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FOREWORD 

The A C S S Y M P O S I U M S ERIES was founded in 1974 to provide a 
medium for publ ishing symposia quickly in book form. The 
format of the Series parallels that of the cont inuing A D V A N C E S 
I N C H E M I S T R Y S ERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors wi th the assistance of the Series 
Adv isory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub­
lished papers are not accepted. Bo th reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

^N^INERAL C O N S T I T U E N T S O F C O A L and the changes these minerals 
undergo on heating in different environments are of scientific and commer­
cia l interest. Th is interest warrants a thorough discussion of the nature of 
mineral matter in coal. 

This volume is the product of a symposium given at the 188th Nat ional 
Meet ing of the Amer i can Chemica l Society. A s is probably the case for 
many symposia, the symposium upon which this book is based came as a 
result of a number of discussions among some of the session chairmen and 
the symposium chai rman over a period of years. M a n y of the D iv i s i on of 
Fuel Chemistry's symposia dealt with a number of aspects of coal, but none 
in recent memory have dealt wi th the mineral matter in a comprehensive 
manner. This significant constituent affects almost every appl icat ion of this 
abundant resource. F r o m these thoughts came an interest in developing a 
symposium that would cover a l l of the important aspects in sufficient detail 
so that the current th inking in the field could be reasonably represented. In 
add i t ion , it was intended that the whole subject be developed in a logical 
manner, assuming that there is a logical manner. 

W i t h these goals in mind , the matter of organizing indiv idual sessions 
led to the approach of invit ing a speaker to provide an introduction to each 
session, such that the novice in this part of the symposium activity could be 
quickly introduced to the area and be able to fol low the talks in that session. 
The speakers that fol lowed would then talk about particular topics of 
significance. 

The sequence of session topics was chosen to be similar to that which 
coUld be used in a text on the subject of the chemistry of mineral matter and 
ash in coal . A n introductory session described what the mineral matter is, 
where mineral matter comes from, the chemical constituents that are present, 
the manner in which the constituents vary among the different coal deposits, 
and the special nature of some of the deposits, such as volcanic materials. 

The second session dealt w i th the effects of high temperatures on 
mineral matter and the conversion of that material to a variety of forms 
dependent on the temperature and history, such as slag, deposits, fly ash, or 
just ash. This session was intended to deal wi th the observations of the 
properties at high temperatures in the laboratory and the efforts to correlate 
these observations with some knowledge of the composit ion of the mineral 
matter or ash. 

XI 
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The third session dealt with efforts to reverse the perspective and begin 
wi th the materials that are present in the mineral matter and then try to 
predict the behavior that would be observed. A wide range of properties are 
of interest, and a number of papers covered thermodynamic properties and 
also the physical properties related to f low and thermal effects such as 
conductivity. 

The fourth session looked at the question " W h a t does the owner or 
operator of large equipment that consumes coal observe because of the 
mineral matter?" Because most of the coal consumed in the United States is 
used to generate steam in electric power generation facilities, the major 
purpose of the coal is to provide heat energy in boilers. The problems are 
associated with the accumulat ion of deposits on the walls or tubes inside the 
boiler. In some cases these materials are hot and f low from the walls as a 
slag, whereas in other cases the mineral matter undergoes a series of changes 
leading to the formation of deposits on the tubes. 

The fifth session looked at the possibil ity that there may be some 
desirable aspects associated with the mineral matter in the coal. The mineral 
matter may be a catalyst for some of the current or future uses of coal . 
Specifically, the mineral matter could have some effect on combustion and 
also on future synthetic fuels efforts that could provide either gaseous or 
l iquid fuels. 

The f inal session responded to the question " I f the mineral matter is in 
the coal , what can be done to remove the mineral matter?" This session dealt 
w i th a number o f techniques to physical ly remove the mineral matter in 
processes called coal cleaning. These processes involve crushing and in some 
cases pulverizing to fine and even ultrafine sizes to permit the l iberation of 
the mineral matter f rom the coal. A n efficient separation requires removal of 
mineral matter w i th a m i n i m u m removal of the desirable combustible 
material. 

One of the goals for this volume is to provide the type and quality of 
chapters that w i l l endure or stand the "test of t ime" such that the book wi l l 
be cited for years to come. It is hoped that the efforts that have gone into 
this work wi l l achieve this goal. 

A s in any large undertaking such as this book, many people are 
involved. Expressions of thanks and appreciat ion go to many who helped 
p lan the ind iv idual sessions, the session chairmen. Each of the authors 
deserves thanks for contr ibut ing to the indiv idual presentations and to the 
further revisions that led to the chapters in this book. Thanks also go to the 
many reviewers who read and commented on the manuscripts to br ing out 
add i t iona l points for the clarity and improved qual i ty of the manuscripts. 
The Amer i can Chemica l Society staff have been very helpful in their many 
ways. 

x i i 
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1 
Chemistry of Mineral Matter and Ash in Coal: 
An Overview 

Karl S. Vorres 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Coal contains significant and variable amounts of largely 
incombustible mineral matter. This mineral matter primarily 
includes clays, shales, pyrite, quartz, calcite and lesser amounts 
of other materials, depending on the chemical and mineralogical 
composition. It occurs in many forms and sizes, which may be seen 
by the naked eye or occur in micron-sized particles that require an 
optical or electron microscope to observe. Coal is usually burned 
in combustion equipment, liberating hot gases and also heating the 
mineral matter to temperatures of 2000°F and above. The different 
forms of the mineral matter can and do interact to bring about new 
chemical materials with a variety of properties. This volume 
describes the nature of the mineral matter, its occurrence, 
composition, sources, and the effects of heating this material in 
terms of the chemical and physical properties of mineral matter and 
deposits. These effects are observed both experimentally and in 
the operation of boilers and other coal utilization equipment. The 
properties may be predicted with suitable models and a certain 
amount of data from simpler systems. The deposition of mineral 
matter or ash in boilers is a major concern in the design of coal­
-burning equipment and the major reason for the forced outages of 
these units. Under certain conditions, there can be beneficial 
effects from certain kinds of mineral matter in the coal, and these 
are explored. Finally, there are approaches that can be taken to 
reduce the mineral matter content of the coal from the original 
values. The extent of the reduction depends on the nature of the 
coal, the need for reduction, and the premium price that can be 
obtained for the cleaned coal. 

T h i s volume i s d i v i d e d i n t o s i x s e c t i o n s , corresponding to the 
s i x sessions i n the Symposium on Chemistry of Mineral Matter and 
Ash i n Coal presented to the Fuel Chemistry D i v i s i o n at the 
American Chemical Society National Meeting i n P h i l a d e l p h i a i n 
August, 1984. These s i x sessions were intended to provide a forum 
for the s i x major areas i n d i c a t e d above. Each s e c t i o n contains 
chapters dealing with the subject area. The nature of the mineral 
matter i n coal i s discussed i n the f i r s t s e c t i o n . The second 

0097-6156/ 86/ 0301 -0001 $06.00/ 0 
© 1986 American Chemical Society 
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2 M I N E R A L M A T T E R A N D A S H IN C O A L 

s e c t i o n examines the experimental information a v a i l a b l e from a 
v a r i e t y of high temperature measurements on the coal ash. By 
contrast, the t h i r d s e c t i o n examines the approaches to p r e d i c t the 
properties of high temperature coal ash from a knowledge of the 
chemical composition and an understanding of the thermodynamics of 
these and s i m i l a r systems. The fourth s e c t i o n looks at the 
problems caused by the mineral matter that are being experienced by 
the owners and operators of coal-burning equipment. These problems 
are p r i m a r i l y r e l a t e d to the d e p o s i t i o n of coal ash and the i n t e r ­
actions of the mineral matter to provide material of d i f f e r e n t 
compositions than the o r i g i n a l mineral species. The f i f t h s e c t i o n 
examines the p o t e n t i a l b e n e f i t s derived from the presence of the 
mineral matter i n the c o a l . Some of the species may catalyze 
c e r t a i n c o a l conversion processes such as l i q u e f a c t i o n . Other 
species, such as sodium, may catalyze combustion i t s e l f . F i n a l l y , 
since the mineral matter i s generally not desired, a number of 
u t i l i t i e s are w i l l i n g to pay a premium p r i c e to have the mineral 
matter content reduced. The c l o s i n g s e c t i o n explores technology to 
remove the mineral matter from c o a l . Taken together these t o p i c s 
should provide an understanding of the nature of the mineral matter 
and ash. In a d d i t i o n the study provides i n s i g h t s i n t o the current 
methods of dealing with the inorganic constituents of coal and 
suggests u s e f u l d i r e c t i o n s f o r f u r t h e r research. 

The nature of the mineral matter i n coal i s discussed i n the 
i n i t i a l chapters. The mineral matter present i n c o a l includes the 
mineral matter present i n the l i v i n g plants which were a l t e r e d over 
time to produce the c o a l m a t e r i a l . In a d d i t i o n , mineral matter has 
been added through the e f f e c t s of subsidence and the subsequent 
a d d i t i o n of sedimentary m a t e r i a l , and the accumulation of airborne 
dust or other inorganic m a t e r i a l . V o l c a n i c eruptions have con­
t r i b u t e d s u b s t a n t i a l mineral matter i n l i m i t e d areas. Furthermore, 
during the c o a l i f i c a t i o n process, water has u s u a l l y percolated 
through the c o a l seams and provided a d d i t i o n a l mineral matter as 
w e l l as a l t e r e d the matter that was present. 

The nature of the c o a l mining process i s such that some of the 
f l o o r and roof of the seam may be included i n the product with 
normal use of the mining equipment. The mineral matter content can 
then vary depending not only on the m a t e r i a l present i n the c o a l 
but al s o depending on the m a t e r i a l d i r e c t l y above or below the seam 
and the care taken i n mining. 

The e f f e c t s of the mineral matter depend on the chemical and 
m i n e r a l o g i c a l composition. Many standard a n a l y t i c a l techniques are 
a v a i l a b l e to quantify the elements present i n the mineral species. 
These include s i l i c o n , aluminum, i r o n , calcium, magnesium, sodium, 
potassium, titanium and others. The elements are u s u a l l y reported 
as oxides, because the oxide anion i s the predominant one i n f l y 
ash. However, the mineral species are not usually simple oxides, 
but very frequently are t i e d up i n the d i f f e r e n t mineral forms as 
more complex a l u m i n o s i l i c a t e s or other species as i n d i c a t e d above. 
A v a r i e t y of techniques i s used to i d e n t i f y the mineral matter. 
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1. VORRES Mineral Matter and Ash in Coal 3 

Usually low-temperature ashing (LTA) techniques are used to 
remove the combustible matter to provide a sample of mineral 
m a t e r i a l which has undergone minimal change from that i n the 
o r i g i n a l c o a l . The LTA technique involves the use of a low-
pressure, low-temperature oxygen plasma to o x i d i z e the combustible 
material away from the grains of mineral matter i n the c o a l . Even 
though t h i s technique i s the most gentle i n common use, some 
changes have been observed i n the mineral matter when LTA has been 
used. The presence of p y r i t e and c a l c i t e i n the c o a l sample has 
led to the observation of some s u l f a t e d calcium species. 

In the normal preparation of a coal ash sample f o r a n a l y s i s , 
the coal i s heated to 700-750°C for s u f f i c i e n t time to burn o f f the 
carbonaceous matter. These temperatures and times are s u f f i c i e n t 
to permit i n t e r a c t i o n among the more r e a c t i v e species, and lead to 
changes from the materials which have been observed from LTA 
studies on the same c o a l . 

Pétrographie examination under the microscope can provide 
i d e n t i f i c a t i o n of the m a t e r i a l , and can be complemented with 
techniques such as x-ray d i f f r a c t i o n (XRD) to i d e n t i f y c r y s t a l l i n e 
minerals. The q u a n t i t a t i v e measure of the r e l a t i v e amounts of the 
minerals i s a somewhat c o n t r o v e r s i a l subject due to some of the 
l i m i t a t i o n s of the techniques. However the comparison of the 
r e s u l t s from a number of l a b o r a t o r i e s has l e d to the conclusion 
that no one XRD method i s superior to a l l others. Repeated 
attempts to compare r e s u l t s between d i f f e r e n t l a b o r a t o r i e s has l e d 
to the consensus that the technique i s semi-quantitative. 

The types of mineral matter found i n a p a r t i c u l a r deposit 
depend on the geography of the deposit. Those deposits found i n 
the eastern part of the United States have mineral matter which i s 
r i c h i n c l a y , quartz and p y r i t e . As a r e s u l t u t i l i t i e s which burn 
eastern h i g h e r - s u l f u r coals must now use equipment which can reduce 
the s u l f u r oxides which are released. The deposits i n the western 
parts of the U.S. frequently have mineral matter c h a r a c t e r i z e d by 
high c a l c i t e and sodium and lower clay and p y r i t e contents. The 
low s u l f u r content and some inherent a b i l i t y to capture l i b e r a t e d 
s u l f u r oxides with calcium compounds has led to the use of the low 
s u l f u r western coals f o r a growing part of the U.S. power genera­
t i o n market. 

The composition of the mineral matter i n a p a r t i c u l a r c o a l 
seam i s a f f e c t e d by the geologic conditions surrounding the 
deposit. A marine, brackish or freshwater environment w i l l a l t e r 
the chemistry of the deposit and the nature of the mineral species 
which are found with the c o a l . Higher s u l f u r contents are u s u a l l y 
associated with the presence of a marine environment during part of 
the c o a l i f i c a t i o n process. 

The properties of coal ash r e f l e c t the changes that have taken 
place i n the mineral matter through some heating process. As a 
r e s u l t of heating the d i f f e r e n t mineral forms may have undergone 
decomposition (as with carbonates, hydrates), or s o l i d - s t a t e 
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4 M I N E R A L M A T T E R A N D A S H IN C O A L 

r e a c t i o n (as quartz with other species to form s i l i c a t e s ) or 
heterogeneous r e a c t i o n (as p y r i t e with a i r to form i r o n o x i d e s ) . 
The changes i n chemical composition cause changes i n the p h y s i c a l 
p roperties as w e l l . The reactions do not a l l proceed at the same 
rat e . In general the thermal decomposition reactions w i l l proceed 
r a p i d l y . The heterogeneous reactions proceed at an intermediate 
r a t e , which may vary with time i f a layer with low permeability f o r 
the r e a c t i n g gas i s generated. The rate w i l l decrease with time 
under these circumstances. The slowest reactions involve the 
conversion of two s o l i d phases to some new m a t e r i a l . This r e a c t i o n 
proceeds through the d i f f u s i o n of some mobile species across the 
i n t e r f a c e between two adjacent p a r t i c l e s . This r e a c t i o n can be 
augmented by the formation of a l i q u i d phase which can act as a 
solvent f o r a r e a c t i v e species. The a l k a l i e s can be released i f 
they are i n an a c t i v e form and act as a f l u x , or agent f o r the 
formation of a lower melting point phase. The reactions w i l l 
proceed measurably f a s t e r under these conditions. 

The melting properties and v i s c o s i t y of molten coal ash have 
been the subject of continuing work. They are not a simple 
fu n c t i o n of the composition. The properties are used i n attempting 
to p r e d i c t the problems that might be encountered with a p a r t i c u l a r 
coal i n an operating b o i l e r with a s p e c i f i c design. A number of 
c o r r e l a t i o n s have been developed, but have had l i m i t e d a p p l i c a ­
t i o n . One of the problems has been a lack of complete under­
standing of the r o l e of the acids and bases. These terms are used 
i n many of the c o r r e l a t i o n s of the melting behavior with 
composition of the c o a l ash. 

The acids include the oxides of s i l i c o n , aluminum and 
titanium. The bases include the oxides of i r o n ( i r o n i s mostly 
present as b a s i c FeO), calcium, magnesium, sodium and potassium. 
Taken together these elements make up v i r t u a l l y a l l of the cations 
found i n the high temperature mineral matter. The molten c o a l ash 
i s a polymer of the a c i d i c species s i l i c a and alumina. The average 
molecular weight of the polymeric species depends on the presence 
of chain terminating species or bases. The terminating species i s 
the oxide ion associated with the base. The v i s c o s i t y depends on 
the average molecular s i z e of the polymer. For example the 
a d d i t i o n of a base to an a c i d i c eastern c o a l ash w i l l reduce the 
v i s c o s i t y over a period of time as the polymeric species are 
gradually reduced i n s i z e . 

A reasonably complete understanding of the behavior of molten 
slags a l s o requires an understanding of the composition, gaseous 
environment ( o x i d i z i n g or reducing), lo s s of v o l a t i l e species, 
existence of s e v e r a l immiscible l i q u i d phases, thermal h i s t o r y and 
i n t e r a c t i o n with the container. 

Workers are developing the t h e o r e t i c a l understanding of the 
behavior of molten coal ash systems. This a c t i v i t y proceeds from a 
co n s i d e r a t i o n of the energy e f f e c t s upon mixing the constituent 
oxides and a d e s c r i p t i o n of the non-ideal behavior of systems 
containing polymers of varying s i z e . The models of polymer 
chemistry are being applied to these higher temperature systems. 
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1. VORRES Mineral Matter and Ash in Coal 5 

The high temperature data a v a i l a b l e on c o a l slags i s l i m i t e d , 
and the work required to obtain a d d i t i o n a l data i s expensive and 
time consuming. Therefore i t has become more d e s i r a b l e to develop 
s u i t a b l e models of high temperature behavior to avoid the time and 
cost involved i n a c q u i r i n g a d d i t i o n a l information. The models are 
needed for r a p i d estimation of properties and t e s t i n g of operating 
s t r a t e g i e s to permit continual operation of a b o i l e r with new f u e l s 
or a f u e l with varying mineral matter compositions. 

The work done with c o a l ash involves s i l i c a - r i c h systems which 
are not unique to c o a l . The same types of materials are found i n 
steel-making s l a g s , v o l c a n i c magmas, and some f l u x e s , glasses and 
r e f r a c t o r i e s . The behavior of these systems i s , not s u r p r i s i n g l y , 
s i m i l a r to and consistent with the behavior of c o a l s l a g s . The 
data on these systems may then be used to test models which have 
been developed f o r coal ash. S i m i l a r l y the understanding of coal 
ash systems can be augmented by using models developed f o r these 
other m a t e r i a l s . Work with fluxes demonstrates the a b i l i t y of 
materials containing f l u o r i d e to form low-melting phases. This i s 
consistent with the hypothesis of the base as an anion donor, and 
the a b i l i t y of the anions to diminish the s i z e of the s i l i c a - t y p e 
polymer i n melts containing these species. 

Other work with v o l c a n i c magmas has demonstrated the s i g n i f i ­
cance of the c r y s t a l l i t e s which appear as the molten m a t e r i a l 
cools . A sharp t r a n s i t i o n i n the Arrhenius p l o t of log of 
v i s c o s i t y versus r e c i p r o c a l absolute temperature was observed as 
the volume of c r y s t a l l i t e s approached 30% of the t o t a l volume. 
This t r a n s i t i o n has been observed i n c o a l ash systems. The 
composition of the s o l i d phases or c r y s t a l l i t e s can be i n t e r p r e t e d 
by comparison with phase e q u i l i b r i u m diagrams of r e l a t e d simpler 
systems. 

The continuing e f f o r t s to generate e l e c t r i c power more 
e f f i c i e n t l y have led to further studies of magnetohydrodynamic 
power generation. This approach involves the use of an i o n i z a b l e 
vapor which i s passed through a strong magnetic f i e l d at high 
v e l o c i t i e s . The current produced i n t h i s way i s used to augment 
normal steam generation. The e f f i c i e n c y depends on the amount of 
potassium vapor that can be maintained i n the system i n contact 
with the s l a g derived from the coal being burned. Studies of these 
slags have added to the understanding of the i n t e r a c t i o n s of 
a l k a l i e s with s l a g s . 

The problems with the commercial use of coal are u s u a l l y due 
to the mineral matter present i n the c o a l . Over 80% of the c o a l 
used i n the United States i s burned i n b o i l e r s to generate steam 
fo r e l e c t r i c power production. In the combustion process, the 
mineral matter i s released and i n a few seconds traverses the 
furnace and subsequent parts on the way to the smokestack. If most 
of the mineral matter has a r e l a t i v e l y high ash f u s i o n temperature, 
t h i s m a t e r i a l , termed f l y a s h , moves through the furnace parts to 
some equipment designed to remove the f i n e p a r t i c l e s . If the ash 
f u s i o n temperature i s not r e l a t i v e l y high then the small p a r t i c l e s 
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6 M I N E R A L M A T T E R A N D A S H IN C O A L 

become s o f t and s t i c k y . They can impinge on the walls and the 
tubes of the furnace c a v i t y to produce deposits. The presence of 
the f l y a s h and deposits reduces heat t r a n s f e r and steam generation, 
impedes gas flow through the furnace c a v i t y , causes p h y s i c a l damage 
to the parts, and corrodes as w e l l as erodes i n t e r n a l parts of the 
furnace. 

The problems with coal ash are most often associated with 
deposits i n b o i l e r s . The s t i c k y m a t e r i a l may accumulate on the 
walls of the large furnace c a v i t y . This process i s u s u a l l y 
r e f e r r e d to as slagging. The large furnaces have suspended tubes 
i n them. Deposits form and grow on these tubes i n a process c a l l e d 
f o u l i n g . Sometimes these deposits grow to a point at which the 
operation of the b o i l e r must be terminated, c a l l e d a forced outage, 
fo r cleaning of the walls and/or tubes. 

The accumulation of these deposits may be p a r t i a l l y due to 
deformation and adhesion of s o f t , h i g h l y viscous p a r t i c l e s as they 
impinge on hot metal surfaces. Studies have shown that an i n i t i a l 
process i n v o l v i n g the formation of a low melting phase on the 
surface of tubes provides a kind of glue which permits deposits to 
accumulate. The low melting materials that are associated with the 
formation of the i n i t i a l l ayers include a l k a l i s u l f a t e s and i r o n or 
aluminum s u l f a t e s . A succession of stages seems to be involved i n 
the formation of the hard deposits which can not be e a s i l y 
removed. The presence of two immiscible l i q u i d phases derived from 
oxide and s u l f a t e materials has been observed, i n d i c a t i n g m u l t i p l e 
mechanisms for deposit formation. 

A v a r i e t y of techniques have been used to model the deposition 
processes. Frequently a small furnace w i l l be b u i l t to provide 
c o n t r o l l e d combustion and c a r e f u l monitoring of the conditions. 
The coal i s burned and the ash i s allowed to impinge on tubes. The 
increase i n deposit weight i s noted as a f u n c t i o n of time under 
d i f f e r e n t c o n d i t i o n s . This approach has been h e l p f u l and i s u s e f u l 
i f v a r i a t i o n s i n ash chemistry are the most s i g n i f i c a n t v a r i a b l e s . 
In some furnaces, the aerodynamics are also quite important and 
cannot u s u a l l y be scaled. It i s also p o s s i b l e to model the e f f e c t s 
of impinging a s h - l i k e p a r t i c l e s by s u b s t i t u t i n g glasses of known 
f u s i o n or v i s c o s i t y properties f o r the c o a l ash type m a t e r i a l s . 

As was i n d i c a t e d above, the nature of the mineral species i s 
q u i t e important i n determining whether a given c o a l w i l l be 
d i f f i c u l t to burn c o n t i n u a l l y i n a p a r t i c u l a r b o i l e r . The 
r e a c t i o n s between the species and the speed with which they can 
form new low melting phases, or release v o l a t i l e species which can 
form low melting species, u s u a l l y determine the s e v e r i t y of the 
problems. 

To date, no u n i v e r s a l l y accepted t o o l to p r e d i c t f o u l i n g and 
slagging from coal ash compositions has been developed. Informa­
t i o n about the performance of p a r t i c u l a r coals i s frequently not 
widely a v a i l a b l e f o r a v a r i e t y of reasons. When the information i s 
a v a i l a b l e from both commercial and small scale studies then 
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1. V O R R E S Mineral Matter and Ash in Coal 1 

c o r r e l a t i o n s can be proposed between performance i n the small and 
large s c a l e equipment. The use of these c o r r e l a t i o n s , when 
accurate, permit the designer or operator to avoid problems before 
they are allowed to occur. S t a t i s t i c a l studies have been employed 
to e s t a b l i s h which ones are the most important. 

Coal ash i s not always a d e l e t e r i o u s material f o r a process. 
In coal l i q u e f a c t i o n , i t has been observed that the rate i s 
increased i n the presence of p y r i t e . In g a s i f i c a t i o n , the rate i s 
increased i n the presence of a l k a l i e s . There i s l i m i t e d data 
a v a i l a b l e on the e f f e c t s of materials on combustion. Although 
i n t e r e s t i n s y n t h e t i c f u e l s from c o a l i s quite l i m i t e d at present, 
there i s an i n t e r e s t i n developing the t e c h n i c a l c a p a b i l i t y to 
permit the production of more premium f u e l types from l e s s 
d e s i r a b l e ones. The conversion of s o l i d coal to l i q u i d f u e l s has 
been a very demanding process i n terms of the pressures and, to 
some extent, the temperatures that have been used. C a t a l y s t s have 
been required i n a l l cases. The c a t a l y s t s have been poisoned by 
the s u l f u r and other species i n the mineral matter. As a r e s u l t , 
c a t a l y s t costs and replacement rates can be quite high. A cheap, 
n a t u r a l l y o c curring c a t a l y s t that came with the coal would be of 
s i g n i f i c a n t i n t e r e s t . P y r i t e seems to be such a m a t e r i a l . 

F i n a l l y , one can ask "What can be done to remove the mineral 
matter from the c o a l ? " The answer i s that s e v e r a l processes can be 
used to reduce the mineral matter. The extent and cost of removal 
u s u a l l y d i c t a t e the cleaning process that i s chosen. Generally, a 
large part of the c o a l that i s mined f o r e l e c t r i c power production 
i s "cleaned" or p h y s i c a l l y processed to remove part of the mineral 
matter by i n i t i a l l y crushing the c o a l and then density separation 
of the c o a l from the mineral matter. This i s e s p e c i a l l y true when 
the run-of-mine c o a l contains more than about 15% mineral matter. 
In the p h y s i c a l separation a dense f r a c t i o n and l i g h t f r a c t i o n , or 
s e v e r a l of these, are obtained. Since some combustible matter i s 
present i n the denser f r a c t i o n s , the process r e s u l t s i n an energy 
l o s s . The q u a l i t y of the separation also depends upon the 
d i f f e r e n c e s i n the surfaces properties of the coal and mineral 
matter as w e l l as the density d i f f e r e n c e s . The mineral species and 
c l a y s can vary i n such a way that the t y p i c a l cleaning process 
steps apparently f u n c t i o n i n c o n s i s t e n t l y and r e j e c t a s i g n i f i c a n t 
amount of combustible m a t e r i a l with the mineral f r a c t i o n s . In 
order to minimize the l o s s , i t i s necessary to crush and grind the 
c o a l i n such a way that there are p a r t i c l e s of mineral matter free 
from attached c o a l . The complete separation u s u a l l y requires 
g r i n d i n g to smaller and smaller p a r t i c l e s i z e s . This concept has 
been c a r r i e d to very f i n e g r i n d i n g , capable of g i v i n g p a r t i c l e s 
f i n e r than 15 microns. Mineral matter separation has improved but 
becomes very s e n s i t i v e to c o a l and mineral surface p r o p e r t i e s . 
Improved cleaning has y i e l d e d c o a l with ash concentrations of the 
order of a tenth of a per cent. 

Coal cleaning i s based on a knowledge of the mineral species 
that must be removed. The cleaning plant i s a s e r i e s of c i r c u i t s 
that separate d i f f e r e n t f r a c t i o n s and provide for recombination of 
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8 M I N E R A L M A T T E R A N D A S H IN C O A L 

c e r t a i n ones to maximize the y i e l d of a q u a l i t y product, and 
minimize losses of combustible m a t e r i a l . The performance of the 
c i r c u i t s w i l l change as the feed streams vary. The act of cleaning 
takes out some of the mineral matter, leaving a portion of the 
mineral matter yet to be removed. This remaining matter may be 
enriched or depleted i n c e r t a i n parts of the o r i g i n a l matter and 
lead to performance d i f f e r e n t than that which would be expected on 
the basis of the o r i g i n a l m a t e r i a l . There i s a need to remain 
aware of the composition of the d i f f e r e n t streams i n the cleaning 
p l a n t . The a n a l y t i c a l techniques that have been used are d i f f i c u l t 
to carry out q u i c k l y enough and cheaply enough for easy modifica­
t i o n of the c i r c u i t s . Recently the technique of automated image 
a n a l y s i s has been developed so that i t may f i n d a p p l i c a t i o n i n 
s o l v i n g t h i s problem. 

Chemical treatment of c o a l has also been used to f u r t h e r 
reduce the mineral matter content. Usually the p h y s i c a l techniques 
mentioned e a r l i e r are used to reduce the inorganic s u l f u r species 
(mostly p y r i t e ) to a very low l e v e l . Since there i s a great 
concern about the s u l f u r contents of co a l , and the organic s u l f u r 
content exceeds the permissible standards f o r many h i g h - s u l f u r 
c o a l s , non-physical or chemical techniques have been t r i e d to 
furt h e r reduce the s u l f u r content. Strong c a u s t i c reagents are 
used most often to remove the more r e f r a c t o r y s u l f u r forms. 

The removal of both mineral matter and s u l f u r species to very 
low values would provide premium s o l i d f u e l s and p o s s i b l y new 
chemical feedstocks. Several techniques are being explored to 
achieve these goals. The mineral matter i n a p h y s i c a l l y cleaned 
coal can be fur t h e r reduced by the s o l u b i l i z a t i o n of the alumino-
s i l i c a t e minerals. This can t e c h n i c a l l y be accomplished with the 
use of a l k a l i n e and then a c i d treatments. A v a r i e t y of studies are 
under way to define the conditions required f o r e f f e c t i v e removal 
of the mineral matter and e s t a b l i s h the amount of s u l f u r reduction 
that can be accomplished. Others involve the use of f i n e g r i n d i n g 
to l i b e r a t e the c o a l from the mineral matter. Then an agglomérant 
i s used to separate the c o a l matter from the aqueous phase con­
t a i n i n g suspended mineral matter. A new approach uses microwave 
energy to s e l e c t i v e l y decompose the clays i n t o species that can be 
s o l u b i l i z e d and removed. S t i l l another technique involves t r e a t ­
ment with carbon dioxide to reduce the p a r t i c l e s i z e and permit the 
l i b e r a t i o n of the mineral matter. Over the next few years these 
w i l l be studied fur t h e r and i t i s hoped that c o a l w i l l become 
a v a i l a b l e i n a form with l e s s of these i n t e r e s t i n g , but not 
e n t i r e l y d e s i r a b l e mineral species. 

I t i s hoped that t h i s volume w i l l serve as a f u r t h e r stimulus 
to workers i n and outside of the f i e l d of coal mineral matter and 
ash chemistry. We a l l benefit from the work of others to extend 
our current knowledge and can help make coal not only an abundant 
f u e l , but also a more convenient and d e s i r a b l e resource as w e l l . 

R E C E I V E D November 12, 1985 
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2 
Mineral Matter in Illinois and Other U.S. Coals 

Richard D. Harvey and Rodney R. Ruch 

Illinois State Geological Survey, Champaign, IL 61820 

This review (1) describes and classifies the geological, 
physical, and chemical occurrences of mineral matters in 
coal; (2) summarizes analytical methods used to 
characterize the mineral matter; and (3) compares the 
mineral-matter composition of Illinois coals with that of 
other U.S. coals. 

In Illinois coals the organic constituents generally 
vary vertically within seams by a factor of 2 to 3; many 
elements also vary laterally within the same seam. 
Similarly, variations are substantial from one seam to 
another within the Illinois Basin. There is a considerable 
overlap, however, in compositional ranges of coals from 
different U.S. basins. On a regional basis, the material 
variability of many elements, such as sulfur and chlorine, 
is the result of geological processes. Low-sulfur coals 
mined in many western states, southern West Virginia, 
southwestern Virginia, and eastern Kentucky underlie strata 
deposited from fresh water; whereas many high-sulfur seams 
underlie strata deposited from sulfate-bearing brackish or 
marine waters. 

Because of the high variability of coal, samples from 
all prospective deposits need to be analyzed. Methods for 
analysis of inorganic elements in coal are generally 
precise, but methods for quantitative analysis of mineral 
phases need to be improved. 

M i n e r a l m a t t e r i s g e n e r a l l y c o n s i d e r e d t o be t h e sum t o t a l o f 
a l l i n o r g a n i c m i n e r a l s ( d i s c r e t e p h a s e s ) and e l e m e n t s t h a t a r e 
p r e s e n t i n c o a l ( J J . T hu s , a l l e l e m e n t s i n c o a l e x c e p t 
o r g a n i c a l l y comb ined C, Η, 0 , N, and S a r e c l a s s i f i e d by t h i s 
d e f i n i t i o n as m i n e r a l m a t t e r . T h i s a d e q u a t e l y c l a s s i f i e s most 
i n o r g a n i c e l e m e n t s i n c o a l s , t h o s e t h a t a r e s t r u c t u a l l y bound 
w i t h i n v a r i o u s m i n e r a l s , bu t some o t h e r e l e m e n t s a r e a l s o 
comb ined i n t h e o r g a n i c m a t t e r . F o r b i t u m i n o u s c o a l s s u c h 
e l e m e n t s i n c l u d e B, B e , B r , Ge , S b , and V ( 2 - 5 ) ; f o r l o w e r 
rank c o a l s much o f t h e Ca i s comb ined as an o r g a n i c s a l t . In 

0097-6156/ 86/ 0301 -0010508.75/ 0 
© 1986 American Chemical Society 
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2. H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 11 

a d d i t i o n , many o t h e r e l e m e n t s a r e comb ined i n b o t h t h e o r g a n i c 

and t h e m i n e r a l m a t t e r f r a c t i o n s . 
The c h e m i s t r y o f c o a l i s f u r t h e r c o m p l i c a t e d by t h e f a c t 

t h a t t h e o r g a n i c e l e m e n t s , e x c e p t n i t r o g e n , a l s o o c c u r i n one o r 
more m i n e r a l c o n s t i t u e n t s : c a r b o n i n c a r b o n a t e s ; h yd r ogen i n 
a b s o r b e d w a t e r and as h y d r o x i d e i n c l a y m i n e r a l s ; oxygen i n 
w a t e r , q u a r t z and o t h e r s i m p l e o x i d e s , c l a y m i n e r a l s , 
c a r b o n a t e s , s u l f a t e s , and o t h e r t r a c e m i n e r a l s ; and s u l f u r i n 
p y r i t e , r e l a t e d s u l f i d e s , and s u l f a t e s . F o r s c i e n t i f i c and 
t e c h n o l o g i c a l p u r p o s e s , i t i s i m p o r t a n t t o know t h e o r g a n i c -
i n o r g a n i c a s s o c i a t i o n s o f t h e e l e m e n t s i n c o a l s b e i n g s t u d i e d o r 
used i n i n d u s t r i a l p r o c e s s e s . 

C h a r a c t e r i z a t i o n o f t h e m i n e r a l m a t t e r i n c o a l i s i m p o r t a n t 
f o r a number o f r e a s o n s . Be cause o f t h e way c o a l must be m i n e d , 
t h e m i n e - r u n p r o d u c t a lway s i n c l u d e s some r o c k m a t e r i a l o t h e r 
t h a n c o a l , t h e r e b y c o n t r i b u t i n g m i n e r a l m a t t e r t o t h e m ine 
p r o d u c t . M i n e r s o f a t h i n seam u s u a l l y have t o remove some r o o f 
and f l o o r s t r a t a . I r r e g u l a r b o d i e s o f r o o f s h a l e o r o t h e r r o c k s 
f r e q u e n t l y o c c u r w i t h i n c o a l seams and i n e v i t a b l y become p a r t o f 
t h e m ine p r o d u c t . Some c o a l seams g r ade upwards t o s h a l e c o a l 
o r c o a l y s h a l e s so t h a t t h e r e i s no c l e a r - c u t b ounda r y between 
c o a l and t h e r o o f r o c k s . In a d d i t i o n , many c o a l seams c o n t a i n 
one o r more m i n e r a l p a r t i n g s o f v a r i o u s t h i c k n e s s so t h a t m i n e r s 
must i n c l u d e t h e s e i n t h e mine p r o d u c t . I t i s b e s t f o r m i n i n g 
and s a l e s p u r p o s e s i f t h e amoun t s , t y p e s , and c h a r a c t e r i s t i c s o f 
t h e s e r o ck m a t e r i a l s be known p r i o r t o m i n i n g i n o r d e r t o 
p r o p e r l y d e s i g n t h e mine and p r e p a r a t i o n p l a n t . 

W h i l e i t has l o n g been known t h a t m i n e r a l m a t t e r i s an 
i m p o r t a n t d e s i g n f a c t o r f o r u t i l i t y and o t h e r l a r g e b o i l e r s (6-_ 
S)9 c onsumer p r e s s u r e f o r l ow e l e c t r i c b i l l s c o u p l e d w i t h more 
s t r i n g e n t r e g u l a t i o n s o f s u l f u r e m i s s i o n s a r e c a u s i n g u t i l i t i e s 
t o seek more e f f i c i e n t o p e r a t i o n o f e x i s t i n g c o a l - f i r e d power 
p l a n t s . T h u s , t h e r e i s renewed i n t e r e s t and c o n c e r n w i t h such 
p r o b l ems as s l a g g i n g and f o u l i n g o f b o i l e r s ( 9 - 1 6 ) . 

S l a g g i n g i s t h e a c c u m u l a t i o n o f m i n e r a l m a t t e r i n a f u s e d 
and ha rdened f o rm on t h e w a l l s and o t h e r s u r f a c e s i n t h e f u r n a c e 
o f b o i l e r s . S l a g g i n g r e d u c e s hea t t r a n s f e r and c a u s e s e x c e s s i v e 
t e m p e r a t u r e o f t h e e x h a u s t g a s e s as t h e y e x i t t h e f u r n a c e . The 
n e t e f f e c t o f s l a g g i n g i s t o add m a i n t e n a n c e c o s t s f o r b o i l e r 
o p e r a t i o n as i t damages t h e me t a l p a r t s on w h i c h t h e s l a g 
f o r m s . B l o c k s o f s l a g have been known t o grow t o o v e r 5 f e e t 
t h i c k i n t h e t o p o f f u r n a c e s and e v e n t u a l l y t o f a l l o f t h e i r own 
w e i g h t , k n o c k i n g out t h e b o t t om o f t h e f u r n a c e . A v a i l a b i l i t y o f 
t h e b o i l e r f o r g e n e r a t i n g e l e c t r i c power i s s i g n i f i c a n t l y 
r e d u c e d by s e v e r e s l a g g i n g . 

F o u l i n g i s t h e a c c u m u l a t i o n o f m i n e r a l - d e r i v e d ash on t h e 
s u p e r h e a t e r and r e h e a t e r t u b e s i n t h e c o n v e c t i v e ( h e a t 
e x c h a n g e r ) s e c t i o n downs t ream f rom t h e f u r n a c e . F o u l i n g 
r e s t r i c t s t h e f l o w o f e x h a u s t g a se s and impedes h e a t t r a n s f e r 
t h r o u g h s u p e r h e a t e r t u b e w a l l s and t h e r e b y r e d u c e s t h e amount o f 
s team g e n e r a t e d . 

A b r a s i o n o f me ta l p a r t s i n s i d e t h e b o i l e r i s a t h i r d 
d e l e t e r i o u s e f f e c t o f a s h p a r t i c l e s p r odu ced by some c o a l s . Ash 
p a r t i c l e s t h a t a r e e s p e c i a l l y ha r d w i l l c au se e x c e s s i v e a b r a s i o n 
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12 M I N E R A L M A T T E R A N D A S H IN C O A L 

when t h e y i m p i n g e on t h e f u r n a c e and b o i l e r s u r f a c e s . A t p l a n t s 
where a b r a s i o n i s s e r i o u s , i t c a u s e s f r e q u e n t s h u t - d o w n s . 

A f o u r t h i m p o r t a n t f a c t o r t h a t i n c r e a s e s o u t a g e s and 
m a i n t e n a n c e c o s t s i s t h e c o r r o s i v e e f f e c t s o f a l k a l i e l e m e n t s , 
e s p e c i a l l y s o d i u m , w h i c h i s a s s o c i a t e d w i t h c h l o r i n e i n c e r t a i n 
c o a l s . The s p e c i f i c damage t o b o i l e r s by c h l o r i n e i s not w e l l 
known , bu t t h i s m i n e r a l c o n s t i t u e n t c l e a r l y c a u s e s e x c e s s i v e 
r a t e s o f c o r r o s i o n t o c o a l h a n d l i n g e q u i p m e n t . 

T h i r t y - f o u r m i n o r and t r a c e e l e m e n t s a r e o f p o t e n t i a l 
e n v i r o n m e n t a l c o n c e r n ( 1 7 ) . S u l f u r i s t h e e l e m e n t o f m a j o r 
c o n c e r n due t o i t s abundance i n f l u e g a s e s f rom some c o a l -
b u r n i n g p l a n t s and i t s s u b s equen t c o n t r i b u t i o n t o " a c i d r a i n . " 
S u l f u r as a c i d i c i o n s o f s u l f a t e can a l s o c o n t r i b u t e t o 
p o l l u t i o n o f s u r f a c e w a t e r and g r o u n d w a t e r . O t h e r e l e m e n t s o f 
g r e a t e s t c o n c e r n a r e A s , B, C d , Pb , Hg , Mo, and S e . W i t h t h e 
e x c e p t i o n o f Β and S e , t h e s e e l e m e n t s a r e s t r o n g l y a s s o c i a t e d 
w i t h m i n e r a l m a t t e r i n t h e c o a l and a r e c o n c e n t r a t e d i n was te 
p i l e s f r om c o a l p r e p a r a t i o n p l a n t s . I f t h e wa s t e d i s p o s a l s i t e 
i s no t c o n s t r u c t e d as a c l o s e d s y s t e m , p o l l u t i o n o f n e a r b y 
g r o u n d w a t e r i s p o s s i b l e . Boron and Se may c o n t r i b u t e t o t h e 
p o l l u t i o n r i s k as t h e y a r e a s s o c i a t e d w i t h b o t h m i n e r a l and 
o r g a n i c c o m p o n e n t s . On t h e o t h e r h a n d , c e r t a i n c o a l - m i n e w a s t e s 
have p o t e n t i a l f o r r e c o v e r y o f v a l u a b l e m e t a l s such as z i n c and 
cadmium ( 1 8 ) . 

G e o l o g i c a l s t u d i e s o f t h e d i s t r i b u t i o n ( o r v a r i a t i o n ) o f 
m i n e r a l m a t t e r i n a l o c a l a r e a , su ch as a l a r g e m i n e , as w e l l a s 
r e g i o n a l l y o v e r t h e e x t e n t o f a c omme r c i a l seam, e n a b l e u s e f u l 
p r e d i c t i o n s o f t h e c o n c e n t r a t i o n s o f some i n o r g a n i c e l e m e n t s 
i m p o r t a n t t o c o a l q u a l i t y . G e o l o g i c a l p r o c e s s e s t h a t fo rmed t h e 
seam o p e r a t e d o v e r e x t e n s i v e a r e a s ; t h e r e f o r e , p a t t e r n s o f 
e l e m e n t a l d i s t r i b u t i o n e n a b l e q u a l i t y p a r a m e t e r s o f t h e c o a l bed 
t o be p r e d i c t e d i n some u n e x p l o r e d a r e a s ( 5 , 1 9 - 2 4 ) . 

Coa l Geo l o gy 

Coa l i s a brown t o b l a c k , c o m b u s t i b l e , s e d i m e n t a r y r o c k composed 
p r i n c i p a l l y o f c o n s o l i d a t e d and c h e m i c a l l y a l t e r e d p l a n t r e m a i n s 
( 2 5 ) ( F i g u r e 1 ) . The o r i g i n a l p l a n t s grew a b u n d a n t l y i n a n c i e n t 
swamps and t h e i r r e m a i n s a c c u m u l a t e d as p ea t on t h e swamp f l o o r , 
m o s t l y unde r w a t e r , w h i c h r e s t r i c t e d d e c o m p o s i t i o n o f t h e p l a n t 
d e b r i s . Commerc i a l t h i c k n e s s e s o f c o a l a r e t h o u g h t t o have 
r e q u i r e d p o s s i b l y a c e n t u r y o r more o f u n u s u a l l y c o n s i s t e n t 
c l i m a t i c and h y d r o l o g i e c o n d i t i o n s t o a l l o w f o r t h e d e p o s i t i o n 
o f t h e r e q u i r e d t h i c k n e s s o f p e a t . S t u d i e s have shown t h a t 
p e a t : c o a l ( b i t u m i n o u s ) t h i c k n e s s r a t i o s range f r om abou t 3:1 t o 
30 :1 ( 2 6 ) . 

CoT l seams i n t h e U n i t e d S t a t e s t h a t a r e o f m i n a b l e 
t h i c k n e s s and q u a l i t y range i n age f r om t h e P e n n s y l v a n i a n t o t h e 
T e r t i a r y g e o l o g i c p e r i o d s ( F i g u r e 2 ) . A r ough e s t i m a t e s u g g e s t s 
t h a t t w o - t h i r d s t o t h r e e - q u a r t e r s o f t h e c o a l p r odu ced t o d a t e 
i n t h e U n i t e d S t a t e s has been b i t u m i n o u s c o a l f rom P e n n s y l v a n i a n 
s t r a t a m ined f r om seams i n t h e A p p a l a c h i a n , I l l i n o i s , and 
Wes t e r n I n t e r i o r B a s i n s ( F i g u r e 3 ) . Mos t o f t h e r e m a i n d e r has 
been l i g n i t e and s u b b i t u m i n o u s c o a l m ined f r om T e r t i a r y and 
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H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 

0 5 50 μπη 
i_ i ι 

F i g u r e 1. T h i n s e c t i o n o f a c o a l i n t r a n s m i t t e d l i g h t s l i c e d 
norma l t o b e d d i n g s h o w i n g l a y e r e d s t r u c t u r e o f p l a n t d e b r i s and 
d i s s e m i n a t e d g r a i n s ( 2 - 4 ym) o f q u a r t z (Q) and p y r i t e ( Ρ ) . 
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M I N E R A L M A T T E R A N D A S H IN C O A L 

Yrs Geologic Lignite Sub-
Bituminous 

Anthra­
(106) Period 

Lignite 
bituminous High 

volatile 
Medium 
volatile 

Low 
volatile 

cite 

5 0 -

Ter t ia ry 
western :··.·:··Λ 

western states 

1 0 0 - Cretaceous 

1 5 0 -

Jurassic I Jurassic 

2 0 0 -

2 5 0 -

2 0 0 -

2 5 0 -

Tr iass ic V A 

2 0 0 -

2 5 0 -
Permian 

Τ Χ , Ο Η , 
P A , W V 

3 0 0 - Pennys lvan ian East of Great Plains 

3 5 0 - Miss iss ippian rWxWidely scattered and l im i ted coals: 

F i g u r e 2 . G e o l o g i c age ( p e r i o d ) and rank o f c o a l d e p o s i t s i n 
N o r t h A m e r i c a , a f t e r Cady ( 2 7 ) . 

F i g u r e 3 . C o a l f i e l d s o f t h e U n i t e d S t a t e s ( 2 8 , 2 9 ) . 
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2. H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 

C r e t a c e o u s s t r a t a i n t h e n o r t h e r n G r e a t P l a i n s , t h e Rocky 
M o u n t a i n s ( i n c l u d i n g c e n t r a l Utah and n o r t h e a s t e r n A r i z o n a ) , 
W a s h i n g t o n , Texas and A l a s k a . In r e c e n t y e a r s p r o d u c t i o n f r om 
t h e s e T e r t i a r y and C r e t a c e o u s d e p o s i t s has g r e a t l y i n c r e a s e d . 
F o r e x a m p l e , be tween 1972 and 1982 t h e p r o d u c t i o n f r om t h e s e 
d e p o s i t s i n Wyoming i n c r e a s e d f r om an annua l t o nnage o f about 10 
m i l l i o n t o n e a r l y 110 m i l l i o n , w h i l e p r o d u c t i o n i n I l l i n o i s 
d e c r e a s e d f r om abou t 65 t o 61 m i l l i o n t o n s . 

O r i g i n o f Coa l Seams. By a n a l o g y t o p r e s e n t - d a y d e p o s i t s and t o 
t h e l i t h o l o g i e c h a r a c t e r o f a s s o c i a t e d s t r a t a , t h e a n c i e n t c o a l 
seams fo rmed i n v a s t pea t swamps. The swamps were l o c a t e d on 
c o a s t a l p l a i n s , o f t e n o n , o r a d j a c e n t t o , m a j o r r i v e r d e l t a s . 
Some o f t h e swamps m i g h t have been 200 t o 400 m i l e s a c r o s s . 
Over a p e r i o d o f many c e n t u r i e s t h e swamp l a n d s l o w l y s u b s i d e d 
w h i l e m a i n t a i n i n g a dense f o r e s t a t o r nea r sea l e v e l . L a y e r 
upon l a y e r o f f a l l e n v e g e t a t i o n was c o n v e r t e d t o p e a t . M i n e r a l 
m a t t e r was i n t r o d u c e d i n t o t h e swamps, m a i n l y by r i v e r s , as 
su spended mud and d i s s o l v e d i o n i c s p e c i e s d u r i n g s t o r m s t h a t 
f l o o d e d t h e swamp, by sea w a t e r d u r i n g w ind s t o r m s , and by 
d i s t a n t v o l c a n i c e r u p t i o n s t h a t r a i n e d d u s t o n t o t h e swamp. 
Some i n o r g a n i c e l e m e n t s were drawn i n t o p l a n t t i s s u e s t h r o u g h 
t h e i r r o o t s f r om t h e swamp w a t e r and p e a t y s o i l ; t h i s m a t e r i a l 
i s known as " i n h e r e n t " m i n e r a l m a t t e r ( 3 0 ) i n t h e f i n a l c o a l . 
U l t i m a t e l y t h e swamp was drowned by r i v e r s o r sea w a t e r f r om 
w h i c h sand and mud were d e p o s i t e d on t o t h e d y i n g f o r e s t . P e a t s 
c o v e r e d w i t h s e a w a t e r were i n j e c t e d w i t h s u l f a t e , bu t t h o s e 
c o v e r e d by t h i c k and impe rmeab l e r i v e r muds ( f r e s h w a t e r ) 
r ema i ned more o r l e s s f r e e o f s u l f a t e . 

More o f t e n t han n o t , once a pea t swamp was e s t a b l i s h e d on a 
c o a s t a l p l a i n o r d e l t a and l a t e r c o v e r e d by s e d i m e n t s due t o 
l a n d s u b s i d e n c e , a second swamp was e s t a b l i s h e d i n t h e same 
r e g i o n by c y c l i c changes i n sea l e v e l and r e - e s t a b l i s h m e n t o f 
swamp-type v e g e t a t i o n . In t h i s way , m u l t i p l e l a y e r s o f pea t and 
s u b s e q u e n t l y o f c o a l were f o r m e d . 

Coa l i f i c a t i o n . The t r a n s f o r m a t i o n o f pea t i n t o c o a l was a s l o w 
and comp l ex p r o c e s s t h a t began w i t h b a c t e r i a l r e d u c t i o n o f p l a n t 
d e b r i s d u r i n g t h e pea t s t a g e ( F i g u r e 4 ) . As t h e pea t was 
p r o g r e s s i v e l y b u r i e d under hund r ed s o f f e e t o f s e d i m e n t s , i t was 
c o m p a c t e d ; i t s i n h e r e n t m o i s t u r e was p r o g r e s s i v e l y f o r c e d out by 
t h e p r e s s u r e o f o v e r l y i n g s e d i m e n t s and by hea t f r om t h e e a r t h ' s 
i n t e r i o r . Methane and C 0 2 we re r e l e a s e d o r e n t r a p p e d w i t h i n 
p o r e s o f t h e compac ted o r g a n i c d e b r i s . S e v e r a l c h e m i c a l 
p r o c e s s e s b r i e f l y d e s c r i b e d as p e a t i f i c a t i o n , h u m i f i c a t i o n , 
g e l i f i c a t i o n , and v i t r i f i c a t i o n , a l t e r e d t h e r o o t s , b a r k , and 
o t h e r c e l l u l o s e and l i g n i n b e a r i n g d e b r i s t o v i t r i n i t e - - t h e most 
abundan t m a c e r a l c o m p r i s i n g b i t u m i n o u s c o a l s ( F i g u r e 4 ) . P l a n t 
s p o r e s , c u t i c u l e s , and r e s i n s and o t h e r l i p i d components were 
i n c o r p o r a t e d i n t o pea t and t h e s e a r e c l a s s i f i e d as t h e l i p t i n i t e 
g r oup o f macéra i s . V a r i o u s o x i d i z e d ( c h a r r e d o r f u s i n i z e d ) 
d e b r i s a r e c l a s s i f i e d as i n e r t i n i t e s ( F i g u r e 4 ) . W i t h 
i n c r e a s i n g c o a l i f i c a t i o n ( r a n k ) , t h e s e macérais become 
i n c r e a s i n g l y e n r i c h e d i n c a r b o n so t h a t a l l macérais i n 
a n t h r a c i t e have e s s e n t i a l l y t h e same p r o p e r t i e s as i n e r t i n i t e . 
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2. H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 17 

Because o f t h e c o m p l e x i t y o f t h e c o a l i f i c a t i o n p r o c e s s e s , 
d i f f e r e n t measu r e s a r e used t o d e f i n e d i f f e r e n t l e v e l s o f r ank 
( T a b l e I ) : h i g h m o i s t u r e , l ow h e a t i n g v a l u e , and non -
a g g l o m e r a t i n g c h a r a c t e r o f t h e c o a l d e f i n e t h e r ank ( g r o u p ) 
w i t h i n t h e l i g n i t e and s u b b i t u m i n o u s c l a s s e s ; and v o l a t i l e 
m a t t e r ( o r f i x e d c a r b o n ) d e f i n e t h e v a r i o u s g r o u p s o f rank i n 
t h e b i t u m i n o u s and a n t h r a c i t e c l a s s e s . In a d d i t i o n t o t h e s e 
p r o p e r t i e s , t h e r e f l e c t a n c e o f v i t r i n i t e , c a r b o n c o n t e n t o f t h e 
c o a l ( d r y , m i n e r a l m a t t e r f r e e ) , and some o t h e r p r o p e r t i e s 
change p r o p o r t i o n a t e l y as r ank i n c r e a s e s ( T a b l e I ) . 

M i n e r a l O c c u r r e n c e s i n Coa l Seams 

Ove r 125 d i f f e r e n t m i n e r a l s have been r e p o r t e d i n c o a l ( 3 2 ) ; 
h o w e v e r , o n l y abou t 25 have been r e c o g n i z e d as o c c u r r i n g i n 
s i g n i f i c a n t amounts ( T a b l e I I ) . M i n e r a l s i n c o a l o c c u r as 
d i s c r e t e g r a i n s o r f l a k e s o r a g g r e g a t e s i n one o f f i v e p h y s i c a l 
modes (31 ): ( 1 ) as m i c r o s c o p i c a l l y d i s s e m i n a t e d i n c l u s i o n s 
w i t h i n macéra is; (2) as l a y e r s o r p a r t i n g s w h e r e i n f i n e - g r a i n e d 
c l a y m i n e r a l s u s u a l l y p r e d o m i n a t e ; ( 3 ) as n o d u l e s i n c l u d i n g 
l e n t i c u l a r and s p h e r i c a l c o n c r e t i o n s ; (4) as f i s s u r e s , i n c l u d i n g 
c l e a t and o t h e r f r a c t u r e o r v o i d f i l l i n g s ; (5 ) as r o c k f r a g m e n t s 
— m e g a s c o p i c masses o f r o c k m a t e r i a l f ound w i t h i n t h e c o a l bed 
as a r e s u l t o f f a u l t i n g , s l u m p i n g , o r r e l a t e d d i s t u r b a n c e s . 
T h i s c l a s s i f i c a t i o n i s u s e f u l i n t h a t t h e remova l o f m i n e r a l s 
f r om c o a l i n p r e p a r a t i o n p l a n t s i s s t r o n g l y i n f l u e n c e d by t h e 
m i n e r a l ' s p h y s i c a l mode o f o c c u r r e n c e . F i n e - g r a i n e d q u a r t z , 
c l a y , and p y r i t e d i s s e m i n a t e d w i t h i n macérais a r e l e a s t 
s u s c e p t i b l e t o remova l by p h y s i c a l c l e a n i n g m e t h o d s ; whe rea s 
r o c k f r a g m e n t s and m i n e r a l s i n l a y e r e d , n o d u l a r , and f i s s u r e 
modes b r e ak f r e e and a r e more e a s i l y r e m o v e d . 

O r i g i n o f M i n e r a l M a t t e r . A g e n e t i c c l a s s i f i c a t i o n o f m i n e r a l 
m a t t e r p r o v i d e s t h e b e s t means t o p r e d i c t t h e q u a l i t y o f c o a l i n 
a r e a s ahead o f m i n i n g and e x p l o r a t i o n . We c o n s i d e r t h r e e ma in 
g e n e t i c p r o c e s s e s t o be r e s p o n s i b l e f o r m i n e r a l s i n c o a l : 
d e t r i t a l d e p o s i t i o n , s y n g e n e s i s , o r e p i g e n e s i s ( s ee t h e r i g h t 
s i d e o f F i g u r e 4 ) . D e t r i t a l g r a i n s were i n t r o d u c e d i n t o t h e 
swamp by r i v e r s , t i d a l ( s t o r m ) wave s , and w ind ( v o l c a n i c 
d u s t s ) . S y n g e n e t i c m i n e r a l s were f o rmed d u r i n g t h e pea t s t a g e 
o f c o a l f o r m a t i o n , b e f o r e t h e pea t was "1 U n i f i e d " t o l i g n i t e . 
Th r ee d i f f e r e n t s u b c l a s s e s o f s y n g e n e t i c m i n e r a l s can be 
d i s t i n g u i s h e d on t h e o r e t i c a l g r o u n d s . 

( a ) m i n e r a l s fo rmed by c r y s t a l l i z a t i o n o f i n o r g a n i c 
e l e m e n t s t h a t were i n c o r p o r a t e d i n t o t h e t i s s u e s o f 
t h e l i v i n g p l a n t s ( t h e i n h e r e n t m i n e r a l m a t t e r 
r e f e r r e d t o a b o v e ) . 

( b ) m i n e r a l s fo rmed by b a c t e r i a l r e d u c t i o n o f aqueous 
s u l f a t e s by c r y s t a l g r ow th i n m i c r o s c o p i c p o r e s 
w i t h i n t h e p l a n t r e m a i n s . 

( c ) m i n e r a l i z a t i o n a round n u c l e i o r o t h e r c e n t e r s , 
f o r m i n g n o d u l e s ; t h e s e i n c l u d e c o a l b a l l s 
( p e r m i n e r a l i z e d p e a t ) and o t h e r p l a n t r e p l a c e m e n t 
f o r m s . 

I t i s r a r e l y p o s s i b l e t o u n e q u i v o c a l l y d i s t i n g u i s h t y p e (a) 
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20 M I N E R A L M A T T E R A N D A S H IN C O A L 

s y n g e n e t i c m i n e r a l s f r om f i n e - g r a i n e d d e t r i t a l f o r m s , e s p e c i a l l y 
q u a r t z s i l t and c e r t a i n c l a y m i n e r a l s . The re i s much d e b a t e on 
t h i s t o p i c . C e c i l e t a l . ( 33 ) p o s t u l a t e s t h a t most q u a r t z and 
c l a y m i n e r a l s i n l o w - a s h c o a l s a r e c r y s t a l l i z e d phases o f 
e l e m e n t s o r i g i n a l l y amorphous w i t h i n t h e p l a n t t i s s u e s as 
i n h e r e n t m i n e r a l m a t t e r . On t h e o t h e r h and , F i n k e l m a n (34) and 
D a v i s e t a l . ( 35 ) i n t e r p r e t most such m i n e r a l f o rms as d e t r i t a l 
i n o r i g i n . The m i c r o s c o p i c a l l y o b s e r v e d l a y e r e d f o rm o f many 
q u a r t z and c l a y m i n e r a l g r a i n s l e a d s t o t h e c o n c l u s i o n t h a t h i g h 
p r o p o r t i o n s o f q u a r t z and c l a y a r e o f d e t r i t a l o r i g i n . We, 
t h e r e f o r e , a s s i g n a d e t r i t a l o r i g i n t o t h e s e m i n e r a l s i n T a b l e 
I I . 

U l t r a - s m a l l c r y s t a l l i t e s o f o t h e r m i n e r a l phases 
d i s s e m i n a t e d w i t h i n macérais a r e j u d g e d s y n g e n e t i c ; t h e s e 
i n c l u d e t h e s u b - m i c r o m e t e r - s i z e d c r y s t a l s o f k a o l i n i t e and 
i l l i t e o b s e r v e d by S t r e h l o w e t a l . (36) and o f k a o l i n i t e and 
p y r r h o t i t e o b s e r v e d by Wert and H s i e h ( 3 7 ) . 

E p i g e n e t i c m i n e r a l s a r e t h o s e f ound as f i l l i n g s o f f i s s u r e s 
and v o i d s and as p r o d u c t s o f w e a t h e r i n g o r o x i d a t i o n . C l e a t -
f i l l i n g c a l c i t e , p y r i t e , and k a o l i n i t e , t h e most abundan t 
m i n e r a l s i n t h i s c l a s s , f o rmed a f t e r t h e pea t was 1 U n i f i e d 
( c o a l i f i e d ) . F o r most c o a l s , t h i s t y p e o f m i n e r a l i z a t i o n t o o k 
p l a c e a f t e r t h e c o a l was w e l l l i t h i f i e d ( F i g u r e 4 ) . 

F r e s h l y m ined c o a l r a r e l y e x h i b i t s o x i d a t i o n , b u t i f c o a l 
i s e xposed t o o x i d a t i v e w e a t h e r i n g some f o rms o f p y r i t e o r 
m a r c a s i t e , e s p e c i a l l y t h e n o d u l a r f o r m s , r a p i d l y o x i d i z e t o i r o n 
s u l f a t e s . F o r c o m p l e t e n e s s , t h e s e a l t e r a t i o n p r o d u c t s a r e 
i n c l u d e d i n t h e e p i g e n e t i c o c c u r r e n c e s as p r opo s ed by Mackowsky 
( 3 8 ) . Some f o rms o f p y r i t e a r e known t o o x i d i z e i n s i t u t o 
S z o m o l n o k i t e (FeSO* · HoO) p r i o r t o e x p o s u r e t o t h e a t m o s p h e r e 
( 39 ) . 

The pH o f t h e a n c i e n t swamp was an i m p o r t a n t f a c t o r 
c o n t r o l l i n g m i n e r a l m a t t e r i n c o a l . A c o n d i t i o n o f l o w pH 
r e d u c e s i r o n t o t h e f e r r o u s s t a t e , c a u s e s l e a c h i n g o f a c i d 
s o l u b l e p h a s e s , and r e t a r d s s u l f a t e r e d u c i n g b a c t e r i a , t h e r e b y 
i n h i b i t i n g f e r m e n t a t i o n ( 3 3 ) . In a d d i t i o n , t h e pH o f t h e muddy 
w a t e r s t h a t o v e r l i e pea t d e p o s i t s may a f f e c t t h e pea t i n t h e 
same manner ( 4 0 ) . 

C o m p o s i t i o n o f M i n e r a l s i n Coa l 

Of p r ime i m p o r t a n c e t o g a i n i n g d e t a i l e d know ledge o f t h e 
b e h a v i o r o f m i n e r a l s i n a c o a l d u r i n g v a r i o u s s t a g e s o f 
c o m b u s t i o n o r o t h e r use a r e t h e abundance and c o m p o s i t i o n o f 
each m i n e r a l phase i n t h e c o a l . The b e h a v i o r o f m i n e r a l s and 
t h e d e r i v e d a sh depends p r i m a r i l y on t h e p r o p e r t i e s o f t h e 
m i n e r a l s i n t h e c o a l , r a t h e r t han on t h e c o n c e n t r a t i o n o f t h e 
me t a l o x i d e s i n t h e a s h , as i s commonly r e p o r t e d . Few a n a l y s e s 
o f i n d i v i d u a l m i n e r a l s s e p a r a t e d f rom c o a l a r e a v a i l a b l e ( 3 0 , 
4 1 ) . T h i s i s due t o t h e e x t r e m e d i f f i c u l t y o f s e p a r a t i n g t h e 
d i f f e r e n t m i n e r a l s f r om c o a l i n s u f f i c i e n t q u a n t i t y f o r s e p a r a t e 
a n a l y s i s . A t p r e s e n t t h e b e s t a v a i l a b l e e s t i m a t e s o f t h e 
c o m p o s i t i o n s o f m i n e r a l s i n c o a l a r e t h e w e l l known 
s t o i c h i o m e t r i c f o r m u l a s ( T ab l e I I ) . 

The a p p l i c a t i o n o f c o m p u t e r - c o n t r o l l e d m i c r o p r o b e methods 
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H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 

has p r o v i d e d v a l u a b l e d a t a on t h e m a j o r e l e m e n t s i n c o a l 
m i n e r a l s ( 4 2 - 4 4 ) , b u t t h e d e t e c t i o n l i m i t s f o r t h e m i n o r and 
t r a c e e l e m e n t s w i t h i n t h e m i n e r a l g r a i n s by t h i s method a r e 
u s u a l l y t o o h i g h f o r q u a n t i t a t i v e d e t e r m i n a t i o n s o f t h e s e 
e l e m e n t s . 

The p i o n e e r i n g work o f Pa lmer ( 4 5 ) i n c l u d e d t h e s u c c e s s f u l 
s e p a r a t i o n and a n a l y s i s o f m a j o r and t r a c e e l e m e n t s i n 13 
d i f f e r e n t g r a i n - s i z e and d e n s i t y f r a c t i o n s o f t h e l ow 
t e m p e r a t u r e ash f r om f i v e s amp l e s o f c o a l and c o a l p r o d u c t s . 
P a l m e r ' s r e s u l t s showed good mass b a l a n c e and r e m a r k a b l y good 
ag reement w i t h t h e s t o i c h i o m e t r i c c o m p o s i t i o n o f i l l i t e , 
k a o l i n i t e , p y r i t e , c a l c i t e , q u a r t z , and o t h e r m i n e r a l s . 
P a l m e r ' s t r a c e e l emen t r e s u l t s a r e i n good agreement w i t h 
G o l d s c h m i d t ' s (46 ) l i t h o p h i l i c , c h a l c o p h i 1 i c , and b i o p h i l i e 
a s s o c i a t i o n s ( T a b l e I I ) . The e x t e n t t o w h i c h P a l m e r ' s r e s u l t s 
can be a p p l i e d t o c o a l seams o t h e r t h a n t h o s e s t u d i e d i s 
u n c e r t a i n . 

Sampl es 

A l a b o r a t o r y samp le s u b m i t t e d f o r a n a l y s i s must be r e p r e ­
s e n t a t i v e o f t h e o r i g i n a l m a t e r i a l f o r w h i c h i n f o r m a t i o n i s 
d e s i r e d ; and i t s s o u r c e , l o c a t i o n , and seam must be i d e n t i ­
f i e d . P r o p e r s a m p l i n g p r o c e d u r e s a r e r e q u i r e d f r om t h e i n i t i a l 
c o l l e c t i o n t o t h e f i n a l s t a g e o f g r i n d i n g samp le s p l i t s . 
G l u s k o t e r e t a l . (1_) and Damberger e t a l . (31) summar i ze t h e 
p r o c e d u r e s f o r s a m p l i n g and d i s c u s s t h e p r ob l ems i n v o l v e d . 
Channe l s amp l e s a r e most commonly t a k e n t o e v a l u a t e t h e q u a l i t y 
o f c o a l seams a c c o r d i n g t o p r o c e d u r e s d e s c r i b e d by S chop f ( 4 7 ) , 
Swanson and Huf fman ( 4 8 ) , and G l u s k o t e r e t a l . ( J J . 

C h e m i c a l Methods o f A n a l y s i s 

C h e m i c a l methods f o r t he e l e m e n t a l c h a r a c t e r i z a t i o n o f m i n e r a l 
m a t t e r i n c o a l have been e x t e n s i v e l y d e v e l o p e d and r e p o r t e d . 
The most u t i l i z e d methods i n c l u d e X - r a y f l u o r e s c e n c e ( X R F ) , 
a t o m i c a b s o r p t i o n s p e c t r o s c o p y ( A A S ) , a c t i v a t i o n a n a l y s i s ( A A ) , 
o p t i c a l e m i s s i o n s p e c t r o s c o p y (OES) and i n d u c t i v e l y c o u p l e d 
p l a sma ( I C P ) , mass s p e c t r o s c o p y ( M S ) . L e s s f r e q u e n t l y used 
t e c h n i q u e s i n c l u d e i o n - s e l e c t i v e e l e c t r o d e ( I S E ) , p r o t o n i n d u c e d 
X - r a y e m i s s i o n ( P I X E ) , and i o n c h r o m a t o g r a p h y ( I C ) . In 
d i f f e r e n t l a b o r a t o r i e s each o f t h e s e methods may be p r a c t i c e d by 
u s i n g one o f s e v e r a l o p t i o n a l a p p r o a c h e s o r t e c h n i q u e s . F o r 
i n s t a n c e , a c t i v a t i o n a n a l y s i s may i n v o l v e c o n v e n t i o n a l t h e r m a l 
n e u t r o n a c t i v a t i o n a n a l y s e s , f a s t n e u t r o n a c t i v a t i o n a n a l y s i s , 
pho t on a c t i v a t i o n a n a l y s i s , prompt gamma a c t i v a t i o n a n a l y s i s , o r 
a c t i v a t i o n a n a l y s i s w i t h r a d i o c h e m i c a l s e p a r a t i o n s . X - r a y 
f l u o r e s c e n c e o p t i o n s i n c l u d e bo t h w a v e - l e n g t h a n d / o r e n e r g y 
d i s p e r s i v e t e c h n i q u e s . A t o m i c a b s o r p t i o n s p e c t r o s c o p y o p t i o n s 
i n c l u d e b o t h c o n v e n t i o n a l f l a m e and f l a m e l e s s g r a p h i t e t u b e 
t e c h n i q u e s . 

A t p r e s e n t e l e m e n t s i n c o a l can be d e t e r m i n e d w i t h 
a c c e p t a b l e a c c u r a c y and p r e c i s i o n w i t h p r o p e r c h o i c e o f 
a n a l y t i c a l p r o c e d u r e and samp le p r e t r e a t m e n t t e c h n i q u e . M u l t i ­
e l emen t s t a n d a r d s and numerous c o n s e n s u s s amp l e s a r e now r e a d i l y 
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22 M I N E R A L M A T T E R A N D A S H IN C O A L 

a v a i l a b l e f o r c o m p a r i s o n and c a l i b r a t i o n ( 4 9 ) . Coa l c h e m i s t s 
t e n d t o u t i l i z e m u l t i - e l e m e n t t e c h n i q u e s s u ch as XRF , I C P , AA , 
AAS , and MS where maximum c h a r a c t e r i z a t i o n o f b o t h m a j o r and 
t r a c e e l e m e n t s i s d e s i r e d . Some methods s u ch as AAS , I C P , OES, 
and ISE g e n e r a l l y r e q u i r e t h a t c o a l samp les be p r o p e r l y ashed 
and p r e t r e a t e d p r i o r t o a n a l y s e s . Ash and p r e t r e a t m e n t 
n e c e s s i t a t e s c o n s i d e r a t i o n o f v o l a t i l i t y l o s s e s ( 5 0 ) . Methods 
s u c h as AA, XRF , and PIXE can r e a d i l y be u t i l i z e d on who l e c o a l 
w i t h o u t a s h i n g o r e x t e n s i v e p r e t r e a t m e n t . 

I t i s beyond t h e s c ope o f t h i s s e c t i o n t o d e s c r i b e e a ch 
a n a l y t i c a l method and t o l i s t i t s a d v a n t a g e s , d i s a d v a n t a g e s , and 
s p e c i f i c a p p l i c a t i o n s . F o r t h e s e d e t a i l s r e a d e r s a r e r e f e r r e d 
t o G l u s k o t e r e t a l . ( 1 ) , Damberger e t a l . ( 3 1 ) , and S c h u l t z 
( 5 1 ) . " _ 

M i n e r a l o g i c a l Methods o f A n a l y s i s 

T h e r e a r e numerous d e f i n i t i v e methods a v a i l a b l e f o r c h a r a c t e r ­
i z i n g t h e m i n e r a l s i n c o a l . The more p r e v a l e n t methods a r e 
b r i e f l y d e s c r i b e d b e l o w . 

X - r a y D i f f r a c t i o n . X - r a y d i f f r a c t i o n i s t h e most e x t e n s i v e l y 
d e v e l o p e d and u n i v e r s a l l y a p p l i e d method f o r c h a r a c t e r i z a t i o n o f 
m i n e r a l s i n c o a l and o t h e r r o c k s . T h i s method i s c a p a b l e o f 
g i v i n g q u a n t i t a t i v e r e s u l t s o f m a j o r m i n e r a l s i n c o a l , c o a l a s h , 
and c o a l - r e l a t e d m a t e r i a l s a c c u r a t e t o about + 5-7 p e r c e n t 
a b s o l u t e ( 5 2 ) . Q u a n t i t a t i v e X - r a y d i f f r a c t i o n i s d i f f i c u l t . A 
g e n e r a l o v e r v i e w o f t h e method w i t h many r e f e r e n c e s i s p r o v i d e d 
by H e r z e n b e r g ( 5 3 ) . 

E l e c t r o n M i c r o s c o p y . S c a n n i n g e l e c t r o n m i c r o s c o p y and e n e r g y -
d i s p e r s i v e X - r a y m i c r o a n a l y s i s can be e f f e c t i v e l y used i n 
c o m b i n a t i o n t o p r o v i d e b o t h s t r u c t u r a l and e l e m e n t a l i n f o r m a t i o n 
abou t i n d i v i d u a l m i n e r a l p a r t i c l e s i n c o a l and o t h e r m a t e r i a l s 
( 4 2 , 5 3 - 5 5 ) . T r a n s m i s s i o n e l e c t r o n m i c r o s c o p y has t h e a d v a n t a g e 
o f h i g h e r r e s o l u t i o n ( 5 6 , 5 7 ) a l l o w i n g more d e t a i l e d 
c h a r a c t e r i z a t i o n o f m i n e r a l i n c l u s i o n s . 

Thermal A n a l y s e s . Thermal t e c h n i q u e s s u ch as d i f f e r e n t i a l 
t h e r m a l a n a l y s i s , t h e r m a l g r a v i m e t r i c a n a l y s i s , and d e r i v a t i v e 
t h e r m o g r a v i m e t r i c a n a l y s i s have been s u c c e s s f u l l y a p p l i e d t o 
c h a r a c t e r i z i n g v a r i o u s m i n e r a l s i n c o a l ( 5 8 ) . The methods a r e 
based on measu rement s o f w e i g h t l o s s o r hea t t r a n s f e r d u r i n g 
phase changes a t t e m p e r a t u r e s f r om amb i en t t o o v e r 1000° C . 
S i n c e each m i n e r a l unde rgoe s c e r t a i n phase changes a t a d e f i n i t e 
t e m p e r a t u r e ( o r r ange o f t e m p e r a t u r e s ) , i t i s p o s s i b l e t o d e t e c t 
s p e c i f i c m i n e r a l s i n m i x t u r e s . A monograph d e t a i l i n g 
a p p l i c a t i o n o f v a r i o u s t h e r m a l t e c h n i q u e s t o c o a l , c o a l - r e l a t e d 
m a t e r i a l s , and o t h e r s u b s t a n c e s has been p r e p a r e d by E a r n e s t 
( 5 9 ) . 

I n f r a r e d S p e c t r o s c o p y . A l e a s t - s q u a r e s c u r v e - f i t t i n g a p p r o a c h 
w i t h F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y ( F T - I R ) a p p e a r s t o 
be an e f f e c t i v e method f o r m i n e r a l o g i c a l a n a l y s i s . A s t u d y by 
P a i n t e r e t a l . (60) d e m o n s t r a t e d t h a t t h e method i s r a p i d 
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2. H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 

r e l a t i v e t o o t h e r t e c h n i q u e s and t he r e s u l t s were i n good 
agreement w i t h t h o s e o b t a i n e d f r om o t h e r a n a l y t i c a l m e t h o d s . 
C o n v e n t i o n a l i n f r a r e d s p e c t r o s c o p y has a l s o been s u c c e s s f u l l y 
used t o a n a l y z e m i n e r a l s i n c o a l ( 6 1 ) . 

Mf fssbauer S p e c t r o s c o p y . MCssbaue r s p e c t r o s c o p y has been found 
t o be a v a l u a b l e t o o l i n i d e n t i f y i n g t h e m u l t i p l e i r o n s p e c i e s 
f ound i n c o a l and c o a l - r e l a t e d m a t e r i a l s ( 6 2 , 6 3 ) . A c o m b i n a t i o n 
o f Mf fssbauer s p e c t r o s c o p y and F T - I R has been used t o s t u d y t h e 
l ow t e m p e r a t u r e o x i d a t i o n o f m i n e r a l s i n b i t u m i n o u s c o a l ( 6 4 ) . 

ESCA. E l e c t r o n s p e c t r o s c o p y f o r c h e m i c a l a n a l y s i s (ESCA) has 
been d e m o n s t r a t e d t o be e f f e c t i v e i n a n a l y z i n g m a j o r e l e m e n t s i n 
c o a l o r ash s u r f a c e s h a v i n g d i f f e r e n t c h e m i c a l e n v i r o n m e n t s 
( 6 5 ) . S u l f u r can be d e t e c t e d as t h e s u l f i d e o r s u l f a t e . Ca rbon 
can be d e t e c t e d as g r a p h i t e , c a r b o n y l , c a r b o x y l , o r h y d r o c a r b o n . 

Low T em p e r a t u r e A s h i n g . R a d i o - f r e q u e n c y e x c i t e d l o w - t e m p e r a t u r e 
a s h i n g (LTA) o f c o a l has been e x t e n s i v e l y u t i l i z e d t o p r e p a r e 
s amp l e s f o r m i n e r a l o g i c a l a n a l y s i s ( 2 4 , 6 6 , 6 7 ) . The t e c h n i q u e 
s e l e c t i v e l y removes t h e c a r b o n a c e o u s m a t e r i a l l e a v i n g m i n e r a l 
m a t t e r e s s e n t i a l l y u n a l t e r e d . The p e r c e n t r e s i d u e (%LTA) 
p r o v i d e s t h e b e s t d e t e r m i n a t i o n o f t h e t o t a l m i n e r a l m a t t e r i n a 
c o a l s a m p l e . A new l o w - t e m p e r a t u r e a s h i n g t e c h n i q u e i n v o l v i n g 
g l ow d i s c h a r g e (68) p e r m i t s f a s t e r a s h i n g and l e s s m i n e r a l 
c h a n g e . 

V a r i a t i o n o f M i n e r a l M a t t e r i n I l l i n o i s B a s i n C o a l s 

C o a l , by v i r t u e o f i t s o r i g i n , i s q u i t e h e t e r o g e n e o u s ; i t s 
m i n e r a l c o n t e n t v a r i e s c o n s i d e r a b l y b o t h v e r t i c a l l y and 
l a t e r a l l y w i t h i n c o a l s eams . V e r t i c a l v a r i a t i o n has r e s u l t e d 
f r om changes t h r o u g h t i m e i n t h e c o n t e n t o f m i n e r a l d e t r i t u s 
i n t r o d u c e d i n t o t h e pea t swamp, i n t h e pH, and t o some e x t e n t i n 
t h e s p e c i e s o f v e g e t a t i o n t h a t i n h a b i t e d t h e swamp a t any one 
p l a c e o r t i m e . T h i s v a r i a t i o n has been measured by d e t e r m i n i n g 
t h e d i f f e r e n c e s i n m i n e r a l c o n t e n t i n d i f f e r e n t l a y e r s o r 
benches o f t h e seam a t p a r t i c u l a r p l a c e s . L a t e r a l v a r i a t i o n has 
been measured by a n a l y s i s o f t h e who l e c o a l seam ( c h a n n e l 
s a m p l e s ) f rom one l o c a l i t y t o a n o t h e r . 

V a r i a t i o n s Between Benches o f t h e H e r r i n (No . 6) C o a l . V a r i ­
a t i o n s o f m i n e r a l m a t t e r i n bench s amp l e s c o l l e c t e d f rom t h e 
H e r r i n Coa l seam a t f i v e d i f f e r e n t m ines i n I l l i n o i s were 
r e p o r t e d by G l u s k o t e r e t a l . (3_). The t o t a l m i n e r a l m a t t e r 
(%LTA) v a r i e d between benches a t one s i t e f rom 9 . 2 t o 2 6 . 5 
p e r c e n t ( F i g u r e 5 ) . The v a r i a t i o n s o f s e v e r a l m i n e r a l 
components a t t h e same s i t e a r e a l s o shown i n t h i s f i g u r e . The 
amount o f a r s e n i c i s r e l a t e d t o o r i s a f u n c t i o n o f t h e amount 
o f p y r i t e . O r g a n i c s u l f u r , s i l i c a , and c a l c i u m c o n t e n t s v a r i e d 
o n l y a l i t t l e . Molybdenum ranged f r om 1 t o 49 ppm and was 
c o n c e n t r a t e d a t t h e t o p and bo t tom o f t h e c o a l seam ( F i g u r e 
6 ) . At f o u r o f t h e f i v e s i t e s a n a l y z e d , Ge and Mo were e n r i c h e d 
i n t h e t o p and bo t t om b e n c h e s . 

A c o m p r e h e n s i v e bench s t u d y was u n d e r t a k e n t o e v a l u a t e t h e 
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24 M I N E R A L M A T T E R A N D A S H IN C O A L 

R o o f Shale 

θ] 

% L T A 

10 20 

P y S % O r S % Si %Ca p p m A s p p m M o 

U n d e r c l a y 

F i g u r e 5 . V a r i a t i o n o f l ow t e m p e r a t u r e a sh ( L T A ) , p y r i t i c s u l f u r 
( PyS) and o t h e r i n o r g a n i c c o n s t i t u e n t s i n benches o f t h e H e r r i n 
(No . 6) C o a l a t one s i t e ( c o m p i l e d f r o m G l u s k o t e r e t a l . {3). 
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H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 
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26 M I N E R A L M A T T E R A N D A S H IN C O A L 

v a r i a t i o n s o f m i n e r a l s w i t h i n t h e seam a l o n g a 7 0 0 - f o o t t r a v e r s e 
i n one o p e r a t i n g m i n e . F i v e t o s i x benches were samp led a t f o u r 
s i t e s a l o n g t h e t r a v e r s e t h a t c r o s s e d a m a j o r change i n t h e t y p e 
o f r o o f s h a l e . The seam was o v e r l a i n a t two o f t h e s i t e s by a 
b l a c k s h a l e o f m a r i n e o r i g i n and at t he o t h e r two s i t e s by a 
g r a y s h a l e o f nonmar i ne ( p r o b a b l y f l u v i a l ) o r i g i n . 
I d e n t i f i c a t i o n and c o r r e l a t i o n o f p e t r o l o g i c benches w i t h i n t h e 
c o a l seam by J ohnson (69) p r o v i d e d a b a s i s f o r d e t a i l e d s t u d y o f 
t h e m i n e r a l s i n t h e c o a l (_5_). The v a r i a t i o n o f t h e m i n e r a l s i s 
d i s t i n c t l y c o r r e l a t e d a l o n g t h e t r a v e r s e ( F i g u r e 6 ) . 

E x c l u d i n g t h e m a j o r s h a l e p a r t i n g , t h e r a t i o o f t h e 
maximum/minimum c o n c e n t r a t i o n f o r d i f f e r e n t benches a l o n g t h e 
t r a v e r s e v a r i e s c o n s i d e r a b l y . In g e n e r a l , t h e r a t i o v a r i e s f o r 
ash f r om 2 t o 5 and f o r S i f r om 1 t o 4; bu t f o r p y r i t i c S and Fe 
i t v a r i e s f r om 3 t o 1 5 , and f o r many t r a c e e l e m e n t s such as A s , 
Mo, V, U, and Z r i t v a r i e s up t o 20 o r m o r e . 

M i n e r a l V a r i a t i o n o f Channe l Samp les From the H e r r i n and 
S p r i n g f i e l d C o a l s i n t he I l l i n o i s B a s i n . Bo th t h e H e r r i n Coal 
(No .6 i n I l l i n o i s , No. 11 i n K e n t u c k y ) and t h e S p r i n g f i e l d Coa l 
( N o . 5 i n I l l i n o i s and I n d i a n a , No. 9 i n K e n t u c k y ) e x t e n d o ve r 
much o f t h e I l l i n o i s B a s i n Coa l F i e l d . These two seams a c c o u n t 
f o r more t h an 90 p e r c e n t o f t h e c o a l p r oduced and about 75 
p e r c e n t o f t h e r e m a i n i n g r e s o u r c e s i n t h e f i e l d . 

A l a r g e number (226) o f l o c a l i t i e s i n t h e s e two seams f r om 
t h r o u g h o u t t h e b a s i n were samp led and a n a l y z e d f o r t h e i r m i n e r a l 
and t r a c e e l emen t c o n t e n t s . The m i n e r a l s were s e p a r a t e d f rom 
t h e c o a l by LTA and t h i s r e s i d u e was q u a n t i t a t i v e l y a n a l y z e d by 
X - r a y d i f f r a c t i o n methods (5_). The v a r i a b i l i t y o f b o t h seams i s 
shown by t h e c o n t r a s t i n g means and r a n g e s o f t h e m i n e r a l 
c o m p o s i t i o n i n t h e s e v e r a l r e g i o n s o f t h e B a s i n . In each o f t h e 
r e g i o n s c o n s i d e r e d a l l m i n e r a l components v a r i e d by s e v e r a l 
p e r c e n t a g e p o i n t s . The q u a n t i t y o f c l a y m i n e r a l s ( t o t a l o f 
k a o l i n i t e , i l l i t e and m i xed l a y e r c l a y m i n e r a l s ) has t h e 
g r e a t e s t v a r i a t i o n , 5 t o 16% f o r t h e H e r r i n ( T a b l e I I I ) and 3 t o 
19% f o r t h e S p r i n g f i e l d ( T a b l e I V ) . The l o w e r mean p y r i t e 
c o n t e n t o f t h e H e r r i n i n s o u t h c e n t r a l I l l i n o i s i s 
s i g n i f i c a n t . P y r i t e i s l o w e r i n t h i s r e g i o n , as i s t h e t o t a l 
s u l f u r , b e cau se o f t h e t h i c k nonmar i ne s h a l e t h a t o v e r l i e s t h e 
seam i n t h i s a r e a . Each o f t h e o t h e r m i n e r a l phases a l s o t e n d s 
t o have a l ow c o n c e n t r a t i o n i n t h i s r e g i o n as w e l l . P y r i t e 
c o n t e n t o f t h e S p r i n g f i e l d Coa l i s a l s o l o w e s t i n s o u t h c e n t r a l 
I l l i n o i s ( T a b l e IV) f o r t h e same r e a s o n . Bo th q u a r t z and 
c a l c i t e c o n t e n t s i n t h i s seam a r e l ow i n s o u t h w e s t e r n I n d i a n a 
and i n w e s t e r n K e n t u c k y . C a l c i t e and q u a r t z c o n t e n t s o f b o t h 
t h e H e r r i n and S p r i n g f i e l d C o a l s show t h e l e a s t v a r i a t i o n , w i t h 
a s t a n d a r d d e v i a t i o n o f 1 p e r c e n t o r l e s s o v e r t h e e n t i r e b a s i n . 

S y s t e m a t i c v a r i a t i o n o f an i n o r g a n i c c o n s t i t u e n t i n a seam 
t h r o u g h o u t t h e e n t i r e b a s i n i s b e s t i l l u s t r a t e d by r e s u l t s o f 
c h l o r i n e ( F i g u r e 7 ) . C h l o r i n e and Na c o n t e n t s i n t h e H e r r i n 
seam a r e c l o s e l y a s s o c i a t e d w i t h t h e s e e l e m e n t s i n g r o u n d ­
w a t e r . The i n c r e a s i n g CI and Na c o n t e n t o f t h e seam w i t h d e p t h 
i s a f u n c t i o n o f t h e i n c r e a s i n g s a l i n i t y o f g r o u n d w a t e r w i t h 
d e p t h i n t h e I l l i n o i s B a s i n . T h i s v a r i a b i l i t y o f CI and Na w i t h 
d e p t h a l s o a p p l i e s t o t he d eepe r S p r i n g f i e l d Coa l (_5_). 
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F i g u r e 7 . A r e a l d i s t r i b u t i o n o f c h l o r i n e i n t h e H e r r i n Coa l (5_). 
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30 M I N E R A L M A T T E R A N D A S H IN C O A L 

V a r i a b i l i t y Between Coa l Seams i n t h e I l l i n o i s B a s i n . The 
v a r i a b i l i t y o f m i n e r a l m a t t e r be tween d i f f e r e n t seams i n t h e 
I l l i n o i s B a s i n o t h e r t han t h e S p r i n g f i e l d and H e r r i n seams has 
no t been e x t e n s i v e l y s t u d i e d . Assuming t h e a sh c o n t e n t i s a 
f i r s t a p p r o x i m a t i o n t o t h e t o t a l m i n e r a l m a t t e r , a c o m p i l a t i o n 
by We i r (70) o f t h e a sh c o n t e n t s o f I n d i a n a C o a l s ( F i g u r e 8) 
i l l u s t r a t e s t h e r anges and t h e means f o r 13 d i f f e r e n t ma j o r 
seams and g r o u p s o f seams by f o r m a t i o n . The a sh c o n t e n t 
g e n e r a l l y v a r i e s w i t h i n a r ange o f 15 p e r c e n t o r more f o r each 
seam. The seams i n t h e uppermos t P e n n s y l v a n i a n s t r a t a 
(Mc Lean sbo r o Group) have t h e g r e a t e s t a v e r a g e ash c o n t e n t ( 28%) . 

C o m p a r i s o n s o f M i n e r a l M a t t e r i n O the r U . S . C o a l s 

M i n e r a l s . Few a n a l y s e s o f t h e m i n e r a l c o n t e n t s a r e a v a i l a b l e 
d e s p i t e t h e abundance o f e l e m e n t a l a n a l y s e s e x p r e s s e d as o x i d e s 
o f h i g h t e m p e r a t u r e a she s ( 7 1 , 7 2 ) . Sp runk and O ' D o n n e l l (30) 
d e s c r i b e d and i l l u s t r a t e d t h e m i c r o s c o p i c o c c u r r e n c e s o f 
m i n e r a l s i n many U . S . c o a l s , e s p e c i a l l y k a o l i n i t e , p y r i t e , 
c a l c i t e , s i d e r i t e , and q u a r t z . O'Gorman and Wa l ke r ( 73 ) 
q u a n t i t a t i v e l y i d e n t i f i e d 14 d i f f e r e n t m i n e r a l phases i n d u l l 
d u r a i n and c l a r a i n l a y e r s i n 12 s amp l e s f r om m i ne s i n K e n t u c k y , 
P e n n s y l v a n i a , West V i r g i n i a , No r th D a k o t a , and Wyoming. 

A c c u r a t e and d e t a i l e d c o m p a r i s o n s o f m i n e r a l c o n t e n t s i n 
c o a l s f r om a l l U . S . c o a l f i e l d s w i l l r e q u i r e y e a r s o f 
c o o r d i n a t e d work t o g e n e r a t e t h e needed a n a l y t i c a l d a t a . To 
d a t e , t h e r e a r e i n s u f f i c i e n t d a t a and d é f i c i e n c e s i n t h e 
p r e c i s i o n o f t h e m i n e r a l d a t a . S t a n d a r d i z e d methods o f a n a l y s i s 
a r e n e e d e d . F i n k l e m a n e t a l . (74) d e s c r i b e d t h e f i r s t a t t e m p t 
t o w a r d t h i s g o a l . A t t h i s t i m e , o n l y r u d i m e n t a r y c o m p a r i s o n s o f 
m i n e r a l s i n c o a l s f r om d i f f e r e n t f i e l d s can be made, p r e f e r a b l y 
ba sed on a n a l y s e s made i n a s i n g l e l a b o r a t o r y , u s i n g c o n s i s t e n t 
s a m p l i n g and a n a l y t i c a l m e t h o d s . 

G l u s k o t e r e t a l . (3) s t u d i e d t h e t r a c e e l e m e n t s i n some 40 
o r more s amp l e s o f c o a l f r om m ines i n e a s t e r n and w e s t e r n c o a l 
f i e l d s ; we have d e t e r m i n e d t h e m i n e r a l phases i n t h e s e and a few 
a d d i t i o n a l s a m p l e s . These r e s u l t s and t h o s e o f t h e two ma in 
I l l i n o i s c o a l s a r e summar i zed i n T a b l e V . Based on t h i s l i m i t e d 
number o f s a m p l e s , t h e f o l l o w i n g c o m p a r i s o n s can be made: 

( a ) T o t a l m i n e r a l m a t t e r , e x p r e s s e d by LTA, i s h i g h e s t i n 
t h e t h r e e s amp l e s f r om t h e n o r t h e r n p a r t ( Iowa) o f t h e 
Wes t e r n I n t e r i o r B a s i n . S e v e r a l o t h e r c o a l seams 
o c c u r r i n g i n o t h e r p a r t s o f t h i s b a s i n i n I owa , 
Ok l a homa , and A r k a n s a s , a r e known t o c o n t a i n much l o w e r 
a sh c o n t e n t s t han s u g g e s t e d by t h e t h r e e s amp l e s 
r e p o r t e d h e r e . 

( b ) The a v e r a g e p y r i t e c o n t e n t i s l ow (< 1%) i n samp le s f r om 
v a r i o u s seams i n t h e N o r t h e r n G rea t P l a i n s , t h e s o u t h e r n 
p a r t o f C e n t r a l A p p a l a c h i a n B a s i n ( t h e P o c a h o n t a s seam 
i n s o u t h e r n West V i r g i n i a ) , and t h e B l a c k Mesa B a s i n . 
Nonmar ine s t r a t a o v e r l i e most seams i n t h e s e a r e a s . The 
p y r i t e c o n t e n t was h i g h e s t i n s amp l e s f r om Iowa , t h e 
I l l i n o i s B a s i n , and t h e P i t t s b u r g h ( N o . 8) seam i n t h e 
C e n t r a l A p p a l a c h i a n B a s i n . Seams i n t h e W a r r i o r B a s i n 
o f A labama e x h i b i t a w i de v a r i a t i o n i n p y r i t e c o n t e n t . 
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32 M I N E R A L M A T T E R A N D A S H IN C O A L 

( c ) C a l c i t e o c c u r r e d i n some samp l e s f r om a l l b a s i n s t e s t e d 
e x c e p t t h o s e f rom Tennessee ( S o u t h e r n A p p a l a c h i a n 
B a s i n ) , D e s p i t e t h e s i m i l a r i t y i n r ange o f c a l c i t e 
c o n t e n t s f r om t h e o t h e r b a s i n s , s amp l e s f r om Iowa 
(Wes t e r n I n t e r i o r ) and t he I l l i n o i s B a s i n a v e r a g e h i g h e r 
t h a n o t h e r s . 

