p.  68-78. 

Smith, G .  V . ,  J .  Liu, M. Saporoschenko, and R .  Shiley, 1978, Mossbauer spec- 
troscopic investigation of iron species in coal: Fuel, v .  57. 

Somerville, Mason H . ,  and James L .  Elder, 1978, A comparison of trace metal 
analyses of North Dakota l igni te  laboratory ash with Lurgi gasif ier  ash 
and their  use in environmental analyses, i n  Environmental Aspects of 
Fuel Conversion Technology 111: U.S. Environmental Protection Agency, 
EPA-60017-78-063, Research Triangle Park, NC.  

Spaite, P .  W . ,  and G .  W .  Page, 1978, Low and medium-BTU gasification systems: 
Technology overview: U.S. Environmental Protection Agency, EPA-60017-78- 
061 , Research Triangle Park, NC. 

Stauffer, T.  E . ,  and H .  b e  Lovell, 1969, The oxidation of iron solutions 
relationships to coal mine drainage treatment, American Chemical Society, 
Division of Fuel Chemistry, Preprints, v .  13, no. 2 ,  p .  88-94. 

Stone, Ralph, and Richard Kahle, 1977, Environmental assessment of solid 
residues from fluidized-bed fuel processing: U.S. Environmental Protec- 
tion Agency, EPA-60017-77-139, Research Triangle Park, NC.  

Stumm, Werner, and J .  J .  Morgan, 1970, Aquatic chemistry: Wiley Interscience, 
New York, N Y .  

S u n ,  C .  C . ,  C .  H .  Peterson, R .  A ,  Newby, W .  G .  Vaux, and D. L .  Keairns, 1978, 
Disposal of sol id residue from f l  uidi zed-bed combustion : Engineering and 
laboratory studies, U.S. Environmental Protection Agency, EPA-60017-78- 
049, Research Triangle Park, NC. 

Talty, J .  T., 1978, Assessing coal conversion processes, Environmental 
Science and Technology, v .  1 2 ,  p .  890-894. 



Theis, Thomas L . ,  1975, The potential trace metal contamination of water 
resources through the disposal of f l y  ash: presented a t  the 2nd National 
Conference on Complete Water Reuse, Chicago, I L .  

Truesdell, A.  H . ,  and B. F .  Jones, 1974, WATEQF, a computer program for  cal- 
culating chemical equil i bria on natural waters: U.S. Geological Survey 
Journal of Research, v .  2, p. 233-248. 

Uni ted States Envi ronmental Protection Agency, 1972, 1972 Water Qua1 i ty  
Criteria:  U.S. Environmental Protection Agency, EPA-R3-73-033, Washing- 
ton ,  D.C. 

United States Environmental Protection Agency, 1974, Methods for chemical 
analysis of water and wastes: U.S. Environmental Protection Agency, EPA- 
625/5-74-003, Cincinnati, OH.  

Uni ted States Environmental Protection Agency, 1977, IERL-RTP procedures 
manual : Leve 1 environmental assessment biological t e s t s  for pi lo t  
studies: Intra-agency energy-environment research and development pro- 
gram report, U.S. Environmental Protection Agency, EPA-600/7-77-043, 
development program report, Research Triangle Park, NC. 

United States Environmental Protection Agency, 1978, Hazardous waste: Pro- 
posed guidelines and regulations and proposal on identification and 
l i s t ing:  Federal Register, v .  43, no. 243.58946-59028. 

van Meter, W .  P , ,  and R .  E .  Erickson, 1975, Environments effects  from 
leaching of coal conversion by-products, Int.  Rept., Energy Research 
Development Admini s trat ion,  Fe-2019-1, Washington, D. C. 

Wewerka, E .  M . ,  J .  M. Williams, N. E. Vanderborgh, A .  W .  Harmon, P .  Wagner, 
P .  0. Wanek, and J .  D .  Olsen, 1978, Trace element characterization of 
coal wastes-Second annual progress report: Intra-agency Energy- 
Environment Research and Development program report, DOE LA-7360-PR, 
EPA-600/7-78-028a, Research Triangle Park, NC. 

White, P .  C . ,  and R .  L .  Zahradnik, 1976, Coal liquefaction: Energy Research 
and Development Administration, ERDA 76-95/2, Washington, D . C .  



APPENDIX 

LIST OF PUBLICATIONS 

Griffin, R .  A., R e  M .  Schuller, S. J .  Russell, and N. F. Shimp, 1979, Chemi- 
cal analysis and leaching of coal conversion solid wastes, in 
F. A .  Ayer [ed.], Environmental aspects of fuel conversion technology 
IV: U.S. Environmental Protection Agency, EPA-600/7-79-217, Research 
Triangle Park, NC. 

Griffin, R .  A , ,  R .  M .  Schuller, J .  J .  Suloway, S.  J .  Russell, W. F. Childers, 
and N .  F. Shimp, 1978, Solubility and toxicity of potential pollutants 
in solid coal wastes, in F. A.  Ayer [ed.] ,  Environmental aspects of 
fuel conversion technology 111: U.S. Environmental Protection Agency, 
EPA-60017-78-063, Research Triangle Park,  NC.  

Hinckley, C .  C . ,  G .  V .  Smith, H. Twardowska, M .  Saporoschenko, R .  H .  Shiley, 
and R .  A .  Griffin,  1980, Mossbauer studies of iron in Lurgi gasification 
ashes and power plant f l y  and bottom ash: Fuel , v .  59, p .  161-165. 

Saporoschenko, M., C .  C .  Hinckley, G .  V .  Smith, H .  Twardowska, R .  H .  Shiley, 
R .  A. Griffin,  and S.  J .  Russell, 1980, MSssbauer spectroscopic studies 
of the mineralogical changes in coal as a function of cleaning, pyroly- 
s i  s , combustion, and coal conversion processes: Fuel , v.  59, p .  567-574. ' 

Schuller, R e  M . ,  R .  A .  Griffin,  J .  J .  Suloway, 1979, Chemical and biological 
characterization of leachate from coal cleaning wastes, in J .  D .  Kil- 
groe [ed. 1 , Coal cleaning t o  achieve energy and environmental goal s :  
U.S. Environmental Protection Agency, EPA-600/7-79-098~1, Research Tri- 
angle Park, NC. 

Schuller, R .  M . ,  J .  J .  Suloway, R .  A ,  Griffin,  S .  J .  Russell, and W. F.  
Childers, 1979, Identification of potential pollutants from coal con- 
version wastes, in Eleme t s  in coal and potential environmental con- 
cerns arising from these elements: Mini Symposium Series No. 79-06, 
Society of Mining Engineers of AIME, Litt leton, CO. 

Shiley, R .  H . ,  S .  J .  Russell, D .  R .  Dickerson, C .  C .  Hinckley, G .  V .  Smith, 
H .  Twardowska, and  M .  Saporoschenko, 1979, Calibration standard for  
x-ray diffraction analyses of coal liquefaction residues: Mussbauer 
spectra of synthetic pyrrhotite: Fuel, v.  58, p .  637-688. 

Smith, Gerard V .  , Juei -Ho Liu , Mykol a Saporoschenko , and Richard Shi l ey, 
1978, MSssbauer spectroscopic investigation of iron species in coal: 
Fuel, v .  57, p .  41-45. 



GEOLOGICAL 

Geologic research and service for the citizens of Illinois since 1905 




