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ABSTRACT 

BOEGLY, W .  J . ,  JR., C .  Ird. FRANCIS, and J .  S. WATSON. 1986. 
Charac te r i za t i on  and d i sposa l  o f  by-product elemental 
s u l f u r .  ORNL/TM-9946. Oak Ridge Na t iona l  Laboratory, 
Oak Ridge, Tennessee. 96 pp. 

Large q u a n t l t i e s  o f  commercial-grade elemental  s u l f u r  a r e  

p o t e n t i a l l y  a v a i l a b l e  f rom coa l  conversion f a c i l i t i e s .  However, t h e  

demand f o r  s u l f u r  i s  h i g h l y  v a r i a b l e ,  and t h e r e  may be t lmes when t h e  

s u l f u r  produced cannot be marketed. I f  t h i s  were t h e  case, t h e  sulfur 

would have t o  be disposed o f  as a waste produc t .  

i n v e s t i g a t l o n  was t o  eva lua te  t h e  p o t e n t i a l  problems r e l a t e d  t o  land 

d i sposa l  o f  by-product s u l f u r .  Samples o f  by-product s u l f u r  obtained, 

were f rom S t r e t f o r d  s u l f u r  recovery m i t s  a t  c o a l  conversion p i l o t  

p l a n t s  analyzed, and subjected t o  leach ing  t e s t s .  The r e s u l t s  i n d i c a t e  

The purpose o f  t h l s  

t h a t  l each ing  o f  t r a c e  metals f rom by-product elemental s u l f u r  should 

n o t  be a problem b u t  t h a t  l each ing  o f  s u l f a t e  and vanadium may be a 

concern. Vanadium concent ra t ions  g r e a t e r  than 1000 mg/L, s u l f a t e  

concent ra t ions  g r e a t e r  than 25,000 mg/L, and pH values lower than 4 

were measured i n  t h e  leachates.  Leaching t e s t s  on a m i x t u r e  o f  

g a s i f i e r  ash and by-product elemental s u l f u r  i n d i c a t e d  t h a t  co-disposal  

o f  these two m a t e r i a l s  would r e s u l t  i n  h i g h l y  a c i d i c  leachates,  which 

over  t ime  may c o n t a i n  e leva ted  l e v e l s  o f  cadmium, z inc,  and n i c k e l .  





1 .  INTROBUCTION 

A l a r g e  p o r t i o n  o f  t h e  s u l f u r  produced i n  t h e  Un i ted  States 

c u r r e n t l y  comes from by-product sources such as cleanup o f  sour n a t u r a l  

gases and h i g h - s u l f u r  petroleum. These sources o f  by-product s u l f u r  

do n o t  d i f f e r  g r e a t l y  f rom t h e  sources p o t e n t i a l l y  a v a i l a b l e  f rom an 

expanding coal  conversion i n d u s t r y .  The p o t e n t i a l  uses f o r  a l l  of t h i s  

s u l f u r  are,  however, l i m i t e d .  I n  1982, a t o t a l  o f  9.8 x 10 m e t r i c  

tons o f  s u l f u r  was produced i n  t h e  Un i ted  Sta tes  (Table 1 )  (Morse 

1983). O f  t h i s ,  4 .2  x 10 m e t r i c  tons (43% o f  t h e  t o t a l )  was "mined" 

by t h e  Frasch process, and 4.4 x 10 tons was recovered f rom n a t u r a l  

gas and petroleum r e f i n e r y  operat ions,  e l e c t r i c  u t i l i t i e s ,  and cok ing  

p l a n t s .  

6 

6 

6 

Other sources were by-product s u l f u r i c  a c i d  p roduc t i on  

(copper, lead, molybdenum, and z inc r o a s t i n g )  and hydrogen s u l f i d e  and 

s u l f u r d i o x i d e  produced f rom p y r i t e s .  Although t h e  t o t a l  p roduc t i on  o f  

s u l f u r  i n  t h e  Un i ted  Sta tes  has dec l i ned  i n  t h e  pas t  severa l  years, 

mined s u l f u r ;  t h e  p roduc t i on  o f  most o f  t h i s  d e c l i n e  has been i n  

recovered s u l f u r  has increased. 

by-product than a pr imary  minera 

though n o t  dominant, r o l e  i n  U.S 

Thus, s u l f u r  i s  becoming more o f  a 

. Imports a l s o  p l a y  an impor tan t ,  

s u l f u r  consumption (see Table 1 ) .  

Net impor ts  ( impor t s  minus expor ts )  amount t o  -10% o f  t h e  t o t a l  

U.S. consumption. 

The c u r r e n t  uses o f  s u l f u r  by i n d u s t r y  i n  t h e  Un i ted  Sta tes  a r e  

l i s t e d  i n  Table 2. A g r i c u l t u r e  i s  by f a r  t h e  major  consumer o f  s u l f u r ,  

account ing f o r  67% o f  t h e  t o t a l  consumption. The r e l a t i v e l y  l a r g e  

"o the rs "  category (10% o f  t h e  t o t a l  ) corresponds t o  numerous p r o p r i e t a r y  

uses t h a t  manufacturers do n o t  want t o  spec i f y .  
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Table 1. U.S .  s u l f u r  s t a t i s t i c s '  
(163 m e t r i c  tons)  

1978 1979 1980 1981 1982 

Product ion 

Frasch 

Recovered elemental  

Othe r f o rms 

Tota 1 

Sh i pnien t s  

Frasch 

Recovered elemental 

Other forms 

Tota l  

Imports, elemental  

Exports,  elemental 

Consumption 
a l l  forms!! 

Stocks, Dec. 31, 
a l l  forms5 

5,648 6,357 

4,062 4,070 

1,465 1,674 

11,175 12,101 

5,736 7,507 

4,088 4,108 

1,465 1,674 

11,289 13,289 

2,177 2,494 

827 1,963 

12,600 13,739 

5,345 4,239 

6,390 6,348 

4,073 4,259 

1,403 1,538 
l_ll 

11,866 12,145 

7,400 5,910 

4,115 4., 207 

1,403 1,538 

12,918 11,655 

2,523 2,522 

1,673 1,392 

13,659 12,785 

3,094 3,634 

4,210 

4,404 

1,173 

9,787 

3,598 

4,344 

1,173 

9,115 

1,905 

961 

10,059 

4,202 

a-Crude s u l f u r  o r  s u l f u r  con ten t .  

kh ip rnents ,  p lus  imports,  minus expor ts .  

c.Frasch, recovered and o t h e r  forms . 
Source: 1982 Minera ls  Yearbook, Vol. 1, U.S. Department 

o f  t h e  I n t e r i o r ,  pp.  799-818. 
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Table 2 .  U.S. demand f o r  s u l f u r  by indus t r ia l  category 
(103 of metric tons)  

Use category 1976 1977 1978 1979 1980 

Agrl c u 1 tural  

Soaps, de t e rgen t s ,  
and water treatment 

P l a s t i c s  and syn the t i c  
products 

Paper products  

Pa in ts  and pigments 

Metal mining and 
processing 

Petroleum re f in ing  

Iron and s t e e l  
production 

Storage b a t t e r i e s  

Other 

6,164 

197 

31 4 

276 

229 

656 

686 

97 

33 

2 , 299 

7,225 

237 

455 

34 5 

324 

701 

879 

130 

44 

1,317 

7,713 

301 

353 

283 

3 30 

7 73  

076 

30 5 

58 

1,607 

Tota 1 10,951 11,657 12,599 

8,142 9,133 

323 228 

328 330 

372 340 

343 325 

869 687 

87 5 1,023 

288 103 

51 34 

2,148 1,424 

13,739 13,635 

Source: 1982 Winerals Yearboak, Vol. 1,  U.S. Department 
of the Interior,  pp. 799-810. 
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The p r i c e  o f  s u l f u r  v a r i e s  w i t h  p u r l t y ,  however t h e  p u r i t y  o f  most 

marketed s u l f u r  appears t o  be g r e a t e r  t han  95 . The average p r i c e  f o r  

e lemental  s u l f u r  ( f . 0 .b .  mine o r  p l a n t  i n  d o l l a r s  p e r  m e t r i c  t o n )  decreased 

$111.48 i n  1981 t o  $108.27 i n  1982 (Morse 1983).  The decrease was 

p robab ly  t h e  r e s u l t s ,  a t  l e a s t  i n  p a r t ,  o f  t h e  economic recess ion  i n  1982. 

She average p r i c e  i n  1982 f o r  Frasch (mined) s u l f u r  was $120.79 p e r  m e t r i c  

t o n ;  t h e  p r i c e  f o r  recovered s u l f u r  was $97.89 p e r  m e t r i c  t on .  

1.1. POTENTIAL USE OF COAL CONVERSION SULFUR I N  PRESENT MARKETS 

A p o t e n t i a l  market f o r  h i g h  q u a l i t y  s u l f u r  recovered f rom coal  

convers ion p l a n t s  e x i s t s .  From a n a t i o n a l  p o i n t  o f  view, i t  would be 

d e s i r a b l e  f o r  coa l -de r i ved  s u l f u r  t o  d i s p l a c e  c u r r e n t  impor t s .  From an 

env i ronmenta l  p o i n t  o f  v iew i t  i s  a l s o  d e s i r a b l e  t o  r e p l a c e  mined o r e  

w i t h  r e c y c l e d  m a t e r i a l s  o r  by-products .  

Cur ren t  sources and s u l f u r  p r i c e s  cou ld  be s i g n i f i c a n t l y  a f f e c t e d  

The economic e f f e c t  o f  marke t i ng  c o a l  by a growing s y n f u e l s  i n d u s t r y .  

convers ion s u l f u r  cou ld  be i m p o r t a n t  because o f  t h e  l a r g e  q u a n t i t i e s  o f  

s u l f u r  i n v o l v e d .  It has been est imated t h a t  a t y p i c a l  commercial c o a l  

l i q u e f a c t i o n  p l a n t  process ing h igh -  o r  medium-sul fur  c o a l s  (50,000 b b l s  

o f  o i l  p e r  day) would produce - 1.6  x 10 m e t r i c  t ons  o f  s u l f u r  p e r  

year,  depending on t h e  s u l f u r  con ten t  o f  t h e  coa l  (Bern e t  a l .  1980). 

l h i s  means t h a t  - 1.2% o f  t h e  c u r r e n t  s u l f u r  consumption would be met 

by a s i n g l e  l i q u e f a c t i o n  p l a n t .  A c o m e r c i a l  c o a l  g a s i f i c a t i o n  p l a n t  

o f  app rox ima te l y  t h e  same s i z e  (based upon t h e  r a t e  o f  coa l  consumption) 

would produce about t h e  same amount o f  by -p roduc t  s u l f u r .  

5 
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Thus, a mature synfuels industry having several plants could 

become an important factor in the domestfc sulfur market. frasch 

production rates would probably decrease, and the demand for imports 

would decline if  coal conversion by-product sulfur could be marketed at 

a lower price than these sources. However, sulfur quality, reliability 

of supply, and transportation costs will have to be considered in the 

marketing coal conversion by-product sulfur for current applications. 

The quality, principally purity, of coal conversion sulfur may be the 

most important factor affecting its marketability. 

1 .2 .  NEW USES FOR BY-PRODUCT SULFUR 

Coal conversion sulfur by-product i s  likely to be of high quality 

Displacement of and probably can be marketed for current sulfur uses. 

imported and even mined sulfur with coal conversion sources should be 

achievable, but significant erosion o f  sulfur prices i s  likely. 

Utilization of greater quantities of by-product sulfur would be 

enhanced by the development of new uses. 

Several new uses for sulfur have been suggested and explored. Any 

new use would be welcomed, but only large volume applications are likely 

to make an important impact on sulfur demand. 

likely to be limited to the agricultural and construction industries; 

few other industries handle large quantities o f  sulfur (Table 2). 

Agricultural uses include sulfate as well as elemental sulfur and 

construction applications include sulfates i n  wall board, cements, 

etc. One potential major new use o f  sulfur in the constructjon 

industry i s  the use of a sulfur-base constructlon material to replace 

Such appllcations are 
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conven t iona l  conc re te  ( S u l l i v a n  1982).  Th i s  c o u l d  be a s i g n i f i c a n t  

new use o f  s u l f u r  and probab ly  has t he  b e s t  p o t e n t i a l  o f  a l l  c u r r e n t  

suggest ions f a r  c r e a t i n g  an a d d i t i o n a l  s u l f u r  demand. Development of  

o the r  new uses may be more l i k e l y ,  b u t  most would n o t  open a market f a r  

l a r g e  volumes o f  s u l f u r .  