( d ) Q u a r t z c o n t e n t was r a t h e r s i m i l a r i n s amp l e s f r om t h e 
d i f f e r e n t b a s i n s . The few samp l e s f rom Iowa were most 
e n r i c h e d w i t h q u a r t z . 

These r e s u l t s a r e i n good agreement w i t h t h o s e o f G l i c k and 
D a v i s (75) who made a c o m p r e h e n s i v e s t a t i s t i c a l a n a l y s i s o f t h e 
i n o r g a n i c c o n s t i t u e n t s i n 335 who l e - s eam samp l e s (The P e n n s y l ­
v a n i a S t a t e U n i v e r s i t y Coa l Sample B a n k ) . In a d d i t i o n t o t h o s e 
m i n e r a l s l i s t e d h e r e i n T a b l e V, G l i c k and D a v i s d i s t i n g u i s h e d 
gypsum ( a l l s u l f a t e s ) and k a o l i n i t e . They f ound t h e c o n t e n t o f 
k a o l i n i t e was m o s t l y l e s s t h an 15% o f t h e m i n e r a l s e x t r a c t e d by 
LTA i n c o a l s f r om t h e Wes te rn I n t e r i o r B a s i n and t h e I l l i n o i s 
B a s i n as compared t o c o a l s f r om t h e A p p a l a c h i a n and w e s t e r n 
b a s i n s where k a o l i n i t e m o s t l y c o m p r i s e d more t h a n 15 p e r c e n t o f 
t h e LTA. 

M i n o r E l e m e n t s . G l i c k and D a v i s ( 75 ) documented t h e v a r i a t i o n 
o f f i v e o f t h e m i n o r e l e m e n t s i n c o a l a s h , e x p r e s s e d as o x i d e s , 
by p l o t t i n g t h e c o n c e n t r a t i o n on t r i a n g u l a r d i a g r a m s . The ash 
c o m p o s i t i o n i s r e m a r k a b l y s i m i l a r f o r c o a l s amp l e s f r om f i v e 
m a j o r c o a l p r o v i n c e s ( F i g u r e 9 ) . Some samp le s f r om t h e Wes te rn 
I n t e r i o r P r o v i n c e ( Iowa) c o n t a i n r e l a t i v e l y l a r g e amounts o f 
F e 2 0 3 , CaO, and MgO; some f rom t h e Rocky M o u n t a i n P r o v i n c e 
(Wes t e rn Wyoming, C o l o r a d o , U t a h , New M e x i c o , and A r i z o n a ) a r e 
e n r i c h e d i n S i O o ; and some f rom t h e A p p a l a c h i a n B a s i n a r e 
e n r i c h e d i n A l 2 ^ 3 · However , t h e r e i s a v e r y l a r g e a r e a on t h e 
t r i a n g u l a r d i a g r a m where samp le s f rom a l l p r o v i n c e s e x h i b i t 
o v e r l a p p i n g c o m p o s i t i o n ( F i g u r e 9 ) . 

C o m p i l a t i o n s by Swanson e t a l . ( 7 6 ) and Ha rvey e t a l . (_5_) 
p r o v i d e a b a s i s t o compare t h e a v e r a g e c o n c e n t r a t i o n s o f o t h e r 
m i n o r e l e m e n t s i n U .S . c o a l s ( T a b l e V I ) . The f o l l o w i n g 
g e n e r a l i z a t i o n s can be drawn f rom t h e s e c o m p i l a t i o n s : 

( a ) S u l f u r i s d i s t i n c t l y l o w e r i n w e s t e r n c o a l s , h i g h e r i n 
I l l i n o i s B a s i n c o a l s , and i n t e r m e d i a t e i n A p p a l a c h i a n 
c o a l s . On t h e a v e r a g e , s u l f u r i s l o w e s t i n c o a l s f r om 
t h e Rocky M o u n t a i n s and n ex t t o l o w e s t i n l i g n i t e s f r om 
t h e N o r t h e r n G r e a t P l a i n s . 

( b ) I r o n t e n d s t o be l o w e s t i n Rocky Moun t a i n c o a l s ( m o s t l y 
s u b b i t u m i n o u s bu t a l s o some l i g n i t e and b i t u m i n o u s 
c o a l s ) . Changes i n i r o n appea r t o f o l l o w t h o s e o f 
s u l f u r b e c au se p a r t o f t h e i r o n i s i n p y r i t e . 

( c ) C a l c i u m t e n d s t o be h i g h e s t i n N o r t h e r n G r e a t P l a i n s 
l i g n i t e s and l o w e s t i n b i t u m i n o u s c o a l s i n t h e 
A p p a l a c h i a n r e g i o n . 

( d ) Magnes ium t e n d s t o be h i g h e s t i n c o a l s f r om t h e Rocky 
M o u n t a i n s and l o w e s t i n t h e t h o s e f rom t h e I l l i n o i s 
B a s i η. 

( e ) Sod ium and c h l o r i n e t e n d t o be h i g h e s t i n c o a l s f r om 
t h e I l l i n o i s B a s i n . 
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2. H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 33 

Coals in 
M c L e a n s b o r o G r . 

Danvi l le coal (VII) 

H y m e r a coal (VI) 

Spr ingf ie ld coal (V) 

H o u c h i n Creek coal 

Survant coal (IV) 

Colchester coal 

Seelyvi l le coal (III) 

Coals in S taunton F m . 

Minshal l coal 

U p p e r B lock coal 

Lower B lock coal 

Coals in Mansf ie ld F m . 

0 10 2 0 30 4 0 5 0 

Percentage A s h 

F i g u r e 8 . Range i n v a l u e and mean v a l u e o f p e r c e n t a g e o f a s h i n 
I n d i a n a C o a l s , d r y b a s i s , a f t e r W i e r ( 7 0 ) . 

S i 0 2 

A l 2 0 3 50 F e 2 0 3 + C a O + M g O 

F i g u r e 9 . V a r i a t i o n o f p r i n c i p a l i n o r g a n i c c o n s t i t u e n t s i n c o a l 
ash f r om v a r i o u s U . S . c o a l b a s i n s and r e g i o n s ( c o m p i l e d f r o m 
G l i c k and D a v i s ( 7 5 ) . 

τ — η 
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2. H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 

T r a c e E l e m e n t s . The mean c o n c e n t r a t i o n s o f s e l e c t e d t r a c e 
e l e m e n t s i n some U . S . c o a l s a r e l i s t e d i n T a b l e V I I i n o r d e r o f 
d e c r e a s i n g a v e r a g e abundance i n I l l i n o i s B a s i n c o a l s . In t h e 
d i f f e r e n t r e g i o n s , t h e e l e m e n t s d e c r e a s e i n abundance i n n e a r l y 
t h e same o r d e r w i t h t h e n o t a b l e e x c e p t i o n s o f Zn and S r . Z i n c 
o c c u r s i n some c hanne l s amp l e s f r om m ine s i n I l l i n o i s i n amounts 
up t o 800 ppm, w h i c h r e s u l t s i n a h i g h e r mean c o n c e n t r a t i o n o f 
z i n c i n I l l i n o i s B a s i n c o a l s as compared t o w e s t e r n and 
A p p a l a c h i a n c o a l s . S t r o n t i u m a v e r a g e s u n u s u a l l y l ow i n 
abundance i n I l l i n o i s C o a l s . The bo r on c o n t e n t i s a l s o h i g h i n 
I l l i n o i s B a s i n c o a l s be cause o f t h e a p p a r e n t s a t u r a t i o n o f t h e 
o r i g i n a l pea t d e p o s i t by sea w a t e r d u r i n g t h e e a r l y s t a g e o f 
c o a l i f i c a t i o n . I t i s o f i n t e r e s t t h a t t h e mean c o n c e n t r a t i o n o f 
Pb, C r , N i , and As a r e 3 t o 5 t i m e s as h i g h i n A p p a l a c h i a n and 
I l l i n o i s B a s i n c o a l s as i n t h e two w e s t e r n r e g i o n s ( T a b l e 
V I I ) . T h i s d i f f e r e n c e f o r C r i s t empe red by t h e s i m i l a r i t y o f 
t h i s e l e m e n t ' s r ange i n t h e d i f f e r e n t r e g i o n s , y e t even t h e 
r a nge s f o r Pb , N i , and As a r e n o t a b l y l o w e s t i n t h e w e s t e r n 
c o a l s . 

Summary 

The s u i t e o f m i n e r a l s o c c u r r i n g as i m p u r i t i e s i n U .S . c o a l s o f 
c omme r c i a l q u a l i t y i s m o d e r a t e l y c o n s i s t e n t ; t h i s s u i t e 
i n c l u d e s q u a r t z , c a l c i t e , p y r i t e , v a r i o u s c l a y m i n e r a l s 
i n c l u d i n g k a o l i n i t e , i l l i t e , and v a r i e t i e s o f i l 1 i t e - s m e c t i t e 
m i x e d - l a y e r c l a y m i n e r a l s . The w e a t h e r i n g o f p y r i t e p r o d u c e s 
some s u l f a t e m i n e r a l s i n many c o a l s . S e v e r a l o t h e r m i n e r a l s a r e 
p r e s e n t i n most c o a l s i n t r a c e amoun t s . 

P y r i t e c o n t e n t s v a r y m o s t ; and t h e l a r g e s t p e r c e n t a g e o f 
p y r i t e o c c u r s as n o d u l e s a n d / o r f i s s u r e s a l o n g c l e a t j o i n t s i n 
t h e c o a l . T h i s v a r i a t i o n i s l a r g e l y e x p l a i n e d by t h e v a r i a b l e 
g e o l o g i c a l c o n d i t i o n s t h a t p r e v a i l e d d u r i n g t h e t i m e t h e 
o r i g i n a l beds o f pea t were b u r i e d . I f t h e peat was b u r i e d by 
muds d e p o s i t e d f rom f r e s h w a t e r r i v e r s o r l a k e s , l i t t l e s u l f u r 
was i n t r o d u c e d i n t o t h e p e a t ; whe reas i f t h e peat was b u r i e d by 
muds f rom s u l f a t e - b e a r i n g sea w a t e r , c o n s i d e r a b l e s u l f u r was 
i n t r o d u c e d . 

Wes t e r n c o a l s t e n d not t o c o n t a i n c a l c i t e , bu t a r e e n r i c h e d 
i n c a l c i u m a s s o c i a t e d w i t h t h e o r g a n i c m a t t e r . C a l c i t e i n 
I l l i n o i s B a s i n c o a l s o c c u r s i n c l e a t j o i n t s and i n n o d u l e s 
w i t h i n t h e c o a l seams; k a o l i n i t e i s a l s o abundan t a l o n g t h e s e 
j o i n t s . Because o f t h e s e o c c u r r e n c e s , t h e c o n c e n t r a t i o n s o f 
c a l c i t e , k a o l i n i t e , and p y r i t e i n c l e a n e d c o a l p r o d u c t s f r om 
t h i s b a s i n a r e much r educed compared t o t h a t o f t h e m i n e - r u n 
m a t e r i a l . 

Uncommon m i n e r a l phases i n t r a c e amounts a r e d i f f i c u l t t o 
d e t e c t by r o u t i n e m e t h o d s , bu t t h e s e m i n e r a l s r e s u l t i n 
m e a s u r a b l e amounts o f t r a c e e l emen t s i n c o a l s ( 3 2 ) . These t r a c e 
m i n e r a l phases may be q u i t e i m p o r t a n t i n e n g i n e e r i n g p r o c e s s e s 
u t i l i z i n g c o a l . 

I n o r g a n i c e l e m e n t s i n ash f rom a l l U .S . c o a l f i e l d s v a r y 
s i g n i f i c a n t l y , and ea ch d e p o s i t must be a n a l y z e d t o o b t a i n 
s u f f i c i e n t l y a c c u r a t e a s s e s smen t o f t h e i r a b u n d a n c e . Some c o a l 
seams show uncommon e n r i c h m e n t s i n some m e t a l l i c e l e m e n t s , 
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2. H A R V E Y A N D R U C H Mineral Matter in U.S. Coals 

n o t a b l y i r o n i n some Wes te rn I n t e r i o r c o a l s , s i l i c o n i n some 
Rocky M o u n t a i n c o a l s , and a luminum i n some A p p a l a c h i a n c o a l s . 

We recommend f u t u r e r e s e a r c h on m i n e r a l m a t t e r i n c o a l s be 
d i r e c t e d t o w a r d i m p r o v i n g t h e methods t o more a c c u r a t e l y 
d e t e r m i n e t he m i n e r a l c o m p o s i t i o n . Lower d e t e c t i o n l i m i t s f o r 
t r a c e m i n e r a l s a r e n e e d e d , as i s b e t t e r p r e c i s i o n f o r 
q u a n t i t a t i v e d e t e r m i n a t i o n s . S t a n d a r d methods o f a n a l y s i s o f 
m i n e r a l phases i n c o a l wou ld a s s i s t i n t h i s w o r k . F u t u r e 
r e s e a r c h u t i l i z i n g c o m p u t e r - a s s i s t e d SEM, a c compan i ed by X - r a y 
f l u o r e s c e n c e a n a l y s i s , s h o u l d be i n c r e a s i n g l y a p p l i e d t o p r o v i d e 
much needed d a t a on m i n e r a l s i n c o a l s . L a s t l y , we recommend 
r e s e a r c h be u n d e r t a k e n t o i d e n t i f y m i n e r a l v a r i a b i l i t y i n c o a l 
seams w i t h i n l o c a l a r e a s . A l t h o u g h some g e o l o g i c a l f a c t o r s have 
been i d e n t i f i e d t h a t c o n t r o l t h e v a r i a t i o n o f some i n o r g a n i c 
e l e m e n t s i n c o a l s , much a d d i t i o n a l work needs t o be done on t h i s 
t o p i c . M u l t i d i s c i p l i n a r y s t u d i e s by c h e m i s t s and g e o l o g i s t s 
wou ld l i k e l y r e v e a l u s e f u l g e o l o g i c a l c o n t r o l s o f m i n e r a l 
v a r i a t i o n s t h a t a r e not now r e c o g n i z e d . S u c c e s s i n t h e s e t y p e s 
o f s t u d i e s wou ld g r e a t l y i m p r o v e o u r a b i l i t y t o p r e d i c t t h e 
q u a l i t y o f c o a l f r om u n t e s t e d a r e a s o f t h e seam. 
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3 
Geologic Controls on the Inorganic Composition 
of Lower Kittanning Coal 

Susan M. Rimmer1 and Alan Davis 2 

1Department of Geology, University of Kentucky, Lexington, ΚY 40506 
2Department of Geosciences, The Pennsylvania State University, University Park, 
PA 16802 

Lateral trends in mineral composition of the 
Lower Kittanning seam can be related to depositional 
environments. Syngenetic pyrite formation occurred 
in areas where the overlying shales indicate brackish 
conditions existed; marcasite formed epigenetically. 
Quartz content increases towards a northern source 
area which is coincident with a basement high. 
Kaolinite, the major clay component, is predominantly 
authigenic and increases towards the margins of the 
depositional basin where it was stable in the low pH, 
freshwater areas of the peat swamp. I l l i te/mica is 
mostly detrital (as indicated by the high-temperature 
polytype) and increases towards the center of the 
basin due to its greater s tabi l i ty in marine­
-influenced environments. Low expandable clay 
contents are consistent with the level of 
metamorphism experienced by this coal. 

The m i n e r a l c o m p o s i t i o n o f c o a l i s t h e r e s u l t o f p h y s i c a l , c h e m i c a l 
and b i o l o g i c a l p r o c e s s e s a c t i n g on t h e s y s t e m f r om t h e t i m e o f p e a t 
a c c u m u l a t i o n , t h r o u g h b u r i a l and s u b s e q u e n t i n c r e a s e i n me t amo rph i c 
l e v e l , t o t h e p r e s e n t . W i t h r e s p e c t t o o r i g i n , i n o r g a n i c 
c o n s t i t u e n t s may be c l a s s i f i e d as d e t r i t a l ( t h o s e t r a n s p o r t e d i n t o 
t h e p e a t swamp) o r a u t h i g e n i c ( t h o s e f o rmed w i t h i n t h e e n v i r o n m e n t ) . 
Mackowsky (I) f u r t h e r d i f f e r e n t i a t e s be tween s y n g e n e t i c m i n e r a l s , 
f o rmed d u r i n g t h e a c c u m u l a t i o n o f p e a t , and e p i g e n e t i c m i n e r a l s , 
w h i c h f o rmed l a t e r . 

In r e c e n t y e a r s , t h e q u e s t i o n has been r a i s e d as t o w h e t h e r mos t 
o f t h e s i l i c a t e m i n e r a l s i n c o a l a r e d e r i v e d f r om i n o r g a n i c 
s u b s t a n c e s o r i g i n a l l y c o n t a i n e d w i t h i n p e a t - f o r m i n g p l a n t s ( 2 ^ 4 ) , o r 
f r om s o u r c e s o u t s i d e t h e p e a t swamp ( 5 - 6 ) . 

S t u d i e s o f modern p e a t - f o r m i n g e n v i r o n m e n t s have empha s i z ed t h e 
i m p o r t a n c e o f d e t r i t a l i n f l u x ( 6 - 7 ) , s y n g e n e t i c f o r m a t i o n o f p y r i t e 
(8 ) and b i o g e n i c s i l i c a ( Λ 9 ) , and i n - s i t u m i x i n g w i t h u n d e r l y i n g 
s e d i m e n t s ( 7 , 1 0 ) t o a c c o u n t f o r m i n e r a l c o n s t i t u e n t s i n p e a t . W i t h i n 

0097-6156/ 86/ 0301 -0041 $06.00/0 
© 1986 American Chemical Society 
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42 M I N E R A L M A T T E R A N D A S H IN C O A L 

t h e p e a t e n v i r o n m e n t u n s t a b l e d e t r i t a l c l a y s , such as s m e c t i t e and 
i l l i t e , may unde rgo a l t e r a t i o n o r d i s s o l u t i o n ( 6 , 1 1 ) , whe reas 
k a o l i n i t e may f o rm a u t h i g e n i c a l l y ( 2 , 1 2 ) . In a d d i t i o n , b i o g e n i c 
s i l i c a d i s s o l v e s , p o s s i b l y c o n t r i b u t i n g t o l a t e r a u t h i g e n i c c l a y 
f o r m a t i o n ( 6 , 9 ) ; i n c o a l s , a u t h i g e n i c k a o l i n i t e i n c l e a t s i s common 
( 1 3 - 1 4 ) . C l a y s may a l s o f o rm by a l t e r a t i o n o f v o l c a n i c a l l y - d e r i v e d 
m a t e r i a l w i t h i n t h e p e a t swamp ( 1 5 - 1 6 ) . 

Whereas many a u t h o r s have empha s i z e d t h e g r e a t c o n t r i b u t i o n o f 
d e t r i t u s t o t h e m i n e r a l c o n t e n t o f some c o a l s , such as t h e Waynesburg 
( 5 J , t h e e x i s t e n c e o f c o a l s w i t h l i t t l e o r no i d e n t i f i a b l e d e t r i t a l 
i n p u t , s u ch as t h e I n d i a n a B l o c k c o a l ( Γ7 ) , has l e d o t h e r a u t h o r s 
( 3 - 4 ) t o s u g g e s t t h a t t h e i n o r g a n i c p o r t i o n o f swamp p l a n t s i s an 
i m p o r t a n t s o u r c e o f a s h c o n s t i t u e n t s i n t h e c o a l ( i n c l u d i n g q u a r t z 
and c l a y s ) . I t i s s u g g e s t e d t h a t t h i s i s p a r t i c u l a r l y i m p o r t a n t i n 
t h e c a s e o f l o w - a s h , c o m m e r c i a l - q u a l i t y c o a l s ( 2 ) . A r e c e n t 
c a t h o d o l u m i n e s c e n c e s t u d y i n c i c a t e s t h a t mos t o f t h e q u a r t z t h a t i s 
i n t i m a t e l y m i x ed w i t h t h e o r g a n i c p o r t i o n o f t h e c o a l ( i . e . n o t 
a s s o c i a t e d w i t h a t t r i t a l c o a l l a y e r s ) i s i n d e e d . a u t h i g e n i c , and 
p r o b a b a l y d e r i v e d f r om c o n s t i t u e n t s o r i g i n a l l y c o n t a i n e d i n t h e 
p l a n t s ( 1 8 ) . 

I t a p p e a r s , t h e r e f o r e , t h a t s e v e r a l o r i g i n s a r e p o s s i b l e f o r 
m i n e r a l s i n p e a t and c o a l , i n c l u d i n g d e t r i t a l i n f l u x , b i o g e n i c i n p u t , 
and p r e c i p i t a t i o n e i t h e r d u r i n g o r a f t e r p e a t a c c u m u l a t i o n , i n c l u d i n g 
some c o n t r i b u t i o n f r om i n o r g a n i c s u b s t a n c e s d e r i v e d f r om p l a n t s . 
V a r i o u s s t u d i e s have a t t e m p t e d t o r e l a t e i n o r g a n i c c o m p o s i t i o n t o 
c o n d i t i o n s t h a t e x i s t e d a t t h e t i m e o f p e a t a c c u m u l a t i o n . P y r i t e has 
been a s s o c i a t e d w i t h m a r i n e and b r a c k i s h c o n d i t i o n s ( 8 , 1 9 ) , and t h e 
p y r i t e c o n t e n t o f c o a l has been r e l a t e d t o r o o f l i t h o l o g i e s w h i c h 
r e f l e c t t h o s e c o n d i t i o n s ( 2 0 - 2 1 ) . C l a y a s s e m b l a g e s i n c o a l s and 
u n d e r c l a y s a l s o have been r e l a t e d t o d e p o s i t i o n a l e n v i r o n m e n t 
( 1 4 , 2 2 ) . 

The pu r po s e o f t h i s p a p e r i s t o d e s c r i b e v a r i a b i l i t y i n t h e 
i n o r g a n i c c o n t e n t o f t h e Lower K i t t a n n i n g c o a l seam i n w e s t e r n 
P e n n s y l v a n i a and a t t e m p t t o e x p l a i n t h e d i s t r i b u t i o n o f m i n e r a l s , 
t a k i n g i n t o c o n s i d e r a t i o n d e p o s i t i o n a l e n v i r o n m e n t and l e v e l o f 
me t amo rph i sm . The Lower K i t t a n n i n g p e a t a c c u m u l a t e d on a d e l t a 
p l a i n ; as t h e sea t r a n s g r e s s e d f r om t h e w e s t , t h e p e a t was l a t e r 
c o v e r e d by t h e Lower K i t t a n n i n g S h a l e . F o s s i l i n v e r t e b r a t e s i n t h i s 
s h a l e u n i t i n d i c a t e f r e s h w a t e r , b r a c k i s h and m a r i n e c o n d i t i o n s 
e x i s t e d a c r o s s t h e s t u d y a r e a ( 2 3 ) . S t r u c t u r a l f e a t u r e s o f t h e b a s i n 
may have s t r o n g l y i n f l u e n c e d s e d i m e n t a t i o n ( 2 4 ) . D u r i n g a c c u m u l a t i o n 
o f Lower K i t t a n n i n g s e d i m e n t s and p e a t , t h e g r e a t e s t amount o f 
s u b s i d e n c e i s b e l i e v e d t o have o c c u r r e d i n t h e w e s t e r n and 
s o u t h w e s t e r n p a r t s o f w e s t e r n P e n n s y l v a n i a , where t h e basement i s now 
more d e e p l y b u r i e d , l e a v i n g t h e edges o f t h e b a s i n t o p o g r a p h i c a l l y 
h i g h e r ( 2 4 ) . Bougue r g r a v i t y and s e d i m e n t t h i c k n e s s d a t a p r o v i d e 
s u p p o r t f o r t h i s i n c r e a s e d s u b s i d e n c e . Basement h i g h s , a l s o 
i n d i c a t e d by g r a v i t y a n o m a l i e s , r e p r e s e n t a s e cond c o n t r o l on 
s e d i m e n t a t i o n . Such a h i g h e x i s t s i n t h e n o r t h - c e n t r a l p a r t o f 
w e s t e r n P e n n s y l v a n i a and may have s u p p l i e d d e t r i t a l m a t e r i a l t o t h e 
swamp, s u p p l e m e n t i n g a p r e d o m i n a n t l y e a s t e r n s e d i m e n t s o u r c e . 
A d d i t i o n a l c o n t r o l s on s e d i m e n t a t i o n a p p e a r t o be a c t i v e f o l d s and 
l o c a l v a r i a t i o n s i n p a l e o t o p o g r a p h y ( 2 4 ) . 
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3. R I M M E R A N D DAVIS Inorganic Composition of Lower Kittanning Coal 43 

S a m p l i n g and Methods 

F o r t y - t h r e e c h a n n e l s amp l e s o f t h e P e n n s y l v a n i a n - a g e Lower K i t t a n n i n g 
c o a l ( K i t t a n n i n g F o r m a t i o n , A l l e g h e n y Group) were c o l l e c t e d i n 
w e s t e r n P e n n s y l v a n i a . Samp les a r e r e p r e s e n t a t i v e o f t h e t h r e e 
s u g g e s t e d d e p o s i t i o n a l e n v i r o n m e n t s ( F i g u r e 1) and a l s o o f t h e 
i n c r e a s e i n r ank f r om h i g h v o l a t i l e Β b i t u m i n o u s i n t h e w e s t t o l ow 
v o l a t i l e b i t u m i n o u s i n t h e s o u t h e a s t . Chem i c a l a n a l y s e s i n c l u d e d 
m a j o r and m i n o r e l e m e n t s , t o t a l s u l f u r and s u l f u r f o r m s . 
L o w - t e m p e r a t u r e a s h e s ( L T A ' s ) were o b t a i n e d a c c o r d i n g t o p r o c e d u r e s 
d e s c r i b e d by G l u s k o t e r (25) . X - r a y d i f f r a c t i o n a n a l y s i s o f L T A ' s 
p r o v i d e d q u a l i t a t i v e , q u a n t i t a t i v e ( f o r q u a r t z and p y r i t e ) , and 
s e m i - q u a n t i t a t i v e ( f o r c l a y s i n t h e l e s s t h a n 2 m i c r o n f r a c t i o n ) d a t a 
u s i n g p r o c e d u r e s m o d i f i e d f r om R u s s e l l and Rimmer (26) . K a o l i n i t e 
was q u a n t i f i e d u s i n g i n f r a - r e d s p e c t r o s c o p y . M i n e r a l c o m p o s i t i o n was 
a l s o c a l c u l a t e d by n o r m a t i v e t e c h n i q u e s m o d i f i e d by Rimmer (12J f r om 
methods used by e a r l i e r w o r k e r s (27-28) . 

The s p a t i a l d i s t r i b u t i o n o f t h e s e m i n e r a l c o n s t i t u e n t s was 
a s s e s s e d b y c o n t o u r i n g and by t r e n d s u r f a c e a n a l y s i s . One p r o b l e m 
t h a t must be a d d r e s s e d i n a s t u d y such as t h i s , i s w h e t h e r t h e 
d e n s i t y o f d a t a p o i n t s i s s u f f i c i e n t t o j u s t i f y t h e d e s c r i p t i o n o f 
t r e n d s a c r o s s t h e b a s i n , o r i s l o c a l v a r i a b i l i t y i n t h e c o n s t i t u e n t s 
t o o g r e a t . A p p l i c a t i o n o f t r e n d s u r f a c e a n a l y s i s p e r m i t t e d a 
s t a t i s t i c a l a s s e s s m e n t o f b a s i n a l t r e n d s , and i n d i c a t e d t h e e x t e n t o f 
l o c a l v a r i a t i o n . In t h i s p a p e r , c o n t o u r maps a r e p r e s e n t e d t o show 
i m p o r t a n t b a s i n a l t r e n d s ; t r e n d s u r f a c e a n a l y s i s i n d i c a t e d t h a t t h e s e 
t r e n d s were s t a t i s t i c a l l y s i g n i f i c a n t . D e t a i l s o f t h e t r e n d s u r f a c e 
t e c h n i q u e and c o m p l e t e d a t a a r e d e s c r i b e d i n Rimmer (12 ) . 

R e s u l t s and D i s c u s s i o n 

The m a j o r m i n e r a l components o f t h i s c o a l a r e q u a r t z , p y r i t e (and 
m a r c a s i t e ) , and c l a y s ( p r e d o m i n a n t l y k a o l i n i t e and i l l i t e / m i c a , w i t h 
m i n o r amounts o f e x p a n d a b l e c l a y s ) . 

P y r i t e and M a r c a s i t e . H i gh s u l f i d e c o n c e n t r a t i o n s a r e f o und t owa r d s 
t h e c e n t r a l p a r t o f t h e s t u d y a r e a , p a r t i c u l a r l y where t h e o v e r l y i n g 
s h a l e s i n d i c a t e b r a c k i s h c o n d i t i o n s e x i s t e d on t h e s o u t h e a s t e r n s i d e 
o f t h e b a s i n ( F i g u r e 2 ) . T h i s o b s e r v a t i o n s u p p o r t s a s i m i l a r f i n d i n g 
by Guber ( 29 ) , r a t h e r t h a n t h e c o n c l u s i o n o f o t h e r w o r k e r s t h a t 
h i g h e r p y r i t e c o n t e n t s a r e a s s o c i a t e d w i t h m a r i n e r o c k s (20) . 
F a c t o r s i n f l u e n c i n g t h e d i s t r i b u t i o n o f s u l f u r i n p e a t and c o a l s 
i n c l u d e a v a i l a b i l i t y o f i r o n and s u l f a t e , and pH. S u l f a t e i s t h o u g h t 
t o be i n t r o d u c e d by m a r i n e and b r a c k i s h w a t e r s ( 8 ) . Re cen t work on 
p y r i t e d i s t r i b u t i o n i n t h e F l o r i d a E v e r g l a d e s (30) i n d i c a t e s h i g h 
p y r i t e c o n t e n t s a r e a s s o c i a t e d w i t h b r a c k i s h c o n d i t i o n s r a t h e r t h a n 
m a r i n e , and t h i s has been r e l a t e d t o t h e a v a i l a b i l i t y o f i r o n i n t h e 
d i f f e r e n t e n v i r o n m e n t s . In f r e s h w a t e r , i r o n i s t r a n s p o r t e d i n 
o r g a n i c c o l l o i d s w h i c h f l o c c u l a t e q u i c k l y upon e n t e r i n g b r a c k i s h 
w a t e r , r e s u l t i n g i n a h i g h e r a v a i l a b i l i t y o f i r o n i n t h e b r a c k i s h 
e n v i r o n m e n t (31) . In a d d i t i o n , some i r o n may a l s o be t r a n s p o r t e d 
i n t o t h e swamp by d e t r i t a l c l a y s w h i c h a l s o f l o c c u l a t e upon e n t e r i n g 
t h e swamp. A c i d i t y i s a l s o a f a c t o r , as much o f t h e p y r i t e a p p e a r s 
t o f o rm as a b y - p r o d u c t o f s u l f a t e - r e d u c i n g b a c t e r i a ( 8 ) . Compared 
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M I N E R A L M A T T E R A N D A S H IN C O A L 

F i g u r e 1. D i s t r i b u t i o n o f Lower K i t t a n n i n g c o a l s amp l e s i n 
w e s t e r n P e n n s y l v a n i a i n r e l a t i o n t o s u g g e s t e d e n v i r o n m e n t s o f 
d e p o s i t i o n f o r t h e o v e r l y i n g s h a l e . 

F i g u r e 2 . P y r i t e c o n t e n t o f t h e Lower K i t t a n n i n g seam (%, LTA 
b a s i s , as d e t e r m i n e d by x - r a y d i f f r a c t i o n a n a l y s i s ) . 
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3. R I M M E R A N D DAVIS Inorganic Composition of Lower Kittanning Coal 45 

t o t h e more a c i d i c f r e s h w a t e r e n v i r o n m e n t s , h i g h e r l e v e l s o f 
m i c r o b i a l a c t i v i t y wou l d o c c u r i n t h e n e u t r a l t o b a s i c pH c o n d i t i o n s 
a s s o c i a t e d w i t h b r a c k i s h o r m a r i n e w a t e r s . 

In t h e c a s e o f t h e Lower K i t t a n n i n g seam, t h e r e f o r e , w h e t h e r 
i r o n was t r a n s p o r t e d i n o r g a n i c - r i c h c o l l o i d s o r was a s s o c i a t e d w i t h 
c l a y s , i r o n a v a i l a b i l i t y wou l d t e n d t o be h i g h e r i n t h o s e a r e a s w h i c h 
r e c e i v e d an i n f l u x o f f r e s h w a t e r and d e t r i t u s . The b r a c k i s h zone i n 
t h e s o u t h e a s t e r n p a r t o f t h e b a s i n t h u s r e p r e s e n t s an o p t i m i z a t i o n o f 
i r o n and s u l f a t e a v a i l a b i l i t y and pH l e v e l o f t h e swamp w a t e r s . 

The d i s c u s s i o n t h u s f a r has assumed a s y n g e n e t i c o r i g i n f o r t h e 
p y r i t e . O b s e r v a t i o n s o f s u l f i d e m o r p h o l o g y s u g g e s t t h a t a t l e a s t 
some o f t h e s u l f i d e may be e p i g e n e t i c . Edwards and B a k e r (32 ) showed 
t h a t p y r i t e f o rms i n m a r i n e e n v i r o n m e n t s whe reas m a r c a s i t e f o rms 
unde r more a c i d i c c o n d i t i o n s . R e c en t e x p e r i m e n t a l work has shown 
t h a t p y r i t e f o rms a t a pH o f 5 . 0 , whe reas m a r c a s i t e f o rms a t a pH o f 
3 .5 ( 3 3 ) . The o c c u r r e n c e o f m a r c a s i t e i n what a p p a r e n t l y a r e m a r i n e 
f a c i e s may t h e r e f o r e i n d i c a t e s u b s e q u e n t a c i d i f i c a t i o n . 

In t h e Lower K i t t a n n i n g seam, m a r c a s i t e o c c u r r e n c e does n o t 
a p p e a r t o be c l o s e l y r e l a t e d t o d e p o s i t i o n a l e n v i r o n m e n t . Coa l 
s amp l e s a s s o c i a t e d w i t h f r e s h w a t e r , b r a c k i s h and m a r i n e f a c i e s 
c o n t a i n b o t h p y r i t e and m a r c a s i t e . M a r c a s i t e i s a b s e n t o r o n l y a 
m i n o r c o n s t i t u e n t i n l o w - s u l f i d e ( l e s s t h a n 20%, LTA b a s i s ) s a m p l e s . 
I f t h e s e c o a l s had f o rmed i n an a c i d i c swamp e n v i r o n m e n t , a dominance 
o f m a r c a s i t e o v e r p y r i t e m i g h t have been e x p e c t e d . In f a c t , 
m a r c a s i t e i s more abundan t i n h i g h - s u l f i d e c o a l s . A p o s s i b l e 
e x p l a n a t i o n i s t h a t t h e m a r c a s i t e i s e p i g e n e t i c , and i t s p r e s e n c e 
i n d i c a t e s an i n c r e a s e i n t h e a c i d i t y o f t h e i n t e r s t i t i a l w a t e r s 
f o l l o w i n g b u r i a l . T h i s i n t e r p r e t a t i o n o f t h e e p i g e n e t i c n a t u r e o f 
m a r c a s i t e i n t h e Lower K i t t a n n i n g seam i s s u p p o r t e d by pét rograph ie 
o b s e r v a t i o n s . F o r e x a m p l e , m a r c a s i t e f r e q u e n t l y o c c u r s i n s u l f i d e 
m a s s e s , such as s p h e r u l e s w h i c h may r e p r e s e n t r e c r y s t a l 1 i z e d 
f r a m b o i d s , o r as c e l l i n f i l l i n g s . 

Q u a r t z . In t h i s seam, q u a r t z c o n t e n t t e n d s t o be r e l a t i v e l y l o w , 
w i t h many s amp l e s c o n t a i n i n g l e s s t h a n 15% ( F i g u r e 3 ) . H i gh q u a r t z 
c o n t e n t s (15-20% and above ) a r e o b s e r v e d i n t h e n o r t h - c e n t r a l p a r t o f 
t h e r e g i o n , i n C l a r i o n and J e f f e r s o n C o u n t i e s , and i n s e v e r a l 
i s o l a t e d a r e a s a l o n g t h e e a s t e r n edge o f t h e f i e l d a r e a , su ch as 
C e n t r e C o u n t y . Low q u a r t z c o n t e n t s o c c u r i n a zone e x t e n d i n g f r om 
t h e s o u t h and s o u t h e a s t t o w a r d s t h e n o r t h w e s t , and i n C l e a r f i e l d 
C o u n t y . 

The d i s t r i b u t i o n o f q u a r t z may p r o v i d e c l u e s as t o t h e o r i g i n o f 
t h i s m i n e r a l i n t h e Lower K i t t a n n i n g seam. Q u a r t z may have been 
t r a n s p o r t e d i n t o t h e p e a t swamp by w a t e r and w i n d ( d e t r i t a l ) , o r may 
have p r e c i p i t a t e d w i t h i n t h e swamp, p o s s i b l y f r om s i l i c a t h a t was 
o r i g i n a l l y c o n t a i n e d i n t h e swamp p l a n t s . Some o f t h e q u a r t z g r a i n s 
o b s e r v e d i n t h i s s t u d y were 30 - 50 m i c r o n s i n s i z e , and mos t g r a i n s 
were c o n c e n t r a t e d i n a t t r i t a l c o a l b a n d s . B o t h o f t h e s e o b s e r v a t i o n s 
s u g g e s t t h a t much o f t h e q u a r t z i n t h e Lower K i t t a n n i n g i s o f 
d e t r i t a l o r i g i n . 

W i l l i a m s and B r a g o n i e r (24 ) s u g g e s t e d a basement h i g h , s i t u a t e d 
i n t h e n o r t h - c e n t r a l p a r t o f w e s t e r n P e n n s y l v a n i a , was a c o n t r o l on 
s e d i m e n t a t i o n d u r i n g t h e P e n n s y l v a n i a n . I t i s p o s s i b l e t h a t 
q u a r t z - r i c h s e d i m e n t s were shed f r om t h i s t o p o g r a p h i c h i g h i n t o t h e 
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46 M I N E R A L M A T T E R A N D A S H IN C O A L 

p e a t swamp. T r a n s p o r t a t i o n o f s e d i m e n t w i t h i n a swamp i s r e s t r i c t e d 
by t h e f i l t e r i n g e f f e c t o f t h e v e g e t a t i o n ( 7 ) . I t wou l d be u n l i k e l y , 
t h e r e f o r e , t h a t d e t r i t a l q u a r t z wou l d be d i s p e r s e d e v e n l y t h r o u g h o u t 
t h e swamp, b u t r a t h e r i t wou l d c o n c e n t r a t e c l o s e t o t h e s o u r c e a r e a . 
The i r r e g u l a r d i s t r i b u t i o n o f q u a r t z a l o n g t h e e a s t e r n m a r g i n o f t h e 
b a s i n a g a i n r e f l e c t s a d e t r i t a l i n f l u x . S ed imen t e n t e r i n g t h e swamp 
f r om t h e e a s t was p r e d o m i n a n t l y c l a y , w i t h m i n o r i n f l u x e s o f q u a r t z 
o c c u r r i n g l o c a l l y . 

Hoi b r ook (34 ) o b s e r v e d t h a t q u a r t z c o n t e n t o f t h e Lower 
K i t t a n n i n g u n d e r c l a y was h i g h e s t d i r e c t l y o v e r c l a s t i c wedges i n 
C l a r i o n and J e f f e r s o n C o u n t i e s and o v e r a n o t h e r wedge i n Lawrence 
C o u n t y . T h i s c o i n c i d e s w i t h a r e a s o f h i g h q u a r t z c o n t e n t i n t h e 
Lower K i t t a n n i n g c o a l i t s e l f . Q u a r t z - r i c h s e d i m e n t f r om t h e n o r t h 
may have c o n t i n u e d t o be r e c e i v e d by t h e s e a r e a s d u r i n g p e a t 
a c c u m u l a t i o n . A l t e r n a t i v e l y , m i x i n g o f t h e u n d e r l y i n g s e d i m e n t s w i t h 
t h e l o w e r p e a t l a y e r s , p e r h a p s a i d e d by b i o t u r b a t i o n , may have 
o c c u r r e d ; howeve r , t h e v e r t i c a l d i s t r i b u t i o n o f q u a r t z i n t h e seam 
(12) does n o t s u p p o r t t h i s h y p o t h e s i s . 

C l a y M i n e r a l s . C l a y m i n e r a l s may be t r a n s p o r t e d i n t o t h e swamp 
d u r i n g p e a t a c c u m u l a t i o n ( d e t r i t a l ) , p r e c i p i t a t e f r om s o l u t i o n s r i c h 
i n a l u m i n u m , s i l i c o n and v a r i o u s c a t i o n s ( s y n g e n e t i c and e p i g e n e t i c ) , 
o r may f o rm by t h e a l t e r a t i o n o f o t h e r m i n e r a l s e i t h e r w i t h i n t h e 
swamp o r d u r i n g b u r i a l ( t r a n s f o r m a t i o n a n d / o r d i a g e n e s i s ) ( 6 ) . 

The Lower K i t t a n n i n g c o a l c o n t a i n s k a o l i n i t e ( w e l l -
c r y s t a l l i z e d ) , i l l i t e / m i c a and e x p a n d a b l e c l a y s . Low t o t a l c l a y 
c o n t e n t s a r e o b s e r v e d i n t h e c e n t e r o f t h e s t u d y a r e a , where t h e c o a l 
i s r i c h i n p y r i t e , and i n t h e n o r t h - c e n t r a l r e g i o n where h i g h q u a r t z 
c o n t e n t s a r e o b s e r v e d . H i gh t o t a l c l a y c o n t e n t s a r e seen on t h e 
n o r t h w e s t e r n and e a s t e r n m a r g i n s o f t h e b a s i n . Be cause c l a y m i n e r a l 
d a t a a r e p r e s e n t e d as a p e r c e n t a g e o f t h e l o w - t e m p e r a t u r e a s h , 
v a r i a t i o n s i n t h e q u a r t z and p y r i t e c o n t e n t s i n f l u e n c e t h e 
p r o p o r t i o n a t e d i s t r i b u t i o n o f t h e c l a y s . To a v o i d t h i s p r o b l e m , t h e 
r e l a t i v e amounts o f i n d i v i d u a l c l a y m i n e r a l s i n t h e c l a y ( l e s s t h a n 2 
m i c r o n ) f r a c t i o n were e x a m i n e d . As t h i s s i z e f r a c t i o n c o n t a i n s o n l y 
c l a y s , v a r i a t i o n s i n q u a r t z and p y r i t e do n o t i n f l u e n c e t h e r e s u l t s . 

K a o l i n i t e c o n t e n t i n c r e a s e s t o w a r d s t h e m a r g i n s o f t h e b a s i n 
( F i g u r e 4 ) , whe reas i l l i t e and e x p a n d a b l e c l a y s i n c r e a s e t owa r d s t h e 
c e n t e r o f t h e b a s i n ( n o t i l l u s t r a t e d ) . The d i s t r i b u t i o n o f k a o l i n i t e 
i n t h e Lower K i t t a n n i n g seam c l o s e l y r e s e m b l e s t h a t f o und i n t h e 
u n d e r c l a y . H o l b r o o k (34 ) r e l a t e d h i g h k a o l i n i t e c o n t e n t o f t h e Lower 
K i t t a n n i n g u n d e r c l a y t o t o p o g r a p h i c h i g h s , where k a o l i n i t e e n r i c h m e n t 
r e s u l t e d f r om s u b a e r i a l l e a c h i n g . T h u s , h i g h k a o l i n i t e c o n t e n t s a r e 
f o u n d a l o n g t h e m a r g i n s o f t h e b a s i n and i n o t h e r a r e a s w h i c h 
e x h i b i t e d p o s i t i v e r e l i e f . C o m p a r i s o n w i t h d a t a p r e s e n t e d i n 
H o l b r o o k (34 ) s u g g e s t s t h a t many o f t h e c o a l s amp l e s w h i c h c o n t a i n 
more k a o l i n i t e o v e r l i e k a o l i n i t e - r i c h u n d e r c l a y s . T h i s i s 
p a r t i c u l a r l y t r u e i n t h e n o r t h , n o r t h w e s t and s o u t h e a s t . M i x i n g o f 
p e a t w i t h t h e u n d e r l y i n g s e d i m e n t c o u l d have i n c r e a s e d t h e k a o l i n i t e 
c o n t e n t i n t h e s e a r e a s . Sha rp c o n t a c t s were o b s e r v e d be tween c o a l 
and u n d e r c l a y , b u t e v i d e n c e o f su ch i n t e r m i x i n g c o u l d be o b s c u r e d 
d u r i n g c o m p a c t i o n . 

In a s t u d y o f c l a y m i n e r a l v a r i a t i o n s i n u n d e r c l a y s i n t h e 
I l l i n o i s B a s i n , Parham ( 2 2 , 3 5 ) s u g g e s t e d t h a t d i f f e r e n t i a l 
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R I M M E R A N D DAVIS Inorganic Composition of Lower Kittanning Coal 

F i g u r e 4 . K a o l i n i t e c o n t e n t o f t h e Lower K i t t a n n i n g seam {% o f 
t h e l e s s t h a n 2 m i c r o n f r a c t i o n ) . 
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48 m i n e r a l m a t t e r a n d a s h i n c o a l 

f l o c c u l a t i o n a c r o s s t h e d e p o s i t i o n a l b a s i n r e s u l t e d i n h i g h e r 
k a o l i n i t e c o n t e n t s t o w a r d s t h e b a s i n m a r g i n s , whe reas i l l i t e and 
e x p a n d a b l e c l a y c o n t e n t s i n c r e a s e t o w a r d s t h e c e n t e r o f t h e b a s i n . 
A c c o r d i n g t o t h i s t h e o r y , some a u t h i g e n i c f o r m a t i o n o r r e g r a d i n g o f 
i l l i t e wou l d a l s o t a k e p l a c e . H o l b r o o k (34 ) a r g u e d a g a i n s t t h i s 
p r o c e s s f o r t h e Lower K i t t a n n i n g u n d e r c l a y on t h e b a s i s t h a t mos t o f 
t h e m i c a he o b s e r v e d was t h e 2NL p o l y t y p e , w h i c h f o rms o n l y a t 
t e m p e r a t u r e s f a r i n e x c e s s o f t h o s e e x p e r i e n c e d d u r i n g b u r i a l o f 
t h e s e s e d i m e n t s , t h u s any mechan i sm t h a t i n v o l v e d f o r m a t i o n o f m i c a 
w i t h i n t h e b a s i n wou l d n o t be v a l i d . S i m i l a r l y , t h e 2M\ 
i l l i t e / m i c a p o l y t y p e i s p r e s e n t i n t h e Lower K i t t a n n i n g c o a l , 
p a r t i c u l a r l y i n c l a y p a r t i n g s and h i g h - a s h samp l e s ( 4 , 1 2 ) . In some 
s a m p l e s , p o l y t y p e i d e n t i f i c a t i o n was d i f f i c u l t , h oweve r , ow ing t o t h e 
d e g r a d e d n a t u r e o f t h i s m i n e r a l w h i c h r e s u l t e d i n b r o a d d i f f r a c t i o n 
p e a k s . The p r e s e n c e o f d eg r aded i l l i t e / m i c a i s n o t s u r p r i s i n g 
b e c a u s e , u nde r t h e c o n d i t i o n s t h a t e x i s t e d w i t h i n t h e p e a t swamp and 
d u r i n g b u r i a l , l e a c h i n g by o r g a n i c a c i d s wou l d mos t l i k e l y have 
o c c u r r e d . 

A l t e r n a t i v e l y , t h e d i s t r i b u t i o n o f c l a y s i n t h i s c o a l can be 
e x p l a i n e d i n t e rms o f t h e c h e m i c a l c o n d i t i o n s t h a t e x i s t e d i n t h e 
swamp e n v i r o n m e n t . A c o m p a r i s o n o f F i g u r e s 1 and 4 shows t h a t 
k a o l i n i t e o c c u r s i n a r e a s w h i c h may have been i n f l u e n c e d by 
f r e s h w a t e r c o n d i t i o n s ; i l l i t e and e x p a n d a b l e c l a y c o n t e n t s a r e 
g e n e r a l l y h i g h e r i n a r e a s o f t h e b a s i n w h i c h may have e x p e r i e n c e d 
more b r a c k i s h c o n d i t i o n s . Under t h e a c i d i c c o n d i t i o n s t h a t e x i s t e d 
i n t h e f r e s h w a t e r swamps, k a o l i n i t e wou l d be t h e s t a b l e c l a y m i n e r a l , 
f o r m i n g e i t h e r f r om s o l u t i o n o r as t h e a l t e r a t i o n p r o d u c t o f i n c o m i n g 
s e d i m e n t . The h i g h d e g r e e o f c r y s t a l l i n i t y o f t h i s k a o l i n i t e 
s u g g e s t s i n s i t u f o r m a t i o n w h i c h c o u l d r e s u l t f r om e i t h e r o f t h e s e 
mechan i sms ( 1 2 ) . Towards t h e c e n t e r o f t h e b a s i n , n e u t r a l pH 
c o n d i t i o n s e x i s t e d and i l l i t e / m i c a was l e s s a l t e r e d t h a n i n t h e more 
a c i d i c f r e s h w a t e r c o n d i t i o n s . T h i s t r e n d wou l d have been even more 
p r onoun ced w i t h t h e o n s e t o f t h e m a r i n e i n v a s i o n . A l t e r a t i o n o f t h e 
i l l i t e / m i c a s t i l l p r o c e e d e d t o some e x t e n t , p r o d u c i n g d eg r aded 
i l l i t e s and e x p a n d a b l e c l a y s . A r ound t h e m a r g i n s o f t h e swamp, 
i n f l u x e s o f s e d i m e n t , now r e p r e s e n t e d by c l a y p a r t i n g s w i t h i n t h e 
c o a l , i n t r o d u c e d i l l i t e / m i c a - r i c h s e d i m e n t s , t h u s a c c o u n t i n g f o r some 
o f t h e l o c a l d e c r e a s e s i n k a o l i n i t e c o n t e n t . 

To exam ine f u r t h e r t h e i n f l u e n c e o f peat-swamp c h e m i s t r y on t h e 
c l a y s , t h e c o m p o s i t i o n o f t h e c l a y f r a c t i o n o f t h e c o a l s amp l e s was 
compared t o t h a t o f f l o o r , r o o f , and p a r t i n g s a m p l e s . Coa l s amp l e s 
t e n d t o be e n r i c h e d i n k a o l i n i t e compared t o o t h e r samp le t y p e s 
( T a b l e I ) . F l o o r r o c k s t e n d t o have t h e h i g h e s t e x p a n d a b l e c l a y 
c o n t e n t s , whe reas r o o f r o c k s have t h e h i g h e s t i l l i t e / m i c a c o n t e n t s . 
I f i t i s assumed t h a t t h e c o m p o s i t i o n o f t h e r o o f s h a l e s i s t h e 
c l o s e s t r e p r e s e n t a t i o n o f p a r e n t m i n e r a l o g y a v a i l a b l e , t h e c l a y 
s e d i m e n t s e n t e r i n g t h e d e p o s i t i o n a l b a s i n i n c l u d e d c o n s i d e r a b l e 
amounts o f i l l i t e / m i c a , m o d e r a t e amounts o f k a o l i n i t e , r e l a t i v e l y 
s m a l l amounts o f e x p a n d a b l e c l a y s , and some c h l o r i t e . Whereas some 
m o d i f i c a t i o n s may have t a k e n p l a c e s i n c e d e p o s i t i o n o f t h e c l a y s i n 
t h e r o o f s h a l e s , t h e y p r o b a b l y have been a f f e c t e d l e s s by t h e o r g a n i c 
a c i d s t h a n t h e c l a y s i n t h e u n d e r c l a y s , c o a l s o r p a r t i n g s . The 
p r e s e n c e o f c h l o r i t e i n t h e r o o f r o c k s s u g g e s t s t h a t a c i d i c 
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3. R I M M E R A N D D A V I S inorganic Composition of Lower Kittanning Coal 49 

c o n d i t i o n s have n o t been e x p e r i e n c e d , b e c au s e t h i s m i n e r a l i s u s u a l l y 
u n s t a b l e i n such e n v i r o n m e n t s . 

T a b l e I . C l a y C o m p o s i t i o n o f t h e L e s s Than 2 M i c r o n F r a c t i o n o f 
C o a l s and A s s o c i a t e d S e d i m e n t s : Summary S t a t i s t i c s . 

Sample Sample K a o l i n i t e I l l i t e / E x p a n d a b l e 
Type S i z e + C h l o r i t e M i c a C l a y s 

(n ) X s X s χ s* 

C o a l s 28 6 2 . 2 1 2 . 5 8 2 3 . 6 8 . 0 3 14 . 1 8 . 5 5 
F l o o r s 18 4 2 . 2 1 1 . 5 3 3 3 . 7 1 2 . 4 5 2 3 . 9 8 . 94 
Roo f s 16 3 1 . 2 1 1 . 0 3 5 0 . 4 12 .71 1 8 . 3 1 0 . 0 0 
P a r t i n g s 4 4 3 . 5 17 . 89 4 1 . 5 9 . 8 8 1 5 . 0 8 . 16 

* η = Number o f S a m p l e s ; χ = Mean; s = S t a n d a r d D e v i a t i o n 

A c i d i c c o n d i t i o n s w i t h i n t h e p e a t swamp, p a r t i c u l a r l y i n t h e 
f r e s h w a t e r a r e a s , wou l d f a v o r t h e f o r m a t i o n a n d / o r p r e s e r v a t i o n o f 
k a o l i n i t e . T h i s wou l d r e s u l t i n t h e o b s e r v e d e n r i c h m e n t i n k a o l i n i t e 
w i t h i n t h e c o a l r e l a t i v e t o t h e s u r r o u n d i n g s e d i m e n t s . R e l a t i v e l y 
l ow i l l i t e / m i c a c o n t e n t s a r e o b s e r v e d i n t h e c o a l s , p o s s i b l y due t o 
a l t e r a t i o n o f t h i s c l a y t o e x p a n d a b l e c l a y s and u l t i m a t e l y t o 
k a o l i n i t e . The t r a n s i t i o n f r om e x p a n d a b l e c l a y s t o k a o l i n i t e has 
been o b s e r v e d i n t h e Snuggedy Swamp by S t a u b and Cohen ( 1 1 ) . 

The i n o r g a n i c p a r t i n g s w i t h i n t h e c o a l have s l i g h t l y h i g h e r 
i l l i t e c o n t e n t s ; h oweve r , v e r y few s amp l e s were exam ined and t h e 
r e s u l t s must be i n t e r p r e t e d w i t h c a r e . Mos t o f t h e c l a y i n t h e s e 
p a r t i n g s i s d e t r i t a l r a t h e r t h a n t h e r e s u l t o f i n s i t u f o r m a t i o n , as 
s u g g e s t e d by t h e p r e s e n c e o f 2M 1 i l l i t e / m i c a and t h e l ow d e g r e e 
o f c r y s t a l u n i t y o f t h e k a o l i n i t e . T h i s i s i n c o n t r a s t t o mos t o f 
t h e k a o l i n i t e w i t h i n t h e c o a l w h i c h i s p r o b a b l y a u t h i g e n i c . 

The f l o o r r o c k s c o n t a i n l a r g e r amounts o f e x p a n d a b l e c l a y s 
compared t o t h e c o a l s and r o o f r o c k s . K a o l i n i t e i s l e s s abundan t 
t h a n i n t h e c o a l s , b u t more so t h a n i n t h e r o o f s . O n l y one samp le 
c o n t a i n e d any c h l o r i t e . These o b s e r v a t i o n s a r e c o n s i s t e n t w i t h 
a l t e r a t i o n o f u n d e r l y i n g s e d i m e n t by o r g a n i c a c i d s as s u g g e s t e d by 
Rimmer and E b e r l (_36). A c t i n g on a t y p i c a l s e d i m e n t a r y c l a y 
a s s e m b l a g e , such as t h a t o b s e r v e d i n t h e r o o f s h a l e s , o r g a n i c a c i d s 
wou l d l e a c h t h e c l a y s r e s u l t i n g i n t h e d e s t r u c t i o n o f c h l o r i t e and 
t h e g r a d u a l a l t e r a t i o n o f i l l i t e t o e x p a n d a b l e c l a y s . As s u g g e s t e d 
by t h e s l i g h t i n c r e a s e i n k a o l i n i t e , t h i s a l t e r a t i o n may have 
p r o g r e s s e d t o k a o l i n i t e . A l t e r a t i o n o f c l a y s i n t h e f l o o r r o c k s i s 
l e s s s e v e r e t h a n was e x p e r i e n c e d by c l a y s w i t h i n t h e p e a t swamp 
i t s e l f ; t h u s , t h e f l o o r r o c k s have l o w e r k a o l i n i t e c o n t e n t s t h a n t h e 
c o a l s . 
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50 MINERAL MATTER AND ASH IN COAL 

A f i n a l c o n t r o l on c l a y m i n e r a l c o m p o s i t i o n i s t h e e x t e n t o f 
metamorph i sm e x p e r i e n c e d by t h e c o a l s . W i t h t h e i n c r e a s e i n r a nk 
e x h i b i t e d by t h i s c o a l a c r o s s t h e s t u d y a r e a , c e r t a i n d i a g e n e t i c 
changes m i g h t be e x p e c t e d . Whereas no c o n s i s t e n t t r e n d s i n t h e t y p e 
o f e x p a n d a b l e c l a y s was o b s e r v e d , a g e n e r a l l a c k o f s m e c t i t e and 
e x p a n d a b l e c l a y s was n o t e d . These c l a y s do o c c u r i n l o w e r r a nk 
b i t u m i n o u s c o a l s , s u ch as t h o s e i n t h e I l l i n o i s B a s i n ( H ) . T h u s , i t 
a p p e a r s t h a t t h e r m a l m a t u r i t y ( c o a l r a n k ) may h e l p e x p l a i n t h e 
a b s e n c e o f s m e c t i t e and t h e p a u c i t y o f m i x e d - l a y e r e x p a n d a b l e c l a y s 
i n t h e Lower K i t t a n n i n g c o a l and a s s o c i a t e d s e d i m e n t s , b u t no 
d i s t i n c t r e l a t i o n s h i p was f o und be tween t h e amount o f e x p a n d a b l e 
c l a y s and r a n k . 

The mos t s i g n i f i c a n t c o n t r o l on c l a y m i n e r a l c o m p o s i t i o n , 
t h e r e f o r e , a p p e a r s t o be c h e m i c a l c o n d i t i o n s w i t h i n t h e swamp w h i c h 
p r o d u c e d a l t e r a t i o n o f a p a r e n t m a t e r i a l t h a t i n c l u d e d i l l i t e / m i c a , 
k a o l i n i t e , and l e s s e r amounts o f c h l o r i t e and expandabe c l a y s . 
W i t h i n t h e a c i d i c f r e s h w a t e r e n v i r o n m e n t s , a l t e r a t i o n o f o t h e r c l a y s 
t o k a o l i n i t e may have o c c u r r e d , i n a d d i t i o n t o t h e p r e c i p i t a t i o n o f 
k a o l i n i t e f r om s o l u t i o n . In b r a c k i s h o r m a r i n e c o n d i t i o n s , k a o l i n i t e 
f o r m a t i o n was n o t f a v o r e d , r e s u l t i n g i n a r e l a t i v e i n c r e a s e i n 
i l l i t e / m i c a c o n t e n t . Some i l l i t e may have f o rmed d i a g e n e t i c a l l y , b u t 
t h e p r e s e n c e o f t h e h i g h - t e m p e r a t u r e p o l y t y p e i n d i c a t e s a d e t r i t a l 
o r i g i n f o r mos t o f t h i s c l a y m i n e r a l . R e g r a d i n g o f d eg r aded i l l i t e s 
may have a l s o t a k e n p l a c e i n p o t a s s i u m - r i c h m a r i n e o r b r a c k i s h 
w a t e r s . L o c a l i n c r e a s e s i n e x p a n d a b l e c l a y s a l o n g t h e edges o f t h e 
swamp may r e f l e c t c h e m i c a l a l t e r a t i o n o f m i c a - r i c h s e d i m e n t s 
i n t r o d u c e d i n t o t h e p e a t swamp. 

Summary 

The d i s t r i b u t i o n s o f m i n e r a l s w i t h i n t h e Lower K i t t a n n i n g seam can be 
r e l a t e d t o d e p o s i t i o n a l e n v i r o n m e n t . P y r i t e c o n t e n t i s h i g h e s t i n 
a r e a s w h i c h may have e x p e r i e n c e d b r a c k i s h c o n d i t i o n s . T h i s 
d i s t r i b u t i o n r e f l e c t s t h e a v a i l a b i l i t y o f i r o n and s u l f u r , and pH 
c o n d i t i o n s w i t h i n t h e swamp. Whereas much o f t h e p y r i t e f o rmed 
s y n g e n e t i c a l l y , o b s e r v a t i o n s o f s u l f i d e modes o f o c c u r r e n c e s u g g e s t 
t h a t m a r c a s i t e f o rmed e p i g e n e t i c a l l y . 

The r e l a t i v e l y h i g h q u a r t z c o n t e n t s o b s e r v e d t o w a r d s t h e n o r t h 
o f t h e s t u d y a r e a r e f l e c t t h e i n f l u x o f q u a r t z - r i c h d e t r i t u s f r om a 
t o p o g r a p h i c h i g h i n t h a t a r e a . Mos t o f t h e d e t r i t u s e n t e r i n g t h e 
b a s i n f r om t h e e a s t was c l a y - r i c h ; h oweve r , l o c a l i n f l u x e s o f q u a r t z 
may have o c c u r r e d p e r i o d i c a l l y . 

C h e m i c a l c o n d i t i o n s w i t h i n t h e p e a t swamp i n f l u e n c e d t h e c l a y 
m i n e r a l a s s e m b l a g e . K a o l i n i t e i s e n r i c h e d t owa r d s t h e m a r g i n s o f t h e 
d e p o s i t i o n a l b a s i n ; an a u t h i g e n i c o r i g i n i n a c i d i c f r e s h w a t e r 
c o n d i t i o n s i s p r o p o s e d f o r much o f t h i s c l a y . I l l i t e / m i c a i s 
p r i m a r i l y d e t r i t a l , a s i n d i c a t e d by t h e p r e s e n c e o f t h e 
h i g h - t e m p e r a t u r e p o l y t y p e . An i n c r e a s e i n i l l i t e / m i c a t o w a r d s t h e 
c e n t e r o f t h e b a s i n r e f l e c t s t h e g r e a t e r s t a b i l i t y o f t h i s c l a y i n a 
m a r i n e - i n f l u e n c e d e n v i r o n m e n t . The l e v e l o f me tamorph i sm o f t h e c o a l 
( r a n k ) may e x p l a i n t h e p a u c i t y o f e x p a n d a b l e c l a y s . 
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4 
Semiquantitative Determination of Coal Minerals 
by X-ray Diffractometry 

John J. Renton 

Department of Geology, West Virginia University, Morgantown, WV 26506 

The most commonly employed analytical procedure for 
the quantification of minerals in coal is x-ray 
diffraction analysis of the low temperature ash. 
The magnitudes of the Bragg intensities used to 
evaluate mineral abundances are affected by inherent 
compositional and/or structural variations 
characteristic of a number of the common minerals 
found in coal and by non-random crystallite orienta­
tion within the sample mount. The subsequent varia­
tions in Bragg intensities cause the Bragg intensity­
-mineral abundance relationship to depart from 
linearity and result in errors of determination of 
mineral abundances of ±10 percent or more. The pro­
cedure must therefore be considered only semi­
quantitative. 

The purpose of t h i s paper i s to present and support the argument that 
abundance estimates of the minerals i n coal based upon x-ray d i f ­
f r a c t i o n (XRD) data can only be considered semi-quantitative with 
expected errors of determination of 10 percent or more of the r e ­
ported values. The compositional and p h y s i c a l c h a r a c t e r i s t i c s of the 
low temperature ash components of coal r e l a t i v e to the preparation 
and mounting of ash for XRD an a l y s i s also a f f e c t the p r e c i s i o n of 
analyses. 

Minerals i n Coal 

The minerals commonly found i n c o a l are l i s t e d i n Table I. In the 
average c o a l , c l a y minerals may c o n s t i t u t e up to 60 weight percent of 
the mineral matter (1-2). Quartz i s u s u a l l y the second most 
abundant mineral, with up to 20 weight percent being common. The 
carbonate minerals ( c a l c i t e , s i d e r i t e and to a l e s s e r extent, 
dolomite and ankerite) and the i r o n d i s u l p h i d e minerals ( p y r i t e and 
marcasite) make up, on the average, up to 10 weight percent of 
each group. Sulphate minerals of calcium and i r o n and the feldspar 
minerals are commonly present but r a r e l y i n concentrations of more 
than a few weight percent. Except f o r unusual cases such as the 

0097-6156/ 86/ 0301 -0053506.00/ 0 
© 1986 American Chemical Society 
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54 M I N E R A L M A T T E R A N D A S H IN C O A L 

Table I 
C O M M O N C O A L MINERALS 

Si l icates -| Clay Minerals H 

Carbonates H 

Disulfides 

Sulfates 

Fe ldspars 

"Kaolinite 1 A I 2 S i 2 0 5 ( O H ) 4 

Illite a 
Mixed Layer b 

. Chlorite (MgFeAI) 6 (S iAI) 4 O 1 0 (OH) 8 

Quartz S i 0 2 

"Calcite C a C 0 3 

Dolomite (Ca , M g ) ( C 0 3 ) 2 

Ankerite Ca(Fe , M g ) C 0 3 

_ Siderite F e C 0 3 

Γ Pyrite F e S 2 (cubic) 

L Marcasite F e S 2 (orthorhombic) 

Coquimbite F e 2 ( S 0 4 ) 3 - 9 H 2 

Szomolnokite F e S 0 4 - H a O 

Gypsum C a S 0 4 - 2 H 2 0 
Bassanite C a S 0 4 - 1 / 2 H 2 0 

Anhydrite C a S 0 4 

Jarosite K F e 3 ( S 0 4 ) 2 ( O H ) e 

J~Plagioclase (NaCa)AI(AISi)Si 2 0 8 

1 Orthoclase KAIS i 3 O e 

a Illite has a composition similar to muscovite - KAI 2 (Si 3 AI)O 1 0 (OH) 2 , except for less K+and 
more S i 0 2 and H 2 0 . 

b Mixed layered clays are usually randomly interstratified mixtures of illitic lattices with 
montmorillonitic and/or chloritic lattices. 
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4. R E N T O N Semiquantitative Determination of Coal Minerals 55 

sulphide r i c h coals of the northern I l l i n o i s Basin, the occurrence 
of the other minerals i n concentrations exceeding a few percent i s 
rare. I t must, however, be kept i n mind that the mineralogy of the 
i n o r g a n i c p o r t i o n of coal shows systematic v a r i a t i o n both geograph­
i c a l l y and l o c a l l y r e f l e c t i n g the geochemistry of the o r i g i n a l peat 
forming environment ( 3 ) . As a r e s u l t , "average" values of concentra­
t i o n may have l i t t l e p r a c t i c a l meaning. 

Most coals considered f o r conversion processes such as l i q u i -
f a c t i o n , and thereby those of prime i n t e r e s t to chemists, are 
g e n e r a l l y high i n ash (>10 weight percent) and s u l f u r (>1 weight 
percent). In such coals, i l l i t e would i n v a r i a b l y be the dominant 
cl a y m a t e r i a l , c o n s t i t u t i n g , i n some coals, up to h a l f or more of 
the mineral content. Most of the s u l f u r contained i n these coals 
w i l l be i n the form of p y r i t e although marcasite may be l o c a l l y 
dominant ( 4 ) . 

Q u a n t i f i c a t i o n by X-ray D i f f r a c t i o n 

The most commonly employed q u a n t i t a t i v e XRD procedure used to 
evaluate the concentration of mineral components i n a multicomponent 
mixture of minerals compares the Bragg i n t e n s i t y data of unknowns to 
those generated from a s u i t e of known standard samples. Mineral 
specimens are acquired to represent each of the minerals expected i n 
the unknowns. The specimens are ground to a uniformly small s i z e 
( l e s s than 44 microns) and mixed together i n concentrations which 
represent the range of concentrations expected for each mineral. An 
i n t e r n a l standard such as calcium f l u o r i d e , aluminum oxide or 
powdered aluminum i s u s u a l l y added i n order to monitor and correct 
for v a r i a t i o n s i n sample absorption and instrumental v a r i a b l e s . 
Working curves are then prepared by p l o t t i n g the r a t i o of i n t e n s i t y 
(preferably integrated i n t e n s i t y ) of the Bragg r e f l e c t i o n chosen to 
quantify the mineral to that chosen f o r the standard versus the 
weight percent of the mineral i n the standard samples. 

This procedure w i l l provide analyses of high p r e c i s i o n provided 
c e r t a i n b a s i c assumptions are met: (1) the composition and 
c r y s t a l l i n i t y (degree of ordering) of the i n d i v i d u a l minerals i n the 
unknowns are both REASONABLY constant from sample to sample and (2) 
the composition and c r y s t a l l i n i t y of the standard minerals chosen 
for the preparation of the standard samples REASONABLY d u p l i c a t e the 
composition and c r y s t a l l i n i t y of the r e s p e c t i v e minerals i n the 
unknowns. The purpose of the following d i s c u s s i o n i s to demonstrate 
that, i n the case of coal minerals, neither of the above assumptions 
i s v a l i d and as a r e s u l t , any such q u a n t i t a t i v e procedure w i l l r e ­
f l e c t the inherent degree of departure from these b a s i c assumptions 
and w i l l therefore be semi-quantitative. Other procedures using data 
normalized to the t o t a l integrated i n t e n s i t y and q u a n t i f i c a t i o n 
procedures u t i l i z i n g weighting fa c t o r s based upon standard chemical 
formulae for the minerals can be used but with no improvement i n 
q u a n t i t a t i v e e r r o r s ( 5 - 6 ) . 

I l l i t e and p y r i t e were s p e c i f i c a l l y c i t e d i n the above 
d i s c u s s i o n to make a point r e l a t i v e to the p r e c i s i o n and accuracy 
with which coal minerals can be q u a n t i f i e d by XRD. F i r s t , i l l i t e i s 
NOT a mineral. I l l i t e i s "...a general term for the c l a y mineral 
constituents of a r g i l l a c e o u s sediments belonging to the mica group" 
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56 M I N E R A L M A T T E R A N D A S H IN C O A L 

( 7 ) . To a c l a y m i n e r a l o g i s t , the term i l l i t e i s synonomous with 
v a r i a b i l i t y i n both composition and c r y s t a l l i n i t y ( 8 ) . The s i t u a t i o n 
i s even f u r t h e r complicated by the f a c t that much of the m a t e r i a l i n 
coal r e f e r r e d to as " i l l i t e " i s a c t u a l l y an i l l i t e dominated mixed 
layered c l a y wherein the i l l i t e l a t t i c e s are randomly i n t e r s t r a t i f i e d 
with 14Â clay l a t t i c e s ; u s u a l l y c h l o r i t e . This mixing of clay 
mineral l a t t i c e s f u r t h e r adds to the inherent v a r i a b i l i t y i n both 
composition and c r y s t a l l i n i t y of the i l l i t i c m a t e r i a l . The c o n s t i t u ­
t i o n of " i l l i t e " can therefore be expected to vary s i g n i f i c a n t l y from 
sample to sample. I t should be q u i t e apparent from the above d i s ­
cussion that no "standard" i l l i t e e x i s t s that could be used to 
represent i l l i t e i n standard samples. 

The i r o n disulphides may represent 10 weight percent or more of 
high ash-high s u l f u r coal ashes. Usually, p y r i t e i s the major d i -
sulphide. P y r i t e occurs i n coal i n a number of morphological forms 
and s i z e s ( 9 ) . Not only does the p y r i t e i n coal vary i n morphology 
and s i z e but also i n stoichiometry and c r y s t a l l i n i t y . Studies have 
been conducted i n the author's laboratory on cut and polished sur­
faces of coal blocks wherein the blocks have been exposed to the 
atmosphere and the p y r i t e s observed over a period of time. Some 
p y r i t e g r a i ns, the euhedral forms (those that show d e f i n i t e c r y s t a l 
facesj, remain b r i g h t and show l i t t l e tendency to r e a c t . The massive 
forms of p y r i t e , on the other hand, show a wide v a r i a t i o n i n apparent 
r e a c t i v i t y , with c r y s t a l s of i r o n s u l f a t e s being observed to form on 
some p y r i t e surfaces w i t h i n a matter of hours and i n some cases, 
w i t h i n minutes. 

Another study involved the q u a n t i f i c a t i o n of p y r i t e i n d i f f e r e n t 
coal l i t h o t y p e s . Coals are described megascopically based upon the 
degree of b r i g h t and d u l l banding. Zones are delineated w i t h i n the 
coal and designated as a " l i t h o t y p e " based on the r e l a t i v e percentage 
of b r i g h t and d u l l bands w i t h i n the zone ( 1 0 ) . Dominantly b r i g h t 
bands are c a l l e d "VITRAIN", d u l l bands, "DURAIN" and those intermedi­
ate between the two; "CLARAIN". Although the designation as to 
l i t h o t y p e i s s o l e l y made depending upon megascopic d e s c r i p t i o n , the 
l i t h o t y p e s d i f f e r i n b a s i c maceral composition as i l l u s t r a t e d by some 
data f o r the Waynesburg Coal shown i n Table I I . 

TABLE I I . Maceral Composition of Lithotypes of the Waynesburg Coal 

Lithotype % V i t r i n i t e % E x i n i t e % I n e r t i n i t e %Mineral Matter 
V i t r a i n 9 3 . 1 1.8 2 .4 2 .7 
C l a r a i n 8 4 . 2 4 . 4 5 . 6 5 .8 
Durain 4 3 . 4 17 . 8 2 4 . 9 13 .9 

The low temperature ash of each l i t h o t y p e was submitted to XRD 
a n a l y s i s . The integrated i n t e n s i t i e s of each of the selected 
a n a l y t i c a l Bragg r e f l e c t i o n s s e l e c t e d f o r the i n d i v i d u a l minerals 
were summed f o r a l l minerals present i n each sample to give a 
" t o t a l integrated i n t e n s i t y " . This value was then di v i d e d i n t o the 
integrated i n t e n s i t y of the p y r i t e a n a l y t i c a l Bragg r e f l e c t i o n to 
give the "percent of t o t a l integrated i n t e n s i t y " . The data are 
summarized i n Figure 1. I t i s apparent that there i s a systematic 
r e l a t i o n s h i p between the c o m p o s i t i o n / c r y s t a l l i n i t y of the p y r i t e 
and the b a s i c organic makeup of the c o a l . Most important i s the 
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58 M I N E R A L M A T T E R A N D A S H IN C O A L 

observation that equal concentrations of p y r i t e give d i f f e r e n t 
i n t e n s i t y responses. Volume f o r volume, the p y r i t e contained w i t h i n 
the bright coal ( v i t r a i n ) showing s i g n i f i c a n t l y higher Bragg i n t e n ­
s i t i e s than the p y r i t e contained i n the d u l l e r coals. 

To compound the problem, marcasite f o r reasons unknown to the 
author does not show the i n t e n s i t y response, volume for volume,as 
does p y r i t e . I t has been the author's experience that coals that 
have been shown by o p t i c a l examination to contain marcasite i n 
s i g n i f i c a n t concentrations show almost no i n d i c a t i o n of the mineral 
being present on a diffractogram generated from the low temperature 
ash. 

I t must be apparent from the above d i s c u s s i o n that a number of 
v a r i a b l e s other than concentration a f f e c t the i n t e n s i t i e s of mineral 
patterns as observed on a diffractogram. Inasmuch as they cannot be 
monitored and compensated for mathematically, these v a r i a t i o n s must 
be r e f l e c t e d i n the e r r o r of determination. This would be true 
regardless of the q u a n t i f i c a t i o n procedure employed. The conclusion, 
therefore, i s that the inherent v a r i a b i l i t y i n composition and/or 
c r y s t a l l i n i t y that e x i s t s w i t h i n the major mineral components of the 
low temperature ashes of coal w i l l be r e f l e c t e d i n the s t a t i s t i c a l 
e r r o r of determination and that error w i l l be of s u f f i c i e n t magnitude 
to preclude the use of the term " q u a n t i t a t i v e " to describe the pro­
cedure. Therefore, any procedure using x-ray d i f f r a c t i o n to deter­
mine the minerals i n coal must be considered semi-quantitative at 
best. 

Sample Preparation and Mounting 

Any procedure f o r the preparation and mounting of c o a l low tempera­
ture ashes for XRD a n a l y s i s MUST take two p r o p e r t i e s of the m a t e r i a l 
i n t o account: (1) minerals e x i s t which react with water to produce 
a c i d i c s o l u t i o n s (the i r o n disulphides) which i n turn d i s s o l v e a c i d 
s o l u b l e components such as c a l c i t e and (2) the c l a y minerals, by 
v i r t u e of e x c e p t i o n a l l y w e l l developed (001) cleavage surfaces, have 
a dominant p l a t e y c r y s t a l form. The s i g n i f i c a n c e of the f i r s t 
a t t r i b u t e i s that the ashes cannot be placed i n water thereby pre­
cluding c e r t a i n sample preparation techniques such as d i s p e r s i o n i n 
water followed by vacuum mounting on f i l t e r s or ceramic blocks. The 
second c h a r a c t e r i s t i c , possession of a p l a t e y c r y s t a l form, precludes 
the attainment of the t h e o r e t i c a l l y required randomly oriented 
sample. Those who work with the c l a y minerals, r e a l i z i n g a random 
sample cannot be prepared and that the c l a y p a r t i c l e s w i l l deposit 
i n p r e f e rred o r i e n t a t i o n , purposely prepare and mount the samples 
such that the p r e f e r r r e d o r i e n t a t i o n of the i n d i v i d u a l p l a t e l e t s i s 
maximized and thereby minimize any v a r i a t i o n s i n d i f f r a c t i o n 
i n t e n s i t y due to v a r i a t i o n s i n p a r t i c l e alignment w i t h i n the sample. 
The o r i e n t a t i o n of the c l a y p l a t e l e t s p a r a l l e l to the sample surface 
p o s i t i o n s the "C" c r y s t a l l o g r a p h i c axis perpendicular to the sample 
surface. Because the d i a g n o s t i c i n t e r p l a n a r spacing f o r the c l a y 
minerals i s along the "C" c r y s t a l l o g r a p h i c d i r e c t i o n , such an o r i e n ­
t a t i o n i s i d e a l f o r c l a y mineral i d e n t i f i c a t i o n . The simplest 
method to mount a low temperature ash for XRD a n a l y s i s i s to press 
the ash onto the surface of a p e l l e t prepared from the coal from 
which the ash was derived. 
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4. RENTON Semiquantitative Determination of Coal Minerals 59 

Future Prospects 

A few years ago, an ad hoc group of workers i n t e r e s t e d i n coal 
minerals, The Mineral Matter i n Coal Group, prepared and d i s t r i b u t e d 
a round-robin low temperature ash to ten l a b o r a t o r i e s . Each labora­
tory was to prepare, mount and quantify the mineral components i n the 
ash by t h e i r respective XRD techniques. The data were then compared. 
Even though a wide v a r i e t y of techniques was used f o r each phase of 
the a n a l y s i s , with the exception of the cla y mineral estimates made 
by one laboratory ( s i g n i f i c a n t l y lower than the others) and the 
p y r i t e estimate made by another (too h i g h ) , the data compared 
reasonably w e l l . The averages of a l l the submitted estimates are 
summarized i n Table I I I . 

TABLE I I I . Results of Round-Robin L.T.A. An a l y s i s 

Ave. Cone. Coeff. of 
Mineral WT% STD Dev. V a r i a t i o n 

I l l i t e + M i x e d Layer 30 7.07 0.24 
K a o l i n i t e 18 4.85 0.27 
Quartz 21 6.31 0.30 
C a l c i t e 10 3.59 0.36 
P y r i t e 18 4.93 0.27 

Another o b j e c t i v e of the exercise was to discuss the r e s u l t s and 
procedures used and come to some agreement on a "standard" procedure 
fo r sample preparation, mounting and q u a n t i f i c a t i o n that would be 
acceptable to a l l the workers. The agreement that was reached was 
that no agreement would be forthcoming on any of the phases of the 
an a l y s i s . With no one procedure demonstrably b e t t e r than the other, 
each laboratory was expected to maintain t h e i r own procedure. As 
long as a procedure i s s c i e n t i f i c a l l y and a n a l y t i c a l l y sound and r e ­
f l e c t s a thorough understanding of the c h a r a c t e r i s t i c s of minerals 
contained i n coal and the requirements and l i m i t a t i o n s of x-ray 
d i f f r a c t i o n , one procedure w i l l probably be as good as another but 
none w i l l be b e t t e r than semi-quantitative. 

With a l l i t s shortcomings, x-ray d i f f r a c t i o n i s s t i l l the best 
and most p r a c t i c a l method f o r the estimation of the abundance of the 
i n d i v i d u a l minerals i n c o a l . 
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5 
Factors Influencing Major, Minor, and Trace Element 
Variations in U.S. Coals 

Peter C. Lindahl1 and Robert B. Finkelman2 

1Analytical Chemistry Laboratory, Chemical Technology Division, Argonne National 
Laboratory, Argonne, IL 60439 

2Reservoir and Facies Division, Exxon Production Research Company, Houston, 
TX 77001 

This general review of factors influencing major, 
minor, and trace element variations in U.S. coals 
provides an interpretation of coal inorganic ele­
mental data found in the literature. Variations due 
to ash-related, rank-related, geochemical, and geo­
logical factors are discussed. 

Although chemical analyses e x i s t f o r thousands of c o a l samples, 
more data w i l l be required to e l u c i d a t e elemental trends w i t h i n 
c o a l basins and to help decipher the g e o l o g i c a l and geochemical 
c o n t r o l s on t h e i r d i s t r i b u t i o n and mode of occurrence. However, 
increased numbers of analyses w i l l not n e c e s s a r i l y provide a l l the 
answers. With an u n c r i t i c a l accumulation of data, we run the r i s k 
of ending up information r i c h but knowledge poor. 

The purpose of t h i s paper i s to provide a c r i t i c a l i n t e r p r e t a t i o n 
of c o a l inorganic elemental data i n the l i t e r a t u r e . Several 
valuable compilations of elemental data e x i s t f o r U.S. c o a l (1-4). 
We have borrowed f r e e l y from these compilations to i l l u s t r a t e t h e i r 
value i n e l u c i d a t i n g j u s t one aspect of c o a l geochemistry: the 
f a c t o r s i n f l u e n c i n g inorganic elemental v a r i a t i o n s . 

The concentrations of s p e c i f i c elements can be u s e f u l i n d i c a t o r s of 
some c o a l q u a l i t y c h a r a c t e r i s t i c s . Huggins et a l . (5) and Reid (6) 
demonstrated that the aluminum, s i l i c o n , potassium, calcium, 
magnesium, and sodium values of a co a l ash can be used to estimate 
ash f u s i o n temperature. The S i / A l r a t i o of c o a l ash has been used 
as an i n d i c a t o r of the abrasiveness of a c o a l . Sodium i s a major 
c o n t r i b u t o r to b o i l e r f o u l i n g and metal c o r r o s i o n and contributes 
to agglomeration i n f l u i d i z e d - b e d r e a c t o r s . Trace elements are 
ge n e r a l l y defined as those elements with concentrations below 0.1 
wt. % (1000 ppm). Despite concentrations i n the p a r t s - p e r - m i l l i o n 
range, c e r t a i n trace elements can have a s i g n i f i c a n t impact on c o a l 

0097-6156/ 86/ 0301 -0061 $06.00/0 
© 1986 American Chemical Society 
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62 M I N E R A L M A T T E R A N D A S H IN C O A L 

u t i l i z a t i o n . For example, Be and the c h a l c o p h i l e elements, As, Cd, 
Hg, Pb, and Se, which are released during c o a l combustion or 
leached from c o a l waste products, can present s i g n i f i c a n t 
environmental hazards; halogens such as CI and F can cause severe 
b o i l e r c o r r o s i o n ; and v o l a t i l i z e d N i , T i , or V can cause c o r r o s i o n 
and p i t t i n g of metal surfaces. On the p o s i t i v e s i d e , some trace 
elements (e.g., Ge, Zn, U, and Au) may eventually prove to be 
economic by-products of c o a l u t i l i z a t i o n , while other elements 
(e.g., B) may be u s e f u l i n h e l p i n g to understand d e p o s i t i o n a l 
environments and to c o r r e l a t e c o a l seams (7.8). 

In e a r l y studies of major, minor, and trace elements i n c o a l 
(9-13), c o a l ash was analyzed using emission spectroscopy. Recent 
studies (3.4.14.15) have employed s e v e r a l q u a n t i t a t i v e multielement 
instrumental methods. The instrumental methods used at the 
I l l i n o i s State G e o l o g i c a l Survey and the United States G e o l o g i c a l 
Survey are shown i n Table I. Because a p a r t i c u l a r a n a l y t i c a l 
technique i s b e t t e r s u i t e d f o r c e r t a i n elements than f o r others, a 
combination of methods i s u s u a l l y necessary to determine a l l 
elements of i n t e r e s t . Methods f o r determining inorganic elements 
i n c o a l must be accurate and p r e c i s e . In a d d i t i o n , i f p o s s i b l e , 
they should determine a large number of elements of i n t e r e s t 
simultaneously, require r e l a t i v e l y l i t t l e sample preparation, be 
capable o f automation, produce an output compatible with 
computerized data processing, and be r a p i d . 

Inorganic element concentrations i n c o a l show v a r i a t i o n s from a 
microscopic to a worldwide s c a l e . From a resource e v a l u a t i o n 
perspective, the most s i g n i f i c a n t v a r i a t i o n s occur w i t h i n and 
between c o a l seams and basins. The r e s t of the paper w i l l discuss 
f a c t o r s that cause these v a r i a t i o n s . 

D i s c u s s i o n 

Ash Related V a r i a t i o n s . The amount of ash i n a c o a l i s a major 
f a c t o r i n f l u e n c i n g inorganic element content. In general, trace 
element concentrations increase as ash content increases. This 
r e l a t i o n s h i p r e f l e c t s the f a c t that most inorganic elements i n c o a l 
are a s s o c i a t e d with minerals (7). Figures 1 and 2 i l l u s t r a t e t h i s 
r e l a t i o n s h i p f o r Κ i n eastern Kentucky coals and f o r T i i n coals 
from the U i n t a Region i n Colorado. 

The above r e l a t i o n s h i p a l s o holds when comparing inorganic element 
concentrations among c o a l basins. Table II compares major, minor, 
and trace element data f o r coals from the Black Mesa F i e l d , the 
Powder River Region, and the San Juan Region. As shown i n Table 
I I , the concentrations of the f o l l o w i n g elements increase as the 
ash contents of the coals increase: S i , A l , Na, K, Cu, Th, V, L i , 
Pb, and Se. The reason f o r the v a r i a t i o n of these elements with 
ash content i s that most of these elements are, or were, as s o c i a t e d 
with the d e t r i t a l s i l i c a t e minerals, i . e . , those minerals brought 
i n t o the d e p o s i t i o n a l basins during the formation of the c o a l s . 
Chemical a l t e r a t i o n of minerals w i t h i n the c o a l b a s i n can 
remobilize some elements, which then p r e c i p i t a t e as n o n s i l i c a t e 
minerals, e.g., Cu and Pb, as s u l f i d e s or selenides (16). The good 
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5. L I N D A H L A N D F I N K E L M A N Major, Minor, and Trace Element Variations 63 

Table I. Instrumental Methods Used i n Coal A n a l y s i s by the 
I l l i n o i s State G e o l o g i c a l Survey (ISGS) and the 

United States G e o l o g i c a l Survey (USGS) 

Instrumental Method ISGS a 

Element(s) Determined 
USGS b 

Atomic Absorption 
Spectrophotometry 

Ni, Zn, Pb, Cu, Cd Mg, Na, Cd, Cu, L i 
Mn, Pb, Zn, Hg 

Ion-Selective 
Electrode 

Neutron A c t i v a t i o n 
A n a l y s i s 

Rb, Cs, Ba, Ga, In 
As, Sb, Se, I, Sc, 
Hf, Ta, W, La, Ce, 
Sm, Eu, Tb, Dy, Lu, 
Th, U, Yb, Na, K, 
Br, Fe 

As, Sb, Se, Na, Cs, 
W, Eu, Fe, Hf, Sc, 
Tb, Ba, Rb, La, Yb, 
Br, Ta, Ca, Lu, Co, 
Th, Nd, Cr, Zn, Sm 

Emission Spectrometry 
- D i r e c t Reader 

Be, Ge, Zr, Cr, Co, 
Mo, N i , Zn, B, Sr, 
V, Cu, Cd 

Emission Spectrometry 
- Photographic 

Be, Ge, Zr, Cr, Co, 
Mo, Ag, Sn, N i , Zn, 
Pb, V, Cu, Mn 

B, Ga, N i , Zr, Ba, 
Ge, Sc, Be, La, Sr, 
Co, Mo, V, Cr, Nb, Y 

X-ray Fluorescence Na, K, Br, Fe, CI, 
Mg, Ca, A l , S i , P, 
T i , V 

A l , S i , Ca, S, Fe, 
T i , K, C l , Ρ 

a D a t a from Reference 3. 
^Data from Reference 14. 

20 30 

ASH, % 

Figure 1. R e l a t i o n s h i p between Κ concentration i n the c o a l and 
ash content f o r 34 coals from Eastern Kentucky. R — 0.86. 
Data from reference 1. 
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64 M I N E R A L M A T T E R A N D A S H IN C O A L 

0.4 

ASH, % 

Figure 2. Re l a t i o n s h i p between T i concentration i n the c o a l 
and ash content f o r 34 coals from the U i n t a region. R - 0.86. 
Data from reference 1. 

Table I I . Concentrations of Selected Elements i n Coal Samples 
from Black Mesa (Arizona), Powder River (Wyoming), 

and San Juan (New Mexico) Regions a 

Black Mesa Powder River San Juar 

Ash,, % 8.0 9.9 21.1 
S i , % 1.1 1.5 5.4 
A l , % 0.69 0.78 2.7 
Ca, % 0.78 1.1 0.67 
Mg, % 0.1 0.2 0.1 
Na, % 0.09 0.1 0.2 
K, % 0.04 0.05 0.16 
Fe, % 0.31 0.54 0.54 
T i , % 0.05 0.04 0.11 

Cu, ppm 5.5 11.2 13.3 
Th, ppm 2.2 4.3 5.9 
Zn, ppm 5.6 20 15.1 
Cr, ppm 3 7 5 
Ni, ppm 2 5 3 
V, ppm 7 15 20 
Μη, ppm 9.7 51 29 
L i , ppm 3.9 5.9 19.7 
Pb, ppm 2.7 5.6 13.1 
Se, ppm 1.6 1.7 2 
Ba, ppm 300 300 300 
Sr, ppm 150 200 100 
Nb, ppm 1.5 1.5 3 
Zr, ppm 15 15 50 

a D a t a from Reference 4; r e s u l t s are c a l c u l a t e d on a moisture-free 
c o a l b a s i s (mf c o a l ) . 
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5. L I N D A H L A N D F I N K E L M A N Major, Minor, and Trace Element Variations 65 

c o r r e l a t i o n between element concentration and ash content i n d i c a t e s 
that most elements have remained w i t h i n the c o a l b a s i n despite 
r e m o b i l i z a t i o n (17). 

Elements not i n c r e a s i n g i n concentration with ash content are 
g e n e r a l l y those with (a) organic a f f i n i t i e s (Ca, Mg, Sr, Ba); (b) 
s u l f i d e a f f i n i t i e s (Fe, Zn); (c) carbonate a f f i n i t i e s (Ca, Mn, Mg); 
or (d) s u l f a t e a f f i n i t i e s (Ba, Sr, Ca). S u l f i d e s , carbonates, and 
s u l f a t e s are g e n e r a l l y epigenetic phases, that i s , they p r e c i p i t a t e 
i n the c l e a t s and f r a c t u r e s subsequent to c o a l i f i c a t i o n . Presence 
of epigenetic phases a f f e c t s element concentration more than ash 
content. The concentrations of Zr and Nb would be expected to 
increase with ash content, because these elements are u s u a l l y 
a s s o c i a t e d with the d e t r i t a l compounds of c o a l . The reason that 
t h i s behavior i s not apparent i n Table II may be the poor 
r e s o l u t i o n of the technique (emission spectrographic a n a l y s i s ) used 
to o b t a i n the data. 

Rank-Related V a r i a t i o n s . Several elements e x h i b i t a d i s t i n c t 
v a r i a t i o n i n concentration with c o a l rank. Table I I I i l l u s t r a t e s 
the general decrease i n concentration of a l k a l i n e - e a r t h elements 
(Mg, Ca, Sr, Ba), Na, and Β with i n c r e a s i n g c o a l rank. I t i s 
g e n e r a l l y accepted that these elements are a s s o c i a t e d with organic 
f u n c t i o n a l groups (e.g., c a r b o x y l i c acids) i n low-rank c o a l s . With 
i n c r e a s i n g c o a l rank, these groups are destroyed, thus m o b i l i z i n g 
o r g a n i c a l l y a s s o c i a t e d inorganic trace elements. 

Table I I I . Rank-Related V a r i a t i o n s 3 

A n t h r a c i t e Bituminous Subbituminous L i g n i t e 

Ca, % 0.07 0.33 0.78 1.2 
Mg, % 0.06 0.08 0.18 0.31 
Na, % 0.05 0.04 0.10 0.21 
B, ppm 10 50 70 100 
Ba, ppm 100 100 300 300 
Sr, ppm 100 100 100 300 

a D a t a from Reference 1; mf c o a l . 

An organic a s s o c i a t i o n has been proposed f o r other trace elements, 
such as Be, Sb, Ge, U, and some halogens (3.18). Finkelman (17) 
suggests that organic a s s o c i a t i o n of these elements i s s i g n i f i c a n t 
mainly f o r low-rank, low-ash c o a l s . Concentrations of o r g a n i c a l l y 
bound elements i n c o a l can decrease with i n c r e a s i n g amount of 
d e t r i t u s (Figure 3). 

