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INTRODUCTION: 

The bas ic  elements i n  coal  ash (alkalies,Ca,Fe) e x h i b i t  an i n t e r e s t i n g  
behaviour d u r i n g  combustion, which i s  c l o s e l y  r e l a t e d  t o  the  form o f  occurrence 
of these elements i n  the  parent coa l .  The o b j e c t i v e  o f  t h i s  paper i s  t o  
e l u c i d a t e  t h e i r  e v o l u t i o n  d u r i n g  combustion processes o f  v a r i a b l e  t i m e  and 
temperature. Q u a l i t a t i v e  determinat ions are made from the  data obtained from 
Computer Cont ro l led  Scanning E lec t ron  Microscopy (CCSEM), X-ray Absorp t ion  F ine 
St ruc ture  (XAFS) and Mossbauer spectroscopies. 

Some o f  the  da ta  and the  d e s c r i p t i o n  o f  t h e  techniques used i n  t h i s  paper 
are summarized i n  severa l  p u b l i c a t i o n s  (1-8). The main goal o f  t h i s  paper i s  
t o  discuss some systemat ic t rends i n  the  behaviour o f  calcium, i r o n  and the  
a l k a l i e s  d u r i n g  h igh  temperature coal combustion. It needs t o  be emphasized t h a t  
our d iscuss ion  deals o n l y  w i t h  h i g h  temperature (-1600 t o  2000 K) p u l v e r i z e d  coal  
combustion, and i s  no t  re levant  t o  f l u i d i z e d  bed combustion. 

EXPERIMENTAL PROCEDURES: 

The CCSEM method measures the  areas o f  c ross-sec t ion  and the  energy- 
d i s p e r s i v e  spectra f o r  a t  l e a s t  1000 d i f f e r e n t  p a r t i c l e s  i n  a random, p o l i s h e d  
sec t ion  o f  the  coal embedded i n  epoxy. The data i s  then reduced t o  d e r i v e  t h e  
o v e r a l l  mineralogy and semi -quant i ta t i ve  s i z e - d i s t r i b u t i o n  o f  i n d i v i d u a l  mineral  
categor ies ( 9 ) .  CCSEM techniques f o r  ash are  s i m i l a r  t o  those f o r  the  coal ,  
except t h a t  the  p a r t i c l e s  are n o t  embedded i n  epoxy bu t  a re  mounted on Nucleopore 
(0.2 micrometer) f i l t e r s  by a process o f  f i l t r a t i o n  i n  t r i p l y - d i s t i l l e d  acetone. 
The amount of mater ia l  f i l t e r e d  is ad jus ted  t o  g i v e  an optimum d e n s i t y  o f  
p a r t i c l e s  on t h e  f i l t e r  paper. The data reduc t ion  techniques f o r  ash samples 
are s i m i l a r  t o  those used f o r  coal minera ls  ana lys is  (CMA) b u t  the  s o r t i n g  
program i s  based on the  i n t e n s i t y  o f  the  energy-dispersive X-rays from t h e  th ree  
most abundant elements, r a t h e r  than on s p e c i f i c  phases ( 9 ) .  

XAFS i s  used t o  examine s p e c i f i c  elements and t o  o b t a i n  i n f o r m a t i o n  on t h e  
bonding and s t r u c t u r e  o f  t h a t  element i n  the  mater ia l  a t  d i l u t e  concent ra t ions  
(-0.1 t o  1.0%). By comparing w i t h  standard mater ia ls ,  the  phase i n  which the  
element e x i s t s  i s  a l s o  i d e n t i f i e d .  

Mossbauer spectroscopy complements the  CCSEM technique by i d e n t i f y i n g  the  
form o f  i r o n  i n  a coal  o r  ash. With t h i s  technique it i s  p o s s i b l e  t o  measure 
the r e l a t i v e  abundance o f  the  major i ron-bear ing  minera ls  i n  complex samples. 
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furthermore t h e  Mossbauer technique a l so  prov ides a d i r e c t  measure of t he  p y r i t i c  
s u l f u r  content .  