A l though many a p p l i c a t i o n s  may n a t  r e q u i r e  h i g h - p u r i t y  s u l f u r ,  

Th i s  cou ld  be a problem because t h e  p u r i t y  o f  by-product some may. 

s u l f u r  f rom some coal convers ion f a c i l i t i e s  may n o t  be as h i g h  as 

"mined" s u l f u r  o r  o t h e r  sources o f  recovered s u l f u r .  Fo r  i ns tance ,  t h e  

s u l f u r  samples examined in t h i s  s tudy  came f rom p i l o t - s c a l e  S t r e t f o r d  

u n i t s  t h a t  don t have p roduc t  washing o r  au toc lave  m e l t i n g  u n i t s  and 

con ta ined  cons d e r a b l e  i m p u r i t i e s ,  M a t e r i a l s  f rom such processes a r e  

n o t  l i k e l y  t o  be as g e n e r a l l y  u s e f u l  as h i g h e r - p u r i t y  s u l f u r  b u t  may be 

adequate f o r  convers ion t o  s u l f u r i c  a c i d  o r  f o r  a g r i c u l t u r a l  uses. 

C u r r e n t l y ,  no f u l l - s c a l e  coa l  conve rs ion  f a c i l i t i e s  a r e  i n  ex i s tence ,  

and as a r e s u l t ,  t h e  a c t u a l  p u r i t y  o f  S t r e t f o r d  by-product s u l f u r  

cannot be e m 7  uated . 

2. SULFUR RECOVERY PROCESSES 

BiJhen coal  i s  g a s i f i e d  o r  l i q u e f i e d ,  t h e  p r i n c i p a l  s u l f u r o u s  

p roduc t  i s  hydrogen s u l f i d e  (H2S)-  

s m a l l e r  b u t  i m p o r t a n t  q u a n t i t i e s  o f  carbonyl  s u l f i d e  (COS) and carbon 

d i s u l f i d e  (CS ) can a l s o  be produced. A v a r i e t y  o f  o t h e r  s u l f u r -  

c o n t a i n i n g  compounds can be formed d u r i n g  l i q u e f a c t i o n ,  b u t  t h e  ma jo r  

v o l a t i l e  compounds a r e  l i k e l y  t o  be t h e  same as those formed d u r i n g  

g a s i f i c a t i o n .  Furthermore, because s u l f u r o u s  compounds a r e  a l s o  

I n  g a s i f i c a t i o n  processes, 

2 
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undesirable i n  liqu-ld f u e l s ,  hydrotreit ing 4s  l ike ly  t o  be used t o  

remove these compounds from the coal l iquids before they a r e  burned, 

a l s o  yielding HZS. 
* .  

A variety of processes a r e  avai lable  f o r  removing sulfurous 

compounds from gas streams, and a number of vendors current ly  can 

s u p p l y  t h e  necessary technology (Edwards 1979,  Singh 1980, Meyers e t  

a l .  1981) .  The choice o f  process o r  combination of processes t o  use 

i s  based on the concentration o f  sulfur compounds i n  the gas, the 

nonsulfur composition of the gas, and the environmental regulatory 

demands on the  f a c i l i t y .  

A typical  block layout o f  s u l f u r  removal/recovery processes is  

shown i n  F i g .  1 .  The quenched sour gas containing unacceptable 

concentrations of H S i s  t reated f o r  removal of acid gases. A 

p a r t i a l  l i s t  of acid-removal processes t h a t  can be used i s  given i n  

Table 3. These processes d i f f e r  both i n  t h e i r  a b i l i t i e s  t o  reduce 

2 

su l fur  concentrations i n  the  gas and t o  produce h i g h - p u r i t y  sulfur 

products. The amine-based processes, f o r  instance,  d o  not d i r e c t l y  

produce elemental su l fur ;  instead,  the amine solvent i s  regenerated 

t o  produce a concentrated H2S stream, w h i c h  can then be t reated t o  

produce elemental sulfur,  perhaps by the Clam process as indicated 

i n  f i g .  1 .  

Other processes such as the Stretford process a r e  reported capable 

of removing H2S t o  very low levels  b u t  do not necessarily produce 

high-grade sulfur and may not function well i n  t h e  presence o f  h i g h  

concentrations o f  other acid gases. These processes a r e  l ike ly  t o  be 



SE L E  CT I V E 
ACID GAS GAS 
R E M OV A h 

TREATED 

R I C H  

REG€ N E RATOR 

ORNL-DWG 84-1(3059 

ACID GAS STREAM 

VENT GAS TO 
ATMOSPH E RE 

SULFUR SULFUR 

F'rg. 1. Typical flawsheet f o r  a c i d  gas cleanup. 
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Table 3 .  S u l f u r  recovery processes 

Acid qas removal systems 

Amine-based systems 
Honoethanolamine (MEA) 
Diethanolamine (OEA) 

Hot carbonate systems 
Ben f i e l  d 
Cataca r b  

Phys ica l  so l ven t  systems 
Rec t i  so 1 
Selexof 
Pur? sol 
S t  r e t  f ordP 
G i  amarco-Vet rocokea 
Ta kahaxa 

Mixed-solvent systems 
Sul f i no1 
Ami s o l  

Elemental s u l f u r  Droduct ion 

Claus 
S t  r e t  f o rd 
G i  a m  rco-Vet rocoke 
Takahax 

gproduces elemental  s u l f u r  d i r e c t l y ,  Claus u n i t  n o t  
requ i red .  Source: Meyers, I?. A., Coal Handbook, Marcel Dekker, 
Inc., New York and Basel, 1981, pp. 638-656. 
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used as  a f i n a l  cleanup f o r  exhaust streams, b u t  they  could be used 

elsewhere i n  a s u l f u r  removal process. 

It i s  n o t  p r a c t i c a l  t o  descr ibe a l l  o f  t h e  many p o t e n t i a l  s u l f u r  

removal/recovery processes a v a i l a b l e .  The reader  can c o n s u l t  textbooks 

f o r  d e s c r i p t i o n s  o f  o t h e r  a v a i l a b l e  processes (Kirk-Othmer 1983). Only 

a few example processes a r e  descr ibed below. These are  r e p r e s e n t a t i v e  

o f  the  processes most l i k e l y  t o  be used i n  coal  conversion f a c i l i t i e s  

b u t  may n o t  n e c e s s a r i l y  be thase e v e n t u a l l y  chosen f o r  commercial 

conversion p l a n t s .  

2 -1.  AMINE-BASED SYSTEMS 

A schematic f lowsheet  f o r  an amine-based s u l f u r  recovery system i s  

shown i n  F ig .  2. 

and CC12 f rom n a t u r a l  gas and could be used i n  f u t u r e  commercial coa l  

conversion p l a n t s .  

a c i d  gases. 

30 w t %  amine. 

concent ra t ion  o f  H2S and t h e  concentrat ions o f  o t h e r  gases such as 

CQ2’ COS, and CS2. 

concentrat ions o f  water  be removed, g l y c o l  can be s u b s t i t u t e d  f o r  most 

o f  t h e  water  l o  prov ide  a d r y i n g  absorbent. 

removed from t h e  r i c h  s o l v e n t  by steam s t r i p p i n g .  This  produces a 

concentrated s t ream o f  a c i d  gas t h a t  can be processed f u r t h e r  For 

recovery o f  t h e  s u l f u r .  

Such systems a r e  used commercial ly t o  remove M2S 

A number o f  alkanolamines can be used t o  absorb t h e  

They may be used as aqueous s o l u t i o n s  c o n t a i n i n g  - 10 t o  

The p a r t i c u l a r  alkanolamine used depends on t h e  

I f  t h e  process design r e q u i r e s  t h a t  s i g n i f i c a n t  

The absorbed gases a r e  

The schematic shown i n  F ig .  2 neg lec ts  numerous process op t ions .  

F o r  instance,  a d d i t i o n a l  wash water  can be added a t  t h e  t o p  o f  t h e  
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absorp t ion  column t o  reduce absorbent losses. The g l y c o l  o p t i o n  

r e q u i r e s  s l i g h t l y  more complex columns f o r  s t r i p p i n g  water, as w e l l  as 

a c i d  gases, f rom t h e  absorbent. 

2 - 2 .  STRETFBRD PROCESS 

The S t r e t f o r d  process r e  eves a c i d  gases by washing the  stream 

w i t h  a aqueous s o l u t i o n  o f  sodium carbonate, sodium meta-vanadate, and 

anthraqsni none d i  s i l l  f o n i  c a c i d  ( A D  ).  Hydrogen o u l f  ide,  a f t e r  r e a c t i n g  

w i t h  t h e  sodium carbonate t o  form sodium h y d r o s u l f i d e ,  i s  o x i d i z e d  by 

t h e  pentava len t  vanadium i n  t h e  s o l u t i o n  and p r e c i p i t a t e s  as elemental  

s u l f u r .  * T h e  reduced vanadium i s  r e o x i d i z e d  by a i r  blown through t h e  

s o l u t i o n .  

t r a n s f e r r i n g  oxygen t o  t h e  vanadium. 

The ADA prov ides an impar tan t  coup l ing  mechanism f o r  

Several  exper imental  coa l  conversion f a c i l i t i e s  have i n s t a l l e d  

S t r e t f o r d  u n i t s .  Th is  process i s  repor ted  t o  be capable o f  reducing 

hydrogen s u l f i d e  concentrat ions t o  very low l e v e l s  and, thus,  i s  l i k e l y  

t o  be u s e f u l  f o r  f i n a l  removal o f  smal l  amounts o f  s u l f u r  f rom gas 

s t r e a m s  be fore  discharge. The S t r e t f o r d  process can be a f f e c t e d  by 

other i m p u r i t i e s  i n  t h e  exhaust gases, e s p e c i a l l y  hydrogen cyanide, 

which can be p a r t i a l l y  re leased d u r i n g  t h e  a i r  o x i d a t i o n  b u t  a l s o  forms 

th iocyanates t h a t  accumulate i n  t h e  s o l u t i o n .  Carbonyl s u l f i d e  and 

carbon d i s u l f i d e  a r e  n o t  e f f e c t i v e l y  removed by t h e  S t r e t f o r d  s o l u t i o n ;  

t h e r e f e r e ,  t h e  process will n o t  be p a r t i c u l a r l y  a t t r a c t i v e  for gas 

s t r e a m  having r e l a t i v e l y  h i g h  concentrat ions o f  these components. 

lhe absorp t ion  usuaaly takes p lace  i n  packed towers, i n  which a 

v a r i e l y  o f  packing m a t e r i a l s  may be used. The o x i d a t i o n  s tep  takes 
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p lace  I n  l a r g e  tanks us ing  a b  rparg ing .  

t he  sparged s o l u t i o n  by f l o t a t i o n ,  and t h e  f r o t h  i s  f i l t e r e d  t o  remove 

most excess water and S t r e t f o r d  reagents. 

r e l a t i v e l y  impure s u l f u r  p roduc t .  

be enhanced by a d d i t i o n a l  washing and m e l t i n g  o f  t h e  raw produc t  i n  an 

autoc lave.  This  permi ts  the  s u l f u r  t o  separate f r o m  t h e  o the r  minera l  

components o f  t h e  raw product .  No samples of autoc laved S t r e t f o r d  

s u l f u r  were a v a i l a b l e  f o r  t h i s  study, b u t  one would expect t he  m a t e r i a l  

t o  p resent  fewer d isposa l  problems and t o  have more p o t e n t i a l  uses than 

raw S t r e t f o r d  s u l f u r .  

The s u l f u r  Is removed from 

This  produces a crude and 

The p u r i t y  o f  t h e  s u l f u r  f r o t h  can 

2.3. CLAUS PROCESS 

The Claus process i s  used t o  conver t  recovered a c l d  gas t o  

elemental  s u l f u r .  The process i s  shown schemat ica l l y  i n  F ig .  3 

(Re isenfe ld  and Kohl 1974). The process, which ox id i zes  reduced 

s u l f u r  to t h e  elemental  form, can accept a v a r i e t y  o f  feed streams and 

concent ra t ions .  When the  concent ra t ion  of H2S i s  h l g h  enough, u s u a l l y  

>SO%, t h e  s u l f u r  can s imply  be reacted (burned) w i t h  the  s t o i c h i o m e t r i c  

amount o f  oxygen, b u t  a t  lower concentrat ions,  t h e  heat  o f  r e a c t i o n  may 

n o t  be s u f f i c i e n t  t o  heat  t h e  gases t o  des i red  r e a c t i o n  temperatures. 

