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In t roduc t ion  

Inorganic spec ie s  a r e  incorporated i n  low-rank coa l s  i n  many ways: as ion- 
exchangeable ca t ions ,  as coordinat ion complexes, and as a d ive r se  a r r ay  of d i s c r e t e  
minerals.  In some cases a n  element w i l l  be present  i n  more than one form; 
potassium, f o r  example, occurs  both as an exchangeable c a t i o n  and i n  a s soc ia t ion  
with clay minerals.  The v a r i a t i o n  i n  a s s o c i a t i o n  of inorganics  among t h e  mul t ip l e  
modes of occurrence r e s u l t s  i n  a very complex s e r i e s  of r eac t ions  and mineral  
t ransformations when low-rank coa l s  a r e  ashed o r  s lagged.  The behavior o r  t h e  
inorganic  components can be a t  least as important  t o  e f f e c t i v e  ope ra t ion  as the  
behavior of the carbonaceous port ion i n  low-rank coa l  u t i l i z a t i o n  processes.  The 
determinat ion of t he  e x t e n t  of t he  changes i n  bulk composition and i n  mineral  phases 
during control led l abora to ry  ashing i s  very important i n  developing an understanding 
of ash or  s l a g  behavior during coa l  processing and how such changes a r e  r e l a t e d  t o  
process  condi t ions.  

In the pas t ,  mineralogical  determinat ions using a sh  formed a t  t he  s tandard 
ternperaturc of 750'12 i d e n t i f i e d  minerals which were not  o r i g i n a l l y  present  i n  the 
raw coal  but which were a r t i f a c t s  of t he  ashing procedure.  This w a s  due t o  the  
a l t e r a t i o n  of minerals  by oxidat ion,  dehydrat ion and o the r  processes  a t  high 
temperatures.  Recent s t u d i e s  by Miller e t  a1 (l-), Fraze r  and Belcher (L), and 
O'Gorman and Walker (2) have concentrated on r e l a t i n g  raw coal mineralogy t o  ash 
mineralogy generated at  low temperatures.  Lor t empera tu re  ashing (LTA) 
t h e o r e t i c a l l y  would enab le  one t o  obtain t h e  t r u e  mineralogical  composition of a 
coa l  s ince  l i t t l e  mineral  a l t e r a t i o n  occurs  up t o  125'C. Mitchel l  and Gluskoter  (5) 
expanded t h i s  concept t o  s tudy low t o  high temperature mineral  t ransformations i n  
a sh  of subbituminous and bituminous coals .  With few except ions t h e  app l i ca t ion  of 
LTA i n  ash mineralogy s t u d i e s  has  been pr imari ly  a s soc ia t ed  with subbituminous and 
bituminous coa l s  (5). In f a c t ,  Mi l l e r  e t  a1  (I-) and F raze r  and Belcher (2) state  
t h a t  LTA may be unsu i t ab le  f o r  obtaining t h e  o r i g i n a l  mineralogy i n  l i g n i t e s  without 
appropriate  pretreatment .  Th i s  is due t o  the  high organic  oxygen content  with 
associated inorganic  exchangeable ca t ions  c h a r a c t e r i s t i c  of l i g n i t e s .  The presence 
of organically-bonded ino rgan ic s  d r a s t i c a l l y  inc reases  the  ashing t i m e  thereby 
inc reas ing  t h e  chances of mineral  a l t e r a t i o n  by oxidat ion.  In add i t ion ,  t he  r e l e a s e  
of organically-bound c a t i o n s  and organic  s u l f u r  i n  contact  with mineral  mat ter  can 
alter the o r i g i n a l  coal mineralogy wi th  an extended per iod of low-temperature 
ashing . 

The purpose of t h i s  s tudy i s  t o  i d e n t i f y  mineral  t ransformations i n  low t o  high 
temperature ashes (12S0, 750°, and 1000°C) and s l a g s  (1300°C) c h a r a c t e r i s t i c  of 
l i g n i t e s .  The processes  responsible  f o r  c e r t a i n  mineral  t ransformation a r e  a l s o  
examined. 

T w e l v e  low-rank c o a l s  were se l ec t ed  from t h e  northern Great P l a i n s  and Gulf 
Coast. Nine North Dakota l i g n i t e s ,  two Gulf Coast (Texas and Alabama) l i g n i t e s ,  and 
one subbituminous coal  from Montana were s tud ied  (Table I ) .  

