
REACTIONS AND TRANSFORMATIONS OF COAL MINERAL 
MATTER AT ELEVATED TEMPERATURES 

G. P. Huffman and F. E. Huggins 

U. S. S t e e l  Corporation Technical  Center 
Monroeville,  PA 

In t roduc t ion  

Coal con ta ins  a v a r i e t y  of i no rgan ic  c o n s t i t u e n t s  t h a t  exh ib i t  d e l e t e r i o u s  
behavior i n  most p rocesses  t h a t  attempt t o  convert  t h e  energy i n  coa l  t o  a u se fu l  
form. A s  coa l  i s  hea ted ,  t h e  inorganic  phases undergo t ransformations and reac- 
tions t h a t  y i e l d  a complex mixture  of s o l i d ,  molten, and v o l a t i l e  spec ie s .  These 
spec ie s  g ive  r i s e  t o  s l agg ing  and fou l ing  depos i t s ,  corrosion,  p o l l u t i o n ,  and o the r  
problems. Although such problems a r e  usua l ly  a s soc ia t ed  with the  combustion of 
coal  t o  produce e l e c t r i c a l  power, they a r e  a l s o  common i n  coa l  g a s i f i c a t i o n  and 
l i que fac t ion ,  cokemaking, and iron production. 

The cu r ren t  paper w i l l  b r i e f l y  review re sea rch  on t h i s  topic .  

Nature of the Inorganic  Cons t i t uen t s  of Coal 

It i s  common p r a c t i c e  to make a d i s t i n c t i o n  between t h e  inorganic  cons t i t -  
uents  of so-cal led "Eastern" and "Western" coa l s .  By d e f i n i t i o n ,  Western coa l s  a r e  
those fo r  which the  CaO+MgO conten exceeds t h e  Fe203 content  of t h e  a sh ,  while  t he  
reverse  is t r u e  fo r  Eas t e rn  coals. ' )  The inorganic  c o n s t i t u e n t s  i n  Eastern coa l s ,  
which a r e  p r i n c i p a l l y  bituminous i n  rank, a r e  predominantly i n  the  form of d i s c r e t e  
mineral  p a r t i c l e s .  Clay minerals  ( k a o l i n i t e ,  i l l i t e )  a r e  usua l ly  dominant, 
followed by qua r t z  and p y r i t e .  The range and t y p i c a l  values  of t he  mineral  d i s t r i -  
but ion and ash chemistry of Eas t e rn  coa l s  a r e  shown i n  Table I. These d a t a  were 
determined from computer-controlled scanning e l e c t r o n  microscopy (CCSEM), Mossbauer 
spectroscopy, and o t h e r  measurements on over a hundred coa l s .  

Western coa l s  a r e  usua l ly  l i g n i t e s  or subbituminous coals .  The range and 
t y p i c a l  values  of t h e  ino rgan ic  phase d i s t r i b u t i o n  and a sh  chemistry of approxi- 
mately 20 Western c o a l s  examined i n  t h i s  laboratory a r e  shown i n  Table 11. In a 
recent  paper,  w e  discussed the  d i f f e rences  begyeen t h e  inorganic  cons t i t uen t s  of 
low-rank coals and t h o s e  of bituminous coals .  These d i f f e rences  occur i n  t h e  
calcium-, i ron- ,  and a lka l i - con ta in ing  phases. I n  bituminous coa l s ,  t h e  calcium 
content  is  t y p i c a l l y  l o w  (CaO <5% of a sh )  and a l l  calcium i s  contained i n  t he  
mineral ,  c a l c i t e .  The calcium content  of l i g n i t e s  is high (CaO %lo  t o  30% of ash)  
and t h e  calcium i s  molecular ly  dispersed throughout t h e  coa l  macerals as s a l t s  of 
carboxyl ic  ac ids .  The l a t t e r  point  has been d$rgyt ly  confirmed by EXAFS (extended 
X-ray absorpt ion f i n e  s t r u c t u r e )  spectroscopy. ' Simi la r  d i f f e rences  occur f o r  
the a l k a l i  elements.  Minerals  such as i l l i t e ,  which accounts  f o r  most of the 
potassium i n  bituminous coa l ,  a r e  usua l ly  low i n  l i g n i t e  and subbituminous coa l  
( s ee  Tables I and 11) .  
S a l t s  of humic or ca rboxy l i c  ac ids .  Montmoril lonite and h a l i t e  (NaC1) a r e  t h e  
dominant Na-containing minerals ,  and they occur i n  both bituminous and lower rank 
coal .  
ferrous-bear ing c l ays  ( i l l i t e ,  c h l o r i t e ) ,  and carbonates  ( s i d e r i t e ,  anke r i t e ) .  
In l i g n i t e s ,  on ly  p y r i t e  and i t s2yea the r ing  products ( i r o n  s u l f a t e s  and oxyhy- 
droxides)  a r e  normally observed. 