In those cases, t h e  gas stream can be s p l i t  i n t o  two streams. One- th i rd  

o f  t h e  gas can be burned t o  SO2 i n  a furnace a t  2000 t o  3000°F. 

f r a c t i o n  i s  then reac ted  w i t h  t h e  remaining H2S, u s u a l l y  a t  350 t o  

450°C. 

used; a number o f  r e a c t i o n  stages can be used. 

fo rmat ion  r e l a t e d  t o  t h e  presence of C02 i n  t h e  a c i d  gas stream can be 

This  

I n  e i t h e r  vers ion  o f  t h e  Claus process, an alumina c a t a l y s t  i s  

Because COS and CS2 



14 

m
 
0
 

” 0
,
 

c
 J
 

z
 

a
 
0
 

a
 

w
 

I- 
<

 
w

 
I
 

VI 
VI 
0
)
 

W
 
0
 

L
 

!a. 

c
 

V
 

L
 

6
,
 

c
b
 

,m 8
,
 

‘
P

 
u
- 



15 ORNL/TM-9946 

a serious problem in the process, It is desirable for at least one of 

the reactors to be hot enough to hydrolyze the compounds. 

The Claus process produces a high-quality sulfur product and 

accounts for much o f  the recovered sulfur currently used in the United 

States. 

with coal conversion plants should be satisfactory for most current 

sulfur uses (Vasan 1979). 

The quality of s u l f u r  produced from Claus facilities associated 

3 .  ANALYSIS OF BY-PRODUCT SULFUR SAMPLES 

Samples o f  by-product sulfur were obtained from two pilot-scale 

coal gasification facilities: the TVA Amnonia from Coal Plant (Waitzman 

et al. 1983, Watson et a l .  1983) and the Elorgantown Energy Technology 

Center (METC) Fixed Bed Gasifier (METC 1982, Pater et al. 1984), Both 

of these gasifiers are equipped with Stretford sulfur recovery units; 

however, neither of the units contain the final processing operations, 

such as product washing and autoclaving, necessary to produce high-grade 

elemental sulfur. Both o f  the samples represent the sulfur froth 

obtained when the sulfur-rich vanadium ro’lutiae 4s aerated and, as a 

result, do not have the characteristic yellow sulfur color and are in 

slurry form. 

the purity reported for marketable, by-product elemental sulfur and 

might be representative o f  by-product sulfur disposed I n  landfills. 

If d declsion were made that the sulfur would not be marketed, the 

by-product sulfur could be produced i n  this form rather than incur the 

additional costs of purification. 

The samples contain less than 95% sulfur, which is below 



I n  a d d i t i o n  t o  t h e  two samples descr ibed above, i t  was p o s s i b l e  t o  

o b t a i n  a smal l  sample o f  Claus s u l f u r  f rom a coa l  g a s i f i e r  operated by 

t h e  Tennessee Eastman Company i n  Kingspor t ,  Tennessee. This  s u l f u r  was 

repor ted  t o  have very h i g h  p u r i t y  and i s  be ing marketed l o c a l l y .  The 

sample received was a y e l l o w  s o l i d .  

i n d i c a t e d  t h a t  t h e  s u l f u r  con ten t  was g r e a t e r  than 99.9%. 

received was n o t  large enauyh t o  be inc luded i n  t h e  exper imental  

leach ing  program; however, t h e  a n a l y s i s  i n d i c a t e s  t h a t  i t  should 

produce leachate s i m i l a r  t o  chemical-grade sulfur. 

Analyses submit ted w i t h  t h e  sample 

The sample 

3.1. INORGANIC CONSTITUENTS 

Samples o f  each o f  t h e  S t r e t f o r d  s u l f u r  products  were leached w i t h  

b o i l i n g  661 HC1 f o r  4 h .  Both t h e  o r l g l n a l  samples and t h e  leached 

s u l f u r  were analyzed f o r  33 elements considered impor tan t  i n  land 

d isposa l .  

balance on t h e  s u l f u r  cou ld  be performed t o  es t imate  t h e  accuracy and 

r e l i a b i l i t y  o f  t h e  s u l f u r  analyses. The r e s u l t s  o f  t h e  m a t e r i a l  

b a l a n c e  f o r  bo th  s u l f u r  samples are  l i s t e d  i n  Table 4 .  Both t h e  TVA 

and NETC samples conta ined between 85 and 90% s u l f u r ;  a f t e r  leach ing  

w i l h  MC1, t h e  s u l f u r  con ten t  of these samples increased t o  between 90 

and 95%. Table 4 i n d i c a t e s  t h a t  some e r r o r  i n  a n a l y s i s  of  t h e  T V A  

sample may have occurred ( m a t e r i a l  balance f o r  s u l f u r  accounted f o r  

o n l y  86%In 

The leachate was a l s o  analyzed f o r  s u l f u r  so t h a t  a m a t e r i a l  

Resul ts  o f  t h e  inorgan ic  analyses o f  t h e  o r i g i n a l  and leached 

s u l f u r  samples are  g iven i n  Table 5. 

i m p u r i t i e s  found i n  t h e  METC sample were sodium and uanadiurn, probably 

The o n l y  s i g n i f i c a n t  metal  
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Table 4. Sulfur balances during HCL leach 

TVA METC 

S in sample, g 4.1 3.23 

S in leachate, g 0.07 0.05 

S in residue, g - 3.45 - 3.19 

Material balance, X 86 100 
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T a b l e  5. Pur i ty  of by-product s u l f u r  be fo re  and a f t e r  leaching 

8 y - ~ r o d U C t  sulfur3 
(percentage) 

I V A  __. MEPC 
-- 

Element ___I. 
.- Sef ore After  Before A f  eel- 

A!J 
A I  
As 
El 
$a 
Be 
Ca 
Cd 
co 
Cr 
cu 
Fe  
Ga 
H f  
K 
L i  
wl 
Mn 
Mo 
Na 
w i  
P 
Pb 
S 
Sb 
Se 
S i  
Sr 
T i  
V 
2n 
2 r  

0 e OQO3 
0.21 7 
0.0002 
0.0003 
0 * 001 
0.0009 
0.0843 
0.0002 
0.0007 
0.003 
0.001 
1.28 
0.006 
0.001 
0.128 
0.0012 
0.0011 
0,0116 
0.0002 
1.04 
0.0027 
0.009 
0.0016 

0.0026 

0.0013 
0.0003 
0.0821 
0.0375 
0.0029 
0.0002 

85.85 

o 0468 

O.OOQ1 
0.0181 
0.0027 
0.00O4 
0.0003 
0.0038 
0.0135 
0.0003 
0.0002 
0.0003 
0.0804 

0.0007 
0 + 0007 
0.121 
0 n 0007 
0.0014 
0.0005 
0.0004 
0.0159 
0.0002 
0 0052 
0,001 5 

0.0022 
0.0238 
0.0008 
0 f 0005 
0.0031 
0.0003 
8-0035 
0.0005 

0.0106 

91 - 6 4  

0. 0804 
0.009 
0.0002 
O.OQ03 
O.OO08 
0.0004 
0.03 
0.0002 
0.0002 
0.0003 
0.0012 
0.03 
0.002 
0.0006 
0.094 
0.001 
0.004 
0.0004 
0.0002 
1.31 
0.0014 
0.005 
0.0057 

0 * 0002 
0.028 
0.0008 
0.0003 
0.0013 
0.27 
0.0064 
0.0002 

89 63 

0.0001 
0.007 

<e. 001 
0.0Q03 
0.0006 
a .  00002 
O.QOO5 
0.00004 
0.00002 
0.0003 
0.00003 
0.0003 
0.0002 
0.0003 

<o. 001 
<o .OOl 
0.0005 
0.0004 
0.0003 
0.0015 
0.00001 
0.005 
0 e 0001 

0.001 
0.011 
0.0007 
0.00002 
0.0013 
0.0009 
0.00002 
0.00002 

95.23 

%wy-weight b a s i s  (80'C overn igh t  i n  f o r c e d - a i r  oven).  
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from the Stretford solution. 

sample, through signlficantly less than that observed in the WETC 

sample, still could be considered a significant component. The TVA 

sulfur contained noticeable concentrations of other metals such as 

The concentration of vanadium In the TVA 

aluminum, iron, and potasslum. Not shown in Table 5 are the 

concentrations o f  nonmetals, such as oxygen, associated with the 

sodium and vanadium. 

Leaching with HC1 removed large fractions o f  most impurities, 

suggesting that these impurities may exist as inorganlc materials that 

are easily dissolved without necessarily affecting the bulk o f  the 

sulfur. Because elemental sulfur is not readily attacked by HC1, the 

dissolution of about 2% of the sulfur suggests that it may have existed 

as sulfates or other compounds. The failure to detect potassium in the 

HC1 leachate from the TVA sulfur is surprising and could represent an 

error in the analyses. 

Although the acid leach was far more severe than any conditions 

that may be expected to arise in disposal operations, these results do 

provide some suggestion of the ultimate potential for these elements to 

be leached from sulfur exposed to groundwater. 

most of the nonsulfur elements could eventually dissolve. 

may be o f  special interest because it can be present at significant 

concentrations in the leachate and has potential environmental 

consequences. 

The data suggest that 

The vanadium 

3.2. ORGANIC CONSTITUENTS 

Concern has been expressed regarding the possibllity o f  s k l n  

rashes in workers handling by-product sulfur. The rash observed may be 
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caused by v o l a t i l e  organics i n  t h e  s u l f u r  o r  by t h e  s u l f u r  I t s e l f .  

To evaluate t h e  p o s s i b i l i t y  t h a t  t h e  by-product s u l f u r  could c o n t a i n  

v o l a t i l e  organics t h a t  might  produce s k i n  reac t lons ,  t h e  by-product was 

analyzed f o r  v o l a t i l e  and n o n v o l a t i l e  organic  compounds. The T V A  

sample ( s l u r r y )  was se lec ted  For  t h i s  a n a l y s i s .  The sample was 

separated i n t o  several. f r a c t i o n s  us ing  t h e  e x t r a c t i o n  scheme shown i n  

F i g .  4 .  Some f r a c t i o n s  were f u r t h e r  examined t o  determine what c lasses 

o f  compounds might  be present ,  A l s o  shown i n  F i g .  4 a r e  t h e  approximate 

weight  percentages f o r  t h e  var ious  f r a c t i o n s .  The water-so lub le 

p o r t i o n  o f  t h e  by-product (which may be i n o r g a n i c  i n  na ture)  e x h i b i t s  a 

absorbance maximum a t  257 nm. The organic f r a c t i o n  was subjected t o  

gas chromatographic - mass spectromet.r ic (GC-NS) a n a l y s i s .  F igure  5 i s  

t h e  t o t a l  i o n  c u r r e n t  chromatogram o f  t h e  organic  f r a c t i o n .  Peaks 

marked w i t h  an ''Ss"$ represent  o l e c u l a r  s u l f u r .  The peaks a t  r e t e n t i o n  

t imes 21.5 and 24.3 min can be t e n t a t i v e l y  i d e n t i f i e d  as ph tha la tes  by 

comparison w i t h  mass spect ra i n  t h e  l i t e r a t u r e .  The i n f r a r e d  spectrum 

o f  t h e  organic  f r a c t i o n ,  ( F i g ,  6 )  i n d i c a t e s  t h e  presence o f  some 

o r g a n i c  f u n c t i o n s .  Although t h i s  spectrum has some s i m i l a r i t i e s  t o  a 

p h t h a l a t e  spectrum (see F ig .  7,  t h e  d i -n -bu ty lph tha la te  spectrum), i t  

i s  dominated by an i n t e n s e  absorp t ion  a t  1200 ern-.', which may c o n t a i n  

some c o n t r i b u t i o n  f rom Si-0 bonds. 

