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ABSTRACl 

D i f f e r e n t  samples o f  I l l i n o i s  No. 6 coal, which had been t rea ted  w i t h  aqueous 
N q C O ,  so lu t i ons  a t  e levated temperatures and pressures and w i t h  molten NaOH/KOH 
mixtures at  atmospheric pressure i n  order t o  remove s u l f u r  and ash, were analyzed f o r  
t r a c e  elements be fore  and a f t e r  t reatment.  Although removal o f  s u l f u r  and ash were 
t h e  pr imary o b j e c t i v e s  of those treatments,  t h e  removal o f  t r a c e  elements by these 
chemical c leaning methods was inves t iga ted  i n  t h i s  work. X-ray fluorescence, atomic 
absorption. and i n d u c t i v e l y  coupled p l  asma-atomic emission spectroscopy were the  
instrumental  methods used t o  determine l e v e l s  o f  numerous t r a c e  elements i n  the  raw 
and t rea ted  coals. I n  general, the  aqueous Na,C03 treatments reduced l e v e l s  o f  Mn, 
Pb. and Zn b y  75% o r  more, wh i le  l e v e l s  o f  Cd and N i  were reduced by  lesser  m u n t s .  
I n  one run, s i g n i f i c a n t  reduc t ions  i n  the  l e v e l s  o f  Ba, Cr ,  Rb, Se, and S r  were a l so  
observed. The coa ls  t rea ted  by the  molten caus t ic  showed subs tan t i a l  reduc t ions  i n  
Concentrations o f  As. Cd. Hg. Pb. Rb, Se, Sr. and Zn. However, l e v e l s  o f  C r  and N i  
were elevated i n  t h e  t rea ted  coals, probably due t o  cor ros ion  of t h e  reac tor  compo- 
nents. 

INTRODUCTION 

Coal contains v i r t u a l l y  every element, most o f  which are present i n  t race  quan- 
t i t i e s  of 100 ppm o r  less .  Many o f  these t race  elements are t o x i c  t o  p l a n t  and ani-  
mal l i f e .  even at low concentrat ions.  Because power p lan ts  consume on the  order o f  
600 m i l l i o n  tons o f  coal  annual ly f o r  t he  produc t ion  o f  e l e c t r i c i t y  (l) ,  coal  com- 
bus t ion  can m o b i l i z e  thousands o f  tons o f  p o t e n t i a l l y  hazardous t r a c e  elements i n t o  
the  environment each year. Because o f  t he  l a rge  q u a n t i t i e s  o f  coal  combusted, even 
t r a c e  mounts  o f  t o x i c  elements can accumulate t o  hazardous l eve ls .  Also, po ten t i a l -  
l y  de le te r ious  e f f e c t s  o f  p a r t i c u l a t e  stack emissions from coal  combustion may be 
enhanced s ince  many t r a c e  elements are surface enr iched (2) and concentrate preferen- 
t i a l l y  i n  the  smal ler ,  more resp i rab le  p a r t i c l e  s izes  ( 3 ) .  

t h e r e  are also adverse techno log ica l  aspects o f  t race  elements i n  coal ,  such as ca t -  
a l y s t  poisoning i n  c a t a l y t i c  hydrogenation and g a s i f i c a t i o n  reac t i ons  (4,5,6).  

l y  if deep c lean ing  methods are employed (7).  
l y  remove f i n e l y  disseminated minerals o r ’ o r g a n i c a l l y  bound elements, thereby neces- 
s i t a t i n g  chemical t reatments f o r  removing many o f  t h e  d e l e t e r i o u s  elements i n  coal. 

a l  of t race  elements from U.S. coa ls  by chemical means. This survey included t race  
element assoc ia t ions  w i th  minera ls  and the  a f f i n i t i e s  o f  t r a c e  elements f o r  organic 
o r  inorganic components. 
viewed i n  order t o  asce r ta in  any reduc t ions  i n  t race  element contents.  A thorou  h 
l i t e r a t u r e  survey o f  a l l  chemical c lean ing  methods revealed t h a t  caus t i c  o r  alkayine 
treatments, e s p e c i a l l y  when fo l lowed by an acid wash, are very e f f e c t i v e  i n  removing 
ash-forming minerals.  