I n  l i g n i t e s ,  sodium and potassium a r e  bel ieved t o  occur as 

The iron-bearing minerals in unoxidized bituminous coa l s  include py r i t e4 )  
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The d i v e r s i t y  of t ransformations and r eac t ions  t h a t  such complex assem- 
blages of inorganic  mat ter  can undergo when coa l  i s  combusted or otherwise 
converted t o  a more use fu l  form of energy is  too complex t o  be discussed i n  any 
d e t a i l  i n  a sho r t  a r t i c l e .  Our i n t e n t i o n ,  t h e r e f o r e ,  is  simply t o  o u t l i n e  some of 
t he  major phenomena and t o  provide t h e  reader  with u s e f u l  references.  Most of t h e  
a r t i c l e  w i l l  dea l  with r eac t ions  and t ransformations r e l a t e d  t o  coa l  combustion, 
with a s h o r t  s ec t ion  devoted t o  o the r  conversion processes.  

Slagging Behavior; Ash Mel t ing  

During pulver ized-coal  combustion, atmospheric condi t ions w i t h i n  the  coa l  
flame a r e  considered t o  be reducing i n  t h e  sense t h a t  t h e  s t a b l e  i o n i c  form of iron 
is ferrous.  Af t e r  a s h  p a r t i c l e s  have l e f t  t h e  flame region,  they encounter a more 
oxidizing environment, y i e ld ing  depos i t s  and f l y  a sh  i n  which t h e  iron may be pre- 
dominantly f e r r i c  o r  a mixture of f e r rous  and f e r r i c ,  dependent on t h e  air- to-fuel  
r a t i o .  Consequently, i t  is important t o  understand t h e  high temperature  r eac t ions  
of a sh  cons t i t uen t s  both types of environment. This  point  is recognized i n  t h e  
ASTM ash-fusion tes t"  which s p e c i f i e s  measurement of t h e  fusion temperatures of 
ash cones i n  both a reducing (60% CO, 40% COz) and an ox id iz ing  ( a i r )  atmosphere. 
Numerous empir ical  formulae have been developed t o  p red ic t  ash-fusion temperatures  
(AFTs) and the  v i s c o s i t i e s  of molten coal-ash s l a g s  a t  higher  temperatures from ash 
composition. Detai led d i scuss ions  of t hese  f y g y j g e  and t h e i r  physical  hagjs  have 
been given by Winegartner and h i e  s s o c i a t e s ,  by Watt and Fereday, ' and i n  
a recent review a r t i c l e  by Reid. O7 The dominant parameter i n  t hese  r e l a t i o n s h i p s  
i s  usua l ly  t h e  base-to-acid r a t i o ,  where "base" and "acid" a r e  simply t h e  sums of  
the weight percentages of t h e  bas i c  and a c i d i c  oxides:  

Rase = Fe 0 + CaO + K 2 0  + Na20 + MgO (1) 

(2) 