Based on t h i s  cursory  a n a l y s i s  o f  t h e  TVA by-product  s u l f u r  

sample, i t  appears t h a t  t h e  sample conta ined very l i t t l e  v o l a t i l e  

o r g a n i c  m a t e r i a l  (1% o r  l e s s ) .  The sample cons is ted  of 55 t o  60% 

water ,  30 t o  34% elemental s u l f u r ,  5 t o  10% water-so lub le m a t e r i a l ,  

< l %  organic  m a t e r i a l ,  and 2 i n s o l u b l e  m a t e r i a l  (wet weight  b a s i s ) .  
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4 .  DISPOSAL OF BY-PRODUCT SULFUR 

I f  t h e  s u l f u r  by-product o f  coa l  convers ion processes cannot be 

marketed, It must be disposed f o r ,  probably  by l a n d f l l l .  Before 

d isposa l  o f  t h e  waste, however, i t  i s  necessary t o  determine [us ing  

Resource ConservatDon and Recovery Act (RCRA) r e g u l a t o r y  c r i t e r i a ]  I f  

the waste would be considered hazardous. RCRA bases i t s  d e f i n i t i o n  o f  

hazardous waste on t e s t s  f o r  c o r r o s i v i t y ,  f l ammab l l i t y ,  r e a c t i v i t y ,  o r  

t o x i c i t y  o r  on l i s t s  o f  known hazardous m a t e r i a l s  o r  processes t h a t  

generate hazardous wastes. I n  t h e  case o f  by-product s u l f u r ,  t h e  major 

c r i t e r i a  o f  concern would be t o x i c i t y  [determined by a p p l i c a t i o n  o f  t h e  

e x t r a c t i o n  procedure (EP) as descr ibed i n  USEPA (1980)]. I n  prepar ing  

t h e  two by-product s u l f u r  samples f u r  t h e  EP, i t  was noted t h a t  t h e  pH 

o f  t h e  TVA sample was 3.7, i n d i c a t i n g  t h a t  a c e t i c  a c i d  would n o t  have 

t o  be added f o r  pH c o n t r o l  d u r i n g  t h e  e x t r a c t i o n ,  however t h e  HETC 

sample had an i n i t i a l  pH o f  9.3, making I t necessary t o  add 65 m l  o f  

0.5 19 a c e t i c  a c i d  t o  achieve t h e  pH 5.0 requ i red  f o r  t h e  E P  t e s t .  

data i n  Table 5 do n o t  i n d i c a t e  the reason f o r  t h e  v a r i a t i o n  i n  i n i t i a l  

pH between the samples f rom t h e  METC and TVA S t r e t f o r d  recovery u n i t s .  

The 

Resul ts  o f  app ly ing  the  EP t o  t h e  two samples a re  g iven i n  

Table 6. 

i n  the leachate i n  excess o f  100 t imes t h e  Na t iona l  I n t e r i m  Pr imary 

Dr ink ing  Water Regulat ions,  t h e  waste must be considered hazardous. 

None o f  t h e  values i n  Table 6 approach these l i m i t s ,  t he re fo re ,  the 

by-product s u l f u r  would n o t  be considered a t o x i c  (hazardous) waste 

f rom a r e g u l a t o r y  v iewpoint .  

I f  any o f  t h e  elements l i s t e d  as RCRA Elements a re  p resent  

Analyses o f  t h e  E P  e x t r a c t s  f o r  organic  
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Table 6. Elemental concentrat ions i n  EP ex t rac ts  

Element TVA METC 

R C R A  elements- 

Arsenic, mg/L 
Sariurn, mg/L 
Cadmium, mg/L 
Chromium, mg/b 
Lead, mg/L 
Mercury, vg/L 
Selenium, mg/L 
S i l v e r ,  mg/L 

OTHER ELEMENT& 

<o .OOl 
0.01 
0.002 
0.019 
0.004 
0.03 

<O .005 
0.002 

0.007 
8.12 
0.003 
0.078 
0.018 
0.26 

<O .005 
0.002 

A1 uminum, m g / l  1.09 1.71 
Baron, mg/L ~ 0 . 0 7 6  ~ 0 . 4 5 6  
Bery l l ium,  mg/L <0.0013 0.0749 
Calcium, mg/L 26.6 <24. 
Cobalt, mg/L c0.013 <O. 078 
Copper, mg/L 0.2 c0.192 

Li th ium, mg/L 0.131 c0.6 
Magnesium, mg/L 1.07 0.907 
Manganese, mg/L 1.61 <O. 006 

N icke l ,  mg/L CO.11 <O. 66 
Phosphorus, mg/L <O .33 4 . 9 8  
Potassium, mg/L 23.8 52.3 
S i l i c a ,  mg/L 8. 964 4 . 7 2  

Ti tanium, mg/L 0.0579 0.369 
Vanadium, mg/L 0.113 64.6 

I r o n ,  mg/L 21.1 0.6 

Molybdenum, mg/L <O .027 c0.152 

Stront ium, mg/L 0.0409 <o -096 

Zinc, mg/L 0.719 0.818 
Z i  r con i  um, mg/L <0.018 <0.108 

I. 

gResul ts us ing atomic absorpt ion spectroscopy. 

bResul ts us ing i n d u c t i v e l y  coupled plasma 
spectroscopy ( I C P ) .  
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compounds a l s o  revealed t h a t  n e i t h e r  o f  t h e  two samples conta ined 

>100 ppb l e v e l s  o f  severa l  organic  ma te r ia l s ,  which e l u t e d  i n  t h e  range 

expected f o r  phenols. However, c e r t a i n  elements such as vanadium a re  

present  i n  g r e a t e r  than t r a c e  amounts, and t h e i r  presence i n  l a n d f i l l  

leachates may be an environmental  concern. 

Table 6 t h a t  t h e  elemental  concent ra t ions  i n  t h e  waste e x t r a c t  a r e  

those t h a t  r e s u l t  when the  waste has n o t  been i n  con tac t  w i th  s o i l s  and 

associated s o i l  b a c t e r i a  known t o  o x i d i z e  elemental  s u l f u r  and reduced 

s u l f u r  forms t o  s u l f u r i c  a c i d  (Alexander 1977, Singer  and S t u m  7970). 

This  i s  a ser ious  inadequacy o f  such a waste leach t e s t .  For  example, 

p rev ious  s tud ies  on dqsposal o f  s u l f u r  con ta in ing  wastes i n  s o i l s  have 

i n d i c a t e d  t h a t  low pH leachates con ta in ing  enhanced t r a c e  elements a re  

common (Ruther fo rd  e t  a l .  1982, Evangelou e t  a l .  1985). 

It should a l s o  be noted i n  

To s imu la te  d isposa l  of  s u l f u r  i n  l a n d f i l l s ,  a se r ies  o f  18 columns 

(15  i n .  i n  diameter and con ta in ing  N 2 Kg o f  waste) were const ructed.  

S i x  t reatments were t e s t e d  ( t h r e e  r e p l i c a t e s  each). 

two by-product s u l f u r  samples (METC and TVA),  chemical-grade elemental  

s u l f u r ,  an admixture o f  equal amounts of t h e  METC by-product s u l f u r  and 

g a s i f i e r  ash, g a s i f i e r  ash only ,  and a s o i l  c o n t r o l .  Add i t i ona l  T V A  

by-product s u l f u r  had t o  be obta ined i n  June o f  7984 t o  conduct t h i s  

experiment. The t o t a l  e lemental  ana lys i s  o f  t h i s  a d d j t i o n a l  m a t e r i a l  

i s  presented i n  Table 7 and d i f f e r s  s i g n i f i c a n t l y  i n  conten t  o f  

vanadium and s u l f u r  f rom t h a t  c o l l e c t e d  i n  December o f  1982 (Table 5 ) .  

The vanadium concent ra t ion  i n  t h e  June sample was approx imate ly  

f o u r  t imes that  measured i n  t h e  e a r l i e r  m a t e r i a l ,  and the  s u l f u r  

concen t ra t i on  was less ,  77% compared w i th  85%. The g a s i f i e r  ash 

They inc luded 
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Table 7 .  Elemental csncent ra t lons  o f  t h e  TVA by-product s u l f u r .  
and g a s i f i e r  ash used I n  f i e l d  leach ing  exper i  

E l  ement 
( Percentage) 

Gasi f  i e r  ashb 
( Pe rcentage) 

A!-l 
A1 
AS 
Ba 
Be 
Ca 
Cd 
CO 
6r 
CU 
Fe 
Ga 
H f  
K 
L i  
Mg 
MR 
E40 
Na 
N i  
P 
Pb 
S 
Sb 
Se 
S r  
T i  
V 
In 
Z r  

co * 001 
0.01 1 

<o * 002 
0.0016 

<O. 00004 
9.100 

<Q * 0001 
a. 0002 
<O e O0Q8 
c0, QOOB 
0.082 

<O .006 
<O .0008 
0.012 

CO ,0004 
0.0046 
0.0011 

<O. 0008 
2.1 

<o. 002 
0 I 041 

<O .004 
71 .5  
€0.004 
<O .OQ4 

0.00015 
0.0019 
0.150 
0.0027 

<O . 0004 

nd 
10.0 
nd 
0.042 
nd 
4.8 
nd 
0.003 
0.021 
0.009 

12.0 
nd 
nd 
1.5 
nd 
0.71 
0.052 
0.009 
1.3 
nd 
nd 
nd 
0.56 
nd 
nd 
0.02 
0.51 
0.026 
0.012 
nd 

s a m p l e  c o l l e c t e d  i n  June o f  1984. Sample d r i e d  ove rn igh t  i n  
89°C fo rced a i r  oven and d iges ted  i n  h o t  conc. HF and HNO3 ac ids .  

e n t a l  concent ra t ions  i n  t h e  d i g e s t  were determined by i n d u c t i v e  
coupled plasma spectrometry. Elemental s u l f u r  was determined us ing  
ASTN method D129-64 

h n a l y s i s  determined by i n d u c t i v e  coupled plasma spectrometry 
f o l l o w i n g  d i s s o l u t i o n  by a l i t h i u m  bo ra te  f u s i o n  technique. 
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used in the leaching experiment was that obtained from gasification of  

the flaked residue generated at the H-Coal coal liquefaction pilot 

plant located at Catlettsburg, Kentucky (Francis and Maskarinec 1984). 

The elemental analysis of the gasifier ash used in the leaching 

experiment is also presented in Table 7. 

Weathered Conasauga shale sieved to less than 2 m was placed 

around the sulfur samples, and a layer of surface soil was placed on 

top. 

simulate rainfall percolating through the landfill. 

containing the ( 7 )  HETC by-product sulfur and gasifier ash and 

(2) gasifier ash only were designed to roughly simulate codisposal as 

it might be performed at commercial faciljties. 

water was added to each of the 18 coluntns twice a week. 

made to distribute the water uniformly over the surface of the columns 

to prevent surface erosion and ensure unlform cantact of the waste and 

water. Samples of leachate were also collected twice weekly, at which 

time the volume of leachate, pH of the leachate, and elwtrlcal 

conductivity were measured. 

period. To normallze the data for the 18 colums and allow comparisons 

between the columns, results from these tests are reported in terms of 

liquid-to-solid ratios [i.e., total amount o f  leachate collected per 

weight of waste in the column (liter per kilogram o f  waste)]. 

elemental concentrations in the leachates, volume o f  leachate produced, 

pH, and electrical conductivity of the leachates are presented in 

Appendix A (Tables A.l and A.2). Coefficients of  variation ( X )  

associated with the mean values for the replicates for each day 

measured are also presented. 

Distilled water (pH 5.5 to 5.7) was added to the columns to 

The columns 

One liter of distilled 

An attempt was 

Leaching was continued over a 12-week 

Hean 
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5, DISCUSSION OS LEACHING RESULTS 

i n a t i o n  o f  t h e  data i n  Appendix A i n d i c a t e s  t h a t  t h e  

concentrat ions of t r a c e  metals i n  t h e  leachates decreased as h i g h e r  

l i q u i d - t o - s o l i d  r a t i o s  were achieved. Vanadium and s u l f a t e  a r e  t h e  

o n l y  components appear ing i n  s i g n i f i c a n t  concent ra t ions  i n  t h e  leachates 

f rom columns c o n t a i n i n g  by-product s u l f u r  o r  s u l f u r / a s h  combinations. 

Because t h e  purpose o f  t h i s  i n v e s t i g a t i o n  was t o  e s t a b l i s h  t h e  

p o t e n t i a l  f o r  environmental problems r e s u l t i n g  f rom d isposa l  o f  

by-product  s u l f u r ,  the f o l l o w i n g  d iscuss ion  sf t h e  leach ing  data 

d e t a i l e d  i n  Appendix A w i l l  cen ter  on t h e  r e s u l t s  obta ined f o r  

vanadium, s u l f a t e ,  and leachate pH. 