V a r i a t i o n s Due to Geochemical Factors. Geochemical f a c t o r s , such 
as Eh and pH of the peat environment, as w e l l as the environment 
during and subsequent to c o a l formation, can have dramatic e f f e c t s 
on inorganic element content. The e f f e c t of these geochemical 
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66 M I N E R A L M A T T E R A N D A S H IN C O A L 

f a c t o r s can be seen i n Table IV, i n which s e l e c t e d data f o r 
Appalachian and I n t e r i o r Province coals are compared. Coals from 
both areas are s i m i l a r i n rank and ash content, but the I n t e r i o r 
Province coals have s i g n i f i c a n t l y higher contents of a l l s i x 
elements. The higher content of Ca i s perhaps due to carbonate 
m i n e r a l i z a t i o n (high pH), whereas that of Fe, Cd, Pb, and Zn i s 
a t t r i b u t a b l e to s u l f i d e m i n e r a l i z a t i o n (low Eh). The higher 
content of Β i n the I n t e r i o r Province may be a t t r i b u t a b l e to 
greater marine in f l u e n c e (high s a l i n i t y ) . 

Table IV. Concentrations of Selected Elements i n Coal Samples 
from Appalachian and I n t e r i o r Coal Basins 

Appalachian a I n t e r i o r 0 

Ash, % 13.3 15.7 
Ca, % 0.12 1.2 
Fe, % 1.9 3.3 

Cd, ppm 0.7 7.1 
Pb, ppm 15.3 55 
Zn, ppm 20 373 
B, ppm 30 100 

a D a t a from Reference 2; mf c o a l . 
b D a t a from Reference 4; mf c o a l . 

The occurrence of c l e a t - f i l l i n g s p h a l e r i t e and galena i n the 
I n t e r i o r Province coals i s a c l a s s i c example of how e p i g e n t i c 
m i n e r a l i z a t i o n can a f f e c t trace element content (19). Dramatic 
i n t r a - and interseam v a r i a t i o n s are common. Cobb et a l . (20) 
report that z i n c content from benches of the H e r r i n (No. 6) c o a l 
v a r i e d from 20 to 14,900 ppm. 

V a r i a t i o n s Due to Geologic Factors. Ash chemistry i s another 
important f a c t o r a f f e c t i n g elemental v a r i a t i o n s . I t s i n f l u e n c e i s , 
however, g e n e r a l l y more subtle than the other f a c t o r s . In Table V 
the contents of s e l e c t e d elements are compared f o r Appalachian 
Province coals and Wasatch Plateau c o a l s . Both are bituminous 
coals with s i m i l a r ash contents. However, with a few exceptions, 
the content of the elements i n the Wasatch coals i s lower than 
those of Appalachian c o a l s . The lower content of c h a l c o p h i l e 
elements i n Wasatch coals may be due to a lower p y r i t e content. 
The lower concentration of l i t h o p h i l e elements (e.g., L i , Zr, Nb, 
Th, Sc, Y) but higher S i content may r e f l e c t a higher quartz 
content i n the d e t r i t a l component of Wasatch coal s ; t h i s , i n turn, 
may be a r e f l e c t i o n of d i f f e r e n c e s i n the mineralogy of the source 
rocks. V o l c a n i c ash, which i s prevalent i n some of our western 
coals can have a s i g n i f i c a n t impact on ash chemistry. 
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5. L I N D A H L A N D F I N K E L M A N Major, Minor, and Trace Element Variations 67 

Table V. Concentrations of Selected Elements i n Coal Samples 
from Appalachian Province and Wasatch Coal F i e l d 

A ppalachian 5 Wasatch b 

Ash, % 13.3 11.3 
Ca, % 0.12 0.41 
Fe, % 1.9 0.26 
S i , % 2.7 3.0 

Cd, ppm 0.7 0.06 
L i , ppm 27.6 16 
Pb, ppm 15.3 5.8 
U, ppm 1.4 1.2 
Zn, ppm 20 11 
B, ppm 30 100 
Nb, ppm 5 0.3 
Ni, ppm 15 5 
Zr, ppm 50 30 
As, ppm 27 0.8 
Cu, ppm 24 9.3 
F, ppm 80 67 
Th, ppm 4.9 1.8 
Ba, ppm 100 70 
Co, ppm 7 1.5 
Cr, ppm 20 10 
Mo, ppm 3 0.7 
Sc, ppm 5 3 
V, ppm 20 15 
Y, ppm 10 7 

aData from Reference 8; mf c o a l . 
DData from Reference 21; mf c o a l . 
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68 M I N E R A L M A T T E R A N D A S H IN C O A L 

Other Factors A f f e c t i n g the Inorganic Element Content. Other 
f a c t o r s that could modify the ash chemistry or the a v a i l a b i l i t y of 
inorganic elements include the s a l i n i t y of waters i n contact with 
the c o a l or peat, the type of chemical weathering process ( a r i d vs. 
humid), and hydrologie conditions (Br and CI may be e s p e c i a l l y 
s e n s i t i v e to t h i s f a c t o r ) . In general, these f a c t o r s are s t i l l 
p o o r l y understood. Marginal enrichment and c o a l thickness are 
a d d i t i o n a l f a c t o r s that can a f f e c t the inorganic element content. 

Concluding Comments 

In t h i s paper, we made se v e r a l broad g e n e r a l i z a t i o n s regarding 
f a c t o r s that i n f l u e n c e major, minor, and trace element v a r i a t i o n s 
i n U.S. c o a l s . Examples were chosen to i l l u s t r a t e s p e c i f i c p o i n t s ; 
we do not deny the p r o b a b i l i t y of a l t e r n a t e explanations. We urge 
that i n any i n t e r p r e t a t i v e work these g e n e r a l i z a t i o n s be a p p l i e d 
c a r e f u l l y . 

A c r i t i c a l e v a l u a t i o n of e x i s t i n g elemental data of c o a l would 
probably r e s u l t i n i d e n t i f i c a t i o n of anomalous values and e l i m i ­
n a t i o n of suspect data. Several questions might be answered by 
such an evaluation; f o r example, do the two Κ values i n the high-
ash region of Figure 1 deviate s i g n i f i c a n t l y from the trend of the 
other data because of a n a l y t i c a l e r r o r s or recording errors? 
Are they l e g i t i m a t e geochemical anomalies? 

The nature of inorganic element v a r i a t i o n s , f o r whatever cause, 
h i g h l i g h t s the need to more j u d i c i o u s l y s e l e c t representative 
samples f o r r e l i a b l e q u a n t i t a t i v e analyses. S t a t i s t i c a l tech­
niques, such as p r i n c i p a l component a n a l y s i s , should help i n 
r e s o l v i n g the infl u e n c e of the f a c t o r s a f f e c t i n g major, minor, and 
trace element v a r i a t i o n s i n c o a l . We encourage a n a l y t i c a l chemists 
and g e o l o g i s t s to i n t e r a c t c l o s e l y because t h i s i s one of the best 
ways to improve the q u a l i t y of a n a l y t i c a l methodology and data, and 
g e o l o g i c a l i n t e r p r e t a t i o n . 

I t i s hoped that t h i s paper w i l l encourage more d e t a i l e d study of 
f a c t o r s i n f l u e n c i n g inorganic element v a r i a t i o n s i n c o a l s . 
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6 
Elemental Distribution and Association with Inorganic 
and Organic Components in North Dakota Lignites 

F. R. Karner, H . H. Schobert, S. K. Falcone, and S. A. Benson 

Energy Research Center, University of North Dakota, University Station, Grand Forks, 
ND 58202 

Elemental associations in Beulah-Zap and Kinneman 
Creek lignites have been evaluated by: 1) spatial 
patterns of vertical distribution of elements 
within seams; 2) behavior in chemical fractionation 
tests; 3) microprobe evidence of distribution in 
coal components; 4) inorganic and organic 
affinities determined by correlation with ash 
content; and 5) correlation with ionic potential 
data. Si, Sc, Ti, V, Cr, Co, Br, Y, Zr, Sb, Cs, 
La, Ce, Sm, Eu, Yb, Th and U are inorganically 
associated with mineral phases and are typified by 
concentration at the margins of coal seams, 
relative insolubility, and positive correlation 
with ash content. Na, Mg, Ca, Sr and Ba are 
organically associated with carbonaceous components 
and are typified by concentration within the 
central part of seams, high ion-exchangeability, 
and low correlation with ash content. Al, S, K, 
Mn, Fe, Cu, Zn, As and Se occur in significant 
amounts in both inorganic and organic components. 

The a s s o c i a t i o n s o f m a j o r , m i n o r , and t r a c e e l e m e n t s i n l i g n i t e -
b e a r i n g s t r a t a o f t h e F o r t U n i o n R e g i o n p r e s e n t a c h a l l e n g e i n 
u n d e r s t a n d i n g t h e i r g e o c h e m i c a l r e l a t i o n s h i p s and h i s t o r y . In an 
e a r l i e r work (_1), t h e s p a t i a l p a t t e r n s o f e l e m e n t a l d i s t r i b u t i o n 
w i t h i n a l i g n i t i c s e d i m e n t a r y s equence were exam ined and were 
r e l a t e d t o f a c t o r s o f a c c u m u l a t i o n o f p l a n t m a t e r i a l s and t o t h e 
d e p o s i t i o n a l and p o s t - d e p o s i t i o n a l i n f l u x o f i n o r g a n i c m a t t e r . In 
t h i s s t u d y , two b e d s , t h e K inneman C r eek and t h e B e u l a h - Z a p , w h i c h 
a r e p a r t o f t h e S e n t i n e l B u t t e F o r m a t i o n ( P a l e o c e n e ) o f N o r t h 
D a k o t a , were compared t o d e t e r m i n e e l e m e n t a l d i s t r i b u t i o n and 
a s s o c i a t i o n w i t h s p e c i f i c c o a l c o m p o n e n t s . The i n o r g a n i c e l e m e n t s 
i n l i g n i t e s a r e d i s t r i b u t e d as i o n s a d s o r b e d on t h e o r g a n i c a c i d 
g r o u p s , as c o o r d i n a t e d s p e c i e s , and i n d e t r i t a l and a u t h i g e n i c 

0097-6156/ 86/0301 -0070S06.00/0 
© 1986 American Chemical Society 
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6. K A R N E R E T A L . Elemental Association in North Dakota Lignites 71 

m i n e r a l s . The d i s t r i b u t i o n o f e l e m e n t s i s d e t e r m i n e d by n a t u r a l 
p r o c e s s e s , a n d , t h e r e f o r e , i s e x p e c t e d t o be s y s t e m a t i c even t h o u g h 
c o m p l e x . 

The methods used t o q u a l i t a t i v e l y i d e n t i f y t h e 
i n t e r r e l a t i o n s h i p s o f m a j o r , m i n o r , and t r a c e e l e m e n t s i n c l u d e 
e x a m i n i n g t h e s p a t i a l p a t t e r n s o f d i s t r i b u t i o n o f e l e m e n t s w i t h i n a 
s t r a t i g r a p h i e s equen ce ( 1 ) , c o n s i d e r a t i o n o f r e s u l t s o f c h e m i c a l 
f r a c t i o n a t i o n p r o c e d u r e s ~~[2j, and d i r e c t s t u d y o f t h e d i s t r i b u t i o n 
o f e l e m e n t s by m i c r o p r o b e t e c h n i q u e s (_3). E v a l u a t i o n o f t h e 
o r g a n i c and i n o r g a n i c a f f i n i t i e s ( 4 - 5 ) o f t h e e l e m e n t s c o r r e l a t e d 
t h e s e methods w i t h t h e o r e t i c a l c o n s i d e r a t i o n s ba sed on i o n i c 
p o t e n t i a l s and a l l o w e d b r o a d c h a r a c t e r i z a t i o n o f e l e m e n t s i n t o 
i n o r g a n i c , o r g a n i c and c omb i ned i n o r g a n i c - o r g a n i c a s s o c i a t i o n s . 

Methods and Procedures 

The s amp l e s were c o l l e c t e d f r o m f r e s h l y e xpo sed f a c e s w i t h i n open 
p i t m i n e s . The l i g n i t e , l i g n i t e o v e r b u r d e n , and u n d e r c l a y were 
c o l l e c t e d f r om two p i t s a t t h e B e u l a h M ine where l i g n i t e i s m ined 
f r om t h e B e u l a h - Z a p bed and f r om t h e K inneman C reek bed i n t h e 
C e n t e r m i n e . The samp le c o l l e c t i o n p r o c e d u r e s have been summar i zed 
by K a r n e r {6) and Benson {]_) . 

The l i g n i t e s amp l e s c o l l e c t e d a t v a r i o u s i n t e r v a l s w i t h i n t h e 
s t r a t i g r a p h i e s e quen c e were s u b j e c t e d t o t h e f o l l o w i n g a n a l y s e s : 
p r o x i m a t e , u l t i m a t e , h e a t i n g v a l u e , a s h a n a l y s i s , and t r a c e e l emen t 
a n a l y s i s by n e u t r o n a c t i v a t i o n a n a l y s i s (NAA) (_8) and x - r a y 
f l u o r e s c e n c e (XRF) ( £ ) . M i n e r a l s i n t h e c o a l and t h e a s s o c i a t e d 
s e d i m e n t s were d e t e r m i n e d by x - r a y d i f f r a c t i o n and by s c a n n i n g 
e l e c t r o n m i c r o s c o p y and e l e c t r o n m i c r o p r o b e a n a l y s i s . A s p l i t f r om 
a b u l k s amp l e was e xam ined by c h e m i c a l f r a c t i o n a t i o n t o s e l e c t i v e l y 
e x t r a c t i n o r g a n i c c o n s t i t u e n t s based on t h e i r b o n d i n g i n t h e 
c o a l . The c h e m i c a l f r a c t i o n a t i o n p r o c e d u r e i n v o l v e s e x t r a c t i n g t h e 
c o a l w i t h 1M ammonium a c e t a t e t o remove s o l u b l e and i o n -
e x c h a n g e a b l e i n o r g a n i c c o m p o n e n t s . The c o a l i s s u b s e q u e n t l y 
e x t r a c t e d w i t h 1M h y d r o c h l o r i c a c i d t o remove e l e m e n t s p r e s e n t as 
c a r b o n a t e s , o x i d e s , o r c o o r d i n a t e d s p e c i e s . The e x t r a c t s and 
r e s i d u e s f r om t h e c h e m i c a l f r a c t i o n a t i o n p r o c e d u r e a r e a n a l y z e d by 
a c o m b i n a t i o n o f NAA, XRF , i n d u c t i v e l y c o u p l e d a r g o n p l a sma ( I C A P ) , 
and a t o m i c a b s o r p t i o n s p e c t r o s c o p y ( A A ) . 

D i r e c t d e t e r m i n a t i o n o f i n o r g a n i c e l e m e n t s a s s o c i a t e d w i t h 
macérais and l i t h o t y p e s was based on an e l e c t r o n m i c r o p r o b e s t u d y 
o f c o a l m i c r o c o m p o n e n t s (3>) u s i n g e n e r g y d i s p e r s i v e x - r a y a n a l y s i s 
t o d e t e r m i n e t h e p r e s e n c e o f e l e m e n t s and t h e i r r a t i o s as w e l l as 
v a r i a t i o n a t t h r e e l o c a t i o n s i n t h e B e u l a h - Z a p seam. 

Resu l t s 

Pat terns o f Elemental D i s t r i b u t i o n . The m a j o r , m i n o r , and t r a c e 
e l emen t abundances and t h e l i t h o l o g y o f t h e s t r a t i g r a p h i e s e q u e n c e 
a r e summar i z ed i n T a b l e s I and I I f o r t h e B e u l a h c o a l s . The d a t a 
f r om t h e C e n t e r M ine i s g i v e n i n K a r n e r and o t h e r s (_1) where t h e 
s p a t i a l d i s t r i b u t i o n o f e l e m e n t s i n t h e seam was d e s c r i b e d as 
f i t t i n g i n t o s e v e r a l p a t t e r n s . In t h i s s t u d y t h e c l a s s i f i c a t i o n o f 
e l e m e n t a l d i s t r i b u t i o n p a t t e r n s i n c l u d e s : 1) C o n c e n t r a t i o n a t 
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6. K A R N E R E T A L . Elemental Association in North Dakota Lignites 75 

b o t h m a r g i n s o f t h e seam, 2) c o n c e n t r a t i o n a t t h e base o f t h e 
s eam, 3) c o n c e n t r a t i o n a t t h e t o p o f t h e s eam, 4) c o n c e n t r a t i o n a t 
one o r more l o c a t i o n s w i t h i n t h e c e n t r a l p o r t i o n o f t h e seam, and 
5) i r r e g u l a r d i s t r i b u t i o n . 

F i g u r e 1 i l l u s t r a t e s e xamp l e s o f t h e d i s t r i b u t i o n p a t t e r n s f o r 
t h e B e u l a h - Z a p b e d . Examp les o f p a t t e r n s f o r t h e K inneman C r eek 
bed a r e g i v e n i n K a r n e r and o t h e r s The v a r i o u s ways i n w h i c h 
i n o r g a n i c c o n s t i t u e n t s a c c u m u l a t e d i n t h e l i g n i t e d u r i n g and a f t e r 
d e p o s i t i o n a f f e c t t h e l o c a t i o n s o f e l e m e n t s w i t h i n t h e seam. The 
d e t r i t a l c o n s t i t u e n t s c a r r i e d i n by w i nd and w a t e r w i l l mos t l i k e l y 
be e n r i c h e d a t t h e m a r g i n s o f t h e c o a l seam and i n p a r t i n g s . 
I n c l u d e d i n t h i s g r oup o f i n o r g a n i c c o n s t i t u e n t s a r e s i l t - s i z e 
q u a r t z , f e l d s p a r and m i c a , c l a y m i n e r a l s and v o l c a n i c a s h . 

A u t h i g e n i c m i n e r a l s a r e f o rmed i n p l a c e , p r i m a r i l y by 
p r e c i p i t a t i o n f r o m aqueous s o l u t i o n s . They may f o rm e a r l y i n t h e 
d e p o s i t i o n a l h i s t o r y unde r swamp c o n d i t i o n s o r a t a n y l a t e r t i m e a s 
a r e s u l t o f g r o u n d w a t e r movement . S i m i l a r l y , i o n ex change w i t h 
m i n e r a l s o r o r g a n i c componen t s may a l s o o c c u r . D i s t r i b u t i o n 
p a t t e r n s r e s u l t i n g f r o m t h e i n f l u e n c e o f aqueous s o l u t i o n s m i g h t be 
p r odu c ed by c h a n g i n g w a t e r c h e m i s t r y d u r i n g t h e h i s t o r y o f t h e 
swamp c a u s i n g c o n c e n t r a t i o n s o f i n o r g a n i c e l e m e n t s a t one o r b o t h 
m a r g i n s o r w i t h i n t h e c e n t r a l p o r t i o n o f t h e s eam. Sub sequen t 
g r o u n d w a t e r p r o c e s s e s , d e p e n d i n g on f l o w d i r e c t i o n s and 
d i f f e r e n t i a l p e r m e a b i l i t y w i t h i n t h e s eam, m i g h t a l s o l e a d t o 
v a r i e d d i s t r i b u t i o n p a t t e r n s . 

I n o r g a n i c e l e m e n t s a r e a l s o p r e s e n t i n p l a n t m a t e r i a l and may 
be d i s t r i b u t e d i n v e r t i c a l p a t t e r n s r e l a t e d t o t h e d e p o s i t i o n a l 
h i s t o r y o f t h e swamp. 

O v e r a l l , more even d i s t r i b u t i o n p a t t e r n s o f i n o r g a n i c e l e m e n t s 
may be c h a r a c t e r i s t i c o f e l e m e n t s a s s o c i a t e d w i t h o r g a n i c 
c omponen t s and more p r onounced o r i r r e g u l a r p a t t e r n s w i t h e l e m e n t s 
r e l a t e d t o c o n c e n t r a t i o n s o f d e t r i t a l and a u t h i g e n i c m i n e r a l s . 
D i s t r i b u t i o n p a t t e r n s a r e l i s t e d i n T a b l e I I I f o r t h e e l e m e n t s 
a n a l y z e d i n t h i s s t u d y . The d i s t r i b u t i o n o f e l e m e n t s i n t h e seams 
may show c h a r a c t e r i s t i c s o f more t h a n one p a t t e r n and a r e no t ed 
a c c o r d i n g l y i n T a b l e I I I . Z u b o v i c and o t h e r s ( 1 0 ) d e s c r i b e d 
d i s t r i b u t i o n p a t t e r n s s i m i l a r t o o u r s f o r T i , V , C r , C o , C u , Y and 
La i n s e v e r a l N o r t h Dako t a l i g n i t e s . 

Chemical F r a c t i o n a t i o n . The b u l k c o a l s amp l e s were s u b j e c t e d t o 
c h e m i c a l f r a c t i o n a t i o n a n a l y s i s ( 11 ) w h i c h c a n be used t o 
c a t e g o r i z e how a p a r t i c u l a r e l e m e n t i s bonded i n t h e c o a l . The 
e l e m e n t s were d i v i d e d i n t o t h r e e c a t e g o r i e s : 1) i o n - e x c h a n g e a b l e , 
2) a c i d - s o l u b l e , and 3) r e s i d u a l ( T a b l e I I I ) . O r g a n i c a l l y 
a s s o c i a t e d e l e m e n t s t e n d t o f a l l i n t o t h e i o n - e x c h a n g e a b l e and a c i d 
s o l u b l e c a t e g o r i e s w h i l e e l e m e n t s a s s o c i a t e d w i t h d e t r i t a l and 
a u t h i g e n i c m i n e r a l s may be i n any o f t h e t h r e e c a t e g o r i e s . 

E l e c t r o n Microprobe A n a l y s i s . D i r e c t a n a l y s i s o f i n o r g a n i c 
e l e m e n t s a s s o c i a t e d w i t h o r g a n i c componen t s c a n be made by 
m i c r o p r o b e t e c h n i q u e s . An i n i t i a l s t u d y (_3) showed t h a t e l e m e n t s 
p r e s e n t i n v i t r a i n , f u s a i n and d u r a i n / a t t r i t u s i n t h e B e u l a h - Z a p 
bed i n c l u d e Na , Mg , A l , S i , S , K, C a , Fe S r and B a . F u r t h e r 
o b s e r v a t i o n s were made on l i t h o t y p e s and macérais f o r s amp l e s f r om 
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80 M I N E R A L M A T T E R A N D A S H IN C O A L 

U D ISTR IBUT ION IN B E U L A H 7 9 S E A M 

0.0 0 .2 0 .4 0 .6 0 .8 1.0 1.2 1.4 l . B 1.8 2.0 2 .2 2 .4 2 .6 2 .8 3 .0 3.2 3 .4 

NA D ISTR IBUT ION IN B E U L A H 79 S E A M 

7.Β 
7.5 
7 .3 
6 .3 
5 .2 
5. 1 

GRAY SILTY CLAY 

6000 8000 10000 12000 14000 

CA D ISTR IBUT ION IN B E U L A H 7 9 S E A M 

GRAY SILTY CLAY 

4000 8000 12000 16000 20000 24000 28000 

F i g u r e 1 . V e r t i c a l d i s t r i b u t i o n o f U , Na and Ca i n p a r t s p e r 
m i l l i o n i n t h e B e u l a h - Z a p seam and r e l a t e d s e d i m e n t s . 
C o n c e n t r a t i o n s o f U i s a t t h e m a r g i n s o f seams and Na and Ca 
w i t h i n t h e c e n t r a l p a r t o f s eams . 
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6. KARNER ET AL. Elemental Association in North Dakota Lignites 81 

t h r e e l o c a t i o n s a t l o w e r , m i d d l e , and uppe r l o c a t i o n s i n t h e 
seam. Ene r gy d i s p e r s i v e x - r a y s p e c t r a i n F i g u r e 2 i l l u s t r a t e t h e 
f o l l o w i n g i n i t i a l r e s u l t s : 

1. T h e r e i s a c l e a r a s s o c i a t i o n o f e l e m e n t s w i t h t h e o r g a n i c 
c o m p o n e n t s . 

2 . S and Ca a r e m a j o r c o m p o n e n t s . N a , Mg, and A l a r e r e p r e s e n t e d 
by s m a l l e r b u t d i s t i n c t p e a k s . S i and S r peaks s t r o n g l y 
o v e r l a p . K, F e , B a , and some o t h e r e l e m e n t s a r e r e p r e s e n t e d by 
v e r y l ow p e a k s . 

3 . V i t r a i n i n t h e s amp l e s f r om a m i d d l e l o c a t i o n i n t h e seam c a n 
be c l a s s i f i e d i n t o two t y p e s e x e m p l i f i e d by t h e s p e c t r a f o r 7-5 
and 7 - 2 . V i t r a i n 7-5 i s t y p i c a l o f g r a i n s c h a r a c t e r i z e d by 
r e l a t i v e l y h i g h S:Ca peak r a t i o s and l o w Mg:A l r a t i o s w h i l e 
v i t r a i n 7-2 e x e m p l i f i e s g r a i n s w i t h l ow S :Ca and h i g h Mg : A l . 

4 . U lm i n i t e 1-1 i s t y p i c a l o f a n a l y z e d g r a i n s f r o m t h e uppe r p a r t 
o f t h e seam and f a l l s i n t o t h e h i g h S :Ca and l ow Mg:Al 
c a t e g o r y . Howeve r , i t i s much more e n r i c h e d i n S and d e p l e t e d 
i n Mg t h a n v i t r a i n 7 - 5 . 

The e l e m e n t s r e p r e s e n t , a t l e a s t i n p a r t , t h e e a s i l y 
e x c h a n g e a b l e , o r g a n i c a l l y b o u n d , i n o r g a n i c componen t s a s s o c i a t e d 
w i t h c a r b o x y l g r o u p s i n t h e l i g n i t e . In p a r t , t h e e l e m e n t s may 
a l s o r e p r e s e n t f i n e - g r a i n e d a u t h i g e n i c m i n e r a l s s u ch a s S i and A l 
i n k a o l i n i t e o r amorphous p h a s e s . O r i g i n a l p l a n t c o n s t i t u e n t s may 
a l s o be p r e s e n t . 

C o r r e l a t i o n with Ash Content . The o r g a n i c and i n o r g a n i c a f f i n i t i e s 
o f e l e m e n t a l c o n s t i t u e n t s have been d e t e r m i n e d by a number o f 
i n v e s t i g a t o r s ( 4 - 5 ) . The r e l a t i o n s h i p between t h e c o n c e n t r a t i o n o f 
an e l e m e n t i n m o i s t u r e - f r e e c o a l and t h e a s h c o n t e n t c a n be used as 
a g u i d e t o t h e a f f i n i t y o f t h a t e l e m e n t f o r , o r i n c o r p o r a t i o n i n , 
t h e m i n e r a l m a t t e r o r t h e c a r b o n a c e o u s m a t e r i a l . I f t h e 
c o n c e n t r a t i o n o f an e l e m e n t i n c r e a s e s w i t h i n c r e a s i n g ash c o n t e n t 
t h a t e l emen t may be c h a r a c t e r i z e d as b e i n g a s s o c i a t e d w i t h t h e 
i n o r g a n i c s p e c i e s t h a t f o r m a s h , o r i n o t h e r wo rds may be s a i d t o 
have an i n o r g a n i c a f f i n i t y . I f t h e c o n c e n t r a t i o n shows no 
c o r r e l a t i o n w i t h a sh c o n t e n t , t h a t e l e m e n t may be s a i d t o have an 
o r g a n i c a f f i n i t y . L i n e a r l e a s t s q u a r e s c o r r e l a t i o n c o e f f i c i e n t s 
were c a l c u l a t e d f o r t h e c o n c e n t r a t i o n s o f t h e e l e m e n t s v e r s u s t h e 
ash c o n t e n t . F o r e x a m p l e , o r g a n i c and i n o r g a n i c a f f i n i t i e s f o r 
e l e m e n t s f r om t h e C e n t e r m ine i n d i c a t e t h e f o l l o w i n g a f f i n i t i e s : 
s e v e n e l e m e n t s - N a , C a , Mn, B r , S r , Y , and Ba - had c o r r e l a t i o n 
c o e f f i c i e n t s b e l o w 0.200 and t h u s show o r g a n i c a f f i n i t y i n t h i s 
s u i t e o f s a m p l e s . An a d d i t i o n a l s e v en e l e m e n t s - Mg, K, C u , A s , 
R b , C e , and Eu - had c o r r e l a t i o n c o e f f i c i e n t s r a n g i n g f r o m 0.201 t o 
0.600 and may be a s s o c i a t e d w i t h b o t h t h e c a r b o n a c e o u s and m i n e r a l 
p o r t i o n s o f t h e c o a l . The r e m a i n i n g 24 e l e m e n t s show i n o r g a n i c 
a f f i n i t y . F o r a s u b s e t o f m i n o r e l e m e n t s T i , V , C r , C o , Z n , and 
L a , t h e i n o r g a n i c a f f i n i t y c o r r e l a t e s w i t h t h e i o n i c p o t e n t i a l 
(Spea rman rank c o r r e l a t i o n c o e f f i c i e n t r $ = . 7 7 ) . T h i s f i n d i n g i s 
c o n t r a r y t o r e s u l t s r e p o r t e d p r e v i o u s l y b y Z u b o v i c Q 2 ) f o r h i g h e r 
r a nk c o a l s . 
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82 

TABLE I I I . Q u a l i t a t i v e G e o c h e m i c a l 

M I N E R A L M A T T E R A N D A S H IN C O A L 

R e l a t i o n s h i p s Be tween G e o c h e m i c a l 

D i s t r i b u t i o n W i t h i n L i g n i t e Seams a t t h e B e u l a h M i n e 
B e u l a h 

B e u l a h Uppe r Lowe r 
Orange P i t Seam Seam 

Na LM-IR CE CE 
Mg CE-UM UM-IR UM 
A l UM-IR MS-IR MS 
S i UM MS-IR MS 
Ρ ND IR LM 
S UM-IR UM MS 
Κ ND ND UM 
Ca UM-IR IR LM-IR 
Sc MS MS MS 
T i UM-IR MS MS 
V MS-IR MS MS 
C r MS-IR MS MS 
Mn UM-IR UM UM 
Fe IR MS-IR MS 
Co LM MS-IR UM 
Cu UM LM-IR LM 
Zn IR UM UM 
Ge ND ND ND 
As MS-IR CE - IR UM 
Se IR CE- IR MS 
B r LM MS UM-IR 
Rb ND MS MS 
S r CE - IR ND ND 
Y MS ND ND 
Z r UM-IR ND ND 
Cd ND ND ND 
Sb UM MS MS 
Cs IR MS MS 
Ba IR IR IR 
La LM-IR IR MS 
Ce IR IR UM 
Sm MS MS UM 
Eu MS MS-IR MS 
Yb MS MS LM 
Th UM ND ND 
U UM MS MS 

P a t t e r n s o f D i s t r i b u t i o n 

MS - E n r i c h m e n t a t b o t h m a r g i n s 
UM - E n r i c h m e n t a t u p p e r m a r g i n 
LM - E n r i c h m e n t a t l o w e r m a r g i n 
CE - E n r i c h m e n t a t t h e c e n t e r o f t h e 
IR - I r r e g u l a r seam 
ND - Not d e t e r m i n e d 

Chem i c a l A f f i n i t y By 
F r a c t i o n a t i o n C o r r e l a t i o n W i t h 

B e h a v i o r Ash C o n t e n t 

IE OR 
IE IN/OR 
A S , RS IN 
RS IN 
ND IN 
RS , IE OR 
R S , AS IN 
I E , AS IN/OR 
R S , AS IN/OR 
RS IN 
AS IN/OR 
RS IN 
A S , IE IN/OR 
RS , AS IN 
A S , RS IN 
ND IN 
RS IN 
ND ND 
RS IN 
RS IN 
ND IN/OR 
ND ND 
IE OR 
ND ND 
RS ND 
RS IN/OR 
RS IN 
RS IN 
I E , AS IN/OR 
A S , RS IN 
A S , RS IN 
A S , RS IN 
A S , RS IN 
A S , RS IN/OR 
RS IN 
A S , RS IN 

Chem i c a l F r a c t i o n a t i o n B e h a v i o r 

IE - I o n - e x c h a n g e a b l e 
AS - A c i d s o l u b l e 
RS - Remains i n t h e r e s i d u e 
ND - Not d e t e r m i n e d 
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6. K A R N E R E T A L . Elemental Association in North Dakota Lignites 

P r o p e r t i e s and E l e m e n t a l D i s t r i b u t i o n W i t h i n Seams 

D i s t r i b u t i o n W i t h i n L i g n i t e Seam a t t h e C e n t e r M i n e 
C h e m i c a l A f f i n i t y By I o n i c 

F r a c t i o n a t i o n C o r r e l a t i o n W i t h P o t e n t i a l 
C e n t e r B e h a v i o r Ash C o n t e n t Z / r 

LM-IR IE OR 1.0 
CE- IR I E » A S IN/OR 3 .0 
MS-IR A S , RS IN 5 .9 
MS RS IN 9 . 5 
MS-IR ND IN 1 4 . 3 
MS R S , IE OR 1 7 . 1 
LM, I E , A S , RS IN 0 . 1 3 
UM-IR I E , AS IN/OR 2 . 0 
MS A S , RS IN 3 .7 
LM-IR RS IN 5.9 
LM A S , RS IN 4 . 0 
LM RS IN 4 . 8 
CE A S , IE IN/OR 2 . 5 / 6 . 7 
MS-IR AS IN 2 . 7 / 4 . 7 
UM-IR A S , RS IN 2 . 8 
LM-IR RS IN 1 . 0 / 2 . 8 
ND ND IN . 8 8 / 2 . 7 
LM ND ND 2 . 7 / 7 . 5 
MS RS IN/OR 1 0 . 8 
LM R S , IE IN 1 4 . 3 
CE-UM ND OR 
MS R S , AS ND 0 . 6 8 
CE - IR IE OR 1.8 
MS ND ND 3 .4 
MS ND IN 5 .1 
MS-IR ND IN . 8 7 / 2 . 1 
LM-IR A S , RS IN 4 . 0 
MS RS IN 0 . 6 
MS I E , AS IN/OR 1.5 
IR A S , RS IN 2 .6 
LM A S , RS IN/OR 2 .9 
MS AS IN 3 .1 
MS AS IN/OR 3 .2 
MS IN 
MS RS IN 3 .9 
MS A S , RS IN 4 . 2 

A f f i n i t y By C o r r e l a t i o n W i t h A sh C o n t e n t 

IN - I n o r g a n i c - h i g h c o r r e l a t i o n 
OR - O r g a n i c - l o w c o r r e l a t i o n 

IN/OR - I n t e r m e d i a t e c o r r e l a t i o n 
ND - Not d e t e r m i n e d 
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84 M I N E R A L M A T T E R A N D A S H IN C O A L 

CO 
I -

z 

Ο 
ο 

3000 

2000 

1000 

VITRAIN 7-5 

A 

"τ—ι—ι—ι—ι—i—ι—ι—ι τ ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—r 
0.000 2.000 4.000 6.000 

ENERGY KEV 
VITRAIN 7-2 

3000 

Ζ 
ZD 
Ο 
ο 

2000 

1000 

M A 

Τ " τ ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—i—ι—ι—r 
0.000 2.000 4.000 6.000 

3 
ο 
ϋ 

3000 

2000 

1000 Α 

ENERGY KEV 
ULMINITE 1-1 

Ν 9 -

a y? 

ο 1 ι r ι i i-
0.000 

— ι — r — ι — ι — r -

2.000 4.000 

ENERGY KEV 

—ι—ι—ι—ι—ι—r-

6.000 

F i g u r e 2 . E l e c t r o n m i c r o p r o b e e ne r g y d i s p e r s i v e x - r a y s p e c t r a 
o f two v i t r a i n g r a i n s f r om t h e m i d d l e p a r t o f t h e B e u l a h Zap bed 
and an u l m i n i t e g r a i n f r om t h e uppe r p a r t o f t h e seam. A n a l y s e s 
were a c c u m u l a t e d f o r 400 s e cond s w i t h a c u r r e n t o f 1000 p i c oamps 
w i t h t h e beam s c a n n i n g a r e a s o f 10 -100 s q u a r e m i c r o n s . 
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6. K A R N E R E T A L . Elemental Association in North Dakota Lignites 85 

C o r r e l a t i o n with Ion ic P o t e n t i a l . The i o n i c p o t e n t i a l s o f t h e 
e l e m e n t s , Z / r , where Ζ i s t h e i o n i c c h a r g e and r i s t h e i o m c 
r a d i u s , a r e summar i z ed i n T a b l e I I I . The i o n i c p o t e n t i a l s o f 
e l e m e n t s have a l a r g e e f f e c t on t h e a s s o c i a t i o n o f t h e e l emen t i n 
m i n e r a l - f o r m i n g p r o c e s s e s ( 1 3 ) . E l e m e n t s h a v i n g l o w i o n i c 
p o t e n t i a l ( Z / r _ < 3 ) , su ch as N a , Mg, and C a , a s s o c i a t e as h y d r a t e d 
c a t i o n s . I n s o l u b l e h y d r o l y s a t e s have i o n i c p o t e n t i a l o f 3 < Z / r < 
1 2 , and i n c l u d e , f o r e x a m p l e , t h e e l e m e n t s A l , S i , and T i . 

Elemental A s s o c i a t i o n s 

Mos t o f t h e e l e m e n t s t h a t have been c o n s i d e r e d i n t h i s s t u d y may be 
a s s i g n e d t o one o r b o t h o f two m a j o r a s s o c i a t i o n s , i n o r g a n i c and 
o r g a n i c , each w i t h c h a r a c t e r i s t i c d i s t r i b u t i o n p a t t e r n s , c h e m i c a l 
f r a c t i o n a t i o n b e h a v i o r , o c c u r r e n c e w i t h o r g a n i c c o m p o n e n t s , 
a f f i n i t y d e t e r m i n e d by a sh c o r r e l a t i o n and i o n i c p o t e n t i a l 
c a t e g o r y . 

Inorganic A s s o c i a t i o n . E l e m e n t s w i t h i n o r g a n i c a s s o c i a t i o n a r e 
g e n e r a l l y t y p i f i e d b y : 

1 . D i s t r i b u t i o n p a t t e r n s w i t h c o n c e n t r a t i o n a t one o r b o t h m a r g i n s 
o r i r r e g u l a r d i s t r i b u t i o n . 

2 . Chem i c a l f r a c t i o n a t i o n b e h a v i o r o f e l e m e n t s w h i c h a r e i n s o l u b l e 
and r e m a i n i n t h e r e s i d u e . 

3 . I n o r g a n i c a f f i n i t y by s t r o n g p o s i t i v e c o r r e l a t i o n w i t h a sh 
c o n t e n t . 

4 . I o n i c p o t e n t i a l 3 < Z / r < 1 2 . 

The se e l e m e n t s u s u a l l y o c c u r i n d e t r i t a l o r a u t h i g e n i c m i n e r a l 
g r a i n s and i n c l u d e S i , S c , T i , V , C r , C o , B r , Y , Z r , S b , C s , L a , 
C e , Sm, E u , Y b , Th and U . Common examp l e s a r e a n g u l a r , s i l t - s i z e 
q u a r t z and f e l d s p a r g r a i n s wh i c h a r e most abundan t i n t h e u p p e r and 
l o w e r m a r g i n s o f t h e c o a l seams and a r e i n t e r p r e t e d t o be d e t r i t a l 
i n o r i g i n . 

Organic Assoc i a t i o n . E l e m e n t s w i t h o r g a n i c a s s o c i a t i o n a r e 
g e n e r a l l y t y p i f i e d b y : 

1 . D i s t r i b u t i o n p a t t e r n s w i t h c o n c e n t r a t i o n w i t h i n t h e c e n t r a l 
p o r t i o n o f t h e seam o r i r r e g u l a r d i s t r i b u t i o n . 

2 . Chem i c a l f r a c t i o n a t i o n b e h a v i o r i n w h i c h t h e e l e m e n t s a r e 
h i g h l y i o n - e x c h a n g e a b l e o r p a r t l y i o n - e x c h a n g e a b l e and p a r t l y 
a c i d s o l u b l e . 

3 . D i r e c t e v i d e n c e o f p r e s e n c e i n o r g a n i c componen t s by m i c r o p r o b e 
a n a l y s i s . E l e m e n t s a ppea r d i s s e m i n a t e d t h r o u g h o u t t h e o r g a n i c 
component w i t h no e v i d e n c e o f o c c u r r e n c e as d i s c r e t e m i n e r a l 
g r a i n s . 

4 . O r g a n i c a f f i n i t y by weak o r no c o r r e l a t i o n w i t h a sh c o n t e n t . 
5 . I o n i c p o t e n t i a l Z / r j( 3 . 
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86 M I N E R A L M A T T E R A N D A S H IN C O A L 

The se e l e m e n t s a r e u s u a l l y bonded t o o r g a n i c componen t s and i n c l u d e 
Na , Mg, C a , S r , and B a . 

Inorganic and Organic A s s o c i a t i o n . E l e m e n t s w i t h b o t h i n o r g a n i c 
and o r g a n i c a s s o c i a t i o n a r e g e n e r a l l y t y p i f i e d b y : 

1 . D i s t r i b u t i o n p a t t e r n s o f more t h a n one t y p e commonly i n c l u d i n g 
i r r e g u l a r p a t t e r n s . 

2 . Chem i c a l f r a c t i o n a t i o n b e h a v i o r i n w h i c h t h e e l e m e n t s b e l o n g t o 
two o r t h r e e o f t h e c a t e g o r i e s i o n - e x c h a n g e a b l e , a c i d s o l u b l e , 
o r i n s o l u b l e . 

3. D i r e c t e v i d e n c e o f p r e s e n c e i n o r g a n i c componen t s by m i c r o p r o b e 
a n a l y s i s u n l e s s p r e s e n t i n t r a c e a m o u n t s . 

4 . I n t e r m e d i a t e o r v a r i e d c o r r e l a t i o n w i t h a sh c o n t e n t . 
5. No o b s e r v e d p a t t e r n o f i o n i c p o t e n t i a l s . 

The se e l e m e n t s a r e i n t e r p r e t e d t o o c c u r b o t h i n m i n e r a l phases 
and bonded t o o r g a n i c componen t s and i n c l u d e A l , S , K, Mn, F e , C u , 
Z n , A s , and S e . 

U n c l a s s i f i e d E lements. E l e m e n t s w i t h u n c l e a r a s s o c i a t i o n ba sed on 
t h e r e s u l t s o f t h i s s t u d y i n c l u d e P, G e , and C d . 

D i s c u s s i o n 

D i s t r i b u t i o n of Inorganics i n Low-Rank C o a l s . T h e r e a r e two m a j o r 
a s p e c t s t o t h e d i s t r i b u t i o n o f i n o r g a n i c s i n c o a l s , e a ch o f w h i c h 
i s i m p o r t a n t f o r c h a r a c t e r i z i n g t h e c o a l , i n t e r p r e t i n g i t s 
g e o c h e m i c a l h i s t o r y , and p r e d i c t i n g i t s b e h a v i o r i n u t i l i z a t i o n 
p r o c e s s e s . F o r a s p e c i f i c c o a l s a m p l e , t h e d i s t r i b u t i o n o f a g i v e n 
e l e m e n t r e f e r s t o i t s a s s o c i a t i o n among s e v e r a l p o s s i b l e modes o f 
o c c u r r e n c e i n c l u d i n g i o n ex change s i t e s , c o o r d i n a t i o n s i t e s , and a 
v a r i e t y o f m i n e r a l p h a s e s . In a d d i t i o n , i n t h e c o n t e x t o f 
d i s c u s s i n g a p a r t i c u l a r c o a l d e p o s i t , t h e d i s t r i b u t i o n o f a g i v e n 
e l emen t r e f e r s t o t h e v e r t i c a l and h o r i z o n t a l v a r i a b i l i t y o f t h a t 
e l e m e n t ' s c o n c e n t r a t i o n i n t h e c o a l . 

The d i s t r i b u t i o n o f an e l emen t i s a r e s u l t o f i t s g e o c h e m i c a l 
p r o p e r t i e s - - f o r e x a m p l e , i t s l i k e l i h o o d o f o c c u r r i n g as a s o l u b l e 
c a t i o n , an i n s o l u b l e h y d r o l y s a t e , o r a c h a l c o p h i l e - - a n d on t h e 
p r o p e r t i e s o f t h e c o a l , s u ch as t h e t o t a l a v a i l a b i l i t y o f i o n -
ex change s i t e s . The v a r i a b i l i t y w i t h i n a seam r e f l e c t s b o t h t h e 
e x t e n t o f a u t h i g e n i c m i n e r a l i z a t i o n as w e l l as t h e i n f l u e n c e o f 
p o s t - d e p o s i t i o n a l p r o c e s s e s . Taken t o g e t h e r , t h e m u l t i p l i c i t y o f 
modes o f o c c u r r e n c e and t h e w i t h i n - s e a m v a r i a b i l i t y r e s u l t i n t h e 
i n o r g a n i c g e o c h e m i s t r y o f l o w - r a n k c o a l s b e i n g e x t r e m e l y c o m p l e x . 
N e v e r t h e l e s s , we t a k e as an i n i t i a l p o s t u l a t e t h a t , r e g a r d l e s s o f 
i t s a p p a r e n t c o m p l e x i t y , t h e i n o r g a n i c g e o c h e m i s t r y o f l o w - r a n k 
c o a l s must be e x p l i c a b l e i n t e r m s o f t h e f u n d a m e n t a l c h e m i c a l 
p r o p e r t i e s o f t h e e l e m e n t s and known g e o l o g i c a l p r o c e s s e s . 

Future Pi r e c t i ons . In f u t u r e work d i r e c t e d t o w a r d t h e 
u n d e r s t a n d i n g o f e l e m e n t a l d i s t r i b u t i o n s i n l o w - r a n k c o a l s and 
t h e i r a s s o c i a t i o n s w i t h c o a l componen t s t h e r e a r e two t y p e s o f 
r e s e a r c h t h a t we w i s h t o e m p h a s i z e . 
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6. KARNER ET AL. Elemental Association in North Dakota Lignites 87 

The f i r s t t y p e o f r e s e a r c h e m p h a s i z e s t h e d i r e c t d e t e r m i n a t i o n 
o f t h e c h e m i s t r y o f c o a l c o m p o n e n t s . T h i s work has been i n i t i a t e d 
and i s p a r t l y r e p o r t e d i n t h i s p a p e r f o r t h e m a j o r " i n o r g a n i c " 
e l emen t c h e m i s t r y o f o r g a n i c componen t s d e t e r m i n e d by m i c r o p r o b e 
t e c h n i q u e s . Q u a n t i t a t i v e a n a l y s i s i n t h i s i n s t a n c e i s d i f f i c u l t 
bu t n e c e s s a r y . F i g u r e 2 shows t h a t e n e r g y d i s p e r s i v e s p e c t r a 
c o n t a i n i n f o r m a t i o n on a number o f m a j o r and m i n o r e l e m e n t s c l e a r l y 
d e t e c t a b l e i n l i t h o t y p e s and macéra i s . Numerous a n a l y s e s o f 
c omponen t s shows c o n s i s t e n c y o f r e s u l t s and i n t e r e s t i n g p a t t e r n s o f 
v a r i a t i o n as i l l u s t r a t e d i n F i g u r e 3 . R a t i o s o f peak i n t e n s i t i e s 
a r e used i n t h i s f i g u r e t o i l l u s t r a t e p a t t e r n s o f t h e d a t a w h i l e 
a p p r o a c h e s t o d e t e r m i n e a b s o l u t e e l e m e n t p e r c e n t a g e s a r e b e i n g 
d e v e l o p e d . S i n c e i n t e n s i t i e s a r e p r o p o r t i o n a l t o abundance and 
have been shown t o be r e p r o d u c i b l e , r a t i o s may be used t o i n f e r 
e l e m e n t a l v a r i a t i o n i n t h e c o m p o n e n t s . F i g u r e 3 shows t h a t g r a i n s 
o f v i t r a i n f r o m a s p e c i f i c m a s s i v e c o a l l a y e r n e a r t h e c e n t e r o f 
t h e seam, by v i r t u e o f a g r o u p c l o s e l y s pa ced p o i n t s , have a f i x e d 
r e l a t i o n s h i p o f Mg, A l , S and Ca c o n t e n t s . In c o n t r a s t , v i t r a i n , 
h a n d - p i c k e d f r om a f u s a i n l a y e r , shows a c l e a r r ange o f r a t i o p l o t s 
p r i m a r i l y s h ow i ng a l a r g e change i n Mg:A l r a t i o . A v e r a g e Na/Ca 
r a t i o s a l s o a r e shown. These r e s u l t s s u g g e s t t h a t v i t r a i n i n t h e 
B e u l a h c o a l has c o n s t a n c y o f c o m p o s i t i o n i n p a r t , and 
s y s t e m a t i c a l l y v a r i a b l e c o m p o s i t i o n i n p a r t . One o b v i o u s 
e x p l a n a t i o n f o r t h e v a r i a t i o n i n t h e f u s a i n l a y e r wou ld i n v o l v e 
h y d r o g e o c h e m i c a l p r o c e s s e s i n t h i s a p p a r e n t l y more pe rmeab l e 
u n i t . C o n t i n u e d work o f t h i s t y p e w i l l be empha s i z e d as w e l l a s 
a n a l y s i s o f i n o r g a n i c phases and s u r v e y o f t r a c e e l e m e n t s i n 
s p e c i f i c c o a l c o m p o n e n t s . 

The s e cond t y p e o f r e s e a r c h e m p h a s i z e s t h e c o r r e l a t i o n o f 
l i t h o l o g i e l a y e r i n g i n t h e c o a l t o t h e v e r t i c a l d i s t r i b u t i o n o f 
e l e m e n t s . C u r r e n t work i s b e i n g done on t h e B e u l a h - Z a p bed a t t h e 
Freedom M i n e , s i t e o f t h e N o r t h e r n G r e a t P l a i n s G a s i f i c a t i o n 
P l a n t . The p o t e n t i a l c o n t r o l o f v e r t i c a l e l emen t v a r i a t i o n w i t h 
r e s p e c t t o admixed d e t r i t a l m a t e r i a l i n t h e u p p e r and l o w e r m a r g i n s 
o f t h e seam and i n c l a y - r i c h p a r t i n g s i s o b v i o u s , as i s t h e 
p o t e n t i a l r o l e o f even s l i g h t c o n c e n t r a t i o n o f s u l f i d e m i n e r a l s and 
v a r i o u s c o n c r e t i o n a r y masses i n d i f f e r e n t p a r t s o f t h e seam. The 
c o r r e l a t i o n o f c h e m i c a l v a r i a t i o n w i t h l a y e r s o f d i f f e r e n t t y p e s o f 
l i g n i t e i s a l m o s t unknown. I n i t i a l s t u d y ( K a r n e r and o t h e r s , i n 
p r e p a r a t i o n ) shows some c o r r e l a t i o n o f c h e m i c a l v a r i a t i o n w i t h 
l a y e r i n g i n t h e B e u l a h - Z a p b e d . T h i s work has p r o m i s e f o r 
i n t e r p r e t i n g t h e c o m p l e x i t y o f v e r t i c a l d i s t r i b u t i o n p a t t e r n s o f 
e l e m e n t s r e p o r t e d i n t h i s p a p e r . 
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88 M I N E R A L M A T T E R A N D A S H IN C O A L 

• VITRAIN 
MID-SEAM 
Na/Ca « 0.62 

O VITRAIN IN 
FUSAIN LAYER 
MID-SEAM 
Na/Ca = 0.43 
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Mg/AI RATIO 

F i g u r e 3 . P l o t o f S/Ca and Mg/AI r a t i o s o f v i t r a i n c o m p o s i t i o n s 
f o r two l o c a t i o n s i n t h e B e u l a h - Z a p seam, N o r t h D a k o t a . A v e r a g e 
Na/Ca r a t i o s a r e g i v e n f o r each l o c a t i o n . 
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7 
Volcanic Ash Layers in Coal: Origin, Distribution, 
Composition, and Significance 

Don Triplehorn1,2 and Bruce Bohor 2 

1Department of Geology and Geophysics, University of Alaska, Fairbanks, AK 99701 
2 U.S . Geological Survey, Federal Center, Denver, CO 80225 

Volcanic ash that falls into a coal-forming environment 
stands a good chance of being preserved and contributing 
to the mineral matter in coal. Such layers are rela­
tively common in some coals although they are commonly 
not recognized as volcanic in origin even by geologists. 
The original material usually consists of fine-grained 
glass, crystals, and rock fragments, but there is a great 
variety in texture and composition. After burial the 
glass, in particular, is readily altered so that with 
increasing geologic age secondary clay minerals become 
abundant and evidence of the volcanic origin becomes less 
obvious. Kaolinite is most abundant, but smectite is not 
uncommon; occasionally unusual minerals occur, such as 
aluminum phosphates with notable amounts of Sr and rare 
earths. In North America, volcanic ash layers are most 
important in western coals of Tertiary and Cretaceous 
ages; they are generally uncommon in eastern coals or 
those of greater age. 

The main purpose of t h i s paper i s to c a l l a t t e n t i o n to v o l c a n i c 
eruptions as a source of mineral matter i n c o a l . Volcanic ma t e r i a l 
i s apt to have mineral and chemical compositions, as well as 
patterns of d i s t r i b u t i o n , d i f f e r e n t from the more usual types of 
mineral matter i n c o a l . Recognition of v o l c a n i c material requires 
some understanding of the process of o r i g i n , an awareness of the 
considerable v a r i e t y of materials involved, and an appreciation of 
the tendency of v o l c a n i c materials to undergo s u b s t a n t i a l a l t e r a t i o n 
so that t h e i r genesis i s obscured. 

Mineral matter i n coal most commonly co n s i s t s of mud c a r r i e d 
i n t o the coal-forming environments by streams as overbank deposits 
during times of f l o o d . The minerals are mainly quartz, feldspars 
and c l a y minerals, and these are deposited as shaly partings that 
become thinner and f i n e r - g r a i n e d away from the stream channels. By 
contrast, the vo l c a n i c ashes that occur i n coals tend to be of the 
hi g h l y s i l i c e o u s v a r i e t y associated with explosive eruptions, during 
which ash i s c a r r i e d high i n t o the atmosphere and transported f a r 
downwind. These form t h i n , uniform, widespread partings i n c o a l s , 

0097-6156/ 86/0301 -0090506.00/ 0 
© 1986 American Chemical Society 
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7. T R I P L E H O R N A N D B O H O R Volcanic Ash Layers in Coal 91 

commonly on the order of an inch t h i c k and d i s p l a y i n g l i t t l e l a t e r a l 
change i n thickness or composition. Such s i l i c i c (70% SI0 2> 
v o l c a n i c ashes tend to be mostly composed of dust-sized p a r t i c l e s of 
g l a s s , with l e s s than a few percent of mineral grains such as 
quartz, various f e l d s p a r s , b i o t i t e , z i r c o n , and hornblende. Glass 
i s h i g h l y unstable i n geologic terms, and a l t e r s r a p i d l y to c l a y ; 
thus the o r i g i n a l v o l c a n i c ash texture and composition are not 
evident i n the f i n a l product. 

Some comments on terminology are necessary. "Volcanic ash 
p a r t i n g s " here r e f e r s to sedimentary units bounded by o r g a n i c - r i c h 
material ( c o a l , l i g n i t e , or organic shale) and which were deposited 
as a i r - f a l l v o l c a n i c ash with e s s e n t i a l l y no subsequent transport 
and mixing with terrigenous d e t r i a l s i l i c a t e s ( c l a y , mud and sand). 
No s p e c i f i c g r a i n s i z e or composition i s implied. The term "tephra" 
i s now commonly used f o r modern, unaltered, uncompacted m a t e r i a l , 
while the term " t u f f " i s used f o r the compacted (rock) equivalent. 

A v o l c a n i c o r i g i n i s obvious where there i s g l a s s , v o l c a n i c 
phenocrysts, a l i m i t e d mineral s u i t e c h a r a c t e r i s t i c of v o l c a n i c 
rocks, or absence of terrigenous d e t r i t u s and lack of sedimentary 
structures formed by moving water. With i n c r e a s i n g age, however, 
there i s progressive a l t e r a t i o n and loss of recognizable v o l c a n i c 
features; the product i s g e n e r a l l y some kind of c l a y u n i t . As a 
general term they might be c a l l e d a l t e r e d t u f f s . I f mainly composed 
on m o n t m o r i l l o n i t i c ( s m e c t i t i c ) c l a y that i s l i g h t - c o l o r e d and 
s t i c k y when wet, these are commonly c a l l e d bentonites and mainly 
occur i n marine shales. In older coals they are u s u a l l y k a o l i n i t i c , 
occur as f i r m rocks rather than s o f t c l a y , and weather to l i g h t e r 
colors than the enclosing c o a l . These are commonly c a l l e d 
" t o n s t e i n s " , and old term f o r such f i n e - g r a i n e d , hard c l a y partings 
that are r e l a t i v e l y abundant i n European Carboniferous c o a l s . 
Tonstein was o r i g i n a l l y applied as a purely d e s c r i p t i v e term 
("clayrock") but i n recent years an o r i g i n as an a i r - f a l l v o l c a n i c 
ash has become i n c r e a s i n g l y accepted. We prefer the general term 
" a l t e r e d v o l c a n i c ash" because there i s considerable range i n 
p h y s i c a l appearance, o r i g i n a l and secondary mineralogy, as w e l l as 
i n the type of enclosing sediment. 

ORIGIN 

The environment of coal deposition provides one of the best 
places f o r deposition and preservation of v o l c a n i c ash. The recent 
eruption of Mt. St. Helens, f o r example, spread v o l c a n i c ash across 
several western s t a t e s . On land, almost a l l of the v o l c a n i c ash 
w i l l be eroded by wind and water, mixed with terrigenous sand and 
c l a y , and u l t i m a t e l y dispersed i n t o lakes or the ocean. In marshes 
or swamps, the general s e t t i n g i n which plant material accumulates 
to eventually become c o a l , an ash f a l l has a good chance of 
remaining undisturbed because of the shallow water, low stream 
gradients, and lack of r e l i e f . The sediment-baffling e f f e c t s of 
vegetation minimizes processes that could cause reworking of the 
v o l c a n i c ash. Portions of such swamps may be so d i s t a n t from major 
streams that they receive l i t t l e or no mud from overbank f l o o d s . 
Thus i t i s l i k e l y that most ash f a l l s i n swamps would be buried i n 
organic debris (coal) and remain free of non-volcanic m a t e r i a l from 
f l u v i a l sources. 

Only volcanoes characterized by p a r t i c u l a r l y v i o l e n t eruptive 
s t y l e s are l i k e l y to be important i n producing the t h i n , widespread 
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92 M I N E R A L M A T T E R A N D A S H IN C O A L 

u n i t s of ash most commonly preserved i n the geologic record. The 
explosiveness of eruption i s r e l a t e d to several f a c t o r s , i n c l u d i n g 
gas content and geometry of the vent. Of most importance here, 
however, i s the s i l i c a content: s i l i c a increases the v i s c o s i t y of 
magma and the tendency toward explosive eruptions rather than quiet 
flows. Thus v o l c a n i c ash partings i n coals are p r i m a r i l y the 
product of such s i l i c a - r i c h eruptions; t h i s has important 
consequences i n terms of the composition of the a l t e r e d ash, as w i l l 
be discussed l a t e r . 

FIELD APPEARANCE OF VOLCANIC ASH PARTINGS IN COALS 

Most v o l c a n i c ash partings i n coal are t h i n , ranging from 1 mm 
to a few cm. A few, however, a t t a i n thicknesses of more than 1 m. 
Many are uniform i n thickness and have e i t h e r sharp or g r a d a t i o n a l 
boundaries with the enclosing c o a l . Some, however, pinch and swell 
r a p i d l y and may c o n s i s t of a s e r i e s of lenses rather than a 
continuous bed, a feature they share with some Carboniferous 
tonsteins (Williamson, 1970). Light shades of gray, brown, or 
yellow are most common, r e f l e c t i n g a lower organic content than the 
adjacent c o a l . Black and dark brown partings a l s o occur, and 
sometimes these become obvious only a f t e r weathering; the o x i d a t i o n 
of organic matter then r e s u l t s i n a l i g h t - c o l o r e d surface l a y e r of 
s i l i c e o u s m a t e r i a l . Figure 1 shows the most common f i e l d 
appearance; i n t h i s case f o r a Cretaceous example from southern 
Alaska. 

To a large extent the g r a i n s i z e and degree of induration of 
these partings depends upon the amount of p o s t - d e p o s i t i o n a l 
a l t e r a t i o n ; t h i s i n turn i s l a r g e l y a f u n c t i o n of age and depth of 
b u r i a l . For example, l i g n i t e s 4-5 m.y. o l d i n southern Alaska 
contain partings that are loose and sandy; i n f a c t , they are c l e a r l y 
recognizable as v o l c a n i c ash c o n s i s t i n g mostly of glass shards. In 
c o n t r a s t , partings i n 100 m.y. Kentucky bituminous coal are hard and 
very f i n e grained (Seiders, 1965; Bohor and T r i p l e h o r n , 1982). The 
l a t t e r probably was s i m i l a r to the Alaskan example at f i r s t , but has 
completely a l t e r e d to a compact v a r i e t y of k a o l i n known as f l i n t 
c l a y . 

COMPOSITION 

Composition of the partings i s a f u n c t i o n of both the o r i g i n a l 
materials and c o n d i t i o n s , and the kind and extent of 
p o s t - d e p o s i t i o n a l m o d i f i c a t i o n . Therefore i t i s necessary to 
consider the primary composition ( o r i g i n a l ) separately from the 
secondary composition ( a l t e r e d ) . 

Primary Composition 
The s o l i d products of explosive volcanism include i n d i v i d u a l 

glass fragments, i n d i v i d u a l mineral c r y s t a l s (phenocrysts), and 
aggregates of these known as rock fragments. Glass i s perhaps the 
most abundant component but there i s a great v a r i e t y i n the s o l i d 
components ejected from modern volcanoes. A given volcano may e j e c t 
d i f f e r e n t material over i t s eruptive l i f e s p a n . Even a s i n g l e 
eruption, l a s t i n g perhaps only a few days, may involve changes i n 
ash composition. 

Volcanic ashes are characterized by a l i m i t e d s u i t e of mineral 
components. By f a r the most abundant are quartz, sanidine and 
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7. T R I P L E H O R N A N D B O H O R Volcanic Ash Layers in Coal 93 

p l a g i o c l a s e f e l d s p a r s , c e r t a i n pyroxenes and amphiboles, magnetite, 
a p a t i t e , b i o t i t e , and z i r c o n . The presence of these minerals and 
the absence of others c o n s t i t u t e evidence of a v o l c a n i c o r i g i n . 
C e r t a i n mineral c r y s t a l forms, such as the beta form of quartz and 
hexagonal prisms of b i o t i t e , are p a r t i c u l a r l y u s e f u l i n d i c a t o r s of 
v o l c a n i c o r i g i n . S i m i l a r l y , the presence of sanidine, the 
high-temperature form of potassium f e l d s p a r , suggests a v o l c a n i c 
o r i g i n . On the other hand, the presence of non-volcanic minerals 
such as muscovite, epidote and garnet i n d i c a t e s a non-volcanic 
o r i g i n , or at l e a s t some admixture of non-volcanic (probably 
f l u v i a l ) m a t e r i a l . 

O r i g i n a l g r a i n s i z e of an ash p a r t i n g r e f l e c t s the texture of 
the material produced by a given volcano plus the progressive lo s s 
of coarser and denser components as an ash cloud moves downwind. In 
other words, texture i s i n part a f u n c t i o n of distance from the 
source volcano. As noted e a r l i e r , the most common ash partings i n 
coal are t h i n , uniform and widespread. These probably were derived 
from d i s t a n t volcanoes and consisted o r i g i n a l l y of s i l t - and 
c l a y - s i z e d p a r t i c l e s c a r r i e d by h i g h - a l t i t u d e winds. Conversely, 
where ash partings are coarse-grained, t h i c k , and abundant, the 
v o l c a n i c source i s assumed to have been r e l a t i v e l y c l o s e . 

Secondary Composition 
The primary composition discussed above i s important i n that i t 

determines i n part the f i n a l products of a l t e r a t i o n . I t should be 
noted, however, that the f a c t o r s c o n t r o l l i n g the degree and 
d i r e c t i o n of a l t e r a t i o n have not been thoroughly studied. Chemical 
a l t e r a t i o n i n the environment of d e p o s i t i o n and the length of time 
involved may be as important as o r i g i n a l composition i n determining 
the f i n a l product. For example, both k a o l i n i t i c and s m e c t i t i c 
partings occur i n T e r t i a r y coals near C e n t r a l i a , Washington 
(Reinink-Smith, 1982) and i t i s not known i f t h i s r e f l e c t s the 
d i f f e r e n c e s i n o r i g i n a l ash composition or some d i f f e r e n c e s within 
the coal-forming environment that r e s u l t e d i n the formation of 
d i f f e r e n t c l a y minerals from the same ash parent. T r i p l e h o r n and 
Bohor (1981) r e l a t e d d i f f e r e n c e s i n the mineralogy of a l t e r e d 
v o l c a n i c ash p a r t i n g s , i n a coal bed i n Utah, at l e a s t i n part, to 
d i f f e r e n c e s i n thickness of the o r i g i n a l ash partings which a f f e c t e d 
the e f f i c i e n c y of l e a c h i n g . 

The main secondary products are c l a y minerals, e i t h e r smectite 
or k a o l i n i t e . These c l a y minerals are derived mainly and most 
r e a d i l y from g l a s s , but f e l d s p a r s , amphiboles, pyroxenes, and 
b i o t i t e a l s o a l t e r i n part to c l a y minerals. The a l t e r a t i o n of 
v o l c a n i c ash to k a o l i n i t e involves removal of Ma, Ca, Mg, Κ and Fe 
as w e l l as considerable s i l i c a . Pure k a o l i n i t e corresponds to a 
mixture of subequal amounts of s i l i c a and alumina plus a small 
amount of water and v i r t u a l l y nothing e l s e — t h i s i s thus the product 
of very i n t e n s i v e leaching. Smectite on the other hand requires 
some Mg and more s i l i c a than k a o l i n i t e . I t i s thus the product of 
l e s s i n t e n s i v e leaching than that which produces k a o l i n i t e . 

I t appears that v o l c a n i c ash can sometimes a l t e r d i r e c t l y to 
k a o l i n i t e ; i n other cases a s m e c t i t i c intermediate stage may be 
involved. Where a l t e r a t i o n has gone to completion, that i t , no 
glass remains and only k a o l i n i t e i s present, i t may be impossible to 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

00
7



94 M I N E R A L M A T T E R A N D A S H IN C O A L 

determine d e t a i l s of e a r l y stages of the a l t e r a t i o n process. Even 
though the process of a l t e r a t i o n of the bulk of a par t i n g 
(presumably g l a s s ) may not be c l e a r , i n d i v i d u a l minerals such as 
feldspars and b i o t i t e can be observed a l t e r i n g d i r e c t l y to k a o l i n i t e 
without any smectite intermediary. Whatever the d e t a i l s , i t i s 
cl e a r that a major amount of s i l i c o n somehow must be removed i n 
s o l u t i o n (along with l e s s e r amounts of such soluble elements as Na, 
K, Mg, Ca, and Fe). Because s i l i c a , and most of the other 
components c i t e d , do not appear as secondary minerals i n adjacent 
rock u n i t s , they apparently were c a r r i e d out of the system i n 
s o l u t i o n by passage of groundwater. This i s i n contrast to some 
marine bentonites, where s i l i c a produced by a l t e r a t i o n of v o l c a n i c 
ash often appears nearby as s i l i c a cement i n s i g n i f i c a n t q u a n t i t i e s . 

A v a r i e t y of secondary minerals i n a d d i t i o n to cl a y minerals 
may occur i n a l t e r e d v o l c a n i c ash p a r t i n g s . Some of these may be 
re l a t e d to m o d i f i c a t i o n of the primary c o n s t i t u e n t s , but others are 
more l i k e l y introduced by ground water taking advantage of the 
higher p e r m e a b i l i t i e s of v o l c a n i c ash layers r e l a t i v e to the 
adjacent organic material (now c o a l ) . Carbonate minerals i n 
qu a n t i t i e s too large to have been derived e n t i r e l y from the primary 
v o l c a n i c m aterial are not uncommon. S i d e r i t e i s most abundant, 
although dolomite sometimes i s present. Abundant secondary 
carbonate may obscure the v o l c a n i c o r i g i n of the o r i g i n a l l a y e r 
because such well-cemented partings are s i m i l a r i n appearance to the 
purely sedimentary carbonate layers that are very commonly 
associated with c o a l s . 

Recently occurrences of unusual aluminum phosphate minerals 
have been found with ash partings i n coals ( T r i p l e h o r n and Bohor, 
1983). Since that report we have found a number of a d d i t i o n a l 
occurrences i n Alaska and one i n the appalachian area. These 
minerals were grouped by Palache ( e t . a l . , 1951) as the 
plumbogummite s e r i e s , with the general formula X A l ^ P O ^ K i O H ^ t ^ O . 
End members of i n t e r e s t here include goyazite (where X - S r ) , 
g o r c e i x i t e (Ba), c r a n d a l l i t e (Ca), and f l o r e n c i t e (Ce, U, and other 
rare e a r t h s ) . Some of these layers i n Alaska are s u f f i c i e n t l y 
r a d i o a c t i v e to give a d i s t i n c t reading on hand-held r a d i a t i o n 
detectors i n the f i e l d . 

DISTRIBUTION 

Because many ge o l o g i s t s are not aware that v o l c a n i c ash 
partings occur i n c o a l s , i t i s d i f f i c u l t to i n t e r p r e t the absence of 
published reports regarding t h e i r occurrences. The abundance of 
such partings i s probably much greater than presently recognized. 
The f o l l o w i n g g e n e r a l i t i e s regarding t h e i r d i s t r i b u t i o n are mainly 
l i m i t e d to North America and are based p r i m a r i l y on our own 
observations, discussions with others, and i n t e r p r e t a t i o n of 
published r e p o r t s . S p e c i f i c references to recognized v o l c a n i c ash 
partings i n coals are r e l a t i v e l y few and r e s t r i c t e d mostly to the 
past few years. 

In simple terms ash partings are r e l a t i v e l y abundant i n 
Cretaceous and T e r t i a r y coals of the West and rare i n Carboniferous 
coals of the East. We are le s s c e r t a i n of the Gulf Coast T e r t i a r y 
l i g n i t e s but they appear to have at l e a s t a moderate abundance of 
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such p a r t i n g s . To a degree t h i s apparent d i s t r i b u t i o n i s r e l a t e d to 
the f a c t that the v o l c a n i c o r i g i n of the younger ash beds i s more 
apparent, while older partings commonly appear as k a o l i n i t i c c l a y 
beds with l i t t l e evidence of t h e i r v o l c a n i c heritage (see 
T r i p l e h o r n , 1976; Bohor and T r i p l e h o r n , 1981). Even so, there i s no 
question that the absolute frequency i s higher i n the West. 

L o c a l l y the abundance of partings can be h i g h l y v a r i a b l e . 
Where many coals are present, ash partings may be d i s t r i b u t e d 
sparsely but uniformly or concentrated i n j u s t a few c o a l s . Figure 
2 shows an example i n southwestern Washington, i n t h i s case 
i n c l u d i n g both k a o l i n i t i c and s m e c t i t i c partings (Reinink-Smith, 
1982). In the West, where most of our work has been done, v o l c a n i c 
ash partings are known from numerous coals i n Utah, New Mexico, 
Colorado, Wyoming, Montana and Washington (Bohor, £t. a l . , 1978; 
T r i p l e h o r n and Bohor, 1981). Again, the frequency of partings i s 
h i g h l y v a r i a b l e . I n d i v i d u a l coals i n Montana and Colorado contain 
up to twenty or more ash p a r t i n g s , while the unusually t h i c k 
Paleocene coals of the Powder River Basin contain almost none. In 
Alaska, v o l c a n i c ash partings are present i n a l l of the Cretaceous 
and T e r t i a r y coals we have examined, but appear to be p a r t i c u l a r l y 
abundant i n the Cook I n l e t area. 

In the Appalachian coal basin and the Eastern I n t e r i o r Basin, 
where we have l e s s experience, ash partings appear to be rare (Bohor 
and T r i p l e h o r n , 1982). The lack of ash partings i n Carboniferous 
coals of eastern North America contrasts with t h e i r abundance i n 
European coals of the same age. The l a t t e r have been studied f o r 
over a century, although t h e i r v o l c a n i c o r i g i n was not g e n e r a l l y 
accepted u n t i l the l a s t few decades. Bouroz, et^. a l . (1983) 
provides a good recent summary of some of t h i s work i n E n g l i s h . 

SIGNIFICANCE 

The geologic importance of v o l c a n i c ash partings i n coals has 
been summarized previously by T r i p l e h o r n (1976). Of greatest 
importance i s t h e i r use i n c o r r e l a t i o n , the process of determining 
the time r e l a t i o n s h i p s among rocks exposed at d i f f e r e n t l o c a l i t i e s . 
The simplest use i s as marker beds, where i n d i v i d u a l ash f a l l s can 
be recognized and d i s t i n g u i s h e d from others on the basis of some 
t e x t u r a l or compositional aspect. Beds containing the same ash 
l a y e r (whether i n coal or any other rock type) are the same age, 
although the absolute age ( i n years) i s not i n d i c a t e d . The absolute 
age can sometimes be determined by radiometric age dating of c e r t a i n 
minerals i n the ashes. Potassium-argon dating i s used f o r such 
minerals as feldspar and hornblende, while f i s s i o n - t r a c k dating may 
be used f o r z i r c o n and a p a t i t e ( T r i p l e h o r n et_. aj^., 1977; Turner e t . 
a l . , 1980). 

It may be of i n t e r e s t here to note that Williamson (1970) 
mentioned the high r a d i o a c t i v i t y of c e r t a i n ash partings (he c a l l e d 
them tonsteins) that made them u s e f u l i n bore-hole studies because 
they appeared as sharp maxima on gamma-ray logs of coal beds. Such 
maxima are conspicuous because coals are g e n e r a l l y known f o r t h e i r 
absence of r a d i o a c t i v i t y . He ascribed the high r a d i o a c t i v i t y of 
these partings to an unusual abundance of z i r c o n s . We have no 
s p e c i f i c knowledge of these occurrences, but suggest that the high 
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96 M I N E R A L M A T T E R A N D A S H IN C O A L 

Figure 1. Light weathering k a o l i n i t e v o l c a n i c ash i n c o a l , southern 
Alaska. 

Figure 2. M u l t i p l e s m e c t i t i c and k a o l i n i t i c ash partings i n the Big 
Seam, southeastern Washington. 
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7. TRIPLEHORN AND BOHOR Volcanic Ash Layers in Coal 97 

radioactivity might instead be related to uranium-bearing phosphate 
minerals. 

Thus far geologists have paid l i t t le attention to the 
significance of ash partings as indicators of processes and 
conditions in the coal-forming environment. For example, thin 
widespread partings lacking penetrating plant material suggest that 
these originated as ashes that fel l into shallow standing water. 
Thick ashes should have affected the kind and amount of vegetation, 
and indirectly the nature of the coal immediately overlying thick 
ash beds. As yet there is l i t t le data in these aspects because 
geologists have not recognized the potential value of such studies. 

For those interested in mineral matter in coal, an awareness 
that some partings may be of volcanic origin may be useful in 
explaining the distribution of some of these layers and the 
occurrences of some unusual components, such as strontium, 
phosphate, or uranium. Volcanic ash partings are likely to be more 
widespread and uniform in texture, composition and thickness than 
the more common partings of fluvial origin. They are also more 
likely to show marked differences from layer to layer, and to 
contain exotic mineral or chemical components. 
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Reactions and Transformations of Coal Mineral Matter 
at Elevated Temperatures 

G. P. Huffman and F. E. Huggins 

Technical Center, U.S. Steel Corporation, Monroeville, PA 15146 

An overview is presented of the reactions and trans­
formations of the inorganic constituents of coal at 
elevated temperatures. Following a brief review of 
the types of inorganic matter in Eastern and Western 
coals, reactions and transformations of mineral matter 
that are of importance in coal combustion are dis­
cussed. The importance of ash melting and the utili­
zation of phase diagrams are emphasized in the dis­
cussion of slagging behavior and slag deposition. In 
the section on fouling deposits, emphasis is placed on 
the reactions of volatile alkalies that give rise to 
molten phases (alkali sulfates and alkali silicates). 
Finally, a very brief discussion of the role of 
mineral matter in other coal conversion processes 
(liquefaction, carbonization, gasification) is given. 
Throughout the chapter, the importance of modern 
analytical techniques (Mössbauer spectroscopy, X-ray 
absorption spectroscopy, computer-controlled scanning 
electron microscopy) in the analysis of complex assem­
blages of minerals and mineral derivatives is 
stressed. 

Coal contains a v a r i e t y of inorganic constituents that e x h i b i t 
d e l e t e r i o u s behavior i n most processes that attempt to convert the 
energy i n coal to a u s e f u l form. As co a l i s heated, the inorganic 
phases undergo transformations and rea c t i o n s that y i e l d a complex 
mixture of s o l i d , molten, and v o l a t i l e s p e c i e s . These species give 
r i s e to slagging and f o u l i n g deposits, c o r r o s i o n , p o l l u t i o n , and 
other problems. Although such problems are u s u a l l y associated with 
the combustion of co a l to produce e l e c t r i c a l power, they are also 
common i n coal g a s i f i c a t i o n and l i q u e f a c t i o n , cokemaking, and i r o n 
production. Conversely, c e r t a i n inorganic constituents ( a l k a l i e s , 
calcium, and iron-bearing phases) can have s i g n i f i c a n t and valuable 
c a t a l y t i c a c t i v i t y i n c o a l g a s i f i c a t i o n and l i q u e f a c t i o n . 

The current chapter w i l l b r i e f l y review research on t h i s t o p i c . 

0097-6156/86/ 0301 -0100$06.00/0 
© 1986 American Chemical Society 
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8. H U F F M A N A N D H U G G I N S Reactions and Transformations of Mineral Matter 101 

Nature of the Inorganic Constituents 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 the inorganic 
constituents of s o - c a l l e d "Eastern" and "Western" c o a l s . By 
d e f i n i t i o n , Western coals are those f o r which the CaO+MgO content 
exceeds the F e 2 0 3 content of the ash, while the reverse i s true for 
Eastern coals [ J J . The inorganic constituents i n Eastern c o a l s , 
which are p r i n c i p a l l y bituminous i n rank, are 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 ) are u s u a l l y dominant, followed by quartz and p y r i t e . The 
range and t y p i c a l values of the mineral d i s t r i b u t i o n and ash 
chemistry of Eastern coals are shown i n Table I. These data were 
determined from computer-controlled scanning e l e c t r o n microscopy 
(CCSEM), Mossbauer spectroscopy, and other measurements on over a 
hundred c o a l s . 

Table I. Inorganic Constituents of Eastern Coals 

Mineral D i s t r i b u t i o n T y p i c a l Ash Chemistry 
Mineral Range T y p i c a l Species Weight % 

Quartz 5-44 18 S i 0 2 54 

K a o l i n i t e 9-60 32 A 1 2 0 3 29 

I l l i t e 2-29 14 F e 2 0 3 8 

C h l o r i t e 0-15 2 CaO 2 

Mixed S i l i c a t e s 5-31 17 MgO 1 

P y r i t e 1-27 8 κ 2ο 2 

C a l c i t e 0-14 3 Na 20 1 

S i d e r i t e / A n k e r i t e 0-11 2 T i 0 2 1 

Other Minerals 0-12 4 P 2 ° 5 0.2 

so3 2 

Western coals are u s u a l l y l i g n i t e s or subbituminous c o a l s . The 
range and t y p i c a l values of the inorganic phase d i s t r i b u t i o n and ash 
chemistry of approximately 20 Western coals examined i n t h i s labora­
tory are shown i n Table I I . In a recent paper, we discussed the 
di f f e r e n c e s between the inorganic constituents of low-rank coals and 
those of bituminous coals [2J· These d i f f e r e n c e s occur i n the 
calcium-, i r o n - , and a l k a l i - c o n t a i n i n g phases. In bituminous c o a l s , 
the calcium content i s t y p i c a l l y low (CaO <5% of ash) and a l l c a l ­
cium i s contained i n the mineral c a l c i t e . The calcium content of 
l i g n i t e s i s high (CaO ̂ 10 to 30% of ash) and the calcium i s molecu-
l a r l y dispersed throughout the co a l macérais as s a l t s of c a r b o x y l i c 
a c i d s . The l a t t e r point has been d i r e c t l y confirmed by EXAFS (ex­
tended X-ray absorption f i n e s t r u c t u r e ) spectroscopy [2_,3]· S i m i l a r 
d i f f e r e n c e s 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 c o a l , are 
found i n only small amounts i n l i g n i t e and subbituminous c o a l (see 
Tables I and I I ) . In l i g n i t e s , sodium and potassium are believed to 
occur as s a l t s of humic or c a r b o x y l i c a c i d s . Montmorillonite and 
h a l i t e (NaCl) are the dominant Na-containing minerals, and they 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

00
8



102 M I N E R A L M A T T E R A N D A S H IN C O A L 

occur i n both bituminous and lower rank c o a l . The iron-bearing 
minerals i n unoxidized bituminous coals include p y r i t e , ferrous 
iron-bearing clays ( i l l i t e , c h l o r i t e ) , and carbonates ( s i d e r i t e , 
ankerite) [4J. In l i g n i t e s , only p y r i t e and i t s weathering products 
( i r o n s u l f a t e s and oxyhydroxides) are normally observed [2 J . 

Table I I . Inorganic Constituents of Western Coals 

Mineral D i s t r i b u t i o n T y p i c a l Ash Chemistry 
Mineral Range T y p i c a l Species Weight % 

Quartz 7-22 15 sio2 30 

K a o l i n i t e 13-45 30 A 1 2 0 3 15 

I l l i t e 0-12 2 F e 2 0 3 10 

Mixed S i l i c a t e s 0-22 8 CaO 20 

P y r i t e 1-26 7 MgO 8 

Fe Sulfates 0-5 1 κ 2ο 0.7 

F e - r i c h * 0-14 2 NaO 0.6 

C a - r i c h * * 7-49 25 T i 0 2 0.7 

Other minerals*** 1-10 7 P 2 ° 5 0.4 

so3 15 

* P r i n c i p a l l y i r o n oxyhydroxide. 
* * P r i n c i p a l l y calcium bonded to carboxyl groups i n the macérais. 

* * * B a r i t e , a p a t i t e , montmorillonite, and others 

The d i v e r s i t y of transformations and reactions that such com­
plex assemblages of inorganic matter can undergo when c o a l i s com­
busted or otherwise converted to a more us e f u l form of energy i s too 
complex to be discussed i n any d e t a i l i n a short chapter. Our i n ­
t e n t i o n , t h e r e f o r e , i s simply to o u t l i n e some of the major phenomena 
and to provide the reader with u s e f u l references. Most of the 
chapter w i l l deal with reactions and transformations r e l a t e d to c o a l 
combustion, with a short s e c t i o n devoted to other conversion 
processes. 

Slagging Behavior; Ash Melting 

During p u l v e r i z e d - c o a l combustion, atmospheric conditions w i t h i n the 
c o a l flame are considered to be reducing i n the sense that the 
s t a b l e i o n i c form of i r o n i s f e r r o u s . A f t e r ash p a r t i c l e s have l e f t 
the flame region, they encounter a more o x i d i z i n g environment, 
y i e l d i n g deposits and f l y ash i n which the i r o n may be predominantly 
f e r r i c or a mixture of ferrous and f e r r i c , dependent on the a i r - t o -
f u e l r a t i o . Consequently, i t i s important to understand the high 
temperature r e a c t i o n s of ash constituents i n both types of environ­
ment. This point i s recognized i n the ASTM ash-fusion t e s t [5] 
which s p e c i f i e s measurement of the f u s i o n temperatures of ash cones 
i n both a reducing (60% CO, 40% C0 2) and an o x i d i z i n g ( a i r ) atmos­
phere. Numerous em p i r i c a l formulae have been developed to p r e d i c t 
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8. H U F F M A N A N D H U G G I N S Reactions and Transformations of Mineral Matter 103 

ash-fusion temperatures (AFTs) and the v i s c o s i t i e s of molten c o a l -
ash slags at higher temperatures from ash composition. Deta i l e d 
discussions of these formulae and t h e i r p h y s i c a l basis have been 
given by Winegartner and h i s associates [.L^ZJ > ^ v W a t t an<* Fereday 
[8.,9], and i n a recent review a r t i c l e by Reid [10J. The dominant 
parameter i n these r e l a t i o n s h i p s i s u s u a l l y the base-to-acid r a t i o , 
where "base" and " a c i d " are simply the sums of the weight percent­
ages of the ba s i c and a c i d i c oxides: 

Base = F e 2 0 3 + CaO + K 20 + Na 20 + MgO (1) 

Acid = S i 0 2 + A 1 2 0 3 + T i 0 2 (2) 

Recently, we examined the behavior of AFTs i n the context of ternary 
phase diagrams [11 ]. S i g n i f i c a n t s i m i l a r i t i e s were observed between 
the dependence of the AFTs on chemical composition and the l i q u i d u s 
curves i n appropriate regions of the F e O - S i 0 2 - A l 2 0 3 , Ca0-Si02-Al 20 3, 
and K 20-Si02-Al203 phase diagrams. The development of the Base-
S i 0 2 - A l 2 0 3 phase diagrams for the p r e d i c t i o n of ash behavior appears 
to be a f r u i t f u l area f o r future research. An example of such a 
phase diagram i s shown i n Figure 1 where ash-softening temperatures 
(ST, reducing) are p l o t t e d i n what i s e f f e c t i v e l y the " m u l l i t e " 
region of a Base-Si02-Al203 phase diagram. The curves of equal ST 
e x h i b i t great s i m i l a r i t y to the l i q u i d u s isotherms i n true ternary 
diagrams [12]. 

The arrow i n Figure 1 i l l u s t r a t e s the use of the phase diagram 
to p redict STs. In t h i s instance, a bituminous c o a l with a low ST 
was blended with two other coals to y i e l d a product with a much 
higher ST. The blend was chosen with the aim of moving the composi­
t i o n of ash i n a d i r e c t i o n approximately normal to the equal ST 
curves. The predicted and observed STs of the o r i g i n a l c o a l and the 
blend are shown i n the i n s e t of Figure 1. The predicted values are 
probably not as accurate as could be obtained with e x i s t i n g empiri­
c a l formulae [ 6 ] , but they are nevertheless quite reasonable. 

Ternary and more complex phase diagrams can also contribute to 
i n t e r p r e t a t i o n of the reactions that lead to ash melting. In a r e ­
ducing environment (60%CO-40%CO2), the important reactions f o r 
Eastern coals occur p r i m a r i l y w i t h i n the FeO-Si02~Al203 phase d i a ­
gram [13,14]. Using a v a r i e t y of techniques (Mossbauer spectros­
copy, CCSEM, X-ray d i f f r a c t i o n ) to i n v e s t i g a t e quenched ash samples 
heat treated under conditions s i m i l a r to the ASTM ash-fusion t e s t , 
i t was e s t a b l i s h e d that most Eastern c o a l ashes e x h i b i t behavior 
s i m i l a r to that shown i n the schematic diagram of Figure 2. Here, 
phases that are molten at elevated temperatures appear as glass 
phases i n the quenched specimens. The potassium-containing c l a y 
mineral, i l l i t e , appears to be the f i r s t phase converted to a par­
t i a l l y molten form; presumably t h i s i s because of the numerous low-
temperature e u t e c t i c points i n the K 20-Si02-Al203 phase diagram 
[12]. At approximately 900°C, wustite, derived from p y r i t e and 
other i r o n - r i c h minerals, begins to react with quartz and alumino-
s i l i c a t e s derived from c l a y minerals to produce a mixture of wus­
t i t e , f a y a l i t e (FegSiO^), and molten f e r r o u s - a l u m i n o s i l i c a t e phase. 
At somewhat higher temperatures (^1050°C), f a y a l i t e has been l a r g e l y 
incorporated into the melt phase, and ferrous i r o n may react with 
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104 M I N E R A L M A T T E R A N D A S H IN C O A L 

ST.*C 80%SiO2 

Predicted Observed 20% A l ^ 

Figure 1 Pseudoternary phase diagram (Base - A 1 2 0 3 - S i 0 2 ) 
showing s p h e r i c a l temperature (ST) contours. See text f o r 
d i s c u s s i o n of points connected by arrow and i n s e t . 

Figure 2 Schematic diagram i l l u s t r a t i n g high-temperature 
reactions for minerals i n an Eastern-type coal under reducing 
conditions. Reproduced with permission from reference 14. 
Copyright 1983 Engineering Foundation. 
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8. H U F F M A N A N D H U G G I N S Reactions and Transformations of Mineral Matter 105 

a l u m i n o s i l i c a t e s to form hercynite ( F e A l 2 0 ^ ) . This r e a c t i o n retards 
melting somewhat and i t s importance i s r e l a t e d to the A1 20 3 content 
of the ash- E s s e n t i a l l y a l l of the i r o n i s contained i n the melt 
phase f o r samples quenched from above 1200°C, as shown i n Figure 3. 
Above 1200°C, reducing, most Eastern ashes are a mixture of molten 
a l u m i n o s i l i c a t e s , m u l l i t e , quartz, and minor constituents such as 
i r o n s u l f i d e , which i s also molten, but i s immiscible with the 
viscous s i l i c a t e melt. 

S i m i l a r , but l e s s extensive, experiments have also been per­
formed on ash samples quenched from high temperatures i n a i r [13]· 
Below approximately 1200°C, e s s e n t i a l l y a l l of the glass observed i n 
the samples i s derived from the potassium-bearing c l a y mineral i l ­
l i t e . Melting accelerates above approximately 1300°C and approaches 
completion f o r most Eastern ashes at temperatures of the order of 
1500°C. As i l l u s t r a t e d by the Mossbauer spectra i n Figure 3, higher 
temperatures are required to produce s i g n i f i c a n t p a r t i a l melting i n 
an o x i d i z i n g environment than i n a reducing environment. A l l of the 
ir o n i n the specimen quenched from 1230°C i n a reducing atmosphere 
i s contained i n ferrous a l u m i n o s i l i c a t e g l a s s , while only about 30 
percent of the i r o n i n the sample quenched from 1300°C i n a i r has 
entered a f e r r i c glass phase. This r e s u l t i s t y p i c a l of Eastern 
ashes and i s not too s u r p r i s i n g , as i t i s wel l known that ferrous 
i r o n i s a more e f f e c t i v e f l u x than f e r r i c i r o n . Moreover, calcium 
appears to be a more e f f e c t i v e f l u x than f e r r i c i r o n i n an o x i d i z i n g 
environment. 

In both reducing and o x i d i z i n g atmospheres, s i g n i f i c a n t p a r t i a l 
melting of ash occurs at temperatures w e l l below the i n i t i a l defor­
mation temperature (IDT). It i s not uncommon to observe up to 50 
percent of the ash i n the form of glass at quenching temperatures as 
low as 200 to 400°C below the IDT. Such p a r t i a l melting i s impor­
tant i n deposit formation. Not s u r p r i s i n g l y , the amount of glass 
observed at a given temperature i n an o x i d i z i n g atmosphere i s s i g n i ­
f i c a n t l y l e s s than that i n a reducing atmosphere [13,14]. 

Fouling; V o l a t i l e Species 

Fouling g e n e r a l l y r e f e r s to the formation of deposits on convective 
heat-transfer surfaces at r e l a t i v e l y low temperatures (600 to 
1000°C). E x c e l l e n t d i s c u s s i o n s of t h i s problem have r e c e n t l y been 
given by Wibberly and Wall (15) and i n the general review a r t i c l e by 
Reid [10]· A l k a l i elements (Na, K) are the p r i n c i p a l c u l p r i t s i n 
the formation of such deposits. Within the flame, these elements 
become 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 i s r e l a t e d to the 
form i n which the a l k a l i e s are present i n the c o a l . O r g a n i c a l l y 
bound a l k a l i e s would be expected to be e a s i l y v o l a t i l i z e d at t y p i c a l 
flame temperatures (1400-1500°C), as would NaCl, the most common 
form of sodium i n bituminous c o a l . Potassium contained i n i l l i t e 
would not be expected to v o l a t i l i z e as r e a d i l y ; i l l i t e should 
r a p i d l y convert to a molten s l a g at these temperatures. For t h i s 
reason, the water-soluble a l k a l i content of c o a l [ l j i s considered 
to 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 i n g than the t o t a l a l k a l i 
content, at l e a s t f o r Eastern c o a l s . Wibberly and Wall [15] l i s t 
Na, NaOH, and NaCl as l i k e l y gaseous sp e c i e s , dependent on c h l o r i n e 
content of the c o a l , flame temperature, and oxygen p o t e n t i a l . 
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106 M I N E R A L M A T T E R A N D A S H IN C O A L 

Nonchloride species are probably r a p i d l y converted to oxides 
(Na 20, 1^0) on le a v i n g the flame f r o n t . The v o l a t i l e a l k a l i e s may 
condense on the surfaces of f l y - a s h p a r t i c l e s c a r r i e d by the f l u e 
gas or on coo l e r b o i l e r surfaces. Wibberly and Wall [15] performed 
drop-tube experiments i n which s i l i c a p a r t i c l e s were exposed to 
sy n t h e t i c combustion gases containing sodium at temperatures of 1200 
to 1600°C. Sodium s i l i c a t e l a y e r s ranging i n thickness from 0.03 to 
0.3 ym were observed on the p a r t i c l e s urfaces, and s i n t e r e d deposits 
formed r a p i d l y on s t a i n l e s s s t e e l probes i n s e r t e d i n t o the lower 
part of the furnace. Such a l k a l i - s i l i c a t e l a y e r s are molten at the 
temperatures of i n t e r e s t . The thickness of the sodium s i l i c a t e 
l ayers was decreased by a f a c t o r of three when the sodium was i n ­
troduced i n the form of NaCl, rather than i n c h l o r i n e - f r e e forms. 