2 3  

Acid = Si02 + A1203 + T i 0 2  

Recently,  we  examined t& behavior of a sh  fus ion  temperatures  i n  t h e  con- 
t e x t  of t e rna ry  phase diagrams. 
t he  dependence of AFTs on chemical composition and t h e  l i qu idus  curves i n  appro- 
p r i a t e  regions of t h e  Fe0-Si02-A1203, Ca0-Si02-A1203, and K20-Si02-A1203 phase dia-  
grams. The development of t h e  Base-Si0 -A1 O3 phase diagrams f o r  t h e  p red ic t ion  of 
ash behavior appears t o  be a f r u i t f u l  asea ?or f u t u r e  research.  An example of such 
a phase diagram is shown i n  Figure 1 where ash-softening temperatures  (ST. reduc- 
ing)  a r e  p l o t t e d  i n  what is e f f e c t i v e l y  the  "mull i te"  region of a Base-Si02-A1203 
phase diagram. 
curves i n  t r u e  t e rna ry  diagrams. 

) Sign i f i can t  similari t ies were observed between 

The curves of eqt& ST e x h i b i t  g r e a t  s i m i l a r i t y  t o  t h e  l i qu idus  

The arrow i n  Figure 1 i l l u s t r a t e s  t h e  use of t h e  phase diagram t o  p red ic t  
STs. I n  t h i s  i n s t ance ,  a bituminous coa l  with a low ST was blended with two other  
coa l s  t o  y i e ld  a product with a much higher  ST. The blend was chosen with t h e  aim 
of moving t h e  composition of ash i n  a d i r e c t i o n  approximately normal t o  t h e  equal  
ST curves.  The predicted and observed STs of t h e  o r i g i n a l  coa l  and t h e  blend a r e  
shown i n  t h e  in se t  of Figure 1. The p red ic t ed  values  s r e  probably not as  accu ra t e  
as could be obtained with e x i s t i n g  empir ical  formulae,  bu t  they a r e  neve r the l e s s  
q u i t e  reasonable.  

Ternary and more complex phase diagrams can a l s o  con t r ibu te  t o  in t e rp re t a -  
t i o n  of t he  r eac t ions  t h a t  l ead  t o  ash melting. I n  a reducing environment 
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(60%CO-40%CO2), the important r ea f5 iyy j  f o r  Eastern coa l s  occur pr imar i ly  wi th in  
the  Fe0-Si02-A1 0 phase diagram. ’ Using a v a r i e t y  of techniques [Mossbauer 
spectroscopy, computer-controlled scanning e l ec t ron  microscopy (CCSEM), X-ray d i f -  
f r ac t ion  (XRD)] t o  i n v e s t i g a t e  quenched ash samples hea t  t r e a t e d  under condi t ions  
s imi l a r  t o  the  ASTM ash-fusion test, it was e s t ab l i shed  t h a t  most Eas te rn  coa l  
ashes exh ib i t  behavior similar t o  t h a t  shown i n  the schematic diagram of F igure  2. 
Here, phases t h a t  a r e  molten a t  e l eva ted  temperatures appear as g l a s s  phases in the  
quenched specimens. The potassium-containing c l ay  minera l ,  i l l i t e ,  appears t o  be 
the  f i r s t  phase converted t o  a p a r t i a l l y  molten form; presumably t h i s  is because ~5 
t he  numerous low-temperature e u t e c t i c  po in t s  i n  the K 0-Si0 -A1 0 phase diagram. 
A t  approximately 900°C, wus t i t e ,  derived from p y r i t e  and o t t e r  Zran-rich minerals,  
begins t o  r e a c t  with qua r t z  and a luminos i l i ca t e s  derived from c l a y  minera ls  t o  pro- 
duce a mixture of w u s t i t e ,  f a y a l i t e  (Fe Si0 ), and fe r rous-conta in ing  m e l t  phase. 
A t  somewhat h igher  tempera tures  (%105Ooi?), Paya l i t e  has been l a rge ly  incorporated 
in to  the  m e l t  phase, and f e r rous  iron may r e a c t  wi th  a luminos i l i ca t e s  t o  form her- 
cyn i t e  (FeA1 0 ). This reac t ion  r e t a r d s  melting somewhat and its importance i s  re- 
l a t ed  t o  the2A? O3 con ten t  of t he  ash. Essen t i a l ly  a l l  of t h e  iron i s  contained in 
the  melt phase tor samples quenched from above 1200°C, as shown in Figure  3. Above 
1200°C, reducing, most Eas te rn  ashes (%Base <30X) a r e  a mixture of  molten alumino- 
s i l i c a t e s .  m u l l i t e ,  q u a r t z ,  and minor cons t i t uen t s  such a s  iron s u l f i d e ,  which is 
a l so  molten, but is immiscible with t h e  viscous s i l i c a t e  melt. 