5.1. VANADIUM 

Vanadium i s  n o t  l i s t e d  i n  t h e  EPA I n t e r i m  Pr imary o r  Secondary 

D r i n k i n g  Water Standards, however “Water Q u a l i t y  C r i t e r i a  - 1912” 

l i s t s  a recommended l i m i t  o f  0.1 mg/L f o r  l i v e s t o c k  d r i n k i n g  water  

(NAS 1972) .  F igures 8 through 11 present  t h e  exper imental  da ta  f o r  

vanadium concentrat ions as a f u n c t i o n  o f  l i q u i d - t o - s o l i d  r a t i o  f o r  f o u r  

o f  t h e  s i x  t reatments.  (Because t h e  s o i l  and chemical-grade s u l f u r  d i d  

n o t  c o n t a i n  s i g n i f i c a n t  amounts a f  vanadium, these p l o t s  have n o t  been 

inc luded;  hawever t h e  data a r e  presented i n  Appendix A.)  The data show 

t h a t  the  leachate concentrat ions are  i n i t i a l l y  h i g h  b u t  decrease as a 

g r e a t e r  amount o f  water  i s  passed through t h e  columns ( i n c r e a s i n g  

l i q u i d - t o - s o l i d  r a t i o s ) .  The t o t a l  concent ra t ion  o f  vanadium i n  t he  

TVA by-product sludge used i n  t h e  leach ing  experiment (sampled i n  June 

o f  1984)  was approx imate ly  one-half t h a t  measured i n  t h e  HETC s ludge 
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(0.15% compared w i t h  0.27%. see Tables 5 and 7) .  However, t h e  TVA 

leachates conta ined vanadium concent ra t ions  >500 mg/L compared w i  t h  

t h e  HETC leachates,  which conta ined 400 mg/L i n  t h e  l n i t i a l  leachates 

(see Figs.  8 and 9). Over t h e  d u r a t i o n  o f  t h e  experiment, 1425 mg of 

vanadium was leached from t h e  TVA s ludge compared w i t h  1089 mg from t h e  

METC s ludge (average o f  t h r e e  r e p l i c a t e s ) .  I n  terms o f  t h e  f r a c t i o n  of 

vanadium leached, - 90% of t h e  vanadium was leached from t h e  TVA 

sludge, whereas w h i l e  s l i g h t l y  l ess  than 50% o f  t h e  t o t a l  vanadium 

was leached from t h e  METC sludge. The major  reason f o r  t h e  h9gher 

l e a c h a b i l i t y  o f  t h e  vanadium from t h e  TVA sludge compared w i t h  t h e  METC 

s ludge i s  probably  because t h e  leachate TVA s ludge was more 8 c i d i c  

(see F igs .  12 and 13). The g a s i f i e r  ash sample t e s t e d  conta ined small 

amounts o f  vanadium and produced leachate concent ra t ions  1000 t imes 

lower  than t h e  by-product s u l f u r  samples (F ig .  11) .  Mlx fng  g a s i f i e r  

ash and by-product s u l f u r  (Co-diSpo!ial) appears t o  have reduced vanadium 

concent ra t ions  i n  t h e  leachates compared w l t h  the METC by-product 

leachate (F igs .  9 and 10). ThTs i s  l a r g e l y  because o f  the combinat ion 

o f  t h e  low vanadium-content g a s i f I e r  ash w i t h  the vanadium-rich s u l f u r  

by-product ( i .e. ,  t h e  combined waste had a lower  vanadium concent ra t ion  

a f t e r  m ix ing  than t h e  o r f g i n a l  by-product sample). Over t h e  80 days o f  

leaching,  t h e  average q u a n t i t y  o f  vanadfum leachad f rom t h e  combined 

wastes was approx imate ly  one-hal f  (513 alg) o f  t h a t  leached from the  

HETC by-product waste a lone (1059 mg). 

5.2. SULFATE 

S u l f a t e  I s  Inc luded i n  t h e  EPA Secondary D r l n k l n g  Water Standards 

and should n o t  exceed 500 mg/L I n  p u b l i c  d r i n k i n g  water  supp l ies  
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(USEPA 19711). 

produces i n t e s t i n a l  d isorders  i n  humans. 

t h e  s u l f a t e  concentratdons observed du r ing  t h e  leach ing  o f  t h e  two 

by-product s u l f u r  sa l e s ,  g a s i f l e r  ash, mlxxed su l fu r /ash ,  and 

laboratory-grade sulfur. 

column i s  n o t  show because s u l f a t e  concent ra t ions  were < l o  mg/L (see 

Table A . l ) .  The p l o t s  ( F j g s .  14  and 15 )  f o r  t h e  two by-product s u l f u r  

samples show very h igh  i n i t i a l  s u l f a t e  concentrat ions,  w e l l  i n  excess 

of 1000 mg/L, decreasing t o  values approaching t h e  EPA Secondary 

The presence o f  s u l f a t e  I n  cancentsat lons >508 

Figures 14 through 18 show 

A p l o t  o f  s u l f a t e  concent ra t jons  f a r  t h e  soil 

Hater  Standard a f t e r  60 t o  80 days. The s u l f a t e  

concent ra t ions  i n  t h e  l n t t i a l  TVA leachates were about 20 t imes g rea te r  

than those observed far t he  METC sa p l e .  Th is  may be a r e s u l t  o f  

s torage cond i t l ons  be fore  t h e  sa ples were received t h a t  may have 

favored o x i d a t i o n  o f  t he  s u l f u r  t o  s u l f a t e  or o t h e r  f a c t o r s  t h a t  a re  

n o t  apparent f rom the  exper imental  data.  A l l  o f  t he  TVA by-product 

s u l f u r  leachate samples analyzed exceeded t h e  EPA 500 mg/L l l m i t  

(Appendix A )  and cou ld  represent  a p o t e n t i a l  problem i f  the  s u l f u r  i s  

disposed o f  i n  s l u r r y  form w i t h o u t  f u r t h e r  processing. Al though the 

g a s i f i e r  ash d i d  produce lower s u l f a t e  

concentrat ions than e i t h e r  o f  t h e  s u l f u r  samples, the  concent ra t ions  

were below the  €PA gu jde l i nes  a f t e r  t he  i n i t i a l  leaching.  Combining 

by-product s u l f u r  w i t h  g a s i f i e r  ash (co-d isposal )  produced sulfur 

concent ra t ions  I n  t he  leachate t h a t  were h ighe r  than those observed 

w i t h  METC s u l f u r  on ly ,  i n d i c a t i n g  t h e  i r o n  i n  the  g a s i f i e r  ash may have 

acted as an e l e c t r o n  t r a n s f e r  mechanism for o x i d a t i o n  o f  the  by-product 

elemental s u l f u r  (S tu  and Morgan 1981 ) . It appears t h a t  more 

sulfate i s  leached from laboratory-grade elemental s u l f u r  a t  l a r g e r  
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F i g .  14. Sulfate concentrat ions i n  leachate from TVA by-product s u l f u r  
as a f u n c t i o n  of liquid-to-solid ratlo.  



431 

L-DWS 85-14303 

* * 1  
0 2  

* 

n 

* 

0 4 2 3 4 5 6 7 8 9 10 4 4  
LIQUID -TO-SOLID RAT IO 

F i g .  1 5 .  S u l f a t e  concent ra t ion  i n  l e a c h a t e  from METC by-product s u l f u r  
as a f u n c t i o n  o f  l i q u i d - t o - s o l i d  r a t i o .  
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F i g .  16. Sulfate COncentratConS i n  leachate Prom mixed METC/gasif ier  
ash as a funct ion o f  liquid-to-solid ratio.  
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Fig. 1 7 .  Sulfate concentrations in leachate from gasifier ash as a 
function o f  liquid-to-solid ratio. 
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liquid-to-solid ratios, indicating that some bacterial or chemical 

changes may be occurring within the column ( F i g .  18) .  

5.3. LEACHATE pH 

Leachate pH (Figs. 1 2  and 13 and 19-21) was initially neutral to 

slightly alkaline for the by-product sulfur samples, the gasifier ash, 

and t h e  codisposed sulfuriash mixture; however, the leachate pH became 

acid as the liquid-to-solid ratio increased. The soil column, as 

expected, showed little change in pN throughout the experiment 

( see  Table A.2). It is interesting that the column containing 

chemical-grade sulfur was acidic at the initiation of leaching and 

became more acidic as water was passed through the column. 

the pW of  this leachate at the end of the experiment was in the range 

of 2.5 Po 3.5, which was lower than that observed in any o f  the other 

columns. The significance of leachate pN is that lower pH usually 

yields higher concentrations of metals; however, the metals data in 

Table A.2 indicates little increase in the concentrations o f  trace 

metals in any of  the leachates as the liquid-to-solid ratio increased 

(decreasing pH). 

In fact, 

The lower pM o f  the leachates from the admixture o f  METC by-product 

sulfur and the gasifier ash (pH values (4) than the leachates from 

the METC by-product sulfur or the gasifier ash (pH values >4.5 and 5.0 

respectively) also indicates that mixing the two wastes has enhanced 

microbial oxidation of the elemental sulfur. In the long-term, this 

oxidation will produce even more acidic leachates and attendant high 

concentrations of toxic trace elements, suggestlng that codisposal o f  

such waste should be avoided. 
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€9, CQNCLUSIONS 

1. To date, no complete Stretford sulfur recovery units are i n  operation 

using coal conversion product gases as a feed source. Existing 

pilot-scale units are not designed to produce high-purity recovered 

sulfur. The studies reported have utilized by-product sulfur from 

the TVA and HETC pilot p l a  Ps,  neither of which have sulfur washing 

or autoclaving operations for final purification of the product. 

2. If the by-product sulfur can not be sold, it is probable that i t  

would be disposed of in the same landfill as the coal conversion 

ash. Although not observed in the short term leaching tests 

performed in this report, oxidation o f  landfilled by-product sulfur 

could lead to increased leaching of trace metals from the ash. 

3. Codisposal of gasifier ash and by-product sulfur produced more 

acidic leachates than observed for disposal of either gasifier 

ash or by-product sulfur alone. This reduced pH could result in 

long-term releases o f  trace metals from codisposed wastes greater 

than those anticipated if  the gasifier ash were disposed separately. 

4. The only potentially toxic material observed in significant amounts 

during the column leaching tests was vanadium.. It is expected that 

washing and autoclaving of the sulfur would remove this element 

from the by-product sulfur in a full-scale Stretford plant. 
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5. S u l f a t e  i n  leachates f rom by-product s u l f u r  d isposa l  f a c i l i t i e s  

may represent  an a e s t h e t i c  concern t o  nearby groundwater users.  

Leachate concent ra t ions  i n  excess o f  t h e  suggested €PA l i m i t s  f o r  

s u l f a t e  were observed i n  most of t h e  by-product s u l f u r  leachates.  

6 .  Examinat ion o f  the by-product s u l f u r  samples 

c o n s t i t u e n t s  i n d i c a t e d  t h a t  < l X  represent  vo 

No b i o l o g i c a l  t o x i c i t y  t e s t i n g  was performed 

f o r  organ i c 

a t i l e  organics.  

on the leachates.  



ORNL/TH-9946 50 

1982. 

Biv., 

Francis, 6 

1 each 

Alexander, M. 1977. Introduction to Soil Microbiology. John Wlley &t 

Sons, New York. 

Bern, J., R. D. Neufeld, M. A .  Shapiro. 1980. Solld waste management 

o f  coal conversion residuals from a cammercial-size facility: 

Environmental engineering aspects. DOE/ET/20023-5. U.S. 

Department o f  Energy, Washington, O.C. 

Edwards, M. S. 1979. H2S-removal processes for low-Rtu coal gas. 

ORML/TM-S097. Oak Ridge National Laboratory, Oak RSdge, Tennessee. 

Evangelou, V .  P., J. H. Grove, and F .  0. Rawlings. 1965. Rates o f  

iron sulfate oxidation in coal spoil suspensions. J .  Environ. 

Qual. 14~91-94. 

* ,  W .  J. Boegly, Jr., R. R. Turner, and E. C. Davis. 

Coal conversion solid waste disposal. J. Environ. Eng. 

Civ. Eng. 108(EES):1301-1311. 

W . ,  and N. P. askarinec. 1964. Short- and long-term 

ng of so id wastes f r o  the  H-Coal coal liquefaction 

process. pp. 443-455. IN S. Sengupta, Proceedings of the Second 

Am. S O C .  