An e x c e l l e n t review of the r o l e of a l k a l i s u l f a t e s i s given by 
Reid [10J. Below 1100°C, a l k a l i oxides and c h l o r i d e s react r a p i d l y 
with S0 2 and 0 2 or S0 3 to form condensed s u l f a t e s on f l y - a s h p a r t i ­
c l e s and metal surfaces. Because of t h e i r low melting p o i n t s , a l ­
k a l i s u l f a t e s are very c o r r o s i v e , and form strongly bonded deposits. 
The melting points of the most e a s i l y formed s u l f a t e s , Na 2S0i f and 
K 2S0it, are 882°C and 1075°C, r e s p e c t i v e l y , and the minimum melting 
point of NajjSOif-t^SOi, mixtures i s 833°C. KzSO^-CaSOi» and Na 2S0 H-
CaSOi* are also commonly observed mixtures, which e x h i b i t melting 
points i n the range from 870 to 970°C. If the S0 3 content of the 
atmosphere i s s u f f i c i e n t l y high, the p y r o s u l f a t e s , IC^Oy and 
N a 2 S 2 0 7 , may be formed from I^SO^ and Na^O^. These phases melt at 
very low temperatures: 400°C f o r N a 2S 20 7 and 300°C f o r K 2 S 2 0 7 . 
Crossley [16] has suggested that rapid metal wastage i s caused by 
the r e a c t i o n of the pyrosulfates with Fe 203 to form low-melting 
point (<600°C) a l k a l i - i r o n t r i s u l f a t e s : 

3M 2S 20 ? + F e 2 0 3 > 2M 3Fe(S0 4> 3 (3) 

where M = Na or K. This point of view i s supported by the work of 
Coats et a l . [17] which es t a b l i s h e d that l i q u i d melts containing up 
to 90 percent pyrosulfate can be formed from Na 2S0 l t-K 2S0 1 | mixtures 
i n S0 3 pressures of 100 to 300 ppm at temperatures down to 335°C. 
Such SO 3 l e v e l s can be r e a d i l y reached v i a c a t a l y t i c o x i d a t i o n of 
S0 2 i n the presence of F e 2 0 3 [10]. 

CCSEM analyses of f o u l i n g deposits 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 are given i n Table I I I . 
Although the deposits consisted p r i n c i p a l l y of calcium-enriched 
a l u m i n o s i l i c a t e s , they also contained small but 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 . Recently, we 
conducted potassium K-edge X-ray absorption spectroscopy (XAS) mea­
surements on these and r e l a t e d samples at the Stanford Synchrotron 
Radiation Laboratory. The X-ray absorption near-edge s t r u c t u r e s , or 
XANES, were found to e x h i b i t c h a r a c t e r i s t i c forms that could be used 
to i d e n t i f y the s u l f a t e s present. Figure 4 shows the XANES spectra 
obtained from the secondary superheater deposit (top) and from a de­
p o s i t c o l l e c t e d i n a combustion r i g (bottom) that was f i r i n g a North 
Dakota l i g n i t e . The XANES of the superheater deposit was found to 
be very s i m i l a r to that of potassium b i s u l f a t e , KHSOit. KHSOu melts 
at 212°C, and converts r a p i d l y to K 2 S 2 0 ? above 350C. The XANES 
spectrum of the combustion r i g deposit, c o l l e c t e d at a temperature 
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ι ι ι ι ι ι ι ι ι ι ι 
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Figure 3 Comparison of t y p i c a l Mossbauer spectra obtained 
from Eastern ashes quenched from high temperatures i n 
reducing (top) and o x i d i z i n g (bottom) atmospheres. 

τ 1 1 1 ι 

-2 0 2 4 

ENERGY (EV) χ 10 

Figure 4 Potassium K-edge XANES spectra obtained from 
f o u l i n g deposits r e s u l t i n g from l i g n i t e combustion. 
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108 M I N E R A L M A T T E R A N D A S H IN C O A L 

Table I I I . CCSEM Analyses of Fouling Deposits 

CCSEM Category 
Sec. Superheater, 

990-1050°C 
Preheater 

750°C 

Ca - r i c h a l u m i n o s i l i c a t e * 
Ca- and F e - r i c h a l u m i n o s i l i c a t e * * 
A l k a l i s u l f a t e * * * 
Calcium s u l f a t e + a l k a l i s u l f a t e 
S i 0 2 

Ca-rich 
Hematite 
Ca-Fe f e r r i t e 
Ca-Mg s u l f a t e 
A l - S i r i c h 
U n i d e n t i f i e d , mixed phases 

55 
7 
2 
4 
3 
10 
2 
2 
3 
5 
7 

63 
6 
2 
6 
2 
6 
1 
1 
2 
2 
5 

*Approximate average composition (mole %) determined from CCSEM 
energy d i s p e r s i v e X-ray fluorescence spectra was 37% Ca, 8% Mg, 
4% Fe, 41% S i , 10% A l (elements with Ζ > 12, o n l y ) . 

**Average composition - 31% Ca, 7% Mg, 21% Fe, 32% S i , 9% A l . 
***Average composition - Na~~Ca,,K~S,ft. 

of 1090°C, could be simulated rather well by weighted a d d i t i o n of 
the XANES spectra from I^SO^ (60% weight) and K - a l u m i n o s i l i c a t e 
glass (40% weight). A more d e t a i l e d d i s c u s s i o n w i l l be given e l s e ­
where [18J. Spiro et a l . [19J have used potassium K-edge XAS to i n ­
vest i g a t e combustion products and cyclone deposits from a f l u i d i z e d 
bed combustor f i r i n g an Eastern c o a l (Pittsburgh #8). They observed 
only K - a l u m i n o s i l i c a t e glass with no evidence of any s i g n i f i c a n t 
potassium s u l f a t e content. These i n i t i a l r e s u l t s i n d i c a t e that XAS 
w i l l be a very u s e f u l method of i n v e s t i g a t i n g the s t r u c t u r e of 
i n d i v i d u a l elements i n complex d e p o s i t s . 

Reactions and Transformations of Interest 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 i n o r ­
ganic phases i n other conversion processes w i l l be given. 

L i q u e f a c t i o n . Montano et a l . [20] have in v e s t i g a t e d the t r a n s f o r ­
mation of p y r i t e to p y r r h o t i t e i n co a l l i q u e f a c t i o n environments. 
They conducted i n s i t u Mossbauer spectroscopy measurements on coals 
maintained at 1.24 MPa nitrogen pressure and observed changes i n the 
isomer s h i f t at approximately 300°C that s i g n a l l e d the beginning of 
the transformation of p y r i t e to p y r r h o t i t e . The transformation 
accelerated between 300 and 400°C, and from 20 to 80 percent of the 
p y r i t e i n four d i f f e r e n t coals was transformed a f t e r one hour at 
440°C. From examination of both the i n s i t u spectra and the spectra 
of cooled residues, they concluded that the p y r r h o t i t e underwent 
covalent bonding to the c o a l molecules, causing a c a t a l y t i c e f f e c t 
on c o a l l i q u e f a c t i o n . 
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8. H U F F M A N A N D H U G G I N S Reactions and Transformations of Mineral Matter 109 

Carbonization. When co a l i s heated to temperatures ^900 to 1200°C 
i n the absence of a i r , most of the v o l a t i l e matter i s dr i v e n o f f , 
leaving a char, or, i n the case of m e t a l l u r g i c a l bituminous c o a l , a 
coke. The atmosphere i n a coke oven c o n s i s t s p r i n c i p a l l y of hydro­
gen and methane. Consequently, p y r i t e i s reduced to a mixture of 
i r o n s u l f i d e ( t r o i l i t e and p y r r h o t i t e ) and i r o n metal [21 ]. The 
amount of i r o n metal formed depends on both the temperature and the 
composition of the coke-oven gas. The reduction of i r o n s u l f i d e to 
i r o n metal i s d e s i r a b l e since b l a s t furnace operation i s 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 reacts with the l i b e r a t e d 
s u l f u r to 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. 
Calcium XANES spectra of coke produced from Pittsburgh seam co a l i n 
which a l l calcium i s i n i t i a l l y present as c a l c i t e i n d i c a t e that 
approximately 70 percent of the c a l c i t e i s converted to calcium s u l ­
fate during coking. 

XAS and e l e c t r o n microscopy measurements e s t a b l i s h that potas­
sium i n coke i s present p r i m a r i l y i n the form of K - a l u m i n o s i l i c a t e 
glass derived from i l l i t e . Potassium i n coke i s of great concern 
because of i t s behavior i n a b l a s t furnace during ironmaking. In 
the combustion or "raceway" zone of the b l a s t furnace, potassium can 
become v o l a t i l i z e d . The v o l a t i l e potassium species condense on 
coke, brickwork, and metal surfaces i n the cooler upper regions of 
the b l a s t furnace causing several adverse e f f e c t s , i n c l u d i n g exces­
si v e coke r e a c t i v i t y , a l k a l i attack on brickwork, and a l k a l i -
i n i t i a t e d deposits and c o r r o s i o n . As discussed elsewhere [22,23], 
XAS measurements can provide i n s i g h t i n t o the r e a c t i o n mechanisms of 
potassium i n a b l a s t furnace. For example, the XAS data obtained 
from a b r i c k that was severely damaged by a l k a l i attack i n a b l a s t 
furnace are shown i n Figure 5. The XANES spectrum from the b r i c k i s 
compared to a simulated spectrum obtained by weighted a d d i t i o n of 
the XANES of KC1 (50% weight) and K 2S10 3 (50% weight) i n Figure 5a, 
while the r a d i a l s t r u c t u r e f u n c t i o n derived from the EXAFS (extended 
X-ray absorption f i n e s t ructure) of the potassium atoms i n the b r i c k 
appears i n Figure 5b. Peaks due to the CI and Κ neighbor s h e l l s i n 
KC1 and to the 0 and S i neighbor s h e l l s i n K - a l u m i n o s i l i c a t e are 
l a b e l e d . From these r e s u l t s , i t appears that the mechanism of 
a l k a l i attack involved vapor-deposition of KC1 followed by K - f l u x i n g 
of the a l u m i n o s i l i c a t e b r i c k . The r e s u l t s of an i n v e s t i g a t i o n of 
the r e a c t i o n of potassium with coke using XAS and e l e c t r o n micros­
copy w i l l be given elsewhere [23]. 

G a s i f i c a t i o n . Iron e x h i b i t s a great d i v e r s i t y of reactions at 
elevated temperatures when the r e a c t i o n environment encompasses both 
reducing and o x i d i z i n g conditions at d i f f e r e n t stages of the 
process. For example, i t i s not unusual to observe f i v e or s i x 
d i f f e r e n t iron-bearing compounds i n three d i f f e r e n t oxidation states 
i n char and ash samples obtained from c o a l - g a s i f i c a t i o n systems. In 
Figure 6, the Mossbauer spectrum of a char residue from a bench-
s c a l e g a s i f i c a t i o n system at the I n s t i t u t e of Gas Technology i s 
shown. The input atmosphere to the g a s i f i e r was approximately 5.2% 
0 2, 21.2% H 2 O , and the remainder N 2, and the average temperature was 
1800°F. As i n d i c a t e d i n Figure 6, s i x iron-bearing phases e x h i b i t ­
ing three d i f f e r e n t o x i d a t i o n states are observed: i r o n metal, i r o n 
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 ( F e 2 S i 0 1 | ) , magnetite ( F e 3 0 u ) , 
hematite (Fe20 3), g l a s s , wustite, and p o s s i b l y other minor phases. 
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A B S O R P T I O N (x 1 ( T 1 ) 
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Figure 5 (a) Comparison of the potassium K-edge XANES spectrum 
of a b l a s t furnace b r i c k to a simulated XANES spectrum (50% 
KC1 + 50% K 2 S i 0 3 ) . (b) Radial structure function of 
potassium derived by Fourier transforming the EXAFS of the 
K-attacked b r i c k . 
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H U F F M A N A N D H U G G I N S Reactions and Transformations of Mineral Matter 

V E L O C I T Y , m m / n e 

Figure 6 5 7 F e Mossbauer spectra of g a s i f i c a t i o n char residue 
showing peaks from hematite (Η), magnetite (Μ) , i r o n metal 
(Fe), i r o n s u l f i d e s (FeS), f a y a l i t e (Fay), g l ass + wustite 
( G l ) , and an unknown phase ( ? ) . 
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112 M I N E R A L M A T T E R A N D A S H IN C O A L 

A more d e t a i l e d d i s c u s s i o n of t h i s work has been given by Mason et 
a l . [24]. 

A l k a l i e s and a l k a l i n e earths serve as e f f e c t i v e c a t a l y s t s i n 
c o a l g a s i f i c a t i o n processes [25]. In low rank c o a l s , calcium bound 
to oxygen anions i n carboxyl groups i s molecularly dispersed 
throughout the macérais [2,3]. S i m i l a r l y , i n K-enriched cokes 
treated at high temperatures, a more or l e s s uniformly dispersed K-C 
phase i s observed [22,23 ]. Such uniform d i s p e r s i o n s g r e a t l y 
increase the a c t i v i t y of the c a t a l y t i c s p e c i e s . 

Conclusions 

Even from t h i s b r i e f overview, i t i s c l e a r that much remains to be 
done i n the area of understanding mineral-matter behavior i n c o a l 
combustion and other conversion technologies and even more i n com­
bating the s t i c k y problems a r i s i n g from t h i s component i n c o a l . In 
p a r t i c u l a r , there i s great need f o r more d e t a i l e d i n v e s t i g a t i o n s of 
f u l l - s c a l e t e c h n o l o g i c a l processes, e s p e c i a l l y now that a number of 
r e l a t i v e l y new and s o p h i s t i c a t e d techniques are a v a i l a b l e that can 
be used to c h a r a c t e r i z e mineral-matter r e l a t e d phenomena i n ways 
that were not po s s i b l e a few years ago. Such techniques include 
Mossbauer and EXAFS spectroscopies, which we have h i g h l i g h t e d i n 
t h i s a r t i c l e , that have the a b i l i t y to focus on s p e c i f i c c r i t i c a l 
elements (Fe, K, S, e t c . ) , and r e v e a l very d e t a i l e d information 
about the behavior of that element. However, the observed phenomena 
i n f u l l - s c a l e processes w i l l also need to be in t e r p r e t e d i n terms of 
both k i n e t i c (e.g., drop-tube experiments [15]) and thermodynamic 
(e.g., phase diagram a n a l y s i s [11]) approaches, as w e l l as to take 
i n t o account the form of the mineral matter and i t s d i s t r i b u t i o n i n 
the o r i g i n a l c o a l . These should be important areas f o r research on 
mineral-matter r e l a t e d problems i n the fu t u r e . 
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9 
Mineral Transformations during Ashing of Selected 
Low-Rank Coals 

S. K. Falcone and H. H. Schobert 

Energy Research Center, University of North Dakota, University Station, Grand Forks, 
ND 58202 

Inorganic species are present within low-rank coals 
as ion-exchangeable cations, as coordination 
complexes, and as discrete minerals. Variations in 
the inorganic associations of cations affects their 
relative reactivity and the processes associated 
with their formation of high temperature 
minerals. Twelve coals representing the Northern 
Great Plains and Gulf Coast were ashed 125°C, 
750°C, and 1000°C in an oxidizing atmosphere. Each 
sample was then analyzed for its mineral 
composition by x-ray diffraction. In addition, 
model mixtures simulating raw coal mineralogies and 
organically-bound calcium and sodium were heated to 
750°C and 1000°C for comparison to actual coal 
ashes. The processes responsible for most of the 
reactions identified were oxidation, dehydration, 
sulfur fixation, solid-state interactions and 
vaporization. In addition, it was determined that 
organically-bound cations, specifically calcium and 
sodium, were more reactive than cations bound in 
mineral form in producing new mineral species with 
pre-existing minerals. 

I n o r g a n i c s p e c i e s a r e i n c o r p o r a t e d i n l o w - r a n k c o a l s i n many ways : 
as i o n - e x c h a n g e a b l e c a t i o n s , as c o o r d i n a t i o n c o m p l e x e s , and as a 
d i v e r s e a r r a y o f d i s c r e t e m i n e r a l s . In some c a s e s an e l emen t w i l l 
be p r e s e n t i n more t h a n one f o r m ; p o t a s s i u m , f o r e x a m p l e , o c c u r s 
b o t h as an e x c h a n g e a b l e c a t i o n and i n a s s o c i a t i o n w i t h c l a y 
m i n e r a l s . The v a r i a t i o n i n a s s o c i a t i o n o f i n o r g a n i c s among t h e 
m u l t i p l e modes o f o c c u r r e n c e r e s u l t s i n a v e r y comp l ex s e r i e s o f 
r e a c t i o n s and m i n e r a l t r a n s f o r m a t i o n s when l o w - r a n k c o a l s a r e 
a s h e d . In l o w - r a n k c o a l u t i l i z a t i o n p r o c e s s e s t h e b e h a v i o r o f t h e 
i n o r g a n i c componen t s c an be a t l e a s t as i m p o r t a n t t o e f f e c t i v e 

0097-6156/ 86/ 0301 -0114S06.00/ 0 
§ 1986 American Chemical Society 
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9. F A L C O N E A N D S C H O B E R T Mineral Transformations during Ashing 115 

o p e r a t i o n as t h e b e h a v i o r o f t h e c a r b o n a c e o u s p o r t i o n o f t h e c o a l . 
The d e t e r m i n a t i o n o f t h e e x t e n t o f t h e changes i n b u l k c o m p o s i t i o n 
and i n m i n e r a l p h a s e s d u r i n g c o n t r o l l e d l a b o r a t o r y a s h i n g i s v e r y 
i m p o r t a n t i n d e v e l o p i n g an u n d e r s t a n d i n g o f ash b e h a v i o r d u r i n g c o a l 
p r o c e s s i n g and how such changes a r e r e l a t e d t o p r o c e s s c o n d i t i o n s . 

In t h e p a s t , m i n e r a l o g i c a l d e t e r m i n a t i o n s u s i n g ash f o rmed a t 
t h e s t a n d a r d t e m p e r a t u r e o f 750°C i d e n t i f i e d m i n e r a l s wh i c h were not 
o r i g i n a l l y p r e s e n t i n t h e raw c o a l b u t w h i c h were a r t i f a c t s o f t h e 
a s h i n g p r o c e d u r e . T h i s was due t o t h e a l t e r a t i o n o f m i n e r a l s by 
o x i d a t i o n , d e h y d r a t i o n and o t h e r p r o c e s s e s a t h i g h t e m p e r a t u r e s . 
R e c en t s t u d i e s by M i l l e r e t a l Q J , F r a z e r and B e l c h e r ( 2 J , and 
O'Gorman and W a l k e r (_3) have c o n c e n t r a t e d on r e l a t i n g raw c o a l 
m i n e r a l o g y t o a sh m i n e r a l o g y o f a sh g e n e r a t e d a t low t e m p e r a t u r e s . 
L o w - t e m p e r a t u r e a s h i n g (LTA) t h e o r e t i c a l l y wou l d e n a b l e one t o 
o b t a i n t h e t r u e m i n e r a l o g i c a l c o m p o s i t i o n o f a c o a l s i n c e l i t t l e 
m i n e r a l a l t e r a t i o n o c c u r s a t t y p i c a l LTA t e m p e r a t u r e s o f 1 2 5 W C . 
M i t c h e l l and G l u s k o t e r (£) e xpanded t h i s c o n c e p t t o s t u d y low t o 
h i g h t e m p e r a t u r e m i n e r a l t r a n s f o r m a t i o n s i n ash o f s u b b i t u m i n o u s and 
b i t u m i n o u s c o a l s . W i t h few e x c e p t i o n s , t h e a p p l i c a t i o n o f LTA i n 
ash m i n e r a l o g y s t u d i e s has been p r i m a r i l y a s s o c i a t e d w i t h 
s u b b i t u m i n o u s and b i t u m i n o u s c o a l s { $ ) . In f a c t , M i l l e r e t a l (J.) 
and F r a z e r and B e l c h e r {2) s t a t e t h a t LTA may be u n s u i t a b l e f o r 
o b t a i n i n g t h e o r i g i n a l m i n e r a l o g y i n l i g n i t e s w i t h o u t a p p r o p r i a t e 
p r e t r e a t m e n t . T h i s p r o b l e m i s due t o t h e h i g h o r g a n i c o x ygen 
c o n t e n t w i t h a s s o c i a t e d i n o r g a n i c e x c h a n g e a b l e c a t i o n s 
c h a r a c t e r i s t i c o f l i g n i t e s . The p r e s e n c e o f o r g a n i c a l l y - b o n d e d 
i n o r g a n i c s d r a s t i c a l l y i n c r e a s e s t h e a s h i n g t i m e , t h e r e b y i n c r e a s i n g 
t h e c h a n c e s o f m i n e r a l a l t e r a t i o n by o x i d a t i o n . In a d d i t i o n , t h e 
r e l e a s e o f o r g a n i c a l l y - b o u n d c a t i o n s and o r g a n i c s u l f u r i n c o n t a c t 
w i t h m i n e r a l m a t t e r c an a l t e r t h e o r i g i n a l c o a l m i n e r a l o g y w i t h an 
e x t e n d e d p e r i o d o f l o w - t e m p e r a t u r e a s h i n g . 

The p u r p o s e o f t h i s s t u d y was t o i d e n t i f y m i n e r a l 
t r a n s f o r m a t i o n s o c c u r r i n g d u r i n g l ow and h i g h t e m p e r a t u r e a s h i n g 
(125°, 750°, and 1000 W C) o f l o w - r a n k c o a l s and t o examine t h e 
p r o c e s s e s r e s p o n s i b l e f o r t h e m i n e r a l t r a n s f o r m a t i o n s . Twe l ve l ow-
r ank c o a l s were s e l e c t e d f r o m t h e n o r t h e r n G r e a t P l a i n s and G u l f 
C o a s t . N i n e N o r t h D a k o t a l i g n i t e s , two G u l f C o a s t ( T e xa s and 
A l abama) l i g n i t e s , and one s u b b i t u m i n o u s c o a l f r o m Montana were 
s t u d i e d ( T a b l e I ) . 

In a d d i t i o n , mode l m i x t u r e s o f i n o r g a n i c compounds s i m u l a t i n g 
t h o s e i n o r g a n i c s c h a r a c t e r i s t i c a l l y f o u n d i n l o w - r a n k c o a l s were 
a l s o h e a t e d t o 750° and 1000°C. M i n e r a l s u sed i n t h e model m i x t u r e 
s t u d i e s i n c l u d e d c a l c i t e , k a o l i n i t e , q u a r t z and p y r i t e . C a l c i u m and 
sod i um a c e t a t e s were used t o s i m u l a t e o r g a n i c a l l y - b o u n d c a l c i u m and 
s o d i u m . Sod ium s u l f a t e was a l s o used as a s od i um and s u l f u r 
s o u r c e . Two- , t h r e e - and f o u r - c o m p o n e n t s y s t e m s we re exam ined 
v a r y i n g t h e m o l a r r a t i o s o f t h e c o n s t i t u e n t s . In t h i s manner t h e 
i n t e r a c t i o n o f m i n e r a l s and o r g a n i c a l l y - b o u n d i n o r g a n i c s c a n be 
t r a c e d d u r i n g t h e h e a t i n g p r o c e s s . Of p a r t i c u l a r i n t e r e s t was t h e 
s i m u l a t i o n o f h i g h t e m p e r a t u r e p r o c e s s e s r e s p o n s i b l e f o r f o r m i n g 
f e l d s p a t h i c a l u m i n o s i l i c a t e s c h a r a c t e r i s t i c o f m i n e r a l s f o rmed when 
a s h i n g l o w - r a n k c o a l s . The model s y s t e m s d i s c u s s e d a r e p r e s e n t e d i n 
T a b l e I I . 
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9. FALCONE A N D SCHOBERT Mineral Transformations during Ashing 117 

Experimental 

The m i n e r a l m a t t e r c o m p o s i t i o n o f ea ch c o a l s amp l e was d e t e r m i n e d 
d i r e c t l y by X - r a y d i f f r a c t i o n (XRD) o f l ow t e m p e r a t u r e a s h ( L T A ) . A 
LFE Model 504 f o u r - c h a m b e r oxygen p l a sma l ow t e m p e r a t u r e a s h e r was 
u s e d . The a s h i n g p r o c e d u r e s used were m o d i f i e d f r o m M i l l e r and 
G i v e n s * t e c h n i q u e {§) f o r l ow t e m p e r a t u r e a s h i n g o f s u b b i t u m i n o u s 
and b i t u m i n o u s c o a l s . One s e t o f s amp l e s was i o n - e x c h a n g e d i n 1M 
ammonium a c e t a t e a t 70°C f o r 24 h o u r s and f r e e z e - d r i e d p r i o r t o low 
t e m p e r a t u r e a s h i n g . T h i s p r o c e d u r e was r e p e a t e d t w i c e t o e n s u r e 
r emova l o f i o n - e x c h a n g e a b l e c a t i o n s . A n o t h e r , b u t u n t r e a t e d , samp le 
s e t was a l s o a s h e d . P r e l i m i n a r y c o m p a r i s o n o f s amp l e s e t s showed 
t h e ex changed s amp l e s t o have l o w e r a s h i n g t i m e and i d e n t i c a l 
m i n e r a l o g y e x c e p t f o r t h e p r e s e n c e o f b a s s a n i t e i n n o n - e x c h a n g e d 
s a m p l e s . T h i s d i f f e r e n c e w i l l be d i s c u s s e d l a t e r . 

The LTA o p e r a t i n g p r o c e d u r e s u sed were as f o l l o w s : a r a d i o 
f r e q u e n c y power o f a p p r o x i m a t e l y 150W and an oxygen f l o w o f 
1 0 0 c c / m i n a t 2 p s i were m a i n t a i n e d a l o n g w i t h a chamber p r e s s u r e o f 
1mm Hg . Samp les were s t i r r e d once e v e r y two h o u r s d u r i n g t h e f i r s t 
e i g h t h o u r s and e v e r y e i g h t h o u r s d u r i n g t h e r e m a i n i n g a s h i n g t i m e . 

Samp les were a l s o a shed a t 7 5 0 e C i n a c c o r d a n c e w i t h ASTM 
p r o c e d u r e D3174-73 ( 2 ) and w i l l be r e f e r r e d t o as ASTM s a m p l e s . 
Samp l e s were t h e n a shed a t 1000°C f o l l o w i n g t h e same p r o c e d u r e f o r 
750°C c o a l a s h i n g and w i l l be r e f e r r e d t o a s ΗΤΑ ( h i g h t e m p e r a t u r e 
a s h ) s a m p l e s . 

M i n e r a l s and o t h e r i n o r g a n i c s used i n model s y s t e m s A t h r o u g h J 
were g r ound t o - 6 0 mesh t o match t h e p a r t i c l e s i z e o f t h e c o a l s u sed 
f o r a s h i n g . Samp le s were r a p i d l y h e a t e d t o 7 5 0 W C and h e l d f o r two 
h o u r s a t t e m p e r a t u r e . H a l f o f t h e samp l e was removed and a i r 
q u e n c h e d . The r e m a i n i n g p o r t i o n o f t h e samp le was r e t u r n e d t o t h e 
f u r n a c e and h e a t e d t o 1000°C, h e l d f o r two h o u r s , and t h e n a i r 
q u e n c h e d . 

M i n e r a l o g i c a l c o m p o s i t i o n o f a s h s amp l e s and model s y s t ems was 
d e t e r m i n e d by XRD. X - r a y f l u o r e s c e n c e (XRF) a n a l y s i s was a l s o u sed 
f o r b u l k e l e m e n t a l a n a l y s i s o f t h e a s h . Raw c o a l a n a l y s i s was 
p e r f o r m e d by XRF and n e u t r o n a c t i v a t i o n ( N A A ) . XRF e l e m e n t a l 
a n a l y s e s o f raw c o a l s amp l e s a r e l i s t e d i n T a b l e I . The n e u t r o n 
a c t i v a t i o n a n a l y s e s were p e r f o r m e d a t N o r t h C a r o l i n a S t a t e 
U n i v e r s i t y . 

Resu l t s and D i s c u s s i o n 

M i n e r a l o g i c a l pha se s f o rmed a t d i f f e r e n t t e m p e r a t u r e s f o r ea ch c o a l 
s amp l e a r e summar i z ed i n T a b l e I I I . The m a j o r m i n e r a l pha se s 
d e t e c t e d by XRD i n LTA s amp l e s a r e q u a 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 l a g i o c l a s e . The p r o c e s s e s r e s p o n s i b l e f o r s u b s e q u e n t 
m i n e r a l t r a n s f o r m a t i o n s i n c l u d e o x i d a t i o n , v a p o r i z a t i o n , s u l f u r 
f i x a t i o n , d e h y d r a t i o n and s o l i d - s t a t e i n t e r a c t i o n s . The 
t e m p e r a t u r e s a t w h i c h s p e c i f i c t r a n s f o r m a t i o n s o c c u r a r e a s s i g n e d on 
t h e b a s i s o f p r e v i o u s e x p e r i m e n t a l work by M i t c h e l l and G l u s k o t e r 
( 4 ) and p u b l i s h e d c h e m i c a l d a t a i n t h e Handbook o f C h e m i s t r y and 
P h y s i c s (S). In a d d i t i o n t o m i n e r a I - m i n e r a I i n t e r a c t i o n s i t i s 
b e l i e v e d t h a t r e a c t i o n s be tween m i n e r a l s and e x c h a n g e a b l e c a t i o n s 
o c c u r ( j ) ) . 
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120 M I N E R A L M A T T E R A N D A S H IN C O A L 

T a b l e I I I . M i n e r a l o g i c a l C o m p o s i t i o n 

Samp!e LTA ( 125°C)+ ASTM (750°C) ΗΤΑ (1000°C) 
A b s a l oka Q u a r t z 

P y r i t e 
K a o l i n i t e 
P l a g i o c l a s e 
B a s s a n i t e 

Q u a r t z 
A n h y d r i t e 
H e m a t i t e 

A n h y d r i t e 
M a g n e t i t e 
H e m a t i t e 
Q u a r t z 
M e l i l i t e 
P l a g i o c l a s e 
N e p h e l i n e 

B e u l a h - L o w Sod ium 

B e u l a h - H i g h Sod ium 

Q u a r t z 
P y r i t e 
K a o l i n i t e 
B a s s a n i t e 

Q u a r t z 
B a s s a n i t e 
K a o l i n i t e 
P y r i t e 

Q u a r t z 
H e m a t i t e 
M a g n e t i t e 
A n h y d r i t e 

A n h y d r i t e 
H e m a t i t e 
M a g n e t i t e 
Q u a r t z 
M e l i l i t e 
Hauyne 

A n h y d r i t e 
P y r o x e n e 
M a g n e t i t e 
Hauyne 
H e m a t i t e 
Q u a r t z 

A n h y d r i t e 
M e l i l i t e 
M a g n e t i t e 
H e m a t i t e 
Hauyne 
Q u a r t z 
Corundum 

C e n t e r Q u a r t z A n h y d r i t e A n h y d r i t e 
B a s s a n i t e H e m a t i t e Hauyne 
P y r i t e Q u a r t z P y r o x e n e 
K a o l i n i t e M e l i l i t e 

H e m a t i t e 
Q u a r t z 

Choc taw Q u a r t z A n h y d r i t e A n h y d r i t e 
P y r i t e Q u a r t z H e m a t i t e 
K a o l i n i t e H e m a t i t e Q u a r t z 
B a s s a n i t e M a g n e t i t e M a g n e t i t e 
PI a g i o c l a s e P l a g i o c l a s e PI a g i o c l a s 

P y r o x e n e 

F a l k i r k Q u a r t z A n h y d r i t e A n h y d r i t e 
K a o l i n i t e Q u a r t z Q u a r t z 
P y r i t e H e m a t i t e M e l i l i t e P y r i t e 

M a g n e t i t e H e m a t i t e 
M e l i l i t e M a g n e t i t e 

( t r a c e ) Hauyne 

Gas coyne B l u e - Q u a r t z A n h y d r i t e A n h y d r i t e 
H i g h Sod ium K a o l i n i t e Q u a r t z M e l i l i t e H i g h Sod ium 

P y r i t e H e m a t i t e Hauyne 
C a l c i t e M a g n e t i t e Q u a r t z 
Sod ium S u l f a t e Nosean 

( t r a c e ) M e l i l i t e 

• M i n e r a l s l i s t e d i n d e c r e a s i n g o r d e r o f peak i n t e n s i t i e s and 
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9. FALCONE AND SCHOBERT Mineral Transformations during Ashing 

o f A sh Samp l e s D e t e r m i n e d by XRD* 

121 

Sample LTA ( 125°C) ASTM (750°C) ΗΤΑ (1000°C) 

Ga s c oyne R e d -
Low Sod ium 

I n d i a n Head-
H i g h Sod ium 

P i k e 

San M i g u e l 

V e l v a 

Q u a r t z 
K a o l i n i t e 
P y r i t e 

Q u a r t z 
P y r i t e 
K a o l i n i t e 
B a s s a n i t e 

Q u a r t z 
P y r i t e 
K a o l i n i t e 

Q u a r t z 
A n h y d r i t e 
H e m a t i t e 
M a g n e t i t e 

A n h y d r i t e 
Q u a r t z 
H e m a t i t e 
Nosean 
M e l i l i t e 
Hauyne Λ 

Sod ium S u l f a t e 

A n h y d r i t e 
Q u a r t z 
P y r i t e 

Z e o l i t e Z e o l i t e 
( H e u l a n d i t e ) A n h y d r i t e 

Q u a r t z H e m a t i t e 
K a o l i n i t e Q u a r t z 
P y r i t e P l a g i o c l a s e 
B a s s a n i t e ( A n o r t h i t e ) 
P I a g i o c l a s e M e l i l i t e 

Q u a r t z A n h y d r i t e 
K a o l i n i t e Q u a r t z 
P y r i t e CaO 
B a s s a n i t e 

Q u a r t z 
A n h y d r i t e 
P y r o x e n e 
H e m a t i t e 
Hauyne 

M e l i l i t e 
H e m a t i t e 
A n h y d r i t e 
Hauyne 
M a g n e t i t e 
P y r o x e n e 

A n h y d r i t e 
H e m a t i t e 
M e l i l i t e 
A n o r t h i t e 
Q u a r t z 

P l a g i o c l a s e 
( A n o r t h i t e ) 

H e m a t i t e 
Q u a r t z 
M a g n e t i t e 
A n h y d r i t e 

A n h y d r i t e 
G e h l e n i t e 
Q u a r t z 

Hauyne 

o c c u r r e n c e . Peak i d e n t i f i c a t i o n no t c o n c l u s i v e . 
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122 M I N E R A L M A T T E R A N D A S H IN C O A L 

P y r i t e ( F e S 2 ) i s p r e s e n t i n a l l LTA s a m p l e s . W h i l e M i l l e r e t a l 
Q ) s t a t e d t h a t p y r i t e may be o x i d i z e d w i t h i n c r e a s e d low 
t e m p e r a t u r e a s h i n g t i m e i n l i g n i t e s no e v i d e n c e o f o x i d i z e d f o rms o f 
i r o n was seen by XRD. T h i s may be a t t r i b u t e d t o t h e p r e t r e a t m e n t o f 
s a m p l e s w i t h ammonium a c e t a t e , t h e r e b y r e d u c i n g a s h i n g t i m e s as much 
a s 50%. In ASTM s amp l e s p y r i t e i s o x i d i z e d t o h e m a t i t e ^ 2 0 3 ) and 
m a g n e t i t e ( F e o O ^ . A c c o r d i n g t o M i l l e r and G l u s k o t e r ( 4 ) , p y r i t e 
o x i d i z e s a t 500°C. W i t h t h e o x i d a t i o n o f p y r i t e t o i r o n o x i d e 
r a t h e r t h a n i r o n s u l f a t e , p y r i t i c s u l f u r i s r e l e a s e d . The f o r m a t i o n 
o f sod i um and c a l c i u m s u l f a t e s d e t e c t e d i n ASTM ash can be 
a s s o c i a t e d w i t h t h e r e l e a s e o f t h i s p y r i t i c s u l f u r o r o r g a n i c s u l f u r 
and t h e i r i n t e r a c t i o n w i t h c a r b o n a t e s as w e l l as w i t h o r g a n i c a l l y -
bound c a l c i u m and s o d i u m . 

In t h e model m i x t u r e s t u d i e s c a l c i u m a c e t a t e was o b s e r v e d t o 
r e a c t w i t h p y r i t e a t 750° and 1 0 0 0 ° C t o g e n e r a t e a n h y d r i t e XRD peak s 
o f g r e a t e r i n t e n s i t y t h a n t h o s e o b s e r v e d f o r t h e s y s t e m o f c a l c i t e 
r e a c t i n g w i t h p y r i t e ( T a b l e I I , Sy s t ems A and B ) . S u l f u r f i x a t i o n 
by c a l c i u m r e l e a s e d f r om c a l c i u m a c e t a t e by p y r i t i c s u l f u r was 
g r e a t e r t h a n i n t h e c a l c i t e c a s e p r o b a b l y due t o t h e s i m i l a r 
t e n p e r a t u r e s a t w h i c h c a l c i u m a c e t a t e decomposes and p y r i t e o x i d i z e s 
(400° t o 500°C). C a l c i t e , on t h e o t h e r h a n d , does no t decompose 
u n t i l h i g h e r t e m p e r a t u r e s (900°C); t h e r e f o r e t h e c a l c i u m n e c e s s a r y 
t o f o rm a n h y d r i t e i s no t as r e a d i l y a v a i l a b l e . Most o f t h e S O 2 

f o rmed by o x i d a t i o n o f p y r i t e wou l d be l o s t t o t h e a tmosphe r e by t h e 
t i m e c a l c i t e d e compose s . 

B a s s a n i t e ( C a S 0 4 . 1 / 2 H 2 0 ) i s p r e s e n t i n some o f t h e samp l e 
L T A s . W h i l e b a s s a n i t e may f o r m f r om t h e d e h y d r a t i o n o f gypsum 
(CaS04 .2H20 ) d u r i n g t h e LTA p r o c e d u r e no s i g n i f i c a n t gypsm was 
d e t e c t e d i n t h e o r i g n a l c o a l m i n e r a l o g y o f t h e s amp l e s s t u d i e d . 
T h e r e f o r e , h e m i h y d r a t e d c a l c i u m s u l f a t e ( b a s s a n i t e ) f o rmed a t l ow 
t e m p e r a t u r e may be due t o t h e f i x a t i o n o f o r g a n i c s u l f u r by 
o r g a n i c a l l y - b o u n d c a l c i u m c a t i o n s not c o m p l e t e l y removed by t h e i o n -
exchange p r o c e d u r e (JLL_10). In t h i s c a s e , b a s s a n i t e i s s i m p l y an 
a r t i f a c t o f t h e l ow t e m p e r a t u r e a s h i n g p r o c e d u r e . T h i s phenomenon 
i s t y p i c a l o f c o a l s h a v i n g abundan t a l k a l i c a t i o n s a s s o c i a t e d w i t h 
c a r b o x y l g r o u p s (_6). A t s u ch l ow t e m p e r a t u r e s i t i s u n l i k e l y t h a t 
c a l c i t e wou l d r e a c t w i t h o r g a n i c s u l f u r t o f o r m C a S U 4 e l / 2 H 2 0 . 
C o n t i n u e d i n c r e a s e s i n a s h i n g t e m p e r a t u r e r e s u l t s i n c o m p l e t e 
d e h y d r a t i o n o f b a s s a n i t e t o a n h y d r i t e (CaSO/i) a t 400°C. A n h y d r i t e 
i s a m a j o r m i n e r a l phase i n ASTM and ΗΤΑ s a m p l e s . 

K a o l i n i t e ( A l 2 S">2°5(° H)4) i s P r e s e n t o n l y i n LTA s a m p l e s . 
K a o l i n i t e d e h y d r a t i o n o c c u r s a p p r o x i m a t e l y f r om 400° t o 525°C ( 4 J . 
W i t h remova l o f w a t e r by d e h y d r a t i o n , t h e k a o l i n i t e s t r u c t u r e 
c o l l a p s e s , r e t a i n i n g some d e g r e e o f o r d e r and f o r m i n g m e t a k a o l i n . 
No m e t a k a o l i n was d e t e c t e d by XRD i n ASTM s a m p l e s , p e r hap s due t o 
i t s p o o r l y d e f i n e d c r y s t a l l i n e s t r u c t u r e . Howeve r , i t i s b e l i e v e d 
t h a t t h e b a s i c k a o l i n i t e componen t s a r e p r e s e n t i n an amorphous f o r m 
i n ASTM a s h . W i t h i n c r e a s i n g t e m p e r a t u r e t h e c o l l a p s e d k a o l i n i t e 
s t r u c t u r e f o rms corundum ( Ύ - Α Ι 2 Ο 3 ) . W h i l e m u l l i t e ( 3 A l ? 0 3 . 2 S i 0 2 ) 
and c r i s t o b a l i t e ( S i 0 2 ) have been r e p o r t e d t o f o rm f r o m w e l l - o r d e r e d 
k a o l i n i t e s i n b i t u m i n o u s c o a l s a t 1 0 0 0 ° C ( 4 J n e i t h e r were o b s e r v e d 
i n ΗΤΑ s a m p l e s . A c c o r d i n g t o G r i m Q _ l ) , t h e a b s e n c e o f m u l l i t e 
s u g g e s t s t h a t t h e o r i g i n a l k a o l i n i t i c s t r u c t u r e was p o o r l y 
d e f i n e d . I t has a l s o been s u g g e s t e d by G r i m (11) t h a t t h e p r e s e n c e 
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9. F A L C O N E A N D S C H O B E R T Mineral Transformations during Ashing 123 

o f i m p u r i t i e s i n t h e f o r m o f a l k a l i i o n s , such as i n l i g n i t e s , 
r e t a r d s t h e d e v e l o p m e n t o f m u l l i t e s and C r i s t o b a l i t e . The mechan i sm 
f o r t h i s i s no t f u l l y u n d e r s t o o d . 

The c o l l a p s e d k a o l i n i t i c s t r u c t u r e a c t s as a s o u r c e o r f r amework 
f o r s e v e r a l d i f f e r e n t a l u m i n o s i l i c a t e c o m p l e x e s f o rmed i n ΗΤΑ a sh 
s a m p l e s . Common m i n e r a l s f o u n d a r e as f o l l o w s : a n o r t h i t e 
( C a A l 2 S i 2 0 8 ) , p y r o x e n e s ( C a , N a ) ( M g , F e , A l ) ( S i , A 1 ) 2 0 6 ) , m e l i t i t e s 
( N a , C a ) 2 ( M g , F e , A l ) ( S i , A l ) 2 0 7 , hauyne ( N a , C a ) 6 o ( A I S i 0 4 J ( S 0 4 ) ι 2 , 
nosean ( N a s A l 6 S i 6 0 2 4 S 0 4 ) and n e p h e l i n e ( ( N a , K ) A I S i 0 4 ) . A t IOOCrC 
a l u m i n o s i l i c a t e m i n e r a l s f o r m f r o m s o l i d - s t a t e r e a c t i o n s o f 
k a o l i n i t i c m a t e r i a l w i t h c a t i o n s d e r i v e d f r o m c a r b o n a t e s , o x i d e s , o r 
s u l f a t e s . I n t e r s t i t i a l i n - f i l l i n g o f a l k a l i c a t i o n s o c c u r s w i t h i n 
t h e d e h y d r a t e d k a o l i n i t e s t r u c t u r e w i t h i n c r e a s i n g t e m p e r a t u r e due 
t o t h e r m a l e x p a n s i o n and r e o r d e r i n g o f t h e c o l l a p s e d c l a y 
s t r u c t u r e . In some c o a l s , p a r t i c u l a r l y t h o s e h i g h i n s o d i u m , t h e s e 
a l u m i n o - s i l i c a t e s a r e a l s o s een i n ASTM s a m p l e s . 

In t h e model s y s t e m s C t h r o u g h I ( T a b l e I I ) d i f f e r e n t s o u r c e s o f 
c a l c i u m and sod ium were m i x e d w i t h c l a y ( k a o l i n i t e ) and h e a t e d t o 
o b s e r v e t h e i r r o l e i n f o r m i n g t h e a l u m i n o s i l i c a t e s t y p i c a l o f a sh 
f o u l i n g d e p o s i t s . In s y s t e m s C and D c a l c i u m a c e t a t e and sod i um 
a c e t a t e were m i x e d w i t h k a o l i n i t e i n equa l m o l a r r a t i o s . X - r a y 
d i f f r a c t o m e t e r p a t t e r n s showed t h a t b o t h s y s t e m s w e r e , f o r t h e most 
p a r t , amorphous a t 750°C. Howeve r , i n s y s t e m Ε where s od i um and 
c a l c i u m a c e t a t e were p r e s e n t i n equa l m o l a r r a t i o s c a r n e g i e t i t e was 
f o rmed a t 750°C. C a r n e g i e t i t e i s a p o l ymo rph o f n e p h e l i n e . In 
c a r n e g i e t i t e t h e s od i um c a t i o n i s t e t r a h e d r a l l y c o o r d i n a t e d whe rea s 
i n n e p h e l i n e t h e s od i um c a t i o n i s o c t a h e d r a l l y c o o r d i n a t e d . 

A t t e m p e r a t u r e s g r e a t e r t h a n 900°C t h e f o r m a t i o n o f new 
a l u m i n o s i l i c a t e s wou l d be a n t i c i p a t e d w i t h t h e r e o r d e r i n g o f 
c o l l a p s e d c l a y s t r u c t u r e s and i n f i l l i n g o f i n t e r s t i t i a l v o i d s p a c e s 
by c a t i o n s . In s y s t e m s C and D n e p h e l i n e and g e h l e n i t e were f o rmed 
r e s p e c t i v e l y a t 1000°C. In s y s t e m Ε b o t h n e p h e l i n e and g e h l e n i t e 
were f o rmed a t 1000°C show i ng no d e t e c t a b l e mutua l i n t e r s t i t i a l v o i d 
f i l l i n g o f c a l c i u m and sod i um w i t h i n t h e same a l u m i n o s i l i c a t e 
s t r u c t u r e s . To e s t a b l i s h t h a t t h e r e s u l t s o b s e r v e d w i t h t h e 1:1 
c a l c i urn:sodium r a t i o s were not a r t i f a c t s o f a s t o i c h i o m e t r i c 
l i m i t a t i o n o f r e a c t a n t s t h e m o l a r r a t i o s o f c a l c i u m t o s od i um were 
v a r i e d f r om 1:4 t o 4 : 1 i n an a t t e m p t t o s a t u r a t e t h e s y s t e m w i t h 
r e s p e c t t o c a l c i u m o r s o d i u m . X - r a y d i f f r a c t o m e t e r p a t t e r n s o f 
v a r i o u s r a t i o c o m b i n a t i o n s showed t h a t sod ium and c a l c i u m c o n t i n u e d 
t o f i l l v o i d s i n t h e same manner as w i t h a 1:1 r a t i o . The f a c t t h a t 
s od i um and c a l c i u m do no t m u t u a l l y i n f i l l v o i d o f s p e c i f i c m i n e r a l s 
r e f l e c t s t h e p r e f e r r e d o x i d e c o o r d i n a t i o n b e h a v i o r o f t h e two 
c a t i o n s , w h i c h i n t u r n i s d e t e r m i n e d by t h e i r r e s p e c t i v e i o n i c 
c h a r g e s and r a d i i . C a l c i u m p r e f e r s t e t r a h e d r a l c o o r d i n a t i o n , so 
t h a t i n g e n e r a l t h e r e a c t i o n o f c a l c i u m i o n s w i t h k a o l i n i t e wou l d 
r e s u l t i n a g e h l e n i t e s t r u c t u r e , i n w h i c h t h e c a l c i u m i s 
t e t r a h e d r a l l y c o o r d i n a t e d . On t h e o t h e r h a n d , sod ium f a v o r s 
o c t a h e d r a l c o o r d i n a t i o n , t h u s f o r m i n g n e p h e l i n e s t r u c t u r e s w i t h 
s o d i um i n o c t a h e d r a l s i t e . 

I n s y s t em F c a l c i t e was used as a c a l c i u m s o u r c e f o r t h e 
f o r m a t i o n o f g e h l e n i t e . The r e a c t i o n d i d no t p r o c e e d as c o m p l e t e l y 
a s w i t h c a l c i u m a c e t a t e , as i n f e r r e d f r om two o b s e r v a t i o n s : 1) some 
o f t h e c a l c i u m r e m a i n e d as c a l c i u m o x i d e upon d e c o m p o s i t i o n o f 
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124 M I N E R A L M A T T E R A N D A S H IN C O A L 

c a l c i t e a t 900°C, and 2) m u l l i t e , a p o o r l y c r y s t a l l i n e f o rm o f 
d e h y d r a t e d r e o r d e r e d k a o l i n i t e , was s t i l l p r e s e n t a t 1000°C i n t h e 
p r e s e n c e o f c a l c i u m o x i d e . 

In s y s t ems G and H, s od i um s u l f a t e was used as a sod i um s o u r c e 
m i x ed w i t h k a o l i n i t e and c a l c i u m a c e t a t e . Sod ium s u l f a t e m e l t s a t 
a p p r o x i m a t e l y 884°C. T h e r e f o r e , a t 750°C no i n t e r a c t i o n be tween 
k a o l i n i t e and sod i um s u l f a t e was s een ( s y s t e m s G and H ) . In s y s t e m 
G n e p h e l i n e was f o rmed a t 1000°C, w i t h none o f t h e s u l f u r r e l e a s e d 
f r om t h e s od i um s u l f a t e i n v o l v e d i n t h e f o r m a t i o n o f any new h i g h 
t e m p e r a t u r e m i n e r a l s . Howeve r , i n s y s t e m H a d d i t i o n a l f e l d s p a t h o i d s 
( i . e . , g e h l e n i t e and hauyne ) o t h e r t h a n n e p h e l i n e were f o r m e d . In 
t h i s c a s e , s u l f u r was i n v o l v e d i n f o r m i n g new h i g h t e m p e r a t u r e 
m i n e r a l s . 

S y s t em I was c o m p r i s e d o f c a l c i u m and sod i um a c e t a t e s , 
k a o l i n i t e , and p y r i t e t o s ee i f s u l f u r - c o n t a i n i n g a l u m i n o s i l i c a t e s 
w o u l d be f o r m e d . As e x p e c t e d , a n h y d r i t e ( C a S O ^ was f o rmed by 
p y r i t i c s u l f u r f i x a t i o n by c a l c i u m . A t 1000°C no t o n l y d i d t h e 
a n h y d r i t e p e r s i s t b u t a s u l f u r c o n t a i n i n g a l u m i n o s i l i c a t e , h a u y n e , 
was f o rmed i n a d d i t i o n t o g e h l e n i t e . 

In s y s t e m s A t h r o u g h I t h e m a j o r a l u m i n o s i l i c a t e m i n e r a l s 
p r o du c ed were s i l i c a - d e f i c i e n t . Howeve r , i n s y s t e m s J where s i l i c a 
was p r o v i d e d i n e x c e s s i n t h e f o rm o f q u a r t z t h e s y s t e m s t i l l 
p r odu ced o n l y f e l d s p a t h o i d s c o n t a i n i n g o n l y t w o - t h i r d s as much 
s i l i c a as t h e i r s i l i c a - r i c h c o u n t e r p a r t s ( i . e . a l k a l i f e l d s p a r s ) . 
In a d d i t i o n , t h e q u a r t z peaks i n s y s t e m J were n o t s u b s t a n t i a l l y 
r e d u c e d a t h i g h e r t e m p e r a t u r e s . These two f a c t s s u g g e s t t h a t S i 0 2 

i n t h e f o r m o f q u a r t z i s i n a c t i v e up t o and a t 1000°C. T h i s i d e a i s 
s u p p o r t e d by t h e f a c t t h a t q u a r t z p eak s a r e a l s o q u i t e e v i d e n t i n 
d i f f r a c t o m e t e r p a t t e r n s o f a sh s amp l e s g e n e r a t e d be tween 750°C and 
1000°C. I t a p p e a r s t h a t t e m p e r a t u r e s i n e x c e s s o f 1000°C a r e 
r e q u i r e d f o r q u a r t z t o c o n t r i b u t e t o t h e f o r m a t i o n o f s i l i c a - r i c h 
m i n e r a l s . 

XRD f a i l e d t o d e t e c t c a l c i t e i n LTA s a m p l e s p o s s i b l y due t o i t s 
e x t r a c t i o n by ammonium a c e t a t e s o l u t i o n o r b e c a u s e t h e amounts o f 
c a l c i t e were b e l ow d e t e c t i o n l i m i t s ( ^ 5 % ) . F o r t h e mos t p a r t , 
c a l c i u m i s s u p p l i e d t o t h e s y s t e m by gypsum and o r g a n i c a l l y - b o u n d 
c a l c i u m . C a l c i u m , w h e t h e r i n t h e f o rm o f b a s s a n i t e , c a l c i t e , o r 
c a t i o n s i n LTA s a m p l e s , f o rms a n h y d r i t e i n ASTM s a m p l e s . In ΗΤΑ 
s a m p l e s c a l c i u m r e a c t s p r i m a r i l y w i t h d e h y d r a t e d k a o l i n i t e f o r m i n g 
a l u m i n o s i l i c a t e s . 

F i g u r e 1 d i s p l a y s a t y p i c a l X - r a y d i f f r a c t o m e t e r p a t t e r n 
s equence f r o m LTA , ASTM, and ΗΤΑ samp l e s o f t h e B e u l a h H i gh Sod ium 
l i g n i t e . M a j o r peak s a r e i d e n t i f i e d a c c o r d i n g t o t h e m i n e r a l phase s 
p r e s e n t . M i n e r a l t r a n s f o r m a t i o n s a t h i g h e r t e m p e r a t u r e s a r e 
c h a r a c t e r i z e d by t h e f o r m a t i o n o f numerous f e l d s p a t h o i d s . When 
c o m p a r i n g s e v e r a l o f t h e s e d i f f r a c t o m e t e r p a t t e r n s t h e r e i s l i t t l e 
d i f f e r e n c e among LTA s amp l e s f r o m d i f f e r e n t c o a l s ; on t h e o t h e r 
h a n d , t h e v a r i o u s ASTM and ΗΤΑ a sh s amp l e s a r e q u i t e d i f f e r e n t . By 
c o m p a r i n g t h e m i n e r a l o g i c a l d i f f e r e n c e s i n t h e a s h e s t o t h e raw c o a l 
e l e m e n t a l c o m p o s i t i o n s , i t c an be s een t h a t s amp l e s c o n t a i n i n g 
h i g h e r amounts o f s od i um t e n d t o f o r m a l u m i n o - s i 1 i c a t e s a t l o w e r 
t e m p e r a t u r e s (750°C) t h a n s a m p l e s h i g h i n c a l c i u m . H i g h - s o d i u m 
c o a l s s u ch as B e u l a h H i g h Sod i um and G a s c o y n e B l u e d e v e l o p comp l ex 
s i l i c a t e s i n ASTM s a m p l e s and a r e p r one t o f o r m i n g ash f o u l i n g 
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9. F A L C O N E A N D S C H O B E R T Mineral Transformations during Ashing 125 

LTA 1-125 C) 
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F i g u r e 1. X - r a y d i f f r a c t o g r a m s o f L T A , ASTM and ΗΤΑ s a m p l e s o f 
B e u l a h h i g h s od i um c o a l . 
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126 MINERAL MATTER AND ASH IN COAL 

d e p o s i t s . M e l i l i t e s , h a u y n e , n e p h e l i n e , no sean and p y r o x e n e s a r e 
t y p i c a l o f s u ch a l u m i n o s i l i c a t e s i n t h e ASTM and ΗΤΑ ash s a m p l e s . 
T he s e a r e m i n e r a l s commonly f o u n d i n t h e f o u l i n g d e p o s i t s o f mos t 
l i g n i t e s . 

Concluding Remarks 

The o b s e r v a t i o n s p r e s e n t e d i n t h i s s t u d y r e f l e c t t h e p r e l i m i n a r y 
r e s u l t s o f an i n v e s t i g a t i o n o f t h e m i n e r a l t r a n s f o r m a t i o n s s een i n 
t h e h i g h t e m p e r a t u r e c o m b u s t i o n o f l o w - r a n k c o a l s . The m i n e r a l o g i e s 
o f t h e raw c o a l s s t u d i e d do n o t v a r y a g r e a t d e a l . Q u a r t z , 
k a o l i n i t e , p y r i t e , and b a s s a n i t e a r e f o und i n abundance i n each LTA 
s a m p l e . G r e a t e r d i f f e r e n c e s be tween s amp l e s a r e a p p a r e n t a t h i g h e r 
t e m p e r a t u r e s , where c omp l ex a l u m i n o s i l i c a t e s p r e d o m i n a t e . T h i s i s a 
r e f l e c t i o n o f d i f f e r e n c e s n o t so much i n o r i g i n a l m i n e r a l m a t t e r b u t 
i n t h e t o t a l i n o r g a n i c c o m p o s i t i o n o f t h e c o a l . S p e c i f i c a l l y , t h e 
p r e s e n c e o f e x c h a n g e a b l e a l k a l i c a t i o n s a c c o u n t s f o r d i f f e r e n c e s i n 
a s h i n g b e h a v i o r be tween c o a l s a m p l e s ( 9 J . B o t h t h e t y p e o f t h e 
c a t i o n s ( s p e c i f i c a l l y , s od i um o r c a l c i u m ) and t h e amounts o f e a c h 
t y p e i n c o r p o r a t e d i n t h e c o a l a r e i m p o r t a n t i n d e t e r m i n i n g t h e 
m i n e r a l p h a s e s f o rmed i n t h e ΗΤΑ a s h . 

The p r o c e s s e s r e s p o n s i b l e f o r mos t o f t h e r e a c t i o n s i d e n t i f i e d 
a r e o x i d a t i o n , d e h y d r a t i o n , s u l f u r f i x a t i o n , s o l i d - s t a t e 
i n t e r a c t i o n s and v a p o r 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 e a c t i o n s 
o c c u r r i n g i n a m u l t i - c o m p o n e n t s y s t e m i s d i f f i c u l t ; t h e use o f model 
s y s t e m s was h e l p f u l i n t r a c i n g m i n e r a l t r a n s f o r m a t i o n s . A d d i t i o n a l 
work p l a n n e d i n t h i s a r e a i n c l u d e s r e s e a r c h on n o n - e q u i l i b r i u m 
s y s t e m s and e x p e r i m e n t s i n r e d u c i n g a t m o s p h e r e s . 
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10 
High-Temperature Interactions among Minerals 
Occurring in Coal 

Donald L. Biggs and Curtis G. Lindsay1 

Ames Laboratory, Iowa State Mining and Mineral Resources Research Institute, and 
Department of Earth Sciences, Iowa State University, Ames, IA 50011 

Minerals known to be present in the low temperature ash 
extracted from coals were heated in a microscope heating 
stage from 25° to about 1400°C. Mineral types were 
arranged in homogeneous fields where two fields shared 
a linear boundary or three fields were in contact at a 
point. Because of the known reactivity of calcite and 
pyrite, all specimens contained this pair. Clay 
minerals, kaolinite, illite and montmorillonite were 
used as the third component. Reaction temperature 
between calcite and pyrite is lowered by the presence 
of clays. Iron was observed to migrate into the clay 
domain after the formation of pyrrhotite from pyrite 
and oldhamite was observed forming between the domain 
of lime formed from calcite and the pyrrhotite. 

Mineral i m p u r i t i e s i n c o a l are known to be primary contributors to 
the slagging 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 ash and bottom ash 
production as w e l l as atmospheric p o l l u t i o n . They als o produce 
undesirable e f f e c t s i n some parts of hydrogénation processes 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). Despite a long h i s t o r y of 
i n v e s t i g a t i o n prompted by these observations, many questions 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 temperature of 
the furnace deposits and the mineralogy of coals have been proposed 
(4,5,6). More re c e n t l y attempts have concentrated on a physico-
chemical view of the problem comparing ash fusi o n temperatures with 
phase r e l a t i o n s i n three-component chemical systems (7,8). This 
method of attack has y i e l d e d some s i g n i f i c a n t r e s u l t s , but at l e a s t 
some researchers (8) have questioned t h i s approach, which i s based 

1Current address: Department of Geologic Sciences, Virginia Polytechnic Institute, 
Blacksburg, VA 24061. 

0097-6156/ 86/ 0301 -0128S06.00/ 0 
© 1986 American Chemical Society 
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10. BIGGS AND LINDSAY High-Temperature Interactions among Minerals 129 

on the assumption that these processes occur under conditions of 
equ i l i b r i u m . 

The aim of the research described here i s to observe i n t e r ­
actions between minerals known to occur i n coals i n the most d i r e c t 
fashion p o s s i b l e and i n the simplest conditions consistent with 
causing the reactions to occur. I t i s considered that observation 
of simple mixtures of minerals observed to enter i n t o r e a c t i o n may 
make p o s s i b l e a b e t t e r accounting of the processes by which s l a g and 
f o u l i n g deposits form i n furnaces. 

Experimental Methods 

I s o l a t i o n and I d e n t i f i c a t i o n of Coal Minerals. Two co a l samples, 
c o l l e c t e d from d i f f e r e n t c o a l basins i n the United States (see 
Table I ) , were subjected to low-temperature ashing as described by 
Gluskoter (9). This process avoids d e s t r u c t i o n of the minerals while 
o x i d i z i n g the organic p o r t i o n of the c o a l . This ashing procedure 
occurs at a much lower temperature than that of the American Society 
f o r Testing and M a t e r i a l s (ASTM) method i t i s given the name of "low-
temperature ashing 1 1 and generally abbreviated LTA. In formation of a 
mineral concentrate by LTA, a few changes are a n t i c i p a t e d ; some cl a y s 
are r e v e r s i b l y dehydrated, and hydrated surfaces are reduced to the 
hemihydrate form ( f o r instance gypsum i s converted to b a s s a n i t e ) . 
Because these changes are known i n advance, due allowance can be made 
fo r them. 

Table I. Coal Samples, L o c a l i t i e s of O r i g i n , and Analyses 
( a l l samples run-of-mine) 

Seam: I l l i n o i s #6 
L o c a l i t y : St. C l a i r County, I l l i n o i s 

A n a l y s i s : 9 mesh χ 0 9 χ 32 mesh 9 χ 32 mesh 
Raw Floa t Sink 

Moisture (%): 5.31 5.44 2.55 
Ash, ASTM (%): 32.86 7.10 68.05 
P y r i t i c Sulfur (%): 2.46 0.76 5.08 
To t a l Sulfur (%): 4.57 4.57 5.94 
Heating Value (BTU/lb.): 9,039 13,248 3,574 

Seam: Upper Freeport 
L o c a l i t y : Grant County, West V i r g i n i a 

A n a lysis : 9 mesh χ 0 9 χ 32 mesh 9 χ 32 mesh 
Raw Float Sink 

Moisture (%): 0.30 0.68 0.93 
Ash, ASTM (%): 35.90 7.26 72.10 
P y r i t i c Sulfur (%): 1.58 0.27 2.62 
T o t a l Sulfur (%): 2.18 1.06 3.00 
Heating Value (BTU/lb.): 9,695 13,365 3,086 
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130 M I N E R A L M A T T E R A N D A S H IN C O A L 

Mineral constituents of the LTA concentrates were i d e n t i f i e d by 
x-ray d i f f r a c t i o n techniques. I l l i t e , k a o l i n i t e , quartz and p y r i t e 
are ubiquitous i n the mineral s u i t e s ; c a l c i t e occurs i n most concen­
t r a t e s . Many other minerals have been i d e n t i f i e d i n coals but were 
not observed i n these specimens. 

Heating-Stage Microscopic Observations. Following the c h a r a c t e r i z a ­
t i o n of the mineral s u i t e s by x-ray d i f f r a c t i o n techniques, each LTA 
concentrate was heated i n a heating stage mounted on a microscope 
f i t t e d f o r observation i n v e r t i c a l l y i n c i d e n t l i g h t . Concentrates 
examined i n t h i s way and the product phases are found i n Table I I . 

Table I I . LTA Samples and Heating Products 

LTA Sample max (°C) Phases I d e n t i f i e d 
Upper Freeport raw 

Upper Freeport 1.40 f l o a t 

Upper Freeport 1.40 sink 

I l l i n o i s #6 raw 

I l l i n o i s #6 1.40 f l o a t 

I l l i n o i s #6 1.40 sink 

560 
1410 

1031 
1250 

635 
1150 

880 d 

625 

1370 

920 

1334 

quartz, i l l i t e , p y r r h o t i t e 
quartz, m u l l i t e a 

quartz^ 
quartz^ 

quartz, i l l i t e , p y r r h o t i t e 
quartz, p y r r h o t i t e , i l l i t e 0 

quartz, i l l i t e , p y r r h o t i t e , 
oldhamite(?) 

quartz, i l l i t e , p y r r h o t i t e , 
t r o i l i t e ( ? ) 
quartz, p y r r h o t i t e 

quartz, i l l i t e , p y r r h o t i t e , 
oldhamite 
quartz, p y r r h o t i t e , oldhamite 

XRD peaks occurred at the co r r e c t d i f f r a c t i o n angles f o r m u l l i t e 
but were too weak to permit accurate i n t e n s i t y comparisons. 

The o v e r a l l pattern was s i m i l a r to the one f o r the i l l i t e -
k a o l i n i t e p a i r heated to 1410°C, except that stronger peaks f o r 
quartz were found i n the LTA XRD pattern. 

Peaks were detected at some of the d i f f r a c t i o n angles f o r i l l i t e , 
but the i n t e n s i t i e s were not comparable with standard patterns; i t 
i s p o s s i b l e that these were r e l i c t peaks of i l l i t e as i t began to 
a l t e r . 

Another sample of I l l i n o i s #6 raw LTA was heated to 1421°C; i t 
formed a hard, dark-colored glass at about 1400°C; t h i s m a t e r i a l 
could not be removed from the heating-stage c r u c i b l e . 
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10. B I G G S A N D L I N D S A Y High-Temperature Interactions among Minerals 131 

The heating stage i s l i m i t e d to i n e r t atmosphere or vacuum 
operation. Therefore, reactions s e n s i t i v e to atmospheric conditions, 
such as p a r t i a l pressure of oxygen, cannot be studied. Furthermore, 
the extremely small p a r t i c l e s i z e of the sample r e s u l t e d i n i n a b i l i t y 
to observe changes occurring below the mount surface and to resolve 
the s p e c i f i c minerals entering i n t o a r e a c t i o n at any point i n the 
run. 

These d i f f i c u l t i e s were addressed by obtaining samples of the 
minerals i d e n t i f i e d i n the LTA concentrate before heating, grinding 
them to approximately the same s i z e c o n s i s t as the concentrate, and 
mounting them i n separate domains i n the heating stage c r u c i b l e . 
The geometry of these mounts i s shown i n F i g . 1. 

Experiments with Known Minerals 

Experiments with I n d i v i d u a l Minerals. Single mineral mounts i n the 
heating-stage c r u c i b l e y i e l d e d the expected products, that i s , 
p y r i t e y i e l d e d p y r r h o t i t e and t r o i l i t e , c a l c i t e gave lime and carbon 
dioxide, and clays reacted under high temperature conditions to y i e l d 
a s i l i c a t e g l a s s . 

Experiments with P a i r s and T r i p l e t s of Known Minerals. In these 
experiments, known minerals were ground and placed i n the heating-
stage c r u c i b l e i n separate domains as p a i r s or t r i p l e t s of minerals. 
The p a i r s and t r i p l e t s were heated and the behavior at t h e i r bound­
a r i e s observed. Table I I I l i s t s the minerals used i n p a i r mounts 
and the r e a c t i o n products obtained by heating. 

Because the most r e a c t i v e phases found i n the experiments with 
p a i r s of minerals were c l a y s , c a l c i t e , and p y r i t e , these were 
prepared i n t r i p l e t mounts. In t r i a l s using e i t h e r montmorillonite 
or i l l i t e with c a l c i t e and p y r i t e , a l i q u i d formed at the mutual 
boundary of the l a t t e r p a i r at 600-650°C. P y r i t e and c a l c i t e had, 
of course, previously reacted and t h i s l i q u i d therefore occurred 
between the product phases p y r r h o t i t e and lime. Subsequent x-ray 
a n a l y s i s showed the presence of p y r r h o t i t e , lime, and oldhamite. In 
both instances, the temperature of t h i s r e a c t i o n was lower than that 
obtained i n the p a i r mount of c a l c i t e and p y r i t e , 1140°C. When 
k a o l i n i t e was i n the mount with c a l c i t e and p y r i t e , the same 
re a c t i o n occurred at 750-760°C. Though the mechanism by which the 
clays reduce the r e a c t i o n temperature i s not yet understood, the 
d i f f e r e n c e s i n r e a c t i o n temperature with and without clay i s 
considered s i g n i f i c a n t . 

The most obvious change i n the clays themselves during these 
experiments was a darkening beginning with p y r i t e decomposition. 
This was more marked i n the case of i l l i t e and montmorillonite. I t 
i s considered that i n a l l these cases, the clay mineral s t r u c t u r e 
was destroyed and p o s s i b l y formed a s i l i c a t e g l a s s , much l i k e those 
found i n furnace slags but having, perhaps, l e s s oxygen. 
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132 M I N E R A L M A T T E R A N D A S H IN C O A L 

Figure 1. Geometric arrangement of mineral p a i r s and t r i p l e t s used 
i n the heating stage experiments and supporting e x p e r i ­
ments. In a l l t r i p l e t mounts, p o s i t i o n 3 was occupied by 
a clay mineral. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
0



10. BIGGS AND LINDSAY High-Temperature Interactions among Minerals 

Table I I I . Mineral P a i r s and Heating Products 

133 

Mineral P a i r max (°C) Products I d e n t i f i e d 
C a l c i t e - i l l i t e 1310 
C a l c i t e - k a o l i n i t e 1322 
Calcite-montmorillonite 1285 
C a l c i t e - p y r i t e 1253 

C a l c i t e - q u a r t z 1467 
I l l i t e - k a o l i n i t e 1410 
I l l i t e - m o n t m o r i l l o n i t e 662 
I l l i t e - m o n t m o r i l l o n i t e 1212 
I l l i t e - p y r i t e 1519 
I l l i t e - q u a r t z 1450 
Kaolinite-montmorillonite 1403 
K a o l i n i t e - p y r i t e 1445 
K a o l i n i t e - q u a r t z 1220 
Montmorillonite-pyrite 1053 
Montmorillonite-quartz 1492 
Pyrite-quartz 1571 

( F e i _ x S ) , 

lime (CaO) 
lime (CaO) 
(indeterminate)* 
lime, p y r r h o t i t e 
oldhamite (CaS) 
quartz ( S i 0 2 ) , lime (CaO) 
m u l l i t e ( A l ^ i o O ^ ) 
(inde te rminate;b 
(indeterminate) 
p y r r h o t i t e , t r o i l i t e (FeS) 
quartz 
m u l l i t e ( p o o r l y - c r y s t a l l i n e ) 
m u l l i t e 
quartz ^ 
(indeterminate) 
quartz 
quartz 

Only those products are l i s t e d which could be p o s i t i v e l y i d e n t i ­
f i e d by XRD; no attempt i s made here to deduce the composition of 
amorphous products. 
XRD patterns f o r these heating products did not match any standard 
pattern c l o s e l y ; attempts to match with computer routines produced 
r e s u l t s of low r e l i a b i l i t y . 

"Poorly c r y s t a l l i n e " means that d i f f r a c t i o n maxima were found 
corresponding to the i n d i c a t e d phase, but peaks were not sharp and 
did not have the correc t r e l a t i v e i n t e n s i t i e s i n a l l cases. 

Supporting Experiments. To examine the e f f e c t of o x i d i z i n g and 
reducing atmosphere on these m a t e r i a l s , graphite c r u c i b l e s 10mm i n 
diameter and 2mm deep were packed i n the manner described above and 
heated i n a furnace f i t t e d to permit i n t r o d u c t i o n of s p e c i f i e d gases 
during heating. A f t e r heating, the samples were examined by 
scanning e l e c t r o n microscopy and energy d i s p e r s i v e x-ray spectros­
copy (SEM/EDS) (Figure 2). Samples treated i n t h i s way are l i s t e d i n 
Table IV. 

In a l l these cases where p y r i t e was used with a c l a y , i r o n was 
found to have migrated from the i r o n s u l f i d e i n t o region that was 
o r i g i n a l l y c l a y . Elemental mapping showed the presence of i r o n to 
have completely pervaded the region formerly occupied by c l a y . In 
a l l mounts containing c a l c i t e and p y r i t e , the calcium and s u l f u r 
peaks were present i n the region o r i g i n a l l y occupied by c a l c i t e and 
sometimes found i n the region that had been p y r i t e - f i l l e d . 
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134 M I N E R A L M A T T E R A N D A S H IN C O A L 
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Figure 2. Energy-dispersive spectra from a p y r i t e - k a o l i n i t e mount 
heated to 1200°C. Locations of the spectra with respect 
to the sample are i n d i c a t e d by the small squares i n the 
c i r c l e s . 
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Figure 2. Continued. 
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136 M I N E R A L M A T T E R A N D A S H IN C O A L 

Table IV. Subjects of Supporting Experiments 

Assemblage Atmosphere Τ (°C) Duration (min) 
C a l c i t e - k a o l i n i t e i n e r t 1400 60 
C a l c i t e - q u a r t z i n e r t 1400 60 
Pyrite-quartz o x i d i z i n g 1200 30 
Pyrite-quartz reducing 1200 30 
P y r i t e - c a l c i t e reducing 1200 30 
P y r i t e - k a o l i n i t e o x i d i z i n g 1200 30 
P y r i t e - k a o l i n i t e reducing 1200 30 
Pyrite-montmorillonite i n e r t 800 15 
Pyrite-montmorillonite reducing 800 15 
Py.-calc.-kao. reducing 1200 30 
Py.-cale.-mont. i n e r t 800 15 
Py.-cale.-mont. reducing 800 15 

Note: The i n d i c a t e d temperature was the steady-state temperature f o r 
the t r i a l . The i n d i c a t e d duration was the period of time f o r 
which that steady-state temperature was maintained. 

Discussion and Conclusions 

It i s apparent that the phenomena described here are not complete 
processes terminating i n e q u i l i b r i u m assemblages. The times of 
r e a c t i o n are too short f o r many of the products of s i l i c a t e s such as 
clay s and quartz to come to thermodynamic e q u i l i b r i u m at the new 
temperature. That t h i s i s indeed the case i n operation of power-
plant b o i l e r s i s obvious from the consideration of the amount of 
glass found i n furnace slags and f l y - a s h . 

I l l i t e and montmorillonite are s i m i l a r i n s t r u c t u r e and d i f f e r 
s l i g h t l y from k a o l i n i t e i n t h i s regard. The f i r s t two are composed 
of two silicon-oxygen layers per octahedral layer containing i r o n , 
magnesium and aluminum and i n k a o l i n i t e the r a t i o of t e t r a h e d r a l and 
octahedral l a y e r s i s 1. In clays thermal m o d i f i c a t i o n occurs at 
lower temperature than s i l i c a because the bonds formed between the 
A l , Fe, and Mg atoms and oxygen are weaker than the Si-0 bonds. 
Clays, therefore, are expected to be more r e a c t i v e than the s i l i c a 
c r y s t a l s . There i s evidence of d r a s t i c s t r u c t u r a l m o d i f i c a t i o n s , i f 
not v i t r i f i c a t i o n , i n the clay mineral domains during thermal t r e a t ­
ment and that i r o n enters the region. Further i n q u i r i e s are i n 
progress to answer these questions. 

C a l c i t e appears l a r g e l y i n e r t at temperatures approaching 600°C 
i n the presence of some of the clay minerals and i n e r t u n t i l about 
900°C i n t h e i r absence. The cause of t h i s f l u x i n g i s not w e l l under­
stood at t h i s time, but i n v e s t i g a t i o n s are planned to explain t h i s 
behavior. At whatever temperature, the r e a c t i o n observed i s the 
decomposition of c a l c i t e to lime (CaO) and carbon dioxide. The 
extent to which carbon dioxide influences further r e a c t i o n i s not 
known but must be considered as an important step i n a complete 
explanation. 

Like c a l c i t e , p y r i t e i s quite r e a c t i v e and i t s thermal behavior 
i s influenced by the presence of clay minerals. The i n i t i a l r e a c t i o n 
temperature of p y r i t e alone or i n the presence of c a l c i t e alone i s to 
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10. BIGGS AND LINDSAY High-Temperattire Interactions among Minerals 137 

produce p y r r h o t i t e , (Fe^^S) and t r o i l i t e (FeS). The l o s s of s u l f u r 
i s obvious and continues over an appreciable temperature range. 

The most important r e a c t i o n products are those of the i r o n 
enrichment of the clay mineral residues, probably a precursor of the 
i r o n oxide and glass mixtures commonly observed i n slags and f l y -
ashes, and the formation of the s u l f i d e of calcium, oldhamite. 
Oldhamite i s observed i n a l l experiments where c a l c i t e and p y r i t e 
i n t e r a c t , whereas anhydrite i s observed only where they have reacted 
i n the presence of an oxygen-rich atmosphere. This behavior suggests 
that oldhamite, formed i n the reducing part of a flame, i s a neces­
sary precursor to the formation of anhydrite. 
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11 
Flame Vitrification and Sintering Characteristics 
of Silicate Ash 

Erich Raask 

Technical Planning and Research Division, Central Electricity Generating Board, 
Leatherhead, Surrey, United Kingdom 

Silicate species constitute the bulk of the mineral 
matter in most coals, and the formation of boiler 
deposits depends largely on the physical and 
pyrochemical changes of the ash residue constituents. 
In this work the mode of occurrence of coal silicate 
minerals, and the flame induced vitrification and 
sodium initiated sintering mechanisms have been 
studied. The pulverized coal flame temperature is 
sufficiently high to vitrify the quartz particles. 
On cooling some devitrification occurs and the rate of 
sintering depends largely on the ratio of glassy phase 
to crystalline species in the ash. The flame volatile 
sodium captured by the vitrified silicate particles 
can initiate the coalescence of deposited ash by 
viscous flow and the rate of sintering is markedly 
increased by the alkali-metal dissolved in the glassy 
phase. 

The flame imprinted c h a r a c t e r i s t i c s of p u l v e r i z e d coal ash relevant 
to b o i l e r slagging, corrosion and erosion have been discussed 
p r e v i o u s l y (1,2). S i l i c a t e minerals c o n s t i t u t e between 60 and 90 
per cent of ash i n most coals and b o i l e r deposits are l a r g e l y made 
up from the s i l i c i o u s impurity c o n s t i t u e n t s . This work sets out 
f i r s t to examine the mode of occurrence of the s i l i c a t e mineral 
species i n coal 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 enriched s i l i c a t e ash p a r t i c l e s . The ash 
s i n t e r i n g studies are l i m i t e d to i n v e s t i g a t i o n s of the r o l e of 
sodium i n i n i t i a t i n g and su s t a i n i n g the bond forming reactions to 
the formation of b o i l e r deposits. 

S i l i c a (Quartz) and S i l i c a t e Mineral Species i n Coal 

The quartz and a l u m i n o - s i l i c a t e species found i n most coals 
c o n s t i t u t e the bulk of combustion ash residue. The a l u m i n o - s i l i c a t e s 
include muscovite and i l l i t e which contain potassium, and k a o l i n i t e 
species (3-6). The s i l i c a (S1O2) and alumina (AI2O3) as determined 
by chemical a n a l y s i s are present i n a l u m i n o - s i l i c a t e s on an average 

0097-6156/ 86/ 0301 -0138S06.00/ 0 
© 1986 American Chemical Society 
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11. RAASK Characteristics of Silicate Ash 139 

weight r a t i o of 1.5 to 1 as reported by Dixon et a l . (6). The excess 
of s i l i c a represents the amount of quartz i n coal mineral matter: 

(sio2) (sio 2) t - 1, 5(A1 20 3) (1) 

Where ( S i 0 2 ) q , ( S i 0 2 ) c and (A1 20^) denote r e s p e c t i v e l y the quartz, 
t o t a l s i l i c a and alumina contents of ash. 

An approximate amount of potassium a l u m i n o - s i l i c a t e s i n coal 
mineral matter can be obtained from the potassium oxide ( K 2 0 ) content 
of ash. The amount of n o n - s i l i c a t e potassium species i s small i n 
most coals and the s i l i c a t e minerals contain on average 11 per cent 
K 2 0 by weight (6). Thus the potassium a l u m i n o - s i l i c a t e content of 
coal mineral matter ( K ^ L - S I L ) weight per cent i s : 

Κ 
A L - S I L 

K O 

c m = 9 · 1 κ 2 ° (2) 

where K 20 denotes the potassium oxide content of ash. 
The t o t a l amount of s i l i c a t e minerals equals approximately the 

sum of S1O2, A1 20^ and K 20 i n ash, and an estimate of k a o l i n i t e 
species i s thus given by: 

K a o l i n i t e = ( S i 0 2 + A 1 2 0 3 + K 20) - (Quartz + Pot. S i l i c a t e s ) 
(3) 

Table I gives the S i 0 2 , A1 20^ and K 20 contents of some US and 
B r i t i s h bituminous coal asnes (4,7) which were used to c a l c u l a t e the 
approximate amounts of quartz, potassium a l u m i n o - s i l i c a t e and 
k a o l i n i t e species i n the mineral matter. 

Table I . Estimated Amounts of S i l i c a t e Species i n Bituminous 
Coal Mineral Matter 

Ash constituents 
(weight per cent 

of ash) 

Mineral species 
(weight 
per cent) 

Type of coal 
S i 0 o A 1 2 ° 3 KoO Quartz Pot. alum, 

s i l i c a t e s K a o l i n i t e 

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

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

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

Table I shows that the k a o l i n i t e species c o n s t i t u t e up to 60 
per cent of the coal mineral matter. The amount of potassium 
a l u m i n o - s i l i c a t e s , c h i e f l y muscovite and i l l i t e i s between 10 and 25 
per cent, and the quartz content i s us u a l l y below 12 per cent. The 
al u m i n o - s i l i c a t e minerals contain frequently i r o n , calcium, 
magnesium and sodium as part replacement f o r potassium and p a r t l y 
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140 M I N E R A L M A T T E R A N D A S H IN C O A L 

incorporated i n 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 minerals 
occur as hydrated species with the inherent water content of between 
2 to 5 per cent, thus the s i l i c i o u s mineral contents are l i k e l y to be 
about 5 per cent higher than those given i n Table I. The s i l i c a and 
alumina contents of the f i r s t two samples are e x c e p t i o n a l l y low f o r 
bituminous coal ashes. The usual concentration range of s i l i c a i s 
35 to 55 per cent and that of alumina i s 20 to 30 per cent,thus the 
a l u m i n o - s i l i c a t e species together with quartz c o n s t i t u t e between 60 
to 90 per cent of bituminus coal mineral matter. 

The s i l i c a t e species occur i n coal c h i e f l y as separate s t r a t a 
and large p a r t i c l e i n c l u s i o n s , and t h i s mode of occurrence i s termed 
the " a d v e n t i t i o u s " mineral matter. Figure l a shows a t y p i c a l sample 
of the adventitious s i l i c a t e mineral p a r t i c l e s , density separated 
from p u l v e r i z e d c o a l . The density separation technique does not 
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 l u m i n o - s i l i c a t e species, 
the "inherent" mineral matter, i n the coal substance (Figure l b ) . 
The ash content of bituminous coals d e l i v e r e d to u t i l i t y power 
s t a t i o n i s u s u a l l y between 10 and 25 per cent (4,8). About 25 per 
cent of the ash i s present i n the form of inherent mineral matter of 
dispersed small p a r t i c l e s and al s o as mineral elements reacted with 
the coal substance. 

The mineral elements can be held i n the coal substance as 
organo-metallic s a l t s , and also as a r e s u l t of molecular adsorption 
and co-valent bonding. The mineral species d i s s o l v e d i n coal pore 
water, c h i e f l y c h l o r i d e s can also be considered as part of the 
inherent matter. The l i g n i t e s and sub-bituminous coals can have a 
high f r a c t i o n of the mineral elements, c h i e f l y sodium, calcium and 
also aluminium and i r o n chemically combined i n the f u e l substance 
(9,10). 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 matrix 
decrease with the increase of coal age from l i g n i t e to bituminous 
rank. The loss of carboxyl, hydroxyl and quinone bonding s i t e s i n 
the f u e l matrix r e s u l t s i n a low "chemical" mineral matter content 
of bituminous coals. 

Chloride i n Coal Pore and Seam Water 

Chloride minerals are r a r e l y found i n coal i n the form of s o l i d 
species because of high s o l u b i l i t y of sodium, calcium and trace metal 
c h l o r i d e s i n coal s t r a t a waters. The "inherent" water content of 
coal i s r e l a t e d to i t s p o r o s i t y and thus the moisture content of 
l i g n i t e deposits can exceed 40 per cent decreasing to below 5 per 
cent i n f u l l y bituminous coals (11). Chlorides, c h i e f l y associated 
with sodium and calcium c o n s t i t u t e the bulk of water-soluble matter 
i n B r i t i s h bituminous coals (12). Skipsey (13) has found that the 
d i s t r i b u t i o n of c h l o r i n e coals was c l o s e l y r e l a t e d to the s a l i n i t y of 
mine waters. Hypersaline brines with concentrations of d i s s o l v e d 
s o l i d s up to 200 kg m"** occur i n several of the B r i t i s h C o a l f i e l d s . 

The mode of formation of hypersaline brines has been discussed 
by the osmotic f i l t r a t i o n through clay and shale deposits. The 
s a l i n i t y of the brine ground waters increases with depth and when 
they are i n contact with f u e l bearing s t r a t a , correspondingly more 
ch l o r i d e i s taken up by the f u e l . However, according to Skipsey (13) 
the high rank bituminous coals because of t h e i r low p o r o s i t y are 
unable to take up large amounts of the c h l o r i d e and associated 
cations, and the c h l o r i n e content r a r e l y exceeds 0.2 per cent. The 
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11. RAASK Characteristics of Silicate Ash 141 

c h l o r i n e content of low rank bituminous coals can reach one per cent 
and correspondingly the sodium f r a c t i o n associated with c h l o r i n e w i l l 
amount up to 0.4 per cent of c o a l . That i s , the ash from a high 
c h l o r i n e coal can contain up to 3 per cent of flame v o l a t i l e sodium. 
The c h l o r i n e content of l i g n i t e s and sub-bituminous coals i s u s u a l l y 
low, below 0.1 per cent, and sodium i s held c h i e f l y i n the f u e l 
substance i n the form of organo-metal components (9,10). 

A l l coals contain some sodium combined i n the a l u m i n o - s i l i c a t e 
species which w i l l remain l a r g e l y i n v o l a t i l e i n the flame. The r a t i o 
of the s i l i c a t e sodium to n o n - s i l i c a t e sodium v a r i e s over a wide 
range. The a l k a l i - m e t a l i s present c h i e f l y i n the s i l i c a t e s i n low 
c h l o r i n e bituminous coals. In the high c h l o r i n e bituminous coals and 
i n many l i g n i t e s and sub-bituminous coals i t i s present mainly i n a 
flame v o l a t i l e form. 

Flame V i t r i f i c a t i o n of S i l i c a Minerals 

A c h a r a c t e r i s t i c feature of flame heated ash i s that the p a r t i c l e s 
are s p h e r i c a l i n shape as shown i n Figure 2. The transformation of 
the angular s i l i c a t e mineral p a r t i c l e s i n p u l v e r i z e d coal to 
s p h e r i c a l p a r t i c l e ash i s a r e s u l t of the surface tension force 
a c t i n g on the v i t r i f i e d species. The s t r e s s (f) on a non-spherical 
surface s e c t i o n of the p a r t i c l e i s : 

f = 2γ/ρ (4) 

where γ i s the surface tension of glassy s i l i c a t e and ρ i s the 
radius of curvature. I t i s evident from Equation (4) that the s t r e s s 
i s i n v e r s e l y p r o p o r t i o n a l to the radius of curvature and thus the 
small sharp-edged p a r t i c l e s are f i r s t to take a s p h e r i c a l form. 

Frenkel (15) has shown that time (t) required to transform an 
angular p a r t i c l e to sphere i s given to f i r s t approximation by: 

- t / Z /CN 
r = r (5) ο 

where 

ζ = 4irnr /γ (6) ο 

and r i s the distance of a point on the o r i g i n a l surface from the 
center of a sphere of equivalent volume having radius r Q , η i s the 
v i s c o s i t y and γ i s the surface tension. 

Equation (5) can be used to c a l c u l a t e the approximate time 
required f o r a p a r t i c l e to assume a s p h e r i c a l shape when the surface 
tension, v i s c o s i t y , s i z e and i n i t i a l shape of p a r t i c l e are known. 
A l t e r n a t i v e l y , an estimate of the v i s c o s i t y f o r the change to take 
place, can be made when the residence time of p a r t i c l e s at a given 
temperature i s known. Table I gives the c a l c u l a t e d values of 
v i s c o s i t y when the time f o r the change i s one second. I t was 
assumed that the thickness of moving surface layer was about ten per 
cent of the radius, and the surface tension of fused ash was taken 

-ι ' 

to be 0.32 N m as measured previously (16). 
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142 M I N E R A L M A T T E R A N D A S H IN C O A L 

Table I I . Calculated V i s c o s i t i e s f o r Sp h e r i d i z a t i o n of 
D i f f e r e n t Size S i l i c a t e P a r t i c l e s 

radius (μπι) 

V i s c o s i t y χ 7 2 5 x 1 Q 6 2 > 5 x 1 Q 5 2.5 x 10 4 2.3 χ 10 3 

(N s m Δ ) 

Table II shows that the small i r r e g u l a r l y shaped p a r t i c l e s 
transform to spheres i n coal flame when the v i s c o s i t y of the material 
i s s e v e r a l orders higher than that required f o r bulk flow under 
g r a v i t y , which i s about 25 N s m~̂ . A laboratory technique was used 
to determine the minimum temperature at which coal mineral species 
are transformed to s p h e r i c a l shapes (17). P a r t i c l e s of 10 to 200 ym 
i n diameter were introduced i n t o a gas stream and then passed through 
a v e r t i c a l furnace. The temperature of the furnace was v a r i e d from 
1175 to 2025 Κ and was measured by a r a d i a t i o n pyrometer and by 
thermocouples placed i n the furnace. The residence time of p a r t i c l e s 
i n 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 . 

Figure 3a shows a surface-fused s i l i c a t e p a r t i c l e heated to a 
temperature some 25 Κ lower than that required f o r i t s s p h e r i d i z a t i o n . 
Figure 3b shows a spheridized p a r t i c l e heated i n the laboratory 
furnace. Figure 4 shows the temperature range at which the shape 
change of d i f f e r e n t coal mineral p a r t i c l e s occurred. The c h l o r i t e 
mineral contains some quartz and the two species spheridized at 
markedly d i f f e r e n t temperatures as shown by curves D^ and D2. The 
temperature of mineral p a r t i c l e s i n the p u l v e r i z e d coal flame exceeds 
1800 Κ (Figure 5), and i t i s therefore to be expected that a l l 
p a r t i c l e s with the exception of large s i z e quartz w i l l v i t r i f y and 
change to s p h e r i c a l shapes. Figure 6a shows a surface-fused but 
non-spherical quartz p a r t i c l e found i n a sample of f l y ash captured 
i n the e l e c t r o s t a t i c p r e c i p i t a t o r . Occasionally elongated 
e l l i p o s o i d a l p a r t i c l e s of a l u m i n o - s i l i c a t e s (Figure 6b) can be found 
i n the ash i n d i c a t i n g that the high temperature residence time was 
too short f o r complete s p h e r i d i z a t i o n . However, the majority of the 
ash p a r t i c l e s appear to be s p h e r i c a l as shown i n Figure 2. 

The s p h e r i c a l s i l i c a t e ash p a r t i c l e s , when viewed at close-up 
range appear to host a large number of sub-micron p a r t i c l e s at the 
surface (Figure 6c). The microids could be 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 the v i t r i f i e d phase or sulphate fume p a r t i c l e s 
formed from the n o n - s i l i c a t e coal minerals (18). The l a t t e r are 
soluble i n a d i l u t e a c i d (HC1) s o l u t i o n and Figure 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 s o l v e d and the leach s o l u t i o n contained sodium and potassium 
sulphates. 

Another diag n o s t i c t e s t f o r s i l i c a t e ash i s to t r e a t the 
p a r t i c l e s with h y d r o f l u o r i c (HF) acid s o l u t i o n (18-20). The a c i d w i l l 
d i s s o l v e the glassy phase r e v e a l i n g skeletons of c r y s t a l l i n e species 
which may be i n the form of m u l l i t e needles (Figure 6e) or quartz 
c r y s t a l l o i d s (Figure 6 f ) . The r a t i o of the glassy phase to 
c r y s t a l l i n e species v a r i e s from p a r t i c l e to p a r t i c l e depending on 
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RAASK Characteristics of Silicate Ash 

Figure 1. Mineral matter i n c o a l . (a) Adventitious; (b) 
inherent white p a r t i c l e s . 

Figure 2 . P u l v e r i z e d f u e l ash. 

Figure 3 . Surface fused (a) and spheoidized (b) s i l i c a t e 
p a r t i c l e s . 
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144 MINERAL MATTER AND ASH IN COAL 

2100 

25 50 75 

PARTICLE RADIUS, μιπ 

100 

Figure 4. Spherical shape transformation of granular minerals 
i n hot gas streams: A, i l l i t e ; B, muscovite; C, native quartz; 
D, c h l o r i t e . Reproduced with permission from reference 2. 
Copyright 1985 Itemisphere Publishing Corp. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
1



11. RAASK Characteristics of Silicate Ash 145 
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Figure 5. Temperature/time p l o t f o r ash p a r t i c l e s i n a 500 MW 
p u l v e r i z e d coal f i r e d b o i l e r : 0.1 ym (top curve to 100 \\m (lower 
curve) s i z e s . A, combustion and heat exchange chambers; B, 
e l e c t r o s t a t i c p r e c i p i t a t o r s and chimney. Reproduced with 
permission from reference 2. Copyright 1985 Hemisphere 
Publishing Corp. 
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146 M I N E R A L M A T T E R A N D A S H IN C O A L 

Figure 6 . Diagnostic features of flame heated ash. a, unfused 
quartz p a r t i c l e ; b, elongated s i l i c a t e p a r t i c l e s ; c, microids on 
ash; d, a c i d cleaned ash; e, m u l l i t e needles i n ash; and f, 
quartz c r y s t a l l o i d s . 
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11. RAASK Characteristics of Silicate Ash 147 

the o r i g i n a l composition of the s i l i c a t e minerals, the capture of 
v o l a t i l e sodium and the rate of cool i n g of 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 species from the 
point of view of subsequent s i n t e r i n g are summarized i n Table I I I . 

Table I I I . 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 

P a r t i c l e v i t r i f i c a t i o n 
Constituent 
species Temperature 

range (K) Extent 

R e c r y s t a l l i z a t i o n 
tendency 

Glass 
content 

Quartz 1700 to 1900 Medium Low Medium 
K a o l i n i t e 1600 to 1700 High High Medium 
Potassium 1400 to 1600 High Low High 
alumino­
s i l i c a t e s 

The r e l a t i v e amount of coal mineral quartz s u r v i v i n g i n the 
pu l v e r i z e d f u e l flame depends on the p a r t i c l e s i z e and temperature. 
In the intense combustion of cyclone f i r e d b o i l e r s the flame 
temperature exceeds 2000 Κ and the quartz 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 . Some quartz p a r t i c l e s i n the c r y s t a l l i n e form w i l l survive 
the flame treatment i n p u l v e r i z e d coal f i r e d b o i l e r s and the ash may 
contain 25 per cent of the o r i g i n a l coal quartz i n the c r y s t a l l i n e 
form (21). 

