
Mic ros t ruc tu ra l  Changes i n  Coal Dur ing Low-temperature Ashing* 

R. W .  Car l ing,  R. M. A l l e n  

Sandia National Laborator ies 
Livermore, CA 54550 

and 

J. B. VanderSande 

Cambridge, MA 02139 
Massachusetts I n s t i t u t e  o f  Technology 

I n troduc t i on 

I n  the  present work, the m ic ros t ruc tu ra l  changes occu r r i ng  i n  two U. S. 
coals du r ing  low temperature ashing (LTA) have been examined using a 
scanning transmi ss ion e lec t ron  microscope (STEM) and automated image 
analysis i n  an e l e c t r o n  microprobe. 
technique, can be used to prov ide a q u a n t i t a t i v e  analysis, by species, 
o f  t h e  mineral p a r t i c l e s  >0.2 pm i n  diameter i n  petrographic samples o f  
powdered coal .  A f u l l  desc r ip t i on  o f  the operat ion o f  automated image 
anaylsis rou t i nes  f o r  coal science app l i ca t i on  may be found 
elsewhere(1-5). The STEM, by comparison, w i t h  i t s  h igh  s p a t i a l  
reso lu t i on  f o r  imaging and compositional analysis, can be used to 
examine u l t r a - f i n e  mineral p a r t i c l e s  (diameters <0.2 pn) i n  coal (6-91, 
and also to d i r e c t l y  determine the p r i n c i p a l  inorganic elements 
chemical ly bound i n  t h e  organic  coal ma t r i x (9 ) .  These two  techniques 
therefore can be used together  i n  a complementary manner to provide a 
de ta i l ed  c h a r a c t e r i z a t i o n  o f  the mineral matter i n  coal samples(9). For 
the present task, t h e i r  a b i l i t y  to work d i r e c t l y  on e i t h e r  raw coal or 
ash samples was a lso a great  advantage. 

I n  support o f  t he  e l e c t r o n  o p t i c a l  analys is  o f  LTA transformat ions, 
complex thermochemical c a l c u l a t i o n s  have a1 so been made. These 
ca l cu la t i ons  serve two purposes. 
fundamental thermodynamic understanding o f  mineral matter behavior under 
LTA condit ions. Secondly, the ca l cu la t i ons  a s s i s t  the e lec t ron  
microscopis t  i n  i d e n t i f y i n g  species by p red ic t i ng  the  poss ib le  products 
o f  observed reactants .  
to d i s t i n g u i s h  var ious species by e lect ron d i f f r a c t i o n ,  r a t h e r  than 
energy-dispersive X-ray spectrometry (as when deal ing w i t h  the  many 
oxides, su l f i des ,  and s u l f a t e s  o f  i r on ) .  The l i m i t a t i o n  on t h i s  
computational technique i s  t h a t  chemical e q u i l i b r i u m  i s  assumed b u t  may 
no t  be reached over the  du ra t i on  o f  a t yp i ca l  LTA experiment. 

The l a t t e r ,  a computer based 

The f i r s t  i s  t o  provide a more 

T h i s  serves as guide when i t  becomes necessary 

*This work supported by U.S. Department o f  Energy, DOE, under contract  
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b8 



1 

J 

\ 
\ 

Experimental 

The coals used i n  the  present experiments were PSOC 98, a h igh-  
vo la t i l e -C  bituminous coal from Wyoming (Bed 880 seam), and PSOC 
279, a h igh -vo la t i l e -B  bituminous coal f r o m  Indiana ( Ind iana t 3  seam) 
obtained from the Penn State Coal Bank. 
i n  the present work was an LTA-504 f r o m  LFE Corporation. 
small specimens were removed from a sample o f  each coal a f te r  1, 3, 6, 
12, 24, 48, and 72 hours o f  ashing. 
used f o r  subsequent STEM analyses. 

The low temperature asher used 
Dur ing ashing, 

These par t ia l ly -ashed samples were 

, 

Thermochemical Modeling 

The complex equ i l i b r i um code used i n  t h i s  work was an extension of the  
code o r i g i n a l l y  developed by Er ickson( l0-12) and l a t e r  mod i f i ed  by 
Bessman(l3). The code, SOLGASMIX-PV, has been in te r faced  w i th  a data 
base t h a t  i s  a compi la t ion  o f  thermodynamic data f r o m  JANAF(14) and t h e  
U. S. Geological Survey( 15). 

The elements included i n  the equ i l i b r i um ca lcu la t i ons  were: 
Mg, A l ,  S i ,  S, Ca, and Fe. The numbers o f  moles o f  each element (based 
on the analyses o f  each coa l )  were entered as oxides. An excess of  
oxygen was inc luded to simulate the  oxygen-rich environment o f  the LTA. 
The equ i l i b r i um temperature was se t  a t  150°C w i th  a pressure o f  one 
atmosphere. The l i s t  o f  species inves t iga ted  f o r  equ i l i b r i um s t a b i l i t y  
i s  too long to present here, b u t  included a l l  o f  the combinations o f  the 
above elements given i n  the JANAF data base as we l l  as many carbonates, 
su l  fates, a1 mi no-si l i ca tes ,  and sodium-a1 uminum si1 i c a t e s  tabu1 ated by 
the  U.S. Geological Survey. 

H, C, 0, 

Results 

PSOC 98 

Low temperature ashing produced rad i ca l  s t r u c t u r a l  changes i n  PSOC 98 
which resu l ted  i n  i nd i v idua l  ash p a r t i c l e s  having a gauzy appearance i n  
the  STEM. 
a f i n e  three-dimensional network w i t h  denser p a r t i c l e s  suspended wi th in 
the  ash mat r ix .  
t he  same s o r t  o f  mineral i nc lus ions  observed i n  the raw coal. E lec t ron  
d i f f r a c t i o n  pa t te rns  taken o f  the  ash showed c r i s p  r i n g s  c h a r a c t e r i s t i c  
o f  c r y s t a l l i n e  mater ia l .  
revealed Ca and S, as i n  the raw coal matr ix.  With t h i s  add i t i ona l  
compositional in fo rmat ion ,  the  d i f f r a c t i o n  pa t te rns  were indexed and 
the  presence o f  t he  mineral bassani te, CaS04.1/2H20, was establ ished. 
The gra in  s ize  o f  the  bassanite networks forming the matr ices o f  the  ash 
p a r t i c l e s  was on the order o f  30 nm, as determined from standard dark 
f i e l d  images formed f r o m  po r t i ons  o f  the bassani te r i n g  pa t te rn .  

Stereomicroscopic examination revealed t h a t  t he  "gauze" was 

STEM microanalysis showed these dense p a r t i c l e s  to be 

Analysis o f  the  ash ma t r i x  i n  the STEM 
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Subsequent X-ray d i f f r a c t i o n  analys is  o f  the material ashed f o r  72 hours 
showed bassani te to be one o f  the three p r i n c i p a l  minerals found a f t e r  
LTA ( together  w i t h  quar tz  and k a o l i n i t e ) .  

PSOC 279 

The raw p a r t i c l e s  o f  PSOC 279 were s i m i l a r  i n  appearance to those of  
PSOC 98. 
consisted o f  an agglomeration o f  mineral pa r t i c l es ,  p r i n c i p a l l y  quartz, 
clays, and p y r i t e .  These were the predominant mineral species found i n  
the raw coal by the e lec t ron  microprobe analysis. 
three major species found by X-ray d i f f r a c t i o n  i n  the mater ia l  ashed f o r  
72 hours. 

"Gauzy" ash p a r t i c l e s ,  very s i m i l a r  i n  appearance to those i n  the PSOC 
98 ash, were l e s s  c o m n  than the agglomerate type but  were also found 
i n  the STEM samples. The c h a r a c t e r i s t i c  inorganic signature o f  the 
organic ma t r i x  o f  raw PSOC 279 p a r t i c l e s  was a combination o f  an A1 and 
a S i  s ignal .  Again, t he  same combination was ca r r i ed  over i n t o  the  
matr ices o f  t he  gauzy type o r  ash f o r  t h i s  coal. 

STEM examination o f  t h e  low temperature ash of PSOC 279 showed t h a t  much 
o f  the p y r i t e  i n  the s t a r t i n g  coal survived the f u l l  72 hours o f  
ashing. 
ash, as mentioned e a r l i e r .  STEM analys is  was also done on p a r t i c l e s  o f  
small (<BO nm diameter)  c rys ta l s .  These p a r t i c l e s  were Fe and S r i c h ,  
b u t  w i th  much lower S:Fe r a t i o s  than p y r i t e .  A s i g n i f i c a n t  p o r t i o n  o f  
these p a r t i c l e s  had a cubic morphology. No minerals o f  t h i s  type were 
observed dur ing STEM examination o f  the raw Indiana coal. 

The most comnonly observed type o f  ash pa r t i c l e ,  however, 

These were a lso the 

This was conf i rmed by the X-ray d i f f r a c t i o n  analysis o f  the 

Modeling Resul ts 

Figure 1 i l l u s t r a t e s  the s tab le  condensed phases predicted by the 
equ i l i b r i um c a l c u l a t i o n s  for  low temperature ashing conditions. The 
r e s u l t s  shown are f o r  PSOC 98 b u t  apply as well  f o r  PSOC 279 except f o r  
the r e l a t i v e  amounts o f  each specie. 

Discussion 

Bassani t e  format ion i s  comnonly observed during low temperature ashing, 
p a r t i c u l a r l y  f o r  western coals. I t  i s  bel ieved to form by three means: 
dehydrat ion o f  gypsum (CaS04.2H20) found i n  the raw coal (16,171, 
reac t i on  o f  organic  S and the mineral c a l c i t e  (CaC03)(18),and d i r e c t  
reac t i on  o f  organic Ca and S(19,20). These reactions have proven to be 
hard to d i s t i n g u i s h ,  because o f  the d i f f i c u l t y  o f  analyzing the s t a r t i n g  
mineral content o f  raw coal samples by conventional techniques, and the 
i n a b i l i t y  o f  these same techniques to f i n d  and examine pa r t i a l l y -ashed  
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p a r t i c l e s  to observe the reac t i on  i n  progress. The use o f  the 
e lect ron-opt ica l  analys is  techniques described i n  t h i s  paper, however, 
overcame both o f  these problems, as w i l l  now be described. 

The STEM r e s u l t s  f o r  PSOC 98 i n d i c a t e  t h a t  the organic ma t r i x  o f  the raw 
Coal contained Ca and S i n  a non -c rys ta l l i ne  form. This i s  cons i s ten t  
w i t h  the Penn State su l fur - forms analys is  which ind icates t h a t  most o f  
t he  S i n  the coal i s  i n  an organic  form. 
Small percentages o f  Ca-bearing minera ls  found by the e lec t ron  
microprobe, since other  i n fo rma t ion  i nd i ca tes  t h a t  PSOC 98 conta ins a 
r e l a t i v e l y  l a rge  amount o f  calcium. 

Apparently, the organic  ma t r i x  o f  the coal i t s e l f  was the o r i g i n  of the 
Ca and S needed f o r  bassani te formation. The f a c t  t h a t  calc ium 
sulphate would form under these condi t ions was confirmed by the  r e s u l t s  
o f  the thermochemical c a l c u l a t i o n s  (see Fig. 1) which i nd i ca ted  t h a t  
s u f f i c i e n t  s u l f u r  was present i n  the  coal to react  wi th  the ca lc ium and 
prevent the format ion o f  o ther  species, such as calcium carbonate 
( c a l c i t e )  . 
The d e t a i l s  o f  t h i s  LTA reac t i on  process were brought to l i g h t  by the 
STEM examination o f  the pa r t i a l l y -ashed  samples. I n  general, these 
samples were simply made up o f  mixtures o f  r a w  coal and fu l ly -ashed 
p a r t i c l e s  i n  vary ing proport ions,  based on the amunt o f  ashing time 
they had seen. However, it was s t i l l  poss ib le  to f ind  i n d i v i d u a l  
p a r t i c l e s  which themselves were o n l y  p a r t i a l l y  ashed. 

I n  such a p a r t i c l e  i t  appears t h a t  the f i n e  bassanite network forms 
cont inuously as the organic ma te r ia l  i s  burned away and the Ca and S are 
f reed f rom the matr ix .  Mineral i nc lus ions  o r i g i n a l l y  present i n  the raw 
coal p a r t i c l e  o f t e n  remain entrapped w i t h i n  t h i s  network as i t  forms. 
The bassanite network created thus determines the s t ructure o f  the low 
temperature ash o f  PSOC 98. 

It i s  i n t e r e s t i n g  to speculate on the poss ib le  o r i g i n  o f  the "gauze" 
developed by t h i s  react ion.  
western U.S., organic  Ca i s  r e a d i l y  ion-exchangeable(21). 
ind icates t h a t  the Ca has ready access to the pore s t ructure o f  the 
coal. I f ,  dur ing LTA, the Ca i n  the  raw coal reacts i n  place w i t h  the 
organic S and the oxygen plasma, i t  could be t h a t  the bassani te gauze 
produced has a network s t ruc tu re  r e l a t e d  to the pore s t ruc tu re  o f  the 
raw coal. 
comparable to the diameters o f  a s i g n i f i c a n t  po r t i on  o f  the pores 
l i k e l y  to be found i n  coal(22). It may therefore be poss ib le  to ob ta in  
heretofore unobtainable topographical  in format ion o f  the pore s t ruc tu re  
o f  pu lver ized coal p a r t i c l e s  by ca re fu l  LTA experiments. Th is  
informat ion would be o f  great  use f o r  modeling the combustion o f  such 
p a r t i c l e s  i n  comnercial bo i l e rs .  Fur ther  work i s  under way to 
inves t i ga te  t h i s  p o s s i b i l i t y .  

Although most o f  t he  ash produced f r o m  PSOC 279 consisted o f  p a r t i c l e s  

It also explains the r e l a t i v e l y  

It i s  wel l  known t h a t  f o r  coals f r o m  the  
This  

The 30 nm s ize o f  the bassani te c r y s t a l l i t e s  i s  a lso 
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which appeared to be agglomerates o f  the  mineral i nc lus ions  found i n  the 
raw coal, some "gauzy" p a r t i c l e s  were also generated dur ing  ashing. 
analogy to t h e  r e s u l t s  from PSOC 98 j u s t  described, t h i s  suggests t h a t  
the  gauze was produced from inorganic elements chemical ly bound i n  the  
organic ma t r i x  o f  t h e  s t a r t i n g  coal .  Un l ike  the Wyoming coal, however, 
the coal from Indiana had a mat r ix  t h a t  contained p r i m a r i l y  A1 and S i .  
This combination o f  elements has been found by STEM ana lys is  i n  the 
ma t r i x  o f  another midwestern coal as we l l (9 ) .  The STEM ana lys is  o f  t he  
gauzy ash p a r t i c l e s  f o r  PSOC 279 also showed p r i n c i p a l l y  A1 and S i .  I t  
appears t h a t  f o r  t h i s  coal, the A1  and S i  from the organic ma t r i x  could 
reac t  dur ing  ashing t o  produce new c r y s t a l l i n e  mineral matter. This 
t ransformat ion dur ing  LTA has no t  been prev ious ly  reported. 

The thermochemical modeling o f  the  system ind ica ted  t h a t  A1 and S i  
should p r e f e r e n t i a l l y  reac t  together w i t h  the oxygen o f  the  LTA plasma to 
form one o r  more a lumino-s i l icate compounds, as opposed to the separate 
formation o f  alumina and s i l i c a .  
by e lec t ron  d i f f r a c t i o n  i n  the  STEM, f o r  several reasons. F i r s t ,  the 
mineral i n c l u s i o n  content  o f  the gauzy p a r t i c l e s  was much h igher  f o r  
t h i s  coal than f o r  PSOC 96. I n  add i t ion ,  the microprobe r e s u l t s  show 
t h a t  near ly 30 percent o f  these inc lus ions  were a lumino-s i l icates o f  
various types. 
p a r t i c l e s  the re fo re  tended to be qu i te  complex, and not r e a d i l y  amenable 
to i n te rp re ta t i on .  An attempt was made to use m i c r o d i f f r a c t i o n  on the  
small regions o f  t he  network ma t r i x  which appeared to be r e l a t i v e l y  
inc lus ion- f ree .  However, t he  mater ia l  was qu ick ly  destroyed by the h igh  
beam currents invo lved.  The most t h a t  can be sa id  f r o m  the  present work 
i s  that STEM microanalys is  supports the  p red ic t i on  o f  t h e  thermochemical 
model by conf i rming the  combined presence o f  A1 and S i  i n  the mat r ix  o f  
the gauzy ash p a r t i c l e s  f r o m  PSOC 279. 

The thermochemical m d e l i n g  a1 so p red ic t s  another LTA transformat ion f o r  
PSOC 279. 
phase under the  low temperature ashing condi t ions,  and i s  expected to 
transform to an FeZ(S04)3-type compound. Su l fu r  i s  expected to leave 
the  system as SO3 vapor. 

A va r ie t y  o f  LTA transformat ions i n v o l v i n g  Fe- and S-bearing compounds 
have been repor ted prev ious ly .  P y r i t e  has been reported as e i t h e r  
remainin unchanged(16,25), reac t ing  to form coquimbite and o the r  Fe3+ 
sulfates?l7,24,25), o r  o x i d i z i n g  to hemati te( l9) .  I t  i s  genera l ly  
accepted t h a t  rozen i te  and o ther  Fez+ su l fa tes  ox id i ze  to Fe3+ su l fa tes  
dur ing  LTA(17,23-25). Indeed, i n  the m s t  recent o f  these papers it was 
shown by Mossbauer spectroscopy that, f o r  the LTA condi t ions used, a l l  o f  
the  Fe3+ s u l f a t e  produced dur ing  LTA o r ig ina ted  f r o m  the  Fe2+ s u l f a t e  i n  
the  s t a r t i n g  coal ,  w h i l e  the  p y r i t e  remained unaffected(23).  

The STEM r e s u l t s  o f  t he  present work i nd i ca te  t h a t  a s i g n i f i c a n t  amount 
o f  p y r i t e  d i d  appear to reac t  dur ing  LTA. The p y r i t e  t h a t  survived the  
LTA re ta ins  i t s  dense appearance under STEM examination, along w i th  i t s  
cubic morphology and h igh  s u l f u r  t o  i r o n  r a t i o .  