Experimental 

The mineral  matter composition of each coa l  sample was determined d i r e c t l y  by X-ray 
d i f f r a c t i o n  (XRD) of low temperature  a sh  (LTA). A LFE Model 504 four-chamber oxygen 
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plasma low temperature asher  was used. The ashing procedures used were modified 
a f t e r  Mi l le r  and Givens' (6) technique f o r  low temperature ashing of subbituminous 
and bituminous coa l s .  One s e t  of samples was ion-exchanged i n  1N ammonium ace ta t e  
a t  7OoC f o r  24 hours and freeze-dried p r i o r  to  low temperature ash ing .  This 
procedure w a s  repea ted  th ree  times to ensure removal of ion-exchangeable ca t ions .  
Another, but un t r ea t ed ,  sample set was a l s o  ashed. Pre l iminary  comparison of sample 
s e t s  showed t h e  exchanged samples t o  have reduced ashing time and i d e n t i c a l  
mineralogy except  f o r  t h e  presence of bassani te  i n  non-exchanged samples. This 
d i f f e rence  w i l l  be d i scussed  later. 

Modif ica t ions  i n  ope ra t ing  procedures a r e  a s  follows: an RF Power of 
approximately 150W and an  oxygen flow of 100cc/min a t  2 p s i  were maintained along 
with a chamber p re s su re  of l m m  Hg. Samples were s t i r r e d  once every 2 hours during 
the  f i r s t  e igh t  hours and every e igh t  hours during the  remaining ashing time. 

Samples were a l s o  ashed a t  75OoC i n  accordance wi th  ASTM procedure D3174-73 and 
w i l l  be r e f e r r e d  to as ASTM samples (7-). Samples were then ashed a t  1000°C 
following the  same procedure f o r  75OoC coa l  ashing and w i l l  be r e fe r r ed  t o  a s  HTA 
(high temperature a sh )  samples. F ina l ly  raw coal samples were heated to 1300'C 
forming s l a g .  A l l  s l a g  samples were a i r  quenched. 

Mineralogical composition of ash samples w a s  analyzed by XRD. X-ray 
f luorescence  (XRF) a n a l y s i s  was a l s o  used f o r  bulk ash  ana lys i s .  Raw coa l  ana lys i s  
was performed by XRF and neutron a c t i v a t i o n  ( N A A ) .  XRF e lementa l  ana lyses  of raw 
coa l  samples a r e  l i s t e d  i n  Table I. 

Results a d  Discussion 

Mineralogical phases formed a t  d i f f e r e n t  temperatures f o r  each coa l  sample a re  
summarized i n  Table 11. The major mineral  phases de tec ted  by XRJI i n  LTA samples a re  
qua r t z ,  p y r i t e ,  b a s s a n i t e ,  k a o l i n i t e  and p lag ioc lase .  The processes  respons ib le  f o r  
mineral  t ransformat ions  inc lude  oxida t ion ,  vapor iza t ion ,  s u l f u r  f ixa t ion ,  
dehydration, s o l i d - s t a t e  i n t e r a c t i o n s ,  and r e c r y s t a l l i z a t i o n .  The temperatures a t  
which s p e c i f i c  t ransformat ions  occur a r e  based on previous experimental  work by 
Mi tche l l  and Gluskoter  (6) and published chemical d a t a  i n  the  Handbook of Chemistry 
and Physics (a). In a d d i t i o n  t o  mineral-mineral i n t e r a c t i o n s  i t  is  believed tha t  
r eac t ions  between mine ra l s  and exchangeable ca t ions  occur (9). 

While Mi l l e r  et  a 1  (1) s t a t e d  tha t  
p y r i t e  may be oxid ized  wi th  increased  low temperature ashing t i m e  i n  l i g n i t e s  no 
evidence of oxidized forms of i r o n  was seen  by XRD. This may be a t t r i b u t e d  to  the 
pretreatment of samples wi th  ammonium a c e t a t e ,  thereby reducing ashing times a s  much 
as 50%. I n  ASTM samples p y r i t e  is  oxidized to hemat i te  (Fez()-,) and magnetite 
(PejO4). According to M i l l e r  and Gluskoter 0, p y r i t e  ox id i zes  a t  5OO0C. With the 
oxida t ion  of p y r i t e  t o  i ron  oxide r a t h e r  than  i r o n  s u l f a t e ,  p y r i t i c  s u l f u r  is  
re leased .  The format ion  of sodium and calcium s u l f a t e s ,  de t ec t ed  i n  ASTM ash ,  may 
be as soc ia t ed  wi th  t h e  r e l e a s e  of p y r i t i c  s u l f u r .  The source of such s u l f a t e s  may 
be t h e  i n t e r a c t i o n  of p y r i t i c  s u l f u r  re leased  dur ing  p y r i t e  ox ida t ion  with 
carbonates a s  w e l l  as w i t h  organically-bound calcium and sodium. 