The k a o l i n i t e mineral species i n coal contain 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 metals enhances v i t r i f i c a t i o n of the flame 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 
species i s 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 
(Figure 6e) are frequently found i n la r g e , above 5 ym 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 ash are always embedded 
i n a glassy phase of the large p a r t i c l e s and i t appears that the 
small, below 5 ym diameter p a r t i c l e s of the flame heated k a o l i n i t e 
species are not extensively r e c r y s t a l l i z e d on coo l i n g . The 
c r y s t a l l i n e species of i l l i t e and muscovite are not found i n the 
flame heated ash and thus i t i s l i k e l y that the potassium alumino­
s i l i c a t e s remain on co o l i n g l a r g e l y i n the form of glassy p a r t i c l e s . 

The inherent s i l i c a t e ash (Figure lb) w i l l coalesce on 
combustion f i r s t to a s i n t e r e d matrix i n s i d e the burning coal 
p a r t i c l e and also to small s l a g globules at the surface of coke 
residue. Figure 7a shows the s l a g globules on a coke p a r t i c l e 
separated from p u l v e r i z e d c o a l ash and Figure 7b shows a lace 
skeleton of s i n t e r e d ash i n another coke p a r t i c l e revealed a f t e r 
combustion at 900 K. 

During combustion of the mineral r i c h coal p a r t i c l e s i n the 
pu l v e r i z e d f u e l flame, ash envelopes may be created which can take 
the form of censopheres as shown i n Figure 7c and d. The gas 
bubble evo l u t i o n leading to cenosphere formation (16,22) and f l y ash 
us u a l l y contains between 0.1 and 2 per cent by weight of the l i g h t ­
weight ash. The mineral r i c h coal p a r t i c l e s may leave the 
combustion ash residue also i n the form of plerosphere (spheres-
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148 M I N E R A L M A T T E R A N D A S H IN C O A L 

Figure 7. Coalescence products of inherent ash i n flame. a, 
ash p a r t i c l e s on coke; b, ash skeleton i n coke; c, cenospheres; 
d, f r a c t u r e s cenosphere; and e, plerosphere. 
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11. RAASK Characteristics of Silicate Ash 149 

inside-sphere) as shown i n Figure 7e. The above examples show that 
the inherent s i l i c a ash p a r t i c l e s undergo extensive coalescence by 
s i n t e r i n g and slagging during combustion of the host coal p a r t i c l e s 
However, the adventitious ash r e t a i n the p a r t i c l e i d e n t i t y i n the 
flame and the processes of s i n t e r i n g and slagging take place a f t e r 
deposition on b o i l e r tubes. 

Transfer of Flame V o l a t i l e Sodium to S i l i c a t e s 

The coal sodium o r i g i n a l l y present as c h l o r i d e and organo-metallic 
compounds i s r a p i d l y v o l a t i l i z e d i n the p u l v e r i z e d coal flame (23). 
Subsequently the v o l a t i l e species are p a r t l y d i s s o l v e d i n the surface 
l a y e r of flame heated s i l i c a 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 gas (8). The formation of sodium sulphate can proceed v i a two 
routes : 

Route 1 - In the Flue Gas 

|2Na + H 20 + S0 2 + | 0J+2HC1 + Na 2S0 4 Na 2S0 4 

2X + — : fume 
O X T/„ vapour phase reactions . •% 2NaX v v p a r t i c l e s 

Route 2 - At the Surface Ash P a r t i c l e s 

-, • 1 ° 2 |2Na + H2qJ->2HCl + Na 20 ^ Na 20 + S0 2 + | Na 2S0 4 

2X + 2NaX V a P o u r phase reactions Reactions at ash surface 

Route 1 f o r genesis of sodium sulphate fume can be described as the 
non-captive formation and route 2 as the captive formation. 

Some potassium sulphate can also be formed v i a the two routes. 
Potassium i s present i n coal c h i e f l y i n the form of potassium 
a l u m i n o - s i l i c a t e s (Table I) and a large part of the a l k a l i - m e t a l w i l l 
remain i n v o l a t i l e i n the flame heated s i l i c a t e p a r t i c l e s . Some 5 to 
20 per cent of the potassium i s released f o r sulphation (24) which 
takes place p a r t l y at the surface of the 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 routes as described above. However, 
sodium sulphate content of f l y ash heated i n p u l v e r i z e d coal flame, 
and chimney s o l i d s i s always higher than that of potassium sulphate. 

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 ash 
s i l i c a t e and sulphate phases i s markedly influenced by the 
temperature and residence time of the ash p a r t i c l e s i n the flame. 
The high temperature of large 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 as a r e s u l t a large f r a c t i o n of the 
v o l a t i l e sodium i s d i s s o l v e d i n the s i l i c a t e phase. On average 60 
per cent of the sodium i s d i s s o l v e d i n the s i l i c a t e ash p a r t i c l e s ^ 
the remainder being present as sulphate fume p a r t i c l e s i n the f l u e 
gas (8). 

The Mechanism and Measurements of Sodium Enhanced S i n t e r i n g 

The formation of s i n t e r e d ash deposits on b o i l e r tubes requires f i r s t 
a c l o s e , molecular distance contact between the 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 bridges c h i e f l y by viscous flow. 
Sodium sulphate phase together with some potassium sulphate may play 
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150 M I N E R A L M A T T E R A N D A S H IN C O A L 

a s i g n i f i c a n t r o l e i n the i n i t i a l stage of 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 together as a r e s u l t of surface tension. Sodium 
sulphate melts at 1157 Κ but mixed a l k a l i - m e t a l sulphates can form 
a molten phase at lower temperatures (26). 

Once the close contact between the s i l i c a t e p a r t i c l e s has been 
e s t a b l i s h e d a viscous flow of the p a r t i c l e surface layer can commence 
and the s i n t e r bonds are e s t a b l i s h e d according to Equation 7, as 
discussed by Frenkel (15): 

^ m h i (7) 
r2 2nr U ) 

where χ i s the radius of neck growth between the s p h e r i c a l p a r t i c l e s 
of radius r , γ i s the surface tension, η i s the v i s c o s i t y of fused 
ash, and t i s the time. The ( x / r ) ^ r a t i o can be taken as a 
c r i t e r i o n of the degree of s i n t e r i n g , i . e . the strength of b o i l e r 
deposit (s) developed i n time t , that i s : 

s 

and the rate of deposit strength development i s : 

ds_ = 3ky / q \ 
dt 2nr K J 

where k i s a constant. 
Equation (9) shows that the rate of ash s i n t e r i n g , i . e . the 

development of cohesive strength of a deposit matrix i s p r o p o r t i o n a l 
to the surface tension and i n v e r s e l y p r o p o r t i o n a l to the v i s c o s i t y . 
The surface tension and p a r t i c l e s i z e are not markedly changed by 
d i s s o l u t i o n of sodium, i r o n or calcium oxides i n the glassy phase of 
s i l i c a t e ash. However, the v i s c o s i t y i s markedly changed by the 
oxides. In p a r t i c u l a r , an enrichment of sodium i n the surface layer 
of the s i l i c a t e ash p a r t i c l e s can lead to a high rate of s i n t e r i n g . 

Some of the flame v o l a t i l e sodium i s d i s s o l v e d i n the v i t r i f i e d 
s i l i c a t e ash p a r t i c l e s before deposition and an a d d i t i o n a l amount of 
sodium i s tr a n s f e r r e d from the sulphate to s i l i c a t e phases during 
s i n t e r i n g . The r e a c t i o n between sodium sulphate and s i l i c a t e s at ash 
s i n t e r i n g temperatures has been monitored by thermo-gravimetric 
measurements. Some of the r e s u l t s are given i n Table IV. 

Table IV. Weight Loss of Sulphate and S u l p h a t e / S i l i c a t e Mixtures 

Sample 
Na 2S0, 

Na oS0, v .. 2 4 K a o l i n 
Na oS0, 2 4 
Ash CaSO^ 

CaSO^ 
Ka o l i n 

CaSO. 4 
Ash 

Loss i n i t i a t i o n 
temperature (K) 1425 1085 1175 >1525 1275 1275 

Anhydrous sulphate samples and the s u l p h a t e / s i l i c a t e mixtures (50 
per cent by weight sulphate) were heated i n a i r at the rate of 6 Κ 
per minute. 
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11. RAASK Characteristics of Silicate Ash 151 

The r e s u l t s i n Table IV show the r e a c t i o n between sodium 
sulphate and k a o l i n commenced at 1085 Κ as i n d i c a t e d by the weight 
loss due to release of SO2 and SO3: 

A l 2 0 3 . 2 S i 0 2 + xNa 2S0 4 -> xNa 2O.Al 20 3.2Si0 2 + x(S0 2, S0 3)+ (10) 

A t y p i c a l bituminous coal ash required a higher temperature of 
1175 Κ f o r the sulphate decomposition r e a c t i o n , i n d i c a t i n g that the 
ash s i l i c a t e species were less r e a c t i v e than k a o l i n mineral of small 
(<5 ym diameter) p a r t i c l e s i z e . Transfer of sodium from the sulphate 
of s i l i c a t e phase w i l l reduce the v i s c o s i t y of the glassy material 
r e s u l t i n g i n an enhanced rate of s i n t e r i n g . At higher temperatures, 
above 1275 K, calcium sulphate s t a r t s to d i s s o c i a t e i n the presence 
of k a o l i n and thus calcium oxide w i l l be a v a i l a b l e f o r the 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 coal calcium and also the i r o n 
mineral species i n ash s i n t e r i n g and s l a g formation have been 
discussed p r e v i o u s l y (2). 

The s i n t e r i n g rates of bituminous, sub-bituminous and l i g n i t e 
coal ashes of d i f f e r e n t sodium contents can be determined by the 
e l e c t r i c a l conductance measurements. In t h i s method the conductance 
across an ash compact i s measured and i t i s 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 
glass and molten sulphate are the conductive species and the 
conductance c o n t i n u i t y i s provided by the s i n t e r bridges between the 
p a r t i c l e s . Figure 8 (curve B) shows that sub-bituminous coal ash 
of high (6.3 per cent) sodium oxide content commenced s i n t e r i n g at 
11O0K as determined by the conductance measurements. The r e s u l t s (27) 
suggest that the amount of sodium i n some ashes are s u f f i c i e n t l y 
high both to 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. In contrast, with low sodium coals the rate of ash 
s i n t e r i n g and the formation of b o i l e r deposits are r e l a t e d to the 
calcium and i r o n contents of coal mineral matter. Several 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 the deposit forming 
propensity of the l i g n i t i c and bituminous coal type ashes based on 
the sodium content(28). These formulae i n d i c a t e that a r a p i d b u i l d ­
up of b o i l e r deposit i s to be expected when sodium (Na 20) content of 
bituminous coal exceeds 2.5 per cent, and that of l i g n i t e and sub­
bituminous coal ashes i s above 4 per cent. 

The l i g n i t e type ashes have comparatively low f o u l i n g 
propensity when the sodium content i s below 4 per cent because of 
the l i m i t e d amount of clay minerals 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 i s , i n some l i g n i t e and sub-bituminous coals there i s an 
excess of sodium and calcium a v a i l a b l e f o r the high temperature 
re a c t i o n s , and the rate of deposit formation depends on the s i l i c a t e 
content of ash (2,29). The bituminous coal type ash has an excess 
of s i l i c a t e s , i . e . the ash i s pyrochemically a c i d i c and the rate 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 
species i n the flame heated deposit m a t e r i a l . 

The formation of s i n t e r e d ash deposits i s governed c h i e f l y by 
viscous flow, and the rate of s i n t e r i n g (S r) can be expressed i n 
terms of the r a t i o of glassy material to c r y s t a l l i n e species of 
s i l i c a t e ash (Rg/c) and the v i s c o s i t y of the glassy phase (η), as 
discussed p r e v i u s l y (2): 
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M I N E R A L M A T T E R A N D A S H IN C O A L 

Figure 8. Simultaneous shrinkage and conductance measurements 
with Leigh Creek (Australian) coal ash. A, shrinkage; and B, 
conductance. Reproduced with permission from reference 2. 
Copyright 1985 Hemisphere Publishing Corp. 
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11. R A AS Κ Characteristics of Silicate Ash 153 

S = k-, (R / ) - (11) r l v g/c' η 

where k ^ i s a constant. 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 , (Figure 4 and Table 3) suggest that the v i t r i f i e d 
potassium a l u m i n o - s i l i c a t e p a r t i c l e s and the below 5 ym diameter 
k a o l i n p a r t i c l e s are f i r s t to s i n t e r a f t e r deposition. The flame 
v i t r i f i e d p a r t i c l e s have a high glass content and t h e i r small s i z e 
enhances s i n t e r i n g , as evident from Equation (7). I t i s therefore 
to be expected that the inherent, s m a l l - p a r t i c l e mineral matter 
(Figure lb) w i l l enhance s i n t e r i n g . 

Conclusions 

S i l i c a t e Minerals i n Coal. The s i l i c a t e minerals, k a o l i n i t e and 
potassium a l u m i n o s i l i c a t e species together with quartz c o n s t i t u t e the 
bulk of mineral matter i n most coals. The approximate amounts of 
d i f f e r e n t s i l i c a t e species of the bituminous coal mineral matter can 
be estimated from ash 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 i s r a p i d l y 
v o l a t i l i z e d i n the flame when i t occurs i n a n o n - s i l i c a t e compound 
form, c h i e f l y associated with c h l o r i n e i n bituminous coals and 
combined with organic compounds i n the l i g n i t e and sub-bituminous 
f u e l s . The f r a c t i o n of sodium combined with 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 pu l v e r i z e d f u e l flame. 

Flame V i t r i f i c a t i o n and S p h e r i d i z a t i o n of S i l i c a t e P a r t i c l e s . The 
a l u m i n o - s i l i c a 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 the 
flame and are p a r t i a l l y r e c r y s t a l l i z e d on c o o l i n g . Micro-needles of 
m u l l i t e up to 10 ym long and c r y s t a l l o i d s of quartz are the 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 i n a glassy m a t e r i a l matrix. 
Large quartz p a r t i c l e s o r i g i n a l l y present i n coal are only surface 
v i t r i f i e d and do not spheridize i n the flame. The coalescence by 
s i n t e r i n g and f u s i o n of the small a l u m i n o - s i l i c a t e p a r t i c l e s 
dispersed i n the f u e l substance occurs when the host coal p a r t i c l e s 
burn i n the flame. The products are s i n t e r e d ash skeletons, 
cenospheres and plerosphers up to 250 ym i n diameter. 

Sodium Transfer to 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 s o l v e d i n the surface layer of 
v i t r i f i e d s i l i c a t e ash p a r t i c l e s and p a r t l y sulphated. The sulphate 
p a r t i c l e s , 0.1 to 2 ym i n diameter can form on the surface of ash 
p a r t i c l e s or i n the f l u e gas v i a vapour phase reactions followed by 
sublimation on c o o l i n g . Some potassium sulphate i s also formed from 
a f r a c t i o n of the a l k a l i - m e t a l released 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 sulphate 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 to close contact as a 
r e s u l t of the surface tension f o r c e . Subsequent s i n t e r i n g proceeds 
by viscous flow and the rate of s i n t e r bond growth i s pr o p o r t i o n a l 
to the surface tension of s i l i c a t e glassy phase and i n v e r s e l y 
p r o p o r t i o n a l to 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 
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154 M I N E R A L M A T T E R A N D A S H IN C O A L 

changes exponentially with temperature and thus the v i s c o s i t y of 
s i l i c a t e ash p a r t i c l e s governs the rate of s i n t e r i n g at d i f f e r e n t 
temperatures. 

Decomposition of Sulphate on S i l i c a t e Ash S i n t e r i n g . Sodium 
sulphates i n the i n i t i a l m a t erial deposited on b o i l e r tubes w i l l 
be decomposed by the pyrochemically a c i d i c s i l i c a t e s i n ash when the 
deposit temperature exceeds 1085 K. The t r a n s f e r of sodium from 
the sulphate to s i l i c a t e phase reduces the v i s c o s i t y of the glassy 
material of s i l i c a t e ash thus i n c r e a s i n g the rate 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 
coal ash contains s u f f i c i e n t l y high q u a n t i t i e s of the flame v o l a t i l e 
sodium to i n i t i a t e and subsequently to sust a i n a high rate of ash 
s i n t e r i n g leading to a ra p i d build-up of b o i l e r deposit. With most 
bituminous coal ashes the v o l a t i l e sodium plays a r o l e i n i n i t i a t i n g 
s i n t e r i n g but the subsequent deposit and s l a g formation depends 
l a r g e l y on the presence of calcium and i r o n f l u x oxides. In general 
terms, the rate of ash s i n t e r i n g i s governed by the r a t i o of glassy 
m a t e r i a l to c r y s t a l l i n e species and the v i s c o s i t y of the glassy 
phase. 
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12 
Viscosity of Synthetic Coal Ash Slags 

Karl S. Vorres1, Sherman Greenberg2, and Roger Poeppel2 

1Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 
2Materials Science and Technology Division, Argonne National Laboratory, Argonne, 
IL 60439 

Twenty one compositions including SiO2, Αl2O3, CaO, 
MgO and FeO were selected to represent a range of 
U.S. coal ashes. The viscosities of molten slags 
were measured over the temperature range 1300-
1550°C. The data were plotted as log reciprocal 
viscosities (fluidities) versus reciprocal absolute 
temperatures. One or two straight line segments 
were observed for each composition. At higher tem­
peratures the activation energies are less than 
100 Kcal/mole, while the values exceed 100 Kcal/mole 
in the lower temperature regime. The transition 
temperatures for the plots with two segments were 
about 1300-1400°C. The transition is thought to 
involve the appearance of a significant amount of 
solid material in the melt. Examination of related 
ternary equilibrium phase diagrams indicated that 
the transitions occurred in the temperature regime 
associated with the disappearance of the liquid 
phase. 

Coal used f o r energy conversion contains a considerable amount of 
mineral matter. During the conversion process the mineral matter 
i s heated, and i n the higher temperature reactors i s converted to a 
molten material which flows from the reactor at a rate dependent on 
the v i s c o s i t y of the sla g . In studies of 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 studied 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 of the slag 
and the chemical composition. These studies have been c a r r i e d out 
i n a range of gaseous environments t y p i c a l of the combustion f u r ­
nace with a range of oxygen concentrations from almost zero to 15%. 

The purposes of t h i s study included a determination of the 
v i s c o s i t y behavior of synthetic slags over a range of compositions 
and temperatures c h a r a c t e r i s t i c of slagging g a s i f i e r operation. 
The compositions were chosen to be broadly representative of a 
range of coals from both the eastern and western U.S. The temper­
atures were chosen to be i n the range of s a t i s f a c t o r y g a s i f i e r 
operation, and with i n the l i m i t s of the experimental equipment. 

0097-6156/ 86/ 0301 -0156S06.00/ 0 
© 1986 American Chemical Society 
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12. V O R R E S E T A L . Viscosity of Synthetic Coal Ash Slags 157 

The gaseous environments were selected to have the low oxygen 
p a r t i a l pressure (about 10~ 8 to 10""9 atm) t y p i c a l of the slagging 
g a s i f i e r . 

The v i s c o s i t y data were to be used as input f o r a program to 
i n v e s t i g a t e corrosion of r e f r a c t o r i e s by s l a g s . Accordingly, the 
data obtained for the f i r s t few slags were compared with c o r r e l a ­
tions developed by Watt and Fereday (1,2) based on chemical compo­
s i t i o n and by Hoy, Roberts and Williams (3), using a modified 
version of the s i l i c a r a t i o . In order to s i m p l i f y the systems f o r 
study, the s y n t h e t i c slags were l i m i t e d to the f i v e components: 
Si02, AI2O3, FeO, CaO and MgO. Since they contained no Na20 or 
K2O, the s l a g compositions were outside the range of the e a r l i e r 
c o r r e l a t i o n s . If t h i s d i f f e r e n c e was neglected, then the composi­
t i o n four of the 21 s y n t h e t i c slags used i n t h i s program f e l l 
i n s i d e the range of the compositions for which the c o r r e l a t i o n s 
were developed. Those outside the range had 10% AI2O3 or 0% MgO or 
a low s i l i c a r a t i o or a high Si02/Al203 r a t i o . The e a r l i e r 
c o r r e l a t i o n s , i n general, were for only a part of the composition 
range used for the s y n t h e t i c s l a g s . 

There i s an added i n t e r e s t i n developing the understanding of 
the behavior of molten coal ash systems beyond somewhat emp i r i c a l 
c o r r e l a t i o n s of chemical compositions expressed i n terms of a 
v a r i e t y of r a t i o s . I t would be d e s i r a b l e to describe the flow 
behavior i n terms of the i n t e r a c t i o n s between the i n d i v i d u a l con­
s t i t u e n t s , and to understand the nature of the acids and bases, 
such that the reason f o r the p a r t i a l success of e m p i r i c a l c o r r e l a ­
tions using these concepts can be understood. 

Experimental 

Slag. The v i s c o s i t i e s of 21 synthetic slags, covering the range of 
compositions expected i n slags derived from American coals, were 
determined i n t h i s study. The s y n t h e t i c slags were prepared from 
reagent grade chemicals. Calcium carbonate, magnesium oxide and 
magnetite, (Fe30i+), s i l i c a and alumina were used. The components 
were mixed with water and pressed into p e l l e t s using a pressure of 
15,000 ps i g . The p e l l e t s were p a r t i a l l y d r ied and in s e r t e d i n 
AI2O3 c r u c i b l e s about 63 mm high and 32 mm i n t e r n a l diameter f o r 
the v i s c o s i t y measurements. Approximately 65 grams of slag were 
used and the melt reached a depth of about 35 mm with the measuring 
"bob" i n s e r t e d . Although alumina i s not a s u i t a b l e material f o r 
long-term containment of these slags at elevated temperatures, the 
amount of d i s s o l u t i o n was i n s i g n i f i c a n t f o r the 24 hour exposure 
time without slag motion with respect to the c r u c i b l e . The compo­
s i t i o n of the slags i s given i n Table I. 

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 was used to replace 
the sample head i n the r o t a t i n g c y l i n d e r slag corrosion apparatus 
used i n s l a g / r e f r a c t o r y corrosion studies at Argonne National 
Laboratory (ANL) (5). Appropriate seals and ceramic s t r u c t u r a l 
components permit maintenance of the desired low oxygen a c t i v i t y 
within the measuring chamber. The v i s c o s i t y measuring bob was a 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
2



158 M I N E R A L M A T T E R A N D A S H IN C O A L 

c y l i n d e r 12.8 mm diameter and 11.1 mm high. For measurement at the 
lower oxygen p a r t i a l pressures discussed i n t h i s paper, the bob and 
connecting shaft were f a b r i c a t e d of molybdenum. The slag was con­
tained i n AI2O3 c r u c i b l e s . The bob and measuring system were 
c a l i b r a t e d at room temperature using a serie s of NBS o i l s ranging 
from 10 to 600 poise. The v o l t a g e - v i s c o s i t y r e l a t i o n s h i p was 
l i n e a r over the range of r o t a t i o n a l speeds used i n the c a l i b r a t i o n 
runs (0.5-100 rpm). For slag v i s c o s i t y measurements only one r o t a ­
t i o n a l speed, 20 rpm, was used. 

Table I. Slag Compositions (weight % ) . 

Slag Number 

Composition 1 2 3 4 5 6 7 

S i 0 2 50 50 50 50 50 50 50 
CaO 5 5 5 5 5 5 5 
AI2O3 10 10 20 20 20 30 30 
FeO 15 25 25 15 5 15 5 
MgO 20 10 0 10 20 0 10 

8 9 10 11 12 13 14 

Si02 40 40 40 40 40 40 40 
CaO 15 15 15 15 15 15 15 
AI2O3 10 10 20 20 20 30 30 
FeO 15 25 25 15 5 15 5 
MgO 20 10 0 10 20 0 10 

15 16 17 18 19 20 21 

Si02 30 30 30 30 30 30 30 
CaO 25 25 25 25 25 25 25 
AI2O3 10 10 20 20 20 30 30 
FeO 15 25 25 15 5 15 5 
MgO 20 10 0 10 20 0 10 

Procedure. V i s c o s i t y measurements were usually made i n a decreas­
ing temperature mode at 50°C i n t e r v a l s a f t e r the sla g sample had 
been heated to the desired maximum temperature, t y p i c a l l y about 
1400-1550°C. The maximum temperature corresponded to the maximum 
operating temperature expected i n commercial coal g a s i f i e r s and was 
also the temperature at which very low (a few centip o i s e ) v i s c o s ­
i t i e s were observed. The maximum temperatures were reached i n a 
co n t r o l l e d manner to avoid apparatus problems. The sla g was heated 
from room temperature to 100°C i n one hour and held f o r 1/2 hour. 
From 100°C to the maximum temperature, the heating rate was 
175°C/hour. For v i s c o s i t y measurements, the sla g was kept at each 
temperature long enough to demonstrate constant v i s c o s i t y (about 
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12. V O R R E S E T A L . Viscosity of Synthetic Coal Ash Slags 159 

30-60 minutes). In the case of one s l a g , 12, measurements were 
also made i n an inc r e a s i n g temperature mode to determine i f there 
were h y s t e r e s i s e f f e c t s . None were observed f o r t h i s slag and 
other work with n a t u r a l slags confirmed t h i s (4). Measurements 
made i n other l a b o r a t o r i e s with other slags have shown apparent 
h y s t e r e s i s ( 6 ) . The desired oxygen p a r t i a l pressure was maintained 
by flowing H2-CO2-N2 (or argon) mixtures of the required composi­
t i o n through the i n t e r i o r of the 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 with gas 
composition and temperature was ca l c u l a t e d using a NASA-developed 
code (4_). At the oxygen p a r t i a l pressures used, the i r o n was main­
tained i n the ferrous s t a t e . 

Results and Discussion 

The data obtained were pl 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 materials and displayed the expected exponential 
increase i n v i s c o s i t y as the temperature decreased. For most of 
the slags 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 studies (1,3). Some t y p i c a l r e s u l t s are shown 
and compared with the Watt-Fereday and modified s i l i c a r a t i o 
p r o j e c t i o n s , assuming only a l i q u i d phase e x i s t s , i n Figures 1 and 
2 (slags 1 & 12). 

To furt h e r i n v e s t i g a t e the c h a r a c t e r i s t i c s of the slags, p l o t s 
of the logarithm of v i s c o s i t y versus temperature were made. These 
i n d i c a t e d s t r a i g h t l i n e s or two l i n e segments. For slags with a 
sudden increase i n v i s c o s i t y at lower temperatures, two segments 
were observed. Shear rates were not varied and the various types 
of non-Newtonian behavior were not explored. A r e l a t e d study 
i n d i c a t e d pseudoplastic behavior for t h i s type of material (9_). 

Arrhenius p l o t s were then made. These plot s t y p i c a l l y involve 
the logarithm of a rate constant and the r e c i p r o c a l of the absolute 
temperature. V i s c o s i t y i s not a rate parameter, but i s defined as 
the shear stress divided by the shear rate. The r e c i p r o c a l of the 
v i s c o s i t y i s the shear rate per unit shear st r e s s 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 Figure 3. Slag 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 with a 
t r a n s i t i o n to a high a c t i v a t i o n energy, low temperature regime. 
This behavior was noted f o r most of the compositions. The other 
behavior was, as i n the case of slag 12, a s i n g l e s t r a i g h t l i n e 
covering the range of the data. The slopes and a c t i v a t i o n energies 
f o r slags without the t r a n s i t i o n tended to be intermediate i n the 
range of the values for runs with the t r a n s i t i o n . 

In order to compare the v i s c o s i t y behavior of the d i f f e r e n t 
compositions f o r the higher temperature regime and the slags with 
no t r a n s i t i o n s , separate plots superimposing the sample se r i e s with 
a constant wt% Si02 were made and are shown i n Figures 4, 5 and 6. 
Note the v e r t i c a l change i n scale i n Figure 6. The s o l i d portion 
of the l i n e s represents the actual range of data. The dashed part 
of the l i n e s was added to f a c i l i t a t e v i s u a l comparison. Examin­
ation of the pl o t s shows two general tendencies. The r e c i p r o c a l 
v i s c o s i t i e s or f l u i d i t i e s tend to increase i n a s e r i e s as the 
amounts of Si02 decreases. A d d i t i o n a l l y , f o r a given s e r i e s with a 
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160 MINERAL MATTER AND ASH IN COAL 
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Figure 1. V i s c o s i t y of Slag 1. 
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Figure 2. V i s c o s i t y of Slag 12. 
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V O R R E S E T A L . Viscosity of Synthetic Coal Ash Slags 

Figure 3. T y p i c a l Arrhenius P l o t s . 
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MINERAL MATTER AND ASH IN COAL 

Τ (°C) 
1579 1513 1451 1394 1340 1290 1242 1198 

T" 1 (I0 4 K H ) 

Figure 4. Arrhenius P l o t s for Slags 1-7. 
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164 M I N E R A L M A T T E R A N D A S H IN C O A L 

Τ CO 
1579 1513 1451 1394 1340 1290 1242 1198 

Figure 6. Arrhenius P l o t s for Slags 15-21, Log of Reciprocal 
V i s c o s i t y vs. Reciprocal Temperature. 
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12. V O R R E S E T A L . Viscosity of Synthetic Coal Ash Slags 165 

f i x e d wt% Si0 2, the f l u i d i t i e s are greater for the lower amounts of 
A l 20 3. 

E a r l i e r work (7,10,11) described the chemical behavior of the 
slag constituents i n terms of acids and bases. Vorres (_7) used the 
concept of i o n i c p o t e n t i a l ( r a t i o of i o n i c charge to c r y s t a l l o ­
graphic radius) to d i f f e r e n t i a t e slag constituents on the basis of 
t h e i r a b i l i t y to a t t r a c t a common anion (oxide ions i n these 
systems). The strongest acids a t t r a c t anions most strongly or are 
most able to e f f e c t i v e l y compete for anions to complete a regular 
close packed coordination. The bases are not able to compete f o r 
anions, and serve p r i m a r i l y as oxide ion donors. 

This type of system involves the formation of large polymers 
by the acids, and polymer breaking by the bases. In the presence 
of a large amount of a very strong a c i d , Si02> some a c i d i c con­
s t i t u e n t s such as AI2O3 and Fe203, behave with an amphoteric char­
acter. Iron i s quite i n t e r e s t i n g since i t i s such a common con­
s t i t u e n t i n coal ash, e s p e c i a l l y i n eastern U.S. coals, and does 
have two common valence s t a t e s . F e r r r i c i r o n behaves as a weak 
ac i d while ferrous i s c l a s s i f i e d as a weak base. Thus i n the more 
o x i d i z i n g environment of a b o i l e r , coal slags have a more a c i d i c 
or highly polymerized character than i n the less o x i d i z i n g environ­
ment of the slagging g a s i f i e r or cyclone combustor. For the mea­
surements discussed i n t h i s chapter, a l l iro n species are believed 
to e x i s t i n the ferrous s t a t e . 

In a general way, the l a r g e r the amount of Si02 and t o t a l acid 
constituents, the larger the s i z e of hypothetical average s i l i c a 
polymer species i n the melt. Gaskell has described a r e l a t i o n s h i p 
between s i l i c a species and the basic composition (8). 

The c o r r e l a t i o n s developed by Watt and Fereday were intended 
for a p p l i c a t i o n to a l i q u i d system. As the temperature varies and 
increases, the composition of a dynamic system i s subject to 
changes due to p r e f e r e n t i a l v o l a t i l i z a t i o n of species with higher 
vapor pressures. The a l k a l i e s t y p i c a l l y have the higher vapor 
pressures i n these systems. The a c i d i t y can be expected to 
s l i g h t l y increase as a r e s u l t of t h i s v o l a t i l i z a t i o n . 

As the temperatures are reduced, s o l i d phases w i l l c r y s t a l l i z e 
from the melt. The Watt and Fereday c o r r e l a t i o n s do not apply to 
t h i s region. The studies reported here include the temperature 
region i n which c r y s t a l s can be expected to form. The authors did 
not f i n d l i t e r a t u r e references to phase e q u i l i b r i a studies for the 
Si0 2-Al203-Ca0-Mg0-Fe0 or Si0 2-Al203"Ca0-Mg0 systems i n the com­
p o s i t i o n region of i n t e r e s t . As a r e s u l t some speculation on 
behavior i s involved i n any extensive i n t e r p r e t a t i o n of the data. 

A c t i v a t i o n energies and the temperature ranges of data are 
given i n Table I I . I n i t i a l s t a t i s t i c a l analyses have not shown a 
strong c o r r e l a t i o n of a c t i v a t i o n energies with any of the slag 
c o n s t i t u e n t s . 

A wide range of a c t i v a t i o n energies with very high values was 
obtained for the lower temperature regime. In a number of cases 
both the temperature range and the number of points were small, 
such that the r e l a t i v e e r r o r i n these values can be large. When 
the data cover the range from 1300-1400°C the t r a n s i t i o n from the 
lower to the higher a c t i v a t i o n energies generally occurred i n t h i s 
range. One reason f o r the observed r e s u l t s i s that the 
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12. VORRES ET AL. Viscosity of Synthetic Coal Ash Slags 167 

concentration of c r y s t a l l i t e s increased s u f f i c i e n t l y to i n t e r a c t 
with one another, hindering r o t a t i o n of the bob. 

In order to i n t e r p r e t the data the ternary e q u i l i b r i u m phase 
diagrams for the systems Si02-Al2Û3"MO were examined where MO i s 
e i t h e r CaO, FeO, or MgO. The mole f r a c t i o n s of each of the con­
s t i t u e n t s were c a l c u l a t e d as also shown i n Table I I , and the 
ternary diagram corresponding to the major base i n the group CaO, 
FeO or MgO was s e l e c t e d . Usually a ternary e u t e c t i c was found i n 
the temperature region which would be expected f o r a system most 
c l o s e l y corresponding to the sample composition. This e u t e c t i c 
temperature was close to the observed t r a n s i t i o n temperatures i n 
the v i s c o s i t y data. 

Many of the highest temperatures used were s i g n i f i c a n t l y below 
those associated with the appearance of one or more s o l i d phases 
from the melt. These s o l i d phases could have been present through 
the e n t i r e s e r i e s of measurements on the s l a g . The s i l i c a r i c h 
systems are known to be slow to i n i t i a t e formation of s o l i d 
phases. Kalmanovitch has shown that the observed phases are not 
always those which are expected on the basis of the corresponding 
normalized phase e q u i l i b r i u m diagrams (12). It i s thought that the 
t r a n s i t i o n i s due to a change from a system which has a s i g n i f i c a n t 
amount of l i q u i d phase to one i n which the system i s predominantly 
s o l i d phases, and the measured apparent v i s c o s i t y r e f l e c t s the 
large energy requirement for two s o l i d surfaces or p a r t i c l e s to 
move past one another through some shearing a c t i o n . 

The t r a n s i t i o n s have also been observed i n studies of n a t u r a l 
c o a l ashes which have had i n c r e a s i n g amounts of calcium oxide 
added. The data were i n t e r p r e t e d i n terms of a s a t u r a t i o n and the 
authors f e l t that the base then served as an fur t h e r polymerizer i n 
the network (13). 

There i s a continuing i n t e r e s t i n e s t a b l i s h i n g a r e l a t i o n s h i p 
between the composition of a molten oxide system containing s i l i c a 
and the v i s c o s i t y of the system over a range of temperatures. 
Systems of t h i s type are of i n t e r e s t , f o r example, i n the study of 
magmas (9), fluxes for c a s t i n g s t e e l (14) and i n metallurgy. 
C o r r e l a t i o n s have been developed by Bottinga and Weil for magma 
systems (15). Urbain has described c o r r e l a t i o n s f o r s i l i c a t e 
materials (16). 

The i n t e r p r e t a t i o n of the viscosity-temperature behavior of 
these complex systems i s d i f f i c u l t since many aspects of the melt 
conditions must be simultaneously considered. These include: the 
chemical composition of the melt to e s t a b l i s h the nature of the 
polymeric network i n c l u d i n g the amphoteric behavior of species l i k e 
AI2O3 and Fe 203, as well as the acid/base behavior of mixed valence 
constituents such as i r o n oxides, and the formation of immiscible 
l i q u i d phases sometimes associated with the existence of several 
types of stable anions of s i g n i f i c a n t l y d i f f e r e n t s i z e or charge i n 
the system; the nature of the container since some of i t may d i s ­
solve and a f f e c t the composition of the melt; the existence of a 
s o l i d phase to e s t a b l i s h the e f f e c t on the composition of the 
r e s i d u a l l i q u i d phase (the s o l i d phase may not be the one expected 
from r e l a t e d phase e q u i l i b r i u m s t u d i e s ) ; the r e l a t i v e amount of the 
l i q u i d and s o l i d phases to e s t a b l i s h the composition of the l i q u i d 
phase ( t h i s composition changes as the s o l i d c r y s t a l l i z e s out of 
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168 M I N E R A L M A T T E R A N D A S H IN C O A L 

the melt); the thermal h i s t o r y of the sample since the reactions i n 
viscous media tend to be sluggish, such that c r y s t a l l i n e phases may 
be slow to form and changes i n the polymeric e q u i l i b r i u m s i z e may 
not have been achieved. In ad d i t i o n the loss of v o l a t i l e species 
and the resultant change i n the composition of the r e s i d u a l l i q u i d 
must be considered. In p r a c t i c e , many i n v e s t i g a t o r s consider a 
number of these f a c t o r s . Future work w i l l be improved to the 
extent that more of them are included i n the reports of research i n 
t h i s f i e l d . 

Conclusions 

A s e r i e s of 21 synthetic coal ash slags were studied. I t was 
observed that: 

(1) Plots of the logarithm of 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, consistent with other 
observations on s i m i l a r systems i n the temperature range 
studied. 

(2) Plots of the logarithm of the r e c i p r o c a l of v i s c o s i t y versus 
r e c i p r o c a l of absolute temperature also 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 one or two mechanisms were 
operative over the temperature range. 

(3) For three s e r i e s , varying i n Si02 content, those with the 
greatest Si02 content had the highest v i s c o s i t i e s . 

(4) Within a s e r i e s of given Si02 content, those members with the 
highest AI2O3 content had the highest v i s c o s i t y . 

(5) For slags 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 with a ternary 
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 l o s e l y r e l a t e d ternary system. 

(6) Many of the slags probably had a 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 during the cooling period before the 
t r a n s i t i o n temperature. 
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13 
Sulfur Solubility in Slags for Cyclone Coal Combustors 

David H. DeYoung 

Smelting Process Development Division, Alcoa Laboratories, New Kensington, PA 15068 

The absorption of sulfur by coal slags has been 
investigated to evaluate in-situ desulfurization of 
gases in coal combustors. Slag compositions which 
consisted of coal ash and inorganic additives, and 
which had low fusion temperatures and high capacities 
for sulfur, were identified. The sulfide capacities 
[(% S)slag (PO2/PS2)½] of these slags were measured 
at 1000 to 1300°C, and at oxygen potentials ranging from 
10-13 to 10-11 atm, respectively. Results for slags 
based on the FeO-Al 2O 3-SiO 2, CaO-Al 2O 3-SiO 2, 
and Na 2O-Al 2O 3-SiO 2 systems showed that at a 
given basicity the sulfide capacities were ranked in the 
order FeO > CaO > Na2O. These results were used to 
quantitatively evaluate desulfurization in a staged, 
slagging, cyclone combustor. 

This study was conducted to sel e c t p o t e n t i a l s l a g compositions 
for use i n a slagging, staged, cyclone coal combustor, and to 
obtain the necessary data to evaluate the d e s u l f u r i z i n g 
a b i l i t y of the combustor. The f i r s t stage of such a combustor 
would be operated quite reducing to 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 coal ash and inorganic a d d i t i v e s 
(e.g., lime). A t a n g e n t i a l motion imparted to the gas would 
throw ash, c o a l , and ad d i t i v e s to the combustor wall where 
they would combine to form a molten s l a g . This s l a g , 
containing some di s s o l v e d s u l f u r , would c o n t i n u a l l y d r a i n out 
of a taphole at the e x i t end of the h o r i z o n t a l l y - p l a c e d 
c y l i n d r i c a l combustor. Advantages of t h i s type of combustor 
are removal of some s u l f u r , low p a r t i c u l a t e emissions, and low 
N0 X emissions. 

This paper w i l l be divid e d into three parts. F i r s t , the 
s e l e c t i o n of sl a g compositions w i l l be o u t l i n e d . Second, 
s u l f i d e capacity measurements of these slags w i l l be discussed. 
T h i r d , the d e s u l f u r i z i n g p o t e n t i a l of a slagging, cyclone 
combustor w i l l be evaluated using these measurements. 

0097-6156/ 86/ 0301 -0170506.00/ 0 
© 1986 American Chemical Society 
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DE YOUNG Sulfur Solubility in Slags 171 

Slag Composition S e l e c t i o n 

The strategy was f i r s t to s e l e c t p o s s i b l e a d d i t i v e s , then 
locate phase diagrams for systems of major ash components plus 
a d d i t i v e s , and f i n a l l y , s e l e c t low-melting e u t e c t i c 
compositions as candidate s l a g s . Additives were chosen for 
t h e i r known a b i l i t y t o form low-melting s i l i c a t e s (e.g., the 
a l k a l i s ) or f o r t h e i r known a b i l i t y for d e s u l f u r i z a t i o n (e.g., 
the a l k a l i n e earth elements). An eastern coal was used for 
t e s t s of a p i l o t combustor. Its ash composition, used to 
c a l c u l a t e a d d i t i v e compositions, i s given i n Table I. 
Major components, S1O2, AI2O3, and Fe 203, account for 
approximately 80% of the ash. 

Ternary phase diagrams f o r the Si02~Al203~additive and 
Si02~FeO-additive systems were investigated f o r possible s l a g 

compositions. Unless otherwise noted, a l l phase diagrams were 
taken from Levin, et a l (1-3) or Roth, et a l ( 4 ) . The selected 
compositions which were tested are given i n Table I I , as are 
estimated l i q u i d u s temperatures. Obviously, the l i q u i d u s 
temperature of the s l a g c o n s i s t i n g of coal ash and the a d d i t i v e 
w i l l be d i f f e r e n t from those given by the phase diagrams 
because of the minor components of the ash. However, the phase 
diagrams provide reasonable i n i t i a l s e l e c t i o n s . A d d i t i v e 
compositions and q u a n t i t i e s are given i n Table I I I . 

S u l f i d e Capacity Measurements 

S u l f i d e c a p a c i t i e s of the selected s l a g compositions were 
measured to rate the slags and to provide data for evaluation 
of the operation of a combustor with these s l a g s . 

Chemistry of S u l f u r i n Slags. There has been considerable 
research on the chemistry of s u l f u r i n slags reported i n the 
l i t e r a t u r e . Most was aimed toward understanding and improving 
the 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 . These studies (5-7) 
have shown that at 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 i n 
slags as a s u l f a t e , and at low oxygen p o t e n t i a l s , the c o n d i t i o n 
relevant to the two-stage combustor, s u l f u r d i s s o l v e s as a 
s u l f i d e . This can be represented by the r e a c t i o n , 

1/2 S 2(g) + (o2~)= 1/2 0 2(g) + ( s 2 - ) . (1) 
A quantity c a l l e d the s u l f i d e capacity (6) can be defined as: 

= (wt % S) I 3 _ ] 1 / 2 (2) 

where wt % S r e f e r s to s u l f u r d i s s o l v e d i n the s l a g , and P Q 2 

and P s 9 are the p a r t i a l pressures of oxygen and s u l f u r i n 
the atmosphere with which the s l a g i s e q u i l i b r a t e d . The s u l f i d e 
capacity for many slags has been found C5,6) to be independent 
of s u l f u r and oxygen p o t e n t i a l s for wide ranges, and therefore 
i s a usef u l quantity for r a t i n g s l a g s . One exception relevant to 
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172 M I N E R A L M A T T E R A N D A S H IN C O A L 

Table I. Ash From Loveridge Seam (West V i r g i n i a ) Coal 

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

Component Wt Pet. taking i r o n as FeO) 

A 1 2 0 3 18.4 24.1 
S i 0 2 44.5 47.8 
F e 2 0 3 15.9 17.4 
CaO 4.56 4.9 
MgO 1.08 1.2 
Na 20 1.10 1.5 
K 20 1.11 1.3 
T i 0 2 1.20 1.1 
s o 3 9.02 
p 2 o 5 0.33 0.5 

Table I I . Normalized Compositions of Candidate Slags -
_ _ _ _ _ _ Major Components Only 

Liquidus Temperature 
Composition, Wt. Pet. (°C) (Major 

Slag No. S i ° 2 A 1 2 ° 3 F e ° N a
2 ° C a 0 Components Only) 

2-A-l 46.0 19.9 34.1 
2-A-2 40.0 12.0 48.0 
2-A-3 18.1 5.9 76.0 
2-A-7 43.3 19.8 36.9 
2-A-8 35.3 14.1 50.6 
2-A-9 27.0 8.3 64.4 
2-A-10 23.6 5.9 70.4 

2-B-l 39.3 48.0 12.7 
2-B-2 56.4 21.8 21.8 
2-B-3 33.2 26.2 40.6 
DSE-1 42.5 28.9 28.6 
DSE-2 37.0 26.0 37.0 

2-C-l 37.7 46.4 

2-D-l 43.8 18.2 37.9 
2-D-2 62.7 23.2 14.0 
2-D-3 61.6 12.2 26.2 

2-E-l 42.1 20.1 

2-1-1 55.3 21.5 10.0 13.1 

1205 
1083 
1148 
1220 
1200 
1150 
1155 

1000 

1050 
900 

15.7 1093 

915 
1063 
732 

37.8 1265 

990 
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174 M I N E R A L M A T T E R A N D A S H IN C O A L 

t h i s study i s that, for slags containing FeO, Cg i s expected 
to change with oxygen p o t e n t i a l as the r a t i o of ferrous to f e r r i c 
ions i n the s l a g changes. 

A review of the l i t e r a t u r e (5-22) showed that v i r t u a l l y a l l 
work on s u l f u r i n slags was on systems relevant to the 
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 at temperatures ranging 
from 1400-1600°C. No data were found for low-melting slags 
( l i q u i d u s temperatures, approximately 1000-1100°C), and 
p a r t i c u l a r l y f o r the i r o n - a l k a l i - a l u m i n o s i l i c a t e s from which 
many of the proposed compositions are composed. Therefore, 
experimental measurements were necessary to obtain the data 
needed for s e l e c t i o n of s l a g s . 

Experimental Method. An e q u i l i b r a t i o n technique was chosen to 
measure the s u l f i d e c a p a c i t i e s of the candidate s l a g s . Slag 
samples were e q u i l i b r a t e d with a CO-C02"*S02 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 to room 
temperature, and analyzed for s u l f u r . S u l f i d e c a p a c i t i e s were 
then c a l c u l a t e d from the s u l f u r concentrations using 
Equation 2. This technique was chosen because i t i s 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 
accurately c o n t r o l l e d , and, i f necessary, these could be set to 
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 ­
pated i n the ac t u a l coal combustor. The apparatus used for 
s u l f i d e capacity measurements i s shown schematically i n 
Figure 1. 

Slags were prepared by mixing preweighed amounts of 
ad d i t i v e s and c o a l ash. The coal ash was obtained from 
Bituminous Coal Research, Inc. It was prepared by ashing 
Loveridge Seam, West V i r g i n i a coal i n a i r at 750°C, followed by 
a reduction i n a 60%CO-40%CO2 gas at 1000°C, then cooled under 
nitrogen. 

The gas compositions for each experiment were chosen to 
obtain as low an oxygen p o t e n t i a l as p o s s i b l e , without reducing 
FeO to Fe metal. They were a l s o chosen to obtain as low a 
s u l f u r p o t e n t i a l as p o s s i b l e to match a n t i c i p a t e d conditions i n 
the actual combustor, yet large enough so that they could be 
prepared by mixing gases. The e q u i l i b r a t i o n time for s l a g 
samples was determined by p e r i o d i c analyses of the gas e x i t i n g 
the r e a c t o r . Quenched s l a g samples were analyzed for s u l f u r 
using a Leco t i t r a t o r , and were analyzed for S i , A l , Fe, Na, K, 
Ca, Mg, T i , and Ρ by atomic absorption. 

Results. Table IV gives the r e s u l t s for a l l s u l f i d e capacity 
measurements. Figures 2 and 3 show ternary phase diagrams f o r 
selected systems on which the r e s u l t s are shown. Compositions 
shown were obtained by t a k i n g the three major components from 
the s l a g analyses and normalizing to 100%. The s u l f i d e 
c a p a c i t i e s are shown as a function 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 
(Emole f r a c t i o n bases/Emole f r a c t i o n acids) were c a l c u l a t e d from 
the s l a g analyses. 

It was found that a f t e r e q u i l i b r a t i o n with the 
s u l f u r i z i n g gas, c e r t a i n slags i n the FeO-Al203-Si0 2 system 
consisted of two immiscible l i q u i d s at 1100°C. One phase was a 
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13. DEYOUNG Sulfur Solubility in Slags 175 

Radiation Shields 

/Gas Out 

Stainless Steel 
Flange 

Closed-End 
Alumina Tube 

'Alumina Reaction 
Tube 

Sample Tray 

Figure 1. Reactor used for s u l f i d e capacity measurements. 

Figure 2. The FeO-Al 0 3 - S i 0 2 phase diagram (1) with measured 
s u l f i d e c a p a c i t i e s i n d i c a t e d . Oxide phases i n e q u i l i b r i u m 
with m e t a l l i c i r o n . Reproduced with permission from reference 
1. Copyright 1964 American Ceramic Society. 
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176 M I N E R A L M A T T E R A N D A S H IN C O A L 

Table IV. S u l f i d e Capacity Measurements 

Exp't. Run Slag 
No. 

U L a g γ -, 
Τ (°C) Time (h) Composition Wt % S ° g S 

1100 24 DSE-1 

2-B-l 
2-B-2 
2-D-l 
2-D-f 
2-D-3 

1100 115 DSE-1 
2-A-l 
2-A-2d 

2-A-36 

2-A-4e 

2-C-l 

1100 144.6 2-A-5? 
2-A-6e 

2-A-7 
2-A-8 
2-A-9e 

2-A-10^ 
2 - A - l l d 

2-B-3 

7 f 1000 168.75 2-Α-ί 
2-A-4b 

2-A-5* 
2-A-6 b

K 

2-A-l(£ 
2-A-ll? 
2-A-12^ 
2-A-3ab 

2-1-1 

11 § 1300 70.0 2-A-3 
2-A-10 
2-A-10b 

4.22 -4.31 
5.34 -4.21 

6.05 -4.16 
0.26 -5.52 
0.96 -4.96 
0.87 -5.00 
0.69 -5.10 

4.31 -4.06 
4.80 -4.01 

22.5 -3.34 
23.5 -3.32 
7.91 -3.79 

20.2 -3.38 
13.4 -3.56 
5.06 -3.99 
9.81 -3.70 
16.6 -3.47 
19.1 -3.41 

2.65 -4.27 

25.4 
25.1 
25.5 
24.1 
23.6 
24.2 
25.8 
26.3 
0.44 -5.04 

2.67 -2.86 
1.97 -3.00 
3.10 -2.80 

'2- X 0 9 

= 7.2 χ 10' -14 
—4 b c ^ 

s = 5.4 χ 10 . Did not melt. Gas composition: 70.2% C0-
2 o 

.°/ nry _ u . Z - J / o au x = O . O Χ 1 U ; Λ -
ι e 2 f ^2 
Sample crept out. Two phases. Gas composition: 74.5% C0-

29t6% C0 9-0.25% S0 0. X n = 6.8 χ 10 1 4 ; X r = 1.6 χ 1 θ " 4 

d_ , 2 e_ °2 . f S2 

25.3% C0 9-0.18% S0 0. = 6.8 χ 10 ; X c = 1.6 χ 1θ" 4. 
g
 z 1 u2 b2 
6Gas composition: 66.3% CO-33.6% C0 o-0.14% S0 o. Χ Λ = 4.9 χ 

-11 -4 2 2 °2 10 ; X c = 1.9 χ 10 
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DEYOUNG Sulfur Solubility in Slags 

s.o2 
(17,3 ΐ5· ! 

2-B-3 

Ο charged composition 

• analyzed after experiment 

Figure 3. The Fe0-Na ?0-Si0 9 phase diagram (2) with measured 
s u l f i d e c a p a c i t i e s i n d i c a t e d . Oxide phases i n e q u i l i b r i u m 
with m e t a l l i c i r o n . Reproduced with permission from reference 
2. Copyright 1969 American Ceramic Society. 

- 3 h 

CO 
Ο 
0> 
Ο 

- 5 

I I I I I I I 
Τ = 1300X 

^ w/MgO 
w/CaO 

I I Q| I I I I I I I 

w / B 2 0 3 

System 

· , Δ 2-A FeO - A l 2 0 3 - S i 0 2 

Ο 2-B FeO - Na 2 0 - S i 0 2 

A 2-C FeO - CaO - S i 0 2 

• 2-D Na 2 0 - A l 2 0 3 - S i 0 2 J 
• 2-E CaO - A l 2 0 3 - S i 0 2 J 

' ' ι « I » ' ' 

Molar basicity 

Figure 4 . Measured s u l f i d e c a p a c i t i e s of candidate s l a g s . 
B a s i c i t y c a l c u l a t e d from chemical analyses. Points denoted 
by W/P2O5 and W/B2O3, represent slags i n which 5% 
S i 0 2 was replaced by 5% of these oxides. Point denoted 
by w/CaO i s for s l a g to which 5% CaF 2 was added, but a l l 
f l u o r i n e was l o s t during experiment. Point denoted by 
w/MgO for s l a g to which 12% MgO was added. 
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178 M I N E R A L M A T T E R A N D A S H IN C O A L 

g l a s s . The other 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 to as the "matte phase". The s u l f i d e c a p a c i t i e s f o r 
these slags should be considered as "apparent" because the 
s u l f i d e capacity i s defined for a s i n g l e l i q u i d phase. The 
matte phase i n a l l of these double-phased slags contained 27-31% 
S, while the glass phase contained from 0.2 to 13% S. X-ray 
d i f f r a c t i o n analyses showed the glass phase to be amorphous and 
the matte phase to contain FeS and FeS2* 

Discussion. Slag compositions 2-A-l, 2-A-7, 2-B-2, 2-C-l, 
2-D-2, and 2-E-l were c l o s e s t to the coal ash composition given 
i n Table I, containing 25-38% a d d i t i v e . As seen from Table IV, 
log Cg ranged from approximately -3.8 to -5.5 at 1100°C. 
Using the b a s i c i t y of the ash c a l c u l a t e d from Table I and the 
data shown i n Figure 4, the s u l f i d e capacity for pure ash i s 
estimated to be approximately log Cg = -5.2. This i s quite 
low as compared to r e s u l t s obtained for slags containing 
s i g n i f i c a n t q u a n t i t i e s of a d d i t i v e s . As w i l l be demonstrated 
l a t e r i n the report, s u l f u r captured by coal ash s l a g with t h i s 
s u l f i d e capacity would be i n s i g n i f i c a n t even at very favorable 
conditions - very low oxygen p o t e n t i a l and low temperature. 

There i s a general c o r r e l a t i o n between s u l f i d e capacity and 
b a s i c i t y for a given system, as shown i n Figure 4. There i s a 
sharp drop i n s u l f i d e capacity between b a s i c i t i e s of 1.0 to 0.5, 
which corresponds to the m e t a s i l i c a t e to d i s i l i c a t e compositions 
i n a binary s i l i c a t e . For a given b a s i c i t y , systems 2-A (FeO) 
and 2-C (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 that for a given 
b a s i c i t y , FeO i s superior to CaO and Na20 as an a d d i t i v e . 
This i s not what would be expected considering the standard free 
energies of formation of the s u l f i d e s and oxides of Fe, Ca, and 
Na. 

Considering standard free energies for the formation of 
metal s u l f i d e s from metal oxides, FeO and CaO should be 
approximately equivalent d e s u l f u r i z e r s and Na 20 should be 
superior. However, slags are f a r from i d e a l s o l u t i o n s because 
of the strong i n t e r a c t i o n s among species — p a r t i c u l a r l y with 
S i 0 2 . This i s why experimental measurements of s u l f i d e 
c a p a c i t i e s were needed. Free energy of mixing data (24) for 
Na 20, CaO, and FeO binary s i l i c a t e s show that the chemical 
i n t e r a c t i o n with s i l i c a decreases i n the order Na 20, CaO, FeO, 
and for a given b a s i c i t y , the a c t i v i t y of the basic oxide i n the 
s i l i c a t e s increase i n the order Na20, CaO, and FeO. On t h i s 
b a s i s , FeO should be a better d e s u l f u r i z e r than CaO or Na 20. 
This i s consistent with the present r e s u l t s . Not s u r p r i s i n g l y , 
the metal o x i d e - s i l i c a i n t e r a c t i o n i s a major fa c t o r i n the 
d e s u l f u r i z a t i o n a b i l i t y of the s l a g . 

Several modifications of slags based on the 
FeO-Al 203-Si02 system were tested to determine i f a les s 
expensive a d d i t i v e could be su b s t i t u t e d for some of the i r o n or 
i f a d d i t i v e s could be used to reduce l i q u i d u s temperatures. 
Figure 4 shows that r e p l a c i n g a p o r t i o n of the i r o n oxide i n 
slags of the FeO-Al 203-Si0 2 system with CaO (5 wt %) or 
MgO (12 wt %) had no e f f e c t on the s u l f i d e c a p a c i t i e s . Results 
for composition 2-C-l also support t h i s conclusion, because for 
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DEYOUNG Sulfur Solubility in Slags 179 

t h i s composition approximately 14% of the FeO of an equivalent 
composition i n the FeO-Al 2 03-Si02 system was replaced by 
CaO, with only a s l i g h t decrease i n s u l f i d e capacity. 

Replacement of portions of the S 1 O 2 i n FeO-Al203-Si0 2 

slags by B 203 or P 205 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 , these a d d i t i v e s are p o t e n t i a l l y u s e f u l for reducing 
s l a g l i q u i d u s temperatures. 

Figure 5 compares some r e s u l t s of t h i s study to those found 
i n the l i t e r a t u r e for s i m i l a r slags at higher temperatures. 
These l i t e r a t u r e data were adjusted to a b a s i c i t y of 1.65 using 
data given i n Figure 4. The data from t h i s study are quite 
consistent with the l i t e r a t u r e data. The l i n e a r i t y of the 
s u l f i d e capacity with inverse temperature i s consistent with the 
t h e o r e t i c a l r e l a t i o n s h i p , 

L J ^ i = - AH° / R * H êo/R - H? e S/* (3) 

Ο . 

where ΔΗ i s the standard enthalpy change for the r e a c t i o n , 

1/2 S 2(g) + FeO = 1/2 0 2 ( g ) + FeS (4) 

and HÎ? λ and H*J „ FeO FeS 

are the p a r t i a l molar enthalpies of mixing of FeO and FeS i n the 
s l a g . This r e l a t i o n s h i p can be derived from Equation 2, the 
e q u i l i b r i u m constant for Equation 4, and the Gibbs-Helmholtz 
equation. 

Most of the slags tested were found to have been p a r t i a l l y 
or completely melted at 1100°C. However, at 1000°C, a l l slags 
from the FeO-Al 2 03-Si02 system were not molten. It i s 
thought that for these compositions the e n t i r e a d d i t i v e reacted 
with s u l f u r species i n the atmosphere while none reacted with 
the S 1 O 2 or with other components i n the ash. Hence, s u l f i d e 
c a p a c i t i e s measured from t h i s experiment are not true s u l f i d e 
c a p a c i t i e s of the s l a g s . Another point which supports t h i s i s 
that the "measured" s u l f i d e c a p a c i t i e s at 1000°C are greater 
than those at 1100°C, while Figure 5 shows the opposite trend 
for r e s u l t s for molten sl a g s . Also, other l i t e r a t u r e data show 
that s u l f i d e c a p a c i t i e s generally increase with temperature. 

This points out an inherent disadvantage i n using a c o a l 
ash s l a g for d e s u l f u r i z a t i o n . When s i l i c a reacts with the 
d e s u l f u r i z i n g agent, e.g., lime, the e f f e c t i v e n e s s of the 
d e s u l f u r i z i n g compound i s gr e a t l y reduced. Hence, i t i s 
d e s i r a b l e to design a d e s u l f u r i z i n g combustor i n which the ash 
does not react with the d e s u l f u r i z i n g m a t e r i a l . 

E v a l u a t i o n Of A P i l o t Combustor 

C a l c u l a t i o n s . The measured s u l f i d e c a p a c i t i e s were used to 
estimate s u l f u r emissions from a staged, slagging, cyclone 
combustor operating c l o s e to e q u i l i b r i u m , and to determine the 
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180 M I N E R A L M A T T E R A N D A S H IN C O A L 

e f f e c t s of various operating v a r i a b l e s on the s u l f u r removal. 
To c a l c u l a t e s u l f u r emissions, an equation for gas-slag chemical 
e q u i l i b r i u m for s u l f u r (Equation 2) and a mass balance for 
s u l f u r are solved simultaneously. F i r s t , the e q u i l i b r i u m gas 
compositions were c a l c u l a t e d for the combustion of coal with a i r 
for a range of s u l f u r concentrations i n the c o a l . This was done 
using Alcoa's Chemical E q u i l i b r i u m Computer Program (23). Next, 
the concentrations of s u l f u r i n the slags for e q u i l i b r i u m with 
the combustion gases were c a l c u l a t e d . F i n a l l y , the quantity of 
a d d i t i v e s needed to obtain these compositions were c a l c u l a t e d 
from s u l f u r mass balances. 

R e s u l t s . Figure 6 shows an example of the r e s u l t s for these 
c a l c u l a t i o n s , for combustion with 55% of s t o i c h i o m e t r i c a i r 
(stage 1) at 1100°C. This i s an isothermal c a l c u l a t i o n , i . e . , 
both s l a g and gas temperatures are assumed to be 1100°C. 
Obviously, t h i s cannot occur i n p r a c t i c e , but the r e s u l t s of the 
c a l c u l a t i o n should provide an upper bound for s u l f u r removal. A 
reasonable goal for the s u l f u r capture, considering projections 
of future EPA r e g u l a t i o n s , i s 70%. The s l a g mass can vary 
between 85 and 350 g/kg coal (the upper l i m i t was established 
from a heat balance for Alcoa's p i l o t combustor), so the 
necessary log Cg for a 70% s u l f u r removal i s between -2.75 and 
-3.3. A s u l f i d e capacity of log C s « -3.3 at 1100°C was 
obtained for c e r t a i n slags based on the FeO-Al203-Si02 
system, e.g., compositions 2-A-3 or 2-A-10. This shows that 70% 
s u l f u r removal i s thermodynamically p o s s i b l e . 

As the combustion stoichiometry i s decreased, the curves i n 
Figures 6 are rotated counterclockwise about the o r i g i n , i . e . , 
the s u l f u r removal i s increased. An increase i n temperature 
w i l l have the opposite e f f e c t . The curves are rotated clockwise 
about the o r i g i n . However, for a p a r t i c u l a r s l a g composition 
the s u l f i d e capacity increases with temperature, as shown i n 
Figure 5. The net r e s u l t of the two opposing e f f e c t s (using the 
temperature behavior shown i n Figure 5) i s that the s u l f u r 
removal decreases with increasing temperature. In the range of 
c o a l - s u l f u r contents i n v e s t i g a t e d , 2-6%, the f r a c t i o n of s u l f u r 
removed by s l a g does not change with s u l f u r content i n the 
c o a l . The t o t a l s u l f u r emitted increases with increasing s u l f u r 
concentration i n the c o a l , but the s u l f u r removal by the s l a g 
als o increases. 

A f i n a l point to note regarding s u l f u r removal i s that as 
the concentration of hydrogen i n the combustion gases i s 
decreased, the s u l f u r removal by the s l a g w i l l increase. This 
i s due to the high s t a b i l i t y of the hydrogen-sulfur species, 
such as H 2S(g), as compared to the carbon-sulfur species, such 
as COS. Thus, drying and charring of coal would s i g n i f i c a n t l y 
increase the t h e o r e t i c a l removal of s u l f u r by the s l a g . 

These c a l c u l a t i o n s assume gas-slag e q u i l i b r i u m with respect 
to s u l f u r . This i s probably only approached at the gas-slag 
surface near the e x i t of the f i r s t stage. At the entrance end 
of the combustor, the conditions would probably be more 
o x i d i z i n g than conditions c a l c u l a t e d from the o v e r a l l combustion 
stoichiometry, ff9 and thus s u l f u r s o l u b i l i t y i n the s l a g would 
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-T(°C) 
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Figure 5. Comparison of r e s u l t s from t h i s study to those 
of Fincham and Richardson (6) for an i r o n s i l i c a t e with 
molar b a s i c i t y of 1.65· Data from Fincham and Richardson 
were for pure i r o n s i l i c a t e s while these from the present 
study contained some coal ash. 

0 Ε I I I I I I 1—1 
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Slag mass, g/kg coal 

Figure 6. E q u i l i b r i u m s u l f u r removal by s l a g for a 
combustor operating with Loveridge Seam (West V i r g i n i a ) 
c o a l . 
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182 M I N E R A L M A T T E R A N D A S H IN C O A L 

be les s than that c a l c u l a t e d . At some depth below the s l a g 
surface near t h i s entrance end of the f i r s t stage, the 
conditions would be more reducing than those c a l c u l a t e d from the 
o v e r a l l combustion stoichiometry. This would r e s u l t i n 
increased s u l f u r s o l u b i l i t y . The actual combustion process and 
s u l f u r removal processes are quite complex, and the extent of 
s u l f u r removal w i l l depend on the combustion k i n e t i c s . For 
example, consider two extreme s i t u a t i o n s . In one, where most 
coal i s combusted a f t e r i t h i t s the slagged w a l l , s u l f u r removal 
should be r e l a t i v e l y good. In the other extreme, where a l l the 
coal i s combusted before i t reaches the slagged 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 transport through the gas phase, and the gas has a 
r e l a t i v e l y short residence time. 

In summary, the k i n e t i c s of the combustion process i s 
important with regard to 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 or experimentation 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 slagging, cyclone combustor can 
be made. The r e s u l t s of t h i s study show that i t i s 
t h e o r e t i c a l l y p o s s i b l e . 

Conclusions 

S u l f i d e capacity measurements of r e l a t i v e l y low melting 
(approximately 1100°C i n most cases) slags based on the 
FeO-Al203-SiC>2, FeO-Na20-Si0 2, FeO-CaO-Si0 2, 
Na20-Al 2 03-Si0 2, and CaO-Al203-Si0 2 systems but composed 
of coal ash + a d d i t i v e s , have shown that the FeO-Al 2 03-Si0 2-based 
slags had the highest s u l f i d e c a p a c i t i e s . 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 i n the following order: 
FeO-Al 2 0 3-Si0 2 > FeO-CaO-Si0 2 > FeO-Na20-Si02 > 
CaO-Al203-Si02 > Na 20-Al 203-Si02. The chemical 
i n t e r a c t i o n of the basic oxides with s i l i c a appears to be a 
dominant factor c o n t r o l l i n g the s u l f i d e capacity. There was 
good c o r r e l a t i o n between s u l f i d e capacity 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 with temperature. 

C a l c u l a t i o n s of the e q u i l i b r i u m s u l f u r removal for a 
commercial combustor using the measured s u l f i d e c a p a c i t i e s , 
showed that i t was t h e o r e t i c a l l y p o s s i b l e to remove 70% or more 
of the s u l f u r i n c o a l . The s u l f u r removal increases with 
decreasing temperature, decreasing combustion stoichiometry i n 
the f i r s t stage of the burner, i n c r e a s i n g s l a g flow, and 
decreasing content of hydrogen i n the f u e l . This work showed 
that a slagging, cyclone combustor can remove s u l f u r into the 
s l a g , but k i n e t i c modelling and/or experimentation i s needed to 
prove whether or not the concept w i l l work. 
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14 
Analyses of Thermodynamic Properties of Molten Slags 

Milton Blander1 and Arthur D. Pelton2 

1Argonne National Laboratory, Argonne, IL 60439 
2Ecole Polytechnique, Université de Montreal, Montreal, PQ H3C 3A7, Canada 

A novel technique has been developed for the simultaneous analysis 
of all thermodynamic data (including liquidus phase diagrams, ac­
tivities of components, free energies of formation of compounds, 
volatilities, miscibility gaps, etc.) on highly ordered binary solutions 
such as silicates. The results for a number of silicate and aluminate 
solutions lead to an accurate description of all reliable solution data 
on a given binary and, because of the nature of the equations used 
for the analysis, they also provide a reliable means for interpolating 
or extrapolating outside the range of the data. When silica is the 
only acid component, a simple combining rule appears to lead to 
good predictions of the properties of multicomponent systems based 
solely on data for the binary systems. Concepts developed for molten 
salts lead to correlations of our results with fundamental physical 
properties and interactions of ions in terms of ionic radii, charge, 
polarizabilities, dispersion interactions, and ligand field effects. 

Silica based slag systems are highly ordered liquids which have been a difficult class 
of materials on which to perform thermodynamic analyses. (1-5) 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 composi­
tion. The thermodynamic self-consistency and the form of the equations 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 correla­
tions developed for molten salts (6) can be applied to the development of correlations 

0097-6156/ 86/ 0301 -0186506.00/ 0 
© 1986 American Chemical Society 
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14. BLANDER AND PELTON Thermodynamic Properties of Molten Slags 187 

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 Method (7) 

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

AGm = Σ RTXilnXi + Σ RTXilnv = AG%eal + GE (1) 
$ t 

where X,· is the mole fraction of component i, 7,·, the activity coefficient, represents 
deviations from ideal solution behavior of component i, AG\*eal is the molar free energy 
of mixing of a hypothetical ideal solution and GE 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 Ιη7,· and GB 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. (1) 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. (7^8) For binary systems the excess free 
energy of mixing is given by the expression 

GE = (aXt + bX2) 

where X,· is the mole fraction of component i, and the values of a and b are equal to 
0.34435 times the cationic charge of components 1 and 2, respectively. The quantities 
yt- are equivalent fractions which for component 2 is given by the expression y 2 = 
bX2/(aXi + bX 2 ) and Κ is given by the equation 

Λ K-\ + 2yx K-\ + 2y2 

vAK + l) υο(Κ +1 ) (2) 

Κ = 1 + 4yiy2l**p(Wl2/RT) - l ] 1/ 2 (3) 

where W J 2 is an energy which is takeo to be dependent on temperature and is written 
as a polynominal in concentration 

W i 2 = Σ ( Λ * - Τ β * ) ^ (4) 

where no more than four values of k chosen between 1 and 7 were found to be needed 
and where we generally take the component 2 to be more acid than component 1. 

Al l these quantities define the number of the 1-1, 2-2, and 1-2 bonds in the quasi-
chemical model, n n , n22, and n i 2 . The total number of bonds to each component 1 
cation is 2a and to component 2, 2b so that if n, is the number of moles of component 
i, then 

απχ = n n + n 1 2 /2 (5) 
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188 M I N E R A L M A T T E R A N D A S H IN C O A L 

6fl2
 = Π22 + Λ12/2 

and if the fraction of ij bonds, X,*y = n#/ Σ n»i> ^ n e n 

X i i = y i - X i 2 / 2 (6) 

and the distribution of bonds is governed by the equation 

(X\2lXxlX22) = 4cxp(-W12/RT) = a\2 (7) 

The solutions to Eqs. (6) and (7) can be used to calculate the molar excess free energy 
from the equation 

^ - r f ^ + I X i f t , ^ (8) 

which is equivalent to Eq. (2). The equations are somewhat more complex for ternary 
systems with the two equations of Eq. (6) replaced by the three equations 

X n = V i - X i 2 / 2 - J W 2 (9) 

X 2 2 = y 2 - X 1 2 / 2 - X 2 3 / 2 

Xzz = y*-Xis/2-X2s/2 

where now, for example, y 3 = cXs/(aXi + bX 2 + cXj). In addition there are three 
equations replacing Eq. (7) of the form 

(XyXiiXjj) - 4 = 4cxp(-Wi}/RT) (10) 

By substituting Eq. (9) into Eq. (10), one obtains three simultaneous equations with 
three unknowns which can be solved numerically. The power series representation of 
the three values of W,y can be approximated in several ways. For systems with only one 
acid component (e.g., silica) and with the remaining components being basic, a logical 
representation is the "asymmetric approximation." If we choose S1O2 to be component 
1, then we set 

W12 — c 0 + ciKi + c2y\ + · · · (11) 

H r i S = cO + c' 1y 1-r-c 2yî + - . . 

and 

^23 = ^0 + ^ 2 3 + # 2 3 + · " 

where t,y = yj/(y% + yy). The coefficients ct- contain a constant and a temperature 
dependent term. 
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14. BLANDER AND PELTON Thermodynamic Properties of Molten Slags 189 

The molar excess free energy of the ternary system is given by the expression 

g = aXltn*± + bX2tn^f + cXztn^f (12) 
R T y\ vl vl 

With the equations we have given, one can calculate the properties of a ternary 
system based on the properties of the three subsidiary binaries. This approximation 
leads to very good representations of ternary data. (8) 

For binary systems, the parameters hy and sy are deduced from a complex optimiza­
tion procedure which performs a global and simultaneous analysis of all thermodynamic 
data on a system. This includes liquidus phase diagrams, activity data, data on mis-
cibility gaps, enthalpies of fusion, free energies of formation of compounds, etc. The 
small set of resultant parameters (seven at most in the systems considered including 
temperature coefficients) are then used to recalculate the input data to double check the 
accuracy of the curve fitting procedure as well as the efficacy of the use of the equations 
for representing the data. The results were generally very good. For multicomponent 
systems, we used the asymmetric approximation given in Eq.(ll ) . When silica is the 
only acid component, the predictions based on this approximation were in very good 
agreement with measured data. (8) A partial theoretical justification for such a method 
can be based on theories for ternary systems. (8-9) 

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, Na 2 0 , A l 2 Os, and S i 0 2 . 
(7^8) (Table I) 

Table I 
Systems Which Have Been Analyzed 

Binary Systems Ternary Systems 

CaO -S i0 2 CaO-A10i.5 CaO-A10! . 5 -S i0 2 

FeO-S i0 2 NaO 0 .5 -A lOi .5 NaO 0 .5 -CaO-SiO 2 

MgO-S i0 2 MgO-FeO NaOo.s-AlOLs-SiOjî 
NaO 0 .s -SiO 2 MgO-CaO CaO-FeO-Si0 2 

AlO 0 . s -S iO 2 CaO-FeO CaO-MgO-S i0 2 

MgO-FeO-Si0 2 

We illustrate our calculations for one ternary system below. The analysis of the 
three binary subsystems and the ternary system CaO-FeO-Si0 2 was performed using 
as input the liquidus phase diagram, (10) activities of CaO, (11) and S i 0 2 (12) , the 
free energies of formation of CaSiOj and Ca 2 Si04, (13) and the miscibility gap (M) 
in the CaO -S i0 2 system, measured activities of FeO in the CaO-FeO system, (15) and 
the activities of FeO, (16-18) the phase diagram (19) and the free energy of formation 
of F e 2 S i 0 4 (13) in the FeO-S i0 2 system. To illustrate some of the results, we exhibit 
(1) the calculated phase diagram of the FeO-Si0 2 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-Si0 2 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 figure illustrates 
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Figure 1. Calculated phase diagram of the FeO-S i0 2 system. Numbers in paren­
theses are measured values from Muan and Osborne (1Q) and Robie, et al. (13) 

S I 0 2 ( W E I G H T P E R C E N T ) 

Figure 2. Activities of u Fe O n measured in iron saturated molten FeO-Si02 at 
1325°C ( Δ ) (17) , 1785°C (O) (10), 1880°C ( O ) (1£) , and 196O°C (•) (1£) . The 
two solid lines represent calculated points at 1325°C and 1880°C. The filled circles 
along one solid line represent individual calculated points and the three filled circles 
labeled I960, 1880, and 1785 represent calculated points at three temperatures and 
fixed composition which illustrate the calculated temperature dependence. 
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14. BLANDER AND PELTON Thermodynamic Properties of Molten Slags 191 

Figure 3. Activities of FeO in iron saturated CaO-FeO-S i0 2 at 1550°C. Dashed lines 
are from Timucin and Morris ( 2 Q ) and the solid lines represent our calculations. 
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192 MINERAL MATTER AND ASH IN COAL 

the correspondence between calculated and measured values (2Q) of the activities of 
FeO in the CaO-FeO-Si02 system. The differences are well within the uncertainties in 
the measurements. We find that this method essentially permits us to make predictions 
in ternary systems based solely on data for the three subsidiary binary systems for cases 
in which silica is the only acid component. When alumina and silica were both present, 
a more complex representation was necessary. 

The good correspondence of calculations with the complex concentration depen­
dence of activities in the CaO-FeO-Si02 system illustrates the fact that our equations 
properly take into account the kinds of ternary interaction terms known to exist in 
such systems. (8,9,21) 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 developed for molten salt solutions can be 
used to correlate the thermodynamic properties of silicates. (fi) Coulomb interactions 
lead to a dependence 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 + , R b + , C s + , and M g + + , C a + + , S r + + , and Ba++. In addition, solutions with 
monovalent alkali oxides should exhibit more negative deviations from ideality than 
those with 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 dissolution 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 M n 2 + which has a half filled shell for example, should be much 
less positive than for F e 2 + . 

The data for testing these influences on solution behavior are too sparse to reach 
quantitative 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, Mn 2+, P b 2 + , M g 2 * , C a 2 + . (1,7,9,22) In this view, ligand 
field effects lead to F e 2 + preceding M n 2 + and M n 2 + preceding even M g 2 + which has a 
smaller radius; dispersion interactions lead to P b 2 + preceding even Mg2"*" even though its 
radius is even larger than Ca2"** and Sr2"*"; 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 mak­
ing 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 
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14. BLANDER AND PELTON Thermodynamic Properties of Molten Slags 193 

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 to calculate thermodynamic 
properties at unmeasured temperatures and compositions. 

3. We can theoretically justify an "asymmetric11 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. It appears likely that 
such predictions would be valid for multicomponent systems. 

4. A preliminary examination of themodynamic data on silicates indicates that 
correlations developed for molten salts may be useful in understanding and 
ultimately in predicting magnitudes of the thermodynamic solution properties 
of silicates. 
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15 
Estimation of Physicochemical Properties of Coal Slags 
and Ashes 

K. C. Mills 

National Physical Laboratory, Teddington, Middlesex TW11 OLW, United Kingdom 

The various methods available for estimating the melting 
range, viscosity, density, surface tension, heat 
capacity, enthalpy, thermal conductivity, absorption 
coefficient and emissivity of coal slags and ashes are 
reviewed and evaluated. New routines for estimating the 
density, surface tension, heat capacity and enthalpy of 
coal slags from their chemical composition are presented 
and assessed. It was concluded that the distribution of 
iron in the slag between free Fe, FeO and Fe 2O 3 was 
very important as virtually every physical property of 
the slag was greatly influenced by this factor. 

Slags formed during the g a s i f i c a t i o n of coal u s u a l l y contain S 1 O 2 , 
A I 2 O 3 , i r o n oxidesj CaO, N a 2 0 and K 2 0 with minor amounts of various 
other oxides. A knowledge of the physico-chemical p r o p e r t i e s of 
these slags can improve the c o n t r o l of the process eg. the amount 
of f l u x required to b r i n g the s l a g v i s c o s i t y to a l e v e l s u i t a b l e 
f o r tapping can be c a l c u l a t e d from vi s c o s i t y - c o m p o s i t i o n r e l a t i o n s . 
P h y s i c a l property data f o r the coal slags can also improve process 
design by prov i d i n g input values f o r mathematical models of the 
process eg. thermal p r o p e r t i e s of the slags are needed f o r heat 
balance c a l c u l a t i o n s . There i s an appreciable v a r i a t i o n i n the 
composition of slags formed from various coals and even from 
d i f f e r e n t batches of the same stock on occasions and these composi­
t i o n a l v a r i a t i o n s can give r i s e to considerable d i f f e r e n c e s i n the 
ph y s i c a l p r o p e r t i e s . As the chemical a n a l y s i s i s frequently a v a i l ­
able on a routine basis i t would be p a r t i c u l a r l y d e s i r a b l e to have 
r e l i a b l e models f o r the p r e d i c t i o n of physico-chemical pr o p e r t i e s 
from t h e i r chemical composition. Furthermore such models would 
have the fu r t h e r advantage that the need f o r arduous i n t e r p o l a t i o n s 
on pseudo-ternary p l o t s f o r slags, which are r e a l l y multicomponent 
and i n t e r a c t i v e systems, would be eliminated. 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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196 MINERAL MATTER AND ASH IN COAL 

The p r o p e r t i e s of slags are dependent not only upon chemical 
composition, but upon other f a c t o r s a l s o . The most pronounced 
deviations from a d d i t i v i t y r u l e s based on composition a r i s e i n the 
estimation of those p r o p e r t i e s which involve i o n i c transport eg. 
e l e c t r i c a l c o n d u c t i v i t y . However surface tension values estimated 
from a d d i t i v i t y r u l e s are frequently i n e r r o r as bulk thermo­
dynamic p r o p e r t i e s do not apply at surfaces. Furthermore, v i r t u a l l y 
a l l the p h y s i c a l p r o p e r t i e s of slags are, to some extent, dependent 
upon the st r u c t u r e of the s l a g ( v i z . the length of s i l i c a t e chains, 
degree of c r y s t a l l i n i t y etc.) thus estimation procedures have to 
accommodate these s t r u c t u r a l f a c t o r s , where p o s s i b l e . 

There i s only a l i m i t e d amount of p h y s i c a l property data 
a v a i l a b l e f o r c o a l slags and consequently i t has been necessary to 
examine a much broader range of s i l i c a t e s i n c l u d i n g magmatic l i q u i d s 
and those slags encountered i n steelmaking, glassmaking and non-
ferrous processes. Thus the models described here should have a 
much wider range of a p p l i c a b i l i t y . 

A c r i t i c a l evaluation of the extant p h y s i c a l property data has 
shown that v i r t u a l l y every p h y s i c a l property i s markedly dependent 
upon the d i s t r i b u t i o n of i r o n i n the s l a g between FeO, Fe203 and 
free i r o n . Frequently these d i s t r i b u t i o n s are not reported and 
appropriate values cannot r e a d i l y be pr e d i c t e d since the oxidation 
state depends upon ( i ) the p a r t i a l pressure of oxygen, P Q 2 ^ ( ϋ ) 
temperature (JL) » T a n c * ( i i i ) the nature of the other oxides present, 
thus CaO, Na20 and K 2 0 ^ ^ increase the amount of F e 2 0 3 while 
S 1 O 2 increases the amount of FeO. Even when the i r o n d i s t r i b u t i o n s 
are given the values are vulnerable to e r r o r owing to d i f f i c u l t i e s 
i n chemical a n a l y s i s and the p o s s i b i l i t y of some r e d i s t r i b u t i o n of 
the Fe/Fe 2 + / F e ^ + r a t i o s during the quench. Nevertheless i t i s 
strongly recommended that a l l future p h y s i c a l property determin­
ations on coal slags should be accompanied by chemical a n a l y s i s f o r 
F e ( f r e e ) , FeO and Fe20 3 on the quenched specimen. 

Models f o r Estimating Physico-Chemical P r o p e r t i e s . 

Melting Range 

Empir i c a l r u l e s have been f o r m u l a t e d f o r the estimation of 
melting range on the basis of the b a s i c i t y of the s l a g or ash. How­
ever the various constants used i n the c a l c u l a t i o n s are ap p l i c a b l e 
to very narrow compositional ranges and thus a large number of 
constants are required to represent the slags formed from d i f f e r e n t 
c o a l s . 

A more u n i v e r s a l approach has been adopted by Gaye^Z^^) who 
expressed, the dependency of l i q u i d u s temperature, T u q , upon 
chemical composition as polynomials f o r each of the phases (or 
compounds) formed by the s l a g . The maximum c a l c u l a t e d value of 
^ l i q f ° r "the various phases i s the T ^ q value. Good agreement was 
obtained between the c a l c u l a t e d and experimental values f o r T ^ q 
f o r the systems, S i 0 2 + A I 2 O 3 + MgO + FeO and S 1 O 2 + A 1 2 0 3 + MgO+CaQ. 
However development of t h i s model to cover the multicomponent coal 
slags could prove d i f f i c u l t . 
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15. MILLS Physicochemical Properties of Slags and Ashes 197 

A second model due to Gaye (9.) would appear to o f f e r more 
promise; i t i s based on the Kapoor-Frohberg model f o r the estim­
a t i o n of a c t i v i t i e s and assumes that both a c i d i c and basic oxides 
are made up of symmetrical c e l l s and these i n t e r a c t to form assym-
me t r i c a l c e l l s . The a c t i v i t i e s of the various oxides c a l c u l a t e d 
f o r quaternary slags with t h i s model are i n e x c e l l e n t agreement with 
those determined experimentally. Values of T ^ q f o r a given com­
p o s i t i o n can be derived by determining the temperature at which the 
s o l i d phase formed has an a c t i v i t y of one. The model has been 
developed f o r systems based on seven components, S 1 O 2 1 A I 2 O 3 , CaO, 
MgO, FeO, Fe203 and MnO. The model w i l l have to be enlarged to 
include Na 20 etc before i t can be used f o r the r e l i a b l e estimation 
of T ^ i q of c o a l slags but i t would seem to have considerable 
promise and has the decided advantage that a c t i v i t y data f o r the 
various component oxides are als o produced. 

V i s c o s i t y (η). Several models have been reported f o r the estimation 
of v i s c o s i t i e s (η) of s i l i c a t e melts to cover the compositional 
ranges of glasses ( i 2 > i i ) steelmaking slags (12*14), magmas^~~IS) 
and coal slags and ashes(12~24). The temperature (T) dependence of 
the v i s c o s i t y i s expressed i n the form of the Arrhenius r e l a t i o n ­
ship (equation 1) or the Frenkel r e l a t i o n s h i p (equation 2 which i s 
sometimes known as the Weymann equation) where A and Β are con­
stants, Ε i s the a c t i v a t i o n energy and R i s the Gas Constant. 

η= A exp (E/RT) (1) 
η= AT exp (B/RT) (2) 

Estimated v i s c o s i t i e s have been c a l c u l a t e d using these various 
models and the c l o s e s t agreement with experimental values was 
obtained with the models due to Riboud et a l and Urbain et a l 
(Γ7)(18). These estimation procedures use the Frenkel r e l a t i o n s h i p 
and thus t h e i r s u p e r i o r i t y may be l a r g e l y due to the use of equation 
(2). The model due to Schobert which involves pétrographie c l a s s ­
i f i c a t i o n has not been assessed and t h i s procedure may provide 
r e l i a b l e estimates of v i s c o s i t y f o r c o a l slags but could not be 
applied to slags covering a wide range of composition. Thus e f f o r t 
i n the present study was focussed predominantly on the Riboud and 
Urbain models. 

Model due to Riboud et a l . The s l a g constituents are c l a s ­
s i f i e d i n f i v e d i f f e r e n t categories i n t h i s model. The mole 
f r a c t i o n s (x) f o r those categories being given by 
( i ) x ( " S i 0 2

M ) = x ( S i 0 2 ) + X ( P 0 2 i 5 ) + x ( T i 0 2 ) + x ( Z r 0 2 ) 
( i i ) x("CaO") = x(CaO) + x(MgO) + x(FeO) + x ( F e 0 l e 5 ) 
( i i i ) x ( A l 2 0 3 ) 
( i v ) x(CaF 2) and 
(v) x("Na 20") = x(Na 20) + x(K 20). 
The parameters A and Β of equation (2) are c a l c u l a t e d from the mole 
f r a c t i o n of the f i v e categories by using equations (3) and (4) and the 

A = exp(-19.81+1.73x("CaO")+5.82x(CaF 2)+7.02x(Na 20)-33.76x(A1 20 3)(3) 
Β =+31140-23896x("Ca0")-46356x(CaF 2)-39159x("Na 20")+68833x(Al 20 3)(4) 
v i s c o s i t y f o r the temperatures i n question by use of equation 2. 
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198 MINERAL MATTER AND ASH IN COAL 

Model due to Urbain et a l ^ Q ) . In t h i s model the parameters A and 
Β are c a l c u l a t e d by d i v i d i n g the s l a g c onstituents i n t o three 
categories ( i ) "glass formers", X Q = x ( S i 0 2 ) + x(P205) ( i i ) 
"modifiers", x M = x(CaO) + x(MgO) + x(Na 20) + x(K20) + 3x(CaF2) 
+ x(FeO) + x(MnO) + 2 x ( T i 0 2 ) + 2x(Zr02) and ( i i i ) "amphoterics", 
x A = x ( A l 2 0 3 ) + x ( F e 2 0 3 ) + x ( B 2 0 3 ) . 

However we consider that F e 2 0 3 behaves more l i k e a modifier than 
an amphoteric and i n our r e v i s e d programme 1.5 x(Fe0^ e5) has been 
added to xjyj and x ( F e 2 0 3 ) removed from x^. "Normalized" values X Q * 
and xjyj* and x^* are obtained by d i v i d i n g the mole f r a c t i o n s , X Q , X M 

and x A by the term (1 + 2x(CaF 2) + 0.5 x(Fe0i.5) + x ( T i 0 2 ) + 
x ( Z r 0 2 ) ) . Urbain proposed that the parameter Β was influenced both 
by the r a t i o , β = xjJj/Ujyj + xj) and by xg. The parameter Β can be 
expressed i n the form of equation (5) where B-p B 2 and B 3 can be 
obtained by equation (6). 

Β = B o + Β χ χ £ + B 2 ( x * ) 2
 + B 3 ( x * ) 3 (5) 

B. = a. + b.p + c . p 2 (6) 

B 0, B^ B 2 and B 3 can be c a l c u l a t e d from the equations l i s t e d i n 
Table I and these parameters are then introduced i n t o equation (5) 
to c a l c u l a t e B. The parameter A can be c a l c u l a t e d from Β by 
equation (7) and the v i s c o s i t y of the s l a g ( i n PaS) can then be 
determined using equation(8). 

- InA = 0.2693 Β + 11.6725 (7) 

η = 0.1 AT exp (10 3 B/T) (8) 

Table I. The r e l a t i o n s h i p of B Q > Βχ, B 2 and B 3 with the f u n c t i o n β 

Β 
ο 

= 13.8 + 39.9355 β - 44.049 p 
2 
ι 

Β ι = 30.481 - 117.1505 ( J + 129.9978 β 
2 

B2 =-40.9429 + 234.0486 ρ \ - 300.04 ρ ι2 

B 3 = 60.7619 - 153.9276 {J \ + 211.1616 β 
2 

M o d i f i c a t i o n s to the Urbain Model. Urbain — . has r e c e n t l y modified 
the model to c a l c u l a t e separate Β values f o r d i f f e r e n t i n d i v i d u a l 
modifiers, CaO, MgO and MnO. The g l o b a l Β value f o r a s l a g con­
t a i n i n g a l l three oxides can be derived using equation (9) 

x(Ca0)B(Ca0) + x(Mg0)B(Mg0) + x(Mn0)B(Mn0) 
Β(global)= 

x(Ca0) + x(Mg0) + x(Mn0) 
(9) 
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15. MILLS Physicochemical Properties of Slags and Ashes 199 

\ -L J , Ι Ο ) 
Assessment of the V i s c o s i t y Models. These two models have"— —- been 
used to c a l c u l a t e the v i s c o s i t i e s of slags with widely-varying 
compositions and i t has been found that both give values which agree 
well with experiment. The model of Urbain gives a s l i g h t l y b e t t e r 
f i t than the Riboud model. The discrepancies between the e x p e r i ­
mental values and the pre d i c t e d values are of the order of + 30% 
which are of s i m i l a r magnitude to the experimental u n c e r t a i n t i e s f o r 
v i s c o s i t y measurements. 
Density ( p ) 

(25) 
Recently Keene — has reported that the density at 1673K of molten 
slags can be obtained within + 5% using the equation(10) 

p 
= 2.49 + 0.012 (% FeO + % F e ^ + % MnO + % NiO) (10) 

gem 

An a d d i t i v e method f o r the estimation of d e n s i t i e s (p) i n slags 
has been widely used f o r some time (26,27). i n t h i s method, the 
molar volume, V, can be obtained from equations (11) and (12) below 
where Μ, χ and 7 are the molecular weight, mole f r a c t i o n and the 
p a r t i a l molar volume, r e s p e c t i v e l y , and 1, 2 and 3 denote the 
various oxide constituents of the s l a g . 

V = Μ χ χ χ + M 2x 2 + M 3x 3/ ρ (11) 

V = x l V l + x 2 V 2 + x 3 V 3 (12) 

The p a r t i a l molar volume i s u s u a l l y assumed to be equal to the 
molar volume of the pure component (V°). Bottinga and W e i l l (.£§) 
produced a s e r i e s of values of V f o r various oxides assuming a 
constant value f o r V(Si02) and i t was claimed that good estimations 
of the density could be obtained f o r compositions containing between 
40 and 80% Si0 2« Two more recent studies(JL?)(30)also concluded that 
V ( S 1 O 2 ) was independent of composition and have r e v i s e d the V 
values f o r the various oxides. However i t has been pointed out 
(31f32) that the density of the s l a g i s also r e l a t e d to i t s 
s t r u c t u r e . S i l i c a t e slags contain a mixture of chains, r i n g s and 
basic s i l i c a t e u n i t s , which are dependent upon the s i l i c a con­
c e n t r a t i o n and upon the nature of the cations present. Thus the 
de n s i t i e s of s i l i c a t e slags estimated using a constant value f o r 
V ( S i 0 2 ) w i l l be subject to e r r o r as the arrangement of these 
s i l i c a t e chains v a r i e s with s i l i c a concentration. 

Furthermore Grau and Masson(^J) pointed out that f o r the 
s e r i e s , M0, M 2 S i 0 4 , M 3Si 207, the p a r t i a l molar volume of S i 0 2 i s 
not constant. They c a l c u l a t e d a Δ ν term f o r the d i f f e r e n c e s 
between any two members of the s e r i e s and i n t h i s way, c a l c u l a t e d 
values were derived f o r the systems FeO + S i 0 2 , PbO + S i 0 2 , FeO 
+ MnO + S i 0 2 and FeO + CaO + S i 0 2 , f o r compositions i n the range 
x S i 0 2 = t o 1·0· However t h i s method i s not s u i t a b l e f o r 
c a l c u l a t i n g d e n s i t i e s of multicomponent systems. 