I n  

This cou ld  no t  be d i r e c t l y  confirmed 

Selected area d i f f r a c t i o n  pa t te rns  o f  po r t i ons  o f  gauzy 

The modeling r e s u l t s  i nd i ca te  tha t  p y r i t e  i s  no t  a s tab le  

By comparison, the 
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decomposition product has a h igh l y  porous s t ruc tu re ,  a much lower S:Fe 
r a t i o ,  and, i n  many (bu t  no t  a l l )  instances, has apparently l o s t  i t s  
o v e r a l l  cubic shape. It was d i f f i c u l t  to obta in  e lec t ron  d i f f r a c t i o n  
pa t te rns  from these l a t t e r  p a r t i c l e s  because o f  t h e i r  unstable nature 
under the e lec t ron  beam. I n  the few instances where a d i f f r a c t i o n  
pa t te rn  was success fu l l y  recorded, the bes t  f i t  f o r  indexing the  pa t te rn  
appeared to be the  Fe3+ su l fa tes ,  coquimbite and para-bu t le r i te .  The 
la rge  propor t ion  o f  these low S:Fe r a t i o  p a r t i c l e s  ( r e l a t i v e  to 
surv iv ing  p y r i t e  p a r t i c l e s )  observed i n  the ashed PSOC 279 r u l e s  o u t  t he  
p o s s i b i l i t y  o f  t h e i r  format ion being completely the r e s u l t  of t he  
ox ida t i on  o f  t he  s t a r t i n g  i r o n  su l fa tes  i n  t h i s  coal. 
small f r a c t i o n  o f  the  s t a r t i n g  mineral  mat ter  i n  the coal was present 
i n  the  form o f  Fe2+ su l fa te .  

For the  LTA condi t ions used i n  the present work, p y r i t e  i n  the s t a r t i n g  
coal d i d  p a r t i a l l y  decompose. Th is  appeared to occur on a 
p a r t i c l e - b y - p a r t i c l e  basis; no in te rmed ia te  reac t ion  products were 
observed. 
dur ing  LTA has been shown prev ious ly  i n  t e s t s  where p y r i t e s  f r o m  
d i f f e r e n t  sources were subjected t o  LTA(19). The reason f o r  t h i s  
behavior i s  s t i l l  no t  known. 

One add i t i ona l  p red ic t i on  o f  the thermochemical modeling requ i res  
comnent. Si02 i s  no t  thermodynamically stable under LTA cond i t ions ,  b u t  
ins tead should be reac t i ng  w i t h  o the r  compounds to form 
a lumino-s i l i ca tes .  However, s i l i c a  p a r t i c l e s  were s t i l l  e a s i l y  
i d e n t i f i a b l e  as a specie surv iv ing  LTA. There are a t  l e a s t  two  possible 
explanat ions f o r  t h i s .  The f i r s t  i s  t h a t  s i l i c a  was genera l l y  found i n  
r e l a t i v e l y  l a r g e  p a r t i c l e s ,  and so was no t  able to mix i n t i m a t e l y  with 
o ther  compounds. Secondly, the  k i n e t i c s  o f  many rac t ions  may be too 
slow f o r  them to take place i n  the  time frame o f  a LTA experiment. As 
was po in ted  o u t  e a r l i e r ,  the thermodynamic models assume t h a t  
equ i l i b r i um i s  reached. 

Only a very  

The ra the r  sporadic na ture  o f  the  decomposition o f  p y r i t e  
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Figure 1 - Thermodynamically s tab le  condensed phase species as 
predic ted by t h e  e q u i l i b r i u m  thermochemical modeling. 
The p l o t  shows the  number o f  moles o f  each s tab le 
specie t h a t  would be produced a f t e r  equ i l ib r ium was 
reached under LTA condi t ions.  
was 100 g o f  PSOC 98. 
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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 
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INTRODUCTION 

Mineral i m p u r i t i e s  i n  c o a l  are known t o  be  primary 
c o n t r i b u t o r s  t o  the s l a g g i n g  and f o u l i n g  of u t i l i t y  b o i l e r s ,  f l y  
a s h  a n d  bottnm a s h  p r o d u c t i o n  a s  w e l l  as a tmospher ic  p o l l u t i o n .  
They a l so  produce u n d e s i r a b l e  e f f e c t s  i n  some p a r t s  of 
hydrogenat ion  p r o c e s s e s  such as l i q u i f a c t i o n  and g a s i f i c a t i o n  
( 1 , 2 , 3 ) .  D e s p i t e  a lozg h j . s to ry  of i r i v e s t i g a t i o n  prornpt.ed by 
t h e s e  o b s e r v a t i o n s ,  many q u e s t i o n s  remain unanswered. 

Simple e m p i r i c a l  r e l a t i o n s h i p s  between f u s i o n  t empera tu re  of 
t h e  f u r n a c e  d e p o s i t s  and t h e  mineralogy of c o a l s  have been 
proposed ( 4 . 5 . 6 ) .  More r e c e n t l y  a t t e m p t s  have  concen t r a t ed  on a 
physico-chemical view of t h e  problem comparing a s h  f u s i o n  
t empera tu res  w i t h  phasc  r c* la t ions  i n  three-component chemical 
systems ( 7 , 8 ) .  T h i s  method of a t t a c k  h a s  y i e l d e d  some 
s i g n i i i c a n t  r n s u l t s ,  but at. leas t :  some r e s e a r c h e r s  ( 8 )  have 
ques t ioned  the assumpt ion  that t h e s e  p r o c e s s e s  occur  under 
condi  Lions of e q u i l i b r i u m .  

i n t e r a c t i o n s  between m i n e r a l s  known t o  occur  i n  c o a l s  i n  t h e  most 
d i r e c t  f a s h i o n  p o s s i b l e  and i n  t h e  s i m p l e s t  c o n d i t i o n s  c o n s i s t e n t  
w i t h  caus ing  t h e  reac t , i .ons  t o  occur .  lt i s  cons ide red  that  
o b s e r v a t i o n  of s i m p l e  mix tu res  of mine ra l s  observed  t o  e n t e r  i n t o  
r e a c t i o n  may ma.:.:c possib1.e s b e t t e r  accoun t ing  of t h e  p r o c e s s e s  
by which s l a g  and f o u l i n g  d e p o s i t s  form i n  f u r n a c e s .  

The aim of- t h e  r e s e a r c h  d e s c r i b e d  h e r e  i s  t o  obse rve  

EXPER IMENl'AS METHODS 

1SOLATI.ON AND IDEXTIFTCATION OF COAL MINERALS. Two c o a l  
samples c o l l e c t e d  f-rom d i f f e r e n t  coal b a s i n s  i n  t h e  Un i t rd  S t a t e s  
( s e e  Table I ) ,  were sub jectcl'd t o  low- , tempera ture  ashing as  
d e s c r i b e d  by C l u s k o t e r  ( 9 ) .  This  p rocess  a v o i d s  d e s t r u c t i o n  of 
t h e  mine ra l s  w h i l e  o x i d i z i n g  t h e  o r g a n i c  p o r t i o n  of- t h e  c o a l .  
This arihing p rocedure  occur s  a t  a much lower t empera tu re  than  
that of t h e  American S o c i e t y  f o r  'Testing and M a t e r i a l s  (ASTM) 
method i t  i s  g i v e n  che  name of- " low- tempera ture  a s h "  and 
g e n e r a l l y  abbrev ia t , ed ,  LTA. I n  fo rma t ion  of a minera l  
c o n c e n t r a t e  by low- tempera ture  a s h i n g  (CIA) a few changes a r e  
a n t i c i p a t e d ;  some c l a y s  are r e v e r s i h l y  dehydra t ed ,  hydra t ed  
s u l f a t e s  are recluced t o  t h e  hemihydrate form, f o r  i n s t a n c e  gypsum 
is conve r t ed  t o  bassatiite. Because t h e s e  changes a r c  kncwn i n  
advance, c?ue a l lowance  can bc  nade f o r  them. 

*Owrated f o r  t h e  U. S. Dept. of Energy by Iowa S t a t e  Univ. 
under c o n t r a c t  N o .  W--7405 E r q  8 2 .  
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TABLE I 

Coal Samples, Localities of Origin, and Analyses 
(all samples run-of-mine) 

i 

Seam : Illinois #6 
-- Localitv: St. Clair County, Illinois 
knalvsis: 

9 mesh x 0 9 x 32 mesh 9 x 32 mesh 
Raw Float Sink 

Moisture ( d ) :  5.31 5.14 2.55 
Ash, ASTM ( % ) :  32.86 7.10 68.05 
Pyritic Sulfur ( % )  : 2.4b 0.76 5.08 
Total Sulfur ( % ) :  4 . 5 7  4.57 5.94 
Heating V a l u e  (BTU/lb.): 9.039 13.248 3,574 

__- Seam : Upper Freeport 
Locality: Grant: County, West Virginia 

9 mesh x 0 9 x 32 mesh 9 x 33 mesh 
Raw Float Sink 

Kuisture ( & ) :  0.110 0 . 6 8  0.93 
Ash, ASTM ( % ) :  35.90 7.26 72.10 
Pyritic Sulfur ( "a :  1.58 0.27 2 .62  
Total Sulfur ( % ) :  2.18 1.06 3.00 
Heating Value (UTU/lb.): 9 .635  13,365 3,086 

Mineral constituents 3f t!ie LTA concentrates were identisied 
by x-ray diffraction techniques. Illite, ksolir.ite, quartz and 
pyrite are ubiquitous in the mineral suitcs; calcite occurs in 
most c o n c e n t r a t e s .  Many other minera1.s have been identified in I 

1 c o a l s ,  but were not observed in these specimens. 

1 HEAT I N G -. STAG E HI CR 0 X O F  1 C 0 BS EHVAT' I: ON5 . F'o 1 1 ow ir!cj the 
characterization of' the mineral suites by rr-.ray diffraction 
techniques, each LTA concentrate was heated jn a heating staqe 
mounted on a microscope fitted f o r  observation in vertically 
incident light. Concentrates examined in this way and  the 
product phases arc found in Table 11. 
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TABLE I1 

LTA Samples and Heating Products 

LTA Sample Tmax ( OC 1 Phases Identified 

Upper Freeport raw 56 0 quartz, illite, 

1410 quartz, mullitea 
pyrrhotite 

quartzb b Upper Freeport 1.40 float 1031 

Upper Freeport 1.40 sink 635  quartz, illite, 

1250 quartz 

pyrrhotite 

illiteC 
1150 quartz, pyrrhotite, 

Illinois #6 raw 

Illinois #6 1.40 float 

Illinois #6 1.40 sink 

880d quartz, illite, pyrr- 
hotite, oldhamite(?) 

6 2 5  quartz, illite, pyrr- 
hotite, troilite ( ? )  

1370 quartz, pyrrhotite 

hotite, oldhamite 

oldhamite 

920 quartz, illite, pyrr- 

1334 quartz, pyrrhotite, 

N O T E S  : 

bThe overall pattern was similar to the one for the 

peaks occurred at the correct diffraction angles for mulite, 
but were to weak to permit accurate intensity comparisons. 

illite-kaolinite pair heated 5 0  141OoC, except that stronger 
peaks for quartz were found in the LTA XRD pattern. 

illite, but the intensities were not comparable with standard 
patterns; it is possible thast these were relict peaks of 
illite as it began to alter. 

dAnother sample of Illinois #6 raw LTA was heated to 1421OC; it 
formed a hard, dark-coloured glass at about 14OO0C, and this 
material could not be removed from the heating-stage crucible. 

Peaks were detected at some of the diffraction angles for C 

The heating stage is limited to inert atmosphere or vacuum 
operation. Therefore, reactions sensitive to atmospheric 
conditions, such as partial pressure of oxygen cannot be studied. 
Furthermore, the extremely small particle size of the sample 
resulted in inability to observe changes occurring below the 
mount surface. and to resolve the specific minerals entering into 
a reaction at any point in the run. 

\ 
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t 
These difficulties were met by obtaining samples of the 

minerals identified in the LTA concentrate before heating, 
grinding them to approximately the same size consist as the 
concentrate, and mounting them in separate domains in the heating 
stage crucible. The geometry of these mounts is shown in Fig. 1. 

I EXPERIMENTS WIT!-J KNOWN MINERALS 
\ EXPELIIMENTS WITH INDIVIDUAL MINERALS. Single mineral mounts 

in the heating-stage crucible yielded the expected products, that 
is, pyrite yielded pyrrhotite and troilite, calcite gave lime and 
carbon dioxide, and clays reacted under high temperature 
condtions to yield a silicate glass. 

EXPERIMENTS WITH PAIRS AND TRIPLETS OF KNOWhT MINERALS. In 
these experiments, known minerals were ground and placed in the 
heating- stage crucible in separate domains as pairs or triplets 
of minerals. The pairs and triplets were heated and the behavior 
at their boundaries observed. Table I11 lists the minerals used 
in pair mounts and the reaction products obtainerl by heating. 

, 

TABLE 111 

Mineral Pairs and Heating Products 

Mineral Pair tmax ( O C )  Products Identifieda- 
calcite-illite 1310 lime (CaO) 
calcite-kaolinite 1322 lime (CaO) 
calcite-montmorillonite 1285 (indeterminate) 
calcite-pyrite 1253 lime, pyrrhotite (Fel-xS), 

oldhamite (Cas) 
calcite-quartz 1467 quartz (Si02)! lime (CaO) 
illite-kaolinite 1410 mullite (A16Si2013) 

b 

illite-montmorillonite 
illite-montmorillonite 
i 1 1 it e -pyr i t e 
illite-quartz 
kaolinite-montmorillonite 

kaolinite-pyrite 
kaolinite-quartz 
montmorillonite-pyrite 
montmorillonite-quartz 
pyrite-quartz 

662 
1212 
1519 
1450 
1403 

1445 
1220 
1053 
1492 
1571 

(indeterminate)= b 
(indeterminate) 
pyrrhotite, troilite (FeS) 
quartz 
mullite (pooEly- 
crystalline) 
mu1 1 i te 
quartz 
(indeterminate) 
quartz 
quartz 

gotes : 
Only those products are listed which could be positively 
identified by XRD; no attempt is made here to deduce the com- 
gosition of amorphous products. 
XRD patterns for these heating products did not match any 
standard pattern closely; attempts to match with computer 
Eoutines produced results of low reliability. 
"Poorly crystalline" means that diffraction maxima were found 

corresponding to the indicated phase, but peaks were not sharp 
and did not have the correct relative intensities in all cases. 
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I 

1 Because the most reactive phases found in the experiments 
with pairs of minerals were clays, calcite, and pyrite, these 
were prepared in triplet mounts. In trials using either 1 

I montmorillonite or illite with calcite and pyrite, a liquid 
formed at the mutual boundary of the latter pair at 600 - 6S0°c. 
Pyrite and calcite had, of course, previously reacted and this 
liquid therefore occurred between the product phases pyrrhotite 
and lime. Subsequent x-ray analysis showed the presence of 
pyrrhotite, lime, and oldhamite. In both instances, the 
temperature of this reaction was lower than that obtained in the 
pair nount of calcite and pyrite, 1140°C. When kaolinite was in 
the mount with calcite arid pyrite, the same reaction occurred at 
750  - 760OC. 
presently understood, the diffcrenccs in reaction temperature 
with and without clay is considered siqnificant. 

these experiments was a darkening beginning with pyrite 
decompositon. This was more marked in the case of illite and 
montmorillonite. It is considered that in all cases, the clay 
mineral present formed a silicate glass, much like those found in 
fu rnace  slags, but having. perhaps, less oxygen. 

Though the fluxing action of t h e  clays io not 

The most obvious reaction of t h e  clays themse1,ves during 

SUPPORTING EXPERIMENTS. To examine the  effect of oxidizing 
and reducing atmosphere on these materials, graphite crucibles 
10mm in diameter and 5mni deep were packed in the same manner 
described above arid heated in a furnace f'itted to permit 
introduction of cor . t rol led gases during heating. After heating, 
the samples wers examined by scanning electron microscopy and 
energy dispersivc x-ray spectroscopy (SEMIEDS). Samples treated 
in this way are listed in Table IV. 

TAULE IV 

Sub.jsct5 of Supporting Experimcnts 

&xFLQJs.ag htr?.ospkre 
cil1 c i t e - kaol h i  t, e inert 
calcite-quartz inert 
pyr i tc- quart z oxidizing 
pyrite - quart z reducing 
pyr it e - ca 1 cite r educ in9 
pyrite-kaolinite oxidizing 
pyr i t e -  kao 1 i n i  t e reducing 
pyrite-montmori llonite inert 
pyrite-mont~orillonite reducing 
PY.-CJ~C. -kao. reducing 
py.-.calc.-mont. inert 
py . --calc. - m n t  . r edu c i r.q 

f(°C) 
1400  
1 4.0 0 
1 3 0 9  
1200 
1700 
1200 
12c0 

800 
n o 0  

1200  
800  
800 

Duration (min! 
60 
60 
3 0  
30 
30 
3 0  
30 
15 
15 
3 0  
1 5  
15 

NOTE: 
The indicated temperature was the steady-state temperature 
for the trial. The indicated duration was the period of 
timc for which that steady-state tcmperature was maintained. 
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In all these cases where pyrite was used with a clay, iron 
Was found to have migrated from the region that was originally 
iron sulfide into the clay. Element.al mapping showed the 
presence of iron to have completely pervaded the region formerly 
occupied by clay. In the calcite-pyrite pair mount, the iron was 
lost. EDS mapping showed the presencc of abundant calc:um and 
sulfur. but iron was present in small amount. In all mounts 
containing calcite and pyrite, the calcium and sulfur peaks w'?re 
present in the region originally occupied by calcite, and 
sometines founc! in the region thaL had been pyrite-f illed. 

SUMXARY AND CONCLUSIONS 

It is apparent that the phenomeria dc:icribed here are not 
complete processes terminating iri equilibrium assemblages. The 
times of reaction are too short for many of t h e  p r o d u c t s  of 
silicates such as clays and quartz to come to thermodynamic 
equilibrium at the new temperature. That this is indeed the case 
in operation of power-plant boilers is obvious from the 
consideration of the amount of glass iaund in furnace slags and 
f ly-ash. 

