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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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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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Triple-Junction 
Mount 

Parallel-Boundary 
Mount 

I 

I 
figure 1. 
triplet8 used in heating-8tage micro8copic experirent8 md 
in mapporting experimentm. 
~ w n t r r  for he.ting-8tage experiments--S mm; for mupporting 
axperiment~--ll m ~ .  

Gcomatric arrangement. of mineral pair8 and 

Approximate diametar8 of actual 

In all triplet mounts, mineral *3* -8 
8 Clay DiflOr81. 

91 