RESULTS AND DISCUSSIONS: 

The s e t  of coa ls  being i nves t i ga ted  here are ( low-rank coals)  Beulah, 
Eagle Bu t te  and San Miguel, (bituminous coa ls )  Upper Freepor t ,  Kentucky 19, 
Kentucky #11, I l l i n o i s  #6 and (Aus t ra l i an  brown coa l )  Loy Yang. These coa ls  were 
combusted i n  d i f f e r e n t  sca le furnaces a t  Physical Sciences, Inc., M. I .T .  and 
the  U n i v e r s i t y  o f  Ar izona (UA). The UA samples were c o l l e c t e d  on f i l t e r  from 
d i f f e r e n t  impactor  p l a t e s  o f  vary ing p a r t i c l e  diameter. 

Mossbauer da ta  show t h a t  most of t he  i r o n  i n  these coa ls  i s  i n  the  form 
o f  p y r i t e ,  except f o r  Upper Freeport,  i n  which 20% o f  t he  i r o n  i s  conta ined i n  
c l a y  and s i d e r i t e ,  and Loy Yang coals and t h a t  t h e  p y r i t e  contents  of these coals  
are much h ighe r  than t h a t  of t he  bituminous coals .  Un l i ke  the U.S. coals, the 
i r o n  i n  the A u s t r a l i a n  coal appeared t o  be present as i ron,oxyhydrox ide (FeOOH). 

I f  p y r i t e  i s  conta ined i n  a burn ing coal p a r t i c l e  t h a t  a l s o  conta ins c lay  
minera ls  and/or qua r t z ,  i t  i s  l i k e l y  t o  r e a c t  w i t h  these minera ls  t o  form an 
a l u m i n o s i l i c a t e  s lag  d r o p l e t .  I s o l a t e d  p y r i t e ,  e i t h e r  l i b e r a t e d  o r  conta ined 
i n  a coal  p a r t i c l e  t ransforms i n t o  p y r r h o t i t e  by d e v o l a t i l i z a t i o n  which then 
undergoes exothermic o x i d a t i o n ,  presumably t o  a molten Fe-0-S phase (6 ,7 ) .  I r o n  
i s  found predominant ly  present as magneti te and as Fe'3 i n  g lass  i n  the ash 
samples o f  these coa ls .  For these coals, the p a r t i t i o n i n g  between i r o n  oxide 
and g l a s s  appears t o  be simply r e l a t e d  t o  amount o f  p y r i t e  i n  t h e  minera l  mat ter .  
On t h i s  bas is  one would p r e d i c t  t h a t  the amount o f  i r o n  as ox ide should decrease 
i n  the order  I l l i n o i s  #6 > Beulah l i g n i t e  > Kentucky #11 > Upper Freepor t  > 
Kentucky #9 > Eagle But te ,  which i s  e x a c t l y  t he  order  i n  which i r o n  i s  
p a r t i t i o n e d  between i r o n  ox ide and g lass i n  t h e  ash samples. One would expect 
t h a t  how the p y r i t e  i s  associated w i t h  o the r  minera ls  would a l s o  p l a y  a Po:? i n  
determin ing t h i s  o rde r ,  bu t  for  t h i s  p a r t i c u l a r  sequence o f  coals ,  such 
assoc ia t i on  i s  apparent ly  no t  an impor tant  f a c t o r  o r  i t  i s  a lso dependent on the 
r e l a t i v e  amount o f  p y r i t e  i n  t h e  sample t o  a f i r s t  approximation (Table 1). 

XANES spec t ra  o f  ca lc ium i n  Beulah l i g n i t e  and Eagle Bu t te  coals  are very 
s i m i l a r  t o  t h e  ones measured for  o the r  low-rank U . S .  coals [10,11] and are 
c h a r a c t e r i s t i c  o f  ca l c ium bound through carboxy l  groups t o  macerals (F ig .  1 ) .  
XANES o f  ca lc ium i n  San Miguel Texas l i g n i t e  (F ig .  1) a lso  resembles t h a t  o f  the 
two low rank coals .  XANES o f  calcium i n  I l l i n o i s  #6 coal resembles t h e  sum o f  
XANES of  c a l c i t e  and t h a t  o f  a coal w i t h  carboxyl-bound calcium. 