Illite and montmorillonite are similar in structure and 
differ slightly from Icaolinite in this regard. The first two are 
composed of two silicon-oxygen layers per octahedral layer 
containing iron, magnesiuz and aluminum and in kaolinite the 
ratio of tetrahedral and octahedrai layers is 1. In these 
crystals, thermal modification is easier because the boilds formed 
between the A1, Fe, and Mg atoms and oxygen are weaker than the 
Si-0 bonds. Clays. therefore are expected to be more reactive 
than the silica crystals. There is evidence that some glass is 
formed in the clay mineral domains during thermal treatrnent and 
that iron diffuses into the mass. Further inquiries are in 
progress to answer these questions. 

bOO°C in the presence of some of the clay miixrals and irxrt: 
until about 5OO0C in their absence. The cause of this fluxing is 
not wcll understood at this time, but investigations are planned 
to elucidate this behavior. A t  whatever temperature, the reaction 
observed is for the calcite to ,decompose to lime ( C a O )  and carbon 
dioxide. The extent to which carbon dioxide fluxes further 
reaction is not known, but must be considered as an important 
step in complete explanation. 

Like calcite, pyrite is quite reactive and its thermal 
behavior is influenced by the presence of clay minerals. The 
initial reaction temperature of pyrite alone or in the presence 
of calcite alone is to ptoduce pyrrhotite, (Fe,- S )  arid at the 
highest temperature, troilite (F'cS) . 
obvious and continues over an appreciable temperature range. T 

m e  most important reaction products are those of the iron 
enrichment of the clay minerals, probably a precursor of the iron 
oxide arid glass mixtures commonly observed in slags and 
fly-ashes, and the formation of the sulfide of calcium, 
oldhamite. That oldhamite is observed in all experiments where 
calcite and pyrite interact, dnd that anhydrite is observed only 
where they have reacted in the presence of an oxygen-rich 
atmosphere supports the conclusion that oldhamite, formed in the 
reducing part of a flame, is a necessary precursor to the 
formation of the sulfate, anhydrite. 

Calcite appears largely inert \inti1 temperatures approaching 

'The loss-o% sulfur is 
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FLAME VITRIFICATION AND SINTERING CHARACTERISTICS OF SILICATE ASH 

ERICH RAASK 

Technical Planning and Research Div is ion  of Cent ra l  E l e c t r i c i t y  Generating Board, 
Kelvin Avenue, Leatherhead, Sur rey ,  UK 

The s i l i c a t e  s p e c i e s  c o n s t i t u t e  t h e  b u l k  of t h e  minera l  
matter in most c o a l s ,  and the  format ion  of b o i l e r  d e p o s i t s  depends 
l a r g e l y  on t h e  p h y s i c a l  and pyrochemical changes of t h e  ash r e s i d u e  
c o n s t i t u e n t s .  In t h i s  work the  mode of occurence of c o a l  s i l i c a t e  
minera ls ,  and t h e  flame induced v i t r i f i c a t i o n  and sodium i n i t i a t e d  
s i n t e r i n g  mechanisms have been s t u d i e d .  The pulvers ized  c o a l  flame 
temperature is s u f f i c i e n t l y  h igh  t o  v i t r i f y  t h e  q u a r t z  p a r t i c l e s .  On 
cool ing  some d e v i t r i f i c a t i o n  occurs  and t h e  r a t e  of s i n t e r i n g  depends 
l a r g e l y  on t h e  r a t i o  of g l a s s y  phase t o  c r y s t a l l i n e  s p e c i e s  in the  
ash .  The flame v o l a t i l e  sodium captured  by  t h e  v i t r i f i e d  s i l i c a t e  
p a r t i c l e s  can i n i t i a t e  the  coalescence o f  depos i ted  a s h  by v i s c o u s  
f l o w  and the r a t e  of s i n t e r i n g  is markedly increased  by the a l k a l i -  
metal d i sso lved  in the  g l a s s y  phase. 

The flame impr in ted  c h a r a c t e r i s t i c s  of pu lver ized  c o a l  a s h  r e l e v a n t  t o  
b o i l e r  s lagging ,  c o r r o s i o n  and e r o s i o n  have been  d iscussed  previous ly  (1,2). The 
s i l i c a t e  minera ls  c o n s t i t u t e  between 60 and 90 per  c e n t  of a s h  in most c o a l s  and 
b o i l e r  d e p o s i t s  a r e  l a r g e l y  made up from the  s i l i c i o u s  impur i ty  c o n s t i t u e n t s .  
T h i s  work s e t s  out f i r s t  t o  examine t h e  mode of occurrence of the s i l i c a t e  
mineral  s p e c i e s  in c o a l  followed by a c h a r a c t e r i z a t i o n  assessment of the  flame 
v i t r i f i e d  and sodium enr iched  s i l i c a t e  a s h  p a r t i c l e s .  The a s h  s i n t e r i n g  s t u d i e s  
are l imi ted  t o  i n v e s t i g a t i o n s  of the r o l e  of sodium in i n i t i a t i n g  and s u s t a i n i n g  
t h e  bond forming r e a c t i o n s  lead ing  t o  the  format ion  of b o i l e r  d e p o s i t s .  

SILICA (QUARTZ) AND SILICATE MINERAL SPECIES IN COAL 

The q u a r t z  and a lumlno-s i l ica te  s p e c i e s  found in most c o a l s  c o n s t i t u t e  
t h e  bulk  of combustion a s h  r e s i d u e .  The a lumino-s i l ica tes  inc lude  muscovite and 
i l l i t e  which c o n t a i n  potassium, and k a o l i n i t e  s p e c i e s  (3.4,5,6). The s i l ica  
( S i 0 2 )  and alumina (A1203) as determined by chemical a n a l y s i s  a r e  present  in 
a lumino-s i l ica tes  on a n  average weight r a t i o  of 1.5 t o  1 a s  repor ted  by Dixon e t  
a l .  ( 6 ) .  
m a t t e r :  

The excess  of s i l i ca  r e p r e s e n t s  t h e  amount of q u a r t z  in c o a l  minera l  

( s i o z ) q  

Where ( S i 0 2 )  , (S i02) t  and (A1203)  denote r e s p e c t i v e l y  t h e  q u a r t z ,  t o t a l  
s i l i c a  and ajumina c o n t e n t s  of  ash .  

An approximate amount of potassium a lumino-s i l ica tes  i n  c o a l  m i n e r a l  
m a t t e r  can b e  obta ined  from t h e  potassium oxide (K20) conten t  of ash .  
of n o n - s i l i c a t e  potassium s p e c i e s  is smal l  in most c o a l s  and t h e  s i l i c a t e  
minera ls  conta in  on average  11 per  c e n t  K20 by  weight (6 ) .  
a lumino-s i l ica te  c o n t e n t  of coal minera l  mat te r  (KAL-sIL) by weight per  c e n t  is: 

The amount 

Thus t h e  potassium 

\ 

i 

j 
where K 2 0  denotes t h e  potassium oxide conten t  of ash .  
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The t o t a l  amount of s i l i c a t e  mine ra l s  equa l s  approximately the  sum of 
S i O 2 ,  A1203 and K 2 0  in a s h ,  and a n  e s t i m a t e  of k a o l i n i t e  s p e c i e s  is thus given 
by: 

Kao l in i t e  = (S i02  + A1203 + K 2 0 )  - (Quartz  + Potassium S i l i c a t e s )  

3) 

Table 1 g i v e s  the  S i 0 2 ,  A1203 and K 2 0  con ten t s  of some US and B r i t i s h  
bituminous coa l  ashes  (4,7) which were used t o  c a l c u l a t e  the approximate amounts 
of q u a r t z ,  potassium a lumino- s i l i ca t e  and k a o l i n i t e  s p e c i e s  i n  the mine ra l  
ma t t e r .  

Table 1: S i l i c a t e  Species  i n  Mineral Matter of B r i t i s h  and 

US Bituminous Coals 

Ash Cons t i t uen t s ,  Mineral Species ,  Weight Per 
Weight Per Cent of Ash Cent of the  t h e  T o t a l  

Type of Coal 
Si02 A1203 K 2 0  Quartz Pot .  Alum. K a o l i n i t e  

S i l i c a t e s  

Low S i l i c a  B r i t i s h  31.1 18.1 1.2 3.9 10.9 26.2 
us 29.2 14.2 1.5 7.9 13.6 23.6 

Medium S i l i c a  B r i t i s h  46.5 22.8 2.8 12.3 25.5 34.3 
us 46.6 27.8 1.1 4.9 10.0 60.6 

High S i l i c a  B r i t i s h  55.5 30.0 2.7 10.5 24.5 53.2 
us 56.5 32.2 2.6 8.0 23.6 59.7 

Table 1 shows t h a t  the k a o l i n i t e  s p e c i e s  c o n s t i t u t e s  up t o  60 per  c e n t  
of the  coa l  mineral  ma t t e r .  The amount of potassium a lumino- s i l i ca t e s ,  c h i e f l y  
muscovite and i l l i t e  is between 10 and 25 per  c e n t ,  and the qua r t z  con ten t  is 
u s u a l l y  below 12 per cent .  The a lumino- s i l i ca t e  mine ra l s  con ta in  f r e q u e n t l y  
iron, calcium, magnesium and sodium a s  p a r t  replacement for  potassium and p a r t l y  
incorporated in the  k a o l i n i t e  s t r u c t u r e .  Also, the s i l i c a t e  mine ra l s  occur as 
hydrated spec ies  with the  inhe ren t  water con ten t  of between 2 t o  5 per c e n t ,  t h u s  
the  s i l i c i o u s  mine ra l  con ten t s  a r e  l i k e l y  t o  be about 5 per c e n t  h ighe r  than 
those given in Table 1. 

The s i l i c a  and alumina con ten t s  of the  f i r s t  two samples a r e  
excep t iona l ly  low f o r  bi tuminous c o a l  ashes .  
s i l i c a  is  35 t o  55 per cent  and t h a t  of alumina is 20 t o  30 per cent  thus the 
a lumino- s i l i ca t e  s p e c i e s  toge the r  w i th  q u a r t z  c o n s t i t u t e  between 60 t o  90 per 
cent  of the bi tuminus c o a l  mine ra l  ma t t e r .  

The usua l  concen t r a t ion  range of 

The s i l i c a t e  s p e c i e s  occur i n  c o a l  c h i e f l y  as sepa ra t e  strata and l a r g e  
p a r t i c l e  i nc lus ions ,  and t h i s  mode of occurrence is termed the  “ a d v e n t i t i o u s ”  
mineral  mat ter .  Fig.  l a  shows a t y p i c a l  sample of the  a d v e n t i t i o u s  s i l i c a t e  
mine ra l  p a r t i c l e s ,  d e n s i t y  sepa ra t ed  from pu lve r i zed  coa l .  The d e n s i t y  
sepa ra t ion  technique does no t  remove the small  s i l i c a t e  p a r t i c l e s ,  c h i e f l y  
a lumino- s i l i ca t e  s p e c i e s  d i spe r sed  i n  the c o a l  substance (Fig. lb). The average 
a s h  content  of bi tuminous c o a l s  u t i l i z e d  i n  e l e c t r i c i t y  gene ra t ing  power s t a t i o n s  
i s  usua l ly  between 12 and 20 per cent  (4,8) and about one q u a r t e r ,  3 t o  5 per 
cent  f r a c t i o n  i s  p resen t  a s  the  inhe ren t  a s h .  
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The mine ra l  e lements  can be he ld  in the  c o a l  substance as organo-metal  
s a l t s ,  and a l s o  a s  a r e s u l t  of molecular adso rp t ion  and co-valent  bonding. 
mineral  spec ies  d i s so lved  i n  coa l  pore water, c h i e f l y  c h l o r i d e s  can a l s o  be 
considered a s  a p a r t  of t h e  inhe ren t  mine ra l  ma t t e r .  The l i g n i t e s  and sub- 
bituminous c o a l s  c a n  have a high f r a c t i o n  of the  mineral  e lements ,  c h i e f l y  
sodium, calcium and a l s o  aluminium and i r o n  chemical ly  combined i n  the f u e l  
substance (9,lO). The chemical r e a c t i v i t y  and p o r o s i t y  of the f u e l  ma t r ix  
decreases  with t h e  i n c r e a s e  of c o a l  age from l i g n i t e  t o  bi tuminous rank.  The 
loss of carboxyl ,  hydroxyl and quinone bonding s i t e s  in the  f u e l  ma t r ix  r e s u l t s  
i n  a low "chemical" mineral  ma t t e r  con ten t  of bi tuminous c o a l s .  

CHLORIDE I N  COAL PORE AND SEAM WATER 

The 

Chloride mine ra l s  a r e  r a r e l y  found in c o a l  i n  t h e  form of s o l i d  spec ies  
because of high s o l u b i l i t y  of sodium, calcium and t r a c e  metal  c h l o r i d e s  i n  coa l  
s t r a t a  waters. The " inhe ren t "  water con ten t  of c o a l  i s  r e l a t e d  t o  i t s  poros i ty  
and thus the moi s tu re  con ten t  of l i g n i t e  d e p o s i t s  can exceed 40 per  cent  
decreasing to  below 5 per cent  in f u l l y  matured bi tuminous coa ls  (11). 
Ch lo r ides ,  c h i e f l y  a s s o c i a t e d  with sodium and calcium c o n s t i t u t e  the  bu lk  of 
water-soluble matter in B r i t i s h  bi tuminous c o a l s  (12) and Skipsay (13) has found 
t h a t  the  d i s t r i b u t i o n  of c h l o r i n e  c o a l s  w a s  c l o s e l y  r e l a t e d  t o  the  s a l i n i t y  of 
mine waters .  Hypersal ine b r i n e s  wi th  c o n c e n t r a t i o n s  of d i s so lved  s o l i d s  up t o  
200 kg m-3 occur i n  s e v e r a l  of the  B r i t i s h  c o a l f i e l d s .  

The mode of formation of hype r sa l ine  b r i n e s  has  been d i scussed  by 
Dunham (14) concluding t h a t  the connate  wa te r s  were of marine o r i g i n  formed by 
the osmotic f i l t r a t i o n  through c l a y  and s h a l e  d e p o s i t s .  The s a l i n i t y  of the  
b r i n e  ground w a t e r s  i n c r e a s e s  wi th  depth and when they a r e  i n  con tac t  w i th  f u e l  
bea r ing  s t r a t a ,  correspondingly more c h l o r i d e  i s  taken up by the f u e l .  However, 
according t o  Skipsey (13) the  high rank bi tuminous coa ls  because of t h e i r  low 
poros i ty  a r e  unable  t o  take  up l a r g e  amounts of the  ch lo r ide  and a s s o c i a t e d  
c a t i o n s ,  and t h e  c h l o r i n e  content  r a r e l y  exceeds 0.2 per cent .  The c h l o r i n e  
content  of low rank  bituminous c o a l s  can r each  one per cent  and correspondingly 
the  sodium f r a c t i o n  a s s o c i a t e d  wi th  c h l o r i n e  w i l l  amount up t o  0.4 per cent  of 
c o a l .  That is, t h e  ash from a h igh  c h l o r i n e  c o a l  can con ta in  up t o  3 per  cent  of 
flame v o l a t i l e  sodium. The c h l o r i n e  con ten t  of l i g n i t e s  and sub-bituminous coa ls  
is usua l ly  low, below 0.1 per c e n t ,  and sodium is held c h i e f l y  in the  f u e l  
substance in the  form of organo-metal components (9,lO). 

A l l  c o a l s  c o n t a i n  some sodium combined in the  a lumino- s i l i ca t e  spec ies  
which W i l l  remain l a r g e l y  i n v o l a t i l e  in the  flame. The r a t i o  of t h e  s i l i c a t e  
sodium t o  non- s i l i ca t e  sodium v a r i e s  over a wide range.  The a lka l i -me ta l  is 
presen t  c h i e f l y  in the  s i l i c a t e s  in low c h l o r i n e  bi tuminous c o a l s ,  b u t  in the  
high ch lo r ine  bi tuminous c o a l s  and in many l i g n i t e s  and sub-bituminous c o a l s  i t  
is presen t  mainly in a flame v o l a t i l e  form. 

FLAME VITRIFICATION OF SILICA MINERALS 

A c h a r a c t e r i s t i c  f e a t u r e  of flame heated a s h  is t h a t  t h e  p a r t i c l e s  a r e  
s p h e r i c a l  i n  shape a s  shown in Fig .  2 .  The t r ans fo rma t ion  of the  angular  
s i l i c a t e  m i n e r a l  p a r t i c l e s  i n  pu lve r i zed  c o a l  t o  s p h e r i c a l  p a r t i c l e  a sh  is a 
r e s u l t  of the s u r f a c e  t e n s i o n  force  a c t i n g  on the  v i t r i f i e d  s p e c i e s .  The s t r e s s  
( f )  on a non-spherical  su r f ace  s e c t i o n  of t h e  p a r t i c l e  is: 

f = 2 y I p  4 )  

where Y i s  the  s u r f a c e  t ens ion  of g l a s s y  s i l i c a t e  and p i s  the  r a d i u s  of 
cu rva tu re .  It is ev iden t  from equa t ion  ( 4 )  t h a t  t h e  s t r e s s  is i n v e r s e l y  
p ropor t iona l  t o  t h e  r a d i u s  of cu rva tu re  and thus  the  sma l l  sharp-edged p a r t i c l e s  
a r e  f i r s t  to  take  a s p h e r i c a l  form. 
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par  t i c l e  

where 

and r is 

Frenkel  (15) has  shown t h a t  time ( t )  r equ i r ed  t o  t ransform an  angu la r  
t o  sphere is given t o  f i r s t  approximation by: 

r = r.ge-t/z 5)  

z = 4ntlro/y 6) 

the  d i s t a n c e  of a point  on the  o r i g i n a l  su r f ace  from t h e  c e n t e r  of a 
sphere of equ iva len t  volume having r a d i u s  r,,, 1) is the  v i s c o s i t y  and y is the  
sur face  tens ion .  

Equation 5 can be used t o  c a l c u l a t e  the  approximate t i m e  r equ i r ed  f o r  a 
p a r t i c l e  t o  assume a s p h e r i c a l  shape when the  s u r f a c e  t ens ion ,  v i s c o s i t y ,  size 
and i n i t i a l  shape of p a r t i c l e  are known. 
v i s c o s i t y  f o r  the change t o  take p lace ,  can be made when the  r e s idence  time of 
p a r t i c l e s  a t  a given temperature  is known. Table 1 g ives  the  c a l c u l a t e d  v a l u e s  
of v i s c o s i t y  when the t i m e  f o r  the  change is one second. It was  assumed t h a t  t h e  
th i ckness  of moving sur face  l a y e r  was about ten  per cent  of t h e  r a d i u s ,  and t h e  
sur face  t ens ion  of fused a s h  was taken t o  be 0.32 N a s  measured p rev ious ly  
(16) .  