Conference on Management of Municipal, Hazardous, and Coal Wastes, 

?ami, Florida, December 5-9, 19133. DOE/METC/$4-34. 

Kirk-Othrner Encyclopedia o f  Chemical Technology. 1983. Volume 22, 

Wiley-Interscience, John Wiley and Sons, New York. 

Meycrs, R .  A .  (ed.). 1981. Coal Handbook. Marcel Dekker, Inc., 

New York and Basel. 



51 ORNL/TM-9946 

Morgantown Energy Technology Center (METC). 1982. Fixed-bed 

g a s i f i c a t i o n  a t  t h e  Morgantown Energy Technology Center. 

U.S. Department of  Energy, Morgantown Energy Technology Center, 

Horgantown, West V i r g i n i a .  

Horse, D.E. 1983. S u l f u r .  pp. 799-818. I N  1982 Minera ls  Yearbook, 

U.S.. Bureau o f  Nines, Washington, D.C. 

Na t iona l  Academy o f  Sciences (NAS). 1972. Water q u a l i t y  c r i t e r i a  

1972. EPA/R3/73/033. U.S. Environmental P r o t e c t i o n  Agency, 

Washington, D.C. 

Pater,  K., Jr . ,  L. Headley, J. Kovach, and 0. Stopek. 1984. 

Fixed-bed g a s i f i e r  and cleanup system eng ineer ing  summary r e p o r t  

through t e s t  run No. 100. 00E/METC-34-19. Morgclntwn Energy 

Technology Center, Worgantown, West V i r g i n l a .  

Riesenfe ld ,  F. C., and A. 1. Kohl. 1974, Gas P u r i f i c a t i o n .  Gu l f  

Pub l i sh ing  Company, Houston, Texas. 

Ruther ford,  6. K., D. D i m ,  G. W ,  Van Loon, and W .  G. Breck. 1982. 

The pedo log ica l  p r o p e r t i e s  o f  t a i l q n g s  derqved f rom t h r e e  min ing  

opera t ions  i n  t h e  Sudbury area, Ontar io ,  Canada. J .  Environ. 

Qual. 11 511-518. 

Singer, P. C., and W .  Stumm. 1970. Ac jd mine dra inage:  The r a t e  

de termin ing  step. Science 167 : 11 21 -1 123. 

Singh, S .  P. N., R .  Salmon, J .  F. Fisher ,  and G. R. Peterson. 1980. 

Costs and t e c h n i c a l  c h a r a c t e r i s t i c s  o f  environmental  c o n t r o l  

processes f o r  law-Btu coa l  g a s i f i c a t i o n  p l a n t s .  ORML-5425. 

Oak Ridge Na t iona l  Laboratory ,  Oak Ridge, Tennessee. 



QRNL/TM-9946 52 

Stu  ., and J .  J .  Morgan. 1981. Aquat ic chemist ry :  An i n t r o d u c t i o n  

emphasizing chemical e q u i l i b r i a  i n  n a t u r a l  waters.  

Sons, Nek~ 'fork. 

John Wiley and 

S u l l i v a n ,  T. A. 1982. Cor ros ion- res is tan t  s u l f u r  concretes.  The 

S u l f u r  I n s t i t u t e ,  ashington, D.C. 

U.S. Environmental P r o t e c t i o n  Agency (USEPA). 1979. Nat iona l  secondary 

d r i n k i n g  wa te r  r e g u l a t i o n s .  44 FR 42195-42202. U.S. Environmental 

P r o t e c t i o n  Agency, Washington, D . C .  

U.S. Environmental P r o t e c t i o n  Agency (USEPA). 1980. I d e n t i f i c a t i o n  

and l i s t i n g  o f  hazardous waste. 40 C F R  261.24. I N  Environmental 

P r o t e c t i o n  Agency Hazardous Waste Management System. 

U . S .  Environmental P r o t e c t i o n  Agency, Washington, D.C. 

Vasan, S. 1979. The Holmes-Stret ford process f o r  d e s u l f u r i z a t i o n  of 

t a i l  gases f rom acid-gas systems. pp. 157-161. IN Symposium an 

Ammonia f rom Coal. B u l l e t i n  Y-743, Tennessee V a l l e y  A u t h o r i t y ,  

Muscle Shoals, Alabama. 

Waitman, 0 .  A., R. 6. Lee, 0.  E. N ichols ,  and P. C. Wi l l iamson. 

1983- Progress r e p o r t  on ammonia produc t ion  f rom coal  by 

u t i l i z a t i o n  o f  Texaco g a s i f i c a t i o n  process. Paper presented a t  

I h e  F a l l  Annual Meeting (Diamond Jub i lee)  o f  t h e  AIChE, 

Washington, D.C.,  October 30-November 3, 1983. 

Watson, J .  R., 9. S. McClanahan, and R. W. Weatherington. 1983. 

on ia  p roduc t ion  f rom coal by u t i l i z a t i o n  o f  t h e  Texaco 

Paper presented a t  t h e  S i x t h  Miami g a s i f i c a t i o n  process. 

I n t e r n a t i o n a l  Conference on A l t e r n a t i v e  Energy Sources, 

Miami Beach, F l o r i d a ,  December 12-14, 1983. 



APPENDIX A 

EXPERIMENTAL RESULTS FROH WASTE LEACHING 

ORNL/T#-9946 





55 
ORNL/TM

-9946 

I I I I I I I I 1 I I I I 1 I 1 I I I I I I 
A

I
 

-
1

 I 
P

I
 

E
l

 

1 I I I 1 I I I I I I I I I I I I 1 I I I I I 

1
1

1
I

I
 

I
I

I
I

I
 

1
1

1
1

1
 

I
1

1
1

1
 

1
1

1
1

1
 

I
1

1
1

1
 

1
1

1
l

l
 

I
I

O
I

 
1

1
1

1
1

 
1

1
1

1
1

 
1

1
1

1
1

 
1

1
1

1
1

 
I

I
I

I
I

 
1

1
1

I
l

 
I

I
I

I
I

 
l

l
l

I
I

 
1

1
1

1
1

 
1

1
1

1
1

 
1

1
1

I
I

 
1

1
1

1
I

 
I

I
I

I
I

 
1

1
1

1
1

 
1

1
1

1
1

 
I

l
l

 

l
l

l
f

l
 

I
l

l
l

f
 

1
1

1
I

I
 

1
1

1
1

1
 

I
l

l
 

0
 

I
 

r.4
 

U
' 



56 

I 
I
.
 

.o 
ad 

I
 I. I.? 
N

 
. L
 

I I I I 
-
.
I
 1
 

G
I

 
I I 

W
II 

V
I
 

*
I

 
0

1
 

I 

.
I
 * 

e.. m
 
0
 

8
 

C> 

G
 

c
 

1- 
I I 4
 -- I
@

 
I \> 
I

.
 

I '* 
I I I I * -- I" I I 'J 
I '2 
I

.
 

I r-1 
I I I &
 -- 

* ". I t I I I I I I I I I I I I I I I I I I * 

'.> 
I I I 

I
.
 

-
I
 

m
 

'.> . W
 

U
 

C
, 
. t .) 

I
D

 

.
.

 
I

l
l

 

1
1

1
1

1
1

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

l
1

1
1

1
1

l
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

1
1

1
l

1
1

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

I
I

I
I

I
I

I
I

I
I

I
l

l
l

 
I

I
I

I
I

I
I

I
I

I
I

I
I

I
 

1
1

1
1

1
1

1
1

1
1

1
1

1
1

 

i
i

i
i

 
I

I
I

I
 

I
I

I
I

 

.
.

 
I

I
I

I
 

1
1

1
1

1
1

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

1
1

1
l

1
1

 



s7 
ORNL/TH-9946 

0
 

U
 

Q
, 
3
 

E
 

c, 
E

 
0
 

w
 

.C
 

W
 

P
- 

a
 

a, 
9
 

a
 

I- c
 

I -* 

I I t I I I I I I I I I I I I I I I I I I I I I I I I I I ! i4- 
i
a

 
I

W
 

la
 

I
*
 

I I I I I I I i I I I I I I I I I I I I I I 1 I I I i I I I I I -- I I I I I I I I I I I I I I I I i I I I I I I I 1 I I I -- f 



ORN L/TH -9946 
58 

n
 

W
 

Q
, 
3
 

E
: 

+
., 
c
 
0
 

b
, 

.P
- 

W
 

I-- 

<
 

aJ a 
m

 
i-- 

P
 

I I 
v

,l 

L
. 

L
 

4
 

W
 

I 
I

l
l

 
I

l
l

 
I

I
I

I
I

I
I

 

I
I

l
1

1
1

1
 

1
1

1
1

1
1

1
 

1
1

1
1

1
1

l
 

I
I

I
I

I
I

I
 

1
1

 
I 

I
I

 
I 

I
I

 
I I 

1
1

 
I

I
 

I
I

 
I 

t
I

 
I 

I
1

 
1 

I
I

 
I 

I
I

 
I 

I
I

 
I 

I
I

 
I 

I
I

 
I 

I
I

 
I 

I
t

 
I 

I
l

l
l

l
i

l
 

I I I I I I I 
.

.
 I

.
.

.
.

 
1

l
1

1
1

1
1

 
1

1
1

1
1

1
1

 
1

1
1

1
1

l
1

 

I I I I I I I I I
I

 
I

I
 

I
I

 
I

I
 

I
f

 

I
I

I
I

I
I

I
 

I,! 
! 

! 
! 

I 
I 

I
I

 
I

I
 

I
t

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
.r

Ic
F

I 

I I I I I I I I I I I I I I t I I I I I I 
."I 

5
1
 

m
 I I I I I I I I I I I I I I I I I I 1 I

W
 

I c
. I 

i
i

i
i

i
i

i
i

 
l

I
1

1
l

1
1

1
 

I
I

I
I

I
I

I
I

 
1

1
1

1
1

1
1

1
 

I
I

I
I

I
I

I
I

 
1

1
I

I
I

I
I

I
 

I
I

I
I

I
I

I
I

 
I

I
I

I
I

I
I

I
 

I
I

I
I

I
I

I
I

 
I

I
I

I
I

I
I

I
 

I
I

I
I

I
I

I
I

 
I I I I I I I I I 1 I I 

W
l

 
u
a
 I 

i I I I I I I I I I I I I I I I 
5
1
 

s
)
 I I 1 I I I I I I I I I I 1 I

m
 

1- 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
1

 
I

I
 

1
1

 
1

1
 

I
I

 
I

I
 

I
U

I
 

I
Q

I
 



ORNL/TM-9946 



I -- i I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I lb
- 

1- 
l

W
 

l
a

 
I
"

 
I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1 I 



61 
O

R
N

IJT
M

-9946 

1
1

1
1

 
I

t
l

I
 

1
1

1
1

 

I 
I 

I I 1 
I 

I 
I 

1 
I 

1 
I 

I 
I 

I 
I 

1 
I
*

 
I 

I
Q

 
t 

I
L

i
 

I 
I I I I I I 1 I I I I
N

 
l

W
 

---. 

. 
.

.
.

 
. 

I
I

I
I

 
1

1
1

1
 

I
1

1
1

 
c

t
i

i
 

I
-
.
 .
I
*
 + -- I

 -- 8 
1

1
1

1
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

l
l

1
 

I
l

l
1

 
I

I
I

I
 

I
I

I
I

 
I

l
l

1
 

I
I

I
I

 
I

I
I

I
 

I
l

l
1

 
I

l
l

1
 

I
I

I
I

 

.
.

.
.

 
I

l
l

1
 



Table  A . 7  (Continued) 



ORNL/TH-9946 

i
i

 

I I 1 I 
.

.
I

 
.

.
.

 
1

1
1

1
1

1
1

1
l

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
1

1
 

i
l

l
l

l
l

 
I

I
 

I
I

 

I
I

 
1

1
1

1
1

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
1

1
1

1
1

.
1

1
 

I
I

 i
i

i
i

i
i

i
i

i
i

i
i

i
 I

I
 

~
i

i
i

~
u

i
i

r
i

i
 

I 
I

I
 

I
1

 
1

1
;

1
1

1
1

1
1

1
1

1
1

 

i
i

i
i

f
i

i
 I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

"
"

 
'r

ii 
~

r
i

r
i

i
i

i
i

t
r

l
 

I
I

 

I
l

l
1

1
1

 I
I

 i
I

 I
I

 
I

I
1

1
1

1
1

!
 