* h e s  Laboratory i s  operated f o r  t he  U.S. Department o f  Energy by Iowa Sta te  Uni- 

Aside from t h e  de t r imenta l  environmental aspects o f  t r a c e  elements i n  coal ,  

Physical methods can e f f e c t i v e l y  remove some t race  elements f rom coal ,  especial-  
However, such methods do no t  adequate- 

A l i t e r a t u r e  survey was conducted t o  acquire in fo rmat ion  p e r t i n e n t  t o  the  remov- 

Previous s tud ies  on chemical c lean ing  methods were also re -  

v e r s i t y  under Contract  No. W-7405-Eng-82. 

I 

58 



! I n  t h i s  study, the e f fec t i veness  o f  t r a c e  element removal by two chemical coa l  
c leaning methods was examined. 
so lut ions,  and the other  invo lved treatment w i t h  molten NaOH/KOH mixtures.  I n  each 
case, ac id  washes were used as subsequent c leaning steps t o  decrease the ash content, 
fol lowed by water washes i n  the f i n a l  step. 

One method involved treatment w i th  aqueous Na,C03 e 
l 

BACKGROUND 

1 
I 

Based on the reviewed l i t e r a t u r e ,  i t  i s  ev ident  t h a t  modes o f  occurrence i n  U.S. 
coals  vary considerably, although several genera l i za t i ons  can be made. Many elements 
o f  environmental concern, i n c l u d i n g  As, Cd, Hg, Pb, and Zn, genera l l y  assoc iate w i t h  
t h e  minera l  p o r t i o n  o f  t he  coal and tend t o  associate w i t h  p y r i t e  o r  accessory su l -  
f i d e  minerals. The element As has been found t o  occur i n  s o l i d  s o l u t i o n  i n  p y r i t e  
(E), wh i l e  Cd has been found i n  s o l i d  s o l u t i o n  i n  s p h a l e r i t e  (9,lO). The predominant 
minera l  species con ta in ing  a p a r t i c u l a r  element can vary. I n  one example, Pb seems 
t o  be present most ly  as PbSe i n  Appalachian Basin coals, bu t  i t  tends t o  e x i s t  i n  the 
form o f  PbS i n  coals  from o the r  reg ions (8 , l l ) .  Minera ls  i n  coal o f t e n  occur, a t  
l e a s t  p a r t i a l l y ,  as f i n e l y  disseminated gra ins.  Although most t r a c e  elements appear 
t o  be l a r g e l y  i n o r g a n i c a l l y  associated, several o f  them have a s t rong a f f i n i t y  f o r  
t h e  organic p o r t i o n  o f  t he  coal and are bel ieved t o  be present as metal chelates.  
Among the elements i n  the  l a t t e r  category are B, Be, and Ge. Many elements, such as 
C r ,  Cu, N i ,  and Se, appear t o  have a mixed o r  h i g h l y  v a r i a b l e  o r g a n i d i n o r g a n i c  a f -  
f i n i t y  i n  sone coals. 
assoc iat ions o f  t race  elements can va ry  w ide ly  from coal  t o  coal and can show both 
extremes i n  t h e i r  a f f i n i t i e s .  

Again, these are o n l y  genera l izat ions,  s ince organic / inorganic  

I 

A l i t e r a t u r e  rev iew on t r a c e  element removal by chemical c leaning methods i n d i -  
cated t h a t  leaching coa ls  w i t h  var ious acids t o  study t r a c e  element removal was com- 
mon. I n  one study, var ious coals  f rom eastern, cen t ra l ,  and western coal reg ions 
were cleaned by a combination o f  phys ica l  and chemical means, and e x t r a c t i o n  e f f i -  
c i enc ies  f o r  numerous elements were ascer ta ined by analyzing the raw and t r e a t e d  
coals  (12). Cleaning was performed by f l o a t i n g  the  coals  at  a s p e c i f i c  g r a v i t y  o f  
1.40, g r i nd ing  the f l o a t  f r a c t i o n  t o  -325 mesh, and then success ive ly  leaching w i t h  
10% HNO , 49% HF, and 25% HCl. Resul ts  o f  t h e  analyses on the  raw and cleaned coals  
showed t h a t  l e v e l s  o f  Be were reduced by 90% o r  more, wh i l e  l e v e l s  o f  As, B, Cr, Cu, 
Mo, N i ,  Se, and V were reduced by  at l e a s t  70%. 
values, and standard dev ia t i ons  were sometimes l a r g e r  than the  averages. 
study, phys ica l  separat ion by f l o t a t i o n  fo l lowed by ac id  leachings was found t o  be 
much more e f f i c i e n t  a t  removing t r a c e  elements than f l o t a t i o n  alone. 