Very r e c e n t l y , Bottinga et al(33.) have presented a model i n 
which the p a r t i a l molar volumes of a l u m i n a - s i l i c a t e l i q u i d s were 
considered to be composition-dependent. 
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200 MINERAL MATTER AND ASH IN COAL 

New Model f o r C a l c u l a t i n g the D e n s i t i e s of Slags. Slags containing 
S i 0 2 , Al 2°3 and P 2 O 5 c o n s i s t of chains, r i n g s and complexes which 
are dependent upon the amount and nature of the cations present. 
Thus i t i s necessary to make the p a r t i a l molar volumes dependent 
upon composition f o r oxides of t h i s type. I f i n a binary system, 
equation (12) were a p p l i c a b l e and i f = V± i e . V i s independent of 
composition, then the curve of V as a f u n c t i o n of composition w i l l 
be that shown by the s o l i d l i n e i n Figure l a and the two x^V^ con­
t r i b u t i o n s by the dotted l i n e s . I f we now consider a binary 
s i l i c a t e system the molar volume (V) would have the form shown as a 
s o l i d l i n e i n Figure l b . I t i s reasonable to assume that V(MyO) i s 
independent of composition and would have the form of xiV^ i n 
Figure l b . The parameter x 2

v
2 can be derived f o r S i 0 2 by use of 

equation (13) below. 

x 2 V 2 = V - x 1 V 1 (13) 

Thus X 2 V
2 w i l l have the form of the curve shown i n Figure l b . 

I t i s p o s s i b l e to derive xV f o r S i 0 2 i n ternary and quaternary slags 
by using equation (14). Values f o r xV ( S i 0 2 ) have been derived 
using experimental density data f o r the systems, FeO + S i 0 2 , CaO + 
S i 0 2 , MnO + S i 0 2 , Na 20 + S i 0 2 , K 20 + S i 0 2 and CaO + FeO + S i 0 2 and 
are p l o t t e d against x ( S i 0 2 ) i n Figure 2. I t can be seen from t h i s 
f i g u r e that there i s e x c e l l e n t agreement between the xV(Si0 2) 
c a l c u l a t e d from d i f f e r e n t sources, with the exception of that f o r 
the MnO + S i 0 2 system. However the r e l i a b i l i t y of the experimental 
data f o r t h i s system, have been questioned p r e v i o u s l y . From t h i s 
curve f o r xV(Si0 2) we can derive the r e l a t i o n s h i p , V ( S i 0 2 ) = 19.55 
+ 7.966.x(Si0 2)· The recommended values f o r V f o r the various 
oxides at 1500 °C are given i n Table I I . 

xV(Si0 2) = V - x 1 V 1 - x 2 V 2 - x 3 V 3 ( 1 4 ) 

Values f o r xV (Al 203) were determined i n a s i m i l a r manner by using 
experimental density data f o r the systems, CaO + A l 2 0 3 , CaF 2 + 
A1 20 3, S i 0 2 + A1 20 3, MgO + CaO + A 1 2 0 3 and MnO + S i 0 2 + A1 20 3- The 
xV (A1 20 3) r e s u l t s are p l o t t e d i n Figure 3 and the r e l a t i o n s h i p 
V (A1 20 3) = 28.31 + 32 x ( A l 2 0 3 ) - 31.45 χ 2 ( Α 1 2 0 3 ) was derived from 
t h i s curve. 
There are few experimental data f o r the density of phosphate slags 
but xV(P 20 5) values were derived from data f o r the systems CaO + FeO 
+ P 2 O 5 and Na 20 + P 2 O 5 . A constant value of V = 65.7 cm3 m o l - 1 was 
obtained from the s e l e c t e d l i n e a r r e l a t i o n s h i p . 

In order to provide a temperature c o e f f i c i e n t , the temperature 
dependencies of the molar volumes (dV/dT) of many s l a g systems were 
examined and a mean value of 0.01% K - 1 was adopted. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
5



MILLS Physicochemical Properties of Slags and Ashes 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
5



202 MINERAL MATTER AND ASH IN COAL 

Table I I . Recommended values f o r the p a r t i a l molar volumes, V, 
of various s l a g constituents at 1500 °C 

S i 0 2 19.55 + 7.966 x(Si02) FeO 15.8 
A 1 2 0 3 28.31 + 32 χ(Α1 20 3)-31.45 χ 2 ( A 1 2 0 3 ) F e 2 0 3 38.4 CaF 2 31.3 
CaO 20.7 MnO 15.6 P 2 O 5 65.7 
MgO 16.1 Na 20 33 T i 0 2 24 

Units of V = cm mol =10 m mol 

Assessment of density models. An a n a l y s i s of the u n c e r t a i n t i e s 
associated with the estimation of d e n s i t i e s with t h i s model has not 
yet been completed. However on the basis of those values obtained 
so f a r the standard d e v i a t i o n of the f a c t o r ( p e s t " pexpt/ pexpt) 
i s between 1 and 2% and l e s s than that recorded using the method due 
to Bottinga et a l (J£). The experimental u n c e r t a i n t i e s assoc­
i a t e d with density measurements f o r slags are ca. + 2%. 

Surface Tension (Y) 

Methods f o r estimating the surface tension o f ^ s l a g s based on the 
a d d i t i o n of the p a r t i a l molar c o n t r i b u t i o n s (Y) of the i n d i v i d u a l 
constituents have been reported by Appen (34) by Boni and Derge (35) 
and by Popel (36). A l l these methods make use of equation (15) 
where 1, 2, 3 etc denote the various s l a g c o n s t i t u e n t s . 

Υ = χ 1 Ϋ 1 + χ 2 Ϋ 2 + χ 3 Ϋ 3 + (15) 

Values of Yi are often taken to be the surface tension of the pure 
components, γ ° , and have also been obtained by i t e r a t i v e procedures. 
Figure 4a shows a t y p i c a l c l o t of Y as a f u n c t i o n of χ f o r a binary 
s l a g and the i n d i v i d u a l X i Y i c o n t r i b u t i o n s have also been included. 
These methods work well f o r c e r t a i n s l a g mixtures but break down 
when su r f a c e - a c t i v e constituents, such as Ρ 2 Ο 5 » are present. These 
components migrate p r e f e r e n t i a l l y to the surface and cause a sharp 
decrease i n the surface tension and consequently only very small 
concentrations are required to cause an appreciable decrease i n Y. 
Thus some unreported or undetected impurity could have a marked 
e f f e c t on the surface tension of the s l a g and thereby produce an 
apparent e r r o r i n the value estimated by the model. In t h i s respect 
surface tension d i f f e r s from a l l the other p h y s i c a l p r o p e r t i e s which 
are e s s e n t i a l l y bulk p r o p e r t i e s . 

New Model f o r C a l c u l a t i n g the Surface Tension of Slags. Figure 4a 
shows the surface tension of two s l a g c o n s t i t u e n t s which are not 
surface a c t i v e . For a binary mixture with one surface a c t i v e 
component the surface tension-composition r e l a t i o n s h i p w i l l have the 
form of that shown i n Figure 4b where 2 denotes the s u r f a c e - a c t i v e 
c o n s t i t u e n t . J^f we assume that χY f o r component 1 i s unaffected, 
then the term Y 2 x 2 , t n e p a r t i a l molar c o n t r i b u t i o n of the surface 
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MILLS Physicochemical Properties of Slags and Ashes 

2 

Figure 4 The composition dependence of Ύ, X/Y^> a n d 
X2^2 ^ i n a r y s^-a8 systems with (a) non-surface-active 
constituents and (b) one surface-active c onstituent. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
5



204 MINERAL MATTER AND ASH IN COAL 

ac t i v e m a t e r i a l . can be c a l c u l a t e d by equation (16) below. The 
term ( X 2 Y 2 ) can s i m i l a r l y be c a l c u l a t e d f o r ternary and quaternary 
systems pr o v i d i n g there i s only one surface a c t i v e component. 

x 2Y 2 = Υ - Χ χ Υλ (16) 

The compositional dependence of the ( x 2 Y 2 ) term is^shown i n Figure 
4b and i t should be noted that as x 2 —+ 1 then χ 2 Υ 2 — * γ 2 . Values of 
(xY) f o r various surface a c t i v e materials derived from experimental 
surface tension data are shown i n Figure 5. i t i s p o s s i b l e to deal 
with the compositional dependence of these (xY). Values by con­
s i d e r i n g two curves v i z . one operating up to the point Ν and the 
other representing values of χ where χ >N. The p a r t i a l surface 
tension f o r non-surface a c t i v e constituents i s shown i n Table I I I 
and the equations f o r c a l c u l a t i n g Y f o r surface a c t i v e components 
and values of Ν are given i n Table IV. Thexe i s a considerable 
discrepancy i n the r e l a t i o n s h i p s between x 2 Y 2

 a n ( * x2 f o r B2°3 
obtained from experimental data on two d i f f e r e n t systems, and a mean 
value has been adopted u n t i l f u r t h e r data become a v a i l a b l e . 

Table I I I . P a r t i a l molar surface tension, Υ , at 1500 °C 
f o r d i f f e r e n t s l a g constituents 

Oxide S i 0 2 CaO A 1 2 0 3 MgO FeO MnO T i 0 2 

Y /mNm-1 260 625 655 635 645 645 360 

Table IV. Values of χ Y at 1500 °C f o r s u r f a c e - a c t i v e constituents 

Slag x-jYi f o r x < Ν Ν X i Y i f o r x>N 
Constituent 

F e 2 0 3 -3.7 - 2972 χ + 14312 χ 2 0.125 -216.2 + 516.2 χ 
Na 20 0.8 - 1388 χ - 6723 χ 2 0.115 -115.9 + 412.9 χ 
Κ 2 0 0.8 - 1388 χ - 6723 χ 2 0.115 - 94.5 + 254.5 χ 
Ρ 2 0 5 -5.2 - 3454 χ + 22178 χ 2 0.12 -142.5 + 167.5 χ 
Β 2 0 3 -5.2 - 3454 χ + 22178 χ 2 0.10 -155.3 + 265.3 χ 
C r 2 0 3 - 1248 χ + 8735 χ 2 0.05 - 84.2 + 884.2 χ 
CaF 2 -2 - 934 χ + 4769 χ 2 0.13 - 92.5 + 382.5 χ 
S -0.8 - 3540 χ + 55220 χ 2 0.04 - 70.8 + 420.8 χ 

The reported values of (dY/dT) f o r various s l a g systems were 
examined and a mean value of -0.15 mN m - 1 K - 1 was applied as a 
temperature c o e f f i c i e n t . 

Assessment of the Model. The standard d e v i a t i o n of the f a c t o r 
( ( Y e s t - Y e x p t ) / y e x p t ) was ca.+ 10%. Undoubtedly* much of the 
uncertainty a r i s e s from experimental e r r o r s , where the e f f e c t of 
unreported surface a c t i v e impurities and the nature of the gaseous 
atmosphere could have a marked e f f e c t on the value of surface 
tension. Another major source of e r r o r i s the amount of Fe 203 
present i n the s l a g , and t h i s i n v e s t i g a t i o n has shown c l e a r l y that 
F e 2 0 3 i s very surface a c t i v e . Few i n v e s t i g a t o r s report the 
(Fe3+/Fe 2+) r a t i o which i s dependent upon, (ΐ)Ρθ2,(ϋ) Τ and ( i i i ) the 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
5



Figure 5 The compositional dependence of x i ? i , f o r 
various surface a c t i v e c o n s t i t u e n t s . 
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206 MINERAL MATTER AND ASH IN COAL 

nature and amount of other oxides present so even, when quoted, the 
r a t i o may be i n e r r o r . Thus, i f a decrease i n Y i s recorded 
when Na 20 i s added to the s l a g , i t i s questionable whether t h i s 
decrease i s due to an increase i n Fe 203 content or to the surface 
a c t i v i t y of the Na 20. In t h i s i n v e s t i g a t i o n , attempts were made to 
adjust Y f o r an increase i n Fe 203 content but the e f f e c t of basic 
oxides on the r a t i o i s not well documented and some e r r o r may r e s u l t . 

A major unresolved problem concerns the s i t u a t i o n where the 
s l a g contains more than one surface a c t i v e component. I t i s p o s s i b l e 
that there i s some competition f o r s i t e s on the surface and hence 
the decrease i n ^ would not be as sharp as that c a l c u l a t e d from the 
summation of (XAYA + X B ^ B ) where A and Β denote surface a c t i v e 
c o n s t i t u e n t s . In t h i s case,the model may overestimate the decrease 
i n Y . There are no extant data to confirm t h i s p o s s i b i l i t y , and 
(Na 20 + K 20) has been included as a s i n g l e c o n t r i b u t i o n i n the model. 

Thermal Properties 

The computations of the thermal losses i n the converter by conductive 
and r a d i a t i v e processes require knowledge of the f o l l o w i n g 
thermal p r o p e r t i e s , heat capacity, enthalpy, thermal c o n d u c t i v i t y , 
absorption c o e f f i c i e n t and e m i s s i v i t y . 

Heat Capacity C^ and Enthalpy (H^ - H
2 9 8 ^ 

When a s i l i c a t e l i q u i d i s cooled the s t r u c t u r e of the s o l i d formed 
i s dependent upon the c o o l i n g rate and the thermal h i s t o r y of the 
sample. Consider a l i q u i d at a temperature corresponding to the 
point C i n Figure 6, a r a p i d quench w i l l produce a glass and the 
enthalpy evolved w i l l follow the path CLGA. By contrast, a very 
slow c o o l i n g rate w i l l r e s u l t i n the formation of a c r y s t a l l i n e s l a g , 
the enthalpy e v o l u t i o n f o l l o w i n g the path CL DB. I t w i l l be noted 
from Figure 6 that (H T - H 2 g 8 ) c r y s t = (H T - H 2 g 8 ) g l a s s + A H v i t , 
where ̂ H v i t i s t n e enthalpy of the endothermic transformation of 
c r y s t a l — " g l a s s ) . The C p values f o r the various phases can be 
summarized as: 

C p ( c r y s t a l ) = C p ( g l a s s ) < C p (supercooled l i q u i d ) = C p ( l i q u i d ) 

I t can be seen from Figure 6 that at the glass temperature 
( T g l ) there i s a sudden increase i n C p (ACpS 1) as the glass t r a n s ­
forms i n t o a supercooled l i q u i d . Drop calorimetry studies on the 
glass phase at temperatures between T g^ and T ^ q w i l l produce pro­
g r e s s i v e l y more c r y s t a l l i z a t i o n as i s approached and con­
sequently the (H-p - H 2g 8) - Τ r e l a t i o n s h i p w i l l be s i m i l a r to that 
depicted by the dots i n Figure 6 and not the path, AGLC; the magni­
tude of the apparent enthalpy of f u s i o n (^H^us) w i l l be dependent 
upon the f r a c t i o n of the sample c r y s t a l l i z e d during annealing at 
temperatures between T g l and T l i q . The C p values f o r the l i q u i d and 
supercooled l i q u i d s have been reported to be constant and indepen­
dent of temperature(.22). I t follows from the t r i a n g l e GEL i n Figure 
6 that C p

g l ( T l i q - T g l ) = A H f u s . Thus, i t i s p o s s i b l e to estimate 
the enthalpy of a s l a g with a glassy s t r u c t u r e from estimates of 
c p ( g l a s s ) , C p ( l i q ) and T g l However the estimation of T g l i s 
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15. MILLS Physicochemical Properties of Slags and Ashes 207 

d i f f i c u l t as i t can vary between 700 and 1100 Κ and the various 
estimation r u l e s suggested are known to be prone to appreciable 
e r r o r s 

(38). 
Inspection of l i t e r a t u r e data (,2§» 2.9) i n d i c a t e s that 

the g l a ss transformation occurs when Cp a t t a i n s a value of ca. 
1.1 J K~ 1g" 1; t h i s r u l e has been used i n the development of the 
fol l o w i n g model f o r the estimation of (H<p - H 2 9 8 ) and C p of slags 
with a glassy s t r u c t u r e . 
The Cp f o r glass l i q u i d and supercooled l i q u i d phases can be e s t i ­
mated from the s l a g composition using p a r t i a l molar heat c a p a c i t i e s 
(Cp) as shown i n equation (17) 

C = x C + x„C + χ C + x X + ... (17) Ρ 1 P i 2 p 2 3 p 3 4 p 4 

For most materials the temperature dependence of C p i s u s u a l l y 
expressed i n the form given by equation (18) where a, b and c are 
constants 

C = a + bT - c T ~ 2 (18) 
Ρ 

The enthalpy at Τ r e l a t i v e to 298K (25 °C) i s obtained from equation 
(19) f o r the glass phase 

( H T " H 2 9 8 ) = 

298 

yCpdT = a(T-298) + |(T 2-298 2) + | -g|g (19) 

Values of a, b and c f o r the various s l a g components are given i n 
Table V and i t should be noted that the P 2 O 5 and S i n the s l a g were 
c a l c u l a t e d as CaP206 and CaS04, r e s p e c t i v e l y . The amount of CaO 
used i n the c a l c u l a t i o n of xC D (CaO) should be adjusted using the 
r e l a t i o n s h i p χ(CaO) = χ(CaO, t o t a l ) - x ( P 2 0 5 ) - x(S) to account 
f o r the CaO i n CaP 205 and CasO^ The model a l s o takes i n t o account 
the presence of free i r o n i n the s l a g . 
Carmichael et a l . (£0) have reported C p values f o r l i q u i d slags and 
these values (given i n Table V) have been adopted except i n the 
case of A l 2 0 3 and F e 2 0 3 where other values have been p r e f e r r e d . 
These values f o r C p f o r the l i q u i d phase have also been extended to 
the temperature range between Tg^ and Ί30± where a supercooled 
l i q u i d could be formed. 
Thus (H T - H 2gg) values f o r a l i q u i d s l a g at temperature Τ can be 
estimated by determining Tg^ ( i e temperature at which C p = 
1.1 J K - 1 g - 1 ) and calculating(Ηχ, - H 2 9 8 ) from equation(19) and 
(H T - H T g l ) from C p ( l i q ) . ( T - T g l ) . 
Values of C p ( g l a s s ) obtained with t h i s model l i e within 2% of the 
experimental values and the A c p ( l i q ) values also appear to agree with 
experimental data; values of C p g l at T g l c a l c u l a t e d using the model 
l i e w i thin the range of experimental values(38,39) Q f 0.15 to 0.30 
J K - 1 One major uncertainty would appear to l i e i n the 
c a l c u l a t i o n of Tg^, however i t can be shown that an er r o r i n Tg^ of 
100 Κ would only produce an e r r o r of ca. 1% i n the value of 
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208 MINERAL MATTER AND ASH IN COAL 

Table V 

Slag C p ( c r y s t ) / c a l K -1 .-1 mol 
2 

=a+bT -c/T C p ( l i q ) 
Compo­ M 3 -5 -1 -1 nent a b.10 c.10 c a l K mol 

S i 0 2 60.09 13.38 3.68 3.45 20.79 
CaO 56.08 11.67 1.08 1.56 19.3 
A 1 2 0 3 101.96 27.49 2.82 8.4 35 
MgO 40.31 10.18 1.78 1.48 21.6 
K 20 94.2 15.7 5.4 0 17.7 
Na20 61.98 15.7 5.4 0 22 
T i 0 2 79.9 17.97 0.28 4.35 26.7 
MnO 70.94 11.11 1.94 0.88 19.1 
FeO 71.85 11.66 2.0 0.67 18.3 
F e 2 0 3 159.7 23.49 18.6 3.55 45.7 
Fe 55.85 3.04 7.58 -0.6 10.5 
P 2 O 5 141.91 43.63 11.1 10.86 58 
CaF 2 78.08 14.3 7.28 -0.47 23 
S0 3 80.06 16.78 23.6 0 42 

1 c a l = 4. 184 J ; Τ i n Κ 

( H1900 - H 298) f o r the s l a g . The most serious source of e r r o r 
would thus appear to a r i s e through c r y s t a l l i z a t i o n of the sample 
during quenching, as few data are a v a i l a b l e f o r A H v i t , the 
magnitude of e r r o r s a r i s i n g from t h i s source have not been 
evaluated. 
Values of C p and enthalpy estimated by t h i s model have been 
checked recently(41) against experimental values f o r a coal s l a g 
and i t can be seen from Figure 7 that estimated values l i e within 
2% of the experimental r e s u l t s and that the enthalpy v a r i e s with 
temperature as pr e d i c t e d i n Figure 6. Enthalpies estimated f o r 
l i q u i d c o a l slags and ashes with the a i d of t h i s model were always 
found to l i e within 5% of the experimental values. However i t 
should be noted that the experimental enthalpy values obtained i n 
the temperature range between Tg^ and ^ s o i have l i t t l e s i g n i f i c a n c e 
since these r e f e r to samples with d i f f e r e n t and undefined c r y s t a l l -
i n i t i e s . 

Heat Transfer i n Slags 

Heat i s t r a n s f e r r e d through slags by a v a r i e t y of mechanisms which 
include convection, r a d i a t i o n and various thermal conduction 
processes, v i z . thermal ("phonon") c o n d u c t i v i t y , ( k c ) , e l e c t r o n i c 
c o n d u c t i v i t y (k e^) and r a d i a t i o n c o n d u c t i v i t y ( k ^ ) . Methods f o r 
estimating the various p h y s i c a l p r o p e r t i e s involved i n these 
processes are considered below. 

Thermal Conductivity (k) 

Heat i s t r a n s f e r r e d by phonons which are quanta of energy assoc­
i a t e d with each mode of v i b r a t i o n i n the sample. S c a t t e r i n g of the 
phonons causes a decrease i n the thermal c o n d u c t i v i t y and thus the 
con d u c t i v i t y ( k c) i s s e n s i t i v e to the str u c t u r e of the s l a g and 
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χ 

Τ 

Figure 6 C p and enthalpy data f o r glassy and c r y s t a l l i n e 
phases of a s l a g ; Φ- -Φ i n d i c a t e s t y p i c a l drop calorimetry 
r e s u l t s . 

Figure 7 C p and enthalpy r e s u l t s f o r a s l a g ; 
experimental values; 4 , D.S.C. r e s u l t s ; # , drop calorimetry 
r e s u l t s ; — — — — , estimated values ; — . — . , values 
extrapolated from glass phase. 
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210 MINERAL MATTER AND ASH IN COAL 

consequently those f a c t o r s a f f e c t i n g s t r u c t u r e such as the 
b a s i c i t y . Despite t h i s s t r u c t u r e dependence, estimation r u l e s 
based on the a d d i t i v i t y p r i n c i p l e (equation (20)) have been 
proposed(^2,43) β 

k = ( % i ) k ± + (%j)k + (20) 

Other models have been developed which r e l a t e k to the volume 
concentration of the oxides i n the glass (£4) a n ( j a t h i r d approach 
(45) 

r e l a t e s the thermal r e s i s t a n c e ( l / k c ) t o x̂ m-̂  where m̂  i s the 
e f f e c t i v e n e s s of the modifier of component i i n s c a t t e r i n g phonons. 

However i n c o a l slags there i s frequently an appreciable 
degree of c r y s t a l l i z a t i o n and the thermal c o n d u c t i v i t y value v a r i e s 
with the thermal h i s t o r y of the sample (£1 » ̂ 5 ), so that r u l e s 
developed f o r glasses may not be appropriate to c o a l s l a g s . Recent 
work c a r r i e d out on a large number of s i l i c a t e slags 

(47) 
i n d i c a t e d 

that the thermal d i f f u s i v i t y , a, (a=k/C p.p ) of various slags was 
independent of both composition and temperature i n the range (500-
1300 K) with a(glass) = 4.5(+ 0.5)xl0" 7 m2 s-l; a ( c r y s t ) = 6 χ 
10~ 7 m 2s" 1 and a ( l i q ) ^ a ( g l a s s ) . These data are c o n s i s t e n t with 
values reported f o r coal slags(41,46) and steelmaking slags(48). 
However, the values reported by Nauman et al(49) i n d i c a t e that at 
high FeO contents ( >20%) both k and a increase with i n c r e a s i n g FeO 
content (k = 0.8 + 1.7x10-2 (% FeO) Wm^X"1). 
Absorption C o e f f i c i e n t (Oi) 
Radiation c o n d u c t i v i t y (k R) can be the predominant mode of heat 
t r a n s f e r through semi-transport media l i k e glasses and the 
magnitude of k R i s determined l a r g e l y by the o p t i c a l p r o p e r t i e s 
such as the absorption c o e f f i c i e n t (Οί) and the r e f r a c t i v e index (n). 
The value of k R increases as the s l a g thickness (d) i s increased 
u n t i l a c r i t i c a l point i s attained, above which k R remains constant 
and independent of thickness. The s l a g i s then s a i d to be 
" o p t i c a l l y t h i c k " and t h i s c o n d i t i o n a p p l i e s when a d > 3.5 and 
values of k R can be c a l c u l a t e d using equation (21), where G i s 
the Stefan-Boltzmann constant. In recent years formulae have been 

_ 16 η 2 Τ 3 σ 
kR " 3 a u i ; 

proposed f o r the c a l c u l a t i o n of kR f o r o p t i c a l l y t h i n 
c o nditions. The absorption c o e f f i c i e n t {oc) i s markedly dependent 
upon the amounts of Fe 2+ and Mn 2 + present i n the s l a g s a t 
l e v e l s of FeO .< 5% the f o l l o w i n g r e l a t i o n s h i p can be supplied, 
a i c m " 1 ) = l l ( % F e 0 ) . Temperature appears to have l i t t l e e f f e c t on 
the absorption c o e f f i c i e n t of glasses but the absorption of magmas 
have been reported to increase with i n c r e a s i n g t e m p e r a t u r e » Ë§) β 

C r y s t a l l i z a t i o n of the s l a g w i l l r e s u l t i n a large increase i n the 
absorption (or e x t i n c t i o n ) c o e f f i c i e n t which could reduce k R to 
v i r t u a l l y zero. 
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15. MILLS Physicochemical Properties of Slags and Ashes 211 

E m i s s i v i t y (ε) 

The e m i s s i v i t y (ε) of a semi-transparent medium i s a bulk property i n 
contrast to ε (metal) which i s s o l e l y dependent upon the surface. 
On the basis of the s p e c t r a l and t o t a l normal e m i s s i v i t y data 
reported f o r coal and m e t a l l u r g i c a l slags,the value ε= 0.8 + 0.1 
can be adopted f o r coal slags i n the range (1100 - 1900 K). 

CONCLUSIONS 

1) Estimation procedures based on the chemical composition of the 
s l a g have now been developed f o r the p r e d i c t i o n of v i s c o s i t y , 
surface tension, density and heat capacity. 

2) The accuracy of these estimation routines f o r some p h y s i c a l 
p r o p e r t i e s ( e g - v i s c o s i t y , surface tension) can be improved when more 
r e l i a b l e experimental data become a v a i l a b l e . 

3) The d i s t r i b u t i o n of i r o n i n the s l a g between Fe, FeO and Fe 203 
has a pronounced e f f e c t on v i r t u a l l y a l l the p h y s i c a l p r o p e r t i e s 
and i t i s recommended that experimental data f o r the p r o p e r t i e s of 
the s l a g should always be accompanied by values f o r the d i s t r i b u t i o n 
of i r o n . 

4) The development of models f o r the p r e d i c t i o n of some p h y s i c a l 
p r o p e r t i e s (thermal c o n d u c t i v i t i e s , absorption c o e f f i c i e n t ) i s 
r e s t r i c t e d by the l i m i t e d amount o f experimental data a v a i l a b l e . 
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16 
Viscosity of Fluxes for the Continuous Casting of Steel 

W. L. McCauley and D. Apelian 

Materials Engineering, Drexel University, Philadelphia, PA 19104 

The effects of composition and temperature on the 
viscosity of oxide melts suitable for use as casting 
fluxes is discussed. A relation to express the tem­
perature dependence of viscosity for oxide melts based 
on the Clausius-Clapeyron Equation is evaluated, viz . , 
lnη = C1 + C 2 /T + C 3lnT. This relation produces a 
better description of the temperature dependence of 
fused oxides than the more familiar Arrhenius equation. 

Mold fluxes are r o u t i n e l y used i n both continuous c a s t i n g and bottom 
pouring of s t e e l . These fluxes are generally calcium s i l i c a t e based 
compositions with a l k a l i oxides [ ( L i , Na, K) 20] and f l u o r i d e s [CaF 2, 
NaF] added as f l u i d i z e r s . The compositions frequently use f l y ash 
as the base m a t e r i a l because i t provides a s i g n i f i c a n t concentration 
of s i l i c a i n a prefused form e a s i l y d i s s o l v e d as the powder melts on 
the l i q u i d s t e e l . 

A v a r i e t y of prop e r t i e s of the f l u x must be c o n t r o l l e d , i n c l u d ­
ing f u s i o n c h a r a c t e r i s t i c s ( f u s i o n temperature range and s i n t e r i n g 
c h a r a c t e r i s t i c s ) , i n s u l a t i o n c h a r a c t e r i s t i c s , flow pro p e r t i e s of the 
powder, v i s c o s i t y of the molten f l u x , and non-metallic absorption 
a b i l i t y . The v i s c o s i t y i n fluences the consumption rate of f l u x , heat 
t r a n s f e r i n the mold, and non-metallic d i s s o l u t i o n r a t e , and has been 
the subject of published and unpublished work over the l a s t ten years. 

In t h i s paper, recent work on the v i s c o s i t y of mold f l u x compo­
s i t i o n s i s reviewed, and a r e l a t i o n to describe the temperature de­
pendence of v i s c o s i t y i s discussed. This r e l a t i o n i s based on the 
Clausius-Clapeyron Equation and was o r i g i n a l l y developed by K i r c h o f f 
and Rankine to describe the temperature dependence of vapor pressure. 

Previous Work 

Several recent p u b l i c a t i o n s have discussed the e f f e c t s of composi­
t i o n a l v a r i a b l e s on the v i s c o s i t y of oxide melts f o r use as mold 
fl u x e s . Lanyi (1) measured the v i s c o s i t y of several continuous 
ca s t i n g fluxes and found that the v i s c o s i t y c o r r e l a t e d w e l l with the 
combined s i l i c a and alumina content of the f l u x . The fluxes 

0097-6156/ 86/ 0301 -0215506.00/ 0 
© 1986 American Chemical Society 
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216 MINERAL MATTER AND ASH IN COAL 

evaluated contained 30 to 55% S i 0 2 + A1 20 3, 20 to 45% CaO + MgO, 0 to 
8% FeO, 15 to 35% R 20 + F, and 0 to 5% B 2 0 3 . The v i s c o s i t y at 1300°C 
ranged from 0.06 to 3.2 Pa*s. Lanyi was a l s o able to c o r r e l a t e the 
a c t i v a t i o n energy f o r viscous flow i n the Arrhenius Equation with the 
f l u x b a s i c i t y r a t i o and v i s c o s i t y . 

McCauley and Apelian (2) measured the v i s c o s i t y of mixtures con­
t a i n i n g only S i 0 2 , A1 20 3, CaO, Na 20, and CaF 2, i n an attempt to i s o ­
l a t e the e f f e c t s of glass network modifiers and network breakers i n 
mold f l u x type compositions. V i s c o s i t y at 1300°C ranged from 0.1 to 
2.8 Pa»s. Their r e s u l t s showed that the f l u x v i s c o s i t y could be ex­
pressed as a quadratic function of the r a t i o of network forming c a t ­
ions ( s i l i c o n and aluminum) to anions (oxygen and f l u o r i n e ) . 

Riboud, et a l . (3) examined a s l i g h t l y broader range of con­
t r o l l e d chemistries than McCauley and Apelian as w e l l as several 
i n d u s t r i a l f l u x e s s i m i l a r to those used by Lanyi. Riboud used the 
Frenkel r e l a t i o n 

η = A Τ exp(B/T) (1) 

to describe both the compositional and temperature e f f e c t s on v i s ­
c o s i t y , η. In Equation 1, the v i s c o s i t y parameters, A and B, are 
expressed i n terms of the compositional values. This r e l a t i o n y i e l d s 
a predicted v i s c o s i t y w ithin 20% of the measured values over a wide 
composition range. 

Nichols (4) measured the v i s c o s i t y of several bottom pouring 
f l u x compositions. These fluxes contained only 5 to 20% a l k a l i 
oxides and f l u o r i d e s and 50 to 70% S i 0 2 + A1 20 3. V i s c o s i t y ranged 
from 5 to 80 Pa-s at 1500°C, much higher than continuous c a s t i n g 
f l u x e s . Although the c o r r e l a t i o n f a i l s f o r the lower v i s c o s i t y 
f l u x e s , Nichols also showed good c o r r e l a t i o n f o r v i s c o s i t y with the 
s i l i c a content. 

The r e s u l t s i n d i c a t e that, f o r mold f l u x oxide compositions, the 
v i s c o s i t y i s dependent on the quantity of network forming oxides 
present, p r i n c i p a l l y s i l i c a and alumina. This i s demonstrated by the 
r e s u l t s of McCauley (2) i n Figure 1. In t h i s case, i t i s the r a t i o 
of network forming ions to t o t a l anion concentration. However, as 
shown i n Figure 2, the v i s c o s i t y / r e c i p r o c a l temperature r e l a t i o n s h i p 
i s not l i n e a r and cannot be adequately represented by the Arrhenius 
Equation over a wide temperature range. 

V i s c o s i t y vs. Temperature 

V i s c o s i t y can be considered as a measure of the ease of movement of 
molecules i n a l i q u i d undergoing shear. Several f a c t o r s may i n f l u ­
ence t h i s ease of movement i n c l u d i n g molecule s i z e and intermolec-
u l a r a t t r a c t i o n , but a major f a c t o r i s the amount of space a v a i l a b l e 
between the molecules, hence, the v a r i e t y of models inco r p o r a t i n g a 
free volume term. 

The Clausius-Clapeyron equation r e l a t e s pressure with tempera­
ture, enthalpy, and volume, and has been used to develop semi-
t h e o r e t i c a l expressions of vapor pressure 05). Many p r o p e r t i e s , i n ­
cluding v i s c o s i t y , can be r e l a t e d to an energy b a r r i e r , free volume 
and temperature. The attempt here i s to express v i s c o s i t y i n the 
form of the Clausius-Clapeyron equation. 
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MCCAULEY AND APELIAN Viscosity of Casting Fluxes 

0 L _ L L _ I I I I 1 1 1 1 1 1 ί 
0.27 Q29 0.31 0.33 0.35 0.37 0 39 

Κι 

Figure 1. V i s c o s i t y at 1500°C as a fu n c t i o n of network forming 
ions f o r the fluxes i n Table I. 

TEMPERATURE CC) 
1500 1400 1300 1200 MOO 

ι ι 1 1 1 1 — I 

5.5 6.0 6.5 7.0 73 
RECIPROCAL TEMPERATURE (κ'κΚΓ4) 

Figure 2. T y p i c a l v i s c o s i t y r e s u l t s vs. r e c i p r o c a l temperature 
fo r some of the fluxes l i s t e d i n Table I. 
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218 MINERAL MATTER AND ASH IN COAL 

The Clausius-Clapeyron equation can be wr i t t e n 

dP = ΔΗ = AH 
dT TAV T(V-V 0) (2) 

where Ρ, T, and ΔΗ have t h e i r usual meaning. For t h i s d i s c u s s i o n , 
Δν i s a measure of free volume or the d i f f e r e n c e between the volume 
at temperature and the volume at some standard s t a t e , e.g., at abso­
l u t e zero or s o l i d volume at the melting point. 

Equation 2 can be r e w r i t t e n as 

d(l,nP) = AH m 

d(l/T) RAz V ; 

where Δζ = PV/RT - PVQ/RT 

Expanding ΔΗ to the s e r i e s form and i n t e g r a t i n g with respect to 1/T 
y i e l d s 

£nP = I [ a - ^ψ- + b£nT + dT + |τ2 +.... J (4) 

If the higher order terms are ignored, the expression reduces to 

£nP = A - γ + C£nT (5) 

Such a d e r i v a t i o n was o r i g i n a l l y developed and used by K i r c h o f f 
[1858] and Rankine [1849] (5) to express the temperature dependence 
of vapor pressure. I t was also s u c c e s s f u l l y used by Brostow (6) to 
express the temperature dependence of the isothermal c o m p r e s s i b i l i t y 
of a wide v a r i e t y of organic l i q u i d s , some m e t a l l i c l i q u i d s and 
water. By a s i m i l a r analogy, we have used i t to express the v i s c o s i ­
ty of l i q u i d mold f l u x e s . 

Regression A n a l y s i s 

The v i s c o s i t y of twenty f l u x compositions determined e a r l i e r (2) 
were used to evaluate the Kirchoff-Rankine Equation. The composi­
ti o n s of these fluxes are given i n Table I with a summary of the 
v i s c o s i t i e s given i n Table I I . The f l u x v i s c o s i t y data was f i t t e d 
to the Kirchoff-Rankine equation as 

Q 
η = exp(C! + -y + C 3£nT) (6) 

and to the Arrhenius Equation 

η = A exp(E/RT) (7) 

using the Marquardt method of non-linear l e a s t squares regression i n 
the S t a t i s t i c a l A n a lysis Systems [SAS] program package (7_) . The 
r e s u l t s of the regression are given i n Table I I I , with the standard 
d e v i a t i o n and an average d i f f e r e n c e between c a l c u l a t e d and measured 
values. 
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220 MINERAL MATTER AND ASH IN COAL 

Table I I . Summary of Flux V i s c o s i t i e s 

V i s c o s i t y at 
1300°C, Ns π Γ 2 

V i s c o s i t y at V i s c o s i t y at 
Flux 

V i s c o s i t y at 
1300°C, Ns π Γ 2 1400°C, Ns π Γ 2 1500°C, Ns n f 2 

1 0.395 0.230 0.135 
2 0.310 0.175 0.112 
3 0.340 0.205 0.128 
4 0.485 0.235 0.125 
5 0.290 0.190 0.088 
6 0.510 0.230 0.122 
7 0.110 0.065 0.035 
8 NA* NA* NA* 
9 0.280 0.160 0.080 

10 6.00 0.360 0.180 
11 0.270 0.150 0.114 
12 0.930 0.460 0.270 
13 1.15 0.530 0.280 
14 2.80 1.30 0.710 
15 2.40 1.30 0.725 
16 7.00 0.170 0.090 
17 0.160 0.115 0.059 
18 1.40 0.670 0.380 
19 0.250 0.130 0.094 
20 1.40 0.720 0.410 

*Not a v a i l a b l e 

In some cases, v i z . , Fluxes 5, 6 and 13 i n Table I I I , the signs 
of the c o e f f i c i e n t s are reversed, and a concave downward curve i s 
generated. This i s most l i k e l y caused by the regression being 
trapped at a l o c a l minimum i n the data and assuming convergence at 
that point. I t i s required f o r these cases that the s i z e of the r e ­
gression step should be increased to avoid the l o c a l minima, which 
SAS does not allow. Also, there may not be enough data points to 
expand the regression step as i s probably true f o r Fluxes 6 and 13. 

For the majority of fluxes evaluated, the standard d e v i a t i o n , 
s, and the average percent v a r i a t i o n , Δ%, i s lower f o r the K i r c h o f f -
Rankine f i t t e d equation vs. the Arrhenius Equation, i n d i c a t i n g a 
bett e r f i t of the experimental data. The d i f f e r e n c e i s most pro­
nounced f o r those fluxes where the n o n l i n e a r i t y of the experimental 
&ηη vs. 1/T data i s greatest. 

Discussion 

When the n o n l i n e a r i t y of the l o g v i s c o s i t y vs. r e c i p r o c a l tempera­
ture data was f i r s t observed, t e s t s were made to insure that the 
curvature was r e a l and not an a r t i f a c t of the experimental apparatus. 
Hysteresis curves and constant temperature f o r extended time t e s t s 
showed that the n o n l i n e a r i t y was not caused 0 f ; o v o l a t i l i z a t i o n 
a l k a l i or f l u o r i d e constituents or from thermal deviations i n the 
furnace setup. I t was found that the observed curvature of the data 
was not an a r t i f a c t and represented the true p h y s i c a l behavior of 
the m a t e r i a l s . The a p p l i c a t i o n of the Kirchoff-Rankine equation 
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222 MINERAL MATTER AND ASH IN COAL 

produced a more accurate description of the temperature dependence of 
viscosity. 

Additional work on liquid metals, simple chloride salts and some 
small molecule organic liquids (8) indicates that the advantage of 
the Kirchoff-Rankine equation over the Andrade-Arrhenius equation 
improves as the size of the melt species increases. The improvement 
in the description of viscosity vs. temperature for metals and simple 
salts (e.g., NaCl and BiCl 2) is not great, but for materials with 
larger melt species (e.g., silicate melts and organic liquids), there 
is a distinct improvement. 

Summary 

The evaluation of the viscosity of mold fluxes has shown that the 
viscosity is primarily controlled by the concentration of network 
forming oxides, particularly the silica content. It has also been 
demonstrated that the temperature dependence of viscosity can be 
expressed by the relation, £ηη = Cx + C 2 /T + C3£nT, derived from the 
Clausius-Clapeyron Equation. This relation produces a better de­
scription of viscosity vs. temperature than the more familiar 
Arrhenius Equation. 
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17 
Rheological Properties of Molten Kilauea Iki Basalt 
Containing Suspended Crystals 

H . C. Weed, F. J. Ryerson, and A . J. Piwinskii 

University of California, Lawrence Livermore National Laboratory, Livermore, CA 94550 

In order to model the flow behavior of molten silicate 
suspensions such as magmas and slags, the rheological 
behavior must be known as a function of the concentration 
of suspended crystals, melt composition, and external 
conditions. We have determined the viscosity and 
crystallization sequence for a Kilauea Iki basalt 
between 1250°C and 1149°C at 100 kPa total pressure and 
fO 2 corresponding to the quartz-fayalite-magnetite 
buffer in an iron-saturated Pt30Rh rotating cup. 
viscometer of the Couette type. The apparent viscosity 
varies from 9 to 879 Pa.s. The concentration of 
suspended crystals varies from 18 volume percent at 
1250°C to 59 volume percent at 1149°C. The molten 
silicate suspension shows power-law behavior: 

log |τyx| = Ao + Al log |du/dx|, 

where τyx is the shear stress and (du/dx) the shear 
rate. Since Al ≤ 1, the apparent viscosity 
decreases with increasing shear rate and the system is 
pseudoplastic. 

In order to understand the flow behavior of molten s i l i c a t e s 
containing suspended c r y s t a l s , we need to know the r h e o l o g i c a l 
properties of the system as a function of volume f r a c t i o n of the 
suspended c r y s t a l l i n e phases at appropriate temperatures, oxygen 
f u g a c i t i e s and melt compositions. Because of the widespread 
occurence of s i l i c a t e s , t h i s approach can be applied to magma 
transport during v o l c a n i c eruptions, large scale convective and 
mixing processes i n magmatic systems, and f o u l i n g of i n t e r n a l 
b o i l e r surfaces by coal ash slags i n plants burning pulverized 
c o a l . The f i r s t system we have studied i s a b a s a l t i c lava from 
Kilauea I k i , Hawaii, f o r which we have determined the 
c r y s t a l l i z a t i o n sequence and the dynamic v i s c o s i t y . 

0097-6156/ 86/0301 -0223S06.00/0 
© 1986 American Chemical Society 
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224 MINERAL MATTER AND ASH IN COAL 

Experimental Methods 

S t a r t i n g M a t e r i a l . The s t a r t i n g m a t e r i a l f o r these experiments i s 
Kilauea I k i b a s a l t fragments which have been ground i n a tungsten 
carbide shatterbox to -100 mesh and homogenized by mixing with a 
paddle and then tumbling f o r 1.5 hours. This m a t e r i a l was then 
fused i n a i r at 1400°C f o r about 3.3 hours, quenched i n deionized 
water, rinsed with acetone, and d r i e d under vacuum (15 ym) at 
110°C f o r 70 hours. The d r i e d m a t e r i a l was ground i n a boron 
carbide mortar and p e s t l e and stored i n a screw cap glass b o t t l e 
before use. Light microscopic examination shows that i t i s c l e a r , 
free of opaque i n c l u s i o n s , and i s o t r o p i c under crossed niçois; i t 
i s therefore presumed to be g l a s s . 

C r y s t a l l i z a t i o n Sequence Determination. The s t a r t i n g m a t e r i a l f o r 
the determination of the c r y s t a l l i z a t i o n sequence was the 
homogenized -100 mesh rock powder before f u s i o n . Samples were i n 
the form of s p h e r i c a l beads suspended by surface tension i n 
platinum loops as described by Grove et a l . (JL). They were 
prepared by pressing about 190 mg of powder i n t o a c y l i n d r i c a l 
p e l l e t with two or three drops of ethanol as a binder. The 
diameter of the platinum wire was 0.25 mm and the diameter of the 
loop about 3 mm. The p e l l e t was fused to the loop by r e s i s t i v e 
heating of the platinum and then suspended from a platinum 
bridgewire by an AI2O3 connector which i n s u l a t e d i t 
e l e c t r i c a l l y from the bridgewire. The bridgewire was connected 
across two platinum leads which suspended the e n t i r e assembly from 
the top end f i t t i n g of the v e r t i c a l furnace tube. Oxygen f u g a c i t y 
( f 0 2 ) was c o n t r o l l e d by a d j u s t i n g the mixing r a t i o of a CO/CO2 
gas mixture flowing through the furnace tube; i t was maintained at 
the quartz-fayalite-magnetite (QFM) b u f f e r (2, 3) and was monitored 
by recording the EMF from a s o l i d state 0 2 sensor i n the form of 
a CaO-stabilized Z r 0 2 tube which extended from the lower end of 
the furnace tube into the hot zone next to the sample (4). Pure 
0 2 at 110 kPa (1 atm) was c i r c u l a t e d i n s i d e the Z r 0 2 tube as 
the reference gas. The CO was Matheson C. P. grade or equivalent; 
the C0 2 was Matheson Coleman Instrument grade or equivalent. 
Sample temperatures were measured by a Pt/10Rh thermocouple i n the 
hot zone; the thermocouple had been c a l i b r a t e d at the gold point 
(1063°C). Run times var i e d from 77 hours at 1270°C to 738 hours at 
1130°C. The sample was quenched i n deionized water by e l e c t r i c a l l y 
f u s i n g the bridgewire, which dropped the sample out of the furnace 
tube. The quenched sample was mounted and polished f o r a n a l y s i s . 
The elemental composition and the phases present were determined by 
wavelength d i s p e r s i v e X-ray a n a l y s i s with a f u l l y automated JEOL 
733 Superprobe. The weight percentages of the phases present were 
determined from constrained l e a s t squares a n a l y s i s of the bulk 
composition and the compositions of the i n d i v i d u a l phases i n each 
experiment. Weight percentages were converted to volume percentages 
using estimated d e n s i t i e s f o r the melt and c r y s t a l l i n e phases. The 
c a l c u l a t e d volume percentages were compared with those determined 
by r e f l e c t e d l i g h t point counts (1000 pts) of se l e c t e d experiments. 
The r e s u l t s of the two methods are i n good agreement (Figure 1). 
The s i z e d i s t r i b u t i o n was not determined. 
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17. WEED ET AL. Rheological Properties of Molten Kilauea Iki Basalt 225 

Viscometry. The s t a r t i n g m a t e r i a l f o r the v i s c o s i t y determinations 
was the fused and re-ground glass described above. The viscometer 
was of the r o t a t i n g cup Couette type i n which the torque and 
temperature were measured at the bob (J>). The cup was c y l i n d r i c a l 
i n shape with a radius of 10.0 mm and a hemispherical bottom. The 
length of the c y l i n d r i c a l p o r t i o n was 32.5 mm. The bob was the 
same shape, with a radius of 8.25 mm and an o v e r a l l length of 
88.1 mm. They were aligned with the hemispheres concentric by 
means of x-y-z micrometer adjusting screws on the framework which 
supported the bob. They were f a b r i c a t e d from Pt/30Rh a l l o y , with 
an F e - r i c h surface produced by heating with a melt (25 weight 
percent Fe3Û4, 75 weight percent Na2SiÛ3) under f 0 2 

corresponding to the iron-wustite b u f f e r (_3). This i s intended to 
minimize Fe transport from the Kilauea I k i melt to the bob and cup 
(6). Oxygen f u g a c i t y was c o n t r o l l e d by passing CO/CO2 gas 
mixtures through the inner sample tube, which was i s o l a t e d from the 
r e s t of the furnace by water-cooled r o t a t a b l e mercury seals at the 
i n l e t and o u t l e t ends. Flow rates were c o n t r o l l e d by v e r n i e r 
t h r o t t l e valves and b a l l - t y p e flowmeters; the meter s e t t i n g s were 
c a l c u l a t e d from the manufacturer's published curves (_7) · The 
CO/CO2 r a t i o was adjusted to give an f02 corresponding to an 
ex t r a p o l a t i o n of the quartz-fayalite-magnetite (QFM) b u f f e r (_2}_3)· 
The t o t a l flow rate was 581 cm^/min corresponding to a l i n e a r 
v e l o c i t y of 0.9 cm/sec at room temperature and pressure; t h i s had 
been shown to be large enough to avoid unmixing of the gases due to 
thermal d i f f u s i o n e f f e c t s (8). The CO was Matheson C. P. grade or 
equivalent; the CO2 was Matheson Coleman Instrument grade or 
equivalent. Temperature was measured by a Pt6Rh/Pt30Rh 
thermocouple which had been c a l i b r a t e d against a pyrometer and 
standard lamp, with appropriate c o r r e c t i o n s f o r i n t e n s i t y losses 
due to windows and a r e f l e c t i n g prism i n the o p t i c a l t r a i n . The 
accuracy of the temperature measurement was estimated to be + 2°C 
(9). Torque was measured by a c a l i b r a t e d t o r s i o n bar i n which the 
angular d e f l e c t i o n and torque were read from four s t r a i n gauges 
mounted on the faces of the bar and connected as a Wheatstone 
bridge. The u n i t used i n these measurements had a range of + 0.353 
N.m (+ 50 oz.in) and d i g i t a l readout to 7.1 χ 10""^ N.m (0.1 
o z . i n ) . The tachometer was a toothed wheel and magnetic pickup 
with a range of + 999 rev/min, readable to 1 rev/min. 

Three types of viscometry experiments were performed: 
c a l i b r a t i o n measurements on a standard o i l to determine the 
e f f e c t i v e length of the c y l i n d r i c a l column of l i q u i d , isothermal 
runs on the b a s a l t melts, and polythermal exploratory runs on the 
ba s a l t melts. C a l i b r a t i o n measurements were performed on 
Br o o k f i e l d o i l (μ ο=105 Pa.s) at room temperature and under 
laboratory atmosphere. The e f f e c t i v e length was determined over a 
range which included the length of the melt samples. Rotation 
speed was v a r i e d from 0 to + 220 rev/min i n 40 rev/min steps, with 
in c r e a s i n g speed values at even m u l t i p l e s of 20 rev/min and 
decreasing speed values at odd mul t i p l e s of 20 rev/min. The 
p o s i t i v e r o t a t i o n a l d i r e c t i o n was selected f i r s t . At l e a s t two 
torque readings were taken at each value of the r o t a t i o n a l speed. 
The same procedure was followed during isothermal runs on the 
ba s a l t melts, except that the temperature was noted f o r each torque 
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226 MINERAL MATTER AND ASH IN COAL 

measurement at constant r o t a t i o n a l speed i n order to monitor the 
temperature increase due to viscous energy d i s s i p a t i o n . The melt 
sample weight was about 6.65 g, which with an assumed density of 
2.78 g/cnr* corresponded to a geometrical length of 14.7 mm f o r 
the c y l i n d r i c a l part of the sample. The temperature s e t t i n g s were 
approached from above by going from room temperature to 1260°C or 
1270°C at 100°C/hr to 150°C/hr, then c o o l i n g the system at about 
l°C/min u n t i l the desired temperature was reached. The e f f e c t of 
changing the heating and c o o l i n g rates on the v i s c o s i t y was not 
explored. Polythermal runs were made a constant r o t a t i o n a l speed, 
u s u a l l y 90 to 100 rev/min, and were used to explore the temperature 
range over which s u i t a b l e torque readings could be obtained. 

Results and Discussion 

C r y s t a l l i z a t i o n Sequence. Table I shows the major element bulk 
composition of the s t a r t i n g materials used i n our experiments and 
those of Shaw et a l . (10). Kilauea I k i b a s a l t contains l e s s 
AI2O3 and CaO than t h e i r m a t e r i a l , and much more MgO. Both are 
w i t h i n the normal range f o r b a s a l t i c lavas. 

Table I. Analyses of S t a r t i n g M a t e r i a l 

Oxide, Wt.% Kilauea I k i Shaw et a l . U0) 

S 1 O 2 46.29 50.14 
A 1 2 0 3 10.44 13.37 
MgO 17.90 8.20 
FeO 11.34* 10.13 
F e 2 0 3 - 1.21 
CaO 8.49 10.80 
Na 20 1.84 2.32 
p 2 o 5 0.22 0.27 
K 20 0.40 0.53 
T i 0 2 1.89 2.63 
MnO 0.19 0.17 

TOTAL 99.90 99.77 
*A11 i r o n as FeO 

The experimental r e s u l t s obtained at the QFM b u f f e r are l i s t e d i n 
Table I I . and type formulas f o r the various mineral s e r i e s i n Table 
I I I . O l i v i n e and chrome s p i n e l are the only c r y s t a l l i n e phases 
which occur between 1240°C and 1179°C; clinopyroxene and 
p l a g i o c l a s e feldspar c r y s t a l l i z e at approximately 1170°C. The 
concentration of c r y s t a l s increases from about 22 weight percent to 
about 28 weight percent between 1250°C and 1180°C. The l i q u i d l i n e 
of descent i s characterized by a s l i g h t S1O2, AI2O3 and 
a l k a l i enrichment and an FeO and MgO depl e t i o n . 

The volume percentage of melt as a function of temperature i s 
shown i n Figure 1. The break i n slope at approximately 1170°C 
corresponds to the appearance of clinopyroxene and p l a g i o c l a s e 
f e l d s p a r (see Table I I . ) . The volume percentage of melt, V m, i s 
given by Equations 1 and 2: 
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17. WEED ET AL. Rheological Properties of Molten Kilauea Iki Basalt 227 

Table I I . Results of Selected Kilauea I k i Liquidus Experiments 

Exp 11 Time Temp Experiment Vol % Wt % 
No. (Hrs) C O Products M e l t 3 M e l t b 

14 93.0 1240 o l i v i n e , chrome 
s p i n e l , glass 71.8 78.1 

9 189.5 1230 o l i v i n e , chrome 
s p i n e l , glass 80. 2 C 76.1 

8 24.0 1219 o l i v i n e , chrome 
s p i n e l , glass 77.3 74.8 

10 290.0 1209 o l i v i n e , chrome 
s p i n e l , glass 76.2 74.2 

12 289.0 1189 o l i v i n e , chrome 
s p i n e l , glass 63.8 72.5 

13 364.0 1179 o l i v i n e , chrome 
s p i n e l , glass 71.8 71.5 

16 380.0 1170 o l i v i n e , chrome 
s p i n e l , c l i n o ­
pyroxene, p l a g i o ­
c l a s e , glass 69.6 68.5 

19 400.0 1160 ο1iν ine, chrome 
s p i n e l , c l i n o ­
pyroxene, p l a g i o ­
c l a s e , glass 54.7 53.5 

20 400.0 1149 o l i v i n e , chrome 
s p i n e l , c l i n o ­
pyroxene, p l a g i o ­
c l a s e , glass 40.7 49.8 

a) Volume percent of melt was determined by a 1000 point mode on 
metallograph. 

b) Weight percent of melt was determined by constrained l e a s t 
squares a n a l y s i s of phase compositions. 

c) Volume percent glass was determined by an 850 point mode on 
metallograph. 

Table I I I . Type Formulae f o r Mineral Series 

Name Type Formula 

O l i v i n e (Mg, Fe) S 1 O 4 
Chrome Spinel A B 2 O 4 

A = Mg, F e 2 + , Zn, Mn 2 +, Ni 
Β = A l , F e 3 + , Mn 3 +, Cr 

Clinopyroxene A B S 1 2 O 5 

A = Mg, F e 2 + , Ca, Na 
Β = Mg, F e 2 + , A l 

P l a g i o c l a s e Ranges from NaAlSi3U3 to CaAl2Si 20g 
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228 MINERAL MATTER AND ASH IN COAL 

V m (01+Chsp) = 0.157 T(°C) - 114.0, where T(°C) > 1170, (1) 

V m = 1.36 T(°C) - 1522.7, where T(°C) < 1170. (2) 

E x t r a p o l a t i o n of Equation 1 to Vm=100 corresponds to T=1360°C f o r 
the l i q u i d u s . E x t r a p o l a t i o n of Equation 3 to Vm=0 y i e l d s 
T=1119°C f o r the disappearance of l i q u i d , the s o l i d u s temperature. 
This i s a complex system f o r which complete phase diagrams are not 
a v a i l a b l e ; pseudoternary diagrams such as those presented by Grove 
et a l . (_1) f o r s i m i l a r compositions are g e n e r a l l y a p p l i c a b l e to 
t h i s composition. 

Viscometry. During v i s c o s i t y measurements sigmoidal torque versus 
r o t a t i o n speed curves are obtained at a l l i n v e s t i g a t e d 
temperatures. The curves are l i n e a r at r o t a t i o n speeds l e s s than 
0.4 revs/sec, with a p o s i t i v e slope. The curves become concave 
toward the r o t a t i o n speed axis at higher r o t a t i o n r a t e s , i n d i c a t i n g 
pseudoplastic behavior (11). This behavior becomes more pronounced 
at low temperature as the concentration of suspended c r y s t a l s 
increases. Also, at a given r o t a t i o n a l speed, the observed torque 
appears to be s l i g h t l y lower f o r negative r o t a t i o n than f o r 
p o s i t i v e r o t a t i o n . This i n d i c a t e s s l i g h t t h i x o t r o p i c behavior of 
the sample, since p o s i t i v e r o t a t i o n i s used f i r s t during 
experiments. At temperatures near 1149°C, torque measurements are 
more e r r a t i c than at higher temperatures. This may be due to 
segregation of c r y s t a l s which causes the sample to r o t a t e 
i n t e r m i t t a n t l y as a r i g i d body, or due to l o c a l i z e d remelting of 
c r y s t a l s by viscous heating which increases at lower temperatures. 

We have analyzed the r e s u l t s i n terms of the power law 
i n d i c a t e d by Equation 3: 

log Ιτ I = Α χ + A 2 log Idu/dxl (3) 

where I T y X I i s the absolute value of the shear s t r e s s and 
Idu/dxl the absolute value of the shear r a t e , c a l c u l a t e d by a 
m o d i f i c a t i o n of the method of Krieger and E l r o d (12) which applies 
to non-Newtonian systems. The apparent v i s c o s i t y , μ , i s 

μ = T y x/(du/dx) (4) 

The flow curve, F i g . 2, i s a p l o t of Equation 3 showing experimental 
r e s u l t s obtained at the 1186°C isotherm. F i g . 3 i s a l o g - l o g p l o t 
of apparent v i s c o s i t y as a fu n c t i o n of shear rate at the same 
temperature. The apparent v i s c o s i t y decreases with i n c r e a s i n g 
shear r a t e , which i s c h a r a c t e r i s t i c f o r pseudoplastic systems 
(11). The logarithm of the v i s c o s i t y at u n i t shear r a t e , l o g 
μ 0 , i s c a l c u l a t e d from Equation 3: 

log μ 0 = Αχ (5) 

Table IV gives μ 0 as a fu n c t i o n of temperature. I t 
v a r i e s from 9 Pa.s at 1249°C to 879 Pa.s at 1149°C. The accuracy 
i s estimated as + 15% above 1170°C; at 1149°C, where the system 
shows e r r a t i c behavior, the accuracy i s estimated as + 50%. 
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WEED ET AL. Rheological Properties of Molten Kilauea Iki Basalt 

1200 1150 

T,°C 

Figure 1. Volume percent and weight percent melt as a fu n c t i o n 
of temperature f o r Kilauea I k i b a s a l t . V e r t i c a l bars i n d i c a t e 
two standard d e v i a t i o n s . 

2.5 I-
i ι I I ι ι ι ' » • ' t ' 

1.0 1.4 1.8 2.2 

lo g (Shear Rate, sec 

Figure 2. Least squares f i t of log (Shear Stress) vs. l o g 
(Shear Rate) f o r Kilauea I k i b a s a l t at 1186°C. V e r t i c a l bar 
i n d i c a t e s two standard d e v i a t i o n s . 
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230 MINERAL MATTER AND ASH IN COAL 

Table IV. Apparent A c t i v a t i o n Energies from Least Squares 
An a l y s i s of log μ 0 vs. 1/(T,K) f o r Kilauea I k i Basalt, 

Halemaumau Basalt, and Coal Slag X 

System T,°C 
Apparent A c t i v a t i o n 
Energy Kcal mol""l 

Standard Deviation 
Least Squares F i t 

Kilauea I k i 1249-1170 123 + 10 .09 
1170-1150 452 + 21 .04 

Halemaumau 1300-1158 8 6 + 9 .12 
1158-1125 635 + 64 .18 

Coal Slag X 1482-1330 5 3 + 1 .013 
1330-1260 424 + 27 .14 

The r e s u l t s of least-squares analyses of log y Q vs. 
(1/T,K) are shown i n Figure 4 and Table V f o r t h i s i n v e s t i g a t i o n 
on Kilauea I k i b a s a l t , f o r the work of Shaw on Halemaumau b a s a l t 
(1£,13) and f o r Corey's report on Coal Slag X (14). The Kila u e a 
I k i data show a sharp increase i n slope at 1170°C as i n d i c a t e d by 
the l i m i t i n g s t r a i g h t l i n e s above and below t h i s temperature. 
Below 1170°C, appreciable c r y s t a l l i z a t i o n occurs as shown i n Table 
II and F i g . 1, and the system shows strongly pseudoplastic 
behavior. Shaw's r e s u l t s on Halemaumau basalt (13), which i s a 
Hawaiian b a s a l t quite s i m i l a r to Kilauea I k i , show a sharp increase 
i n slope at 1158°C. This system shows pseudoplastic behavior at 
1125°C and Newtonian behavior at higher temperatures. The r e s u l t s 
of Corey (14) on Coal Slag X i n d i c a t e a sharp change i n r h e o l o g i c a l 
behavior at 1330°C. His o r i g i n a l paper gives no d e t a i l s on the 
c a l c u l a t i o n of the v i s c o s i t y r e s u l t s , and no information on the 
c r y s t a l l i z a t i o n sequence of the c o a l s l a g on which they were 
obtained. The s i m i l a r i t y of the b a s a l t and coal s l a g data 
i n d i c a t e s that r h e o l o g i c a l behavior of the c o a l s l a g may be 
a f f e c t e d by suspended c r y s t a l l i n e m a t e r i a l at temperatures near 
1330°C. A recent study on slagging i n large coal-burning furnaces 
c o r r e l a t e s the slagging behavior with ash composition, ash p a r t i c l e 
morphology, and c a l c u l a t e d c r i t i c a l v i s c o s i t y temperature T c v 

(15). The methods of the present i n v e s t i g a t i o n can be a p p l i e d i n 
order to measure the c r i t i c a l v i s c o s i t y temperatures and 
compositions d i r e c t l y , which should improve the experimental b a s i s 
f o r the c o r r e l a t i o n . 
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WEED ET AL. Rheological Properties of Molten Kilauea Iki Basalt 

1 16 I ι ι ι ι 1 — ι 1 1 »—J " 1 — 
1.0 1.4 1.8 2.2 

lo g (Shear Rate, sec ) 

Figure 3. Log (Apparent V i s c o s i t y ) vs. log (Shear Rate) f o r 
Kilauea I k i b a s a l t at 1186°C. V e r t i c a l bar i n d i c a t e s two 
standard d e v i a t i o n s . 

0 0 ' 1 ' 1 1 1 1 1 — 1 — 1 1 1 1 — 1 — 1 — 1 — ' 
5.6 6.0 6.4 6.8 7.2 

10 H/(T,K) 

Figure 4. Least squares a n a l y s i s of log ( V i s c o s i t y ) vs. 
r e c i p r o c a l temperature. Present study O ; Shaw ( 1 3 ) Δ ; Corey 
(14) • . V e r t i c a l bars i n d i c a t e two standard d e v i a t i o n s . 
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232 MINERAL MATTER AND ASH IN COAL 

Table V· Apparent V i s c o s i t y at Unit Shear Rate (μ 0) vs. 
Temperature (t,°C) f o r Kil a u e a I k i B a s a l t i c Lava 

Run No. T,°C μ, Pa.s 

57 
63 
58 
64 
59 
65 
60 
66 
61 
62 
67 
68 

1249 
1249 
1235 
1229 
1220 
1208 
1201 
1188 
1186 
1171 
1170 
1149 

13 
9 
9 

14 
15 
25 
38 
51 
52 
71 
94 

879 

In both the studies on b a s a l t s , the breaks i n the slope of 
the l o g μ 0 vs. (1/T,K) curves occur at 20 to 30 volume percent 
of suspended c r y s t a l s . The non-Newtonian behavior of these molten 
s i l i c a t e suspensions appears to a r i s e from the in c r e a s i n g 
concentration of suspended c r y s t a l s i n the melt. This suggests 
that i n modeling f l u i d flow i n s i l i c a t e systems, power law behavior 
should be considered when the suspended c r y s t a l concentration 
exceeds 20 volume percent. 
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18 
Crystallization of Coal Ash Melts 

D. P. Kalmanovitch1 and J. Williamson 

Department of Metallurgy and Materials Science, Imperial College, London SW7, 
England 

When coal is burnt in pulverized fuel (p. f.). 
ut i l i ty boilers the inorganic material inherent 
to the fuel may form deposits on the heat absorbing 
surfaces causing significant reduction in thermal 
efficiency. This study has involved the investi­
gation of the crystallization of coal ash melts and 
the relationship to the formation and growth of 
these troublesome deposits. 
The crystallization behaviour of compositions in 
the systems CaO-Al 2O 3-SiO 2, CaO-MgO-Al2O3-SiO2 and 
CaO-Al 2O 3-SiO 3-iron oxide relevant to coal ash 
compositions has been studied. The observations have 
been compared with the devitrification behaviour of 
both eastern and western type coal ashes determined 
under laboratory conditions. Results show that the 
crystallization of ash melts is well represented by 
the system CaO-FeO-Al2O3-SiO2. The quaternary 
system has been constructed from literature data as 
planes of constant FeO content (5-30 wt% at 5% 
increments) and used to predict the behaviour of 
boiler deposits. 

The formation of ash deposits within coal-fired boilers may cause 
serious operating problems and reduction in thermal efficiency. 
These deposits vary in nature from friable, s l i g h t l y sintered 
fouling to dense semi-vitreous slags. U t i l i t y boiler designers and 
operators use a variety of methods (1) to ascertain various design 
c r i t e r i a or the likelihood of an ash to form deposits (it's slagging 
propensity). Chief amongst these methods i s the standard ash fusion 
test (2) in which a coal ash is heated at a given rate in air and a 
mildly reducing atmosphere while the temperatures at which various 

1Current address: Energy Research Center, University of North Dakota, 
Grand Forks, N D 58202. 

0097-6156/ 86/ 0301 -O234$06.50/ 0 
© 1986 American Chemical Society 
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18. KALMANOVITCH AND WILLIAMSON Crystallization of Coal Ash Melts 235 

degrees of deformation o f a cone of ash are recorded. This method 
has been known to g i v e inaccurate i n d i c a t i o n s of s l a g g i n g propensity 
due mainly to the s u b j e c t i v e nature of the t e s t and the f a c t that 
the technique does not d u p l i c a t e the thermal h i s t o r y experienced by 
c o a l mineral matter i n a p u l v e r i z e d f u e l (p. f.) b o i l e r . 

Various laboratory studies, e.g. those of Padia (3) and Raask 
(4) have shown that s i g n i f i c a n t f u s i o n of c o a l mineral matter (the 
precursor to ash) occurs w i t h i n a very short time-frame at 
temperatures analogous to those i n the combustion zone of a b o i l e r 
(about 1550-1650 C). This i s confirmed by microscopic studies of p. 
f. f l y - a s h . The residence times of ash p a r t i c l e s i n u t i l i t y b o i l e r 
systems has been estimated by Raask to be 2 seconds with a 
temperature gradient ranging from 1650 to 300 C. The studies show 
that the c h a r a c t e r i s t i c nature of f l y ash, that of h o l l o w 
cenospheres i s due to the formation of a s i g n i f i c a n t amount of 
l i q u i d phase w i t h i n the 2s time frame. This i s fur t h e r confirmed by 
m i n e r a l o g i c a l a n a l y s i s of the p a r t i c l e s which r e v e a l s an amorphous 
phase (glass) and sometimes the presence of a r e f r a c t o r y phase which 
had c r y s t a l l i z e d from a l i q u i d . Both features are not products of 
the thermal decomposition of i n d i v i d u a l c o a l mineral p a r t i c l e s 
(4,5,6). Raask (4) has shown that the growth of deposits i s 
predominantly v i a s i n t e r i n g by viscous flow. The r a t e of increase 
i n strength (s) i.e. growth of the deposit being g i v e n by: 

Where γ i s the surface tension c o e f f i c i e n t , k a constant, r the 
i n i t i a l radius of the p a r t i c l e and η the v i s c o s i t y of the l i q u i d 
phase. I t can be seen that the nature of a deposit can be described 
by the degree of s i n t e r i n g which has taken place. For a g i v e n c o a l 
ash the parameters r and γ are e f f e c t i v e l y constant with respect to 
the v a r i a b i l i t y of the v i s c o s i t y . Therefore the f a c t o r s which 
a f f e c t the r h e o l o g i c a l behaviour w i l l determine to a great extent 
the rate of growth by viscous flow. For homogeneous melts the 
determining f a c t o r s are temperature and chemical composition. Lauf 
(6) has observed that the amount of f l y ash p a r t i c l e s emitted a t the 
o u t l e t of various b o i l e r s was i n v e r s e l y p r o p o r t i o n a l to the 
c a l c u l a t e d v i s c o s i t y (using a method based on chemical composition) 
at a g i v e n temperature. This q u a l i t a t i v e l y confirms the r e l a t i o n 
above. A f a c t o r which has not r e c e i v e d a t t e n t i o n i n the l i t e r a t u r e 
i s the c r y s t a l l i z a t i o n of the ash p a r t i c l e s and/or the deposits 
a l r e a d y present. With d e v i t r i f i c a t i o n of a phase from a homogeneous 
melt the composition of the l i q u i d phase w i l l change depending on 
the p r e c i p i t a t i n g phase and the degree of c r y s t a l l i z a t i o n . This i n 
turn w i l l d i r e c t l y a f f e c t the v i s c o s i t y and therefore the r a t e of 
growth of the deposits. 

Thus i t w i l l be of great v a l u e to be a b l e to p r e d i c t to some 
extent the c r y s t a l l i z a t i o n behaviour of c o a l ash melts. For 
s i m p l i c i t y i t i s necessary to consider that c r y s t a l l i z a t i o n w i l l be 
from a homogeneous melt. The data may be a p p l i e d to the phenomena 
of b o i l e r s l a g g i n g by using an accurate model of the v i s c o s i t y of 
ash melts based on chemical composition. The main aim of the study 
has been to obtain r e l e v a n t c r y s t a l l i z a t i o n data of c o a l ashes and 

ds 3 y k 

dt 2 n r 
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236 M I N E R A L M A T T E R A N D A S H IN C O A L 

to model the behaviour so as to be able to predict the 
devitrification of a given ash. Coal ash is usually described as a 
mixture of up to 11 oxide components and though various 
investigators (7) have attempted to simplify the system by using 
certain empirical equivalences the authors chose to use the major 
three or four components to model the behaviour. 

For eastern type coal ashes the major components are s i l i c a , 
alumina, iron oxide and lime, whereas for western type ashes the 
major components are s i l i c a , alumina, lime and iron oxide or 
magnesia. In both cases these components may comprise 90 wt% or more 
of the total composition of the ash. Sanyal and Williamson (8) have 
shown that the i n i t i a l c r y s t a l l i z a t i o n of two western type ashes of 
low iron oxide contents (5% or less) could be described by the 
normalized composition on the ternary equilibrium diagram of the 
system CaO-Al 20 3-Si0 2. That i s , the cr y s t a l l i z a t i o n behaviour of 
the ashes was the same as that which would be expected i f the 
remaining components were not present. The study presented here has 
extended the investigation to the devitrification of an eastern type 
as well as western type ashes and the cr y s t a l l i z a t i o n of 
compositions in the systems CaO-Al-O^-SiO^r CaO-MgO-Al203-Si02, and 
CaO-Al 20 3-Si0 2-iron oxide relevant to coal ashes. The study of the 
ternary and quaternary systems was to determine which governed the 
behaviour of ashes most adequately. The results have been used to 
look at the behaviour of ash melts in relation to the phenomena of 
boiler deposits. 

Experimental 

Crystallization of ash melts: The three ashes studied were supplied 
by Babcock Power Ltd. (U. K.) and the chemical compositions are 
li s t e d in Table I. Ashes 1 and 2 were of western type from coals 
fired at Matla Power Station, South Africa whereas ash 3 was of 
eastern type from a coal fired at Drax Power Station, U. K.. The 
roasted ashes (treated at 800 C overnight) were fused at 1500-1550 C 
for up to 1 hr. in Pt envelopes in an e l e c t r i c muffle furnace. 
Crystallization of the melts was induced by reducing the temperature 
of the furnace to a given l e v e l and leaving for a given time. The 
process was repeated over a range of temperatures and times for each 
of the ashes. The samples were analyzed by pétrographie microscopy 
and powder X-ray diffraction. 

Table I. Chemical composition of coal ashes studied 

Ash 1 
43.1 
27.8 
5.1 

17.3 
3.8 
0.7 

wt% 
Ash 2 Ash 3 

SiO. 51.2 
29.0 
4.8 
9.5 
2.6 
0.6 

54.5 
26.4 
9.4 
1.5 
1.6 
1.2 
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18. K A L M A N O V I T C H A N D W I L L I A M S O N Crystallization of Coal Ash Melts 237 

Crystallization of model compositions: A series of fiv e CaO, 
A I 9 O 3 and SiO^ compositions were chosen (designated A, B, C, D and 
E) to be of relevance to coal ashes. Composition A was the 
normalized composition of ash 1 whereas that of Β corresponded to 
that of an ash studied by Sanyal and Williamson (8). The 
compositions have been lis t e d in Table II. Homogeneous glasses 
were prepared for each of the compositions by fusing the correct 
mixture of components in a Pt crucible at 1550 C. Crystallization of 
each glass was determined by remelting a small sample in a Pt 
envelope at 1550 C for 0.5 hr. and reducing the temperature to a 
given l e v e l for a given time. The quenched samples were analyzed 
using pétrographie microscopy and X-ray diffraction. 

Table II. Composition of CaO-Al203--Si0 2 glasses. 

Composition wt% 
Glass s i o 2 A1 20 3 CaO 

A 49.0 31.5 19.5 
Β 37.0 25.0 38.0 
C 41.5 27.0 31.5 
D 44.0 28.5 27.5 
Ε 49.0 35.0 16.0 

The cry s t a l l i z a t i o n of glasses in the system CaO-MgO-Al^^-SiO^ 
was studied as follows: The f i v e ternary compositions A-E were used 
as the basis of two series of glasses with 5 and 10 wt% MgO. This 
covers the usual range of magnesia content in coal ashes. The 
compositions are l i s t e d in Table III. The preparation of the 
glasses, the determination of the cry s t a l l i z a t i o n behaviour and 
analysis of quenched samples were analogous to the methods used for 
the ternary compositions. 

Table III. Composition of CaO-MgO-Al203-Si02 glasses. 

Composition wt% 
Glass S i 0 2 A1 20 3 CaO MgO 

am5 47.0 30.0 18.0 5.0 
bm5 35.0 24.0 36.0 5.0 
cm5 39.0 26.0 30.0 5.0 
dm5 42.0 27.0 26.0 5.0 
em5 47.0 33.0 15.0 5.0 
aml0 44.1 28.4 17.5 10.0 
bml0 33.3 22.5 34.2 10.0 
cml0 37.6 24.3 28.3 10.0 
dml0 39.6 25.6 24.8 10.0 
eml0 44.1 31.5 14.4 10.0 

Iron can exist in three oxidation states but in a modern p. f. 
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238 MINERAL MATTER AND ASH IN COAL 

boiler only the states of ferrous and f e r r i c are observed. Unlike 
magnesia, the range of iron oxide content in coal ashes is quite 
wide; some eastern type ashes may have an iron oxide content of 
50% though 15 - 20 % is more common. Therefore the study of the 
system Ca0-Al 20 3-Si0 2-iron oxide must take into account both the 
wide range of iron oxide contents and the variable oxidation states. 
The f i v e ternary compositions A-E were used as the basis of two 
series of compositions with 5 and 10 wt% equivalent FeO. A further 
two series of glasses were prepared based on the compositions A, Β 
and Ε with 15 and 20 wt% equivalent FeO. The compositions are 
li s t e d in Table IV. 

Glasses were prepared for each composition by mixing the 
correct proportions (with CaCO^ as the source of CaO and iron [II] 
oxalate, F e C 9 9 4 * 2 H 2 ° a s t h e s°urce of FeO) and fusing in a Pt 
crucible at Γ500-1550 C in an e l e c t r i c muffle furnace. 
Crystallization of the homogeneous glasses was performed in a 
vertical tube furnace with a controlled atmosphere (C02/H2 1:1 v/v 
with a total flow rate of 200 ml per min.). This is the same 
atmosphere used in the ash fusion test (2). The quenched sample was 
analyzed by pétrographie microscopy, powder X-ray diffraction and 
chemical analysis (to determine the ferrous/total iron ratio) using 
the method of Hey (9). 

Table IV. Composition of Ca0-Al 20 3--Si0 2-iron oxide glasses. 

Composition wt% 
Glass s i o 2 A1 20 3 CaO FeO* 

af5 47.0 30.0 18.0 5.0 
bf5 35.0 24.0 36.0 5.0 
cf5 39.0 26.0 30.0 5.0 
df5 42.0 27.0 26.0 5.0 
ef5 47.0 33.0 15.0 5.0 
afl0 44.0 28.4 17.6 10.0 
bfl0 33.3 22.4 34.3 10.0 
cfl0 37.4 24.2 28.4 10.0 
dfl0 39.5 25.6 24.8 10.0 
efl0 44.0 31.6 14.4 10.0 
afl5 41.6 26.8 16.6 15.0 
bfl5 31.5 21.2 32.3 15.0 
efl5 41.6 29.8 13.6 15.0 
af20 39.2 25.2 15.6 20.0 
bf20 29.6 20.0 30.4 20.0 
ef20 39.2 28.0 12.8 20.0 
*equivalent FeO 

Results 

Crystallization of ash melts: The results of the cr y s t a l l i z a t i o n of 
the three ash melts studied are li s t e d in Table V. The only phase 
observed to precipitate for the western type ashes was anorthite 
(Ca0.Alo03.2Si02) despite lengthy treatment. The eastern type ash 
showed different behaviour with mullite (3Al 20 3.2Si0 2) as the 
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18. K A L M A N O V I T C H A N D W I L L I A M S O N Crystallization of Coal Ash Melts 239 

primary phase. A secondary phase of hematite (Fe2C>3) was detected 
in a sample treated at 1250 C but optical analysis revealed that 
this phase was only on the surface (i.e. the air-melt interface). 
The true secondary phase was observed in samples treated in the 
temperature range 1200-1100 C and was determined to be a member of 
the iron spinel solid solution series; magnetite (FeO.Fe203)-
hercynite (FeO.A^O^). Hematite was again observed in samples 
quenched from temperatures below 1100 C (at the surface of the 
sample). 

Table V. Crystallization behaviour of coal ash melts. 

Crystallization treatment* Crystalline phases 
Temp./ C Time/h. observed. 

Ash 1 1390 80 glass 
1150 180 anorthite 
1100 42 anorthite 
1050 22 anorthite 
950 80 anorthite 
900 24 anorthite 

Ash 2 1300 1 anorthite 
1200 10 anorthite 
1100 24 anorthite 
1000 15 anorthite 

Ash 3 1400 18 mullite 
1350 2 mullite + hematite 
1200 20 mullite + iron spinel 
1200 40 mullite + iron spinel 
1170 4 mullite + iron spinel 
1100 26 mullite + iron spinel 
1050 2 mullite + hematite 

* Crystallization treatment after fusion at 1450 - 1550 C. 

Crystallization of ternary compositions: The observed 
cr y s t a l l i z a t i o n behaviour of the f i v e ternary glasses studied has 
been compiled in Table VI. The liquidus temperature included in the 
Table was obtained from the equilibrium phase diagram of the system 
for each of the compositions (11). The temperature of appearance of 
the secondary or tertiary phase i s that of the highest treatment 
temperature at which that phase was observed. Only the glass Β was 
observed to c r y s t a l l i z e to the three components expected from the 
phase diagram,i.e. the primary phase of gehlenite (2CaO.Al2O3.SiO2), 
followed by anorthite and cyclowollastonite (aCaO.SiO?). The 
remaining glasses only crystallized anorthite despite lengthy 
treatment at temperatures near their respective eutectics. 

Crystallization of CaO-MgO-A^O^-S^ glasses: The results of 
the c r y s t a l l i z a t i o n studies of the quaternary glasses have been 
compiled in Table VII. The liquidus temperature was determined 
experimentally by extensive series of quenching runs. The 
temperature of appearance of the secondary and tertiary phase is the 
highest temperature at which the respective phase was observed. The 
phase m e l i l i t e is a sol i d solution series between gehlenite and 
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242 MINERAL MATTER AND ASH IN COAL 

akermanite (2Ca0.Mg0.2Si02). Of the glasses containing 5% MgO only 
bm5, cm5 and em5 cr y s t a l l i z e d to three components. Glasses am5 and 
dm5 only precipitated anorthite. A l l the glasses containing 10% MgO 
were observed to have a primary cr y s t a l l i n e phase of spinel 
(Mg0.Al203) except aml0 where the primary phase was anorthite. The 
glasses bml0 and aml0 only precipitated the primary and secondary 
phases whereas the remaining glasses crystallized to three 
components. There was no evidence of a fourth phase in any of the 
treated samples. 

Crystallization of CaO-Al 203-Si0 2-iron oxide glasses: The 
devitrification behaviour of the iron oxide glasses has been 
compiled in Table VIII. The liquidus temperature indicated is the 
highest treatment temperature at which a crystalline phase was or 
was not present (hence the inequality). The temperature of 
appearance of subsequent phases is analogous to that described 
above. While only anorthite was observed to c r y s t a l l i z e for the 
glass af5, the other glasses precipitated secondary and tertiary 
phases and those of cfl0 and bfl5 crystallized to four components. 
The calcium s i l i c a t e phase determined in some of the quenched 
samples was either cyclowollastonite or the low temperature 
polymorph wollastonite depending on the heat treatment. The glass 
bf20 showed anomalous behaviour: the i n i t i a l secondary phase 
observed was iron wollastonite, (CaO,FeO).Si02 but at lower 
temperatures, less than 1100 C anorthite and o l i v i n e (CaO.FeO.SiO^) 
were present with the primary phase of m e l i l i t e . A f u l l description 
of the results may be found elsewhere (10). The results of the 
analysis of the ferrous/total iron ratio showed wide variation. The 
value was found to be dependent on the composition of the melt, 
temperature treatment and cry s t a l l i z a t i o n behaviour. Nevertheless 
there was a significant amount of fe r r i c iron present in most of the 
samples. 

Discussion 

To be able to correlate the cr y s t a l l i z a t i o n behaviour of the ash 
melts i t is necessary to describe the devitrification of the model 
compositions. In the case of the ternary glasses the 
crys t a l l i z a t i o n behaviour can be understood from the equilibrium 
phase diagram, Figure 1. The compositions have been plotted on the 
diagram and the i n i t i a l c r y s t a l l i z a t i o n paths drawn. The 
cry s t a l l i z a t i o n path i s the extrapolation of the line connecting the 
composition of the primary phase and the composition of the glass to 
a given point on the diagram within the primary phase f i e l d , usually 
an isotherm. The path indicates the change in composition of the 
liquid phase as cr y s t a l l i z a t i o n proceeds and can be used to evaluate 
the proportion of liquid and so l i d phases at a given temperature. 
For more details see Levin et a l . (11). As can be seen, the primary 
phase predicted from the diagram agrees with the observed behaviour 
of the ternary glasses. The reluctance of the secondary phase to 
c r y s t a l l i z e for glasses A and Ε can be understood from the 
crys t a l l i z a t i o n path. As cr y s t a l l i z a t i o n of anorthite proceeds the 
residual liquid phase becomes enriched in s i l i c a , becoming more 
viscous and stable towards devitrification. Glasses C and D were 
expected to c r y s t a l l i z e to two or more components. The observed 
behaviour of only the primary phase precipitating may be because 
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18. KALMANOVITCH AND WILLIAMSON Crystallization of Coal Ash Melts 245 

insufficient time was allowed for the samples to reach equilibrium. 
Glass Β has a r e l a t i v e l y high lime content and although 
cry s t a l l i z a t i o n of gehlenite would produce a liquid phase enriched in 
s i l i c a the liquid would be expected to be r e l a t i v e l y f l u i d compared 
to those of the other compositions. The close proximity of the 
composition to the boundary and eutectic would tend to prevent any 
enrichment of viscous components in the liquid phase from having a 
profound effect. Therefore the cry s t a l l i z a t i o n of glass Β to three 
components would not be unexpected. 

The cr y s t a l l i z a t i o n behaviour of the glasses containing 
MgO is more d i f f i c u l t to describe. Unlike ternary systems, four 
component phase diagrams are properly represented by a regular 
tetrahedron with each apex representing 100% of each component. The 
crys t a l l i z a t i o n path is therefore in three dimensions which is 
sometimes d i f f i c u l t to visualize. The method of representation 
chosen to describe the observed behaviour is as planes of constant 
MgO content in the regions of interest to this study. Figures 2, 3, 
and 4 are planes of the quaternary system at 5, 10 and 15 wt% l e v e l s 
respectively and have been compiled from various sources 
(10,12,13,14). Analysis of the planes indicates the profound effect 
magnesia has on the primary phase fields. The 5% plane contains 
magnesia bearing phases such as spinel and pyroxene (a so l i d 
solution series between diopside, CaO.Mg0.2Si02 and enstatite, 
MgO.Si02). On the 10% MgO plane the spinel f i e l d i s very dominant 
and the primary phase f i e l d s of the base ternary system (i.e. CaO-
AI2O3-S1O2) have a very minor presence. The 15% MgO plane, Figure 4 
is predominantly composed of magnesia bearing phases with spinel 
being dominant. The composition of the glasses studied have been 
plotted on the appropriate plane. The phase diagram not only 
correctly predicts the primary cr y s t a l l i z a t i o n observed for the 
quaternary glasses but also indicates what subsequent 
devitrification may take place. While i t is too complex to discuss 
here i t is possible to calculate the change in composition of the 
liquid phase with crystallization for multi-component systems. For 
the purposes of this study i t is only necessary to qualitatively 
indicate the cry s t a l l i z a t i o n path. With reference to the 5% MgO 
plane and compositions f a l l i n g in the primary f i e l d of anorthite i t 
is clear that as the phase precipitates the liquid must become 
proportionally richer in magnesia. Therefore the cry s t a l l i z a t i o n 
path must be towards the MgO apex of the system. The actual 
direction of the path w i l l be dependent on the original composition. 
As the 10% plane comprises mainly MgO containing phases the 
secondary phase would be expected to be a magnesia bearing phase. 
The reverse situation is also true, for compositions on the 10% 
plane and in the primary phase f i e l d of spinel the secondary phase 
would be expected to comprise components of the base ternary 
systems. This behaviour was observed with the compositions studied 
in this investigation with the exceptions of those samples which 
crystallized anorthite only. The behaviour of these glasses can be 
explained in terms of the viscosity of the melt hindering further 
crystallization. This generalization of crystallization of 
quaternary systems must be used with care especially when the 
precipitating phase may be a s o l i d solution. 

Under the laboratory conditions used to study the glasses 
containing iron oxide both ferr i c and ferrous iron would be expected 
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246 MINERAL MATTER AND ASH IN COAL 

F i g u r e 2. System Ca0-Mg0-Al 20o-Si0 2, 5% MgO plane. 
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248 MINERAL MATTER AND ASH IN COAL 

to be present. Therefore the system is a five component or quinary. 
These systems are extremely d i f f i c u l t to represent and i t is 
therefore necessary to make simplifications to obtain a clearer 
understanding of the data. With reference to the results obtained, 
Table VIII, i t can be seen that when an iron-bearing phase was 
observed the form of iron was ferrous, e.g. fayalite, 2Fe0.Si02« 
(There was some evidence of Fe^C^ in s o l i d solution with the iron 
spinel phase.). Therefore as phase diagrams represent the 
cryst a l l i n e phases which are in equilibrium with a liquid phase i t 
is possible to describe the system CaO-A^C^-S^-iron oxide as a 
quaternary. It is assumed that a l l the iron i s present as FeO. 
Using this approximation planes of constant FeO content were 
constructed from a number of sources (15, 16) at 5, 10, 15, 20, 25, 
and 30% levels (Figures 5-10). In comparison to the analogous 
system containing MgO i t can be seen that FeO does not have such a 
significant effect on the phase assemblages. Both the 5 and 10% 
planes are remarkably similar to the base ternary system. There are 
no significant primary phase f i e l d s containing iron oxide u n t i l the 
15% plane. Even at the 30% l e v e l anorthite i s s t i l l present as a 
primary phase. To confirm the approximation used in deciding to use 
the quaternary system i t is necessary to check the results of this 
study. The compositions studied (with the iron oxide taken to be 
FeO) have been plotted on the appropriate plane. For a l l the 
compositions studied the system correctly predicts the primary phase 
observed. Furthermore, as with the system above the cry s t a l l i z a t i o n 
of subsequent phases can be explained by using the diagrams. There 
were however some effects due to the presence of fe r r i c iron observed 
in the study (10). 

An important aspect to this study was the determination of the 
system which most adequately describes the crystallization of the 
coal ash melts. The compositions of the three ashes studied have 
been normalized to the required number of components and plotted on 
the appropriate phase diagram. Normalization must be treated with 
care because, while only the major three or four components are 
assumed to be present, minor components may have a disproportionate 
effect on the crystallization. In the case of the eastern type ash 
the low CaO and MgO content reduced the need for plotting on the 
corresponding diagram. 

The observed primary cry s t a l l i n e phase is compared to that 
predicted for the normalized compositions in Table IX. For ash 1 
a l l the systems correctly predicted the cr y s t a l l i z a t i o n of 
anorthite. However for ash 2 only the system CaO-FeO-Aln03-Si02 
predicted that the observed primary phase would be anorthite. This 
system also predicted that the primary phase for ash 3 would be 
mullite. From the results of the cry s t a l l i z a t i o n of the model 
compositions the secondary phase of iron spinel would not be 
unexpected. The system can also explain in part why only anorthite 
was observed to c r y s t a l l i z e for the western type ashes. For 
example, for ash 1 the normalized composition l i e s on the 5% FeO 
plane, with reference to the planes of higher FeO content i t can be 
seen that significant c r y s t a l l i z a t i o n of anorthite must occur before 
a secondary phase would be expected to precipitate. Therefore the 
system CaO-FeO-Al2Oo-Si02 appears to govern the cr y s t a l l i z a t i o n 
behaviour of ash melts determined under laboratory conditions. 
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250 MINERAL MATTER AND ASH IN COAL 

S i 0 2 

F i g u r e 6. System CaO-FeO-Al 2CU-Si0 2, 10% FeO plane. 

S i 0 2 

F i g u r e 7. System CaO-FeO-Al 20 3-Si0 2, 15% FeO plane. 
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18. KALMANOVITCH AND WILLIAMSON Crystallization of Coal Ash Melts 251 

F i g u r e 8. S y s t e m C a O - F e O - A l 2 0 3 - S i 0 2 , 20% FeO p l a n e . 
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18. KALMANOVITCH AND WILLIAMSON Crystallization of Coal Ash Melts 253 

Table IX. Comparison of observed cr y s t a l l i z a t i o n of ash melts with 
that predicted from relevant phase diagrams. 

Ash Observed primary phase Predicted primary phase 
System 1 System 2 System 3 

1 Anorthite Anorthite Anorthite Anorthite 
2 Anorthite Mul l i t e Mullite Anorthite 
3 Mullite n. d. n. d. Mullite 

System 1; CaO-Al 203-Si0 2. System 2; CaO-MgO-Al203-Si02. 
System 3; CaO-FeO-Al20^-Si02. 

To be able to relate the results of this study to the phenomena 
of boiler deposits i t is necessary to look at the mineralogy of 
deposits. Table X is a comparison of the cr y s t a l l i n e phases 
observed in deposits from six u t i l i t y boilers with the primary phase 
predicted from the quaternary system. Three deposits are of western 
type and three are of eastern type. The normalized compositions of 
the deposits have been included in the Table and plotted on the 
appropriate plane of the equilibrium system. In the case of the 
western type deposits the quaternary system correctly predicts the 
primary phase. This was also the case for the eastern type deposits 
except for Ironbridge where iron spinel was the primary phase 
whereas anorthite was predicted. This anomaly may be due to the 
presence of significant amount of fe r r i c iron and the effect of 
minor components. Nevertheless the system CaO-FeO-Al20^-Si02 

appears to govern the cr y s t a l l i z a t i o n of coal ash deposits to a 
significant extent. 