A l t e r n a t i v e l y ,  an e s t i m a t e  of the  

Table 2: Ca lcu la t ed  V i s c o s i t i e s  f o r  Sphe r id i za t ion  of D i f f e r e n t  S ize  

S i l i c a t e  P a r t i c l e s  

P a r t i c l e  
Radius, pm 0.01 0.1 1 10 100 

v i s c o s i t y ,  
N m-2 2.5 x lo7 2.5 x lo6 2.5 x lo5 2.5 x l o 4  2.3 x 103 

Table 2 shows t h a t  the  small  i r r e g u l a r l y  shaped p a r t i c l e s  t ransform t o  
sphe res  in a c o a l  flame when the  v i s c o s i t y  of t h e  m a t e r i a l  is s e v e r a l  o r d e r s  
higher  than t h a t  r equ i r ed  f o r  bu lk  flow under g r a v i t y ,  which is about  25 N s mb2.  
A l abo ra to ry  technique was used t o  determine the  minimum temperature  a t  which 
c o a l  mineral  s p e c i e s  a r e  transformed t o  s p h e r i c a l  shapes (17) .  P a r t i c l e s  of 10 
t o  200 p in diameter  were introduced i n t o  a gas  s t ream and then passed through a 
v e r t i c a l  furnace.  The temperature  of the  fu rnace  was v a r i e d  from 1175 t o  2025 K 
and was measured by a r a d i a t i o n  pyrometer and by thermocouples placed in the  
furnace.  The r e s idence  t i m e  of p a r t i c l e s  in the  furnace was between 0.2 and 0.5 
sec .  depending on the  p a r t i c l e  s i z e .  

Fig. 3a shows a surface-fused s i l i c a t e  p a r t i c l e  heated t o  a temperature  
some 25 K lower than t h a t  r equ i r ed  f o r  i t s  s p h e r i d i z a t i o n .  Fig.  3b shows a 
spheridized p a r t i c l e  heated in t h e  l a b o r a t o r y  furnace.  Fig.  4 shows t h e  
temperature range a t  which the shape change of d i f f e r e n r  coa l  mine ra l  p a r t i c l e s  
occurred.  The c h l o r i t e  mine ra l  con ta in  some q u a r t z  and the two s p e c i e s  
sphe r id i zed  a t  markedly d i f f e r e n t  temperatures  a s  shown by curves D1 and D2. 

The temperature  of mineral  p a r t i c l e s  in the  pu lve r i zed  c o a l  flame 
exceeds 1800 K (F ig .  51, and i t  is t h e r e f o r e  t o  be expected t h a t  a l l  p a r t i c l e s  
w i th  the except ion of l a r g e  s i z e  qua r t z  w i l l  v i t r i f y  and change t o  s p h e r i c a l  
shapes. Fig. 6a shows a surface-fused b u t  non-spherical  q u a r t z  p a r t i c l e  found in 
a sample of f l y  a sh  captured in the  e l e c t r i c a l  p r e c i p i t a t o r .  
e l l i p s o i d a l  p a r t i c l e s  of a lumino- s i l i ca t e s  (F ig .  6b) can be found in the  a sh  
i n d i c a t i n g  t h a t  t h e  high temperature  r e s idence  t i m e  was s l i g h t l y  t o o  s h o r t  f o r  
complete sphe r id i za t ion .  However, the  m a j o r i t y  of the a s h  p a r t i c l e s  appear  t o  b e  
s p h e r i c a l  a s  shown in Fig.  2 .  

Occasional ly  
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The s p h e r i c a l  s i l i c a t e  a sh  p a r t i c l e s ,  when viewed a t  close-up range 
appear t o  hos t  a l a r g e  number of sub-micron p a r t i c l e s  a t  t h e  s u r f a c e  (F ig .  6 c ) .  
The microids  could b e  s i l i c a t e  c r y s t a l l o i d s  p r e c i p i t a t e d  from t h e  v i t r i f i e d  phase 
o r  sulphate  fume p a r t i c l e s  formed from the  non- s i l i ca t e  c o a l  mine ra l s  (18) .  The 
l a t t e r  a r e  s o l u b l e  i n  a d i l u t e  ac id  (HC1) s o l u t i o n  and Fig.  6d shows the  a c i d  
etched p a r t i c l e s .  C l e a r l y ,  most of the microid p a r t i c l e s  were d i s so lved  and the 
leach s o l u t i o n  con ta ined  sodium and potassium s u l p h a t e s .  

Another d i a g n o s t i c  t e s t  f o r  s i l i c a t e  a sh  is t o  t r e a t  the  p a r t i c l e s  w i t h  
hydro f luo r i c  (HF) a c i d  s o l u t i o n  (18 ,19 ,20 ) .  The a c i d  w i l l  d i s s o l v e  the g l a s s y  
phase r evea l ing  s k e l e t o n s  of c r y s t a l l i n e  spec ies  which may be i n  the  form of 
m u l l i t e  need le s  ( F i g .  6e)  o r  quar tz  c r y s t a l l o i d s  (F ig .  6 f ) .  The r a t i o  of the  
g l a s sy  phase t o  c r y s t a l l i n e  spec ies  v a r i e s  from p a r t i c l e  t o  p a r t i c l e  depending on 
t h e  o r i g i n a l  composi t ion of the s i l i c a t e  mine ra l s ,  the  cap tu re  of v o l a t i l e  sodium 
and the r a t e  of coo l ing  of t h e  f l u e  gas borne ash .  

The flame imprinted c h a r a c t e r i s t i c s  of s i l i c a t e  mineral  s p e c i e s  from 
t h e  point of view of subsequent  s i n t e r i n g  a r e  summarized i n  Table 3. 

Table 3: Flame V i t r i f i c a t i o n  and R e c r y s t a l l i z a t i o n  of S i l i c a t e s  

Const i tuent  P a r t i c l e  V i t r i f i c a t i o n  R e c r y s t a l l i z a t i o n  Glass  
Species  Tendency Content 

Temperature Extent  
Range, K 

Quartz 1700 t o  1900 Medium LOW Medium 

Kao l in i t e  1600 t o  1700 High High Medium 

Potassium 1400 t o  1600 High Low High 
Alumino-si l icates  

The r e l a t i v e  amount of c o a l  mineral  q u a r t z  su rv iv ing  in the  pulver ized 
f u e l  flame depends on t h e  p a r t i c l e  s i z e  and temperature .  
combustion of cyclone f i r e d  b o i l e r s  the  flame temperature  exceeds 2000 K and the 
qua r t z  p a r t i c l e s  of a l l  s i z e s  w i l l  v i t r i f y .  
c r y s t a l l i n e  form w i l l  s u r v i v e  the  flame t r e a t a e n t  i n  pu lve r i zed  c o a l  f i r e d  
b o i l e r s  and t h e  a s h  may con ta in  25 per  c e n t  of the  o r i g i n a l  c o a l  qua r t z  i n  the  
c r y s a l l i n e  form (21) .  

I n  the  i n t e n s e  

Some q u a r t z  p a r t i c l e s  i n  the  

The k a o l i n i t e  mineral  s p e c i e s  i n  c o a l  c o n t a i n  some sodium, calcium and 
i r o n  i n  the  c r y s t a l l i n e  s t r u c t u r e  (6)  and the  presence of f l u x i n g  me ta l s  enhances 
v i t r i f i c a t i o n  of the f lame heated p a r t i c l e s .  The high temperature  c r y s t a l l i n e  
form of k a o l i n i t e  s p e c i e s  is m u l l i t e  and the c h a r a c t e r i s t i c  needle  shapes of 
m u l l i t e  (F ig .  6e)  a r e  f r e q u e n t l y  found i n  l a r g e ,  above 5 p diameter  p a r t i c l e s .  
The m u l l i t e  needle  c r y s t a l s  i n  a s h  a r e  always embedded i n  a g l a s s y  phase of the 
l a r g e  p a r t i c l e s  and i t  appea r s  t h a t  the smal l ,  below 5 p diameter  p a r t i c l e s  of 
the  flame heated k a o l i n i t e  s p e c i e s  a r e  not  e x t e n s i v e l y  r e c r y s t a l l i z e d  on cooling. 
The c r y s t a l l i n e  s p e c i e s  of i l l i t e  and muscovite a r e  not  found in the  flame heated 
a s h  and thus  i t  is l i k e l y  t h a t  the  potassium a lumino- s i l i ca t e s  remain on cool ing 
l a r g e l y  i n  the  form of g l a s s y  p a r t i c l e s .  

The inhe ren t  s i l i c a t e  ash (Fig. l b )  w i l l  coa l e sce  on combustion f i r s t  
t o  a s i n t e r e d  ma t r ix  i n s i d e  the burning c o a l  p a r t i c l e  and a l s o  t o  small  s l a g  
g lobu les  a t  the  s u r f a c e  of coke r e s i d u e .  Fig.  7a shows the  s l a g  g lobu les  on a 
coke p a r t i c l e  s e p a r a t e d  from pulver ized c o a l  a sh  and Fig.  7b shows a l a c e  
ske le ton  of s i n t e r e d  a s h  i n  another  coke p a r t i c l e  r evea led  a f t e r  combustion a t  
900 K. 
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During combustion of t he  mine ra l  r i c h  c o a l  p a r t i c l e s  in t he  pu lve r i zed  
f u e l  flame ash  envelopes may b e  c r e a t e d  which can take  the form of cenospheres  as 
shown in Fig .  7c  and d.  The gas  bubble  evo lu t ion  l ead ing  t o  cenosphere formation 
has  been discussed previously (16,22) and the  f l y  a sh  usua l ly  con ta ins  between 
0.1 and 2 per cen t  by weight o f  t he  l i gh twe igh t  ash .  
p a r t i c l e s  may l eave  t h e  combustion a s h  r e s idue  a l s o  in the  form of p l e rosphe re  
(spheres-inside-sphere) a s  shown i n  F ig .  7e.  

The mine ra l  r i c h  c o a l  

The above examples show t h a t  the  inhe ren t  s i l i ca  ash p a r t i c l e s  
undergo ex tens ive  coalescence by s i n t e r i n g  and s l agg ing  du r ing  combustion of t h e  
hos t  c o a l  p a r t i c l e s .  However, the  a d v e n t i t i o u s  a s h  r e t a i n  the  p a r t i c l e  i d e n t i t y  
in the  flame and the  processes  of s i n t e r i n g  and s l agg ing  t ake  p lace  a f t e r  
depos i t i on  on b o i l e r  tubes .  

TRANSFER OF FLAME VOLATILE SODIUM TO SILICATES. 

The c o a l  sodium o r i g i n a l l y  p re sen t  a s  ch lo r ide  o r  organo-metal 
compounds is r a p i d l y  v o l a t i l i z e d  in t h e  pulver ized c o a l  flame (23) .  Subsequently 
the  v o l a t i l e  s p e c i e s  are p a r t l y  d i s so lved  i n  the  su r face  l a y e r  of f lame heated 
s i l i ca t e  p a r t i c l e s  and p a r t l y  sulphated i n  the  f l u e  g a s  (8 ) .  The formation of 
sodium su lpha te  can proceed v i a  two r o u t e s :  

Route 1 - In  t h e  F lue  Gas 

1 [ Z N a  + H20 + SO2 + 7 021+2HC1 + Na2S04 + Na2S04 
Fume 
P a r t i c l e s  gx + Vapour phase r e a c t i o n s  2NaX 

Route 2 - A t  t h e  Surface of Ash P a r t i c l e s  

[ Z N a  + H20]+2HCL + Na20 + Na20 + SO2 + + Na2SOk 2 2Nit + Vapour phase r e a c t i o n s  React ions a t  ash  s u r f a c e  

Route 1 f o r  genes i s  of sodium su lpha te  fume can b e  descr ibed as the  non-captive 
formation and rou te  2 a s  t he  cap t ive  formation.  

Some potassium su lpha te  can a l s o  be  formed v i a  t h e  two r o u t e s .  
Potassium is presen t  in c o a l  c h i e f l y  in t he  form of potassium a lumino- s i l i ca t e s  
(Table 1 )  and a l a r g e  p a r t  of the a lka l i -me ta l  w i l l  remain i n v o l a t i l e  in the  
flame heated s i l i c a t e  p a r t i c l e s .  Some 5 t o  20 per cen t  o f  t he  potassium is 
r e l eased  f o r  su lpha t ion  (24) which t a k e s  p l ace  p a r t l y  a t  t h e  s u r f a c e  of t he  
parent  p a r t i c l e s  (25) and p a r t l y  v i a  the  v o l a t i l i z a t i o n  r o u t e s  a s  desc r ibed  
above. However, sodium su lpha te  con ten t  of f l y  a s h  and chimney con ten t  of f l y  
a sh  and chimney s o l i d s  i s  always h ighe r  than  t h a t  of potassium su lpha te .  

The d i s t r i b u t i o n  of the flame v o l a t i l e  sodium between the  a sh  s i l i c a t e  
and su lpha te  phases is markedly in f luenced  by the  temperature and r e s idence  time 
of the  ash  p a r t i c l e s  i n  the  flame. The high temperature of l a r g e  b o i l e r  flame 
reduces the  v i s c o s i t y  of v i t r i f i e d  s i l i c a t e  p a r t i c l e s  and a s  a r e s u l t  a l a r g e  
f r a c t i o n  of t h e  v o l a t i l e  sodium i s  d i s so lved  in t he  s i l icate  phase.  On average 
60 per cent  of the  sodium is d i s so lved  i n  the  s i l i c a t e  a s h  p a r t i c l e s  (6)  t he  
remainder befng p resen t  a s  suphate  fume p a r t i c l e s  in the  f l u e  gas  (20) .  



THE MECHANISM AND MEASUREMENTS OF SODIUM ENHANCED SINTERING 

The format ion  of s i n t e r e d  a s h  d e p o s i t s  on b o i l e r  t u b e s  r e q u i r e s  f i r s t  a 
c l o s e ,  molecular d i s t a n c e  c o n t a c t  between t h e  p a r t i c l e s  followed by a growth of 
p a r t i c l e - t o - p a r t i c l e  b r i d g e s  c h i e f l y  by v iscous  flow. Sodium s u l p h a t e  phase 
toge ther  wi th  some potassium su lpha te  may p lay  a s i g n i f i c a n t  r o l e  i n  t h e  i n i t i a l  
s t a g e  of s i n t e r i n g  by b r i n g i n g  t h e  s i l i c a t e  p a r t i c l e s  t o g e t h e r  as a r e s u l t  o f  
s u r f a c e  tens ion .  Sodium s u l p h a t e  mel t s  a t  1157 K b u t  mixed a l k a l i - m e t a l  
s u l p h a t e s  can form a molten phase a t  lower tempera tures  (26). 

Once t h e  c l o s e  contac t  between the  s i l i c a t e  p a r t i c l e s  has  b e e n  
e s t a b l i s h e d  a v iscous  flow of  t h e  p a r t i c l e  s u r f a c e  laver can commence and t h e  
s i n t e r  bonds are e s t a b l i s h e d  according t o  Equation 7 is discussed  by Frenkel 
(15) :  

where x is t h e  r a d i u s  o f  neck growth between t h e  s p h e r i c a l  p a r t i c l e s  of r a d i u s  r ,  
y is t h e  s u r f a c e  t e n s i o n ,  q is t h e  v i s c o s i t y  of fused a s h ,  and t is t h e  t ime. 
The ( x / r ) 2  r a t i o  can b e  taken  a s  a c r i t e r i o n  of t h e  degree  of s i n t e r i n g ,  i . e .  t h e  
s t r e n g t h  of b o i l e r  d e p o s i t  (6) developed i n  t i m e  t ,  t h a t  is: 

8) 

and the  r a t e  of  d e p o s i t  s t r e n g t h  development is: 

d s  a 
d t  2qr  
- =  

where k is a c o n s t a n t .  

Equation 9 shows t h a t  t h e  r a t e  of a s h  s i n t e r i n g ,  i.e. t h e  development 
of  cohesive s t r e n g t h  of  a d e p o s i t  mat r ix  is p r o p o r t i o n a l  t o  t h e  s u r f a c e  t e n s i o n  
and i n v e r s e l y  p r o p o r t i o n a l  t o  the  v i s c o s i t y .  The s u r f a c e  t e n s i o n  and p a r t i c l e  
s i z e  a r e  not  markedly changed by d i s s o l u t i o n  of sodium, i r o n  o r  calcium oxides  in 
t h e  g l a s s y  phase of s i l i c a t e  ash .  However, t h e  v i s c o s i t y  is markedly changed by 
t h e  oxides.  I n  p a r t i c u l a r ,  a n  enrichment of sodium i n  t h e  s u r f a c e  l a y e r  of t h e  
s i l i c a t e  ash  p a r t i c l e s  can l e a d  t o  a h igh  r a t e  of s i n t e r i n g .  

Some of the  flame v o l a t i l e  sodium is d i s s o l v e d  i n  t h e  v i t r i f i e d  
s i l i c a t e  a s h  p a r t i c l e s  b e f o r e  depos i t ion  and a n  a d d i t i o n a l  amount of sodium is 
t r a n s f e r r e d  from the  s u l p h a t e  t o  s i l i c a t e  phases dur ing  s i n t e r i n g .  
between sodium s u l p h a t e  and s i l i c a t e s  a t  a s h  s i n t e r i n g  tempera tures  has  been 
monitored by thermo-gravimetric measurements. 
Table 4 .  