1
1

1
1

 
1

1
1

 
I

l
l

 
I

l
l

 
1

1
l

1
1

1
1

1
l

i
1

1
 

I
I

I
I

I
I

 
I 

I
I

1
1

1
1

1
1

 1
:

 I
f

 
l

i
t

 
I

I
I

~
I

I
I

 
i

i
i

t
i

i
i

i
 

I a
 I 

I 
I 

3
 I m

 I 
p
- I 

I .*
 I '

2
 I r

(
 I ~

L
I 
I ag 

I o
 I 
u
3
 

I 
'3

 
I Y

 I LT 
I n
 I m

 I 
(u

 I -4
 I r

l
 I - I -J 

I N
 I N

 I m
 4 
C
)
 I n

 I .J
 I Q

 
I IC

, I U- 
I IC

 

1
1

1
1

1
1

1
1

1
1

1
1

1
 

I
I

I
 

I
l

l
1

1
 

1
1

1
1

1
1

I
I

 
I
F

1
 

I 
I 

I 
I

r
 I 

I 
I 

I 
I 

I 
I 

I 
I 

f 



Table A . 7  (Continued) 



65 
ORNL/TM

-9946 

1
1

1
1

 
I 

I 
1

-1
 

i
a

i
 

i
u

i
 

I
l

l
 

I
l

l
 

w
 

2
 
0
 

U
 

I 

F
- 

a
 

Q
, 

(d
 

I- c
 

I I 

I I I I ! I I 1 I I 
.

I
 

I
I

 
I

I
 

I
1

 
I

I
 

I
1

 
I

I
 

I
!

 
.

.
.

 
1

1
1

 
I

l
l

 
I

l
l

 
I

l
l

 

I 
I I I I I I I 

i I I 
I I 

I I 



ua 
9 



Table A . l  (Continued) 

E C E r E N i  L I  



4 
f t 

4 * 
1 

i 

i 

4 

I 

I I 

8 

I 



69 
ORNL/TM

-9946 

I I t I I I I I I I I I I I I I I I I I I I I I I I I I I I I 



70 

U
 

z
 

0
 

u
 

I 
IIl I 

I 
0

1
 

Z
I

 
.I 

4
1

 
N
I
 

tu i 
I 

I
C

1
 

1 

l
*
D
"
 

i "
 

iX 9
 -- l
W

 
I I I I + -

.
I
 

I
f
f
 

I + .
I
 

1.0 
I

O
 

I
.

 
I
V

 
I I I I + -= 
I-! 
la

, 
I +I.
 

l
m

 
1

U
 

I
.

 
I
Q

 
I in

 

I I I I I I I 1 I 1 I I I I 1 + I I I * 

I I I I I I I I II I I I I I I I t
 I 

.
.

 
.

.
.

 
1

1
1

1
1

1
1

1
1

1
1

l
1

1
1

 
.

.
 

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

I
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

1
1

1
1

1
l

1
1

1
1

1
1

1
1

1
 

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
 

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
 

I
I

I
I

 
I

l
l

1
1

1
1

 !
I

 I
I

 I
I

I
 I 

V
 

-
I
I
 

F
 

N
 

.. U . u a
 

I
-
 

o
 

.
I
 

m
 
0
 

U
 
. 

. .- 



71 
ORM

L/TH-9946 

n
 

TJ w 1 
C

 

c, 
t
 

0
 
u
 

-r- 

U
 

F
 

a
 

n
 

Q
) 

a
 

I- F
 



ORNL/TM
-9948 

72 

h
 

-0
 

cu 
7
 
c
 

P
 

4
 

Q
) 

I-
-
 

B
 
a
 

t- 

I m
-9, 

ii 
it 
I

I
 

I
t

 
!

I
 

I
1

 

I
t

 

I
I

 

I
I

 
I

I
 

I
I

 
I

I
 

I
1

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

1
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

It- I 
I
U

 I 
lo

: I 
I
+

 I 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I -
I
-
.
 

I I 1 I 1 I I I I I I I I I I I I I I I I I I I I I 1
-1

 

I
I

 

I I --_. 



73 
ORNL/TH-9946 

A
 

w
 aJ 3 
c
 

c, 
c
 

0
 

u
 

.C
 

W
 

I I I I I I f I 
1

1
1

 
I

l
l

 

I
l

l
 

I
l

l
 

I
l

l
 

I
l

l
 

I
l

l
 

I
l

l
 



74 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I
*

l
 

I-. I 
I

W
I

 
lp

: I 
1

-1
 

I
I

 
I

I
 

I
I

 
I

1
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
1

1
 

1
1

 
I

I
 

I
I

 
I

I
 

I
I

 
1

1
 

I
I

 
I

I
 

I
I

 
I

1
 

I
I

 
I

I
 

I
I

 
I

f
 

I
I

 
I I 

I
I

 

I
I

 

I --- 
I I I I I I 1 I 1 I I I I I 

m
l

 
I 

I-I 

1
1

1
1

 
I

I
I

I
 

+*- + I". + .
I
-
 + P

-
 

I
!

!
!

 .
.

 
I

I
I

I
I

I
I

I
 

I
I

I
I

I
I

I
I

 
I

1
1

1
1

1
1

1
 

1
1

l
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

I
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

I
I

I
I

I
I

I
I

 

1 i I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I I 1 I I 1 I I I I I I I I I 1 I I 1 I I I I I I I I I I I I I I I I I I I 1 I I I I I I I 1 I I I I I I I I 9
 

I
 

I 



75 
ORNL/TM

-9946 

1 I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I 1 I I I 1 I I I I I I I I I I -
.

.
 

I
l

l
 

I
l

l
 

I
l

l
 

1
-1

 
I 

1
4

1
 

I 

I I I I I I I 1 i I I I I I 

I
I

 

I
I

 
I

I
 

I
I

 
I

t
 

I
I

 

I
!

 
t

i
 

#
I

 
$

1
 

I
I

 
I

I
 

I
I

 
I

I
 

I 1 I I I I i i I I I 

I I I I I 1 I I I I I I I I 

I I I I I I I I I I I I I I I I I 

1 I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I I I 

I I I I I I I I I 1 I I I I I I I I I I I I I I 

1 I I I I I I I I I I I I I I I I I I I I I I 1 



76 

k
i

 
I 

)
"

I 
1 

I
I

 

P
. 

R
 

* 1 1 s I I I I I I I 1 I i 1 I I I k I I 1 14. 
N
 

P
 

N
 

I
1

1
1

1
1

1
1

1
1

 
l

l
I

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

1
!

 I I i I I 1 I I I I I I I I I I 
-1 t I I I I I I I I I I I I I I I I I 1 I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I I I I I I 1 I I 



7 7 
ORM

L/T#-9946 

i -- I I I I I I I I I I I ! i i I 

1. I i I I I I I 1 I I I 8 I I I 1 I I I 

I
.

 
I 1 I

.
 

1 I +
.
I
.
 

i I * -. 
I

#
 

I I I
*

 
I I I I I 1

4
 

1
4

 
I + -. 
Ir

C
 

I '3
 

I
.

 
I

C
 

I I I I 

* -. 
1 + -. 

*
.
I
C

 

I' I I I I I 

-1
m

 
IN

 
1

.
 

I
O

 
I I I I 

i I I 1 I I I I I I I I 
I 

I 
I 

I 
I 

1 
I 

I I 
I 

I 
I

.
 

I 
1

1
1

1
I

1
1

1
1

1
l

i
1

1
1

1
 

1 I I 1 I I I I I I I 1 1 I I t I t 

I I I I I I I I I I I I I 1 I I 1 I 

I I I I I I I I I I 1 I I I I I I 

I I I I I I I I I I I 

I I I I 1 I I I I I I I I I I I 1 
I I I I I I I I I I I I I I I I I 

I I 1 I I I I I I I I I I I I I I 
I I I I I 1 I I I I I I I I 1 I 1 I 

I I I I I I 1 I I I I I I t I 

I I I I I I I I I 1 I 1 I 1 I 

I I I I I I 1 I I I I 

I f I I I I I I I I I I I r 

I I I I I I I I I I I I I I I I I I 

I I I I I 1 I I I I I I I I I I I 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

(
I

l
l

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
l

l
1

 
I

l
l

1
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

l
l

1
 

I
I

I
I

 
I

I
I

I
 

i I I I I
.

 
I

I
 

I
I

 
I 

4
 

U
I 
I
.
*
.
 



18 

io
 

I I * -
1
 

1 I I I IU
. 

1- 
I + -. 
1 I

O
 

I
.

 
I

O
 

I I I I I
.

 
I I I

.
 

I I I I I I I 
+ .

I
-
 

-- * -. 
c -- I

.
 

I I I
.

 
I I I I T
I
.
.
 

I Ii, 

I
C

 
I I I I 
I
 -- 

F
. 

,
"
.
I
 

F-4 

u
 . u I I

"
 

'2 

I
 .
I
"
 

m
 

V
 . 0 

O
l

-
4

I
~

i
U

 
0
 I

C
 l

U
i

C
z

 
.I 

.
I
 
.
I
 

~
l

V
I

l
-

9
l

C
~

 

I
l

l
 

I
l

l
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

I
l

l
l

l
l

r
l

 
1

1
1

1
1

1
l

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

l
1

1
 

1
l

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

l
1

1
1

 
1

1
l

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

l
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

1
 

1
1

1
1

1
1

1
1

 
1

1
1

1
1

1
1

l
 

1
1

1
l

1
1

1
1

 
I 

I
3

1
~

1
~

l
n

J
1

4
-

1
u

-
1

d
 

I
I

I
 

+ -- t
 -- 9

 "
I
 

I Jci 1-4 
I 

I 
r
(
 I

N
 I
N

 I
N

 I m
 

_
.̂
"
"
_
_
-
1
"
"̂
-
1
1
-
.
1
_
"
.
-
~
-
-
-
-
-
-
-
-
-
 

I
l

l
1

 
I

I
I

I
 

I
I

I
I

 
I

l
l

1
 

I
l

l
1

 
I

l
l

1
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

I
I

I
 

I
I

I
I

 
I

l
l

1
 ! i 1 I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

+ + t
 

r -. 



I I i I I I I I I I 

i i I I I I I I I i I I I I I I I 1 I I 1 I ! 

i 1 I I I I I I 
I 

1 
I

d
1

 
t
 -.e -. t c

c
 + .

I
 

I
d

l
O

l
m

l
Q

 
I ‘2 

I cr I
O
 I a

 
I 

.I 
.I *

I
 

I u
 a u

 1 v
 I v

 
1

1
1

1
 

1
1

1
1

 
1

1
1

1
 

l
l

l
l

 

Y
l

 
rc . Q

 I 

ic- 
1- 
I

W
 

lo
C

 
IC

- 
I I I 1 I 1 I i I 1 I I I I I I I I I I I I I I I I I I I I I -* 
I I I I I I I I I I I I I I I I I I I I I I 

*
I

 I 
p

i
 

Z
I

 
LU 

I 
L
I
 

W
I

 

h
 

U
 

Q
, 
3
 

c
 

C
I 

r= 
0
 

u
 

.F
 

v
 

F
 

a
 

n
 

Q
, 

f!J t
 

c
 

3
 

1 I I I I I I 1 I I I I I I I I I I I I I I I I I I I t 

4 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I 

i 
I I 

I i
i

i
i

i
i

i
i

i
i

i
i

i
i

 
I I I I I I I I i I I I I I I I I I I I I 

1 I I I I I I I i I 1 I f I I I 1 I I I I 

I I 1 I I I I I I I I I I I I I I I I 

I
1

 
I

1
 

I
1

 
I

I
 

I
I

 
I

1
 

I
1

 
I

!
 i I I I I I I 1 I I I I I I i I I I 1 

I
1

 
I I I I I I I I I I I I I I 1 I I I I I I I 1 

I I I I I I I I I I I I I I I I I I I I I I I 

I
1

 
I

I
 

I
1

 
I

I
 

I
1

 
I

I
 

I
I

 
I

I
 

I
I

 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
F

I
 

I I 

I
I

 

I I I I f 1 I I I I 

~f 

1 I t I 

IC
 I w

 
3
 

r
l 
M
 

4
4

 
.+ 
N

 



ORNL/TM
-9945 

80 

A
 

W
 

Q
, 
a
 
c
 

.
P
 

t
,
 

c
 
0
 

h
)
 

v
 

P
 

9
 

Q
, 

P
-
 

a
 

rrJ 
t- 

I i I I I I I I I I 1 I
*

 

I
U

 
I
-
 

.------ 

I I I I I I I I I I I I I I I I I 

I
I

I
I

I
I

I
 

I
I

I
I

 
I

t
 

I
l

l
1

 
I

1
 

I
I

I
I

 
I

I
 

I
l

l
1

 
I

I
 

I
I

I
I

 
I

I
 

I
l

l
1

 
I

I
 

I
l

l
1

 
I

I
 

I
I

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
I

I
 

I
I

 

f
I

I
I

 
!