2 3  

) 
2 

Simi la r ,  but l e s s  ex tens ive  experiments12qve a l s o  been performed on ash 
Below approximately 1200°C, samples quenched from h igh  temperatures in a i r .  

e s s e n t i a l l y  a l l  of t h e  g l a s s  observed i n  the  samples is derived from the  potassium- 
bearing c lay  mineral i l l i t e .  Melting acce le ra t e s  above approximately 130OOC and 
approaches completion f o r  most Eas te rn  ashes a t  temperatures of the  o r d e r  of 1500’C. 
In an oxid iz ing  environment, calcium appears t o  be a more e f f e c t i v e  f l u x  than f e r r i c  
iron. 

In both reducing and oxid iz ing  atmospheres, s i g n i f i c a n t  p a r t i a l  melting of 
ash occurs a t  t empera tures  w e l l  below t h e  i n i t i a l  deformation temperature (IDT). 
It is not uncommon t o  observe up t o  50 percent of t h e  ash  in t he  form of g l a s s  a t  
quenching temperatures a s  low as 200 t o  40OoC below t h e  IDT. Such p a r t i a l  melting 
i s  important in depos i t  formation. Not su rp r i s ing ly ,  t h e  amount of g l a s s  observed 
a t  a given temperature inlg:lgfidizing atmosphere is s i g n i f i c a n t l y  less than tha t  
in a reducing atmosphere. 

Fouling; V o l a t i l e  Spec ies  

Fouling gene ra l ly  r e f e r s  t o  t h e  formation of depos i t s  on convective heat-  
t r a n s f e r  su r f aces  a t  r e l a t i v e l y  low temperatures (600 t o  1000°C). en t  d i s -  
cussions of t h i s  problem have recenfay  been given by Wibberly and W%e33 and in 
t he  genera l  review a r t i c l e  by Reid. Alka l i  elements (Na, K) a r e  t h e  p r inc ipa l  
c u l p r i t s  in t h e  formation of such depos i t s .  Within t h e  flame, t hese  elements be- 
come v o l a t i l i z e d .  The ease  of v o l a t i l i z a t i o n  is r e l a t e d  t o  the  form in which the 
a l k a l i e s  a re  present in t h e  coa l .  
be e a s i l y  v o l a t i l i z e d  a t  t y p i c a l  flame temperatures (1400-15OO0C), a s  would NaC1, 
the  most common form of  sodium in bituminous coa l .  Potassium conta ined  in i l l i t e  
would not be expected t o  v o l a t i l i z e  a s  r ead i ly ;  i l l i t e  should r ap id ly  convert  t o  a 
molten s l a g  these  temperatures.  For t h i s  reason, t h e  water-soluble a l k a l i  con- 
t e n t  of coala5 i s  considered t o  be a more r e l i a b l e  i n d i c a t o r  of f o u l  than the  
t o t a l  a l k a l i  conten t ,  at l e a s t  f o r  Eas te rn  coa ls .  Wibberly and Wallf” l i s t  Na. 
NaOH, and NaCl a s  l i k e l y  gaseous spec ie s ,  dependent on ch lo r ine  conten t  of 
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t he  coa l ,  flame temperature,  and oxygen po ten t i a l .  Nonchloride spec ie s  a r e  
probably rap id ly  converted t o  oxides (Na20, K20) on leaving  the  flame f r o n t .  
v o l a t i l e  a l k a l i e s  may condense on t h e  su r faces  of f l y - a s h l q r t i c l e s  c a r r i e d  by the  
f l u e  gas or on cooler  b o i l e r  sur faces .  performed drop-tube 
experiments i n  which s i l i c a  p a r t i c l e s  were exposed t o  syn the t i c  combustion gases 
conta in ing  sodium a t  temperatures of 1200 t o  1600OC. Sodium s i l i c a t e  l a y e r s  rang- 
ing  i n  thickness from 0.03 t o  0.3 pm were observed on the  p a r t i c l e  s u r f a c e s ,  and 
s in t e red  depos i t s  formed r ap id ly  on s t a i n l e s s  s t e e l  probes in se r t ed  i n t o  t h e  lower 
pa r t  of the  furnace.  Such a l k a l i - s i l i c a t e  l aye r s  a r e  molten a t  t he  temperatures o f  
i n t e r e s t .  The th ickness  of the  sodium s i l i c a t e  l aye r s  was decreased by a f a c t o r  of 
t h ree  when the  sodium was introduced in the  form of NaC1, r a the r  than in chlor ine-  
f r e e  forms. 