I n  t h e  ash samples obta ined from l o w  rank coals, the predominant 
composit ional classes are permutations o f  the t h r e e  most abundant elements: Ca, 
A1 and S i ,  except f o r  the f i n e s t  impactor p l a t e  where many Ca and Na s u l f a t e  
p a r t i c l e s  a re  a lso present .  Figures 2 show Ca-Si-A1 t r i a n g u l a r  p l o t s  f o r  each 
of the impactor p l a t e s  o f  Beulah ash sample. Here each p o i n t  represents  an ash 
p a r t i c l e  i d e n t i f i e d  by the CCSEM analys is  as con ta in ing  > 80% Ca t S i  t A l .  The 
composit ion of  each p a r t i c l e ,  normalized t o  th ree  elements, i s  then p l o t t e d  on 
the t e r n a r y  diagram. The p l o t s  show a c l e a r  dependency o f  composit ional 
c l u s t e r i n g  on s i z e .  These t rends can be i n t e r p r e t e d  as i n d i c a t i n g  a s i ze  
dependency f o r  t he  r e a c t i o n  between CaO fume, de r i ved  from t h e  carboxyl-bound 
calcium, and the k a o l i n i t e  i n  the coal .  The sma l le r  t he  reac tan t  p a r t i c l e ,  the 
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more probable i s  t h e  fo rmat ion  o f  a Ca-Al-Si phase, and t h e  less probable i s  the  
existence o f  separate Ca-r ich o r  A1-Si p a r t i c l e s .  The f i n e  p a r t i c l e  composit ions 
i n d i c a t e  t h e  fo rmat ion  o f  calc ium s u b s t i t u t e d  g lass  phase. The XANES spec t ra  
( f i g .  3)  a re  q u i t e  s i m i l a r  t o  t h a t  a t t r i b u t e d  t o  ca lc ium i n  a l u m i n o s i l i c a t e  g lass  
[ 5 ]  and i n d i c a t e  t h a t  t h e  amount o f  CaO o r  CaSO, i n  ash i s  r e l a t i v e l y  minor (<IO 
~ 0 1 % ) .  Hence, t h e  broader range i n  the  Ca-Al-Si c l u s t e r  observed f o r  the  coarser 
p a r t i c l e s  must represent  t h e  composit ional range o f  Ca-Al-Si g l a s s  r a t h e r  than 
mixed CaO-Al-Si p a r t i c l e s .  It should a l s o  be noted t h a t  t h e r e  i s  a tendency for 
Ca enrichment near p a r t i c l e  surfaces. 

The p r i n c i p a l  a l k a l i $ s p e c i e s  i n  l i g n i t e  i s  Na, be l ieved t o  be molecu la r ly  
dispersed through the  maceral and bonded t o  the  carboxyl  group, l i k e  calc ium. 
Sodium may a lso  be present as hydrated Na' ions  i n  the  mois tu re  associated w i t h  
low-rank coals and t h i s  i s  probably the  case w i t h  Loy Yang coal ,  even though 
appreciable NaCl was noted i n  t h e  CCSEM ana lys is  f o r  the  d r i e d  sample o f  t h i s  
coal .  Potassium i s  s i g n i f i c a n t  on ly  f o r  t h e  f o u r  bi tuminous coals and San Miguel 
l i g n i t e .  Some 
KC1 was noted i n  t h e  CCSEM ana lys is  o f  Loy Yang coa l .  

The behaviour o f  a l k a l i e s  dur ing  combustion i s  s t r o n g l y  dependent on t h e i r  
form o f  occurrence i n  t h e  parent coal .  K, which i s  present as i l l i t e ,  i s  l i k e l y  
t o  remain w i t h  the  a l u m i n o s i l i c a t e  p a r t i c l e  and form a molten s l a g  d r o p l e t .  
Confirmed by potassium XANES (Fig.4) obtained from var ious  ash samples, p a r t i a l  
m e l t i n g  occurs because o f  e u t e c t i c  regions i n  the  K-Si-A1 phase diagram [8,12]. 
The a l u m i n o s i l i c a t e  g lass  produced by mel t ing  i l l i t e  y i e l d s  p r e c i s e l y  t h i s  type 
o f  potassium XANES spectrum [8 ,13] .  The composi t ion o f  these molten p a r t i c l e s  
i s  s i m i l a r  t o  t h a t  of t h e  parent i l l i t e ,  as i l l u s t r a t e d  i n  f i g u r e  5. f i g u r e  4 
shows t h e  comparison o f  potassium XANES spectra o f  ash samples f rom d i f f e r e n t  
coa ls  and a l l  appear c h a r a c t e r i s t i c  o f  potassium i n  g lass.  The s u b t l e  d i f f e r e n c e  
between the  Eagle But te  spec t ra  and t h e  o ther  spectra most l i k e l y  r e f l e c t s  e i t h e r  
i t s  d i f f e r e n t  b u l k  ash composit ion ( r i c h e r  i n  Ca, poorer i n  Fe) o r  a d i f f e r e n t  
mode o f  occurrence f o r  potassium i n  the  o r i g i n a l  coal .  