a chemical treatment. are sparse. Only a few o f  t he  chemical c leaning processes stud- 
i ed  i n  the past o r  c u r r e n t l y  be ing developed present t r a c e  element data i n  a d d i t i o n  
t o  the  conventional s u l f u r ,  ash, and heat ing values. 

However, these are o n l y  average 
I n  t h a t  

Results on t r a c e  element removal dur ing d e s u l f u r i z a t i o n  and demine ra l i za t i on  by 

One o f  these exceptions i s  the Jet  Propuls ion Laboratory C h l o r i n o l y s i s  Pro- 
cess, i n  which c leaning was genera l l y  accomplished by  bubbl ing c h l o r i n e  through a 
m ix tu re  con ta in ing  100 grams o f  f i n e l y  ground coal, 200 grams o f  so lvent  ( e i t h e r  
methylchloroform, carbon t e t r a c h l o r i d e ,  o r  t e t rach lo roe thy lene ) ,  and 20-70 grams o f  , 

water (13). 
f o r  10-20 minutes. The coal was then hydrolyzed by washing w i t h  water f o r  60-120 
minutes a t  60-100°C and subsequently dechlor inated a t  350-55O'C i n  a steam atmos- 
phere. 
were reduced by 50-90% (13,14). 

The c h l o r i n a t i o n  s tep was conducted at  50-100°C at  atmospheric pressure 

For some coals  t rea ted  under these condi t ions,  l e v e l s  o f  As, Be, Pb, and V 

I n  another one, t he  B a t t e l l e  Hydrothermal Process (15,16), an aqueous s l u r r y  o f  

Based on averages from several Ohio coals, t h i s  process 
f i n e l y  ground coal, NaOH, and Ca(OH), was heated f o r  10-30 minutes at  250-35O'C at 
pressures o f  600-2500 ps ig.  
reduced l e v e l s  o f  As, B, Be, Pb, and V by 70-90% (16). 
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In  yet  another chemical c leaning process, t he  Meyers Process, crushed coal  was 
leached w i th  an a c i d i c  s o l u t i o n  o f  f e r r i c  s u l f a t e  at  100-13O'C f o r  several  hours 
(17).  
extracted. A t  the same t ime the  content of  many t race  elements, such as As, Cd, Cr, 
Mn, N i ,  Pb, V, and Zn was s i g n i f i c a n t l y  reduced (18). S t i l l ,  the  data discussed 
above represent o n l y  a small f r a c t i o n  o f  the chemical processes t h a t  have been stud- 
ied. 

I f the leaching t ime was long enough, almost a l l  o f  t h e  p y r i t i c  s u l f u r  was 

EXPERIMENTAL 

Because caus t ic  o r  a l k a l i n e  t reatments are r e l a t i v e l y  e f f e c t i v e  at  removing 
ash-forming minera ls  from coal ,  p a r t i c u l a r l y  when fo l lowed by an ac id  wash, t h e  ex- 
t r a c t i o n  e f f i c i e n c y  o f  t race  elements was assessed f o r  several  o f  these treatments i n  
t h i s  study. Two samples o f  an I l l i n o i s  No. 6 run-of-mine coal were obtained which 
had been t rea ted  f o r  one hour w i th  1.0 M Na,CO a t  250'C i n  an i n e r t  atmosphere (19). 
One o f  t he  samples was then washed with-2.0 M ?IC1 t o  ob ta in  t h e  f i n a l  product. 
other sample was f i r s t  p re t rea ted  w i th  0.2 M-Na,CO, at  150'C f o r  one hour under 13.6 
atm. oxygen, then t rea ted  as the  above sample i n  an i n e r t  atmosphere, and subsequent- 
l y  washed w i th  1.8 1 H,SO,. A l l  the  Na,CO, t reatments were performed under pressure 
i n  an autoclave. 