The 

Wibberly and Wall 

10) An exce l l en t  review of t he  r o l e  of a l k a l i  s u l f a t e s  is  given by Reid. 
Below 11OO"C, a l k a l i  oxides and ch lo r ides  r eac t  r ap id ly  with SO2 and O2 or SO 
form condensed s u l f a t e s  on fly-ash p a r t i c l e s  and metal sur faces .  
low melting po in t s ,  a l k a l i  s u l f a t e s  a r e  very cor ros ive ,  and form s t rong ly  bonded 
depos i t s .  
a r e  882'C and 1O7S0C, r e spec t ive ly ,  and the  minimum melting point of Na SO -K $0 
mixtures is  833°C. K2S04-CaS0 and Na S O  -CaS04 a r e  a l s o  commonly obsezvei 1 ~ 2 x 1 ~  
t u r e s ,  which exh ib i t  mel t ing  po in t s  in the  range from 870 t o  97OoC. 
content of the  atmosphere is s u f f i c i e n t l y  high, t h e  py rosu l f a t e s ,  K2S207 and 
Na2Se07, may be formed from K SO and Na SO 
pera ures :  400'C f o r  Na2S207 &1d~300~C f z r  ft;S20,. Crossley 
rap id  metal wastage is caused by the  r eac t ion  of t h e  pyrosul fa tes  wi th  Fe 0 
form lowlne l t ing  poin t  (<6OO0C) a lka l i - i ron  t r i s u l f a t e s :  

t o  
Because of ? h e i r  

The mel t ing  po in t s  of t h e  most e a s i l y  formed s u l f a t e s ,  Na2S04 and K S O 4 ,  

4 2 4  I f  t he  SO3 

These phases yg)t a t  very low tem- 
has  suggested t h a t  

2 3 to  

I 

t 
I 

17)  where M = Na or  K. This point of view i s  supported by the  work of Coats e t  a l .  
which e s t ab l i shed  t h a t  l i q u i d  mel t s  containing up t o  90 percent py rosu l f a t e  can be 
formed from Na SO -K SO 
t u r e s  down t o  3356C.2 S ich  SO leve ls16fn  be r ead i ly  reached v i a  c a t a l y t i c  oxida- 
t i o n  of SO2 i n  t he  presence 02 Fe203. 