Bassani te  (CaSO4.5H2O) i s  present  i n  some of the  sample LTAs. Bassani te  most 
l i k e l y  forma from the  dehydration of gypsum (CaS04.2H 0) a t  65OC. Gypsum was 
de tec ted  by scanning e l e c t r o n  microscopy (SEM) i n  raw C O ~  samples. Another source 
Of calcium o r  sodium s u l f a t e  may be the  f i x a t i o n  of organic  s u l f u r  by organica l ly-  
bound calcium or sodium c a t i o n s  (& g). In t h i s  case ,  bas san i t e  i s  simply an 
a r t i f a c t  of t he  low t empera ture  ashing procedure. This  phenomenon i s  typ ica l  of 
coa l s  having abundant a l k a l i  ca t ions  a s soc ia t ed  wi th  carboxyl groups. Continued 
inc reases  i n  ashing tempera ture  r e s u l t s  i n  complete dehydration of bassani te  t o  
anhydr i te  (CaS04) a t  4OO0C. Anhydrite is a major minera l  phase i n  ASTM and HTA 
samples and i s  p resen t  i n  most s l a g s .  

Kao l in i t e  (A12S1205(0H) is present  i n  only LTA samples. K a o l i n i t e  dehydration 
occurs  approximately from 4bOo t o  525OC (A). With removal of water by dehydration, 
t h e  k a o l i n i t e  s t r u c t u r e  co l l apses ,  r e t a i n i n g  some degree of order  forming 

P y r i t e  (FeS2) i s  p resen t  i n  a l l  LTA samples. 
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Table 11. Mineralogical Composition of Ash and Slag Samples Determined by XRD* 

Sample LTA (S125'C) ASTM (75OOC) HTA (1000°C) Slag(1300'C) 

Quartz 
Anhydrite 
Hematite 

Anhydrite 
Magnetite 
Hemat i te 
Quartz 
Melllite 
Plagioclase 
Nepheline 

Anhydrite 
Pyroxene 
Magnetite 
Hauyne 
Hematite 
Quartz 

Anhydrite 
Melilite 
Magnetite 
Hemat i te 
Hauyne 
Quartz 
Corundum 

Anhydrite 
Hauyne 
Pyroxene 
Melllite 
Hematite 
Quartz 

Anhydrite 
Hematite 
Quartz 
Magnetite 
Plagioclase 

Plagioclase 
Hemat lte 
Magnet1 te 
Quartz 

Anhydrl t e 
Pyroxene 
Magnet it e 

Meli li te 
Hauyne 
Nepheline 
Magnet i t e 
Quartz 
Corundum 

Absaloka Quartz 
Pyrite 
Kaolinite 
Plagioclase 
Bassanite 

Beulah-Low Sodium Quartz 
Pyrite 
Kaolinite 
Bassanite 

Quartz 
Hematite 
Magnetite 
Anhydrite 

Beulah-High Sodium Quartz 
Bassanite 
Kaolinite 
Pyrite 

Anhydrite 
Hematite 
Magnetite 
Quartz 
Melilite 
Hauyne 

Anhydrite 
Hematite 
Quartz 

Center Quartz 
Bassani te 
Pyrite 
Kaolinite 

I 

/ Quartz 
Pyrite 
Kaolinite 
Bassanite 
Plagioclase 

Anhydrite 

Hematite 
Magnet i t e 
Plagioclase 
Pyroxene 

Anhydrite 
Quartz 
Hemat ite 
Magnet i te 
Melillte (trace) 