The 

Tu, add i t i ona l  samples were obtained from a d i f f e r e n t  I l l i n o i s  No. 6 coal used 
f o r  molten caus t ic  t reatments a t  h e s  Laboratory under cond i t ions  s imu la t i ng  the  TRY 
Gravimelt Process. I n  t h a t  process, coal  was t rea ted  w i th  a molten 4 : l  NaOH/KOH 
mix tu re  f o r  one hour at  370'C. A f te r  separat ing and washing t h e  coal  w i t h  water, t he  
coal  was t rea ted  with 1oX; H,SO, and then w i th  a f i n a l  water wash. Two runs  were 
made, one being made i n  the  normal manner and the  o ther  w i th  powdered reagent-grade 
i r o n  included i n  the  coa l /caus t ic  mixture.  The i r o n  was added i n  hopes t h a t  i t  would 
act  as a s u l f u r  scavenger and improve coal  d e s u l f u r i z a t i o n .  

I n  add i t i on  t o  these samples. several  coal samples were provided by TRW Systems, 
Inc.  (Redondo Beach, CA). The samples represented I l l i n o i s  No. 6 and P i t tsburgh No. 
8 coa ls  before and a f t e r  t reatment by the  Gravimelt Process. 

ANALYTICAL METHODOLOGY 

A l l  coals were analyzed a t  h e s  Laboratory using energy-dispersive x-ray f l u o r -  
escence (ED-XRF), i n d u c t i v e l y  coupled plasma-atomic emission spectroscopy (ICP-AES), 
and atomic absorpt ion spectrophotometry (AA). 

For the  de terminat ions  o f  Cd and Pb by AA, the  coal  samples were ashed at  500'C 
and the  ashes were subsequently dissolved i n  accordance w i t h  procedures descr ibed i n  
ASTM Method D-3683 (20).  Bas ica l l y ,  the  ash was d isso lved i n  a mix tu re  o f  HNO , HC1, 
and HF in  a t i g h t l y  capped p l a s t i c  b o t t l e  i n  a steam bath. Saturated H,BO, so ju t i on  
was then added t o  t h e  mix tu re  t o  complex the  excess f l u o r i d e  and t o  improve flame 
proper t ies  dur ing  AA measurements. 
sample so lu t i ons  were prepared by f i r s t  t r e a t i n g  the  coal  w i th  ho t  HMO, and then w i th  
fuming 
used (2$?04Conventional f l a m e  PA was used f o r  the Cd and Pb determinat ions,  wh i le  
hydr ide  generat ion AA was used f o r  the  As, Sb, and Se. 
p o r t i o n  of the coal was placed i n  a Parr bomb conta in ing  1oX HNO,. 
t he  contents o f  the  bomb were washed i n t o  an Erlenmeyer f l ask ,  and SnC1, so lu t i on  was 
added t o  t he  m i x t u r e  t o  reduce the  Hg f o r  convent ional  c o l d  vapor AA measurements. 
Correct ions were made f o r  reagent blanks i n  a l l  analyses by  PA. 

For the  coa ls  analyzed by XRF, samples t h a t  were +60 mesh were f i r s t  ground t o  
-60 mesh w i th  a boron carbide mortar and pes t le .  The samples were then prepared by 
mix ing  tu, grams o f  sample w i th  0.2 grams of Somar Mix, a granulated p l a s t i c  b ind ing  

For t h e  AA determinat ions o f  As, Sb, and Se, 

For these d isso lu t ions ,  an Erlenmeyer f l a s k - r e f l u x  cap apparatus was 

For the  Hg determinat ion,  a 
A f te r  i g n i t i o n ,  
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agent. 
was scaled down p ropor t i ona l l y .  
of about 5000 ps i .  

f o r  Cd and Pb. The so lu t i ons  were d i l u t e d  as necessary and were then nebul ized and 
introduced i n t o  the plasma. L ine  spect ra were c o l l e c t e d  w i th  a mul t i -channel  anal- 
yzer  and co r rec t i ons  were made for reagent blanks and background s h i f t s .  
analyses, NBS Standard Reference Mater ia l  1632, a bituminous coal, was used f o r  i n -  
strument c a l i b r a t i o n .  