The r e a c t i o n  

Some of t h e  r e s u l t s  are g iven  i n  

Table 4 :  Weight Loss of Sulphates and S u l p h a t e / S i l i c a t e  Mixtures 

Sample 
Na2S04 Na2S04 CaSO, C+O, 

Na2S04 Kaolin Ash K Z I G  -iGli- 

Loss I n i t i a t i o n  1425 1085 1175 >1525 1275 1275 
Temperature, K 

Anhydrous s u l p h a t e  samples and the  s u p h a t e / s i l i c a t e  mixtures  (50 per c e n t  by 
weight su lpha te)  were hea ted  i n  a i r  a t  the  r a t e  of 6 K per  minute. 
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The r e s u l t s  i n  Table 4 show t h a t  t h e  r e a c t i o n  between sodium s u l p h a t e  
and k a o l i n  commenced a t  1085 K wi th  t h e  r e l e a s e  of SO2 and SO3 

A1203 + xNa2SOq + xNa20.A1203.2Si02 + x(S02, SO3) 10) 

A t y p i c a l  bituminous c o a l  a s h  requi red  a h igher  temperature of 1175 K f o r  t h e  
su lpha te  decomposition r e a c t i o n .  

The t r a n s f e r  of sodium from t h e  s u l p h a t e  of s i l i c a t e  phase w i l l  r educe  
t h e  v i s c o s i t y  of the  g l a s s y  m a t e r i a l  r e s u l t i n g  i n  an  enhanced r a t e  of  s i n t e r i n g .  
A t  higher tempera tures ,  above 1275 K ,  calcium s u l p h a t e  s ta r t s  t o  d i s s o c i a t e  i n  
t h e  preence of k a o l i n  and thus  calcium oxide w i l l  b e  a v a i l a b l e  f o r  t h e  s i n t e r i n g  
r e a c t i o n s .  The s p e c i f i c  r o l e s  of c o a l  calcium and a l s o  t h e  i r o n  minera l  s p e c i e s  
in ash  s i n t e r i n g  and s l a g  formation have been d iscussed  previous ly  ( 2 ) .  

The s i n t e r i n g  r a t e s  of b i tuminous ,  sub-bituminous and l i g n i t e  c o a l  
ashes  of d i f f e r e n t  sodium c o n t e n t s  can b e  determined by t h e  e l e c t r i c a l  
conductance measurements. 
is measured and i t  is an  i n d i c a t i o n  of the  degree of s i n t e r i n g  (27) .  The sodium 
ions  i n  the  low v i s c o s i t y  g l a s s  and molten s u l p h a t e  a r e  the  conductive s p e c i e s  
and the  conductance c o n t i n u i t y  is provided by t h e  s i n t e r  b r i d g e s  between t h e  
p a r t i c l e s .  

I n  t h i s  method t h e  conductance a c r o s s  an  a s h  compact 

Fig. 8 (curve B) shows t h a t  sub-bituminous c o a l  a s h  of h igh  (6.3 per  
c e n t )  sodium oxide c o n t e n t  commenced s i n t e r i n g  a t  1100 K a s  determined by t h e  
conductance measurements. The r e s u l t s  (27) suggest t h a t  the  amount of sodium i n  
some ashes  a r e  s u f f i c i e n t l y  high b o t h  t o  i n i t i a t e  and s u s t a i n  a r a p i d  rate of 
s i n t e r i n g  below 1200 K. I n  c o n t r a s t ,  wi th  low sodium c o a l s  t h e  rate of ash  
s i n t e r i n g  and t h e  format ion  of b o i l e r  d e p o s i t s  a r e  r e l a t e d  t o  t h e  calcium and 
i r o n  c o n t e n t s  of c o a l  minera l  mat te r .  Severa l  e m p i r i c a l  formulae have been 
proposed f o r  p r e d i c t i n g  t h e  depos i t  forming propens i ty  of t h e  l i g n i t i c  and 
bituminous c o a l  type ashes  based on t h e  sodiu  c o n t e n t  (28) .  These formulae 
i n d i c a t e  t h a t  a r a p i d  build-up of b o i l e r  d e p o s i t  is t o  b e  expected when sodium 
(Na20) conten t  of bituminous c o a l  exceeds 2.5 per  c e n t ,  and t h a t  of l i g n i t e  and 
sub-bituminous c o a l  a s h e s  is above 4 per  c e n t .  

The l i g n i t e  type ashes  have comparatively low f o u l i n g  propens i ty  when 
t h e  sodium content  is below 4 per  c e n t  because of t h e  l i m i t e d  amount of c l a y  
minera ls  a v a i l a b l e  f o r  s i n t e r i n g  r e a c t i o n .  That is, i n  some l i g n i t e  and sub- 
bituminous c o a l s  t h e r e  is an  excess  of sodium and calcium a v a i l a b l e  f o r  the  h igh  
temperature r e a c t i o n s ,  and the  rate of d e p o s i t  formation depends on t h e  s i l i c a t e  
conten t  of a s h  (2 ,9 ,30) .  The bituminous c o a l  type a s h  has  a n  excess  of  
s i l i c a t e s ,  i . e .  the  ash  is pyrochemically a c i d i c  and t h e  r a t e  of s i n t e r i n g  
depends on the  a v a i l a b i l i t y  of sodium, calcium and i r o n  s p e c i e s  i n  t h e  flame 
heated d e p o s i t  m a t e r i a l .  

The formation of s i n t e r e d  a s h  d e p o s i t s  is governed c h i e f l y  b y  v i s c o u s  
flow, and t h e  r a t e  of s i n t e r i n g  (S,) can  b e  expressed  i n  terms of t h e  r a t i o  of 
g l a s s y  m a t e r i a l  t o  c r y s t a l l i n e  s p e c i e s  of s i l i c a t e  a s h  (R g/c) and t h e  v i s c o s i t y  
of the  g l a s s y  phase (q): 

where K is a cons tan t .  The c h a r a c t e r i s t i c s  of flame heated s i l i c a t e  p a r t i c l e s ,  
(Fig.  4 and Table 3 i n  Sec t .  4 )  sugges t  t h a t  t h e  v i t r i f i e d  potassium alumino- 
s i l i c a t e  p a r t i c l e s  and the  below 5 p diameter k a o l i n i t e  p a r t i c l e s  are f i r s t  t o  
s i n t e r  a f t e r  d e p o s i t s .  The p a r t i c l e s  w i l l  have a h igh  g l a s s  c o n t e n t  and t h e  
small s i z e  enhances s i n t e r i n g  as e v i d e n t  from e q u a t i o n  (10) .  It is t h e r e f o r e  t o  
b e  expected t h a t  t h e  presence of f l o o r  material (6)  should enhance s i n t e r i n g  and 
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l a r g e  p a r t i c l e  q u a r t z  p a r t i c l e s  would r e t a r d  the depos i t  formation.  This  a p p l i e s  
i n  the  absence of l a r g e  concen t r a t ions  of t h e  flame v o l a t i l e  sodium, and non- 
s i l i c a t e  calcium and i r o n  compounds. The f l u x  m a t e r i a l  oxides  w i l l  b o t h  i n c r e a s e  
the  ash g l a s s  con ten t  and reduce the  v i s c o s i t y  f o r  s i n t e r i n g ,  Equation 11, and 
the composition of o r i g i n a l  s i l i c a t e  s p e c i e s  i s  l e s s  important .  

CONCLUSIONS 

S i l i c a t e  Minerals  i n  Coal 

The s i l i c a t e  m i n e r a l s ,  k a o l i n i t e  and potassium a lumino- s i l i ca t e  s p e c i e s  
toge the r  w i th  quar tz  c o n s t i t u t e  the bu lk  of mine ra l  matter i n  most c o a l s .  The 
approximate amounts of d i f f e r e n t  s i l i c a t e  s p e c i e s  of the  bi tuminous c o a l  mine ra l  
ma t t e r  can b e  e s t ima ted  from a s h  a n a l y s i s .  

Flame V o l a t i l e  and S i l i c a t e  Sodium i n  Coal 

Sodium is r a p i d l y  v o l a t i l i z e d  i n  t h e  flame when i t  occurs  in a non- 
s i l i c a t e  compound form, c h i e f l y  a s soc ia t ed  wi th  c h l o r i n e  i n  bi tuminous c o a l s  and 
combined wi th  o rgan ic  compounds i n  the  l i g n i t e  and sub-bi tuminous f u e l s .  The 
f r a c t i o n  of sodium combined wi th  coal  s i l i c a t e s  remains l a r g e l y  i n v o l a t i l e  i n  the 
pulver ized f u e l  flame. 

Flame V i t r i f i c a t i o n  and Sphe r id i za t ion  of S i l i c a t e  P a r t i c l e s  

The a lumino- s i l i ca t e  p a r t i c l e s  v i t r i f y  and take  a s p h e r i c a l  shape i n  
t h e  flame and a r e  p a r t i a l l y  r e c r y s t a l l i z e d  on cool ing.  Micro-needles of m u l l i t e  
up t o  10 p long and c r y s t a l l o i d s  of qua r t z  a r e  t h e  p r i n c i p a l  d e v i t r i f i c a t i o n  
products enveloped in a g l a s s y  m a t e r i a l  ma t r ix .  Large qua r t z  p a r t i c l e s  
o r i g i n a l l y  p re sen t  in c o a l  a r e  only sur face  v i t r i f i e d  and do not  sphe r id i ze  i n  
t h e  flame. The coa le scence  by s i n t e r i n g  and fus ion  of the  sma l l  a lumino- s i l i ca t e  
p a r t i c l e s  d i spe r sed  i n  t h e  f u e l  substance occurs  when the hos t  c o a l  p a r t i c l e s  
bu rn  i n  the  flame. The p roduc t s  a r e  s i n t e r e d  a sh  s k e l e t o n s ,  censopheres  and 
plerospheres  up t o  250 pm i n  diameter .  

Sodium Trans fe r  t o  S i l i c a t e  and Sulphate  Phases 

The flame v o l a t i l e  sodium i s  p a r t l y  d i s so lved  i n  t h e  su r face  l a y e r  of 
v i t r i f i e d  s i l i c a t e  a s h  p a r t i c l e s  and p a r t l y  sulphated.  The s u l p h a t e  p a r t i c l e s ,  
0.1 t o  2 p i n  diameter  can  form on the  s u r f a c e  of a sh  p a r t i c l e s  or i n  t h  f l u e  
gas  v i a  vapour phase r e a c t i o n s  followed by sub l ima t ion  on coo l ing .  Some 
potassium su lpha te  i s  a l s o  formed from a f r a c t i o n  of the  a l k a l i - m e t a l  r e l e a s e d  on 
v i t r i f i c a t i o n  of potassium a l u m i n o - s i l i c a t e s  i n  the  flame. 

I n i t i a l  Stage i n  Ash S i n t e r i n g  

The su lpha te  phase can  i n i t i a t e  ash s i n t e r i n g  by b r i n g i n g  the s i l i c a t e  
p a r t i c l e s  t o  c l o s e  c o n t a c t  as a r e s u l t  of t h e  su r face  t e n s i o n  force .  Subsequent 
s i n t e r i n g  proceeds by v i scous  f low and the  r a t e  of s i n t e r  bond growth i s  
p ropor t iona l  t o  t h e  s u r f a c e  t ens ion  of s i l i c a t e  g l a s s y  phase and i n v e r s e l y  
p ropor t iona l  t o  the  p a r t i c l e  s i z e  and the  v i s c o s i t y .  The l a t t e r  changes 
exponen t i a l ly  with temperature  and thus the  v i s c o s i t y  of s i l i c a t e  a s h  p a r t i c l e s  
governs the  r a t e  of s i n t e r i n g  a t  d i f f e r e n t  temperatures .  

Decomposition of Su lpha te  OII S i l i c a t e  Ash S i n t e r i n g  

Sodium s u l p h a t e s  in t h e  i n i t i a l  m a t e r i a l  depos i t ed  on b o i l e r  tubes w i l l  
be  decomposed by the  pyrochemical ly  a c i d i c  s i l i c a t e s  i n  a sh  when the  depos i t  
temperature exceeds 1085 K.  The t r a n s f e r  of sodium from the su lpha te  t o  s i l i c a t e  
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phaw reduces t h e  v i s c o s i t y  of t h e  g l a s s y  m a t e r i a l  of s i l i c a t e  a s h  t h u s  
increas ing  the  r a t e  of s i n t e r i n g .  

S i n t e r i n g  of High Sodium Coal Ashes 

Some l i g n i t e  and sub-bituminous c o a l  a s h  c o n t a i n  s u f f i c i e n t l y  h igh  
q u a n t i t i e s  of the  flame v o l a t i l e  sodium t o  i n i t i a t e  and subsequently t o  s u s t a i n  a 
h igh  r a t e  of a s h  s i n t e r i n g  leading  t o  a r a p i d  build-up of b o i l e r  d e p o s i t .  
most bituminous c o a l  ashes  t h e  v o l a t i l e  sodium plays  a r o l e  in i n i t i a t i n g  
s i n t e r i n g  b u t  t h e  subsequent d e p o s i t  and s l a g  format ion  depends l a r g e l y  on t h e  
presence of calcium and i r o n  f l u x  oxides .  In g e n e r a l  terms, t h e  rate of a s h  
s i n t e r i n g  is governed by the  r a t i o  of  g l a s s y  m a t e r i a l  t o  c r y s t a l l i n e  s p e c i e s  and 
t h e  v i s c o s i t y  of t h e  g l a s s y  phase. 

With 
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28 pm 10 pm 

(a) ADVENTITIOUS (b) INHERENT-WHITE PARTICLES 

FIG. 1 MINERAL MATTER IN COAL 

20 urn 

FIG'.2 PULVERIZED COAL ASH 

20 pn (b) 20 yrn 
FIG. 3 SURFACE FUSED (a) AND SPHERBDIZED (b) SILICATE PARTICLES 
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25 ym 

(a) UNFUSED QUARTZ PARTICLE (b) ELONGATED SILICATE PARTICLES 

1.5 pm 1.5 pn 

(c) MICROIDS ON ASH (d) ACID CLEANED ASH 

2 urn 

(e) MULLITE NEEDLES IN ASH (f) QUARTZ CRYSTALLOIDS 

FIG. 6 DIAGNOSTIC FEATURES OF FLAME HEATED ASH 
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(a) ASH PARTICLES ON COKE (b) ASH SKELETON IN COKE 

(c) CENOSPHERES (d) FRACTURED CENOSPHERE 

(e) PLEROSPHERE 25 urn 

FIG. 7 COALESCENCE PRODUCTS OF INHERENT ASH I N  FLAME 
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FIG.8 SIMULTANEOUS SHRINKAGE AND CONDUCTANCE MEASUREMENTS 
LEIGH CREEK (AUSTRALIA) COAL ASH 

A - SHRINKAGE 

B - CONDUCTANCE 
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VISCOSITY OF SYNTHETIC COAL ASH SLAGS 
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INTROOUCTION 

I 

I 

Coal used f o r  energy conversion conta ins a considerable amount o f  minera l  
matter. During the conversion process the  mineral mat ter  i s  heated, and i n  the  
h igher  temperature reactors  i s  converted t o  a molten ma te r ia l  which f lows from t h e  
reac to r  a t  a r a t e  dependent on the  v i s c o s i t y  o f  t he  slag. I n  s tud ies  o f  coal 
slags obtained from e l e c t r i c  u t i l i t y  b o i l e r s  (1.2.3) t h i s  behavior  has been 
s tud ied  and c o r r e l a t i o n s  have been determined between the  v i s c o s i t y  o f  t h e  s lag  
and the  chemical composition. These s tud ies  have been c a r r i e d  out i n  a range o f  
gaseous environments t y p i c a l  o f  the combustion furnace w i t h  a range o f  oxygen con- 
cen t ra t i ons  from almost zero t o  15%. 

The purposes o f  t h i s  study inc luded a determinat ion o f  the v i s c o s i t y  behavior 
o f  syn the t i c  slags over a range o f  compositions and temperatures c h a r a c t e r i s t i c  o f  
s lagging g a s i f i e r  operation. The composit ions were chosen t o  be broadly  repre-  
sen ta t i ve  o f  a range o f  coals  from both the  eastern and western U.S. The 
temperatures were chosen t o  be i n  t h e  range o f  s a t i s f a c t o r y  g a s i f i e r  operat ion,  
and w i t h i n  the l i m i t s  o f  the experimental equipment. The gaseous environments 
were se lected t o  have the low oxygen p a r t i a l  pressure (about 10-8 t o  10-9 atm) 
t y p i c a l  o f  the s lagging g a s i f i e r .  

The v i s c o s i t y  data were t o  be used as i npu t  f o r  an associated r e f r a c t o r y /  
s lag  corros ion program. Accordingly, the data obta ined f o r  the f i r s t  few s lags  
were compared w i t h  c o r r e l a t i o n s  developed by Watt and Fereday (1,2) based on 
chemical composition and by Hoy, Roberts and Wi l l iams (3), us ing  a mod i f i ed  
vers ion o f  the s i l i c a  r a t i o .  I n  order  t o  s i m p l i f y  the systems f o r  study, the 
syn the t i c  slags were l i m i t e d  t o  the f i v e  components: SiO2, A1203, FeO, CaO and 
MgO. Since they contained no Na20 o r  K20, the s lag  composit ions were outs ide t h e  
range o f  the e a r l i e r  co r re la t i ons .  I f  t h i s  d i f f e r e n c e  was neglected, then t h e  
composit ion o f  a l l  but  f o u r  o f  the s y n t h e t i c  s lags used i n  t h i s  program f e l l  
outs ide the range o f  the composit ions f o r  which the  c o r r e l a t i o n s  were developed 
(10% A1203 o r  0% MgO o r  low s i l i c a  r a t i o  o r  h igh  Si02/A1203 r a t i o )  and the  
c o r r e l a t i o n s  d i d  not, i n  general. represent the  data obtained f o r  t h e  s y n t h e t i c  
slags. 

EXPERIMENTAL 

Slag: The v i s c o s i t i e s  o f  21 syn the t i c  slags, cover ing the  range o f  composi- 
t i o n s  expected i n  s lags  der ived from American coals  were determined i n  t h i s  
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study. The s y n t h e t i c  s lags were prepared from reagent grade chemicals. The 
syn the t i c  s lags were mixed w i t h  water and pressed i n t o  p e l l e t s  us ing a pressure o f  
15000 psig. The p e l l e t s  had a s l i g h t l y  smal ler  diameter than t h a t  o f  the con- 
tainment c ruc ib le .  The composit ion o f  t he  s lags i s  given i n  Table 1. 