The a b i l i t y to predict to some degree the cry s t a l l i z a t i o n 
behaviour of an ash melt may give a valuable insight into the 
deposition potential of the ash. The growth of deposits has been 
shown above to be predominantly via a mechanism of viscous flow. 
For an ash melt c r y s t a l l i z i n g the composition of the residual liquid 
phase w i l l change depending on; the original composition, the 
c r y s t a l l i z i n g phases and the degree of crystallization. The effect 
of various components on the rheological behaviour of a melt have 
not been rigorously determined. However i t is known that "acidic" 
components such as s i l i c a and fe r r i c oxide increase viscosity 
whereas "basic" components e.g. the a l k a l i and a l k a l i earth oxides 
decrease the viscosity of a melt. Therefore an ash melt which 
becomes r e l a t i v e l y enriched in acid as cry s t a l l i z a t i o n proceeds w i l l 
produce a viscous melt. Conversely i f the residual liquid phase 
becomes enriched in basic oxides the liquid phase w i l l become more 
flu i d . From the model developed by Raask (4) the melt with the 
viscous liquid phase w i l l produce a weaker deposit than the melt 
with a f l u i d residual liquid phase. The strength of the deposit is 
a measure of the degree of sintering and therefore indicates the 
rate of growth. Details of the preliminary development of a method 
to determine the slagging propensity of an ash based on high 
temperature equilibria and the results of this study may be found 
elsewhere (17). 
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Conclusions 

While coal ash is a complex mixture of mineral components the 
crystallization behaviour of homogeneous ash melts has been shown to 
be governed by the major oxide components. The equilibrium system 
CaO-FeO-A^O^-S^ has been shown to be able to model the i n i t i a l 
c r y s t a l l i z a t i o n behaviour of ash melts. Furthermore the system also 
appears to govern the crystallization of boiler deposits to a 
significant extent. The appli c a b i l i t y of the use of phase 
equilibria data to the phenomena of boiler deposits has been 
indicated. 
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19 
Heat Transfer and Thermal Conductivity of Coal Slags 

K. C. Mills 

National Physical Laboratory, Teddington, Middlesex TW11 OLW, United Kingdom 

The various factors affecting the complex heat transfer 
processes which occur in semi-transparent media like 
slags are discussed. This information has been used to 
evaluate the validity of the various experimental 
methods available for measuring the thermal 
conductivity of slags. A critical assessment of 
published experimental data for slags and magmas 
covering a wide composition range has been carried out. 
This review of thermal conductivity data showed that 
both the (Fe2+/Fe3+) ratio and the crystallinity of the 
slag greatly influence the amount of heat transferred 
through the slag by radiation conduction. The heat 
transferred across the solid slag formed on the walls 
of the vessel has been shown to be dependent upon the 
thermal resistance of the slag/metal interface which, 
in turn, appears to be dependent upon the mineralogical 
constitution of the slag. 

During the g a s i f i c a t i o n o f c o a l , both molten and s o l i d s l a g s are 
formed i n the converter, and the heat t r a n s f e r within the 
g a s i f i c a t i o n chamber i s governed to a large extent by the thermal 
properties o f the sla g phase. Thus i n order to c a r r y out e i t h e r heat 
balance or modelling c a l c u l a t i o n s i t i s necessary to have r e l i a b l e 
data f o r the thermal properties of both s o l i d and l i q u i d c o a l s l a g s . 
However, the thermal t r a n s f e r mechanisms i n high temperature 
processes i n v o l v i n g slags are exceedingly complex since heat can be 
transported by convection, r a d i a t i o n and thermal conduction. In order 
to s i m p l i f y the a n a l y s i s of the combined conductive-radiative thermal 
f l u x i t i s necessary to r e s o r t to one of the various heat t r a n s f e r 
models a v a i l a b l e . The most widely-used model i s the d i f f u s i o n 
approximation i n which the thermal f l u x i s used to derive an 
e f f e c t i v e or t o t a l thermal c o n d u c t i v i t y (^ e f f) which i s , i n turn, 
considered to be made up of contri b u t i o n s from ( i ) the thermal 
("phonon") c o n d u c t i v i t y , k c, ( i i ) r a d i a t i o n c o n d u c t i v i t y , k R and 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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19. MILLS Heat Transfer and Conductivity of Coal Slags 257 

( i i i ) e l e c t r o n i c c o n d u c t i v i t y , k . Heat balance c a l c u l a t i o n s must 
take account of each of these th%rmal transport mechanisms and t h i s 
i s p a r t i c u l a r l y important as the boundary conditions i n the 
experimental determination of the thermal c o n d u c t i v i t y of a s l a g may 
vary appreciably from those applying to the s l a g i n the g a s i f i e r . 
Thus i t i s necessary, where p o s s i b l e , to determine the i n d i v i d u a l 
c o n t r i b u t i o n s to the t o t a l heat f l u x f o r each c o n d i t i o n . In the 
present paper the f a c t o r s a f f e c t i n g the thermal c o n d u c t i v i t y of slags 
w i l l be examined and the various methods a v a i l a b l e f o r the 
measurement of thermal c o n d u c t i v i t i e s w i l l be assessed. F i n a l l y , 
experimental data f o r the thermal c o n d u c t i v i t y o f s l a g s , glasses and 
magmas w i l l be evaluated to provide a r e l i a b l e data base f o r the 
thermal c o n d u c t i v i t y of slags, and to determine the l i k e l y e f f e c t s of 
v a r i a t i o n s i n chemical composition upon values f o r c o a l slags. 

Thermal conduction mechanisms 

Thermal "phonon" c o n d u c t i v i t y (k ). Heat i s t r a n s f e r r e d through a 
medium by phonons, which are q u a ^ a of energy associated with each 
mode of v i b r a t i o n i n the sample. This mode of conduction i s thus 
r e f e r r e d to as thermal, phonon or l a t t i c e conduction. Scattering of 
the phonons causes a decrease i n the thermal c o n d u c t i v i t y which i s 
therefore s e n s i t i v e to the s t r u c t u r e of the sample. S c a t t e r i n g o f the 
phonons can occur by c o l l i s i o n s of the phonons with one another, or 
by impact with g r a i n boundaries or c r y s t a l imperfections, such as 
pores. Thus a low-density, highly-porous material w i l l have a low 
thermal c o n d u c t i v i t y . In glassy, n o n - c r y s t a l l i n e materials i t has 
been suggested —* that thermal c o n d u c t i v i t y decreases as the 
d i s o r d e r i n g of the s i l i c a t e network increases. 

Radiation c o n d u c t i v i t y ( k ^ . 

Measurements of the thermal c o n d u c t i v i t y of glasses were found to be 
dependent upon the thickness of the specimens used, and t h i s i s shown 
i n Figure 1. This behaviour was ascribed to the c o n t r i b u t i o n from 
r a d i a t i o n c o n d u c t i v i t y , k R, which can occur i n semi-transparent media 
l i k e slags and g l a s s e s . Radiation c o n d u c t i v i t y occurs by a mechanism 
i n v o l v i n g absorption and emittance of radiant energy by various 
sections through the medium. Consider a t h i n s e c t i o n i n the s l a g , 
radiant energy absorbed by the s e c t i o n w i l l cause i t to increase i n 
temperature and consequently radiant heat w i l l be emitted to cooler 
s e c t i o n s . This process can occur continuously through the medium and 
i t i s obvious that the energy t r a n s f e r r e d i n t h i s way w i l l increase 
with i n c r e a s i n g number of sections ( i e . i n c r e a s i n g thickness) u n t i l 
the point i s reached where k R a t t a i n s a constant value. At t h i s point 
the s l a g i s s a i d to be " o p t i c a l l y t h i c k 1 1 , and t h i s i s u s u a l l y 
considered to occur when α d > 3 .5 , where α and d are the absorption 
c o e f f i c i e n t and thickness of the s l a g , r e s p e c t i v e l y . 

At high temperature, r a d i a t i o n conduction can be the predominant 
mode of heat t r a n s f e r , eg. i n glassmaking more than 90J of the 
thermal t r a n s f e r occurs by r a d i a t i o n conduction. The r a d i a t i o n 
c o n d u c t i v i t y can be c a l c u l a t e d f o r an o p t i c a l l y - t h i c k sample i f 
steady-state conditions apply and i f i t i s assumed that the 
absorption c o e f f i c i e n t o f the medium, α , i s independent of 
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258 MINERAL MATTER AND ASH IN COAL 

wavelength, λ , i e . grey-body conditions obtain. For these conditions 
k can be c a l c u l a t e d by use of Equation 1, where σ and η are the 
Scefan-Boltzmann constant and r e f r a c t i v e index, r e s p e c t i v e l y . 

k _ 16 σ η
2 τ 3

 ( . 
KR " 3 α U ; 

Values of k R cannot e a s i l y be c a l c u l a t e d f o r o p t i c a l l y - t h i n samples 
( <*d < 3 . 5 ) and f o r some measurement techniques i n v o l v i n g non-steady 
s t a t e c o n d i t i o n s . Thus i t i s obvious that r e l i a b l e values of thermal 
c o n d u c t i v i t y can only be obtained when e i t h e r k i s n e g l i g i b l e , or 
where i t can be c a l c u l a t e d r e l i a b l y f o r o p t i c a l l y - t h i c k c o n d i t i o n s . 

Absorption c o e f f i c i e n t ( a ) . The absorption c o e f f i c i e n t i s a very 
important parameter, which determines ( i ) the magnitude o f k 
(Equation 1) and ( i i ) the thickness at which a s l a g becomes o p t i c a l l y 
t h i c k ( a d > 3 . 5 ) . Hence i n c r e a s i n g α has the e f f e c t of decreasing 
k„ and decreasing the depth at which a s l a g becomes o p t i c a l l y t h i c k , 
i f a p a r t i c u l a r s l a g sample were o p t i c a l l y t h i n , these two f a c t o r s 
would operate i n opposition to one another. The absorption 
c o e f f i c i e n t i s markedly dependent upon the amounts of FeO and MnO 
present i n the s l a g w ; although Fe 0^ absorbs i n f r a - r e d r a d i a t i o n , 
i t s e f f e c t on α i s much l e s s pronounced than that of FeO. An 
empirical r u l e has been d e r i v e d ^ f o r glasses containing l e s s than 
5% FeO, from which the absorption c o e f f i c i e n t at room temperature i s 
given by the r e l a t i o n s h i p , α = 11. (% FeO). 

A basic assumption adopted i n d e r i v i n g Equation 1 was that α 
was independent of wavelength; however, i n p r a c t i c e the s p e c t r a l 
absorption c o e f f i c i e n t (α χ ) v a r i e s with the wavelength (λ) as shown 
i n Figure 2 f o r a glass containing ca. 5% F e O ^ . I t can be seen from 
t h i s f i g u r e that there i s strong absorption by FeO at ca. 1 jam and by 
S i 0 2 at ca. 4.4 um. At high temperatures t h i s r e s t r i c t s absorption by 
the s l a g to a "window", i n the wavelength range 1-4.4 pm. However, 
even within t h i s wavelength band there i s some v a r i a t i o n i n α λ and 
the average absorption coefficient,α 9 i s determined by weighting of 
the α χ values. m 

The average absorption c o e f f i c i e n t , α , can be a f f e c t e d by 
temperature i n two d i f f e r e n t ways. F i r s t l y , ftie absorption spectrum, 
i e , ( α λ ) , can change markedly with temperature and consequently a l t e r 
the value o f α . Secondly, even i f the absorption spectrum i s 
unaffected by temperature, α would continue to be a fu n c t i o n of 
temperature because the wavefength d i s t r i b u t i o n used i n d e r i v i n g α 
i s i t s e l f a f u n c t i o n of temperature. This can be seen i n Figure 3 
where the f r a c t i o n of t o t a l energy emitted i n the "window" 1-4.4 p i 
c o n s t i t u t e s 61.1%, 79.5$ and 81.9% of the t o t a l energy emitted at 
1073 K, 1573 Κ and 1773 K, r e s p e c t i v e l y . In a s i m i l a r manner, the 
various α χ values of the spectrum w i l l have to be weighted 
d i f f e r e n t l y i n the c a l c u l a t i o n o f α f o r the three temperatures i n 
question. m 

I t can be seen from Figure 2 that α increases with i n c r e a s i n g 
temperature,, and s i m i l a r behaviour has ieen observed i n rocks and 
m i n e r a l s ^ ' ^ ^ . By co n t r a s t , the absorption c o e f f i c i e n t s (affi) of 
amber glass have been found to decrease with increasing temperature. 
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MILLS Heat Transfer and Conductivity of Coal Slags 

Figure 2. The wavelength dependence of a glass containing 
67% S i 0 2 +16% Na 20 + 9% (FeO + F e 2 0 3 ) . 
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MINERAL MATTER AND ASH IN COAL 

1 2 3 4 5 6 

λ/μπι 

Figure 3. Wavelength d i s t r i b u t i o n of the source energy 
emission f o r a black body. 
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19. MILLS Heat Transfer and Conductivity of Coal Slags 261 

E x t i n c t i o n c o e f f i c i e n t ( E ) . In s o l i d s , radiant energy can be 
scattered by g r a i n boundaries, pores and cracks i n the m a t e r i a l . In 
these cases, i t i s necessary to use the e x t i n c t i o n c o e f f i c i e n t (E) 
which i s given by the r e l a t i o n s h i p Ε = α + s, where s i s the 
s c a t t e r i n g c o e f f i c i e n t . 

E l e c t r o n i c c o n d u c t i v i t y (k ^ l * I t has been reported that glasses 
which contain s i g n i f i c a n t concentrations of Fe ions behave i n a 
s i m i l a r manner to semi-conductors and hence thermal conduction v i a 
conduction e l e c t r o n s , holes, etc could be s i g n i f i c a n t , according to 
Fine et a l ^ j . L i t t l e i s known of t h i s mechanism i n r e l a t i o n to the 
heat t r a n s f e r i n slags and consequently the c o n t r i b u t i o n of k . to 
the measured thermal c o n d u c t i v i t i e s has been ignored i n t h i s review. 

T o t a l thermal c o n d u c t i v i t y ( k f f ) _ . In p r a c t i c e , the r a d i a t i o n and 
conduction c o n t r i b u t i o n s to trie heat f l u x (Q) are i n t e r a c t i v e , and 
the i n t e r p r e t a t i o n of the combined conductive-radiative heat t r a n s f e r 
i s complex. Various models have therefore been proposed to simpify 
the theory of the heat t r a n s f e r process. One widely-used model i s the 
d i f f u s i o n approximation which assumes that the heat f l u x (Q) i s given 
by Equation 2, where k i s the e f f e c t i v e thermal co n d u c t i v i t y and 
i s defined by Equation 3 where χ i s the distance. G a r d o n ^ has 
pointed out that t h i s model only a p p l i e s s t r i c t l y when ( i ) k i s 
small and ( i i ) α d > 8. 

Q = - k e f f (dT/dx) (2) 

k e f f = k c + k R (3) 

Experimental Methods f o r Determining Thermal Conductivity 

The experimental methods a v a i l a b l e f o r measuring thermal 
c o n d u c t i v i t i e s are summarised below; more detailed, reviews .of the 
experimental techniques are a v a i l a b l e elsewhere^'— ' ϋ-' — . The 
techniques f o r the determination o f thermal co n d u c t i v i t y can be 
di v i d e d i n t o three c l a s s e s : ( i ) steady-state methods, ( i i ) non-steady 
s t a t e methods, and ( i i i ) i n d i r e c t methods. The steady-state methods 
u s u a l l y y i e l d k values and the non-steady state techniques u s u a l l y 
produce thermal ûiffusivity (a ) values, which can be converted to 
thermal c o n d u c t i v i t y values by use of Equation 4, where Ρ and C 
are the density and heat capacity r e s p e c t i v e l y of the s l a g . p 

k = a. C . Ρ (4) 

Steady-state methods. These methods a l l y i e l d ^ e f { . values provided 
that the specimen i s o p t i c a l l y t h i c k . 

In the l i n e a r heat-flow method two disc-shaped specimens are 
placed on e i t h e r side of an e l e c t r i c a l l y - h e a t e d p l a t e and the 
temperature p r o f i l e s across the samples are monitored by 
thermocouples s i t e d on both faces of the specimens. The apparatus i s 
well i n s u l a t e d to minimise heat l o s s e s . In some versions of t h i s 
method, the t o t a l heat f l u x passing through the samples i s determined 
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262 MINERAL MATTER AND ASH IN COAL 

by calorimeters i n contact with the specimens. When high-temperature 
measurements are rénuired, t h i s technique i s u s u a l l y operated as a 
comparative method — . 

In the r a d i a l heat-flow method the specimen i s i n the shape o f a 
hollow c y l i n d e r , which i s positioned i n the annulus between two 
c o a x i a l c y l i n d e r s with the i n t e r n a l c y l i n d e r a c t i n g as a r a d i a l heat 
source* 1-*'. The temperature p r o f i l e across the specimen i s determined 
by thermocouples placed on the i n s i d e walls of the two c y l i n d e r s . 
This method requires a la r g e isothermal zone i n the furnace, which i s 
d i f f i c u l t to achieve at high temperatures. When t h i s technique i s 
used f o r measurements on l i q u i d s , e r r o r s can occur from convective 
heat t r a n s f e r . 

Non-steady state methods. In the r a d i a l wave method the s l a g i s 
placed i n a c y l i n d r i c a l c r u c i b l e s i t u a t e d i n the isothermal zone o f a 
furnace, and thermocouples are located on the walls and along the 
geometric a x i s of the c r u c i b l e (the s l a g ) . The outside wall o f the 
c r u c i b l e i s then subjected to v a r i a t i o n of temperature and the v a r i a t i o n 
i n temperature of the c e n t r a l thermocouple i s monitored. There i s a 
phase s h i f t between the input and output which i s r e l a t e d to the 
thermal d i f f u s i v i t y o f the s l a g . In the mod i f i c a t i o n of t h i s 
apparatus used by E l l i o t t and co-workers ~ the p e r i o d i c v a r i a t i o n 
i n temperature i s produced i n a wire running along the c e n t r a l a x i s 
of the c y l i n d r i c a l c r u c i b l e , and the phase s h i f t i s measured by 
thermocouples located on the walls of the c r u c i b l e . The thermal 
d i f f u s i v i t y values obtained with t h i s method may be vulnerable to 
e r r o r s a r i s i n g from convective heat t r a n s f e r . 

In the modulated beam method the specimen i s i n the form of a 
d i s c , which i s maintained at a constant temperature, w h i l s t the f r o n t 
face i s subjected to a l a s e r beam which produces a p e r i o d i c v a r i a t i o n 
i n temperature o f constant frequency. The phase s h i f t between t h i s 
input and the s i g n a l from a temperature sensor i n contact with the 
back face i s determined. By ca r r y i n g out measurements at two or more 
frequencies, Schatz and Simmons ~ were able to derive values of both 
a and the e x t i n c t i o n c o e f f i c i e n t . I f t h i s method were ap p l i e d to 
measurements i n l i q u i d s , i t too would be prone to err o r s caused by 
convection. 

The l a s e r pulse m e t h o d ^ ' ffi when applied to s o l i d s uses a 
disc-shaped s l a g specimen coated with m e t a l l i c f i l m s on both planar 
surfaces. A l a s e r pulse i s d i r e c t e d on to the fr o n t face of the 
specimen and the temperature of the back face i s monitored 
continuously. The maximum temperature increase of the back face 
(ΔΤ^ ) u s u a l l y occurs a f t e r ca. 10 seconds, and a e f t {, may be computed 
from the time taken ( t ) f o r the back face to a t t a i n a temperature 
r i s e of (0.5Δ T m a * ) , The method has al s o been applied to measurements 
on l i q u i d slags — ' — which were contained i n Al 0. or BN c r u c i b l e s . 
The major advantage of t h i s technique i s that the short duration o f 
the experiment minimises the e r r o r s due to convection. The major 
disadvantage i s that the maximum specimen thickness i s about 0.4 cm, 
and consequently o p t i c a l l y - t h i c k conditions only apply when the 
e x t i n c t i o n c o e f f i c i e n t i s greater than 9 cm" . A second disadvantage 
i s that the l a s e r pulse method i s a tr a n s i e n t technique and k R cannot 
be c a l c u l a t e d by Equation 1, which i s app l i c a b l e to steaay-state 
conditions; at the present time no formulae e x i s t f o r the c a l c u l a t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
9



19. MILLS Heat Transfer and Conductivity of Coal Slags 263 

of k f o r t h i s method. Thus t h i s technique i s most useful when 
applied to specimens which have ( i ) very small values o f « d ( i e . 
α d << 3.5) where a - a , or ( i i ) large e x t i n c t i o n c o e f f i c i e n t s 
where k R i s n e g l i g i b l e and îhus a f « = a Q . 

The l i n e source method i s a l i o a transient technique and i s the 
standard method f o r measuring the thermal c o n d u c t i v i t i e s of l i q u i d s 
at lower temperatures. In the high-temperature versions, t h i s method 
co n s i s t s of a f i n e Pt wire (ca. 0.1 mm dia) which i s placed c e n t r a l l y 
i n a c r u c i b l e of molten s l a g . This wire a c t s as both heating element 
and temperature sensor. When an AC or DC current i s applied to the 
wire, the temperature r i s e o f the wire (AT) i s monitored continuously 
during the heating period (ca. 1 second). A l i n e a r r e l a t i o n s h i p 
e x i s t s between Δ τ and In (time), the slope of which i s p r o p o r t i o n a l 
to (1/k). This method has the advantage that convectional heat 
t r a n s f e r i s eliminated ( i f convection does occur i t r e s u l t s i n a 
non-linear Δτ-ln (time) p l o t and can therefore be r e a d i l y detected). 
Routines are a v a i l a b l e f o r . c a l c u l a t i n g the value o f . k ^ f o r 
o p t i c a l l y - t h i c k conditions — ; however, de Castro et a l ̂ ~ have 
re c e n t l y proposed that k R i s n e g l i g i b l e i n the values of k e « f 

measured by t h i s technique at ambient temperatures ( i e . k 0, 
k f f = k ). There i s evidence to support the view that k R ~ 0,"" as 
measurements &a(k%\ with t h i s technique at " h i g h e r 
temperatures — ' — , — y i e l d much lower values o f k f o r slags than 
those, obtained by steady-state techniques. Furthermore, Powell and 
M i l l s ^ ' have pointed out that the thermal c o n d u c t i v i t y data f o r 
molten s a l t s become more consistent i f k i s taken to be zero i n the 
various l i ne-source determinations. 

I n d i r e c t measurements of k The absorption (or e x t i n c t i o n ) 
c o e f f i c i e n t can be determined by measurement of the o p t i c a l 
t r a n s m i s s i v i t y ( τ ) of the s l a g as a function of wavelength; the 
absorption c o e f f i c i e n t (<*) i s given by equation (5 ) , where d i s the 
thickness of the specimen. 

<* = - In ( τ )/d (5) 

Measurements at high temperatures are c a r r i e d out using an assembly 
of mirrors positioned i n a tube furnace. The transmitted beam i s 
d i v e r t e d i n t o an i n f r a r e d spectrophotometer where the t r a n s m i s s i v i t y 
i s determined. Blazek and E n d r y s » have reported that k R values f o r 
glasses c a l c u l a t e d from absorption c o e f f i c i e n t data are i n good 
agreement with values of ( k e f f - k Q) determined experimentally. 

Summary of experimental l i m i t a t i o n s . 
( i ) I t i s important to ensure that the thermal c o n d u c t i v i t y 

measurements on semi-transparent media are c a r r i e d out with 
o p t i c a l l y - t h i c k specimens, as k cannot e a s i l y be c a l c u l a t e d 
f o r o p t i c a l l y - t h i n c o nditions. I t i s recommended that 
absorption c o e f f i c i e n t measurements should a l s o be c a r r i e d out 
to determine the s l a g thickness required to produce an 
o p t i c a l l y - t h i c k specimen. 

( i i ) The non-transient techniques are prone to e r r o r s due to 
convectional heat t r a n s f e r . 

( i i i ) At the present time no r e l i a b l e routines are a v a i l a b l e f o r 
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264 MINERAL MATTER AND ASH IN COAL 

c a l c u l a t i n g the k R c o n t r i b u t i o n to the o v e r a l l thermal 
c o n d u c t i v i t y measured i n t r a n s i e n t techniques; there i s some 
evidence to suggest that k i s n e g l i g i b l e i n measurements 
obtained by the l i n e source method. 

Review of the Extant Data f o r Slags 

Coal slags vary appreciably i n composition and since there i s a 
paucity of data f o r c o a l s l a g s ; i t i s necessary to study a range of 
s l a g compositions to determine the e f f e c t s of compositional change on 
the thermal c o n d u c t i v i t y . One problem c o n t i n u a l l y encountered i s that 
the d i s t r i b u t i o n of Fe i n slags between ( F e 3 + ) , (Fe ) and f r e e i r o n 
i s not reported, and t h i s can have a marked e f f e c t on the absorption 
c o e f f i c i e n t and consequently on k Furthermore, the r a t i o of 
( ( F e ^ + ) / ( F e 3 + ) ) i s known to vary with Q ) temperature, ( i i ) p(0 2) and 
( i i i ) the composition of the s l a g , (Fe ) i n c r e a s i n g with i n c r e a s i n g 
S i 0 2 and T i 0 2 and decreasing CaO and Na 20 contents. 

(7) 
CaO + SiO + FeO . Fine et a l ~ determined the absorption spectra 
at room temperature of three slags containing 0, 7 and 14% FeO 
(Figure 4). The absorption c o e f f i c i e n t s o f the slags containing 7 and 
l4% 2Fe0 W i 1 1 probably increase with i n c r e a s i n g temperature since the 
(Fe +/Fe ) r a t i o w i l l i ncrease. An increase i n α with ν i n c r e a s i n g 
temperature can a l s o be seen i n Figure 2. Fine et a l ^ used the 
r a d i a l wave method to determine a 0 f s o l i d and l i q u i d slags 
containing 0 to 25% FeO; t h e i r r e s u l t s are summarised i n Equation 6, 
where Β represents the b a s i c i t y , i e . (Ca0/Si0 2) r a t i o and Τ i s the 
temperature i n (°C). 

a = 10" 7 (1.5 - 0.5 B) + 1.8 χ 1<Γ6. ( T / 1 5 Q Q f m V 1 (6) 
e i T (%FeO)°- a 

This equation i n d i c a t e s that i n c r e a s i n g the FeO content r e s u l t s i n a 
reduction of a f f ; t h i s behaviour i s due presumably to the increase 
i n α and hence the consequent decrease i n k with i n c r e a s i n g FeO 
content. However, Naumariv et al^—' using the same experimental 
technique as Fine et a l ^ obtained the k - (% FeO) r e l a t i o n s h i p 
shown i n Figure 5 f o r molten slags with 3 Tiigh FeO contents. The 
density o f slags are known to increase with i n c r e a s i n g (Ρ β0 χ> MnO) 
content, thus k( r^a^C .ρ) would be expected to increase as the l e v e l 
of FeO i n c r e a s e s ^ — . p However, c a l c u l a t i o n s have shown that t h i s 
increase i n k would be ca. 30%, and t h i s alone would not account f o r 
the increase shown i n Figure 5. Thus i t must be concluded that FeO 
a d d i t i o n s do increase the thermal d i f f u s i v i t y of the system. In these 
slags with high FeO content, the absorption c o e f f i c i e n t must be very 
high and thus k R must be n e g l i g i b l e and k f = k Q. 

CaO + A l o 0 n + SiO^. Measurements on s o l i d slags have been reported 
( 12T 

by Kingerv — (comparative l i n e a r heat-flow method), 
O s i n o v s k i k h ^ ; and Susa et a l * ( l i n e source method) , ..and f o r the 
l i q u i d phase by Susa et a l ~ J and Ogino et a l — ( r a d i a l 
heat-flow); the r e s u l t s are summarised i n Figure 6. The data recorded 
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19. MILLS Heat Transfer and Conductivity of Coal Slags 265 

0.1 0.5 1.0 5.0 
Wavelength pm 

Figure 4. The absorption spectra at room temperature f o r slags 
containing FeO x + CaO + Si02-

τ 1 1 r 
1300°C / 

Figure 5. The thermal c o n d u c t i v i t y of slags of the system 
FeO x + Ca0+Si02 as a f u n c t i o n of the FeO x content. The 
l e t t e r s and numerals r e f e r to the specimen numbers 
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266 MINERAL MATTER AND ASH IN COAL 

200 400 600 800 1000 1200 H 0 0 

T/°C 

Figure 6. Thermal c o n d u c t i v i t i e s of slags from the system, CaO 
+ A 1 2 0 3 + Si0 2î · , Kingery f o r 3 A l 2 0 3 . 2 S i 0 2 ; Ogino 
et a l ; ; Susa , 50% CaO + 50% A I 2 O 3 ; , 40% CaO + 
40% S i 0 2 + 2 0 % A 1 2 0 3 ; , 25% CaO + 60% S i 0 2 + 15% 
A 1 2 0 3 ; , Osinovskikh; J , T^ i q. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
9



19. MILLS Heat Transfer and Conductivity of Coal Slags 267 

by Osinovskikh ~2 appear to be too low, but there i s some measure of 
agreement between the data obtained by other i n v e s t i g a t o r s f o r the 
l i q u i d near the l i q u i d u s temperature (T ). However, the reported, 
thermal c o n d u c t i v i t y values diverge as trientemperature increases, and 
t h i s i s p o s s i b l y due to the n e g l i g i b l e c o n t r i b u t i o n of k i n the l i n e 
source measurements^-^ and the e f f e c t s of k and convective heat 
t r a n s f e r on the value due to Ogino^-L=^. The value due to Kingery — 
f o r the compound 3A1 0 .2Si0p i s appreciably higher than that f o r the 
slags of the ternary system. 

MgO + Al ρ + SiO^. Values f o r the various binary,-compounds 
occurring ±τι t h i s system have been reported by Rudkin^— and by 
K i n g e r y ^ ^ (comparative l i n e a r heat-flow method), and by Schatz and 
Simmons^ (modulated beam method) f o r temperatures up to 1300 C; 
there i s e x c e l l e n t agreement between the values obtained by the 
l a t t e r two groups of workers. Schatz and Simmons^--' reported that the 
e x t i n c t i o n c o e f f i c i e n t of 2MgO.SiO increases from 5 cm a t 270 °C 
to 25 cm"1 at 1300 °C. 

Na^o + s iO . Susa et a l - J ( l i n e source method) reported thermal 
c o n d u c t i v i t y data f o r s o l i d and l i q u i d slags f o r three compositions; 
the s i n g l e value obtained by Ogino et al^J - 3 ' ( r a d i a l heat-flow 
method) i s i n reasonable agreement with these data. 

(λ) 
Glasses. Blazek and Endrys — have reviewed the thermal 
c o n d u c t i v i t y data f o r g l a s s e s . The l a t t i c e thermal c o n d u c t i v i t y , k , 
f o r glasses i s r e l a t i v e l y u n a f f e c t e d l y composition and was found So 
increase with temperature from 1 Wm Κ at 25 °C to 2.7 Wm" K" at 
1300 °C. However, r a d i a t i o n conduction i s frequently the dominant 
mode of heat conduction i n glasses at high temperatures. 

CaF^-based s l a g s . E x t i n c t i o n c o e f f i c i e n t s have been reported 
(1.3 cm"1 f o r 1000-1300 °C) by Keene and M i l l s ( ^ P f and absorption 
c o e f f i c i e n t s (1.3 cm"1) f o r the l i q u i d state by M i t c h e l l and 
W a d i e r C — ; . 

The thermal c o n d u c t i v i t y values f o r p o l y c r y s t a l l i n e 
( o p t i c a l l y - t h i c k ) CaF^ obtained by .JCLngery^— (comparative l i n e a r 
flow method) and by Taylor and M i l l s ^ ( l a s e r pulse method) are i n 
reasonable agreement (Figure 7). However, there i s an appreciable 
discrepancy between the values of k obtained by the A i Q e source 
m e t h o d ^ — — ' and the s i n g l e value due to Ogino et a l ^ J ( r a d i a l 
heat source method). 

The reason f o r the discrepancy probably l i e s i n the magnitude of 
the k R values measured i n the two experiments, as k R i s probably 
n e g l i g i b l e f o r the l i n e source technique, i n contrast to the 
steady-state method where k R would be appreciable despite the f a c t 
that the sample was probably o p t i c a l l y t h i n (cxd-0 .8). 

_ 7 
Ti0 o-based s l a g s . Values of thermal d i f f u s i v i t y , a r r , of 3 x 10 
2 f i ( 2 8 ) 

m s" have been reported by R a f l o v i c h and Denisova — f o r slags 
based on TiO^ (>45%) and (<35%) SiOp with small amounts o f Al^O-
and F e 2 ° Q ' ^ e d a t a reported by Osinoskikh et a l l ^ f o r slags witn 
l e s s tnan 15% T i 0 2 are much lower and t h i s i s probably due to the 
high p o r o s i t y of the sample used. 
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268 MINERAL MATTER AND ASH IN COAL 

X 

I I I I I I I L _ 

0 200 400 600 800 1000 1200 1400 
T/-C 

Figure 7. The thermal c o n d u c t i v i t y of CaF 2 and CaF 2_ based 
slags; CaF 2; *, Powell; φ, Charvat; * — , Taylor; x, 

, NâgâTa; • , Ogino; V » M i t c h e l l ; CaF 2_based sl a g s , 
— — — , Susa et a l ; Δ , M i t c h e l l . 
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19. MILLS Heat Transfer and Conductivity of Coal Slags 269 

Continuous c a s t i n g s l a g s . These slags have the approximate 
composition (CaO = SiO = 35%; A l ^ = 7%; N a 2 0 4-15% and CaF 2 5 -8%). 
Olusanya^-^ has reported that the absorption c o e f f i c i e n t s l i e i n the 
range ( 0 . 5 - 5 cm"* ) and thus k R could be appreciable i n these s l a g s . 
Values o f a e f f w e r e obtained f o r ten glassy-slags by Taylor and 
M i l l s ^ * ^ ' ( l a s e r pulse method) and were between 4 and 5 x 1 0 " ' m s" 
(Figure 8 ) . These slags were o p t i c a l l y t h i n (ad = 0 . 4 ) and thus we 
might expect k R to be small and k f f = k . Some c r y s t a l l i s a t i o n of 
the samples occurred at temperatures above the glass temperature i n 
these experiments, and t h i s r e s u l t e d i n an i n i t i a l decrease i n a 
which was subsequently followed by an increase i n the thermal 
d i f f u s i v i t y . Taylor and M i l l s reported that a of a c r y s t a l l i s e d 
specimen had a value of ca. 6 χ 1 0 " ' m s , which i s higher than that 
of the glassy specimens; the c r y s t a l l i n e samples would have a higher 
e x t i n c t i o n c o e f f i c i e n t and thus k would be low and hence a f f = a . 
Thermal c o n d u c t i v i t y values f o r the l i q u i d phase have been attained 
by Nagata et a l ' 3 1 ^ and by Powell et a l ^ ^ J ( l i n e source method), and 
by Taylor and Edwards'!!' ( l a s e r pulse method) and by Ohmiya 
et al^23' ( i n t e r p r e t a t i o n of thermal f l u x data). As can be seen from 
Figure 8 , the r e s u l t s from the l i n e source technique are lower than 
the other data, and t h i s probably r e f l e c t s the f a c t that k i S 

n e g l i g i b l e i n the l i n e source experiments. The increase i n *eff 
observed by Taylor and E d w a r d s u J y above the s o l i d u s temperature e i s 
probably due to the decrease i n α (and increase i n k R ) f as l i q u i d i s 
formed from c r y s t a l l i s e d s l a g . 

B l a s t furnace s l a g s . Values of k toe been reported by 
Ischenko and by V a r g a f t i k and O l e s c h u k ^ ' f o r temperatures i n 
the range ( 200 -1000 ° C ) . The values given are lower than those 
reported f o r other s l a g s , which i s presumably due to the high 
po r o s i t y of the samples used by these workers. 

Rocks and Minerals. Absorption and e x t i n c t i o n c o e f f i c i e n t s f o r 
several rocks and minerals - w e r e found to increase appreciably 
at high temperatures, eg α (peridot) increases from 0 . 5 cm" at 
25 °C to 4 . 3 cm" a t 1240 °C. Values of k (or a e f f ) have been 
recorded by K i n g e r y ^ — , by K a w a d a ^ ' (comparative l i n e a r flow 
method), by Murase and McBirney^—' ( r a d i a l heat flow), and by Schatz 
and Simmons — (modulated beam .method). The r e s u l t s are given i n 
Figure 9 , and Schatz and Simmons— reported that f o r f o r s t e r i t e and 
o l i v i n e at 1300 °C, approximately h a l f of the measured k e f {. value was 
due to the c o n t r i b u t i o n of k R. There i s good agreement between the 
r e s u l t s reported by Kingery and by Schatz and Simmons f o r k e f f of 
f o r s t e r i t e . The values of k e f f reported by Murase and McBirney are 
appreciably lower than those reported by other i n v e s t i g a t o r s , which 
may i n d i c a t e systematic e r r o r s i n the method, or may merely be due to 
the higher SiO content of the samples studied by Murase and 
McBirney. The sharp increase i n k recorded above 1100 °c f o r some 
samples probably i n d i c a t e s the onset of melting, which causes the 
e x t i n c t i o n c o e f f i c i e n t to decrease and whence k R to increase 
appreciably. I t i s noticeable that Kawada — recorded no marked 
increase i n k e f f f o r dunite (DU), which has an FeO content o f 13% and 
where k R would be n e g l i g i b l e . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
9



MINERAL MATTER AND ASH IN COAL 

I ι ι ι ι ι ι 1—I 
200 4 0 0 6 0 0 8 0 0 1000 1200 U 0 0 

T/°C 

Figure 9. The thermal c o n d u c t i v i t y of rocks and minerals; 
— — — , Murase; , Schatz; , Kingery; 
Kawada; the l e t t e r s r e f e r to samples. 
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19. MILLS Heat Transfer and Conductivity of Coal Slags 271 

Coal s l a g s . The experimental d e t a i l s of various i n v e s t i g a t i o n s 
concerned with these slags are summarised i n Table 1. The r e s u l t s are 
presented i n Figure 10; only the upper and lower a-(T) curves 
reported by Gibby and Bates have been p l o t t e d . 

The absorption c o e f f i c i e n t s of these slags are probably quite 
high, as they contain appreciable l e v e l s o f FeO and free Fe. Thus the 
r a d i a t i o n c o n t r i b u t i o n , k w i l l be r e l a t i v e l y small. There i s good 
agreement between the r e s u l t s of the i n v e s t i g a t i o n s when the 
appreciable d i f f e r e n c e s i n the composition of the slags i s taken i n t o 
account. Gibby and Bates 15' reported that f o r s o l i d slags the value 
of a v a r i e d appreciably from run to run and appeared to be 
dependent upon the thermal h i s t o r y of the sample. This behaviour was 
a t t r i b u t e d to the c r y s t a l l i n i t y of the sample and the f a c t that a f f 

( c r y s t a l l i n e ) > a ( g l a s s ) , which i s i n agreement with the 
observations on continuous-casting s l a g s . Gibby and Bates —' a l s o 
observed that K^O additions r e s u l t e d i n a decrease i n a ^« up to 
900 C, andjthat the a

e f f - ( T ) r e l a t i o n s h i p showed a sharp i n f l e c t i o n 
around 950 °C, which was a t t r i b u t e d to the c r y s t a l l i s a t i o n of the 
s l a g s . 

These workers a l s o reported that a f f appeared to decrease with 
i n c r e a s i n g SiO content or with the r a t i o ( S i 0 2 / ( F e 2 0 3 + MgO + CaO)). 
This implies tnat k i s probably dependent upon the "Structure of the 
s i l i c a t e s l a g , and thus i t should be possible to b u i l d up a r e l i a b l e 
model f o r the estimation of k i n due course. However, i t i s a l s o 
p o s s i b l e that the decrease with i n c r e a s i n g S i 0 o content 
r e s u l t e d from the lower f r a c t i o n or c r y s t a l l i n e phase preserit i n the 
s l a g . 

Discussion 

The thermal c o n d u c t i v i t y data f o r s l a g s , magmas and glasses have been 
c o l l a t e d i n Figure 11. I t can be seen that k values f o r s o l i d coal 
slags are s i m i l a r to those f o r slags from tne systems CaO + Al Q + 
SiOp and CaO + SiOp + FeO and f o r those used i n continuous c a s t i n g . 
Thus i t would appear that the chemical composition of the s l a g has 
l i t t l e e f f e c t on the values of k

e f f ; however, c e r t a i n oxides (eg 
S i 0 2 , CaO) could exert some influence on the c o n d u c t i v i t y by a l t e r i n g 
the c r y s t a l l i n i t y of the s l a g . Furthermore, the r a d i a t i o n conduction 
w i l l a l s o be a f f e c t e d by the c r y s t a l l i n i t y of the sample as the 
e x t i n c t i o n c o e f f i c i e n t w i l l be high f o r c r y s t a l l i n e m a t e r i a l s . 

I t i s more d i f f i c u l t to evaluate the thermal c o n d u c t i v i t y of 
molten s l a g s , although the data o b t a i ^ d . f o r c o a l slags ^ and f o r 
slags of the system CaO + FeO + SiOp - ^- i n d i c a t e that k e f f f o r 
the l i q u i d near the melting-point i s s i m i l a r to that f o r the s o l i d 
phase. I t i s noticeable that the k values obtained f o r l i q u i d 
s lags by the l i n e source method a?e considerably lower than the 
values obtained with other techniques. I t i s possible that the l i n e 
source method i s prone to systematic e r r o r s when app l i e d to molten 
s l a g s , but a more l i k e l y explanation i s that the k i s n e g l i g i b l e i n 
these experiments. As coal slags contain r e l a t i v e l y high l e v e l s of 
(FeO + F e

2 0 o ) » i t would be expected that the absorption c o e f f i c i e n t 
o f the slag^ would be high and that the k c o n t r i b u t i o n would be 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
9



Ν
) 

-J
 

Ν
) 

Ta
bl

e 
1.
 

Ex
pe

ri
me

nt
al

 
De

ta
il

s 

Sl
ag 

co
mp

os
it

io
n 

Te
mp

er
at

ur
e 

Ra
ng

e 
°C

 
Re

fe
re

nc
e 

No 
%C

aO + 
Mg
O 

%S
i0

2 
%F

eO 
%F

e2
03

 
%A

1 20
3 

Sa
mp

le 
Me

th
od 

Te
mp

er
at

ur
e 

Ra
ng

e 
°C

 

Va
rg

af
ti

k(
34

) 
A 

12
.8 

35
.9 

29
.0 

5.3
 

14
.3 

Li
qu

id
, 

so
li

df
ie

d 
Ra

di
al 

he
at 

fl
ow 

25 
- 

13
48

 
Β 

3.8
 

53
.5 

14.
1 

6.0
 

22
.7 

sl
ag

; 
(1

0 m
m)
 

me
th

od
. 

Pt
 a
nd

 s
ta

in
­

25 
- 

12
83

 
C 

2.2
 

50
.8 

21
.0 

-
13

.0 
so

ft
en

in
g 

po
in

t 
-

ca 
10

00
 °

C 
le

ss 
st

ee
l 

cr
uc

ib
le

s 
25 

- 
11

51
 

Gib
by 

an
d 

33
-6

1 
6-9

 
6-3

6 
14

-3
2 

6 
sa

mp
le

s, 
li

qu
id 

La
se

r 
pu

ls
e 

me
th

od 
10

0 
- 

16
00

 
Ba

te
s(

15
) 

- a
nd 

so
li

d 

Ta
yl

or
(3

0) 
27 

34 
6.5

 
4.

5% fr
ee 

Fe 

22 + 3
% 

Na
20 

Gl
as

s, 
(l

 m
m)
 

La
se

r 
pu

ls
e 

me
th

od 
20

0 
- 9

50
 

m > ζ D > C/
3 η Γ™ 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
9



MILLS Heat Transfer and Conductivity of Coal Slags 
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Figure 10. (a) Thermal c o n d u c t i v i t y (b) thermal d i f f u s i v i t y of 
coal slags; , Taylor; — — — , Var g a f t i k ; upper 
and lower l i m i t s of a values reported by Gibby and Bates. 

C a F 2 ^ V v ^ i K - t 
\ \ l F e 0 * C a 0 * S i 0 2 

""2,.. ! ' . u ^ C o a l s l a g s 

N a 2 0 * S i 0 2 

C o n t i n u o u s -
c a s t i n g s l o g s N a 2 0 * S i 0 2 

2 0 0 4 0 0 6 0 0 800 1000 1200 1400 1600 

T / e C 

Figure 11. The thermal c o n d u c t i v i t y of various slags, glasse 
and minerals: O , M g O - A l ^ ; T, SSUO -2Si0 2; X, 2MgO*Si0 2; 
^ CaF 2~based slags; Na 20 + S i 0 2 ; , continuous-
ca s t i n g slags; and - · · - , coal slags. 
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274 MINERAL MATTER AND ASH IN COAL 

small. However k R increases d r a m a t i c a l l y with temperature and even a 
s l a g with a r e l a t i v e l y high absorption c o e f f i c i e n t of 100 cm" would 
give r i s e to a c o n t r i b u t i o n of k of 0.4 Wm Κ a t 1800 K. 

2 +However as the absorption c o e f f i c i e n t i s very dependent upon the 
(Fe ) concentration the k value w i l l be dependent upon the 
various f a c t o r s a f f e c t i n g the tFe /Fe^ +) r a t i o i n the s l a g v i z . the 
r a t i o increases with; ( i ) i n c r e a s i n g temperature; ( i i ) decreasing 
p(0 ); ( i i i ) i n c r e a s i n g SiOp and T i 0 2 contents and decreasing CaO, 
NapO and KpO contents i n the s l a g . This review has revealed the 
urgent neecr f o r absorption c o e f f i c i e n t data f o r c o a l slags at high 
temperatures and f o r information r e l a t i n g the absorption c o e f f i c i e n t 
to the FeO content of the s l a g . 

The heat t r a n s f e r process i n the c o a l g a s i f i e r can a l s o be 
af f e c t e d by the lay e r of s l a g which l i n e s the walls of the g a s i f i e r . 
Recently, Grieveson and Bagha^— have developed a simple experiment 
f o r measuring the thermal f l u x (Q) i n various slags used i n the 
continuous c a s t i n g of s t e e l . A water-cooled, copper f i n g e r i s lowered 
i n t o a c r u c i b l e containing molten i r o n covered with a l a y e r of s l a g 
and a l a y e r of s o l i d i f i e d s l a g forms around the c o l d f i n g e r . The 
thermal f l u x i s determined by measuring the temperature r i s e of the 
coo l i n g water flowing through the copper f i n g e r . I t was found that 
the heat f l u x was r e l a t e d to; ( i ) the thickness o f the s l a g l a y e r ; 
and ( i i ) the thermal r e s i s t a n c e of the Cu/slag i n t e r f a c e . The 
thickness of the s l a g l a y e r i s , i n turn, dependent upon the v i s c o s i t y 
of the s l a g and upon other f a c t o r s determining the "melt back" of the 
s l a g l a y e r . Grieveson and Bagha^— observed that the thermal 
r e s i s t a n c e of the Cu/slag i n t e r f a c e appeared to be r e l a t e d to; 
( i ) the mi n e r a l o g i c a l c o n s t i t u t i o n of the s l a g : and ( i i ) the strength 
of the adhesive bond between the copper and the s l a g eg. the heat 
f l u x , Q, recorded with slags from CaO.SiO phase f i e l d , which gives 
good Cu/slag adhesion, i s greater than the Q recorded f o r slags from 
CaO.Al 0 .2SiO phase f i e l d with poor Cu/slag adhesion. Thus 
r e l a t i v e l y simple experiments l i k e these simulation t e s t s can provide 
a valuable i n s i g h t i n t o the f a c t o r s a f f e c t i n g heat t r a n s f e r 
mechanisms occ u r r i n g i n i n d u s t r i a l processes. 

Conclusions 
( i ) Experimental data f o r the thermal c o n d u c t i v i t i e s of slags must 

be c a r e f u l l y analysed to e s t a b l i s h the boundary conditions of 
the experiment ( e g * o p t i c a l thickness of the specimen, magnitude 
of k e t c ) . This evaluation of the data allows one to determine 
the s u i t a b i l i t y of a s p e c i f i c thermal c o n d u c t i v i t y value f o r 
subsequent use i n heat balance c a l c u l a t i o n s f o r the g a s i f i e r . 

( i i ) The thermal c o n d u c t i v i t i e s of c o a l slags are not very dependent 
upon the chemical composition of the s l a g . 

( i i i ) The thermal c o n d u c t i v i t y of the s l a g i s dependent upon the 
degree of c r y s t a l l i s a t i o n and consequently upon the thermal 
h i s t o r y of the specimen; the thermal c o n d u c t i v i t y of the 
c r y s t a l l i n e phase i s greater than that of the glassy phase. 

(i v ) The r a d i a t i o n conduction, k i s p r i n c i p a l l y determined by the 
magnitude of the absorption (or e x t i n c t i o n ) c o e f f i c i e n t . As the 
absorption c o e f f i c i e n t of the s l a g i s l a r g e l y dependent upon 
the (Fe + ) concentration i n the s l a g , i t w i l l a l s o be dependent 
upon the f a c t o r s a f f e c t i n g the (Fe +/Fe ) r a t i o v i z . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

01
9



19. MILLS Heat Transfer and Conductivity of Coal Slags 275 

temperature, p(0 ) and the SiO,,, CaO and NapO contents of the 
slag. d * 

(v) Experimental data are required for the absorption coefficients 
of coal slags at high temperatures so that the relationship 
between α and the FeO content can be established. 

(vi) Heat transfer in the coal gasifier w i l l be partially dependent 
upon the thermal resistance of the slag/wall interface and 
this, in turn, w i l l be dependent upon the mineralogical 
constitution of the slag adjacent to the wall. 
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20 
Solid-Liquid-Vapor Interactions in Alkali-Rich 
Coal Slags 

L. P. Cook and J. W. Hastie 

National Bureau of Standards, Gaithersburg, MD 20899 

Volcanic ash that falls into a coal-forming environment 
stands a good chance of being preserved and contributing 
to the mineral matter in coal. Such layers are rela­
tively common in some coals although they are commonly 
not recognized as volcanic in origin even by geologists. 
The original material usually consists of fine-grained 
glass, crystals, and rock fragments, but there is a great 
variety in texture and composition. After burial the 
glass, in particular, is readily altered so that with 
increasing geologic age secondary clay minerals become 
abundant and evidence of the volcanic origin becomes less 
obvious. Kaolinite is most abundant, but smectite is not 
uncommon; occasionally unusual minerals occur, such as 
aluminum phosphates with notable amounts of Sr and rare 
earths. In North America, volcanic ash layers are most 
important in western coals of Tertiary and Cretaceous 
ages; they are generally uncommon in eastern coals or 
those of greater age. 

Sodium and potassium are important constituents of the c l a y minerals 
found i n most c o a l s . As the c o a l i s combusted these metals may be 
vaporized, transported and reabsorbed by s l a g i n the cooler portions 
of the system, leading to the production of slags having concentrations 
of a l k a l i e s s e v e r a l times that of the primary mineral matter. With­
out doubt the most marked concentrations occur i n slags from 
magnetohydrodynamic generators, where potassium s a l t s are d e l i b e r a t e l y 
added to the combustion gases to enhance e l e c t r i c a l c o n d u c t i v i t y of 
the plasma. Slags from MHD generators have K2O concentrations 
approaching 20 wt%. 

The c o r r o s i v e e f f e c t s of these high a l k a l i slags on ceramic 
components of combustion systems are w e l l known. Corrosion a r i s e s 
from the f a c t that such slags are good solvents f o r a wide range of 
mat e r i a l s . Furthermore, when many ceramics come int o contact with 
high a l k a l i s l a g s , d e s t r u c t i v e r eactions producing new s o l i d s may 
occur. For example, alumina, a widely used r e f r a c t o r y , may react to 
produce NaAlSiOi+j KAlSiO^ or beta alumina, depending upon the 

This chapter not subject to U.S. copyright. 
Published 1986, American Chemical Society 
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278 MINERAL MATTER AND ASH IN COAL 

a c t i v i t i e s of s i l i c a and the a l k a l i e s . In most s i t u a t i o n s , reactions 
of t h i s type would r e s u l t i n l o s s of s t r u c t u r a l i n t e g r i t y of the 
ceramic. 

For these and r e l a t e d reasons, there i s need f o r d e t a i l e d know­
ledge of the p h y s i c a l chemistry of high a l k a l i c o a l ash - derived 
s l a g s . NBS has an ongoing t h e o r e t i c a l and experimental program to 
s y s t e m a t i c a l l y determine the nature of s o l i d - l i q u i d - v a p o r e q u i l i b r i a 
i n high a l k a l i c o a l s l a g s . Given the wide v a r i a b i l i t y of c o a l s l a g , 
t h i s n e c e s s i t a t e s a clo s e i n t e r a c t i o n between theory and experiment, 
i f s i g n i f i c a n t progress i s to be made. 

Experimentally, three p r i n c i p a l methods are being u t i l i z e d . 
A p p l i c a t i o n of the high temperature quenching method, with examination 
of r e s u l t s by x-ray d i f f r a c t i o n and e l e c t r o n microprobe methods, i s 
f a c i l i t a t e d by the f a c t that most s i l i c a t e melts quench r e a d i l y to 
glasses, preserving the t e x t u r a l and chemical r e l a t i o n s h i p s which 
p r e v a i l e d under e q u i l i b r i u m at high temperatures. On the other hand, 
the r e l a t i v e l y slow k i n e t i c s makes necessary great care i n the 
determination of a l k a l i vapor pressures by the Knudsen effusion/mass 
spectrometric method. Nonetheless the technique has been used 
s u c c e s s f u l l y at NBS i n determining vapor pressures by c l o s e l y cor­
r e l a t i n g e f f u s i o n experiments with on-going quench experiments. 
S i m i l a r l y , the a p p l i c a t i o n of the t h i r d p r i n c i p a l experimental 
method, high temperature d i f f e r e n t i a l thermal-thermogravimetric 
a n a l y s i s , requires a degree of caution. 

There has long been i n t e r e s t i n the development of models f o r 
the p r e d i c t i o n of c o a l s l a g phase e q u i l i b r i a . While s i l i c a t e phase 
diagrams of l i m i t e d compositional range have been s u c c e s s f u l l y 
modeled, a s i n g l e model f o r accurate p r e d i c t i o n of s l a g phase 
e q u i l i b r i a i n general w i l l r e q u i r e that considerably more progress 
be made not only i n our understanding of the s t r u c t u r a l chemistry 
of slags but als o i n the a v a i l a b i l i t y of thermochemical data needed 
fo r such models. Progress to date i s r e l a t e d to the r e a l i z a t i o n that 
treatment of s i l i c a t e l i q u i d s as polymerized melts may be necessary 
fo r very p r e c i s e p r e d i c t i o n of phase r e l a t i o n s h i p s . Also important 
i s the discovery that a l k a l i a c t i v i t i e s can be modeled over a wide 
range of compositions by t r e a t i n g slags as composed of mixtures of 
complex mineral melts such as C a A l 2 S i 2 0 8 , KAlSiO^, NaAlSÎ308, etc. 
Thus c o a l s l a g s , while not chemically i d e a l mixtures of the oxide 
components, appear to be much more i d e a l with respect to a choice 
of more complex components. 

Phase E q u i l i b r i a i n Coal Slags 

Coal Slag as a 7-Component System. The v a r i a b i l i t y of c o a l ash com­
p o s i t i o n i s d i r e c t l y r e l a t e d to v a r i a t i o n s i n the proportions of 
mineral i m p u r i t i e s such as S i 0 2 , CaC0 3, CaMg(C0 3) 2, C a S 0 i +-2H 20, 
F e 2 0 3 , FeS 2, and the c l a y minerals which comprise a complex group 
of hydrated a l k a l i a l u m i n o s i l i c a t e s . Coal ashes may vary widely i n 
t h e i r contents of i r o n , calcium and magnesium, but do not vary as 
g r e a t l y i n the amount of s i l i c a and alumina they contain. In f a c t , 
of the 323 c o a l ash analyses reported i n U.S. Bureau of Mines B u l l . 
567 (1), the great majority have a S i 0 2 / ( S i 0 2 + A l 2 0 3 ) mole r a t i o 
between .67 and . 8 0 , with a w e l l defined maximum near .75 (2). The 
bulk chemistry of the ash i s r e l a t e d to the conditions of formation 
of the c o a l . In general l i g n i t e s and subbituminous coals of the 
western U.S.A. are high i n calcium while bituminous coals of the 
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20. COOK AND HASTIE Solid-Liquid- Vapor Interactions in Slags 279 

eastern U.S.A. contain more i r o n . Table I gives t y p i c a l analyses 
f o r ashes from these c o a l s , and includes f o r comparison an a n a l y s i s 
of c o a l s l a g from a magnetohydrodynamic generator. From t h i s t a b l e , 
i t can be seen that, i n general, c o a l s l a g must be regarded as a 
seven component substance, i f minor constituents such as T1O2 and 
P 2 O 5 are ignored and i f s u l f u r i s assumed to vaporize at high 
temperature. To account f o r the f a c t that Fe 203 reduces p a r t i a l l y 
to FeO with i n c r e a s i n g temperature would re q u i r e an added component. 
However the number may be reduced again to seven i f the oxygen p a r t i a l 
pressure i s included as an i n t e n s i v e v a r i a b l e along with temperature 
and composition. By doing t h i s the need to s p e c i f y both FeO and 
Fe2Û3 i n d e f i n i n g the bulk composition i s eliminated; these are 
replaced by FeO , where χ i s determined by the oxygen p a r t i a l 
pressure. 

Table I. T y p i c a l Coal Ash Analyses (wt % ) . 

(3) 
Montana Coal — I l l i n o i s C o a l ^ MHD S l a g ^ 

K 20 0.4 1.4 20.2 
Na 20 0.4 1.6 0.5 
CaO 11.9 8.2 3.9 
MgO 3.9 0.8 1.1 
A 1 20 3 21.4 16.2 12.4 
F e 2 0 3 10.0 23.7 14.7 
S i 0 2 42.5 37.5 48.3 
T i 0 2 0.8 0.8 0.5 
P2O5 0.3 0.1 -
S0 3 8.1 8.9 0.2 

Representation of Solid-Liquid-Vapor E q u i l i b r i a . Ready v i s u a l i z a t i o n 
of a range of phenomena i s one of the a t t r i b u t e s making phase diagrams 
indispensable i n understanding the chemistry of heterogeneous 
systems. However, although advanced multidimensional p r o j e c t i v e 
methods have been derived f o r the representation of n-component 
systems (5), these do not i n general lead to e a s i l y v i s u a l i z e d 
diagrams. Thus f o r the seven component co a l s l a g system, a l t e r n a t i v e 
methods must be used. 

It i s u s e f u l to subdivide the s l a g system i n t o smaller systems. 
The system Al203-Si0 2 i s perhaps the most fundamental system f o r a l l 
slags, and to t h i s one may think of adding p r o g r e s s i v e l y combinations 
of the a l k a l i e s and CaO, MgO and FeO x, u n t i l the desired degree of 
complexity i s reached. Constituent systems making up the s l a g system 
are summarized i n Table I I . Data are a v a i l a b l e f o r parts of many 
of these systems (6-10), but as the number of components increases, 
data become p r o g r e s s i v e l y fewer. 

At NBS, experimental work i s presently concentrating on the 
system K 20-Ca0-Al203-Si0 2. This along with K20-FeO x-Al 20 3-Si02 
and K20-Mg0-Al203-Si02, forms the basis f o r modeling potassium-rich 
slags. The approach has been to e s t a b l i s h subsolidus e q u i l i b r i a 
(Figure 1) and then to combine these data with l i t e r a t u r e thermo-
chemical data v i a s o l i d s t a t e r e actions of the type 

A(s) + B(s) C(s) + V(s) + 2K(g) + 1/2 0 2(g) 
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20. COOK AND HASTIE Solid-Liquid- Vapor Interactions in Slags 281 

where A , B, C and V denote c r y s t a l l i n e s o l i d s . At the temperature 
of minimum melting, such c a l c u l a t i o n s provide a d i r e c t l i n k 
between the phase diagram and the measurements of potassium vapor 
pressure which are independent of any s o l u t i o n model (Figure 2). 
This approach a i d s g r e a t l y i n the determination of an i n t e r n a l l y 
c o nsistent set of thermochemical data. 

As the systems i n v e s t i g a t e d become more complex (more components), 
other techniques may be used to reduce the number of v a r i a b l e s , so 
that r e s u l t s can be portrayed g r a p h i c a l l y . For example, i n p r i n c i p l e 
phase e q u i l i b r i a at 1 atm i n the system K20-CaO-FeO x-Al 203-Si02 could 
be portrayed i n three dimensions g r a p h i c a l l y as a t e t r a h e d r a l 
diagram at constant y v Λ or P T 7 Λ , Τ and Ρ Λ . Another way of reducing K 2 U K 2 O U 2 
the dimensionality of the r e p r e s e n t a t i o n a l problem i s to deal with 
s a t u r a t i o n surfaces - t h i s i s a c t u a l l y a form of p r o j e c t i o n . For 
example by considering the e q u i l i b r i a i n which A1 20 3 p a r t i c i p a t e d 
as a phase, the need to use A I 2 O 3 as a r e p r e s e n t a t i o n a l component 
would be eliminated. 

Role of Polymerization Theory. One of the major problems i n pre­
d i c t i o n and c a l c u l a t i o n of phase e q u i l i b r i a i s the formulation of 
accurate expressions f o r the f r e e energy of mixing of s i l i c a t e melts. 
R e l a t i v e l y few c a l o r i m e t r i c measurements are a v a i l a b l e , and hence 
the importance of sound methods of estimation and p r e d i c t i o n of mixing 
data to w i t h i n the required degree of accuracy. Polymer theory, 
extended i n the I960 1s to include s i l i c a t e melts by Masson (11) and 
others holds promise. I t i s perhaps the only general theory f o r 
s i l i c a t e melts which deals q u a n t i t a t i v e l y with the problem of melt 
s t r u c t u r e . This has been used, with a s u r p r i s i n g degree of success, 
to c a l c u l a t e phase e q u i l i b r i a i n binary oxide systems (12,13). 
Preliminary c a l c u l a t i o n s on multicomponent slags have shown that 
polymer theory, when treated i n a quasichemical fashion, i s h i g h l y 
f l e x i b l e , and can accommodate seven component l i q u i d i m m i s c i b i l i t y 
by making r e l a t i v e l y few estimates and assumptions (Figure 3). 
However, attempts to f i t l i q u i d u s surfaces i n the system K 20-Ca0-
A I 2 O 3 - S 1 O 2 have met with only p a r t i a l success. Further a p p l i c a t i o n s 
and extensions of polymer theory i n t h i s quaternary system are 
hampered by a l a c k of experimental data, and an attempt i s being 
made to r e c t i f y t h i s s i t u a t i o n . 

S o l u t i o n Model f o r the P r e d i c t i o n of A l k a l i Vapor Pressures 

Basis of the Model. The model employed f o r p r e d i c t i o n of vapor 
pressures i n multicomponent c o a l slags has been o u t l i n e d i n (14). 
B r i e f l y , l a r g e negative d e v i a t i o n s from i d e a l thermodynamic a c t i v i t y 
behavior are a t t r i b u t e d to the formation of complex l i q u i d s and 
s o l i d s (actual components) such as K 2 S 1 O 3 , KAlSiO^, etc. The f r e e 
energies of formation (AGf) are e i t h e r known or can be estimated 
f o r these l i q u i d s and s o l i d s . By minimizing the t o t a l system f r e e 
energy, one can c a l c u l a t e the e q u i l i b r i u m composition with respect 
to these components. Thus, f o r instance the mole f r a c t i o n of K 20 
present ( X * r K Q J ) i n e q u i l i b r i u m with K 2 S 1 O 3 , and other complex 
l i q u i d s (and S o l i d s ) containing K 20, i s known. As has been shown 
pre v i o u s l y f o r the ternary systems, the component a c t i v i t i e s can, to 
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282 MINERAL MATTER AND ASH IN COAL 

CaO MOL.% 

κ 2 ο 

Figure 1. Experimentally determined subsolidus phase r e l a t i o n s 
i n the system K20-Ca0-Al 20 3-Si02. c 2 s = Ca 2SiO + t r d = S i 0 2 

c 3 s 2 = C a 3 S i 2 0 7 ksp = K A l S i 3 0 8 wo = CaSi0 3 l c = K A l S i 2 0 6 

ge = C a 2 A l 2 S i 0 7 k l s = K A I S 1 O 4 an = C a A l 2 S i 2 0 8 mu = 3 A l 2 0 3 - 2 S i 0 2 

cag = C a A l i 2 0 i g cor = A1 20 3 

2200 1600 1200 

Τ (Κ) 

Figure 2. Calculated p o t a s s i a pressures f o r s o l i d assemblages 
i n K 2 0 - C a 0 - A l 2 0 3 - S i 0 2 (see Figure 1). Thermochemical data used 
were from (19). Dashed l i n e s with l a b e l s i n parentheses involve 
incongruently melting s o l i d s . A l l e q u i l i b r i a are metastable 
above the minimum melting temperatures. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
0



20. COOK AND HASTIE Solid-Liquid- Vapor interactions in Slags 283 

0.00 (Γ 

- 2.00 h 

0.00 0.50 1.00 

X ( K A I 0 2 + S i 0 2 ) 

Figure 3. Calculated f r e e energy of mixing along a compositional 
vector i n the system K20-CaO-MgO-FeO - A l 2 0 3 - S i 0 2 passing through 
experimentally determined compositions of immiscible melts (F 
and S). C a l c u l a t i o n s were made using the quasichemical melt 
polymerization theory (23). The compositions of predicted and 
observed immiscible melts can be made to agree reasonably w e l l 
by adjustments i n polymerization e q u i l i b r i u m constants and i n 
the r a t i o ( F e + 3 / F e * 3 + F e + 2 ) . 
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284 MINERAL MATTER AND ASH IN COAL 

a good approximation, be equated to these mole f r a c t i o n q u a n t i t i e s 
(15). From t h i s assumption i t al s o follows that potassium p a r t i a l 
pressures can be obtained from the r e l a t i o n s h i p 

0.4 
•Χ* Λ Ί Κ 

[K 20] ρ 

where K p i s the s t o i c h i o m e t r i c d i s s o c i a t i o n constant f o r pure K 20 
( l i q u i d or s o l i d ) to Κ and 0 2. In the fo l l o w i n g d i s c u s s i o n the model 
i s tested by comparing predicted data determined i n t h i s manner 
with experimental values. Thermodynamic a c t i v i t i e s and phase com­
p o s i t i o n s were a l s o c a l c u l a t e d using t h i s model. The experimental 

TEMPERATURE Κ 

2 
< 
LU 
cr 
D 
c/> 
</) io" 
LL' 
CC 
CL 

- , K A I S i o 4 • 

2CaO S i 0 2 

\ N 

— Ν. \ 

2CaO A l 2 0 3 

S i 0 2 

V \ \ 

MODEL 

- N \ 

/ \ \ \ 
/ \ \ \ \ 

EXPERIMENT 

\ 
. \ 
\ \ 

n V \ 

K 2 0 ( 1 4 . 5 w t % ) . 

~ A l 2 0 3 (28.5).CaO (20) .SiO 2 

1 1 

1 0 4 / T (K) 
Figure 4. Comparison of i d e a l mixing of complex components 
s o l u t i o n model ( s o l i d curve) and experimental (broken curve) 
K-pressure data as a f u n c t i o n of r e c i p r o c a l temperature, f o r 
a composition i n the K 20-Ca0-Al 203-Si0 2 system. Compounds 
l i s t e d are s o l i d p r e c i p i t a t e s formed over the temperature 
i n t e r v a l i n d i c a t e d . 
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20. COOK AND HASTIE Solid-Liquid- Vapor interactions in Slags 285 

K-pressure data were obtained by Knudsen e f f u s i o n mass spectro­
metry as discussed i n d e t a i l elsewhere (16). 

Method of C a l c u l a t i o n . The SOLGASMIX computer program (17) used f o r 
c a l c u l a t i o n of the e q u i l i b r i u m composition and hence a c t i v i t i e s 
u t i l i z e s a data base of the type given i n (14). The c o e f f i c i e n t s 
to the AGf equation were obtained by f i t t i n g AGf vs Τ data a v a i l a b l e 
i n JANAF (18), Robie et a l (19), Barin and Knacke (20), Rein and 
Chipman (21) and K e l l e y (22). In some cases no l i t e r a t u r e data 
were a v a i l a b l e and we estimated functions i n the manner described 
e a r l i e r (16). Many of the compounds used i n the c a l c u l a t i o n are 
mineral phases such as m u l l i t e ( A l 6 S i 2 0 i 3 ) , k a l i o p h i l i t e (KAlSiO^), 
l e u c i t e ( K A l S i 2 0 6 ) , f e l d s p a r ( K A l S i 3 0 8 ) , and gehlenite ( C a 2 A l 2 S i 0 7 ) . 

A p p l i c a t i o n to the ̂ O-CaO-AlpOs-SiO? System. Figure 4 shows r e s u l t s 
of c a l c u l a t i o n s f o r potassium pressures made using the model. As 
can be seen these agree with experimental r e s u l t s w i t h i n l i m i t s of 
experimental e r r o r over a wide range of temperature. The c a l c u l a t i o n s 
a l s o i n d i c a t e temperatures of p r e c i p i t a t i o n of various s o l i d s i n the 
quaternary system. These p r e d i c t i o n s are being checked by e x p e r i ­
ment. Other potassium pressure c a l c u l a t i o n s (not shown) show 
s i m i l a r l y good agreement with experiment i n the system 
K 20-CaO-Al 20 3-Si0 2. 

Summary 

An integrated experimental/theoretical approach to the problem of 
non-condensed ( s o l i d - l i q u i d - v a p o r ) phase e q u i l i b r i a i n multicomponent 
c o a l slags has been o u t l i n e d , i n c l u d i n g methods f o r the presentation 
of r e s u l t s . This r e l i e s upon p r e d i c t i o n as an important t o o l i n 
planning experimental work. Theory i n turn b e n e f i t s from experimental 
feedback, r e s u l t i n g i n a co n t i n u a l e v o l u t i o n of models. Hopefully 
t h i s w i l l lead to generalized s o l u t i o n models capable of p r e d i c t i n g 
s l a g phase e q u i l i b r i a with a greater degree of accuracy. 
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21 
Coal Ash Deposition in Boilers 

R. W. Borio and A . A. Levasseur 

Combustion Engineering, Inc., Windsor, CT 06095 

There is a need for improved mineral matter behavior predictive 
techniques for coal fired boilers. This paper presents an assessment 
of older, traditional methods; it presents some of the newer, improved 
methods; and it identifies some of the remaining areas of uncertainty. 
Traditional ASTM techniques do not always provide accurate predictive 
information on mineral matter behavior. No one test can adequately 
describe coal ash behavior; a combination of tests, each designed 
to focus on a particular aspect of ash behavior represents a logical 
approach. Techniques for assessing potential slagging due to pyrites 
and fouling due to alkalies are described. The use of SEM as a 
promising new tool for accurate characterization of mineral matter 
is suggested. A major area of uncertainty is the location and 
extent of ash deposition in a commercial boiler as ascertained 
from bench scale results. 

The management of coal ash in utility boilers continues to be one 
of the most important fuel property considerations in the design 
and operation of commercial boilers. The behavior of mineral matter 
in coal can significantly influence furnace sizing, heat transfer 
surface placement, and convection pass tube spacing. Ironically, 
many of the more reactive, low rank U. S. coals must have larger 
furnaces than the less reactive higher rank coals. This is strictly 
a requirement based on the mineral matter behavior; Figure 1 illu­
strates this point. Given the same mineral matter behavior the 
more reactive, lower rank coals would require less residence time 
and therefore smaller furnace volumes than the less reactive, higher 
rank coals. 

Although pulverized coal has been f i r e d f o r more than 50 years 
and much i s known about combustion behavior there are s t i l l a number 
of b o i l e r s experiencing operational problems from coal ash e f f e c t s . 
Ash-related problems are one of the primary causes of unscheduled 
outages, unit derating and u n a v a i l a b i l i t y . Because of v a r i a b i l i t y 
i n a given coal seam and since many b o i l e r operators may experience 
changes i n t h e i r c o a l supply during the l i f e of a b o i l e r , oper­
a t i o n a l problems caused by changes i n coal ash prop e r t i e s can sig n ­
i f i c a n t l y a f f e c t b o i l e r performance. Not only must the i n i t i a l 
b o i l e r design be c o r r e c t l y determined based on the s p e c i f i c a t i o n 
c o a l but r e l i a b l e judgements must be made regarding the s u i t a b i l i t y 

0097-6156/ 86/ 0301 -0288506.00/ 0 
© 1986 American Chemical Society 
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21. BORIO AND LEVASSEUR Coal Ash Deposition in Boilers 289 

of other candidate coals and t h e i r e f f e c t on operation during the 
l i f e t i m e of the b o i l e r . 

The increased emphasis on co a l usage i n t h i s country and, indeed, 
the s i g n i f i c a n t e f f o r t underway to consider coal water mixtures 
as possible o i l s u b s t i t u t e s i n oil-designed b o i l e r s underscores 
the need to improve the p r e d i c t i o n of mineral matter behavior i n 
a b o i l e r environment. 

Coal i s a very heterogeneous, complex m a t e r i a l which produces heter­
ogeneous, complex products during combustion. Since, during com­
bustion of pul v e r i z e d c o a l , c o a l p a r t i c l e s of various organic and 
mineral matter compositions can behave i n completely d i f f e r e n t 
manners, p r e d i c t i o n s based upon the o v e r a l l or average composition 
may be misleading. Like many of the currently-used ASTM coal 
analyses, the method for determining ash f u s i b i l i t y temperatures 
was developed when stoker f i r i n g was a predominant coal f i r i n g 
technique; the methodologies and conditions employed during many 
of the ASTM t e s t s r e f l e c t t h i s . It i s not s u r p r i s i n g that the use­
fulness of some ASTM test r e s u l t s may be l i m i t e d when used f o r 
a pul v e r i z e d coal f i r i n g a p p l i c a t i o n . In recent years researchers 
have developed methodologies f o r c h a r a c t e r i z i n g c o a l ash behavior 
that better r e f l e c t the fundamental mechanisms c o n t r o l l i n g behavior 
and more c l o s e l y simulate the conditions that e x i s t i n a pu l v e r i z e d 
c o a l f i r e d b o i l e r . 

C l e a r l y there i s a need f o r improved techniques f o r p r e d i c t i n g 
the behavior of mineral matter. This paper w i l l provide a statement 
of the ash depo s i t i o n problem i n pu l v e r i z e d coal f i r e d b o i l e r s ; 
i t w i l l present an assessment of the older, t r a d i t i o n a l methods 
for p r e d i c t i n g mineral matter behavior; and i t w i l l address some 
of the newer techniques that have been suggested as better ways 
of c h a r a c t e r i z i n g c o a l ash behavior. A d d i t i o n a l l y some areas of 
uncertainty w i l l be i d e n t i f i e d which require the development of 
better p r e d i c t i v e techniques. 

STATEMENT OF THE PROBLEM 

The presence of ash deposits and f l y a s h can create the following 
problems i n a b o i l e r : 

1. Reduced heat t r a n s f e r 
2. Impedance of gas flow 
3. P h y s i c a l damage to pressure parts 
4. Corrosion of pressure parts 
5. Erosion of pressure parts 

These problems can r e s u l t i n reduced generating capacity, unsch­
eduled outages, reduced a v a i l a b i l i t y , and c o s t l y m o d i f i c a t i o n s . 

Ash which deposits on b o i l e r walls i n the radiant s e c t i o n of a 
furnace i s generally r e f e r r e d to as s l a g . Ash deposition on con­
ve c t i o n tube sections downstream of the furnace radiant zone i s 
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290 MINERAL MATTER AND ASH IN COAL 

t y p i c a l l y r e f e r r e d to as f o u l i n g . Ash slagging and f o u l i n g can 
r e s u l t i n problems l i s t e d i n items 1 through 4. Item 5, erosion, 
i s the r e s u l t of impingement of abrasive ash on pressure parts. 
Often coal ash deposit e f f e c t s are i n t e r - r e l a t e d . For example, 
slagging w i l l r e s t r i c t waterwall heat absorption changing the 
temperature d i s t r i b u t i o n i n the b o i l e r which i n turn influences 
the nature and quantity of ash d e p o s i t i o n i n downstream convective 
sections. Ash deposits accumulated on convection tubes can reduce 
the c r o s s - s e c t i o n a l flow area i n c r e a s i n g fan requirements and also 
c r e a t i n g higher l o c a l gas v e l o c i t i e s which accelerate f l y ash 
erosion. I n - s i t u deposit reactions can produce l i q u i d phase com­
ponents which are instrumental i n tube co r r o s i o n . 

One of the most common manifestations of a deposition problem i s 
reduced heat t r a n s f e r i n the radiant zone of a furnace. Decreased 
heat t r a n s f e r due to a reduction i n surface a b s o r p t i v i t y i s a r e s u l t 
of the combination of r a d i a t i v e properties of the deposit (emiss-
i v i t y / a b s o r p t i v i t y ) and thermal r e s i s t a n c e ( c o n d u c t i v i t y ) of a 
deposit. Thermal r e s i s t a n c e (thermal c o n d u c t i v i t y and deposit over­
a l l thickness) i s u s u a l l y more s i g n i f i c a n t because of i t s e f f e c t 
on absorbing surface temperature. 

Previous work has i n d i c a t e d that the p h y s i c a l state of the deposit 
can have a s i g n i f i c a n t e f f e c t on the r a d i a t i v e p r o p e r t i e s , s p e c i f ­
i c a l l y molten deposits show higher e m i s s i v i t i e s / a b s o r p t i v i t i e s 
than s i n t e r e d or powdery deposits (1). Although t h i n , molten 
deposits are l e s s troublesome from a heat t r a n s f e r aspect than 
t h i c k , s i n t e r e d deposits, molten deposits are u s u a l l y more d i f f i c u l t 
to remove and cause frozen deposits to c o l l e c t i n the lower reaches 
of the furnace where p h y s i c a l removal then becomes a problem for 
the w a l l blowers. 

Impedance to gas flow i s the r e s u l t of heavy f o u l i n g on tubes i n 
the convective s e c t i o n . Problems of t h i s type are most l i k e l y to 
occur with coals having high sodium contents, such as those found 
i n low rank coal deposits i n Western U.S. seams. Hard, bonded 
deposits can occur which are r e s i s t a n t to removal by the r e t r a c t a b l e 
sootblowers. 

P h y s i c a l damage to pressure parts can occur i f large deposits 
accumulate i n the upper furnace and become dislodged or blown o f f 
and drop onto the slopes of the lower furnace. Such deposits are 
u s u a l l y characterized by t h e i r r e l a t i v e l y high bonding strengths 
and t h e i r h e a v i l y s i n t e r e d s t r u c t u r e . 

F i r e s i d e c o r r o s i o n can occur on both waterwall and superheater 
tube surfaces. Normal s u l f a t e s and pyrosulfates are frequently 
the cause of waterwall cor r o s i o n , although reducing conditions 
can a l s o cause deple t i o n of p r o t e c t i v e oxide coatings on tube sur­
faces. On higher temperature metal surfaces, (superheaters/ 
reheaters) a l k a l i - i r o n - t r i s u l f a t e s are often the cause of c o r r o s i o n . 
Chlorine can also be a c o n t r i b u t i n g f a c t o r toward superheater metal 
cor r o s i o n i f s u l f u r content i s low. While exact mechanisms can 
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21. BORIO AND LEVASSEUR Coal Ash Deposition in Boilers 291 

be argued there have been examples of both l i q u i d phase and gas 
phase co r r o s i o n when c h l o r i d e s have been present (2). 

Erosion of convective pass tubes, while not a f u n c t i o n of deposits, 
i s caused by the abrasive components i n f l y a s h . Flyash s i z e and 
shape, ash p a r t i c l e composition and concentration, and l o c a l gas 
v e l o c i t i e s play important r o l e s concerning erosion phenomenon. 
Recent work has shown that quartz p a r t i c l e s above a c e r t a i n p a r t i c l e 
s i z e are very i n f l u e n t i a l i n the erosion process and that furnace 
temperature h i s t o r y plays an important r o l e i n determining erosive 
c h a r a c t e r i s t i c s of the p a r t i c l e s (3,4). 

FUNDAMENTAL CONSIDERATIONS IN ASH DEPOSITION 

The coal ash deposition process involves numerous aspects of coal 
combustion and mineral transformation/reaction. The following a l l 
play a r o l e i n the formation of ash and the d e p o s i t i o n process. 

Coal Organic Properties 
Coal Mineral Matter Properties 
Combustion K i n e t i c s 
Mineral Transformation and Decomposition 
F l u i d Dynamics 
Ash Transport Phenomena 
Vaporization and Condensation of Ash Species 
Deposit Chemistry - Specie Migration and Reaction 
Heat Transfer To and From the Deposit 

Despite considerable research i n these areas, there are gaps i n 
our fundamental understanding of the mechanisms responsible for 
mineral matter behavior. The importance of furnace operating con­
d i t i o n s on the combined r e s u l t s of each of the above areas must 
be stressed. For a given coal composition, furnace temperatures 
and residence times generally d i c t a t e the p h y s i c a l and chemical 
transformations which occur. The ash formation process i s p r i m a r i l y 
dependent on the time/temperature h i s t o r y of the coal p a r t i c l e . 
The r e s u l t a n t p h y s i c a l p roperties of a given ash p a r t i c l e g e n erally 
determine whether i t w i l l adhere to heat t r a n s f e r surfaces. L o c a l 
sto i c h i o m e t r i e s can also i n f l u e n c e the transformation process and 
thereby the p h y s i c a l c h a r a c t e r i s t i c s of ash p a r t i c l e s ; iron-bearing 
p a r t i c l e s are a prime example of t h i s . 

Aerodynamics can play a r o l e i n the ash d e p o s i t i o n process i n a l l 
furnaces regardless of the type of f i r i n g ; recent i n t e r e s t i n micro-
f i n e grinding of coal i s testimony to t h i s f a c t . I t has been 
postulated that smaller ash p a r t i c l e s w i l l follow gas streamlines 
and be l e s s l i k e l y to s t r i k e heat t r a n s f e r surfaces. This i s a 
l o g i c a l hypothesis for those ash p a r t i c l e s that cause deposition 
due to an impact mechanism. In a d d i t i o n to p a r t i c l e s i z e , p a r t i c l e 
density and shape also a f f e c t aerodynamic behavior. Due to the 
d i f f e r e n c e i n drag forces, molten, s p h e r i c a l p a r t i c l e s w i l l be 
l e s s l i k e l y to follow gas streamlines than angular or i r r e g u l a r 
p a r t i c l e s of the same mass. 
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292 MINERAL MATTER AND ASH IN COAL 

Most coal ash w i l l r e s u l t i n deposits which increase i n s e v e r i t y 
with i n c r e a s i n g gas temperature. This i s not a l i n e a r r e l a t i o n ­
ship, as i l l u s t r a t e d i n Figure 2, but rather a p r o g r e s s i v e l y more 
severe ash deposit c o n d i t i o n with i n c r e a s i n g gas temperature (4). 
B o i l e r s are normally designed so that cleanable, s i n t e r e d deposits 
w i l l be formed. This i s a reasonable compromise between a very 
large, economically uncompetitive b o i l e r that may produce very 
dry, dusty deposits and a very small, h i g h l y loaded b o i l e r that 
would produce molten, running ash deposits. 

One design o b j e c t i v e i s to determine how small a furnace can be, 
for a given MW output, and s t i l l r e s u l t i n deposits that are clean-
able with conventional sootblowing equipment. 

Because of the complexity of the ash formation and ash deposition 
process, i t seems l o g i c a l to deal f i r s t with those key coal con­
s t i t u e n t s most responsible f o r ash deposition. The i r o n and sodium 
contents of an ash have t y p i c a l l y been considered key c o n s t i t u e n t s . 
Techniques have been developed to determine how these key c o n s t i t u ­
ents are contained i n the c o a l , i . e . , the p a r t i c u l a r mineral forms 
that are present or the g r a i n s i z e of the constituent i n question. 
Obviously the remainder of the mineral matter has an e f f e c t , but 
depending on the concentration and form i n which i r o n and/or sodium 
constituents are present, the remaining mineral matter often has 
second order e f f e c t s . 

As p r e v i o u s l y discussed, ash formation and the r e s u l t i n g ash s i z e 
d i s t r i b u t i o n i s dependent on several f a c t o r s i n c l u d i n g i n i t i a l 
c o a l s i z e , c o a l burning c h a r a c t e r i s t i c s , mineral content, mineral 
g r a i n s i z e , v o l a t i l e ash species, melting behavior of the mineral 
matter, and temperature h i s t o r y of the p a r t i c l e . Generally, coal 
containing lower melting mineral matter has a greater p o t e n t i a l 
fo r ash agglomeration as the p a r t i c l e burns and y i e l d s fewer ash 
p a r t i c l e s per coal p a r t i c l e . This r e s u l t s i n coarser ash p a r t i c l e s 
than those of coal with higher melting ash. Obviously things l i k e 
ash quantity, and mineral g r a i n s i z e s could i n f l u e n c e t h i s hypo­
t h e s i s . The way a c o a l p a r t i c l e burns may also i n f l u e n c e the number 
of ash p a r t i c l e s generated, i . e . , a shrinking sphere burning mode 
may produce a d i f f e r e n t r e s u l t from a constant diameter, decreasing 
density mode of burning; swelling coals may behave d i f f e r e n t l y 
than non-swelling c o a l s . 

In r e f l e c t i n g on the above d i s c u s s i o n , i t becomes apparent that 
one cannot completely divorce the p r e d i c t i v e techniques employed, 
from the p a r t i c u l a r c o a l burning a p p l i c a t i o n . P u l v e r i z e d coal f i r i n g 
w i l l require a s e n s i t i v i t y to d i f f e r e n t conditions than stoker 
f i r i n g , or a slagging combustor. F a i l u r e to address the s p e c i f i c 
conditions inherent i n each type of f i r i n g system w i l l lead to 
lower r e s o l u t i o n i n one's p r e d i c t i v e a b i l i t i e s than desired. 
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Figure 1. E f f e c t of Coal properties on furnace s i z e . Reproduced 
with permission from reference 11. Copyright 1978 C-E P u b l i c a t i o n . 

PHYSICAL STATE OF DEPOSITS 
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Figure 2. Superheater deposit buildup vs. f l u e gas temperature. 
Deposit c o l l e c t e d i n an 8-hour period. Deposit weight 
normalized: deposit weight/Cash input χ surface area of c o l l e c t i o n ) . 
Reproduced with permission from reference 5. Copyright 1977 
C-E P u b l i c a t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
1



294 MINERAL MATTER AND ASH IN COAL 

ASSESSMENT OF TRADITIONAL PREDICTIVE METHODS 

ASTM measurements such as ash f u s i b i l i t y (D1857) have formed the 
basis f o r t r a d i t i o n a l ash behavior p r e d i c t i v e techniques. These 
bench-scale t e s t s provide r e l a t i v e information on a f u e l which 
i s used i n a comparative fashion with s i m i l a r data on f u e l s of 
known behavior. Unfortunately, these commonly used t e s t s do not 
always provide s u f f i c i e n t information to permit accurate comparison. 

The f u s i b i l i t y temperature measurement technique attempts to recog­
nize the f a c t that mineral matter i s made up of a mixture of com­
pounds each having t h e i r own melting point. As a cone of ash i s 
heated some of the compounds melt before others and a mixture of 
melted and unmelted material r e s u l t s . The s t r u c t u r a l i n t e g r i t y 
or deformation of the t r a d i t i o n a l ash cone changes with i n c r e a s i n g 
temperature as more of the minerals melt. However, more recent 
r e s u l t s i n d i c a t e that s i g n i f i c a n t m e l t i n g / s i n t e r i n g can occur before 
i n i t i a l deformation i s observed (5). The f a c t that the time/temper­
ature h i s t o r y of laboratory ash i s quite d i f f e r e n t from conditions 
experienced i n the b o i l e r can r e s u l t i n d i f f e r e n c e s i n melting 
behavior. In a d d i t i o n , the ash used i n t h i s technique may not r e ­
present the composition of ash deposits that a c t u a l l y s t i c k to 
the tube surfaces. Often there i s a major discrepancy between the 
composition of a s - f i r e d ash and that which i s found as deposits 
(See Table I ) . This i s a major c r i t i c i s m of the ash f u s i b i l i t y 
t e s t . The discrepancies between f u s i b i l i t y temperature p r e d i c t i o n s 
and a c t u a l slagging performance i s u s u a l l y greater on ashes that 
may look reasonably good based on f u s i b i l i t y temperature r e s u l t s . 
One can u s u a l l y assume, with reasonable confidence, that the melting 
temperature of the waterwall deposits w i l l be no higher than ASTM 
f u s i b i l i t y temperatures; but deposit melting temperatures can be 
and are often lower than ASTM melting temperatures. This i s because 
s e l e c t i v e d eposition of lower melting constituents can and does 
occur with a r e s u l t i n g enrichment of lower melting material i n 
the deposit. 

Ash v i s c o s i t y measurements s u f f e r s i m i l a r c r i t i c i s m with respect 
to the f u s i b i l i t y measurements. These t e s t s are conducted on labor­
atory ash and on a composite ash sample. V i s c o s i t y measurements 
are l e s s subjective and more d e f i n i t i v e than f l u i d temperature 
determination for the assessment of ash flow c h a r a c t e r i s t i c s . How­
ever, these measurements r e f l e c t the properties of a s o l u t i o n or 
l i q u i d and p r e c i p i t a t i n g c r y s t a l s (pending temperature), of a l l 
the ash constituents and may not be representative of slag deposit 
properties i n pulverized c o a l - f i r e d b o i l e r s . During pulverized 
coal f i r i n g , a severe problem may already e x i s t before slag deposits 
reach the f l u i d / r u n n i n g s t a t e . Generally, only a small quantity 
of l i q u i d phase material e x i s t s i n deposits and i t i s the p a r t i c l e -
t o - p a r t i c l e surface bonding which i s most important. 

Much use i s made of the ash composition which i s normally a com­
p i l a t i o n of the major elements i n coal ash expressed as the oxide 
form. From t h i s compilation of elements, expressed as oxides, judge­
ments are often made based on the quantity of c e r t a i n key con-
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21. BORIO AND LEVASSEUR Coal Ash Deposition in Boilers 295 

TABLE I 

ENRICHMENT OF IRON IN BOILER WALL DEPOSITS 
COMPARISON OF COMPOSITION OF ASH 
DEPOSITS AND AS-F IRED COAL ASHES 

1 2 3 

UNIT AS-F IRED WATERWALL AS FIRED WATERWALL AS-F IRED WATERWALL 
SAMPLE COAL ASH DEPOSIT COAL ASH DEPOSIT COAL ASH DEPOSIT 

Ash C o m p o s i t i o n 

S i 0 2 
4 7 . 0 3 3 . 3 5 0 . 2 55 .1 4 9 . 7 4 1 . 8 

A 1 2 0 3 
2 6 . 7 1 8 . 0 1 6 . 9 1 4 . 6 1 6 . 5 1 5 . 8 

F e 2 0 3 
1 4 . 6 4 3 . 5 5.9 1 8 . 3 1 2 . 0 2 8 . 5 

CaO 2 . 2 1.2 1 2 . 8 7 .2 6 . 5 9 . 0 

MgO 0 . 7 0 . 5 3 . 5 2 . 0 0 . 9 0 . 9 

N a 2 0 0 . 4 0 . 2 0 . 6 0 . 5 1.1 0 . 6 

K 2 0 2 . 3 1.6 0 . 8 0 . 6 1.5 0 . 9 

T i 0 2 1.3 0 . 8 0 . 9 0 . 8 1.1 0 . 7 

s o 3 1.1 0 . 5 1 2 . 0 0.1 2 .0 0 . 2 
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296 M I N E R A L M A T T E R A N D A S H IN C O A L 

s t i t u t e n t s l i k e i r o n and sodium. Base/acid r a t i o s are computed 
and used as i n d i c a t o r s of ash behavior; normally lower melting 
ashes f a l l i n the 0.4 to 0.6 range. It has been shown that base/acid 
r a t i o s g e nerally c o r r e l a t e with ash softening temperatures, so 
although base/acid r a t i o s have helped explain why ash softening 
temperatures varied, i t has not improved p r e d i c t i v e c a p a b i l i t i e s 
i n the authors' opinion. Other r a t i o s such as Fe/Ca and S i / A l have 
been used as i n d i c a t o r s of ash deposit behavior. Ratios l i k e these 
have helped to explain deposit c h a r a c t e r i s t i c s , but t h e i r use as 
a prime p r e d i c t i v e t o o l i s questionable e s p e c i a l l y since these 
r a t i o s do not take i n t o account s e l e c t i v e d e p o s i t i o n nor do they 
consider the t o t a l q u a n t i t i e s of the constituents present. An Fe/Ca 
r a t i o of 2 could r e s u l t from weight percent r a t i o s of 6/3 or 30/15; 
the l a t t e r numbers would generally i n d i c a t e a f a r worse s i t u a t i o n 
than the former, but r a t i o s don't show t h i s . 

Many slagging and f o u l i n g i n d i c e s are based upon c e r t a i n ash con­
s t i t u e n t r a t i o s and corrected using such f a c t o r s as geographical 
area, s u l f u r content, sodium content, etc. One commonly used s l a g ­
ging index uses Base/Acid r a t i o and s u l f u r content. Factoring i n 
s u l f u r content i s l i k e l y to improve the s e n s i t i v i t y of t h i s index 
to the i n f l u e n c e of p y r i t e on slagging. (As p r e v i o u s l y discussed, 
i r o n - r i c h minerals often play an important r o l e i n slagging.) How­
ever, the use of such " c o r r e c t i o n " f a c t o r s i s often a crude sub­
s t i t u t e f o r more d e t a i l e d knowledge of the fundamental f u e l 
p r o p e r t i e s . Another example of t h i s i s the use of c h l o r i n e content 
i n a c o a l as a f o u l i n g index. This can be v a l i d i f the c h l o r i n e 
i s present as NaCl (thereby i n d i c a t i n g the concentration of sodium 
which i s i n an a c t i v e form) and that the sodium w i l l , i n f a c t , 
cause the f o u l i n g . Chlorine present i n other forms may or may 
not adversely a f f e c t f o u l i n g . 

S i n t e r i n g strength t e s t s have been used as an i n d i c a t i o n of f o u l i n g 
p o t e n t i a l . Assuming that correct ash compositions have been repre­
sented (which i s l e s s of a problem i n the convection s e c t i o n than 
i n the radiant section) worthwhile information may be obtained 
r e l a t i v e to a time/temperature vs. bonding strength r e l a t i o n s h i p . 
In order for s i n t e r i n g t e s t s to accurately p r e d i c t a c t u a l behavior 
i t i s necessary that t e s t s be conducted with ash produced under 
representative furnace conditions (time-temperature h i s t o r y ) . 
Fouling behavior i s often g r e a t l y influenced by sodium r e a c t i o n s . 
Sodium which vaporizes i n the furnace can condense i n downstream 
convection sections thereby concentrating on f l y a s h surfaces. Par­
t i c l e surface reactions are p r i m a r i l y responsible f o r convection 
deposit bonding. 

In summary, t r a d i t i o n a l methods f o r p r e d i c t i o n of ash deposit char­
a c t e r i s t i c s are h e a v i l y based upon ash chemistry. These conventional 
analyses do not provide d e f i n i t i v e information concerning the 
mineral forms present i n the coals and the d i s t r i b u t i o n of inorganic 
species w i t h i n the coal matrix. Such information can be extremely 
important i n e x t r a p o l a t i n g previous experience, since the nature 
i n which the inorganic constituents are contained i n the coal can 
be the determining f a c t o r i n t h e i r behavior during the ash depo­
s i t i o n process. 
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Generally speaking the newer bench scale p r e d i c t i v e techniques 
are f a r more s e n s i t i v e to the conditions that e x i s t i n commercial 
furnaces than the older p r e d i c t i v e methods. S e l e c t i v e deposition, 
f o r example, has been recognized as a phenomenon which cannot be 
ignored. More a t t e n t i o n i s being paid to fundamentals of the ash 
formation and deposition processes. New t o o l s , such as Scanning 
E l e c t r o n Microscopy (SEM), are being considered as ways to improve 
p r e d i c t i v e c a p a b i l i t i e s . Other, more s p e c i a l i z e d bench scale appara­
tuses are being developed to simulate important aspects of com­
mercial conditions and provide q u a n t i t a t i v e information on para­
meters that i n f l u e n c e bonding strength. 