If less than tw grams o f  sample were avai lab le,  the amount o f  b ind ing  agent 
The powder was then pressed i n t o  d i sks  at a pressure 

Analyses by ICP were performed on t h e  same d i s s o l u t i o n s  used f o r  t he  AA analyses 

The XRF analyses were performed using a Mo-target x- ray tube. 

For a l l  

RESULTS AND DISCUSSION 

Results o f  the analyses on coals before and a f t e r  treatment w i t h  aqueous Na,CO, 
so lu t i ons  and molten NaOH/KOH mixtures a t  Pmes Laboratory are shown i n  Table 1. 
Levels o f  Cd, Pb and Zn were r e l a t i v e l y  h igh  i n  the raw I l l i n o i s  No. 6 run-of-mine 
coal used f o r  the N$CO treatments. The elevated Cd l e v e l s  c o r r e l a t e  we l l  w i t h  the 
h igh  Zn levels ,  since Ca i n  coal i s  commonly associated w i t h  s p h a l e r i t e  (ZnS). 
Pb was probably present l a r g e l y  as galena (PbS). For the  a l k a l i - t r e a t e d  coal washed 
subsequently w i th  HC1, l e v e l s  o f  Mn, Pb, Rb, Sr, and Zn were reduced by  75% o r  more, 
wh i l e  l e v e l s  o f  Ba. Cd, C r ,  N i ,  and Se, were reduced by  30-60%. 
been pret reated showed reduct ions o f  75% o r  more f o r  Mn, Pb, and Zn, w h i l e  Cd and N i  
were reduced by 60% o r  m r e .  It i s  i n t e r e s t i n g  t o  note t h a t  every a l k a l i  and alka- 
l i n e  ear th  metal determined was enriched i n  the pret reated coal r e l a t i v e  t o  t h e  coal  
t h a t  was leached w i t h  no pretreatment. Some o f  these, such as Ba and Ca, were m r e  
concentrated i n  the pret reated coal than i n  the raw coal .  
vated l e v e l s  o f  Ba, Cu, Se, and S r  i n  t he  pret reated coal i s  unce r ta in  at t h i s  t ime. 

(Table 1) showed t h a t  l e v e l s  o f  Fe, which i s  predominantly associated w i t h  p y r i t e  i n  
coal, was reduced by about 90% f o r  each o f  the two runs. Reductions i n  concentra- 
t i o n s  o f  o ther  elements which form abundant minera ls  i n  coal, i n c l u d i n g  A l ,  K, and 
S i ,  were also subs tan t i a l .  Because roughly  90% o f  the ash was removed, subs tan t i a l  
concentrat ion reduct ions i n  the major minera l - forming elements are expected. O f  t he  
t r a c e  elements, l e v e l s  o f  Ba, Rb, S r ,  and Zn were reduced by 70% o r  more and Se was 
reduced by 30% or m r e  i n  the coal t rea ted  i n  the normal fash ion (Run 1). 
coal from the t e s t  con ta in ing  the i r o n  a d d i t i v e  (Run 2). l e v e l s  o f  Rb, S r ,  and Zn 
were also reduced by 70% o r  more. Pb l e v e l s  remained e s s e n t i a l l y  constant  f o r  each 
o f  t he  t rea ted  coals. The e levated C r  and N i  l e v e l s  are be l ieved t o  be co r ros ion  
byproducts from the reac to r .  

i c a n t l y  h igher  than i n  Run 1, suggesting a m r e  severe a t tack  i n  the  second t e s t .  
the at tack were more severe, then l e v e l s  o f  Fe, A l ,  S i ,  and ash would be an t i c ipa ted  
t o  be somewhat lower than i n  Run 1. As can be seen from these data, t h i s  i s  indeed 
the  case. 
element reduct ions d i d  not  seem t o  be s i g n i f i c a n t l y  improved. 

was decreased t o  1% o r  less, and l e v e l s  o f  As, Be, Cd, Hg, Pb, Se, Sr ,  and Zn were 
reduced by 75-953. 
l y  associated w i th  p y r i t e .  
can be an t i c ipa ted  when most o f  t he  p y r i t e  i s  removed (as i nd i ca ted  f o r  both coal 
samples). 
the reduct ion l e v e l s  are not  as prominent nor as c lear-cut .  