Viscometer: The apparatus and technique have been described i n  d e t a i l  (4). 
E s s e n t i a l l y  a B r o o k f i e l d  Rheolog(TM) was used t o  rep lace the sample head i n  the  
r o t a t i n g  c y l i n d e r  s l a g  co r ros ion  apparatus used i n  s l a g / r e f r a c t o r y  co r ros ion  
s tud ies at  ANL (5). Appropr ia te seals  and ceramic s t r u c t u r a l  components permi t  
maintenance of  t h e  des i red  low oxygen a c t i v i t y  w i t h i n  the measuring chamber. The 
v i s c o s i t y  measuring "bob" was a c y l i n d e r  12.7 inn d!ameter and 11.1 inn high. For 
measurement a t  lower oxygen p a r t i a l  pressures t h e  bob" and connecting sha f t  were 
fab r i ca ted  of molybdenum; i n  an a i r  environment the molybdenum was replaced by 
plat inum. The s l a g  was conta ined i n  A1203 c ruc ib les .  The "bob" and measuring 
system were c a l i b r a t e d  a t  room temperature us ing  a se r ies  o f  NBS o i l s  ranging from 
10 t o  600 poise. 

Procedure: V i s c o s i t y  measurements were u s u a l l y  made i n  a decreasing temper- 
a tu re  mode a t  50 C. i n t e r v a l s  a f t e r  t h e  s lag  sample had been s lowly  heated t o  the 
des i red temperature, t y p i c a l l y  about 1400-1550 C. The s lag  was kept a t  each 
temperature long enough t o  demonstrate constant v i s c o s i t y  (about 30-60 minutes). 
I n  one case, s l a g  12, measurements were a l so  made i n  an i nc reas ing  temperature 
mode t o  determine i f  t h e r e  were hys te res i s  e f f e c t s .  None were observed i n  t h i s  
s l a g  and o the r  work conf i rmed t h i s  (4). Measurements made i n  other  l abo ra to r ies  
w i t h  other  slags have shown hys te res i s  ( 6 ) .  The desi red oxygen p a r t i a l  pressure 
was maintained by f l o w i n g  H2-C02-N2 ( o r  A) mix tures o f  t he  requi red composition 
through the  i n t e r i o r  o f  t he  measuring chamber throughout the experiment. The 
v a r i a t i o n  of oxygen p a r t i a l  pressure w i t h  gas composit ion and temperature was 
ca l cu la ted  us ing a NASA-developed code (4). 

RESULTS AND DISCUSSION 

The data ob ta ined  were p l o t t e d  as v i s c o s i t y  versus temperature f o r  the 
d i f f e r e n t  ma te r ia l s  and d isp layed the  expected exponential increase i n  v i s c o s i t y  
as the temperature decreased. I n  most o f  t he  runs a c h a r a c t e r i s t i c  sudden 
increase i n  v i s c o s i t y  was noted, as i n  some r e l a t e d  s tud ies (1,3). Some t y p i c a l  
r e s u l t s  are shown and compared w i t h  the Watt-Fereday and modi f ied s i l i c a  r a t i o  
p ro jec t i ons ,  assuming a l i q u i d  phase, i n  Figures 1 and 2, (s lags 1 8 12). 

To understand t h e  Newtonian c h a r a c t e r i s t i c s  o f  t h e  slags, p l o t s  o f  logar i thm 
o f  v i s c o s i t y  versus temperature were made. These ind i ca ted  s t r a i g h t  l i n e s  o r  two 
l i n e  segments. For runs w i t h  a sudden increase i n  v i s c o s i t y  a t  lower temper- 

types of non-Newtonian behavior were not explored. The observed s t r a i g h t  l i n e s  
are consis tent  w i t h  Newtonian behavior. 

Arrhenius p l o t s  were then made. These p l o t s  t y p i c a l l y  i nvo l ve  the  logar i thm 
of a r a t e  constant and the rec ip roca l  o f  t h e  absolute temperature. V i scos i t y  i s  
n o t  a r a t e  parameter, but  i s  def ined as the  shear s t ress  d i v ided  by the  shear 
ra te.  The rec ip roca l  o f  t he  v i s c o s i t y  i s  t he  shear r a t e  per  u n i t  shear s t ress  and 
was used i n  the  p l o t s .  A t y p i c a l  example i s  shown i n  F igure 3. S lag 1 shows a 
t y p i c a l  high temperature low a c t i v a t i o n  energy regime w i t h  a t r a n s i t i o n  t o  a h igh 
a c t i v a t i o n  energy, low temperature regime. Th is  behavior was noted i n  most o f  the 
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atures, two segments were observed. Shear ra tes  were not var ied and the various t 
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runs. The other  behavior was, as i n  the case of  s lag  12, a s i n g l e  s t r a i g h t  l i n e  
cover ing the range o f  the data. The slopes and a c t i v a t i o n  energies fo r  runs 
w i thou t  t he  t r a n s i t i o n  tended t o  be in termediate i n  the  range o f  t h e  values f o r  
runs w i t h  the t r a n s i t i o n .  

I n  order t o  compare t h e  v i s c o s i t y  behavior o f  t he  d i f f e r e n t  composit ions f o r  
the h igher  temperature regime and the  s lags w i t h  no t r a n s i t i o n s ,  separate p l o t s  
superimposing the  sample se r ies  w i t h  a constant weight % Si02 were made and are 
shown i n  F igures 4,5 and 6. Note the  v e r t i c a l  change i n  scale i n  F igu re  6. The 
s o l i d  p o r t i o n  o f  t he  l i n e s  represents the  actual  range o f  data. The dashed p a r t  
o f  t he  l i n e s  was added t o  f a c i l i t a t e  v isual  comparison. Examination o f  t h e  p l o t s  
shows two general tendencies. The rec ip roca l  v i s c o s i t i e s  or  f l u i d i t i e s  tend t o  
increase f o r  se r ies  w i t h  l esse r  amounts o f  Si02 i n  them. Although t h e  envelopes 
o f  data are broad, t h i s  observat ion can be made. A d d i t i o n a l l y ,  f o r  a g iven se r ies  
w i t h  a f i x e d  weight % Si02. t h e  f l u i d i t i e s  are g rea te r  f o r  t he  lower  amounts o f  
A1 203. 

A s i m i l a r  study o f  the lower temperature regime w i l l  be made l a t e r .  

A c t i v a t i o n  energies and t h e  temperature range o f  data are g iven i n  Table 2. 
I n i t i a l  s t a t i s t i c a l  analyses have not  shown a s t rong  c o r r e l a t i o n  o f  a c t i v a t i o n  
energies w i t h  any o f  t he  s lag  cons t i t uen ts .  

A wide range o f  a c t i v a t i o n  energies w i t h  very h igh  values was obtained f o r  
the lower temperature regime. The t r a n s i t i o n  from the  h igher  t o  the  lower temper- 
a tu re  regime genera l l y  occurred i n  the  1300-1400 C range. I n  order t o  i n t e r p r e t  
the data the  te rna ry  e q u i l i b r i u m  phase diagrams f o r  the systems Si02-Al203-MO were 
examined where MO i s  e i t h e r  CaO, FeO, o r  MgO. The mole f r a c t i o n s  o f  each o f  t he  
cons t i t uen ts  were ca l cu la ted  as a l s o  shown i n  Table 2, and the  t e r n a r y  diagram 
corresponding t o  the  major base i n  the  group CaO. FeO o r  MgO was selected. 
Usual ly  a te rna ry  e u t e c t i c  was found i n  the  temperature reg ion which would be 
expected f o r  a system most c lose ly  corresponding t o  the sample composit ion. Th is  
e u t e c t i c  temperature was c lose  t o  the observed t r a n s i t i o n  temperatures i n  t h e  
v i s c o s i t y  data. Many o f  the h ighest  temperatures used were s i g n i f i c a n t l y  below 
those associated w i t h  the  appearance o f  a s o l i d  phase from the melt.  Th is  s o l i d  
phase could have been present through the  e n t i r e  se r ies  o f  measurements on the  
slag. 

CONCLUSIONS 

A ser ies o f  21 syn the t i c  coal ash s lags were studied. It was observed t h a t :  
(1)  P lo ts  of  the l oga r i t hm o f  v i s c o s i t y  versus temperature showed one or  two 
s t r a i g h t  l i n e  segments, i n d i c a t i n g  Newtonian behavior i n  the  temperature range 
studied. (2 )  P l o t s  o f  the l oga r i t hm o f  t h e  rec ip roca l  o f  v i s c o s i t y  versus 
rec ip roca l  o f  absolute temperature a l so  showed one o r  two s t r a i g h t  l i n e  segments, 
i n d i c a t i n g  one o r  two mechanisms were opera t i ve  over the  temperature range. (3)  
For  three series, vary ing i n  Si02 content, those w i t h  t h e  g rea tes t  Si02 content 
had the highest v i s c o s i t i e s .  (4)  W i th in  a se r ies  o f  given Si02 content ,  those 
members w i t h  the h ighest  A1203 content had the  h ighest  v i scos i t y .  ( 5 )  For s lags 
e x h i b i t i n g  a t r a n s i t i o n  i n  behavior, the t r a n s i t i o n  temperature could u s u a l l y  be 
associated w i t h  a te rna ry  e u t e c t i c  temperature i n  the phase e q u i l i b r i u m  diagram 
for  the most c lose ly  r e l a t e d  te rna ry  system. (6) Many o f  the s lags probably had a 
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s o l i d  phase p r e c i p i t a t i n g  from the l i q u i d  phase du r ing  t h e  coo l i ng  p e r i o d  before 
t h e  t r a n s i t i o n  temperature. 
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25 25 25 25 25 25 25 
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15 25 25 15 5 15 5 
20 10 0 10 20 0 10 

Tab le  2. A c t i v a t i o n  Energies, Range of Temperatures and Mole F r a c t i o n s  

S lag  # Ea Temperature Mole F r a c t i o n s  

Range Si02 A1203 CaO FeO MgO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

43.9 
44.2 
42.0 
40.1 
60.2 
366 
65.2 
77.6 
13.1 
55.5 
37.6 
103 
36.9 
50.8 
104 
77.6 
29.5 
106 
20.0 
55.1 
116 

1440-1332 
1460-1314 
1456-1350 
1513-1337 
1462-1312 
1550-1 500 
1515-1415 
1353-1192 
1455-1297 
1454-1335 
1439-1310 
1436-1262 
1535-1447 
1484-1401 
1434-1339 
1390-1265 
1451-1 299 
1448-1377 
1459-1352 
1402-1294 
1532-1415 

.483 

.515 

.568 

.529 

.495 

.584 

.543 

.384 

.409 

.451 

.420 

.393 

.464 

.431 

.286 

.272 

.335 

.313 

.293 

.345 

.321 

.057 

.061 

.134 

.125 

.117 

.209 

.192 

.056 

.060 

.133 

.124 

.I16 

.205 

. I90 

.056 

.060 

.132 

.123 

.115 

.203 

.189 

.052 

.055 

.061 

.057 

.053 

.063 

.058 

.154 

.164 

.181 

.169 

.158 

.186 

.173 

.255 
-272 
.299 
.279 
.261 
.308 
.286 

.121 

.215 

.237 

.133 

.041 

.147 

.045 
.120 
.214 
.235 
.132 
.041 
.145 
.045 
. 1 1 Y  
.212 
.234 
.131 
.041 
.144 
.045 

.288 

.154 

.ooo 

.158 

.295 

.ooo 

.162 
.286 
.152 
.ooo 
.156 
.293 
.ooo 
.161 
.284 
.151 
.ooo 
.155 
.291 
.ooo 
.159 , 
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SULFUR SOLUBILITY I N  SLAGS FOR CYCUNE COAL COMBUSTORS 

by 

David H. DeYoung 

Smelting Process Development Divis ion 
Alcoa Labora tor ies  

New Kensington, PA 15068 

I. INTRODUCTION 

T h i s  s tudy w a s  conducted t o  s e l e c t  p o t e n t i a l  s l a g  compositions f o r  use  i n  a slag- 
ging, s taged,  cyclone c o a l  combustor, and t o  o b t a i n  t h e  necessary d a t a  t o  eva lua te  
the  desu l fur iz ing  a b i l i t y  of t h e  combustor. 
would be operated q u i t e  reducing t o  f a c i l i t a t e  s u l f u r  removal by a s l a g  formed from 
the  c o a l  a s h  and inorganic  addi t ives  (e.g., lime). A t a n g e n t i a l  motion imparted t o  
the  g a s  would throw ash ,  c o a l ,  and a d d i t i v e s  t o  t h e  combustor w a l l  where they would 
combine t o  form a molten s lag .  
cont inua l ly  dra in  o u t  of a taphole  a t  t h e  e x i t  end of  t h e  horizontal ly-placed 
c y l i n d r i c a l  combustor. 
s u l f u r ,  low p a r t i c u l a t e  emissions,  and low NO, emissions. 

This paper w i l l  be divided i n t o  t h r e e  par t s .  
s i t i o n s  w i l l  be out l ined .  
w i l l  be discussed.  Third, t h e  desu l fur iz ing  p o t e n t i a l  of  a s lagging,  cyclone 
combustor w i l l  be evaluated usiug these  measurements. 

The f i r s t  s t a g e  of such a combustor 

This s l a g ,  containing some d isso lved  s u l f u r ,  would 

Advantages of  t h i s  type  of  combustor a r e  removal of  some 

F i r s t ,  t h e  s e l e c t i o n  o f  s l a g  compo- 
Second, s u l f i d e  capac i ty  measurements of these  s l a g s  

11. SLAG COMPOSITION SELECTION 

The s t r a t e g y  was f i r s t  t o  s e l e c t  poss ib le  addi t ives ,  then  l o c a t e  phase diagrams f o r  
systems of major a s h  components plus  a d d i t i v e s ,  and f i n a l l y ,  select low-melting 
e u t e c t i c  compositions as candidate  s lags .  
a b i l i t y  t o  form low-.melting s i l i c a t e s  (e.g., t h e  a l k a l i s )  o r  f o r  t h e i r  known 
a b i l i t y  f o r  d e s u l f u r i z a t i o n  (e.g., t h e  a l k a l i n e  earth elements) .  
was used f o r  t e s t s  of a p i l o t  combustor. 
addi t ive  compositions, is given in Table I. Major components, SiO2, AlzO3, 
and Fe2O3, account f o r  approximately 80% of  t h e  ash. 

Ternary phase diagrams f o r  t h e  Si02-Al203-additive and SiOZ-FeO-additive 
systems were inves t iga ted  f o r  poss ib le  s l a g  compositions. Unless otherwise noted,  
a l l  phase diagrams were taken from Levin, et  a1 (1-3) o r  Roth, e t  a 1  (4) .  
s e l e c t e d  compositions which were t e s t e d  are given in Table 11, as a r e  es t imated 
l iqu idus  temperatures. 
of c o a l  a s h  and t h e  addi t ive  w i l l  be d i f f e r e n t  from those  given by t h e  phase 
diagrams because of the  minor components of  t h e  ash. 
provide reasonable i n i t i a l  se lec t ions .  
given in Table 111. 

Addit ives  were chosen f o r  t h e i r  known 

An e a s t e r n  c o a l  
Its a s h  composition, used t o  c a l c u l a t e  

The 

Obviously, t h e  l i q u i d u s  temperature of t h e  s l a g  cons is t ing  

However, t h e  phase diagrams 
Additive compositions and q u a n t i t i e s  are 

111. SULFIDE CAPACITY MEASUREMENTS 

S u l f i d e  c a p a c i t i e s  of the  s e l e c t e d  s l a g  cornpositions were measured t o  r a t e  the  
s l a g s  and t o  provide d a t a  f o r  evaluat ion of t h e  opera t ion  of  a combustor wi th  these 
s lags .  
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Chemistry of Sul fur  in Slags:  
chemistry of s u l f u r  i n  s l a g s  reported in t h e  l i t e r a t u r e .  
understanding and improving t h e  desu l fur iza t ion  of i r o n  and s t e e l .  
(5-7) have shown t h a t  a t  high oxygen p o t e n t i a l s  s u l f u r  d i s s o l v e s  in s l a g s  as a 
s u l f a t e ,  and a t  low oxygen p o t e n t i a l s ,  t h e  condi t ion  re levant  t o  t h e  two-stage 
combustor, s u l f u r  d i s s o l v e s  as a su l f ide .  

There has  been considerable  research on the  
Most was aimed toward 

These s t u d i e s  

This can be represented by the react ion,  

A quant i ty  c a l l e d  t h e  s u l f i d e  capac i ty  ( 6 )  can be def ined as: 

where w t  % S r e f e r s  t o  s u l f u r  d i sso lved  in t h e  s l a g ,  and Po2 and Ps2 a r e  t h e  
p a r t i a l  p ressures  of  oxygen and s u l f u r  in the  atmosphere wi th  which t h e  s l a g  is 
equi l ibra ted .  
independent o f  s u l f u r  and oxygen p o t e n t i a l s  f o r  wide ranges,  and therefore  is a 
u s e f u l  quant i ty  f o r  r a t i n g  s lags .  
f o r  s l a g s  conta in ing  FeO, Cs is expected t o  change wi th  oxygen p o t e n t i a l  a s  t h e  
r a t i o  of f e r r o u s  t o  f e r r i c  ions in t h e  s l a g  changes. 

A review of  t h e  l i t e r a t u r e  ( 5 - 2 2 )  showed t h a t  v i r t u a l l y  a l l  work on s u l f u r  in s l a g s  
was on systems re levant  to t h e  d e s u l f u r i z a t i o n  of i r o n  and s t e e l  and a t  tempera- 
t u r e s  ranging from 1400-1600°C. No da ta  were found f o r  l o r m e l t i n g  s l a g s  ( l iqu idus  
temperatures, approximately 1000-llOO°C), and p a r t i c u l a r l y  f o r  the  i ron-alkal i -  
a luminos i l ica tes  from which many of the  proposed compositions a r e  composed. 
Therefore, experimental  measurements were necessary t o  o b t a i n  t h e  d a t a  needed f o r  
s e l e c t i o n  of s lags .  

Experimental Method: 
c a p a c i t i e s  of the  candida te  s l a g s .  
co-CO~-sO2 gas mixture having f i x e d  oxygen and s u l f u r  p o t e n t i a l s ,  quenched t o  
room temperature, and analyzed f o r  su l fur .  
from the s u l f u r  concent ra t ions  us ing  Equation 2. 
i t  is a d i r e c t  method, and because the  oxygen and s u l f u r  p o t e n t i a l s  could be 
accura te ly  cont ro l led ,  and,  i f  necessary,  these  could be set t o  match the 
a c t i v i t i e s  f o r  oxygen and s u l f u r  which were a n t i c i p a t e d  i n  t h e  a c t u a l  c o a l  
combustor. The appara tus  used f o r  s u l f i d e  capac i ty  measurements is shown 
schematical ly  in Figure 1. 