CCSEM ana lyses  of fou l ing  depos i t s  from a b o i l e r  furnace i n  which a North 
Dakota l i g n i t e  had been f i r e d  a r e  given i n  Table 111. Although the  depos i t s  con- 
s i s t e d  p r inc ipa l ly  of calcium-enriched a luminos i l i ca t e s ,  they a l s o  contained smal l  
bu t  s i g n i f i c a n t  amounts of a l k a l i  s u l f a t e s ,  intermixed with calcium s u l f a t e .  Re- 
cen t ly ,  we conducted potassium K-edge X-ray absorp t ion  spectroscopy (US) measure- 
ments on one of t hese  samples a t  t h e  Stanford Synchrotron Radiation Laboratory. 
The X-ray absorp t ion  near-edge s t r u c t u r e ,  or XANES, shown i n  Figure 4 ,  i s  near ly  
i d e n t i c a l  t o  t h a t  of a K S 0 s tandard  sample. It appears t h a t  XAS w i l l  be a very 
usefu l  method of i n v e s t i i a z i i g  t h e  s t r u c t u r e  of i nd iv idua l  elements i n  complex 
depos i t s .  

mixtures i n  SO3 pressures  of 100 t o  300 ppm a t  tempera- 

Reactions and Transformations of I n t e r e s t  f o r  Other 
Coal Conversion Processes 

In t h i s  s e c t i o n ,  examples of the  high-temperature behavior of inorganic  
phases i n  o the r  conversion processes w i l l  be given. 

Liquefac t ion  - Montano e t  a l .  have inves t iga t ed  the  t ransformat ion  of p y r i t e  t o  
py r rho t i t e  i n  coa l  l i que fac t ion  environments. They conducted i n  s i t u  Mossbauer 
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spectroscopy measurements on coa ls  maintained a t  1.24 MPa n i t rogen  pressure  and ob- 
served changes i n  t he  isomer s h i f t  a t  approximately 300°C t h a t  s igna l l ed  the  begin- 
n ing  of the  t ransformat ion  of p y r i t e  t o  py r rho t i t e .  The t ransformat ion  acce lera ted  
between 300 and 400'12, and from 20 t o  80 percent of t h e  p y r i t e  i n  four  d i f f e r e n t  
coa ls  was transformed a f t e r  one hour a t  440OC. From c lose  examination of both the  
in s i t u  spec t r a  and t h e  s p e c t r a  of cooled r e s idues ,  they concluded tha t  t he  pyrrho- 
t i t e  underwent covalent bonding t o  the  coa l  molecules, causing a c a t a l y t i c  e f f e c t  
on coal l i que fac t ion .  

Carbonization -When coa l  is heated t o  temperatures %YO0 t o  1200°C i n  t he  absence 
of a i r ,  most of t h e  v o l a t i l e  mat te r  is dr iven  o f f ,  l eav ing  a char,  o r ,  i n  t he  case 
of me ta l lu rg ica l  bituminous c o a l ,  a coke. The atmosphere i n  a coke oven cons i s t s  
p r inc ipa l ly  of hydrogen and methane. s reduced t o  a mixture 
of i ron  s u l f i d e  ( t r o i l i t e  and py r rho t i t e )  and i r o n  metal. The amount of i ron  
metal formed depends on both the temperature and the  composition of the  coke-oven 
gas.  The reduct ion  of i r o n  s u l f i d e  t o  i ron  metal i s  des i r ab le  s i n c e  b l a s t  furnace 
opera t ion  is more e f f i c i e n t  with low s u l f u r  coke. C a l c i t e  r eac t s  with t h e  
l i b e r a t e d  s u l f u r  t o  form calcium s u l f a t e ,  thus  r e t a i n i n g  s u l f u r  i n  the  coke. I n  
Figure 5, t h e  calcium XANES spectrum of a coke produced from a P i t t sbu rgh  seam coal 
i n  which a l l  calcium was i n i t i a l l y  present as c a l c i t e  is  shown. The spectrum 
es t ab l i shes  t h a t  approximately 70 percent of the  c a l c i t e  was converted t o  calcium 
s u l f a t e  during coking. 