The 

The coal t h a t  had 

The reason f o r  the e l e -  

Analysis o f  t he  XRF data on coals  t r e a t e d  w i t h  molten caus t i c  at Ames Laboratory  

I n  the 

I n  the coal t r e a t e d  by molten caus t i c  i n  Run 2, the C r  and N i  l e v e l s  are s i g n i f -  
I f  

However, desp i te  the  apparent ly  more severe at tack i n  Run 2, o v e r a l l  t r a c e  

I n  the coals t rea ted  by the Gravimelt Process at  TRW (Table 2), the ash content  

It i s  i n t e r e s t i n g  t o  note t h a t  most o f  these elements are comon- 
Thus, subs tan t i a l  reduct ions i n  l e v e l s  o f  these elements 

I n  addi t ion,  the l e v e l s  o f  Ba, Ge. Mn, and Rb were a l so  reduced; however, 
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Table 1. XRF Data on Coals Before and A f t e r  Treatment.a 

Ash ( X )  
A9 
A1 ( X I  
AS 

Ba 
B r  
Ca 
Cd 

C r  
cu 
Fe ( X I  
Ga 
Ge 
K 
Mn 
N i  
Pb 
Rb 

Sb 
Se 
S i  ( X )  
S r  
T i  
V 
Zn 

c1 (%) 

S d  ( X )  

Molten NaOH/KOH Treatment 

Raw 
Ill. No. 6 

14.17 
<2 
1.9 
3.4 

1.7 
49 

5650 
<2 

<1100 
27 
12 
1.19 
2.9 

<2 
1960 
51 
20 
14 
10 

<2 
4.52 

1.8 
3.1 
24 
640 
<150 
49 

Run 1 

1.24 

0.72 
1.0 

<1.0 

<20 

<lo 

<284 
<20 

<o. 1 
58 
<61 
0.189 
5.4 
<1.0 

ai0 
<18 
241 
17 
<1 .o 
0.96 

<20 
<1.0 
0.64 
1.0 

2 40 
<25 
11 

Run Zb 

1.02 

0.29 
3.8 

<2 

36 
<1 

<247 
<2 
C0.5 
144 

<113 
0.142 
1.4 
<2 
804 
22 
344 
10 
<1 

<5 
<2 

<2 
165 
<19 

0.84 

0.18 

8.2 

Aqueous Na2C03 Treatment 

Raw 
Ill. No. 6 

13.24 

2.0 
<20 

<5 
27 

4560 
49 
<0.1 
26 
38 

<12 
<17 
1775 
62 
24 
210 

2.7 

1.50 

9.6 
3.71 

3.0 
2.6 

<20 

11 
700 
<78 
1100 

Run 1 

2.61 

0.70 
2.1 

6.3 

<20 

17 

264 
<20 

18 
53 

0.86 

0.87 
4.5 
5.1 
65 
14 
14 
10 
<1.0 
2.40 

1.2 
0.68 
<1.0 

<20 

610 
<61 
36 

a Values are i n  ppm unless otherwise noted and are corrected t o  a d r y  bas is .  
Powdered i r o n  inc luded i n  coa l / caus t i c  mixture. 
Pret reated with 0.2 
Determined by a high-temperature combustion inst rumenta l  method. 

Na2C03 and oxygen. 