Slags  were prepared by mixing preweighed amounts of a d d i t i v e s  and c o a l  ash. 
c o a l  ash w a s  obtained from Bituminous Coal Research, Inc. It w a s  prepared by 
ash ing  Loveridge Seam, West V i r g i n i a  c o a l  in air  a t  75OoC, followed by a reduct ion 
in a 6O%C040%C02 g a s  a t  1000°C, then cooled under n i t rogen .  

The gas compositions f o r  each experiment were chosen t o  obta in  as low an oxygen 
p o t e n t i a l  as poss ib le ,  without  reducing FeO t o  Fe metal. They were a l s o  chosen t o  
o b t a i n  as low a s u l f u r  p o t e n t i a l  a s  poss ib le  t o  match a n t i c i p a t e d  condi t ions  in the  
a c t u a l  combustor, y e t  l a r g e  enough so t h a t  they could be prepared by mixing gases .  
The e q u i l i b r a t i o n  time f o r  s l a g  samples was determined by per iodic  ana lyses  o f  the  
g a s  e x i t i n g  the  reac tor .  
Leco t i t r a t o r ,  and were analyzed f o r  Si, Al, Fe, Na, K, Ca, Mg, Ti, and P by atomic 
absorpt ion.  

The s u l f i d e  capac i ty  f o r  many s l a g s  has  been found (5,6)  t o  be 

One except ion re levant  t o  t h i s  s tudy  is t h a t ,  

An e q u i l i b r a t i o n  technique w a s  chosen t o  measure the s u l f i d e  
Slag samples were e q u i l i b r a t e d  wi th  a 

S u l f i d e  c a p a c i t i e s  were then  ca lcu la ted  
This technique w a s  chosen because 

The 

Quenched s l a g  samples were analyzed f o r  s u l f u r  using a 
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- Resul ts :  
Figures 2 and 3 show t e r n a r y  phase diagrams f o r  s e l e c t e d  systems on which t h e  
r e s u l t s  a r e  shown. 
components from t h e  s l a g  ana lyses  and normalizing t o  100%. 
a r e  shown as a func t ion  of b a s i c i t y  i n  Figure 4, which summarizes a l l  r e s u l t s  of 
t h i s  study. Molar b a s i c i t i e s  (Zmole f r a c t i o n  bases/Zmole f r a c t i o n  a c i d s )  were 
ca lcu la ted  from the  s l a g  analyses .  

I t  w a s  found t h a t  a f t e r  e q u i l i b r a t i o n  wi th  t h e  s u l f u r i z i n g  gas ,  c e r t a i n  s l a g s  i n  
t h e  FeC-Al203-Si02 system cons is ted  of two immiscible l i q u i d s  a t  l l O O ° C .  
phase was a glass .  
t o  as  the  "matte phase". 
considered as "apparent" because t h e  s u l f i d e  capac i ty  i s  defined f o r  a s i n g l e  
l i q u i d  phase. 
S, w h i l e  t h e  g l a s s  phase contained from 0.2 t o  13% S. 
showed the  g l a s s  phase t o  be amorphous and t h e  matte phase t o  conta in  FeS and 
FeS2. 

Discussion: Slag compositions 2-A-1, 2-A-7, 2-B-2, 2-C-1, 2 4 - 2 ,  and 2-E-1 were 
c l o s e s t  t o  the  c o a l  a s h  composition g iven  i n  Table I, conta in ing  2 5 3 8 %  addi t ive .  
As seen from Table I V ,  l o g  Cs ranged from approximately -3.8 t o  -5 .5  a t  1100°C. 
Using the  b a s i c i t y  of the  a s h  ca lcu la ted  from Table I and t h e  d a t a  shown i n  Figure 
4, the  s u l f i d e  capac i ty  f o r  pure a s h  i s  est imated t o  be approximately l o g  C s  - -5.2. 
This is q u i t e  low as compared t o  r e s u l t s  obtained f o r  s l a g s  conta in ing  s i g n i f i c a n t  
q u a n t i t i e s  of addi t ives .  As w i l l  be demonstrated l a t e r  i n  t h e  r e p o r t ,  s u l f u r  
captured by c o a l  a s h  s l a g  wi th  this s u l f i d e  capac i ty  would be i n s i g n i f i c a n t  even a t  
very favorable  condi t ions  - very low oxygen p o t e n t i a l  and low temperature. 

There is a genera l  c o r r e l a t i o n  between s u l f i d e  capac i ty  and b a s i c i t y  f o r  a given 
system, a s  shown in Figure 4. There is a sharp drop in s u l f i d e  c a p a c i t y  between 
b a s i c i t i e s  of 1.0 t o  0.5, which corresponds t o  t h e  m e t a s i l i c a t e  t o  d i s i l i c a t e  
compositions i n  a binary s i l i c a t e .  
(FeO, CaO) have s i g n i f i c a n t l y  higher  s u l f i d e  c a p a c i t i e s  than systems 2-D (Na20) 
and 2-E (CaO), so t h a t  f o r  a given b a s i c i t y ,  FeO is s u p e r i o r  t o  CaO and N a f O  as 
a n  addi t ive .  
energ ies  of formation of t h e  s u l f i d e s  and oxides  of  Fe, Ca,  and Na. 

Considering s tandard f r e e  e n e r g i e s  f o r  t h e  formation of meta l  s u l f i d e s  from metal 
oxides, FeO and CaO should be approximately equiva len t  d e s u l f u r i z e r s  and Na20 
should be super ior .  However, s l a g s  are f a r  from i d e a l  s o l u t i o n s  because of t h e  
s t rong i n t e r a c t i o n s  among spec ies  -- p a r t i c u l a r l y  wi th  Si02. 
mental measurements of s u l f i d e  c a p a c i t i e s  were needed. 
(24) f o r  Na20, CaO,  and FeO binary s i l icates  show t h a t  t h e  chemical i n t e r a c t i o n  
with s i l i c a  decreases  i n  the  order  Na20, CaO,  FeO, and f o r  a given b a s i c i t y ,  t h e  
a c t i v i t y  of t h e  b a s i c  oxide i n  t h e  silicates increase  i n  t h e  order  Na20, CaO, and 
FeO. This 
is cons is ten t  wi th  t h e  present  r e s u l t s .  Not s u r p r i s i n g l y ,  t h e  metal oxide-s i l ica  
i n t e r a c t i o n  is a major f a c t o r  i n  t h e  d e s u l f u r i z a t i o n  a b i l i t y  of t h e  s l a g .  

Several  modif icat ions of s l a g s  based o n  the  FeO-Al203-Si02 system were t e s t e d  
t o  determine if a l e s s  expensive a d d i t i v e  could be s u b s t i t u t e d  f o r  some of  t h e  i r o n  
or  i f  a d d i t i v e s  could be used t o  reduce l i q u i d u s  temperatures. Figure 4 shows t h a t  
replacing a por t ion  of  the i r o n  oxide i n  s l a g s  o f  t h e  FeO-Al203-Si02 system with 
CaO ( 5  w t  %) o r  MgO (12 w t  %) had no e f f e c t  on  t h e  s u l f i d e  c a p a c i t i e s .  Resul t s  f o r  
composition 2-C-1 a l s o  support t h i s  conclusion, because f o r  t h i s  composition 
approximately 14% of t h e  FeO of a n  equiva len t  composition i n  t h e  FeO-Al203-Si02 
system was replaced by CaO, wi th  only a s l i g h t  decrease i n  s u l f i d e  capac i ty .  
Replacement of por t ions  of t h e  S i 0 2  i n  FeO-Al203-Si02 s l a g s  by B2O3 or P205 
has no e f f e c t  on s u l f i d e  c a p a c i t i e s ;  t h e r e f o r e ,  t h e s e  a d d i t i v e s  are p o t e n t i a l l y  
usefu l  f o r  reducing s l a g  l i q u i d u s  temperatures. 

Table I V  g ives  the  results f o r  a l l  s u l f i d e  capac i ty  measurements. 

Compositions shown were obtained by tak ing  t h e  t h r e e  major 
The s u l f i d e  c a p a c i t i e s  

One 
The o t h e r  phase had a m e t a l l i c  appearance and w i l l  be r e f e r r e d  

The s u l f i d e  capacities f o r  these  s l a g s  should be 

The matte  phase in a l l  of  these  double-phased s l a g s  contained 27-31% 
X-ray d i f f r a c t i o n  ana lyses  

For a given b a s i c i t y ,  systems 2-A (FeO) and 2-C 

This i s  not  what would be  expected consider ing t h e  s tandard  f r e e  

This  is why experi- 
Free energy of  mixing d a t a  

On t h i s  bas i s ,  PeO should be a b e t t e r  d e s u l f u r i z e r  than CaO or NapO. 
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Figure 5 compares some r e s u l t s  of t h i s  s tudy t o  those  found in the  l i t e r a t u r e  f o r  
similar s l a g s  a t  h igher  temperatures .  
b a s i c i t y  of 1 . 6 5  using d a t a  g iven  in Figure 4. 
c o n s i s t e n t  w i t h  the  l i t e r a t u r e  da ta .  
i n v e r s e  temperature is c o n s i s t e n t  with t h e  t h e o r e t i c a l  r e l a t i o n s h i p ,  

These l i t e r a t u r e  d a t a  were ad jus ted  t o  a 

The l i n e a r i t y  o f  t h e  s u l f i d e  capac i ty  with 
The d a t a  from t h i s  s tudy a r e  q u i t e  

where 

and 

3) M M d In 'S 
m= -AHO/R + H F e O / ~  - H F e S / ~  

AH' is t h e  s tandard en tha lpy  change f o r  t h e  reac t ion ,  

4 )  

a r e  t h e  p a r t i a l  molar e n t h a l p i e s  of mixing of FeO and FeS in the  s lag .  
r e l a t i o n s h i p  can  be der ived  from Equation 2 ,  t h e  equi l ibr ium constant  f o r  Equation 
4 and the  Gibbs-Helmholtz equat ion.  

Most of the  s l a g s  t e s t e d  were found t o  have been p a r t i a l l y  o r  completely melted a t  
l l O O ° C .  
n o t  molten. It is thought t h a t  f o r  these  compositions t h e  e n t i r e  a d d i t i v e  reacted 
with s u l f u r  spec ies  in t h e  atmosphere while  none reac ted  w i t h  t h e  Si02 o r  with 
o t h e r  components in t h e  ash.  Hence, s u l f i d e  c a p a c i t i e s  measured from this experi-  
ment a r e  not  t r u e  s u l f i d e  c a p a c i t i e s  of t h e  s lags .  
t h i s  is tha t  t h e  "measured" s u l f i d e  c a p a c i t i e s  a t  1OOO'C a r e  g r e a t e r  than those a t  
1100°C. while Figure 5 shows t h e  opposi te  t rend  f o r  r e s u l t s  f o r  molten s lags .  
Also, o t h e r  l i t e r a t u r e  d a t a  show t h a t  s u l f i d e  c a p a c i t i e s  genera l ly  increase  with 
temperature. 

This poin ts  o u t  a n  inherent  disadvantage i n  using a c o a l  ash  s l a g  f o r  desu l fur iza-  
t i o n .  When si l ica reacts w i t h  t h e  desu l fur iz ing  agent ,  e.g., lime, the  e f f e c t i v e -  
ness  of  the desu l fur iz ing  compound is g r e a t l y  reduced. 
design a desul fur iz ing  combustor i n  which t h e  a s h  does not  r e a c t  with t h e  
desu l fur iz ing  mater ia l .  

I V .  EVALUATION OF A PILOT COMBUSTOR 

Calculat ions:  
emissions from a s taged ,  s l a g g i n g ,  cyclone combustor opera t ing  c l o s e  t o  e q u i l i -  
brium. 
brium f o r  s u l f u r  (Equation 2) and a mass balance f o r  s u l f u r  a r e  solved simul- 
taneously. F i r s t ,  the  equi l ibr ium gas compositions were ca lcu la ted  f o r  the 
combustion of c o a l  wi th  a i r  f o r  a raage of  s u l f u r  concent ra t ions  in the  coal .  
was done using Alcoa's Chemical Equilibrium Computer Program (23). Next, the  
concentrat ions of s u l f u r  i n  t h e  s l a g s  f o r  equi l ibr ium wi th  t h e  combustion gases  
were ca lcu la ted .  
compositions were c a l c u l a t e d  from s u l f u r  mass balances. 

Resul ts :  Figure 6 shows an example of t h e  r e s u l t s  f o r  these  ca lcu la t ions ,  f o r  
combustion wi th  55% of  s t o i c h i o m e t r i c  a i r  ( s tage  1 )  a t  llOO°C. 
f o r  t h e  su l fur  capture ,  cons ider ing  pro jec t ions  of f u t u r e  EPA regula t ions ,  i s  70%. 
The s l a g  mass can vary between 8 5  and 350 g/kg c o a l  ( t h e  upper l i m i t  w a s  

This  

However, a t  1000°C, a l l  s l a g s  from t h e  FeC-Al203-Si02 system were 

Another po in t  which supports  

Hence, it is d e s i r a b l e  t o  

The measured s u l f i d e  c a p a c i t i e s  were used t o  estimate s u l f u r  

TO c a l c u l a t e  s u l f u r  emissions, a n  equat ion f o r  gas-slag chemical e q u i l i -  

This 

Fina l ly ,  t h e  q u a n t i t y  of  a d d i t i v e s  needed t o  obta in  these  

A reasonable goa l  
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es tab l i shed  from a h e a t  balance f o r  Alcoa's p i l o t  combustor), so the  necessary log 
Cs f o r  a 70% s u l f u r  removal is between -2.75 and -3.3. 
Cs 
system, e.g., compositions 2-A-3 o r  2-A-10. 

As  t h e  combustion s toichiometry is decreased, t h e  curves  in Figures 6 a r e  r o t a t e d  
counterclockwise about the  or ig in ,  i . e . ,  t h e  s u l f u r  removal i s  increased.  An 
increase  in temperature w i l l  have t h e  opposi te  e f f e c t .  
clockwise about the  or ig in .  However, f o r  a p a r t i c u l a r  s l a g  composition the  s u l f i d e  
capac i ty  increases  wi th  temperature, as shown in Figure 5. The n e t  r e s u l t  of t h e  
two opposing e f f e c t s  (using t h e  temperature behavior shown in Figure 5) is t h a t  t h e  
s u l f u r  removal decreases  wi th  increas ing  temperature. 
conten ts  inves t iga ted ,  2-6%, t h e  f r a c t i o n  of s u l f u r  removed by s l a g  does not  change 
w i t h  s u l f u r  content  i n  the  coal .  The t o t a l  s u l f u r  emit ted increases  wi th  
increasing s u l f u r  concentrat ion in t h e  coa l ,  bu t  t h e  s u l f u r  removal by the  s l a g  
a l s o  increases .  

A f i n a l  point  t o  note  regarding s u l f u r  removal i s  t h a t  as the  concent ra t ion  of 
hydrogen in the  combustion gases  is decreased, t h e  s u l f u r  removal by t h e  s l a g  w i l l  
increase.  This is due t o  t h e  high s t a b i l i t y  of  the hydrogen-sulfur spec ies ,  such , 

as H2S(g), a s  compared t o  t h e  carbon-sulfur spec ies ,  such a s  COS. 
and charr ing of c o a l  would s i g n i f i c a n t l y  increase  t h e  t h e o r e t i c a l  removal of s u l f u r  
by t h e  s lag .  

These c a l c u l a t i o n s  assume gas-slag equi l ibr ium wi th  respec t  t o  s u l f u r .  
probably only approached a t  t h e  gas-slag s u r f a c e  n e a r  t h e  e x i t  of t h e  f i r s t  s tage .  
A t  the  entrance end of the  combustor, the  condi t ions  would probably be more 
oxidizing than condi t ions  ca lcu la ted  from t h e  o v e r a l l  combustion s toichiometry,  0 ,  
and thus  s u l f u r  s o l u b i l i t y  in t h e  s l a g  would be l e s s  than  t h a t  ca lcu la ted .  A t  some 
depth below the  s l a g  sur face  near  t h i s  en t rance  end of t h e  f i r s t  s tage ,  t h e  
condi t ions  would be more reducing than those  c a l c u l a t e d  from t h e  o v e r a l l  combustion 
s toichiometry.  This would r e s u l t  in increased s u l f u r  s o l u b i l i t y .  The a c t u a l  
combustion process  and s u l f u r  removal processes  a r e  q u i t e  complex, and t h e  e x t e n t  
of s u l f u r  removal w i l l  depend on t h e  combustion k i n e t i c s .  
two extreme s i t u a t i o n s .  
s lagged w a l l ,  s u l f u r  removal should be r e l a t i v e l y  good. 
where a l l  t h e  c o a l  i s  combusted before i t  reaches t h e  s lagged w a l l ,  s u l f u r  removal 
would be r e l a t i v e l y  poor because i t  would be dependent on mass t r a n s p o r t  through 
the  gas  phase, and t h e  gas  has  a r e l a t i v e l y  shor t  res idence  time. 

In summary, the k i n e t i c s  of  . the combustion process  is important  wi th  regard t o  
s u l f u r  removal. The k i n e t i c s  must be considered e i t h e r  by modelling o r  experi- 
mentation before  a f i n a l  judgment on d e s u l f u r i z a t i o n  i n  a s lagging.  cyclone 
combustor can  be made. The r e s u l t s  of t h i s  s tudy show t h a t  i t  i s  t h e o r e t i c a l l y  
possible .  