Quartz 
Choctaw 

Palkirk Anhydrite 
Quartz 
Melllite 
Hema t i t e 
Magnetite 
Hauyne 

Anhydrite 
Melilite 
Hauyne 
Quartz 

Melilite 

Anhydrite 
Pyroxene 
Hematite 

(Akermanite) 
Quartz 
Kaolinite 
Pyrite 

I 
Anhydrite 
Quartz 
Hemat i te 
Magnet ire 

Anhydrite 
Pyroxene 
Spinel 
Melilite 
Magnetite 

Gascoyne Blue- Quartz 

Pyrite 
Calcite 

High Sodium Kaolinite 

Sodium Sulfate Nosean 
(trace) Mellli t e 
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Table 11. Mineralogical Composition of Ash and Slag Samples Determined by XRD*-- 
Continued 

Sample LTA (Q125OC) ASTM (75OOC) HTA (1000°C) Slag(1300'C) 

Gascoyne Red- Quartz Quartz 
Low Sodium Kaolinite Anhydrite 

Magnetite 
Pyrite Hematite 

Indian Head- Quartz Anhydrite 
High Sodium Pyrite Quartz 

Kaolinite Hematite 
Bassanite Nosean 

Melilite 
Hauyne 
Sodium Sulfate ( ? )  

Pike 

San Miguel 

Quartz Anhydrite 
Pyrite Quartz 
Kaolinite Pyrite 

Zeolite Zeolite 

Quary Hematite 
Kaolinite Quartz 
Pyrite Plagioclase 
Bassanite (Anorthite) 
Plagioclase Melilite 

(Heulandite) Anhydrite 

Quartz (Amorphous) 
Anhydrite 
Pyroxene 
Hematite 
Hauyne 

Me1 11 i t e 
Hemat i t e 
Anhydrite 
Hauyne 
Magnet i t e 
Pyroxene 

Anhydrite 
Hematite 
Mellli te 
Anorthite 
Quartz 

Plagioclase (Amorphous) 

Hematite 
Quartz 
Magnetite 
Anhydrite 

(Anorthite ) 

*Minerals listed in decreasing order of peak intensities and occurrence. 
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metakaolin. No metakaolin was detected by XRD in ASTM samples perhaps due to its 
poorly defined crystalline structure. However, it is believed that the basic 
kaolinite components are present in an amorphous form in ASTM ash. With increasing 
temperature the collapsed kaolinite structure forms corundum (~'~1~0~). While 
mullite (3A1208.2Si02) and cristobalite (Slop) have been reported to form from well- 
ordered kaolinites in bituminous coals at 1000°C (6) neither were observed in HTA 
samples. According to Grim (s), the absence of mullite suggests that the original 
kaolinitic structure was poorly defined. It has also been suggested by Grim (11) 
that the presence of impurities in the form of alkali ions, such as in lignites, 
retards the development of mullites and cristobalite. The mechanism for this is not 
fully understood. 

The collapsed kaolinitic structure acts as a source or framework for several 
different alumino-silicate complexes formed in HTA and slag samples. Common 
minerals found are as follows: anorthite (CaA1 Si 0 ), pyroxenes 
(Ca ,Na) (Mg ,Fe ,Al) (Si ,A1l2O6), melitites (Na,Ca) (Mg ,Fe ,Al)?Si ;Ab@, hauyne 
(Na,Ca)e8(A1Si04)(S04) 1-2, nosean (Na8Al6Si6OZ4SO4f and nepheline a,K)A1Si04). 
At 1000 C alumino-silicates minerals form from solid-state reactions of kaolinitic 
material with cations derived from carbonates, oxides, OK sulfates. Interstitial 
substitution of alkali cations OCCUKS within the dehydrated kaolinite structure with 
with increasing temperature due to thermal expansion. In some coals, particularly 
those high in sodium, these alumino-silicates are also seen in ASTM samples. 

At 13OO0C inorganics are in a liquid phase. Upon quenching some sample slags 
remain amorphous due to rapid cooling thereby inhibiting nucleation of elements 
preventing the formation of crystalline structures. Other samples recrystallized 
upon cooling forming previously existing and new alumino-silicate structures. 
Differences between sample slagging behavior can be traced to silica content of the 
raw coal. Samples high in silica, such as Gascoyne Red and San Miguel coals, formed 
amorphous slags upon cooling. Samples having relatively low silica contents such as 
Absaloka, Beulah High and Low Sodium, Falkirk and Gascoyne Blue coals, formed 
crystalline slags when cooled. Anhydrite and magnetite are still present at 1300°C. 