Run 2' 

2.91 

0.79 
<20 

<1.0 
59 
5.7 

7180 
20 
<0.1 
98 

2100 
0.12 
c4.5 
5.3 

9.5 
1260 

<lo 
24 
7.5 
1.84 

9.1 
1.5 

(20 

42 
450 
(58 
<240 

62 



i 
Table 2. XRF, AA, and I C P  Data on Raw and Chemical ly Cleaned Coals 

Received from TRY Systems, Inc.a 

~~ 

Ash ( X )  
Pyr .  s (%I 

2 
Cd 
As 
Sb 
Se 

Ag 
A1 ( X I  
As 
Ba 
B a* 
Be* 
B r  

C a* 
Cd 

C r  
C r *  
cu 
cu* 
Fe ( I s )  
Fe* ( X )  
Ga 
Ge 
K 
Mn 
Mn* 
N i  
N i *  
Pb 
Rb 
s 
Sb 
Se 
S i  ( X I  
Sn 
S r  
T i  
T i *  
V* 
Zn 
Zn* 

Ca ( X I  

c1 ( X I  

I l l i n o i s  No. 6 

Raw Cleaned 

9.23 0.53 
1.04 0.02 

Pi t t sbu rgh  No. 

Cleaned 

1.78 

0.26 0.04 
5.8 1.4 
0.70 0.16 
0.33 0.14 
0.09 0.08 
1.5 0.6 

0.15 0.10 
5.6 1.4 
0.44 0.024 
3.9 0.18 
0.06 0.06 
1.6 0.19 

A A  

D A T A  

<20 <20 

<5 <lo 
40 <40 
<25 <0.4 
0.77 co.10 
9.9 16 

1.6 <0.7 

0.16 
978 
<20 

23 
10 
16 
16 

0.10 

0.968 
1.1 

5.0 
<1 

1500 
49 
42 
17 

<lo 
10 

<20 
<3 

<20 
17 
630 
489 
<2.5 
31 
39 

4.8 

2.6 

2.2 

0.015 
63 
<20 

62 
54 

28 

0.041 

I ( N i )  

0.078 
0.051 

3.6 

9.9 
1.7 

<1 

360 

100 
47 
<lo 
<5 

<20 
<3 
<0.2 
<20 
<5 
370 
290 

0.47 

<0.9 
-3.9 
2.1 

<20 

<lo - 30 
13 

1.2 

0.6 
7.9 
0.18 

545 
<20 

<o .02 
23 
<6 
20 
12 

-1.3 
-2.3 
4.5 

1.54 

1100 
51 
23 
15 

<10 
4.3 

7.4 
2.4 

<20 
<3 

<20 
41 
770 
480 

4 1 4  
23 
20 

2.0 

<20 
<0.7 
<5 
<40 
C3.1 
<O .06 
3.4 
0.027 
72 
<20 

152 
110 

16 

0.053 

I ( N i )  

0.107 
0.033 

3.1 
<1 

620 
21 

132 
58 

<lo 
<5 

<20 
<3 

<20 
<5 
350 
190 

1.5 
-4 
<0.6 

4.4 

0.78 

0.23 

I C P  

a n d  

X R F  

D A T A  

~ 

a Values are i n  ppm unless X i s  noted and are corrected t o  a d r y  bas is .  

I C P  data. 

An " I u  
i nd i ca tes  an u n s a t i s f a c t o r y  determinat ion due t o  an i n te r fe rence  from another 
element (shown i n  parentheses). 
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CONCLUSIONS AND RECOMMENDATIONS 

The aqueous Na,CO, and moltefl NaOH/KOH treatments, fo l lowed by acid washes, 
e f fec t i ve l y  remove many t r a c e  elements from the  coals  studied. 
ros ion  o f  reac to r  components i n  the molten caus t i c  system, l e v e l s  o f  some elements, 
predominantly N i  and C r ,  are s u b s t a n t i a l l y  e levated i n  the t r e a t e d  coals. 
t e s t s  should be conducted on a greater  v a r i e t y  o f  coals  i n  order  t o  asce r ta in  the  
general e f f i c i e n c y  o f  t r a c e  element removal by these processes. 
d u c i b i l i t y  should be examined by  making a number o f  runs using the  same reac t i on  
condi t ions on d i f f e r e n t  po r t i ons  of t he  same raw coal .  

However, due t o  cor- 

S im i la r  

I n  addi t ion,  repro- 
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