Consequently, p y r i t f  

Gas i f i ca t ion  

I r o n  e x h i b i t s  a g r e a t  d i v e r s i t y  of r eac t ions  a t  e leva ted  temperatures when 
t h e  r eac t ion  environment encompasses both reducing and oxidizing condi t ions  a t  d i f -  
f e r e n t  s t a g e s  of t h e  process .  For example, it is not unusual t o  observe f i v e  a r  
s i x  d i f f e r e n t  i ron-bear ing  compounds i n  t h r e e  d i f f e r e n t  ox ida t ion  s t a t e s  i n  char 
and ash samples obtained from coa l -gas i f i ca t ion  systems. I n  Figure 6,  t h e  
Mossbauer spectrum of a char  res idue  from a bench-scale g a s i f i c a t i o n  system a t  t he  
I n s t i t u t e  of Cas Technology i s  shown. The input atmosphere t o  t h e  g a s i f i e r  was 
approximately 5.2% 0 , 21.2% H 0, and the remainder N2, and the  average temperature 
was 1800'F. A s  i nd iza t ed  i n  Fzgure 6 ,  s i x  iron-bearing phases exh ib i t i ng  th ree  
d i f f e r e n t  ox ida t ion  s t a t e s  a r e  observed: i ron  metal ,  iFon s u l f i d e  ( p r i n c i p a l l y  
FeS), f a y a l i t e  (Fe2Si04),  magnetite (Fe 0 ), hematite (Fe 0 ), g l a s s ,  w u s t i t e ,  and 
poss ib ly  o ther  minor gbgses. A more de?a$led d iscuss ion  %f3 th i s  work has been 
given by Mason e t  a l .  

Conclusions 

Even from t h i s  b r i e f  overview, i t  is c l e a r  t h a t  much remains t o  be done i n  
t h e  a rea  of understanding mineral-matter behavior i n  coa l  combustion and o the r  con- 
vers ion  technologies  and even more i n  combating t h e  s t i c k y  problems a r i s i n g  from 
t h i s  component i n  coa l .  I n  p a r t i c u l a r ,  w e  f e e l  t h e r e  is  a grea t  need f o r  much more 
d e t a i l e d  inves t iga t ions  of fu l l - s ca l e  technologica l  processes ,  e spec ia l ly  now tha t  
a number of r e l a t i v e l y  new and soph i s t i ca t ed  techniques a r e  a v a i l a b l e  t h a t  can be 
used to  cha rac t e r i ze  mineral-matter r e l a t e d  phenomena i n  ways t h a t  were not possi-  
b l e  a few years  ago. Such techniques inc lude  Mossbauer and EXAFS spec t roscopies ,  
which we have h igh l igh ted  i n  t h i s  a r t i c l e ,  t ha t  have the  a b i l i t y  t o  focus on speci-  
f i c  c r i t i c a l  elements (Fe,  K ,  S, e t c . ) ,  and revea l  very d e t a i l e d  informat ion  about 
t h e  behavior of t h a t  element.  However, t h e  observed phenomena i n  f u l l - s c a l e  pro- 
cesses  wi l l l g j so  need t o  be i n t e r p r e t e d  i n  terms of both k ine t i f l{e .g . ,  drop-tube 
experiments ) and thermodynamic (e.g., phase diagram ana lys i s  ) approaches,  a s  
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well as to take into account the form of the mineral matter and its distribution in 
the original coal. These areas, we feel, should be important areas for research on 
mineral-matter related problems in the immediate future. 
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Table 1 

Inorganic Constituents of Eastern Coals 

i 
Mineral Distribution 

Mineral Range Typical 
Quartz 
Kaol i n i te 
Illite 
Chlorite 
Mixed Silicates 
Pyrite 
Calcite 
Siderite/Ankerite 
Other Minerals 

5-44 
9-60 
2-29 
0-15 
5-31 
1-27 
0-14 
0-11 
0-12 

18 
32 
14 
2 
17 
8 
3 
2 
4 

Typical Ash Chemistry 
Species Weight % 

Si02 54 

Fe203 8 

K2° 
Na 2O 1 
Ti02 1 

29 2'3 

CaO 2 
MgO 1 

2 

0.2 
2 

'2'5 

Table I1 

Inorganic Constituents of Western Coals 

Mineral Distribution 
Mineral Range 

Quartz 7-22 
Kaolinite 13-45 
Illite 0-12 
Mixed Silicates 0-22 
Pyrite 1-26 
Fe Sulfates 0-5 
Fe-rich* 0-14 
Ca-rich** 7-49 
Other minerals*** 1-10 