!
!

I
 

I
I

 

I I 1 I I I 
.

.
.

.
 I

.
.

 
1

1
1

1
1

1
1

 
I

I
I

I
I

I
I

 
I

I
I

I
I

I
I

 



81 
OR#L/TM-9946 

i 
I 

I 
I 

I I I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
1 I I I 

I 1 
I 

I 
I 

I 
I 

I 
I 

I 
1 

I 
1 

J
I
 

I I 
=

I
 

I I I 

I 

Z
t 

I 

U
l

 
t 

!
-
I I

!
 

b I I I I I I I I I I I I I I I I I 1 I 1 I I I 1 I I I 

I I I I 1 I f f I I i I I I I I I I I I I ! 

I I I 1 I I I I 1 I I I I I I I I I I I I I I I ! 

I I I I I I I I I I I I I I 1 I I I I I I 1 I I ! 

I I I I I I I I I i I I I I I 1 I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I 1 1 I I 1 f I 

1 I I I I I I t 1 I I I I I I I I I I I I I I I I I I 

I I I I I I 1 I I i i I I I I I I I 1 I I I I 
I 

I I I I I I 1 1 I I I I I I 1 1 I I 1 I I f I I ! 

I I I I I I I I I I I I I I 4 I t I I I I I I I I I I I I 

I I I I I I I I i I i I : I I I I I I I I I ! 

I I 1 I I I I I I I I 1 I I I I I I I 1 I I I I I f 

i I I 1 I I I I I 1 I I I I I I I 1 I 1 I I I I I 



82 

I I I I
L

 

I I -- 
I I I I I-

, 
I
U

 
I
>

 
I I I -- I I I I I I I I I I 1 I I I I I I I I I I I I 

-
1

 
j

r
l

 
c

-
l I 

+
I

 
=

I
 

'I I 
D

l
 

i
n

 



83 
ORHL/TM

-9946 

V
 

t- u
 

E
 I I I I I I 1 I I I I I I I I I I I I 1 I 1 I I I I I I 1 1 I I I I 1 I I I I I I I I I I I I I I I I I I I I 

I I I I 4 I I I I I I I I I I 1 1 1 I I 1 I 
.

-
.

 
1

1
1

1
1

1
1

I
I

1
 

I
l

l
 I

I
I

I
I

I
I

I
I

I
I

 
1

1
1

1
I

I
l

 
l

1
1

1
1

1
1

~
 

f
f

f
!

!
!

 
.

.
-

.
.

.
.

-
.

.
.

 
1

1
1

1
t

1
1

1
1

1
1

1
 

1
1

1
l

1
1

1
1

 

I I I I I I I I 1
1

1
1

1
1

1
1

1
1

1
f

1
:

 

1
l

1
1

1
1

1
1

1
1

~
1

1
1

 

I
I

 
I

I
 

+-- I 
I P' 

I 
I
d

 I 
lo

. I 

I
I

 
+.- 

I 
I

I
 

I
1

 
I

I
 

I
I

 
I

I
 

1
1

 
I

t
 

I
I

 
I

1
 

1
1

 

I
I

 

I
I

 
f

f
 

I
1

 
I

1
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

I
I

 
I

I
 

!
!

 



Table A . 2  ( C o n t i n u e d )  

CD 
P 



Table A.2 (Continued) 





INTERNAL DISTRIBUTION 

1. T. L .  Ashwood 
2. S. I .  Auerbach 

3-7. W .  J .  Boegly,  J r .  
8. R. A. Bradley 
9. E. C.  Dav-Fs 

11-15. C .  W. f ranc15 
16. S. G. Hildebrand 
1 7 .  0 .  E. Reich le 
18. C. R. Richmond 
19 .  S. P. Singh 
20. E. D .  Smith 

10. I. D. Eymn 

52. 

53. 

54. 

55. 

56. 

57 .  

58. 

59. 

60. 

61. 

62. 

21. 
22. 
23. 

24-28. 
29. 
30. 
31. 

32 -46. 
47-48. 

49. 
50 * 
51. 

D. K. Solomon 
8 .  P. Spalding 
T . Tamura 
J .  S .  Watson 
R .  G. Wymer 
G. T. Yeh 
Cent ra l  Research l i b r a r y  
ESD L i b r a r y  
Laboratory Records Dept. 
Laboratory Records, ORNL-RC 
ORNL Patent Sect ion 
ORNC Y-12 Technical L i b r a r y  

EXTERNAL DTSTRIBUTION 

P. Buhl, Coal L ique fac t i on  Technology, U.S. Department o f  
Energy, FE-34, GTN, Washington, DC 20545 
G. Burnet t ,  Ames Laboratory,  261 Sweeney H a l l ,  Iowa Sta te  
Un ive rs i t y ,  Ames, IA 50011 
J .  Thomas Callahan, Associate D i rec to r ,  Ecosystem Studies 
Program, Room 336, 1800 G St ree t ,  NW, Nat iona l  Science 
Foundation, Washington, DC 20550 
A.  P. Duhamel, O f f i c e  o f  Basic Energy Sciences, ER-74, GTN, 
Washington, 06: 20545 
Id. Fedarko, Coal U t i l i z a t i o n  Systems, FE-23, GTN, U.S. 
Department o f  Energy, Washington, DC 20545 
G. J .  Foley, O f f i c e  o f  Environmental Process and E f f e c t s  
Research, U.S. Environmental P ro tec t i on  Agency, 401 M Stree t ,  
SW, RD-682, Washington, DC 20460 
0. M. Golden, E l e c t r i c  Power Research I n s t i t u t e ,  3412 H i l l v i e w  
Avenue, P.O.  Box 10412, Palo A l t o ,  CA 95120 
C.  R. Goldman, Professor  o f  ,imnology, D i r e c t o r  o f  Tahoe 
Research Group, D i v i s i o n  o f  Environmental Studies,  U n i v e r s i t y  
o f  C a l i f o r n i a ,  Davis, CA 94616 
J .  J .  Hassett ,  Department o f  Agr~nomy, U n i v e r s i t y  o f  I l l i n o i s ,  
Urbana, I L  61801 
L .  C .  Headley, Morgantown Energy Technology Center, 
U.S. Department o f  Energy, P.O.  Box 880, Morgantown, WV 26505 
F. F. Hooper, Ecology, F i she r ies  and W i l d l i f e  Program, School 
o f  Natura l  Resources, The U n i v e r s i t y  o f  Michigan, Ann Arbor, 
HI 48109 



88 

63 * 

64. 

65. 

66 * 

61. 

68 

69. 

70 0 

71.  

72. 

73. 

74. 

7 5 .  

76, 

7 7 .  

78" 

7 9 .  

J, W .  Huckabee, P r o j e c t  Manager, Environmental Assessment 
Department, E l e c t r i c  Power Research I n s t i t u t e ,  3412 H i l l v i e w  
Avenue, P.0, BOX 10412, Palo A l t o ,  CA 94303 
L e  Jackson, Wysrniirg Research I n s t i t u t e ,  P . O .  Box 3395, 
U n i v e r s i t y  S t a t i o n ,  Laramie, MY 82071 
George! Y .  Jordy, D i r e c t o r ,  O f f i c e  o f  Program Analys is ,  O f f i c e  
o f  Energy Research, El?-30, 6-225, U.S.  Department o f  Energy, 
Washington, OC 20545 
D. I, Keairns,  Westinghouse E l e c t r i c  Corporat ion,  1310 Beulah 
Rd., P i t t sburgh,  PA 15235 
B, Kirchgessner, U - S -  Environmental P r o t e c t i o n  Agency, 
125 Ridgewood Road, Chapel H i l l ,  NC 29514 
J .  J .  Kovach, PIsrgantown Znergy Technology Center, U.S, 

R. C. Letcher,  U t i l i z a t i o n  Systems Pro jec t ,  U.S .  Department of 
Energy, Morgantown Energy Technology Center, P . O .  Box 880, 
Horgantown, WV 26505 
J. J. Nayhew, Chemical Manufactur ing Associat ion,  
2501 I4 S t r e e t ,  NW, Washington, DC 20037 
Helen McCaman, D i r e c t o r ,  Eco log ica l  Research D i v i s i o n ,  O f f i c e  
o f  Hea l th  and Environmental Research, O f f i c e  o f  Energy 
Research, WS-E201, ER-75,  Room E-233, U.S. Department o f  
Energy, Washington, DC 20545 
J. P. Murarka, E l e c t r i c  Power Research I n s t i t u t e ,  
P . O .  Box 10412, 3412 H i l l v i e w  Avenue, Palo A l t o ,  CA 95120 
W .  S .  Osburn, Jr.,  Eco log ica l  Research D i v i s i o n ,  O f f i c e  o f  
Hea l th  and Environmental Research, O f f i c e  o f  Energy Research, 
MS-E201, EV-33, Room F-216, Department o f  Energy, 
Washington, DC 20545 
I r w i n  Remson, Department o f  Appl ied Ear th  Sciences, S tan ford  
U n i v e r s i t y ,  Stanford,  CA 94305 
W. J e  Rhodes, U.S. Environmental P r o t e c t i o n  Agency, I n d u s t r i a l  

e n t a l  Research Laboratory,  Research T r i a n g l e  Park, 
NC 27711 
W .  A. Sack, Department o f  C i v i l  Engineer ing,  West V i r g i n i a  
U n i v e r s i t y ,  Engineer ing Sciences B u i l d i n g ,  P.O. 8ox 6101, 
Morgantown, WV 26586 
A .  #. Squires, Chemical Engineer ing Department, V i r g i n i a  
Technological  U n i v e r s i t y ,  Blacksburg, VA 24060 
W. J. Stern,  D i r e c t o r ,  O f f i c e  o f  Environmental Compliance, 
MS PE-25,  FORRESTAL, U . S .  Department o f  Energy, 
1000 Independence Avenue, SW, Washington, DC 20585 
R .  1.. Matters ,  Eco log ica l  Research D i v i s i o n ,  O f f i c e  o f  Hea l th  
and Environmental Research, O f f i c e  o f  Energy Research, MS-E201, 
ER-75, Room F-226, Department o f  Energy, Washington, DC 20545 
Leonard H. Weinstein,  Program D i r e c t o r  o f  Environmental 
B io logy,  Cornel1 U n i v e r s i t y ,  Boyce Thompson I n s t i t u t e  f o r  P l a n t  
Research, I thaca,  NY 14853 

e n t  o f  Energy, P.O. 8ax 880, Mergantown, WV 26505 



89 ORNL/TH-9946 

81. Raymond 6 .  Wllhour, Chief ,  A i r  P o l l u t i o n  E f f e c t s  Branch, 
Corval l i s  Environmental Research Laboratory, U.S. 
Environmental P r o t e c t i o n  Agency, 200 SW 35th S t ree t ,  
C o r v a l l i s ,  OR 97330 

82. 0. C. Wilson, Waste Research U n i t ,  Harwel l  Laboratory, 
Bldg. 146.3, Oxfordshi re  OX11 ORA England 

83. Frank J .  Wobber, Eco log i ca l  Research D iv i s ion ,  O f f i c e  o f  
Heal th  and Environmental Research, O f  f i c e  o f  Energy Research, 
MS4201, U.S. Department o f  Energy, Washington, DC 20545 

84. M. Gordon Wolman, The Johns Hopkins U n i v e r s i t y ,  Department o f  
Geography and Environmental Engineering, Bal t imore, MD 21218 

85. R. LI. Wood, D i r e c t o r ,  D i v i s i o n  o f  P o l l u t a n t  Charac te r i za t i on  
and Safety  Research, U.S. Department o f  Energy, Washington, 
DC 20545 

86. O f f i c e  o f  Ass i s tan t  Manager f o r  Energy Research and 
Development, Oak Ridge Operations, P.  0. Box E, U.S. 
Department o f  Energy, Oak Ridge, TN 37831 

87-113. Technical I n fo rma t ion  Center, Oak Ridge, TN 37831 