The CCSEM a n a l y s i s  o f  Beulah l i g n i t e  ash shows an abundance o f  sodium- 
a l u m i n o s i l i c a t e  p a r t i c l e s  (F ig .  6 ) .  I n  c o n t r a s t  t o  the  s i m i l a r  p l o t  f o r  ca lc ium 
r i c h  p a r t i c l e s ,  t h e  Na- r ich  p a r t i c l e s  c l u s t e r  i n  the  center  o f  t h e  Na-Al-Si 
te rnary  p l o t .  The composi t ion o f  t h i s  c l u s t e r  o f  p o i n t s  corresponds t o  t h e  phase 
nephel ine (NaAlSiO,): Th is  phase must have been formed by r e a c t i o n  between 
k a o l i n i t e  and Na c a t i o n s  v o l a t i l i z e d  i n  t h e  combustion o f  t h e  coa l .  Th is  i s  an 
example o f  the  e f f i c i e n c y  o f  a luminos i l i ca tes  der ived  from c l a y s  f o r  t h e  f i x a t i o n  
o f  a l k a l i  elements i n  coa l  ash. Th is  r e f u t e s  the  suggest ion t h a t  a l k a l i  elements 
can be r e a d i l y  v o l a t i l i z e d  from c lays  o r  o t h e r  a l u m i n o s i l i c a t e s  d u r i n g  
combustion, a t  l e a s t  t o  1500 K under o x i d i z i n g  cond i t ions .  

SUMMARY: 

K i n  these coa ls  i s  almost e n t i r e l y  present as i l l i t i c  c lays .  

I r o n  ( p y r i t e )  e i t h e r  r e a c t s  w i t h  c l a y  minera ls  t o  form a l u m i n o s i l i c a t e  s lag  
o r  devo la t i zes  and undergoes o x i d a t i o n  t o  form oxides and s u l f i d e s ,  depending 
on whether i t  i s  associated w i t h  c l a y  and quar tz  o r  i so la ted .  Calcium i s  
mo lecu la r ly  dispersed i n  coa ls  and i s  bonded t o  carboxyl  groups i n  t h e  macerals. 
On combustion i t  forms CaO which may f u r t h e r  r e a c t  w i t h  c l a y s  t o  form 
a l u m i n o s i l i c a t e  glass.  Potassium i n  bituminous coa ls  i s  contained i n  i l l i t e  
which m e l t s  and forms a l u m i n o s i l i c a t e  g lass.  F i n a l l y ,  sodium which i s  be l ieved 
t o  be m o l e c u l a r l y  dispersed i n  t h e  macerals, v o l a t i l i z e s  and r e a c t s  w i t h  c lays  
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t o  form a l u m i n o s i l i c a t e  g l a s s  w i t h  composit ions corresponding t o  t h a t  o f  
nepheline. 
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TABLE 1. - Mossbauer da ta  for ash samoles from U n i v e r s i t v  o f  Ar izona combustor 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
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%Fe D i s t r i b u t i o n  o f  I r o n  among Phases 
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Upper Freeport  67 18 13 

Eagle Butte 
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6.58 
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Figure 2. Ca-Ai-Si triangular plots for Beulah lignite ash on different 
imDactors in UA combustor. All particles contain AI+Si+Ca > 80%. 
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Figure 3. Ca XANES for Beulah ash from size segregated impactors of UA combustor 

Flgure 4. Potassium XANES of ash samples from MIT combustor. 
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Figure 5.  K-SI-AI triangular plots for Upper Freeport coal and ash '* 

C AI 

Figure 6. Triangular plots for Beulah ash from PSI drop tube furnace 

All particles contained AI+Si+Na/Ca > 80%. 
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