Minor amounts of calcite (CaC03) were detected in raw coal samples by SEM. XRD 
failed to detect calcite in LTA samples possibly due to extraction by ammonium 
acetate or because the amounts of calcite were below detection limits (-5%). For 
the most part, calcium is supplied to the system by gypsum and organically-bound 
calcium. As previously discussed, calcium whether in the form of bassanite, 
calcite, or cations in LTA samples forms anhydrite in ASTM samples. In HTA samples 
calcium reacts primarily with dehydrated kaolinite forming alumino-silicates 
discussed under kaolinite reactions. 

Quartz (Slop) is stable throughout the ash samples at varying temperatures up to 
1000'~. In slag analysis, quartz is not always present in crystalline form but 
forms an amorphous substance along with other compounds. 

With increasing temperature quartz peak intensities in HTA samples decrease or 
disappear while various alumino-silicate peaks increase in intensity and number. 
According to Rindt et a1 (12) localized reducing areas are present within coal 
particles during combustion. In these areas, reactions between volatilized sodium 
and quartz occur forming sodium silicates (2). The sodium is fixed and not readily 
released on further heating. 

Figure 1 displays a typical X-ray diffractogram sequence from LTA sample through 
slagging of the Beulah High Sodium lignite. Predominant peaks are identified 
according to the mineral phases present. Mineral transformations at higher 
temperatures are characterized by the presence of numerous alumino-silicate solid- 
solution series. Often several members of a particular solid-solution series have 
almost identical diffractogram patterns making identification by XRD difficult. 
When comparing several of these diffractograms there is little difference between 
LTA samples while ASTM, HTA, and slag samples are quite different. When comparing 
mineralogical differences to raw coal elemental compositions of various coals 
samples containing higher amounts of sodium tend to form alumino-silicates at lower 
temperatures (75OoC) than samples high in calcium. High sodium coals such as Beulah 
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High Sodium and Gascoyne Blue develop complex s i l i c a t e s  i n  ASTM samples and a r e  
known to be high fou l ing  coa l s .  Typical of such a lumino-s i l ica tes  i n  ASTM, HTA and 
s l a g  samples a re  m e l i l i t e s .  hauyne, nepheline,  nosean and pyroxenes. Commonly these  
a r e  minerals found i n  combustion fou l ing  depos i t s  of most l i g n i t e s .  

I 

Concluding Remarks 

The r e s u l t s  of t h i s  s tudy  r e f l e c t  t he  pre l iminary  s t age  of i nves t iga t ion  i n t o  the 
mineral  phase t ransformat ions  seen  i n  low-rank coa l s .  The o r i g i n a l  mineralogies of 
coa l s  sampled do not vary  a g r e a t  dea l .  Quartz,  k a o l i n i t e ,  p y r i t e ,  and bassan i t e  
a r e  found i n  abundance i n  each  LTA sample. Grea ter  d i f f e rences  between samples a r e  
apparent a t  h igher  tempera tures  where complex a lumino-s i l ica tes  predominate. 
Perhaps t h i s  is a r e f l e c t i o n  of d i f f e rences  not so much i n  o r i g i n a l  mineral  matter 
but i n  the  t o t a l  i no rgan ic  composition of t he  c o a l ,  s p e c i f i c a l l y  the  presence of 
exchangeable a l k a l i  c a t i o n s .  The i n t e r a c t i o n s  of such organically-bound ca t ions  
wi th  c r y s t a l l i n e  ino rgan ic  phases i n  l i g n i t e s  account f o r  d i f f e rences  i n  ashing and 
slagging behavior between coa l  samples (2). 

The processes  r e spons ib l e  f o r  most r eac t ions  i d e n t i f i e d  a r e  oxida t ion ,  
dehydration, s u l f u r  f i x a t i o n ,  so l id - s t a t e  i n t e r a c t i o n s ,  vapor i za t ion ,  and 
r e c r y s t a l l i z a t i o n .  I s o l a t i n g  s p e c i f i c  r eac t ions  occurr ing  i n  a multi-component 
system i s  d i f f i c u l t  a t  bes t .  Understanding the  thermodynamics of mineral 
t ransformat ions  is a n e c e s s i t y  and w i l l  be pursued i n  f u t u r e  study. I n  add i t ion ,  
f u t u r e  s t u d i e s  i s o l a t i n g  mineral  p a i r s  t o  observe phase t ransformat ions  a t  various 
temperatures w i l l  suppor t  or r e f u t e  r e s u l t s  presented  here .  
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Figure 1. X-ray diffractograms of LTA, ASTM, HTA, and slag samples of Beulah high 
sodium coal. 
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