Typical 
15 
30 
2 
8 
7 
1 
2 

25 
7 

Species Weight % 

Si02 

A1203 
Fe203 
CaO 

Mg 0 

2O 
NaO 
Ti02 

'2'5 
s03 

30 
15 
10 
20 
8 
0.7 
0.6 
0.7 
0.4 
15 

*Principally iron oxyhydroxide. 
**principally calcium bonded to carvoxyl groups in the macerals. 

***Barite, apatite, montmorillonite, and others. 

U. S. STEEL CORPORATION, TECHNICAL CENTER, MONROEVILLE, PA 
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Table I11 

CCSEM Analyses of Fouling Deposits 

CCSEM Category 

Ca-rich aluminosilicate* 

Ca- and Fe-rich aluminosilicate** 

A1 kal i sulfate* * * 
Calcium sulfate + alkali sulfate 

Si02 

Ca-rich 

Hematite 

Ca-Fe ferrite 

Ca-Mg sulfate 

Al-Si rich 

Unidentified, mixed phases 

Sec. Superheater, 
990-1050OC 

55 

7 

2 

4 

3 

10 

2 

Prehea ter 
75OoC 

63 

6 

2 

6 

2 

6 

1 

1 

2 

2 

5 

*Approximate average composition (mole % )  determined from CCSEM 
energy dispersive X-ray fluorescence spectra was 37% Car 8 %  Mg, 
4 %  Fer 41% Si, 10% Al. 

**Average composition - 31% Ca, 7% Mg, 21% Fe, 32% Si, 9% A I .  

***Average composition - Na33Ca16K3S48. 

U. S .  STEEL CORPORATION, TECHNICAL CENTER, MONROEVILLE, PA 
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ST, "C ~l~~~ 80% SiOp 
Predicted Observed 1100°C 20% A1203 

0% Base Coal A 

Blend 40% A 
'(1175 1218 80% 

1377 50% 

30% Si02 

50% Base -I% BASE 0% Base 
20% A1203 40 30 20 10 70% AI203 

F igu re  1 Pseudoternary phase diagram (Base - AI203 - Si02)  showing 
s p h e r i c a l  temperature (ST) contours.  See t e x t  for d i s c u s s i o n  
o f  p o i n t s  connected by arrow.  

v) 
W v) 

a 
2 
0 
a 
a 
z 
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0 
z 

100 

80 

60 
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20 

0 
700 900 1100 1300 

To, .c 

F igu re  2 Schematic diagram i l l u s t r a t i n g  h igh- temperature r e a c t i o n s  fo r  
m ine ra l s  i n  an Eastern- type coa l  under reducing c o n d i t i o n s .  
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F igu re  3 MGssbauer spectrum o f  Somerset C ash quenched f rom 1260°C under 
reducing c o n d i t i o n s .  Asborpt ion de r i ves  e n t i r e l y  from Fez+ i n  glass. 
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F i g u r e  4 XANES f o r  potass ium ( K  edge) i n  t h e  f o u l i n g  depos i t  r e s u l t i n g  from 
l i g n i t e  combustion. 
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F igu re  5 XANES f o r  ca l c ium (K edge) i n  coke made from h i g h - s u l f u r  coa l  f rom 
P i t t s b u r g h  seam. 
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VELOCITY IN M C  
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hemat i t e  ( H ) ,  magnet i te  (M), i r o n  metal (Fe), i r o n  s u l f i d e s  (FeS), 
fayal i t e  (Fay), g lass  f w u s t i t e  ( G l ) ,  and an unknown phase (?) .  

F i g u r e  6 Fe Mossbauer spec t ra  o f  g a s i f i c a t i o n  char  res idue  showing peaks from 
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