A s u l f i d e  capac i ty  of l o g  
-3.3 a t  llOO°C was obtained f o r  c e r t a i n  s l a g s  based on the  FeO-Al203-Si02 

The curves a r e  r o t a t e d  

In t h e  range of coa l -su l fur  

Thus, drying 

This  is 

For example, consider  
In one, where most c o a l  is combusted a f t e r  i t  hits t h e  

In t h e  o t h e r  extreme, 

v. coNcLusIoNs 

Sul f ide  capac i ty  measurements of r e l a t i v e l y  low melt ing (approximately llOO°C i n  
most cases)  s l a g s  based on t h e  FeO-Al203-Si02, FeO-Na20-Si02, FeO-CaO-Si02, 
Na2O-Al203-Si02, and CaC-Al203-Si02 systems but.composed of  c o a l  a s h  + addi t ives ,  
have shown t h a t  the  FeO-Al203-Si02-based s l a g s  had t h e  h ighes t  s u l f i d e  capac i t ies .  
For a given b a s i c i t y ,  the  s u l f i d e  c a p a c i t i e s  could be ranked in the  fol lowing order: 
FeO-Al203-Si02 > FeO-CaO-Si02 > FeO-Na20-Si02 > CaO-Al203-Si02 , Na20-Al203-SiO2. 
The chemical i n t e r a c t i o n  of  the  bas ic  oxides  w i t h  si l ica appears  t o  be a dominant 
f a c t o r  cont ro l l ing  t h e  s u l f i d e  capaci ty .  
capac i ty  and s l a g  b a s i c i t y ,  and s u l f i d e  c a p a c i t i e s  increased  w i t h  temperature. 

There was good c o r r e l a t i o n  between s u l f i d e  



Calculat ions of  the  equi l ibr ium s u l f u r  removal f o r  a commercial combustor using t h e  
measured s u l f i d e  c a p a c i t i e s ,  showed t h a t  it was t h e o r e t i c a l l y  poss ib le  t o  remove 
704; or more o f  t h e  s u l f u r  i n  coal .  The s u l f u r  removal increases  with decreasing 
temperature, decreasing combustion s toichiometry i n  t h e  f i r s t  s t a g e  of t h e  burner, 
increasing s l a g  flow, and decreasing content  of hydrogen i n  t h e  fue l .  This work 
showed tha t  a s lagging,  cyclone combustor can  remove s u l f u r  i n t o  t h e  s l a g ,  but  
k i n e t i c  modelling and/or experimentat ion is needed t o  prove whether o r  no t  t h e  
concept w i l l  work. 
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TABLE I. ASH FROM MVERIDGE SEAM (WEST VIRGINIA) COAL 

Ash Analysis  
Normalized (excluding s u l f u r  and 

Component u t  Pet. t ak ing  i r o n  as  FeO) 

*2O3 
s i02  
Fe203 
C a O  
MgO 
Na20 
K20 
Ti02 
so3 
p2°5 

Slag No. 

2-A-1 
2-A-2 
2-A-3 
2-A-7 
2-A-8 
2-A-9 
2-A-10 

2-B-1 
2-B-2 
2-B-3 
DSE-1 
DSE-2 

2-c-1 

2-D-1 
2 4 - 2  
2-D-3 

2-E-1 

2-1-1 

18.4 
44.5 
15.9 

4.56 
1.08 
1.10 
1.11 
1.20 
9.02 
0.33 

24.1 

17.4 (FeO) 
47.8 

4.9 
1.2 
1.5 
1.3 
1.1 

0.5 
-- 

TABLE 11. NORMALIZED COMPOSITIONS OF CANDIDATE SLAGS - 
MAJOR COMPONENTS ONLY 

Composition, W t .  P c t .  

CaO Si02 A1203 FeO Na20 - -  - -  

46.0 19.9 
40.0 12.0 
18.1 5.9 
43.3 19.8 
35.3 14.1 
27.0 8.3 
23.6 5.9 

39.3 
56.4 
33.2 
42.5 
37.0 

37.7 

43.8 18.2 
62.7 23.2 
61.6 12.2 

42.1 20.1 

55.3 21.5 

- 
34.1 
48.0 
76.0 
36.9 
50.6 
64.4 
70.4 

48.0 
21.8 
26.2 
28.9 
26.0 

46.4 

10.0 

12.7 
21.8 
40.6 
28.6 
37.0 

15.7 

37.9 
14.0 
26.2 

37.8 

13.1 

Liquidus Temperature ("C) 
(Major Components Only) 

1205 
1083 
1148 
1220 
1200 
1150 
1155 

1000 
7 

1050 
900 

1093 

915 
1063 

7 32 

1265 

990 
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Slag No.  

2-A-1 
2-A-2 
2-A-3 
2-A-4 
2-A-5 
2-A-6 
2-A-7 
2-A4 
2-A-9 
2-A-10 
2-A-lob 
2-A-11 
2-A-12 

2-B-1 
2-B-2 
2-B-3 

DSE-1 
DSE-2 

2-c-1 

2-D-1 
2 4 - 2  
2-D-3 

2-E-1 

2-14 

TABLE 111. ADDITIVE COMPOSITIONS FOR CANDIDATE SLAGS 

Addit ive Corn os f t ion ,  W t .  Pct .  
Additive Mass Si02 A1203 Fe203 !a,CO, 

d g  Ash - - - L 3  CaO Other - 
0.34 
1.20 
3.52 
3.74 
3.52 
3.52 
0.36 
0.89 
2.19 
3.47 
4.07 
3.49 
4.99 

0.69 
0.30 
1.20 

0.69 
0.97 

0.61 

0.93 
0.40 
1.60 

0.43 

0.99 

22.9 77.1 
27.0 73.0 

7.4 92.6 
7.0 87.2 
1.6 92.6 
1.6 92.6 

13.9 86.1 
13.9 86.1 
13.9 86 .1  
13.9 86.1 
11.8 73.5 

7.5 86.7 
13.9 86.1 

65.7 
3.9 

18.9 

24.2 
18.5 

75.5 

10.9 
43.8 
46.3 

6.3 

49.1 13.5 

124 

34.2 
96.1 
81.1 

75.8 
81.5 

89.1 
56.2 
53.7 

37.4 

5.8 X CaP2 
5.8 % E203 
5.8 X P2O5 

14.7 % MgO 
2.5 3.4 % CaF2 

24.5 

93.7 



SULFIDE CAPACITY MEASUREMENl5 

i 

I 

0 

TABLE I V .  

Egp't. Run 
No. T ("C) Time (h) --- 

2' 1100 24 

4* * 1100 115 

5* * 1100 144.6 

7*** 1000 168.75 

11**** 1300 70.0 

Slag 
Composition 

DSE-1 

2-B-1 
2-B-2 
2-D-1 
2-D-2 
2-D-3 

DSE-1 
2-A-1 
2-A-2 
2-A-3 
2-A-4 
2-c-1 

2-A-5 
2-A-6 
2-A-7 
2-A-8 
2-A-9 
2-A-10 
2-A-11 
2-B-3 

2-A-3 
2-A-4 
2-A-5 
2-A-6 
2-A-10 
2-A-11 
2-A-12 
2-A-3a 
2-1-1 

2-A-3 
2-A-10 
2-A-lob 

W t  % s 

4.22 
5.34 

6.05 
0.26 
0.96 
0.87 
0.69 

4.31 
4.80 

22.5 
23.5 

7.91 

20.2 
13.4 

5.06 
9.81 

16.6 
19.1 

2.65 

25.4 
25.1 
25.5 
24.1 
23.6 
24.2 
25.8 
26.3 

0.44 

2.67 
1.97 
3.10 

Log cs 

-4.31 
-4.21 

-4.16 
-5.52 
-4.96 
-5.00 
-5.10 

-4.06 
-4.01 

-3.34 
-3.32 
-3.79 

-3.38 
-3.56 
-3.99 
-3.70 
-3.47 
-3.41 

-4.27 

-5.04 

-2.86 
-3.00 
-2.80 

* Gas Composition - 70%C0-29.5% cO2-0.5%so2 

xO2 - 7.2 10-14, xS2 = 5.4 10-4 

** Gas Cornposition - 70.2%C0-29.6%C0~-0.25%S0~ 

X o 2  
*** Gas Composition - 74.5%CC-25.3%CO2-0.18%SO2 

6.8 x loei4, XS - 1.6 x l o 4  
2 

Xo2 - 6.8 x xS2 - 1.6 10-4 

**** Gas Composition - 66.3XCO-33.6XC02-0.14XSO2 

- 4.9 x 10-11, xs2 = 1.9 x 10-4 
x02 

1 2 5  

Comments 

Did n o t  m e l t  

Sample c r e p t  o u t  
2 phases 
2 phases 

2 phases 
2 phases 

2 phases 
2 phases 
Sample c r e p t  ou t  

Did n o t  m e l t  .* It .* 
n I. .. 
I " "  

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



~ 

Furnace 
Radiation Shields 

Stainless Steel 
Flange Alumina lube 

Alumina Reactlon 

Sample Tray 

FIGURE 1. REACTOR USED FOR S U L F I D E  CAPACITY MEASUREMENTS. 

a-A-a 2 - A - 8  
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The Thermodynamic Properties of Molten Slags 

Milton Blander. and Arthur D. Peltont 

INTRODUCTION 
Silica based slag systems are highly ordered liquids which have been a difficult class of 

materials on which to perform thermodynamic a n a l y ~ e s . l - ~  To our knowledge, no satisfactory, 
self-consistent prior method of analysis has been developed for systems as ordered and complex 
as silicates which incorporates all known data in a meaningful way. In this paper, we discuss 
the results of a method of analysis which permits one to simultaneously analyze a large amount 
of different types of data on binary systems. The calculations lead to  a small set of parameters 
which permit one to calculate the thermodynamic properties of slag solutions as a function of 
temperature and composition. The thermodynamic self-consistency and the forni of the equa- 
tions used provide some confidence in the use of the results for interpolations and extrapolations 
outside the range of data. In addition, for systems in which silica is the only acid constituent, we 
propose a theoretically justified combining rule to calculate the properties of ternary systems 
based solely on data for the three subsidiary binaries. The results are in good agreement with 
available data. 

The ionic nature of molten silicates suggests that  many of the theories and correlations 
developed for molten salts6 can be applied to  the development of correlations between the 
relative magnitudes of the deviations from ideal solution behavior in terms of ionic radii, charges, 
polarizabilities, dispersion interactions and ligand field effects. 

CALCULATIONAL METHOD7 
The molar free energy of mixing, AGm of a silicate is represented by the expression 

AGm = RTXilnXi + RTXilnr i  = AC$“ + AGE 
I I 

where Xi is the mole fraction of component i, ri, the activity coefficient, represents deviations 
from ideal solution behavior of component i, AG$’ is the molar free energy of mixing of a 
hypothetical ideal solution and AGE is the molar excess free energy of mixing which represents 
the deviations from ideality of the molar free energy of solution. The conventional representation 
of ln r i  and AGE is a power series in mole fractions. The complexity of ordered solutions would 
require a very long power series in order to obtain a reasonable representation of their properties. 
This arises from the tendency of such solutions to have a “v” shaped dependence of the enthalpy 
of mixing and an “m” shaped dependence of the entropy of mixing on concentration.l The fitting 
of data using a long polynomial will generally be poor and ambiguous in such systems. In order 
to obtain reasonable fits, one must use equations which inherently have the concentration and 
temperature dependence of ordered solutions built in. 

We have deduced a set of equations with such properties based on empirical modifications 
of the quasi-chemical theory. An energy parameter in the theory, W, is represented by a power 
series 

*Argonne National Laboratory, Argonne, IL 60439 
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w = c cjy’ 
j=O 

where y is an equivalent fraction of one of the components (silica is always chosen if present). 
For binary systems, the parameters C j  are deduced from a complex optimization procedure 
which performs a global and simultaneous analysis of all thermodynamic data on a system. This 
includes liquidus phase diagrams, activity data, data  on miscibility gaps, enthalpies of fusion, 
free energies of formation of compounds, etc. The small set of resultant parameters (seven at  
most including temperature coefficients of some) are then used to  recalculate the input data 
to  double check the accuracy of the curve Etting procedure and the efficacy of the use of the 
equations for representing the data. The results were generally very good. 

For multicomponent systems, we developed an asymmetric combining rule such that e.g. for 
a system 1-2-3 where 1 is silica, W12 and W13 which represent energies related to interactions 
of silica with the other two components, are a function only of y1, and W s  is related to the 
ratio y3/(y2 + y3). A partial theoretical justification for such a method can be based on theories 
for ternary systems.’ 

RESULTS OF THERMODYNAMIC ANALYSES 
We have performed analyses of ten of the fifteen binary systems and six of the twenty 

ternary systems containing the components MgO, FeO, CaO, NazO, Al2O3, and Si02.79g 

Table I 
Systems Which Have Been Analyzed 

Binary Systems Ternary Systems 
CaO-Si02 Ca0-Al0l.s CaO-Al01.5-Si02 
FeO-Si02 NaOo.5-A101.s Na00.5-CaO-Si02 

MgO-Si02 MgO-FeO NaOo.~-Al01,5-Si02 
NaOo.5-SiO2 MgO-CaO CaO-FeO-Si02 
A100,5-SiO2 CaO-FeO CaO-MgO-Si02 

Ma0-FeO-SiO? 

We illustrate our calculations for one ternary system below. The  analysis of the three binary 
subsystems and the ternary system CaO-FeO-Si02 was performed using as input the liquidus 
phase diagram,” activities of CaO,” and SiOA2, the free energies of formation of CaSiO3 and 
Ca2Si04,l3 and the miscibility gapI4 in the CaO-Si02 system, measured activities of FeO in the 
CaO-FeO system,15 and the activities of Fe0,16*17918 the phase diagramIg and the free energy of 
formation of Fe2Si0i3 in the  FeO-Si02 system. To illustrate some of the results, we exhibit (1) 
the  calculated phase diagram of the FeO-Si02 system in Fig. 1 along with measured values of 
the invariant points and (2) a comparison of activities of “FeO” measured in the iron saturated 
molten FeO-Si02 system with calculated values in Fig. 2. 

Using our “asymmetric” combining rules, the data  for the binary systems were combined and 
led to the results for ternary systems given in Fig. 3; this Egure illustrates the correspondence 
between calculated and measured values2’ of the activities of FeO in the Ca0-Fe0-Si02 system. 
The  differences are well within the uncertainties in the measurements. We End that this method 
essentially permits us to make predictions in ternary systems based solely on data for the three 
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subsidiary binary systems for cases in which silica is the only acid component. When alumina 
and silica are both present, a more complex representation is necessary. 

The good correspondence of calculations with the complex concentration dependence of 
activities in t.!ie CaO-E’eO-SiOz system illustrates the fact that our equations properly take 
into account the kinds of ternary interaction terms known to exist in such systems.8z21 This 
feature lends confidence in the use of our equations for predictions in multicomponent systems 
(containing only silica as an acid component) based solely upon the subsidiary binaries. If, as it 
appears, this is generally true, our method provides an important predictive capability. 

CORRELATIONS OF PROPERTIES 
Theories and concepts which have been develo ed for molten salt solutions can be used to 

correlate the thermodynamic properties of silicates! Coulomb interactions lead to a depcndence 
of thermodynamic functions on the inverse of the cation-anion interatomic distance. Thus, by 
analogy with molten salts, one would expect a linear dependence of the magnitudes of free 
energies of mixing on this parameter which is in a direction such that negative deviations from 
ideality increase in the order Li+, Na+, K+, Rb+, Cs+, and Mg++, Ca++,  Sr++, and Ba++. 
In addition, monovalent alkali oxides should exhibit more negative deviations from ideality 
than divalent alkaline earth oxides. The polarizability of oxide anions leads to an additional 
contribution with a similar dependence on cations. The magnitude of cation-cation dispersion 
interactions are related to the polarizabilities, ionization potentials and interaction distances. 
Thus, the disolution of oxides of cations with large dispersion interactions leads to a loss of this 
negative energy and hence to a positive contribution to  deviations from ideality. In addition 
ligand field effects for divalent transition metals tend to contribute to  negative deviations from 
ideal solution behavior in molten salts with monovalent cations. The effective charge of Si is 
greater than two and one would thus expect a positive contribution to deviations from ideal 
solution behavior from this source. The effect for Mn2+ which has a half filled shell for example, 
should be much less positive than for Fe2+. 

The data for testing these influences on solution behavior are too sparse to reach quan- 
titative conclusions. However, the general trends are in the right direction. Measured deviations 
from ideality of silicates with divalent oxides become more negative (or less positive) in the order 
Fe+2, Mn2+, Pb2+, Mg2+, Ca2+.1,7,9,22 In this view, ligand field effects lead to  Fez+ preceding 
Mn2+ and Mn2+ preceding even Mg2+ which has a smaller radius; dispersion interactions lead to 
Pb2+ preceding even Mg2+ even though its radius is larger than Ca2+ and Sr”; finally, coulomb 
and polarization interactions lead to Mg2+ preceding Ca2+. With careful measurements of a 
larger number of binary silicate systems, it should be possible to develop useful correlations and 
a means of making reasonable predictions of the magnitudes of thermodynamic properties of 
silicates. 

CONCLUSIONS 
There are several significant conclusions which can be reached. 

1. We have performed analyses of thermodynamic data  on binary silicate systems which lead 
to a unique and accurate mathematical representation of their known properties. 

2. Our use of equations which have the properties of ordered liquids built in appears to 
have the innate capability for representing a mass of different types of data  on binary 
systems measured in various ranges of temperature and composition. This result lends 
confidence in the use of our analyses for interpolations and extrapolations outside the 
range of measurements. 
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3. We can theoretically justify an “asymmetric” combining rule which, for cases in which 
silica is the only acid component, leads to  a priori predictions for ternary systems based 
on data for the three subsidiary binaries. I t  appears likely that  such predictions would be 
valic! for  multicomponent systems. 

4. A preliminary examination of themodynamic data  on silicates indicates tha t  correlations 
developed for molten salts may be useful in understanding and ultimately in predicting 
magnitudes of the thermodynamic solution properties of silicates. 

FIGURE CAPTIONS 

1. Calculated phase diagram of the FeO-Si02 system. Numbers in parentheses are measured 
values from Muan and OsbornelO and Robie, et 

2. Activities of “FeO” measured in iron saturated molten FeO-Si02 a t  1325OC (A)”, 1785OC 
(O)I6, 188OOC and 196OoC (0)l6. The two solid lines represent calculated points 
a t  1325OC and 188OOC. The filled circles along one solid line represent individual calcu- 
lated points and the three filled circles labeled 1960, 1880, and 1785 represent calculated 
points a t  three temperatures and fixed composition which illustrate the calculated tem- 
perature dependence. 

3. Activities of FeO in iron saturated CaO-FeO-SiOz a t  155OOC. Dashed lines are from 
Timucin and MorrisPo and the solid lines represent our calculations. 
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