Recent work has shown that pulverized c o a l , i f separated by g r a v i t y 
f r a c t i o n a t i o n , can y i e l d important information r e l a t i v e to slagging 
p o t e n t i a l due to the i r o n content. (6,7). Results of t h i s work 
have shown that the percentage of i r o n i n the heavy f r a c t i o n s cor­
r e l a t e s very w e l l to the slagging behavior i n commercial b o i l e r s . 
(See Figure 3 ) . This technique appears to i d e n t i f y the proportion 
of r e l a t i v e l y pure p y r i t e s p a r t i c l e s that are generated i n the 
pulverized c o a l feed and that are capable of melting at r e l a t i v e l y 
low temperatures and that would account f o r enrichment of i r o n 
i n lower furnace waterwall deposits. 

A method for measuring a c t i v e a l k a l i e s has been developed as a 
means f o r improved p r e d i c t i o n of f o u l i n g p o t e n t i a l (8). Previous 
wisdom held that f o u l i n g p o t e n t i a l was d i r e c t l y r e l a t e d to the 
t o t a l sodium content. Much of t h i s e a r l y work was done on low rank 
coals i n which case i t was not uncommon f o r a l l of the a l k a l i e s 
to be present as an a c t i v e sodium form (9). However, there were 
many occasions where the f o u l i n g p o t e n t i a l was not adequately pre­
d i c t e d by the t o t a l sodium content. (Table II provides some examples 
of anomalous f o u l i n g behavior.) The mechanism postulated for 
sodium-related f o u l i n g was one of a vaporization/condensation mech­
anism. Simple forms of sodium compounds r e s u l t e d i n the v a p o r i z a t i o n 
of sodium i n the radiant zone of the furnace where peak temperatures 
are generated. Subsequent condensation of the sodium on the r e l a ­
t i v e l y c ool tube surfaces e f f e c t e d a process f o r d e p o s i t i o n of 
sodium. Sodium i s a known, e f f e c t i v e f l u x i n g agent that can create 
hard, bonded deposits. The referenced method r e l i e d on the use 
of weak acid to p r e f e r e n t i a l l y leach out sodium from simple com­
pounds l i k e NaCl and/or organically-bound a l k a l i as would be present 
i n many of the lower rank c o a l s . This method gives r e s u l t s that 
c o r r e l a t e w e l l with f i e l d performance on coals having s i g n i f i c a n t 
sodium contents (See Table I I ) . 

The use of new a n a l y t i c a l techniques promises to give r e s u l t s that 
allow mineral matter to be i d e n t i f i e d according to composition , 
mineral form, d i s t r i b u t i o n w i t h i n the coal matrix, and g r a i n s i z e . 
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21. BORIO A N D L E V A S S E U R Coal Ash Deposition in Boilers 299 

TABLE I I 
ANALYTICAL DATA ON U.S. COALS 

Rank 
Region 

L i g n i t e 
N.Dakota 

Sub Β 
Montana 

L i g n i t e 
Texas 

(Yegua) 

L i g n i t e 
Texas 

(Wilcox) 

hvBb 
Utah 

hvAB 
Pen η 

L i g n i t e 
Texas 

(Wilcox) 

(Dry Bas is) 
V o l a t i l e . . 44.4 42.4 39.6 41.0 41.5 32.5 38.1 

.. 46.0 52.0 26.9 39.5 48.3 54.0 33.0 
Ash 9.6 5.6 33.5 19.5 10.2 13.5 28.9 

HHV (Btu/ lb ) . . . . 10640 12130 7750 9710 12870 13200 8420 
(Dry Bas is) 

Ash F u s i b i l i t y 
I.D.(°F) 2210 

Ash F u s i b i l i t y 
I.D.(°F) .. 2130 1980 1940 2150 2190 2370 2210 

.. 2180 2020 2200 2250 2270 2510 2300 
H.T .. 2190 2060 2430 2340 2390 2560 2420 
F.T .. 2200 2170 2610 2530 2620 2660 2620 

Ash Composition 
51.1 57.9 S i 0 2 (%) .. 20.0 33.9 62.1 52.3 52.5 51.1 57.9 

A 1 2 0 3 9.1 11.4 15.1 17.4 18.9 30.7 21.8 

F e 2°3 .. 10.3 10.8 3.5 5.3 1.1 10.0 3.9 

CaO .. 22.4 21.0 6.2 9.4 13.2 1.6 7.1 

MgO 6.4 2.7 0.7 3.2 1.3 0.9 2.1 

Na 20 5.0 5.8 3.6 0.9 3.8 0.4 0.9 

κ 2ο 0.5 1.6 2.1 1.2 0.9 1.7 0.8 

TiO 0.4 0.7 0.9 1.2 1.2 2.0 1.1 

S 0 3 .. 21.9 12.0 6.1 9.6 6.2 1.4 4.4 

Total A l k a l i , %, Ash Basis 

Na 20 5.0 5.8 3.6 0.9 3.8 0.4 0.7 

κ 2ο 0.5 1.6 1.9 1.2 0.9 1.7 0.8 

Soluble A l k a l i , I », Ash Basis 

Na 20 5.58 6.45 3.88 0.71 1.49 0.15 0.16 

κ 2ο - 0.44 0.04 0.08 - 0.05 

Re la t ive Soluble A l k a l i , % 

Na 20 112% 111% 108% 79% 39% 38% 23% 

κ 2ο - - 3% 9% - 6% 

Foul ing Potentia" 1 Severe High High Moderate Moderate Low Low 
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300 MINERAL MATTER AND ASH IN COAL 

Techniques such as computer-controlled scanning e l e c t r o n microscopy 
(CCSEM), scanning transmission e l e c t r o n microscopy (STEM), and X-ray 
d i f f r a c t i o n can be used to ch a r a c t e r i z e these p r o p e r t i e s on an 
i n d i v i d u a l p a r t i c l e by p a r t i c l e b a s i s . New spectroscopies such 
as extended X-ray absorption f i n e s tructure spectroscopy (EXAFS), 
and e l e c t r o n energy l o s s spectroscopy, (EELS) are capable of deter­
mining the e l e c t r o n i c bonding structure and l o c a l atomic environment 
fo r o r g a n i c a l l y associated inorganics l i k e calcium, sodium and 
s u l f u r . Other new techniques such as Fou r i e r transform i n f r a r e d 
spectroscopy (FTIR), e l e c t r o n microprobe, e l e c t r o n spectroscopy 
f o r chemical a n a l y s i s (ESCA), e t c . a l l provide methods of improving 
present c a p a b i l i t i e s . By development and a p p l i c a t i o n of these tech­
niques a much better fundamental assessment of coal mineral matter 
behavior i s p o s s i b l e . The authors b e l i e v e these r e s u l t s , coupled 
with those of other e x i s t i n g methods, can make a s i g n i f i c a n t 
improvement to p r e d i c t i v e c a p a b i l i t i e s . 

AREAS OF UNCERTAINTY 

P r e d i c t i o n of ash deposit c h a r a c t e r i s t i c s based s o l e l y on bench-
scale f u e l p r operties always requires s u b s t a n t i a l judgement and 
allows only a c e r t a i n l e v e l of confidence. As discussed, the ash 
depo s i t i o n process i s so complex that d e t a i l e d modelling of com­
mercial systems based on fundamental data i s presently u n r e a l i s t i c . 
However, current techniques can provide r e l a t i v e data which i n 
most cases i s s u f f i c i e n t to make accurate assessment of slagging 
and f o u l i n g p o t e n t i a l s r e l a t i v e to other f u e l s . 

There remain many areas of uncertainty where experienced judge­
ments must f i l l the gap between good laboratory r e s u l t s / p r e d i c t i o n s 
and b o i l e r design d e c i s i o n s . One of these areas concerns the extent 
of deposit coverage i n a b o i l e r . Though the f u e l s researcher may 
adequately c h a r a c t e r i z e a given coal ash i n terms of i t s p o t e n t i a l 
deposit e f f e c t s , he i s often at a l o s s to adequately describe the 
extent of coverage of deposits i n the b o i l e r . It i s necessary to 
accurately describe furnace conditions i n order to assess r e s u l t i n g 
deposits i n p a r t i c u l a r b o i l e r regions. Though some good work i s 
underway i n t h i s area, the question of bonding strength and clean-
a b i l i t y remains a problem as f a r as i t s p r e d i c t i o n from bench scale 
t e s t s . Good c o r r e l a t i o n s have been developed between i r o n content 
of heavy g r a v i t y f r a c t i o n s and slagging p o t e n t i a l , but there does 
not e x i s t a bench scale technique that can simulate what the l o c a l 
ash deposit composition s h a l l be when burned i n a commercial b o i l e r . 

It i s pos s i b l e to increase the l e v e l of confidence i n p r e d i c t i o n 
of deposit e f f e c t s by conducting p i l o t - s c a l e combustion studies 
i n t e s t r i g s which simulate the conditions present i n commercial 
b o i l e r s . Combustion t e s t i n g allows evaluation of the ash formation 
and d e p o s i t i o n process and permits d e t a i l e d c h a r a c t e r i z a t i o n of 
the deposits generated. Results can allow determination of deposit 
c h a r a c t e r i s t i c s as a function of fundamental b o i l e r design par­
ameters (such as gas temperature, v e l o c i t y , e t c . ) . Combustion t e s t 
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21. BORIO AND LEVASSEUR Coal Ash Deposition in Boilers 301 

r i g s also serve as valuable t o o l s f o r assessment of f u e l s with 
very unusual properties and can s i g n i f i c a n t l y reduce u n c e r t a i n t i e s 
i n e x t r a p o l a t i o n of t h e i r behavior from past experience. 

Whenever t e s t r e s u l t s are assessed and used to e s t a b l i s h b o i l e r 
design parameters, the representativeness of the t e s t sample must 
be c a r e f u l l y considered. The degree of v a r i a b i l i t y i n the coal 
deposit and the impact of t h i s v a r i a b i l i t y on b o i l e r performance 
must be evaluated. Judgements are aleo required on the e f f e c t s 
of more gradual changes that could occur i n coal p roperties as 
a f u n c t i o n of time and l o c a t i o n i n the coal seam. 

In summary, i t can be stated that while s i g n i f i c a n t progress has 
been made i n p r e d i c t i n g ash behavior, the ash formation and depo­
s i t i o n process i s not f u l l y understood. T r a d i t i o n a l ASTM analyses 
do not always provide information that can be used to make pre­
d i c t i v e judgements at the confidence l e v e l s d e sired. Newer tech­
niques have been developed and are being developed that are more 
s e n s i t i v e to the conditions that e x i s t i n the b o i l e r environment, 
and that recognize the heterogeneity of the inorganic constituents 
i n the coal matrix. There appears to be a r e c o g n i t i o n that no one 
te s t can adequately describe coal ash behavior; a combination of 
t e s t s , each designed to focus on a p a r t i c u l a r aspect of ash behavior 
seems to be a l o g i c a l approach. Based on the r e s u l t s from many 
of these newer t e s t s , on coals that are presently being burned 
i n e x i s t i n g u n i t s , the authors f e e l c e r t a i n that s i g n i f i c a n t im­
provements have been made i n p r e d i c t i n g ash behavior. 
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22 
Deposit Constituent Phase Separation and Adhesion 

Erich Raask 

Technical Planning and Research Division, Central Electricity Generating Board, 
Leatherhead, Surrey, United Kingdom 

The init ial deposit material on coal fired boiler tubes 
consists largely of silicate, sulphate and iron oxide 
particles. The fused silicates and molten sulphates 
form immiscible phases at high temperatures first on 
the micro-scale in individual particles and 
subsequently as separate layers in the deposit. The 
adhesion of ash deposit constituents to boiler tubes 
starts with the small particle retention as a result 
of the van der Waals, electrostatic and liquid film 
surface tension forces. Subsequently a strong bond 
will develop between the oxidized metal surface and 
iron saturated layer of ash deposit. 

The p u l v e r i z e d coal f i r e d b o i l e r s at e l e c t r i c i t y u t i l i t y power 
st a t i o n s are designed f o r "dry" ash operation where the bulk of 
mineral matter residue i s removed i n the e l e c t r i c a l p r e c i p i t a t o r s i n 
the form of p a r t i c u l a t e ash. However, i t i s i n e v i t a b l e that some 
deposits of s i n t e r e d ash and semi-fused s l a g form on the heat 
exchange tubes and between 20 and 30 per cent of coal ash i s 
discharged from the combustion chamber as c l i n k e r . The high 
temperature cyclone f i r e d b o i l e r s are designed f o r "wet" ash 
operation and up to 80 per cent of coal ash i s discharged from the 
furnace as molten s l a g . 

The build-up of s i n t e r e d ash and fused s l a g depends c h i e f l y on 
the rate of ash p a r t i c l e impaction and the adhesive c h a r a c t e r i s t i c s 
of the c o l l e c t i n g surface. The i n i t i a l deposit on the heat exchange 
tubes i n pu l v e r i z e d coal f i r e d b o i l e r s consists of ash p a r t i c l e s of 
diameter ranging from l e s s than 0.1 ym to 100 ym. Subsequently the 
deposited ash may be re-entrained i n the f l u e gas or i t may form 
f i r s t a si n t e r e d matrix and l a t e r a fused s l a g deposit c h i e f l y by 
viscous flow. For the deposit formation the ash p a r t i c l e s must be 
f i r s t held at the c o l l e c t i n g surface and subsequently the deposit 
matrix bonded to the b o i l e r tubes by adhesive forces s u f f i c i e n t l y 
strong to overcome the g r a v i t a t i o n a l p u l l , b o i l e r v i b r a t i o n and 
eventually the sootblower j e t impaction. This work sets out to 
examine the adhesive c h a r a c t e r i s t i c s of d i f f e r e n t constituents of 
the flame heated ash and the formation of s i n t e r e d deposits and sl a g 
bonded to the heat exchange tubes. 

0097-6156/ 86/ 0301 -0303506.00/ 0 
© 1986 American Chemical Society 
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304 MINERAL MATTER AND ASH IN COAL 

I n i t i a l Deposit Constituents 

The mineral matter i n coal consists c h i e f l y of s i l i c a t e , sulphide, 
carbonate species, and ch l o r i d e s and organo-metallic compounds 
associated with the f u e l substance (1,2). The s i l i c a t e mineral 
p a r t i c l e s v i t r i f y p a r t i a l l y or completely, i n the p u l v e r i z e d coal 
flame (3), and thus the s i l i c a t e ash f r a c t i o n of the i n i t i a l deposit 
con s i s t s of p a r t i c l e s of v a r i a b l e amounts of a glassy phase and 
c r y s t a l l i n e species (4). 

The sulphide, carbonate, c h l o r i d e and organo-metal species 
d i s s o c i a t e and ox i d i z e i n the flame. The oxides may remain as 
d i s c r e t e p a r t i c l e s , c h i e f l y i r o n oxide (magnetite), can d i s s o l v e i n 
the glassy phase of s i l i c a t e s , and a f r a c t i o n of calcium and sodium 
oxides are sulphated C5). Thus the i n i t i a l deposit material w i l l 
contain some calcium, sodium and potassium sulphate. The l a t t e r 
o r i g i n a t e s from the release of potassium i n the flame heated alumino-
s i l i c a t e p a r t i c l e s (6). 

The r e l a t i v e concentrations of flame heated ash co n s t i t u e n t s , 
namely s i l i c a t e s , i r o n oxide and sulphate, can be estimated from the 
ash a n a l y s i s . However, the composition of the i n i t i a l deposit 
m a t e r i a l can be markedly d i f f e r e n t as a r e s u l t of s e l e c t i v e 
d e p o s i t i o n . In p a r t i c u l a r , the deposit material can be enriched i n 
sulphate as shown i n Figure 1. The r e l a t i v e concentrations of 
d i f f e r e n t deposit constituents were obtained by analysing the mat e r i a l 
on a cooled metal tube probe i n s e r t e d i n b o i l e r f l u e gas for short, 
2 to 15 minute, duration (_7) . The sulphate content of the f l u e gas 
borne ash and probe deposits i n a cyclone f i r e d b o i l e r was higher 
than that i n the p u l v e r i z e d coal f i r e d b o i l e r ash and deposits. 
This was because i n cyclone b o i l e r s the bulk of s i l i c a t e ash i s 
discharged as molten s l a g but the r e s i d u a l ash i s r e l a t i v e l y r i c h i n 
sulphate. 

The rate of a l k a l i - m e t a l sulphate deposition w i l l decrease when 
the temperature of c o l l e c t i n g target surface exceeds 1075 Κ as shown 
i n Figure 2. The decrease i n the depo s i t i o n of a l k a l i - m e t a l 
sulphates i s r e l a t e d to the concentration of the v o l a t i l e a l k a l i -
metals i n the f l u e gas and the s a t u r a t i o n vapour pressure of sodium 
and potassium sulphates (8). The i n i t i a l deposit on cooled surfaces 
contains a small amount of c h l o r i d e as shown i n Figure 2. 

In a reducing atmosphere the deposit m a t e r i a l may contain i r o n 
sulphide (FeS) formed on d i s s o c i a t i o n of coal p y r i t e mineral. This 
i s l i k e l y to occur on the combustion chamber w a l l tubes near the 
burners where the r e a c t i o n time i s short, below one second, f o r 
oxid a t i o n of FeS residue to the oxide. I t has been suggested that 
calcium sulphide (CaS) may also be present i n the ash mat e r i a l 
deposited from a reducing atmosphere gas stream as a r e s u l t of 
s u l p h i d a t i o n of calcium oxide (9). 

Thermal S t a b i l i t y of Sulphates and I m m i s c i b i l i t y with S i l i c a t e s 

Bituminous coals u s u a l l y leave a h i g h l y s i l i c i o u s ash on combustion. 
That i s , fused a l u m i n o - s i l i c a t e s c o n s t i t u t e an a c i d i c media at high 
temperatures that i s capable of absorbing large q u a n t i t i e s of b a s i c 
metals i n the form of oxides, c h i e f l y those of sodium, calcium and 
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22. RAASK Deposit Constituent Phase Separation and Adhesion 

A - COAL MINERALS Β - GAS BORNE 
ASH 

C - PROBE DEPOSIT Dl D2 

OUTER AND INNER LAYERS 
OF BOILER DEPOSIT 

Figure 1. Ash composition changes on route from mineral matter 
to b o i l e r deposits ^ i n s o l u b l e s i l i c a t e s ; ^ s o l u b l e s i l i c a t e s 

(ffljpyrites; uiron oxides; Qcarbonates ; H c h l o r i d e s ; 
• sulphates. 

5.0 

< 
cc 
ζ 
ο 

ο 
CL LU 

2.5 L_ 

PROBE TEMPERATURE, K 

Figure 2. Deposition of sulphate and c h l o r i d e i n cyclone f i r e d 
b o i l e r , 0.28 per cent c h l o r i n e i n c o a l . A, NaSO^; B, K2SO4; C, 
NaCl. 
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306 MINERAL MATTER AND ASH IN COAL 

magnesium. At lower temperatures the corresponding sulphates are 
thermodynamically more stable i n the presence of sulphur gases. The 
e q u i l i b r i u m d i s t r i b u t i o n of a l k a l i n e oxides between molten sulphates 
and fused s i l i c a t e s at d i f f e r e n t temperatures can be c a l c u l a t e d from 
the appropriate thermodynamic data. However, the residence time of 
the flame borne mineral species before deposition i s short and the 
a l k a l i - m e t a l d i s t r i b u t i o n does not reach the e q u i l i b r i u m s t a t e . 

The fused s i l i c a t e p a r t i c l e s w i l l absorb the flame v o l a t i l i z e d 
sodium to the depth of about 0.05 μπι (10), and the remainder i s 
converted to sulphate p a r t l y i n the f l u e gas and p a r t l y at the 
surface of ash p a r t i c l e s . The d i s t r i b u t i o n of sodium i n the s i l i c a t e 
and sulphate phases can be expressed i n a form: 

m = m - kw (1) s u l ο 
where m . - + m , = m (2) s i l s u l ο 
m s i l > m s u l a n d % denote the amount of sodium i n s i l i c a t e and 
sulphate f r a c t i o n s , and the t o t a l sodium i n ash r e s p e c t i v e l y ; k i s a 
constant and w i s the ash content of c o a l . 

When the r a t i o of sodium to ash i n coal i s below 1 to 100 (10) 
and the bulk of sodium i s captured by the s i l i c a t e p a r t i c l e s 
Equation (2) reduces to: 

and consequently the amount of sodium a v a i l a b l e f o r the formation of 
sulphate i s small. 

The molten sodium sulphate/sodium s i l i c a t e system of composition 
Na2S04:Na20-Si02 has one l i q u i d phase at 1475 K, but as the 
proportion of s i l i c a increases, the melt separates i n t o two layers 
(11,12). The change from the m i s c i b l e to immiscible phase of the 
system has been explained by a l t e r a t i o n s i n the s i l i c a t e s t r u c t u r e 
as the r a t i o of Na20 to S1O2 decreases. In more b a s i c , less 
viscous melts, the s i l i c a t e ions e x i s t i n the form of S i 0 ^ ~ 
tetrahedra which have the same m o b i l i t y as sulphate ions,, and thus 
homogeneity of the system i s to be expected. As the s i l i c a content 
i s increased the complexity of the s i l i c a t e s t r u c t u r e reaches a 
point where the s i l i c a anions become r e l a t i v e l y immobile f o r a 
separation of sulphate from s i l i c a to take place. 

The m i s c i b i l i t y of the corresponding potassium s u l p h a t e - s i l i c a t e 
system has been studied by the usual c r u c i b l e method as w e l l as by a 
technique of a hanging droplet (13). The droplets of potassium 
s u l p h a t e / s i l i c a t e mixtures, 3 mm i n diameter, were suspended from 
0.5 mm platinum wire which had a semi-spherical head 1.5 mm i n 
diameter. Separation of the s i l i c a t e ( i n t e r n a l ) and sulphate phases 
i n the droplets can be observed d i r e c t l y i n the L e i t z heating 
microscope which i s used, i n i t s conventional mode of operation, to 
assess the fusion c h a r a c t e r i s t i c s of coal ashes (14). Figure 3 
shows the two phase separation of 2K2SO4-K2O-2.IS1O2 system at 
1575 K, having the transparent envelope of sulphate through which 
the platinum wire head (top) and globule of molten s i l i c a t e (bottom) 
can be seen. As the temperature was increased to 1725 Κ the two 
phases became m i s c i b l e because of the increased s o l u b i l i t y of 
sulphate i n the s i l i c a t e melt at the higher temperature. 
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22. RAASK Deposit Constituent Phase Separation and Adhesion 307 

The K2SO4-K2O-S1O2 phase diagram i s depicted i n Figure 4 which 
shows that the system i s m i s c i b l e at 1575 Κ when the molar r a t i o of 
K2O to S1O2 i s above 0.5. As i n the corresponding sodium sulphate/ 
sodium s i l i c a t e system, less b a s i c melts separate i n t o two immisicible 
l i q u i d s . This i s the case with most coal ash slags where the molar 
r a t i o of b a s i c oxides (sum of Na20, K2O, CaO and MgO) to S1O2 i s w e l l 
below 0.5. Exceptions to t h i s are the sodium and calcium r i c h ashes 
of some l i g n i t e and non-bituminous coals, which can have s u f f i c i e n t 
amounts of a l k a l i s to form a s i n g l e phase melt of m i s c i b l e sulphates 
and s i l i c a t e s at high temperatures. 

Adhesion by Van Per Waals and E l e c t r o s t a t i c Forces 

The ash p a r t i c l e s deposited on b o i l e r tubes are i n i t i a l l y held i n 
place by surface forces, i . e . van der Waals and e l e c t r o s t a t i c 
a t t r a c t i o n f o r c e s . Van der Waals forces become important when 
molecules or s o l i d surfaces are brought close together without a 
chemical i n t e r a c t i o n taking place. For a hemispherical p a r t i c l e of 
radius (r) held at a distance of nearest approach (h) from a plane, 
the r e s u l t a n t force (F) i s given by: 

F = — y (4) 
6h Z 

where A i s the Hamaker constant (15). 
Equation 4 applies over short distances, up to 150 A (1.5 χ 

10"8 m) and f o r longer distances the "retarded" van der Waals forces 
decay r a p i d l y (16). An equation based on the d i e l e c t r i c p r operties 
of s o l i d s f o r the retarded van der Waals forces ( F T ) between a sphere 
of radius (r) at the distance (h) from a f l a t surface i s (17): 

F< - ^ (5) 
3h J 

where Β i s the appropriate constant f o r the given m a t e r i a l . 
The changeover from the unretarded to retarded van der Waals 

forces occurs at a distance of about 150 A (1.5 x 10"° m), and the 
corresponding value of the Hamaker constant (A) i n equation 4 was 
found to be 10"" ̂  Ν (Newton), and that of the L i f s h i t z constant (B) 
i n Equation 5 was 8.9 x 10~ 2^ N m (16,18) . These values have been 
used to compute the r a t i o of van der Waals forces to the 
g r a v i t a t i o n a l force on small ash p a r t i c l e s approaching a f l a t 
surface. 

The g r a v i t a t i o n a l force (Fg) on an ash p a r t i c l e of radius (r) 
and the density (D) i s given by 

F = *φ& (6) 
g 3 

where g i s the g r a v i t y a c c e l e r a t i o n constant (9.81 m s '*) . Thus, the 
r a t i o ( F r) of the short distance van der Waals forces (F) to the 
g r a v i t a t i o n a l force (Fg) on a p a r t i c l e i s : 
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308 MINERAL MATTER AND ASH IN COAL 
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2 2 . RAASK Deposit Constituent Phase Separation and Adhesion 309 

F_ _ -ρ = A = 1.62 χ 10 2 5
 m 

F r Q _ 2, 2 2,2 u ; 

g 8πDgr h r h 
-3 

where the value of D f o r ash was taken to be 2500 kg m and when 
h < 1.5 χ 10~8 m. The corresponding r a t i o ( F r

T ) of the retarded van 
der Waals forces (F 1) to the g r a v i t a t i o n a l forces i s given by: 

F_]_ _ -ρ τ Β = 2.04 x 10 3 4
 ( R . 

F r o n 2 U3 2,_3 K } 

g 2Dgr h r h 
— 8 

where h > 1.5 x 10 m. 
Figure 5 shows a comparison of van der Waals and the g r a v i ­

t a t i o n a l forces on small ash p a r t i c l e s as these approach a c o l l e c t i n g 
surface. P l o t s A and Β i n d i c a t e that the sub-micron s i z e d p a r t i c l e s 
are r e a d i l y h e l d on a surface by van der Waals f o r c e s . The capture 
of small p a r t i c l e s of ash on b o i l e r tube i s fur t h e r enhanced by 
surface i r r e g u l a r i t i e s of o x i d i z e d metal (19). Also, i t has been 
suggested that e l e c t r o s t a t i c a t t r a c t i o n forces enhance the transport 
and r e t e n t i o n of sub-micron s i z e d p a r t i c l e s on s t e e l probes i n s e r t e d 
i n the f l u e gas of coal f i r e d b o i l e r s (7,20). A layer of 
e l e c t r i c a l l y p r e c i p i t a t e d deposit of ash can have a cohesive strength 
between 5 and 40 times higher than that formed by sedimentation 
because p a r t i c l e s i n an e l e c t r i c f i e l d have permanent dipole 
c h a r a c t e r i s t i c s which lead to these being o r i e n t e d t o form a 
cohesive layer of ash (21). I t appears therefore that the combined 
e f f e c t s of van der Waals and e l e c t r o s t a t i c forces of a t t r a c t i o n , and 
s u r f a c e i r r e g u l a r i t i e s a r e s u f f i c i e n t t o h o l d the s u b - m i c r o n d i a m e t e r 
p a r t i c l e s on the surface of b o i l e r tubes f o r the subsequent l i q u i d 
phase adhesion, and chemical and mechanical bond formation. 

Adhesion by Surface Tension Force 

The formation of strong adhesive bonds of enamel coatings and g l a s s / 
metal seals on heating requires the presence of a l i q u i d phase 
(22-24). The r o l e of the l i q u i d f i l m i s to provide the i n i t i a l 
adhesion of s o l i d p a r t i c l e s as a r e s u l t of surface tension. The work 
of adhesion (Wa) i s given by: 

Wa = π + γ (1 + cos θ) (9) 

where γ i s the surface tension of the l i q u i d , and θ i s the contact 
angle at the s o l i d / l i q u i d i n t e r f a c e . With pe r f e c t wetting, i . e . 
when θ equals zero, Wa has the highest value: 

Wa = π + 2γ (10) 

The work of cohesion of a l i q u i d (Wc) i s given by: 

Wc = 2γ (11) 

With wetting l i q u i d s , therefore, Wa can be higher than Wc and 
f a i l u r e w i l l take place w i t h i n the l i q u i d l a y e r , whereas with non-
wetting l i q u i d s the rupture occurs at the s o l i d / l i q u i d i n t e r f a c e . 
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MINERAL MATTER AND ASH IN COAL 

L O G | Q PARTICLE TO SURFACE DISTANCE, >jm 

Figure 5. Comparison of van der Waals and g r a v i t a t i o n a l forces 
on ash p a r t i c l e s near c o l l e c t i n g surfaces. P a r t i c l e diameter 
( m): A, 0.01; B, 0.1; C, 1.0; D, 10. Reproduced with 
permission from reference 35. Copyright 1985 Hemisphere 
Publish i n g . 
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22. RAASK Deposit Constituent Phase Separation and Adhesion 311 

A l k a l i - m e t a l sulphates frequently c o n s t i t u t e a l i q u i d phase i n 
ash deposits, and the molten sulphates r e a d i l y wet and spread on the 
surface of b o i l e r tubes. In a reducing atmosphere and when i n 
contact with carbon, sulphates are reduced to sulphides which wet 
and spread on any surface. The c o e f f i c i e n t of surface tension of 
sulphates i s f a i r l y high, 0.20 N m"1 f o r Na 2S04 a n d ° · 1 Ζ * N 1 1 1 - 1 f o r 

K2SO4 near t h e i r respective melting point temperatures (25,26) . 
Thus work of cohesion of molten sulphate layer i n b o i l e r deposit i s 
between 0.3 and 0.4 Ν m~̂  and the work of adhesion i s higher because 
of a low contact angle at the sulphate/tube surface i n t e r f a c e . I t i s 
therefore to be expected and i t i s observed i n p r a c t i c e that when 
the deposit i s removed, e.g. by sootblowing, there remains a f i l m of 
sulphate adhering to b o i l e r tubes. The surface tension of coal ash 
s l a g has been measured p r e v i o u s l y by the s e s s i l e drop method (27) 
and a t y p i c a l value was 0.3 Ν m"!. I t i s about twice that of 
sulphates and thus the work of adhesion (Equation 9) and the 
cohesive bond strength are corresponding at the s l a g / s o l i d i n t e r f a c e . 

Only a small amount of l i q u i d , about a hundred molecule t h i c k 
l a y e r , i s s u f f i c i e n t f o r the adhesion contact of sub-micron diameter 
p a r t i c l e s (28). In the case of a v o l a t i l e l i q u i d , the e q u i l i b r i u m 
thickness of the f i l m , and thus the adhesion, v a r i e s with p a r t i a l 
pressure of the vapour i n the surrounding atmosphere. When 
evaporation from a l i q u i d f i l m occurs, as a r e s u l t of increased 
temperature, the adhesion f i r s t r i s e s to a maximum value due to the 
meniscus e f f e c t but i t breaks down as the f i l m thickness i s reduced 
to molecular dimensions. However, before the break-down of the 
surface tension chemical and mechanical bonds may develop between the 
deposited ash and b o i l e r tube surface. 

Mechanical and Chemical Bonding 

Ash deposits on b o i l e r tubes can be keyed to the surface of metal 
oxide by mechanical and chemical bonds. Mechanical bonding i s 
enhanced by extending surface at the i n t e r f a c e as shown i n Figure 6a. 
B o i l e r tubes are not polished and thus have an extended surface that 
i s f u r t h e r increased by oxidation and chemical reactions between the 
oxide layer and ash deposits. I t i s therefore evident that a 
comparatively rough surface of b o i l e r tubes c o n s t i t u t e an anchorage 
fo r keying ash deposits to the heat exchange elements. 

D i e t z e l (29) and Staley (30) have proposed that the chemical 
reactions at an enamel/metal i n t e r f a c e can be considered i n terms of 
e l e c t r o l y t i c c e l l s set up between the metals of d i f f e r e n t e l e c t r o ­
chemical p o t e n t i a l . I t has been suggested that cobalt or n i c k e l 
p r e c i p i t a t e d i n the enamel when i n contact with s t e e l surface, forms 
s h o r t - c i r c u i t e d l o c a l c e l l s i n which i r o n i s the anode. The current 
flows from i r o n through the melt to cobalt and back to i r o n . The 
r e s u l t i s that i r o n goes i n t o s o l u t i o n , the surface becomes 
roughened, and the enamel material anchors i t s e l f i n t o the c a v i t i e s 
as shown i n Figure 6b. 

The galvanic reactions w i l l take place at a much f a s t e r rate i n 
the low v i s c o s i t y phase of sulphates i n b o i l e r deposit than i n 
h i g h l y viscous s i l i c a t e g l a s s . However, r a p i d reactions at the tube 
surface/deposit i n t e r f a c e may not be necessary or appropriate f o r 
development of a strong bond between the ash deposit and b o i l e r 
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312 MINERAL MATTER AND ASH IN COAL 

(a) M E C H A N I C A L 
B O N D I N G 

G L A S S . 

C O B A L T — » 2 

IRON ' 

o 2-

S I L I C A T E G L A S S COBALT-» Ζ Σ Ζ Ζ Ώ 2+ ZTV 2 + F 2 2 2 

M E T A L O X I D E U n e < ' ' 

(b) G A L V A N I C CORROSION 

C A V I T I E S 

F e F e 

F e r r 
Fe 

Fe Ο 

oQ, O O.Q, °o.o.o ο 
(O) H Y P O T H E T I C A L S T R U C T U R E W) C H E M I C A L BOND A T I R O N / S I L I C A T E 

O F F E R R O U S S I L I C A T E G L A S S I N T E R F A C E 

Figure 6. Schematic representation of mechanical and chemical 
bonds at b o i l e r tube/ash deposit i n t e r f a c e . Reproduced with 
permission from reference 35. Copyright 1985 Hemisphere Publishing. 
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22. RAASK Deposit Constituent Phase Separation and Adhesion 313 

tubes. In metal/glass s e a l and metal/enamel coating technology, the 
adhesive bonds formed on heating have to be completed i n a few 
hours, whereas those i n b o i l e r deposits can form over a period of 
days or weeks. The adhesive bond between the metal surface and a 
s i l i c a t e material can be high when there i s a gradual rather than 
abrupt change i n the glass phase composition near the i n t e r f a c e (31). 

When the ash deposit i s brought i n intimate contact with the 
surface of b o i l e r tubes e i t h e r by the a c t i o n of surface tension or by 
the galvanic r e a c t i o n s , the c o n t r o l l i n g parameter i n mechanical 
bonding i s the strength of the glassy phase at the narrowest cross 
s e c t i o n a l area of contact c a v i t i e s (Figure 6b). The annealed glass 
may have a t e n s i l e strength of around 50 MN m~2 g i v i n g a maximum 
bond strength of 35 MN π Γ 2 . However, the glass at the i n t e r f a c e may 
be stronger or weaker depending on whether the conditions i n the 
keying c a v i t i e s increase or decrease l o c a l flaws and r e s u l t a n t 
s t r e s s e s . 

Chemical bonds, covalent or i o n i c as shown i n Figure 6c and d, 
at the metal oxide/deposit surface are p o t e n t i a l l y strong with 
t h e o r e t i c a l values over 1 09 N m""2. I t i s however, impossible to 
estimate the number of s i t e s and the s i z e of contact areas at the 
i n t e r f a c e where the chemical bonds may be e f f e c t i v e . In any case, 
the cohesive strength of the deposit matrix i s the l i m i t i n g f a c t o r 
since i t i s lower than that of chemical bonds by several orders of 
magnitude. In p r a c t i c e , t h i s means that when a strongly adhering 
deposit i s subjected to a d e s t r u c t i v e f o r c e , e.g. sootblower j e t , 
f a i l u r e occurs w i t h i n the deposit matrix and there remains a r e s i d u a l 
l a y e r of ash material f i r m l y bonded to the tube surface. 

Adhesion of Ash Deposits on F e r r i t i c and A u s t e n i t i c Steels 

The adhesion bond strength of soda glass on a metal substrate has 
been determined by heating a glass d i s c sandwiched between two metal 
d i s c s i n a v e r t i c a l furnace (32). The technique has been adopted f o r 
measuring the strength of the adhesive bond developed when a b o i l e r 
deposit was sandwiched between two discs of f e r r i t i c or a u s t e n i t i c 
s t e e l s (33). The deposit m a t e r i a l was taken immediately a f t e r b o i l e r 
shut-down from the superheater tubes of a p u l v e r i z e d coal f i r e d 
b o i l e r fueled with a mixture of East Midlands, UK, c o a l s . The f l u e 
gas temperature i n the superheater p r i o r to b o i l e r shut-down was 
about 1300 Κ and the tube metal temperature was 850 K. The deposit 
m a t e r i a l consisted of 30 per cent of a l k a l i - m e t a l sulphates i n weight 
r a t i o of 2 to 1 Na2SÛ4 to K2SO4, the remainder being s i l i c a t e ash. A 
l a y e r of deposit, 3 mm t h i c k , was sandwiched between two metal d i s c s , 
20 mm i n diameter, made of b o i l e r tube s t e e l s and then heated i n a 
v e r t i c a l furnace. A f t e r a time i n t e r v a l l a s t i n g from one to 25 days 
the bond was ruptured by applying a t e n s i l e force without p r i o r 
c o o l i n g . 

The r e s u l t s i n Figure 7 show that the strength of adhesive bond 
between the f e r r i t i c s t e e l sample and b o i l e r deposit increased 
exponentially with temperature i n the range of 775 to 900 K. S i m i l a r 
r e s u l t s were obtained by Moza et a l . (34) who used a droplet 
technique to measure the adhesive bond of coal ash s l a g on a f e r r i t i c 
s t e e l target i n the temperature range of 700 to 950 K. 

The r e s u l t s p l o t t e d i n Figure 8 shows that the strength of 
adhesive bond of ash deposit on both the f e r r i t i c and a u s t e n i t i c s t e e l s . 
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314 MINERAL MATTER AND ASH IN COAL 

Figure 8. Bond strength between ash deposit and b o i l e r s t e e l s at 
900 K. A, f e r r i t i c s t e e l ; B, a u s t e n i t i c s t e e l . 
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22. RAASK Deposit Constituent Phase Separation and Adhesion 315 

Table I. C o e f f i c i e n t of Thermal Expansion of B o i l e r Tube S t e e l s , 
Oxides and S i l i c a t e s 

M a t e r i a l Thermal expansion, — Κ 
Steels 

—ft 
M i l d s t e e l and f e r r i t i c s t e e l s 11 to 12 x 10 
A u s t e n i t i c s t e e l s 16 to 18 x 10 ° 
Oxides 
Tube metal oxides ^ 3 0 4 ; ^ 0 3 ;NiO) 8 to 10 χ 10 0 

Deposit Constituents 
Glassy material 6 to 9 χ 10" 6 

Quartz ( c r y s t a l l i n e ) 5 to 8 χ 10" 6 

S i l i c a t e s i n f i r e d b r i c k 7 to 8 χ 10~ 6 

The data i n Table I show that the c o e f f i c i e n t of thermal 
expansion of mild s t e e l and f e r r i t i c s t e e l s i s not g r e a t l y d i f f e r e n t 
from that of t h e i r oxides and the ash deposit c o n s t i t u e n t s . I t i s 
therefore evident that there i s no gross i n c o m p a t i b i l i t y i n the 
thermal expansion c h a r a c t e r i s t i c s , and strongly bonded ash deposits 
once formed on mild s t e e l tubes are not e a s i l y dislodged on thermal 
c y c l i n g . 

In contrast, the thermal expansion of a u s t e n i t i c s t e e l i s 
s i g n i f i c a n t l y higher than that of the oxides and deposit m a t e r i a l . 
In the absence of b o i l e r deposit, the oxide material i n the form of 
t h i n l a y e r i s able to absorb thermal stresses and the adhesive l a y e r 
remains i n t a c t on c o o l i n g . However, i t appears that the oxide layer 
i s unable to absorb thermal stresses i n a s i m i l a r manner when 
contaminated and constrained by bonded ash deposits. I t i s therefore 
a usual occurrence that ash deposits peel o f f the a u s t e n i t i c s t e e l 
tubes on co o l i n g whereas the deposit formed on f e r r i t i c s t e e l s under 
the same conditions remain f i r m l y attached to the tubes. 

King et a l . (22) have suggested that i n order to obtain good 
adherence of enamel coatings on metals, the enamel m a t e r i a l at the 
i n t e r f a c e must become saturated with the metal oxide, e.g. FeO of 
f e r r i t i c s t e e l s . Coal ash deposit on b o i l e r tubes contains between 
5 and 25 per cent i r o n oxide and thus the layer at the tube/ 
deposit i n t e r f a c e becomes saturated with FeO. The chromium and 
n i c k e l contents of ash deposit are low and thus the same chemical 
c o m p a t i b i l i t y stage i s not reached at the a u s t e n i t i c s t e e l / d e p o s i t 
i n t e r f a c e . 

The ashesive bond between b o i l e r ash deposit and the surface of 
f e r r i t i c s t e e l s can a t t a i n e x c e p t i o n a l l y high strengths. This was 
found on examining the deposits formed on d i f f e r e n t s t e e l specimens 
tested i n an experimental superheater loop. Favourable conditions 
f o r the formation of f i r m l y bonded deposits were as f o l l o w s : 
(a) The i r o n oxide content of coal was above 20 per cent expressed 

as Fe203 g i v i n g an i r o n saturated l a y e r of deposit on the tube 
specimens. 

(b) The ash c o l l e c t i n g surface was a 5 per cent chromium f e r r i t i c 
s t e e l which formed an oxide layer strongly adhering to metal 
for a f i r m anchorage of deposits. 
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316 MINERAL MATTER AND ASH IN COAL 

(c) The tube metal temperature was high, 950 K, which enhanced the 
formation of strong adhesive bond. The f l u e gas temperature at 
that p o s i t i o n was approximately 1250 K. 

(d) The f e r r i t i c t e s t piece i n the experimental loop was shel t e r e d 
from d i r e c t a c t i o n of sootblower. Weak turbulence caused by 
the j e t removed some of the unsintered s i l i c a ash l e a v i n g i r o n 
r i c h deposit f i r m l y bonded to the tube. The i r o n r i c h deposit 
had grown i n thickness to about 20 mm a f t e r nine months, and 
cohesive strength of the deposit material increased towards the 
surface of tube metal. The microscopic examination showed that 
there was no marked i n t e r f a c e boundary between the ash deposit 
and metal oxide. 

Formation of Layer Structure Deposits and Slag Masses 

The coal ash deposits on b o i l e r tubes have frequently a separate 
zone st r u c t u r e with a sulphate r i c h l a y e r up to 2 mm th i c k under the 
matrix of s i n t e r e d ash (35). The outer l a y e r i s porous and i t 
co n s t i t u t e s a pathway f o r the enrichment of a l k a l i - m e t a l s i n the 
deposit l a y e r next to tube suface. The d i f f u s a b l e species may be 
sulphate, c h l o r i d e , oxide or hydroxide, but the thermodynamic data 
(8) and the r e s u l t s of deposition measurements i n coal f i r e d b o i l e r s 
(Figure 3) suggest that sodium and potassium sulphates are the 
p r i n c i p a l vapour species which d i f f u s e through a porous matrix of 
s i l i c a t e ash deposit. 

The r e l a t i v e amounts of Na2S04 and K2SO4 which d i f f u s e through 
the s i n t e r e d matrix of s i l i c a t e ash depend on the temperature gradient 
across the deposit l a y e r , vapour pressure of the species and thermo­
dynamic s t a b i l i t y of the sulphates i n the presence of s i l i c a t e s . 
Potassium sulphate has a higher temperature s t a b i l i t y l i m i t when 
compared with that of sodium sulphate and as a r e s u l t K2SO4 can be 
p r e f e r e n t i a l l y transported to the surface of cooled b o i l e r tubes when 
there i s a steep temperature gradient across the ash deposit. The 
K2SO4 r i c h phase, when molten, can cause severe c o r r o s i o n of tube 
metal. 

The corrosion product, a mixture of oxide, sulphide at the metal 
i n t e r f a c e and sulphate outside, has a weak adhesive bond to the metal 
surface and cannot support large deposit masses. I t i s therefore 
unusual to f i n d excessive amounts of s i n t e r e d ash deposits and fused 
s l a g i n the exact l o c a l i t i e s where severe high temperature co r r o s i o n 
occurs. Conversely, a strongly adhering matrix of si n t e r e d ash 
deposit i n the absence of sulphate, sulphide or c h l o r i d e phases i s 
not markedly c o r r o s i v e . 

The build-up of b o i l e r tube deposits i s a continuously changing 
process as depicted i n Figure 9. When the deposit m a t e r i a l reaches 
a thickness of 2 to 3 mm (Figure 9a) the separate sulphate and 
s i l i c a t e phases occur (Figure 9b). Subsequently, the sulphate layer 
disappears i n the middle s e c t i o n (Figure 9c) allowing a strong bond 
to be e s t a b l i s h e d between the s i n t e r e d ash deposit and f e r r i t i c 
s t e e l b o i l e r tubes. This i s the " c l a s s i c a l " mode of formation of 
superheater tube deposit when the metal temperature i s i n the range 
of 750 to 900 K. Above 950 Κ the layer structured deposits are l e s s 
l i k e l y to occur and a strong adhesive bond i s r a p i d l y formed between 
the s i l i c a t e ash deposits and the high temperature tube surface. 

A notable feature of s l a g formed i n p u l v e r i z e d coal f i r e d b o i l e r 
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Si 

(a) INITIAL UNSEGREGATED 
ASH DEPOSIT 

S 

Si 

(b) SEPARATED S-SULPHATE AND (c) DISPLACED SULPHATE 
Si-SILICATE PHASES PHASE AND SILICATE/ 

METAL OXIDE BOND 

Figure 9. Sequential stages i n the formation of la y e r - s t r u c t u r e d 
and f i r m l y adhering superheater deposit. Reproduced with permission 
from reference 35. Copyright 1985 Hemisphere Publishing. 

i s i t s v a r i a b l e gas hole p o r o s i t y . Burning coal p a r t i c l e s are 
incapsulated i n the deposit l a y e r and generate CO and CO2 i n s i d e the 
s i l i c a t e material (27) r e s u l t i n g i n a hi g h l y porous s l a g . The 
density of s l a g w i l l increase when the encapsulated coal p a r t i c l e s 
are consumed and gas bubbles have escaped. 

I t has been observed that new b o i l e r s have an "immunity" perio d 
l a s t i n g weeks or months before severe s l a g build-up occurs. This i s 
p a r t l y due to the f a c t that during the commissioning period the 
b o i l e r r a r e l y reaches f u l l load output. However, i t may also be 
p a r t l y due to a slow rate of formation of the i n t e r f a c e layer on 
b o i l e r tubes which i s able to have a strong adhesive bond to r a p i d l y 
forming ash s l a g and thus able to support large masses of deposit. 
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318 MINERAL MATTER AND ASH IN COAL 

Conclusions 

I n i t i a l Deposit. The i n i t i a l deposit material on cooled tubes i n 
coal f i r e d b o i l e r s consists l a r g e l y of flame v i t r i f i e d s i l i c a t e ash, 
i r o n oxide, and calcium and a l k a l i - m e t a l sulphates. Trace amounts 
of c h l o r i d e w i l l also deposit and under reducing conditions some 
i r o n and calcium sulphides can be present. 

Phase Separation. Most coals leave an ash residue which i s 
pyrochemically a c i d i c , and the a l k a l i - m e t a l s and calcium are 
d i s t r i b u t e d i n the s i l i c a t e and sulphate phases under o x i d i z i n g 
c o n d i t i o n s . The fused s i l i c a t e s and molten sulphates are immiscible 
and separate i n t o two phases. The phase separation enhances the 
adhesion of ash to b o i l e r tubes and leads to the formation of l a y e r 
s t r u c t u r e d deposits. 

I n i t i a l P a r t i c l e Adhesion. I n i t i a l l y the small p a r t i c l e s of ash, 
below 1 ym i n diameter are held at the surface of b o i l e r tubes by the 
van der Waals and e l e c t r o s t a t i c a t t r a c t i o n surface/deposit i n t e r f a c e 
and only a small amount of l i q u i d , about one hundred molecules t h i c k 
i s s u f f i c i e n t f o r bonding. 

Strong Adhesive Bond of Deposits on F e r r i t i c S t e e l s . Strong 
adhesive bonds can form between the o x i d i z e d surface of f e r r i t i c 
s t e e l s and i r o n r i c h ash because of the composition and thermal 
expansion c o m p a t i b i l i t y of the metal oxide and s i l i c a t e ash deposit. 
The adhesive bond strength increases exponentially with temperature 
of the target surface i n the range of 750 to 950 K. The bond 
strength can reach high values, that i s , higher than the cohesive 
strength of s i n t e r e d ash deposits at temperatures above 850 K. 

Weak Adhesive Bond of Deposits and A u s t e n i t i c S t e e l s . The adhesive 
bond between the a u s t e n i t i c s t e e l surface and ash deposit i s 
r e l a t i v e l y weak as a r e s u l t of the composition and thermal 
i n c o m p a t i b i l i t y of the s t e e l oxide and the s i l i c a t e m a t e r i a l . The 
temperature f l u c t u a t i o n s on changeable b o i l e r load conditions can 
cause s u f f i c i e n t l y high thermal stresses f o r deposit to sk i d o f f 
the a u s t e n i t i c s t e e l tubes. 

B o i l e r Tube/Ash Deposit I n t e r f a c e . The b o i l e r tube/ash deposit 
i n t e r f a c e layer which can support large masses of s l a g formed i n the 
combustion chamber takes several months to develop. Thus the f u l l 
extent of b o i l e r slagging may not become evident during the 
commissioning period of new b o i l e r p l a n t . 

Acknowledgement 

The work was c a r r i e d out at the Central E l e c t r i c i t y Research 
Laboratories and the paper i s published by permission of the Central 
E l e c t r i c i t y Generating Board. 

Literature Cited 

1. Lowry, H.H. "Chemistry of Coal Utilization"; John Wiley and 
Sons: New York, 1963. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
2



22. RAASK Deposit Constituent Phase Separation and Adhesion 319 

2. Francis, W. "Fuels and Fuel Technology"; Pergamon Press: 
London, 1965; Vol. I. 

3. Raask, E. Fuel. 1969, 48, 366. 
4. Raask, E.; Goetz, L. J. Inst. Energy. 1981, 54, 163. 
5. Raask, E. Prog. Energ. Comb. Sci. 1982, 8, 261. 
6. Raask, E. VGB Mitteilungen. 1968, 18, 348. 
7. Raask, E. "Mechanism of Corrosion by Fuel Impurities"; 

Marchwood, UK; Butterworth: London, 1963; p. 145. 
8. Halstead, W.D.; Raask, E. Inst. Fuel. 1969, 43, 344. 
9. Hein, K. VGB Kraftwerkstechnik. 1979, 59, 576. 
10. Hosegood, E.A.; Raask, E. unpublished data. 
11. Kordes, E.; Zofelt, B.; Proger, H.J. Zeitschr. Anorg. Allgem. 

Chem. 1951, 264, 255. 
12. Pearce, M.L.; Beisler, J.F. Am. Cer. Soc. 1965, 48, 40. 
13. Raask, E. and Jessop, R. Phys. and Chem. Glasses. 1966, 7, 

200. 
14. DIN "Determination of Ash Fusion Behaviour"; German Standard: 

DIN 51 730, 1976. 
15. Casimir, H.B.G.; Polder, D. Phys. Rev. 1948, 73, 360. 
16. Tabor, D. Chem. Ind. 1971, No. 35, p. 969. 
17. Lifshitz, E.M. Soviet Physics, JETP. 1956, 2, 73. 
18. Tabor, D.; Winterton, R.S.H. Nature. 1968, 219, 1120. 
19. Pfefferkorn, G.; Vahl, J. "Mechanism of Corrosion by Fuel 

Impurities"; Marchwood, UK; Butterworths: London, 1963; p. 366. 
20. Steel, J.S.; Brandes, E.A. "Mechanism of Corrosion by Fuel 

Impurities"; Marchwood, UK; Butterworths: London, 1963; p. 374. 
21. Penney, G.W.; Klinger, E.H. Trans. A.I.E.E. 1962, 81, 200. 
22. King, B.W.; Tripp, H.P.; Duckworth, W.H. J. Am. Cer. Soc. 

1959, 42, 504. 
23. Holland, L. "The Properties of Glass Surfaces"; Champan and 

Hall: London, 1964. 
24. Klomp, J.T. Am. Chem. Soc. Bull. 1979, 10, 887. 
25. International Critical Tables. McGraw-Hill: New York, 1928; 

Vol. 4, p. 443. 
26. Bertozzi, G.; Soldani, G. J. Phys. Chem. 1967, 71, 1536. 
27. Raask, E. Trans. ASME for Power. 1966, Jan., p. 40. 
28. Cross, N.L.; Picknett, R.G. "Mechanism of Corrosion by Fuel 

Impurities"; Marchwood, UK; Butterworths: London, 1963, p. 383. 
29. Dietzel, A. Emailwaren-Industrie. 1934, 11, 161. 
30. Staley, H.F. J. Am. Ceram. Soc. 1934, 17, 163. 
31. Weyl, W.A. "Structure and Properties of Solid Surfaces"; 

University of Chicago Press": Chicago, 1953; p. 147. 
32. Oel, H.J.; Gottschalk, A. Glastechnische Berichte 1966, 39, 319. 
33. Raask, E. VGB Kraftwerkstechnik 1973, 53, 248. 
34. Moza, A.K.; Shoji, K.; Austin, L.G. J. Inst. Fuel 1980, 53, 17. 
35. Raask, E. "Mineral Impurities in Coal Combustion", Hemisphere: 

New York, 1985, p. 205. 
36. Hodgman, C.D. "Handbook of Chemistry and Physics"; The Thermal 

Rubber Publishing: Ohio, 1962. 

RECEIVED October 15, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
2



23 
Use of Glass for Modeling the Deposition of Coal Ash 
in Hot Cyclones 

D. M. Mason1, A . Rehmat1, and K. C. Tsao 2 

1Institute of Gas Technology, Chicago, IL 60616 
2University of Wisconsin—Milwaukee, Milwaukee, WI 53201 

Tests have been conducted in a laboratory hot 
cyclone to obtain an estimate of the temperature below 
which spherical glass particles do not form a firmly 
attached deposit. A temperature of 800° to 850°C, 
corresponding to a viscosity between 6.3 X 105 and 2.9 X 
106 poises, as calculated from the composition of the 
glass, was found. We take this viscosity to be approxi­
mately that of coal ash above which particles will not 
deposit in cyclones of fluidized-bed coal gasifiers. 

A cyclone operating at temperatures near those of the f l u i d i z e d bed 
of the reactor has been used i n the ash agglomerating g a s i f i e r of the 
IGT U-GAS p i l o t plant to remove entrained char p a r t i c l e s from the 
product gas and return them to the bed (1) · E s s e n t i a l l y pure coal 
ash has been found to deposit i n t h i s hot cyclone (2)· The deposits 
have been analyzed chemically and examined by o p t i c a l and scanning 
e l e c t r o n microscopy. Ferrous s u l f i d e i s responsible f o r deposition 
under adverse c o n d i t i o n s , but deposition of i r o n - r i c h ferrous 
a l u m i n o s i l i c a t e s i s the more serious problem. In deposits from 
Western Kentucky c o a l , f o r example, whose ash contained about 23 wt. 
percent of f e r r i c oxide, the s e l e c t i v e deposition of high-iron 
s i l i c e o u s p a r t i c l e s i s in d i c a t e d by an Fe2Û3/Al20o r a t i o ( c a l c u l a t e d 
a f t e r excluding the i r o n c o n t r i b u t i o n of i r o n s u l f i d e ) ranging from 
2.2 to 4.6 i n the ash of depos i t s , compared with a r a t i o of 1.2 i n 
the ash of the c o a l . The e f f e c t of gas temperature (which equals 
p a r t i c l e temperature) and cyclone-wall temperature on the dep o s i t i o n 
of such p a r t i c l e s was studied i n a laboratory hot cyclone i n the 
la b o r a t o r i e s of the Mechanical Engineering Department of the 
Un i v e r s i t y of Wisconsin at Milwaukee (2,3). The p a r t i c l e s used i n 
these tests were prepared from p i l o t plant d e p o s i t s . The r e s u l t s 
i n d i c a t e d that the borderline temperature, below which the p a r t i c l e s 
do not form a fi r m deposit, i s about 900°C when gas and wall 
temperatures are equal. 

0097-6156/86/0301-0320S06.00/0 
© 1986 American Chemical Society 
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23. MASON ETAL. Glass Modeling of Coal Ash Deposition 321 

We envision that the mechanism of deposition involves viscous or 
p l a s t i c flow f o l l o w i n g c o l l i s i o n of p a r t i c l e and deposition surface 
to create a neck exerting enough surface tension to prevent rebound. 
We consider that the main cause of flow i s impact. Flow driven by 
surface tension, as postulated by Raask (4) f o r hardening of coal ash 
deposits on heat exchange surfaces of b o i l e r s , c o n s t i t u t e s an 
a d d i t i o n a l mechanism leading to f i r m adhesion. However, de p o s i t i o n 
at the i n l e t impingement area i n the laboratory hot cyclone t e s t s , 
massiveness of deposits at regions of high gas v e l o c i t y and a c c e l e r a ­
t i o n i n or near the p i l o t plant cyclone, and v i r t u a l absence of 
deposits at low-gas-velocity regions of the g a s i f i c a t i o n reactor a l l 
i n d i c a t e that impact of deposition-prone p a r t i c l e s plays an important 
r o l e i n the mechanism. 

For both mechanisms the e f f e c t of temperature on deposition can 
be a t t r i b u t e d to change i n v i s c o s i t y , as surface tension does not 
vary much with temperature. I n v e s t i g a t i o n of the e f f e c t of v i s c o s i t y 
with ash p a r t i c l e s i s d i f f i c u l t , because l i t t l e i s known about the 
v i s c o s i t i e s of i r o n a l u m i n o s i l i c a t e s and ferrous s u l f i d e at tempera­
tures from 850° to 1050°C and, i n any case, the ash p a r t i c l e s vary i n 
composition and presence of high melting phases. Therefore, we have 
chosen to use glass spheres as a homogeneous model material of known 
v i s c o s i t y i n t e s t s for a study of d e p o s i t i o n . We assume that the two 
materials are s u f f i c i e n t l y a l i k e i n relevant properties that t h e i r 
borderlines f o r deposition occur at the same v i s c o s i t y although t h e i r 
temperatures there may be d i f f e r e n t . We report here a few r e s u l t s of 
a preliminary nature. 

Experimental 

The test apparatus consists of a natural gas burner to provide hot 
f l u e gas, a dust feeder designed by one of the authors, and a 9.68-cm 
ID cyclone (Figure 1). C a l c u l a t i o n s i n d i c a t e that the residence time 
of p a r t i c l e s i n the hot f l u e gas i s s u f f i c i e n t to heat the p a r t i c l e s 
to the temperature of the f l u e gas at the cyclone entrance, and i n 
any case the glass p a r t i c l e s were subjected to the same conditions as 
the p a r t i c l e s prepared from p i l o t plant deposits. We expect to 
obtain experimental confirmation of the adequacy of heating i n a more 
d e t a i l e d future study. 

The i n l e t s e c t i o n of the cyclone i s jacketed to allow cooling of 
the w a l l ; or a l t e r n a t i v e l y , i t can be heated to achieve s u b s t a n t i a l l y 
equal gas and w a l l temperatures. Temperature readings of the gas 
during a run are taken by a bare wire thermocouple p r o j e c t i n g i n t o 
the gas j u s t upstream from the i n l e t s e c t i o n of the cyclone; i t i s 
c a l i b r a t e d before the run by an a s p i r a t i o n thermocouple i n the i n l e t 
s e c t i o n . Temperature of the w a l l i s measured by a thermocouple 
embedded i n i t at the spot where the entering gas impinges, where 
coherent deposits t y p i c a l l y form (2,3). The surface of the i n l e t 
s e c t i o n i s smoothed with No. 320-grit emery paper before each t e s t . 

The feed dust i n these tests was supplied by the Cataphote 
D i v i s i o n of Ferro Corporation as Class IV-A uncoated Unispheres of 
soda-lime glass i n a nominal 13-44 urn diameter. A Coulter counter 
s i z e d i s t r i b u t i o n a n a l y s i s i n d i c a t e d that the s i z e ranged only 
between 20 and 51 urn, with 14% greater than 40 pm and 3% smaller than 
25 ym. These p a r t i c l e s i z e s are i n the same range as those of the 
t e s t s with p a r t i c l e s prepared from p i l o t plant deposits. The burner 
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322 MINERAL MATTER AND ASH IN COAL 

was operated to y i e l d an o x i d i z i n g atmosphere at rates g i v i n g cyclone 
i n l e t v e l o c i t i e s that ranged, i n d i f f e r e n t runs, from 9 to 15 m/s; 
these v e l o c i t i e s are comparable to those of our laboratory t e s t s with 
p a r t i c l e s of p i l o t plant deposits. 

Our estimate of the borderline of deposition i s based on eight 
runs with the glass spheres, of which seven were within about 50°C of 
a borderline region obtained by p l o t t i n g w a l l temperature against gas 
temperature (Figure 2). Very l i g h t but f i r m deposits of the spheres 
were observed at the j e t impingement area i n three of these t e s t s . 
We i n t e r p r e t the r e s u l t s to i n d i c a t e that the b o r d e r l i n e for f i r m 
deposition with equal gas and w a l l temperatures i s between 800° and 
850°C. This estimated temperature range depends very l i t t l e on the 
slope of the b o r d e r l i n e , because c r i t i c a l data points were obtained 
at nearly equal gas ( p a r t i c l e ) and wall temperatures. The slope 
shown on the graph was taken to be equal to the b e t t e r - e s t a b l i s h e d 
borderline f o r the p i l o t plant deposits (2), which i s also shown i n 
Figure 2. In the future, we expect to make a d d i t i o n a l tests to 
e s t a b l i s h the b o r d e r l i n e more p r e c i s e l y and to determine the e f f e c t 
of v a r i a b l e s such as v e l o c i t y and s i z e of p a r t i c l e s . 

Figure 1· Laboratory Hot Cyclone Apparatus 
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MASON ETAL. Glass Modeling of Coal Ash Deposition 

Figure 2. Borderline of Deposition 
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324 MINERAL MATTER AND ASH IN COAL 

We have chemically analyzed the glass spheres and from t h i s 
estimated the v i s c o s i t y at 800° and 850°C by means of the c o r r e l a t i o n 
equations of Lyon (_5) · The range of v i s c o s i t y thus obtained over the 
above temperature range i s 6.3 X 10^ to 2.9 X 10° poises. This i s 
near the geometric mean of the v i s c o s i t i e s at the softening and 
working temperatures of soda-lime glass (6_) · 

Discussion 

According to D i e t z e l ' s c o r r e l a t i o n of the surface tension of glasses, 
glazes, and enamels with composition (_7_), the surface tension of the 
p i l o t plant deposits i s up to about 25% higher than that of the glass 
used here. Neglecting t h i s d i f f e r e n c e and the e f f e c t of p a r t i c l e 
shape, we may conclude that the e f f e c t i v e v i s c o s i t y of the p i l o t 
plant deposit f o r borderline deposition i n the laboratory hot cyclone 
at equal gas and w a l l temperatures i s i n the range reported above f o r 
the glass spheres. In the p i l o t plant or i n a commercial plant with 
much l a r g e r cyclones, considerable scale-up i s required f o r a p p l i c a ­
t i o n of our r e s u l t s , but we think i t l i k e l y that they apply there 
a l s o . 
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24 
Slag Deposit Initiation Using a Drop-Tube Furnace 

M. F. Abbott1 and L. G. Austin 

Mineral Processing Section, The Pennsylvania State University, University Park, PA 16802 

A drop-tube furnace was designed and constructed for 
the purpose of simulating the time/temperature enviro-
ment for p.c. combustion in a utility furnace. The 
ash produced was impacted on oxidized boiler steel 
substrate at gas and metal temperatures similar to 
upper furnace waterwall tubes. Both fly ash and 
deposits were similar to those of a pilot-scale 
(7-9 kg/hr) combustor. Iron-rich slag droplets pro­
duced from pyrite-rich p.c. particles bonded strongly 
with the oxidized steel surface. These particle 
types were found at the base of ash deposits after 
removal of sintered and loose ash for both eastern 
and western coals. Adhesion of iron-rich droplets 
was a function of both flame and metal surface 
temperatures. Also, volatile species, i .e . , alkali 
and exchangeable cations influenced the "sticking" 
behavior of the iron-rich droplets. These trends 
are in qualitative agreement with previous sticking 
test results. 

Coals contain inorganic m a t e r i a l , generally c a l l e d mineral matter 
and when the coal i s burned t h i s mineral matter i s converted to 
ash. The management of t h i s ash co n s t i t u t e s one of the p r i n c i p a l 
design l i m i t a t i o n s f o r a p u l v e r i z e d coal ( p . c . ) - f i r e d e l e c t r i c 
u t i l i t y b o i l e r . The i n v e s t i g a t i o n reported here i s part of an on­
going research program to gain a better understanding of the 
i n i t i a t i o n of s l a g deposits on the upper walls of a b o i l e r furnace 
enclosure. This paper reports on the development of a g a s - f i r e d 
v e r t i c a l muffle tube (drop-tube) furnace as a new research t o o l . 

The purpose of the drop-tube furnace was to simulate u t i l i t y 
b o i l e r combustion and ash forming and deposit conditions, i n a 
lab o r a t o r y - s c a l e device. In p a r t i c u l a r , the furnace was used to 

1Current address: Coal Research Division, Conoco, Inc., Library, PA 15129. 

0097-6156/ 86/ 0301 -0325507.50/ 0 
© 1986 American Chemical Society 
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326 MINERAL MATTER AND ASH IN COAL 

determine which inorganic constituents i n c o a l gave ash p a r t i c l e s 
that i n i t i a t e s l a g deposits by adhering to r e l a t i v e l y c old (e.g., 
300 to 400°C) ox i d i z e d b o i l e r s t e e l surfaces. A previous laboratory 
t e s t , the s t i c k i n g t e s t (1-6), l e d to a number of conclusions con­
cerning the mechanism and chemistry of molten s l a g drop adhesion. 
However, t h i s t e s t has s e v e r a l inherent disadvantages. I t required 
the use of r e l a t i v e l y l a r g e molten ash drops 4 mm i n diameter, and 
there was no proof that the conclusions could be a p p l i e d to the 
smaller s i z e droplets (normally l e s s than 50 ym) produced i n p . c -
f i r e d furnaces. Also, the l a r g e drops formed from a c o a l ash con­
tained a l l of the constituents of the ash (the mean ash composition), 
which do not accurately simulate the v a r i e t y of mineral a s s o c i a t i o n s 
occurring on a p a r t i c l e - b y - p a r t i c l e basis i n a p u l v e r i z e d c o a l (_7 ). 
Thus, the p r i n c i p a l requirements of the drop-tube furnace were to 
produce c o a l f l y ash p a r t i c l e s under the same temperature-time-
environment h i s t o r y experienced i n f u l l - s c a l e b o i l e r combustion, 
with impaction on an ox i d i z e d b o i l e r s t e e l substrate at a c o n t r o l l e d 
temperature simulating a furnace waterwall. 

Drop-Tube Furnace D e s c r i p t i o n 

Several drop-tube type furnaces were already i n existence f o r con­
ducting research on p.c. p y r o l y s i s , combustion and mineral matter 
behavior (8-12). These were i n v e s t i g a t e d i n terms of t h e i r s u i t a ­
b i l i t y , advantages and disadvantages f o r studying the s l a g deposi­
t i o n problem. I t was decided that the simplest, l e a s t expensive 
and yet most v e r s a t i l e a l t e r n a t i v e was a v e r t i c a l muffle tube (drop-
tube) furnace e x t e r n a l l y heated by f i r i n g with n a t u r a l gas and a i r . 
The drop-tube furnace system i s shown i n Figure 1. I t consisted 
of four major component p a r t s : (1) a hot zone s e c t i o n ; (2) a pre­
heat s e c t i o n and i n j e c t o r ; (3) the f l u i d i z e d - b e d p.c. feeding 
system; and (4) a water-cooled ash c o l l e c t o r probe. The necessary 
features incorporated i n t o the hot zone design were: maximum gas 
temperatures of the order of 1500 to 1750°C; p a r t i c l e residence 
times between 1 and 2 seconds; and e x i t gas temperatures of 1000 
to 1300°C. The preheat s e c t i o n and i n j e c t o r preheated the secondary 
a i r steam to about 1000°C and i n j e c t e d the c o l d p.c.-primary a i r 
stream i n t o the hot combustion zone. The c o l l e c t o r probe impacted 
the ash p a r t i c l e s onto a b o i l e r s t e e l surface maintained at tempera­
tures between 250 and 450°C to w i t h i n ± 5°C. 

A more d e t a i l e d schematic of the drop-tube furnace hot zone i s 
shown i n Figure 2. I t was heated by three t a n g e n t i a l l y - f i r e d nozzle 
mix n a t u r a l gas-air burners (101NM, Pyronics, Inc., Cleveland, Ohio). 
These were short flame, high capacity burner u n i t s designed f o r 
very wide turndown ranges, g i v i n g a great deal of operating f l e x i ­
b i l i t y i n terms of heat input. The temperature was c o n t r o l l e d by 
metering both the t o t a l quantity of n a t u r a l gas and a i r (burner 
nozzle gas pressure), and the a i r - t o - f u e l r a t i o . The n a t u r a l gas 
f i r i n g rate at an operating temperature of 1470 to 1550°C was 
1.5 SCFM or 90,000 Btu/h (30,000 Btu/h f o r each of the three 
burners). The outside muffle tube w a l l temperatures were measured 
at three l o c a t i o n s by embedded Pt/Pt-10% Rh type S thermocouples. 
The annular w a l l temperatures were a l s o monitored i n the same 
matter (see Figure 2). 
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MINERAL MATTER AND ASH IN COAL 
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Figure 2. Drop-tube furnace hot zone. 
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D e t a i l s of the preheat s e c t i o n and p.c. i n j e c t o r are shown i n 
Figure 3. The heating c o i l on the i n j e c t o r i s o l a t e d the cold 
i n j e c t o r from the preheated secondary a i r stream (approximately 
2.5 l i t e r s / m i n ) which entered through two channels at the top. 
The preheater c o i l and inner w a l l temperatures were a l s o measured 
by type S thermocouples. The alumina honeycomb flow s t r a i g h t e n e r 
d i s t r i b u t e d the a i r i n streamlines across the muffle tube cross-
s e c t i o n . 

F l u i d i z e d bed feeders generally give more consistent homogen­
eous p.c. flow f o r low feed rates than other types of feeders 
(13-15). The f l u i d bed feeder used i n t h i s i n v e s t i g a t i o n i s shown 
schematically i n Figure 4. The feeder rested on a top loading 
balance i n order to continuously monitor the p.c. feed rate. I t 
d e l i v e r e d between 0.15 and 0.3 grams of coal with approximately 0.5 
l i t e r s of a i r per minute. The p.c. p a r t i c l e s i z e was kept between 
60 and 325 mesh (250 to 45 ym) to insure consistent performance. 

Figure 5 i s a d e t a i l e d diagram of the water-cooled c o l l e c t o r 
probe. The c o n s t r i c t i o n (0.5 inch diameter hole) above the s t e e l 
substrate surface was used to a c c e l e r a t e the gas stream to about 
2 m/sec i n order to impact the p a r t i c l e s on the surface with s u f f i ­
c i e n t v e l o c i t y to adhere. The s t e e l substrate surface temperature 
was c o n t r o l l e d by a combination of three methods: varying the sub­
s t r a t e thichness; varying the thickness of the carbon s t e e l plug; 
and varying the coolant (water) flow rate. The surface temperature 
was again measured by type S thermocouple as shown i n Figure 5. 
Two b o i l e r s t e e l s were used f o r substrate m a t e r i a l s ; 1040 carbon 
s t e e l and Croloy 1/2. 

Experimental Procedures 

Three Pennsylvania bituminous coals (designated Keystone, Montour 
and Tunnelton) and a Decker, Montana, sub-bituminous c o a l were 
studied i n t h i s i n v e s t i g a t i o n . The proximate and ultimate analyses 
f o r these coals were given i n Table I. The m i n e r a l o g i c a l a n a l y s i s 
of the low-temperature ash (LTA) from the Pennsylvania coals i s 
l i s t e d i n Table II and the elemental a n a l y s i s of the ASTM high 
temperature (ΗΤΑ) i s given i n Table I I I . In a d d i t i o n , p u l v e r i z e r 
r e j e c t s from the Bruner Island Steam Generating F a c i l i t y which 
burns the Tunnelton c o a l (among others) were tested. The minera­
l o g i c a l and elemental analyses of t h i s m a t e r i a l are given i n Table 
IV. Table V gives the m i n e r a l o g i c a l and elemental analyses of 
untreated and acid-washed Decker c o a l samples. The three 
Pennsylvania coals were burned at three furnace temperatures. The 
other samples were a l l burned at 1500 to 1510°C furnace temperature. 

The p a r t i c l e s i z e d i s t r i b u t i o n of the as received c o a l samples 
was measured by the Microtrac l a s e r d i f f r a c t i o n apparatus and s i z e 
analyses f o r a l l samples are given i n Table VI. The samples were 
sieved to remove any p a r t i c l e s smaller than 45 ym and l a r g e r than 
250 ym. The f l u i d bed feeder was loaded with a 20 to 30 gram 
co a l or mineral sample. The feeder was operated at constant d i l u ­
t i o n or transport a i r flow and the c o a l flow was v a r i e d by changing 
the bed pressure (by e i t h e r i n c r e a s i n g the f l u i d i z i n g a i r flow or 
decreasing the exhaust flow). 
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MINERAL MATTER AND ASH IN COAL 

COAL/PRIMARY AIR FEED 

- 2 1 / 2 " — 
(•.35 cm) 

Figure 3. Drop-tube furnace i n j e c t o r and preheater s e c t i o n . 
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ABBOTT AND AUSTIN Slag Deposit Initiation Using a Drop-Tube Furnace 

EXHAUST AIR 
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Figure 4. Drop-tube furnace pc f l u i d bed feeder. 
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Figure 5. Drop-tube furnace water-cooled ash deposit c o l l e c t o r 
probe.  P
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Table I. Proximate and Ultimate Analyses of Test Coals 
( a l l on a dry basis with the exception of 

moisture determination) 

Coal Montour Keystone Tunnleton Decker 

Proximate 
Moisture 
V o l a t i t e Matter 
Ash 
Fixed Carbon 

Ultimate 
Carbon 
Hydrogen 
Nitrogen 
S u l f u r 
Ash 
Oxygen 

1.0 
25.9 
16.0 
58.1 

75.2 
4.4 
1.3 
1.7 

16.0 
1.4 

0.8 
29.9 
18.1 
51.9 

69.1 
4.3 
1.1 
1.7 

18.1 
5.7 

0.6 
26.4 
21.9 
51.9 

68.6 
4.1 
1.1 
2.0 

21.9 
2.3 

22.0 
43.8 
4.5 

51.7 

72.6 
5.1 
0.9 
0.4 
4.5 

16.5 

Table I I . Semi-Quantitative M i n e r a l o g i c a l A n a l y s i s 
of Low-Temperature Ash (LTA) f o r the 

Pennsylvania Coals 

Coal Montour Keystone Tunnelton 

quartz 25 25 22 
p y r i t e 15 10 15 
c a l c i t e 5 n.d. 5 
gypsum n. d. 5 n.d. 
k a o l i n i t e 17 30 18 
i l l i t e 30 20 30-40 
feld s p a r n.d. n.d. 5-10 
n.d. = not detected i n s i g n i f i c a n t quantity. 
Wt. % LTA 18.0 21.6 22.9 

The feeder and i n j e c t o r produced a t h i n p e n c i l - l i k e p.c. stream 
which passed down through the hot zone. The t o t a l combustion a i r 
supplied was approximately 3 l i t e r s / m i n f o r the bituminous c o a l s , 
g i v i n g between 10 and 25 percent excess a i r f o r p.c. feed rates of 
0.24 to 0.28 g/min. The flow and heat t r a n s f e r conditions were 
modeled using the methods described by P i g f o r d (16) f o r conditions 
of superimposed n a t u r a l and forced convection at very low mass flow 
rates. P a r t i c l e residence times were c a l c u l a t e d by summing the 
c e n t e r l i n e gas v e l o c i t y and terminal v e l o c i t y using Stokes's law 
(17). The error introduced using t h i s method should never have 
exceeded 10 percent, even when p y r i t e was tested and p a r t i c l e 
Reynold's numbers approached one. The residence times thus c a l c u ­
l a t e d were found to be between one and two seconds. 
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Table I I I . Spectrochemical A n a l y s i s of ASTM High-
Temperature Ash (ΗΤΑ) Residues From 

the Pennsylvania Coals, Expressed as 
Weight Percent of Equivalent Oxides 

Coal Montour Keystone Tunnelton 

S i 0 2 51.7 54.1 50.3 
A 1 2 ° 3 25.6 25.9 26.8 
T i 0 2 1.3 1.3 1.3 
F e 2 ° 3 14.1 9.7 11.0 
CaO 2.4 1.8 2.5 
MgO 0.9 1.0 1.0 
Na 20 0.2 0.3 0.4 
κ 2ο 
S0 3 

2.4 2.9 2.9 κ 2ο 
S0 3 1.5 1.1 2.3 
p2o5 

0.4 0.4 0.4 
Tot a l s 100.5 98.5 98.9 
Wt. % ΗΤΑ 15.3 18.3 20.1 

Table IV. Semi-Quantitative M i n e r a l o g i c a l A n a l y s i s 
and Spectrochemical A n a l y s i s f o r LTA and 

ΗΤΑ of P u l v e r i z e r Rejects 

M i n e r a l o g i c a l A n a l y s i s of LTA 

Constituent Wt. % LTA 
quartz 15 
p y r i t e 30 
c a l c i t e 2-5 
k a o l i n i t e 10 
i l l i t e 30 
s i d e r i t e 2-5 
i r o n s u l f a t e s 5-10 
LTA (wt.% as received sample) 79.6 

Spectrochemical A n a l y s i s of ΗΤΑ 
Constituent Wt. % ΗΤΑ 

S i 0 2 42.6 
A 1 2 0 3 16.6 
T i 0 2 0.9 
F e 2 0 3 34.3 
CaO 1.4 
MgO 0.8 
Na 20 0.2 
κ 2ο 2.1 
T o t a l 98.9 
ΗΤΑ (wt.% as received sample) 68.2 
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24. ABBOTT AND AUSTIN Slag Deposit Initiation Using a Drop-Tube Furnace 335 

Table V. Semi-Quantitative M i n e r a l o g i c a l A n a l y s i s 
and Spectrochemical Analyses f o r Two Decker 

Coal Samples; Untreated and Acid-Washed 

M i n e r a l o g i c a l A n a l y s i s of LTA 
Constituent 

Wt. 
untreated 

% LTA 
acid-washed 

quartz 20 
p y r i t e 5 
c a l c i t e 5 
gypsum ( b a s s i n i t e ) 30 
k a o l i n i t e 11 
i l l i t e n.d. 
LTA (wt.% as received coal) 6. 

Spectrochemical A n a l y s i s of ΗΤΑ 

30 
10 

n.d. 
n.d. 
16 

n.d. 
3.3 

Wt. % ΗΤΑ 
Constituent untreated acid-washed 

S i 0 2 28.0 53.0 
A 1 2 ° 3 16.5 28.5 
T i 0 2 1.2 2.7 
F e 2 ° 3 6.9 9.2 
CaO 19.0 4.1 
MgO 3.5 0.7 
MnO 0.03 0.01 
Na 20 7.7 0.4 
κ 2 ο 0.5 0.6 
s o 3 15.8 -
T o t a l 99.1 99.2 
ΗΤΑ (wt.% as received coal) 4.2 2.2 

Ash deposits were c o l l e c t e d from an accelerated gas stream 
impacted on a water-cooled b o i l e r s t e e l substrate as shown i n the 
probe of Figure 5. The sampling gas temperature was 1100°C and 
the 1040 carbon s t e e l substrate was maintained at 340 ± 5°C f o r a l l 
t e s t s except those with the Decker coal (sampling gas temperature 
was 1000°C and Croloy 1/2 substrate temperature was 425 ± 5°C). The 
ash deposits where then c h a r a c t e r i z e d by microscopic examination, 
using o p t i c a l and scanning e l e c t r o n microscopes. Chemical charac­
t e r i s t i c s were then sometimes determined by energy d i s p e r s i v e 
x-ray (EDX) fluorescence equipment asso c i a t e d with the scanning 
e l e c t r o n microscope. 

Experimental Results 

The c e n t e r l i n e gas temperatures were measured by shielded s u c t i o n 
pyrometry at maximum w a l l temperatures ranging from 1450 to 1650°C. 
A comparison of gas and w a l l temperatures i s given i n Figure 6. In 
general, c e n t e r l i n e gas temperatures were about 30°C lower than the 
corresponding w a l l temperatures at the same p o s i t i o n on the muffle 
tube. A deposit c o l l e c t i o n zone with gas temperatures corresponding 
to upper furnace temperatures i n a u t i l i t y b o i l e r was i d e n t i f i e d 
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Table VI. 

MINERAL MATTER AND ASH IN COAL 

P a r t i c l e Size A n a l y s i s (Sieve s i z e ) 

Brunner Island 
Size Keystone Montour Tunnelton Decker P u l v e r i z e r 
(ym) Coal Coal Coal Coal T a i l i n g s 

500 100.00 100.00 100.00 99.70 100.00 
355 98.06 99.65 99.86 99.21 100.00 
250 96.61 98.82 99.17 97.93 100.00 
176 93.78 96.54 95.30 94.29 100.00 
125 88.94 92.12 87.42 88.68 97.63 
88 81.34 86.59 75.81 77.76 91.86 
62 75.67 79.06 68.41 64.47 83.68 
44 65.72 68.83 56.12 57.81 80.87 
31 59.35 58.05 45.80 43.52 75.88 
22 53.17 47.83 37.18 32.76 68.76 
16 45.81 38.67 30.06 24.67 60.16 
11 38.12 30.78 24.23 18.57 50.92 
7.8 30.79 24.21 19.47 13.98 41.92 
5.5 24.28 18.86 15.61 10.52 33.72 
3.9 18.82 14.59 12.50 7.92 26.63 
2.8 14.36 11.28 9.99 5.92 20.74 
2.0 10.85 8.59 7.97 4.49 15.97 
1.4 8.12 6.56 6.36 3.38 12.19 
1.0 6.05 4.99 5.07 2.55 9.25 

Size a n a l y s i s f o r -44 ym c o a l was determined by Microtrac with 
c o r r e c t i o n to equivalent sieve s i z e . 

between 15 and 20 cm before the tube e x i t . The carbon content of 
ash deposits c o l l e c t e d at t h i s p o s i t i o n i n d i c a t e d that combustion 
was e s s e n t a i l l y complete (greater than 99.7%) i f the maximum hot 
zone temperature was at l e a s t 1420°C. 

The p h y s i c a l c h a r a c t e r i s t i c s of the deposit c o l l e c t e d from a l l 
four of the t e s t coals and the p u l v e r i z e r r e j e c t s were a l l s i m i l a r . 
Figure 7 shows the t y p i c a l ash deposit s t r u c t u r e on both a macro 
and micro s c a l e . The top photograph (Figure 7A) shows the outer 
s i n t e r p o r t i o n of the ash deposit c o l l e c t e d from the Decker coal 
on a Croloy 1/2 s t e e l substrate. The lower o p t i c a l micrograph 
(Figure 7B) shows the str o n g l y bonded m a t e r i a l on the s t e e l surface 
a f t e r the l o o s e l y adhering deposit has been brushed away. The 
opaque black droplets were found to be r i c h i n i r o n (85-100 wt.%), 
whereas the l i g h t transparent spheres were predominantly alumino-
s i l i c a t e s . 

The deposit build-up mechanism appeared to be the same f o r a l l 
c o a l samples tested. A l l appeared to o r i g i n a t e with the r e l a t i v e l y 
strong bonding of i r o n - r i c h p a r t i c l e s to the s t e e l substrate oxide 
l a y e r . In a d d i t i o n to these p a r t i c l e s , there was always a l a y e r of 
very f i n e p a r t i c l e s (less than 3 ym) covering the e n t i r e substrate 
surface, which were not e a s i l y brushed or blown from the surface. 
A region of l o o s e l y bonded ash p a r t i c l e s then b u i l t upon the more 
strongly adherent d r o p l e t s . These p a r t i c l e s were p r i n c i p a l l y 
a l u m i n o - s i l i c a t e s , often containing some amounts of most of the 
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ABBOTT AND AUSTIN Slag Deposit initiation Using a Drop-Tube Furnace 
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MINERAL MATTER AND ASH IN COAL 

Figure 7. Ash deposit c o l l e c t e d from the untreated Decker coal 
on Croloy 1/2 s t e e l substrate: (A) T o t a l deposit structure on a 
macroscale, and (B) O p t i c a l photomicrograph showing i r o n - r i c h 
p a r t i c l e s . 
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24. ABBOTT AND AUSTIN Slag Deposit Initiation Using a Drop-Tube Furnace 339 

major constituents of the ash. As the deposit grew from the s t e e l 
surface these more l o o s e l y adherent p a r t i c l e s began to s i n t e r , and 
i n some instances a c t u a l l y showed evidence of s t a r t i n g to form a 
f l u i d mass as shown i n Figure 8. 

The deposit mass and r e l a t i v e build-up rates on the medium 
carbon s t e e l f o r the three Pennsylvania steam coals at d i f f e r e n t 
flame temperatures are given i n Table VII, f o r a 12 minute time 
period f o r each t e s t . As the flame temperature increased, the 
deposit mass a l s o increased f o r a l l three coals. Most of t h i s 
increase was due to a more r a p i d build-up of the s i n t e r e d mass 
although there was a modest increase i n the amount of deposit base 
m a t e r i a l a l s o . At the higher temperatures the f r a c t i o n of c o a l 
ash c o l l e c t e d i n the deposit was one-third to one-half, (30% to 51%, 
Table VII) compared to the t o t a l amount of ASTM ΗΤΑ. 

The d i f f e r e n c e i n the p h y s i c a l nature of the deposit base 
p a r t i c l e s formed from the Keystone c o a l at flame temperatures of 
1470 and 1500°C are shown i n Figure 9. The concentration of i r o n -
i r o n p a r t i c l e s adhering to the o x i d i z e d s t e e l substrate surface 
increased with i n c r e a s i n g flame temperatures. Also, the p a r t i c l e s 
f l a t t e n e d more on impact as the flame temperature was increased, 
p o s s i b l y due to a decrease i n p a r t i c l e v i s c o s i t y . There appeared 
to be two d i f f e r e n t p a r t i c l e types i n these deposits: a h i g h l y 
porous p a r t i c l e with a rougher surface texture, and a more glassy 
p a r t i c l e with a smooth surface texture. The EDX analyses f o r these 
two p a r t i c l e types showed that the porous p a r t i c l e s were found to 
contain only i r o n , whereas the more glassy surface p a r t i c l e s were 
al s o found to contain smaller amounts of s i l i c o n , aluminum and 
often potassium and/or calcium. Figure 10 shows that the i r o n - r i c h 
p a r t i c u l a t e deposit base grew i n thickness to completely over the 
substrate surface i n the s e l e c t e d viewing area when the flame 
temperature was 1560°C. This deposit was 130 ym t h i c k and covered 
an area 4.8 mm i n diameter. 

The deposit base p a r t i c l e s c o l l e c t e d from the Montour and 
Tunnelton coals at a flame temperature of 1510°C are shown i n 
Figure 11. They e x h i b i t much of the same p h y s i c a l and chemical 
nature as the Keystone c o a l deposits described above. Although the 
d e p o s i t i o n rate was higher f o r the Tunnelton c o a l (see Table V I I ) , 
the concentration of the more st r o n g l y adhesive p a r t i c l e s was 
higher f o r the Montour c o a l . The greatest concentration of i r o n -
r i c h p a r t i c l e s ranged i n s i z e from 25 to 40 ym f o r the Montour 
c o a l and 25 to 50 ym f o r the Tunnelton c o a l . When the furnace 
temperature was increased to 1561°C the maximum s i z e of the f l y 
ash p a r t i c l e s was reduced to about 15 ym f o r the Montour ash, and 
the t o t a l concentration of adherent s l a g droplets d i d not appear to 
have increased as d r a m a t i c a l l y as i t d i d with the Keystone c o a l . 

Table VIII shows the change i n d e p o s i t i o n rate f o r the 
Keystone c o a l at a furnace temperature of 1500°C f o r two s t e e l sub­
s t r a t e surface temperatures. When the substrate temperature was 
increased from 310 to 340°C the d e p o s i t i o n rate grew ten times. 

The deposit mass and r e l a t i v e build-up rates f o r the p u l v e r i z e r 
r e j e c t s are given i n Table IX. The ash deposits were c o l l e c t e d over 
a period of only 90 seconds. Once the s i n t e r e d mass was removed, 
there remained a strongly bonded deposit of p r i m a r i l y i r o n - r i c h 
p a r t i c l e s , roughly 1 mm t h i c k and 8 mm i n diameter. The composition 
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MINERAL MATTER AND ASH IN COAL 

Figure 8 . SEM photomicrograph of si n t e r e d ash deposit; 
(A) nearer substrate surface (^1 mm), and (B) at outer deposit 
surface (3-4 mm) from substrate surface. 
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MINERAL MATTER AND ASH IN COAL 

Figure 9. SEM photomicrographs of i r o n - r i c h deposit base 
p a r t i c l e s c o l l e c t e d from the Keystone coal at flame temperatures 
of: (A) 1470°C, and (B) 1500°C. 
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ABBOTT AND AUSTIN Slag Deposit Initiation Using a Drop-Tube Furnace 343 

Figure 10. SEM photomicrograph of i r o n - r i c h deposit base 
p a r t i c l e s c o l l e c t e d from the Keystone coal at a flame temperature 
of 1560°C. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
4



MINERAL MATTER AND ASH IN COAL 

Figure 11. SEM photomicrographs of i r o n - r i c h deposit base 
p a r t i c l e s c o l l e c t e d at a flame temperature of 1510°C from: 
(A) Montour c o a l , and (B) Tunnelton c o a l . 
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346 MINERAL MATTER AND ASH IN COAL 

Table IX. Deposit Mass and R e l a t i v e Build-Up Rates 
f o r the P u l v e r i z e r Rejects at a Furnace 
Temperature of 1515°C (Deposition Zone 
Gas Temperature, 1100°C; Substrate, 1040 

carbon s t e e l ; surface temperature, 324°C) 

R e l a t i v e 
D e s c r i p t i o n Deposit mass build-up rates 

mg/min 
T o t a l deposit 359 239 
Sintered mass 319 213 
Deposit base 40 26 

of the base deposit p a r t i c l e s was v i r t u a l l y the same as those 
c o l l e c t e d from the three steam coals. However, when the c o l l e c t o r 
probe was removed a f t e r so short a time period, there was a d i s t i n c t 
s u l f u r odor, i n d i c a t i n g that s u l f u r was escaping from the deposit 
at a r e l a t i v e l y r a p i d rate, even though i t was comparatively cool 
i n temperature ( l e s s than 300°C). Figure 12 shows a perpendicular 
view of the d e p o s i t - s t e e l oxide i n t e r f a c e removed from the sub­
s t r a t e surface. The average i n t e r f a c e composition from x-ray 
fluorescence showed that there was a s i g n i f i c a n t amount of s u l f u r 
i n the depositing p a r t i c l e s . A n a l y s i s of the substrate surface 
from which the deposit was removed showed regions which contained 
s u l f u r and sometimes traces of potassium, calcium and s i l i c o n . Thus 
bonding of the p a r t i c l e s to the surface appeared to i n v o l v e chemical 
t r a n s f e r from the p a r t i c l e to the s t e e l substrate. 

Table X gives the r e l a t i v e build-up rates f o r two samples of 
the Decker c o a l : an untreated sample, and a hydrogen exchanged 
sample i n which most of the i o n exchange cations i n c l u d i n g Ca^ + and 
Na + were replaced with H+" by a c i d washing. The d e p o s i t i o n rates 
were somewhat lower than the three Pennsylvania coals at the same 
furnace temperature. The exchangeable cations removed from the 
untreated sample appeared to play a s i g n i f i c a n t r o l e i n deposit 
build-up. The s i n t e r e d m a t e r i a l (yellow-brown i n c o l o r ) c o l l e c t e d 
from the untreated c o a l was r e l a t i v e l y s t rongly bonded together, 
r e q u i r i n g a force of 20 p s i to break i t up. The s i n t e r ( c o r a l 
colored) from the acid-washed c o a l broke apart while removing the 
substrate from the c o l l e c t o r probe. See Figures 7A and 13A 
f o r photos of ash deposits formed from untreated and acid-washed 
Decker coal samples, r e s p e c t i v e l y . 

The base l a y e r of p a r t i c l e s from the Decker c o a l were the 
same i r o n - r i c h drops seen i n the Pennsylvania c o a l deposits (see 
Figure 7B). The concentration of these p a r t i c l e s on the sub­
s t r a t e surface decreased when the cations were removed from the 
c o a l . Compare Figures 7B with 13B. The t o t a l p y r i t e concen­
t r a t i o n i n the untreated and acid-washed c o a l samples were the 
same, 0.3 weight percent i n both instances. Thus, i r o n - r i c h 
p a r t i c l e s may a l s o i n i t i a t e s l a g deposits from Western c o a l s , even 
though the p y r i t e concentration i n the c o a l i s r e l a t i v e l y low. The 
concentration of the exchangeable cations appeared to i n f l u e n c e 
the de p o s i t i o n behavior of the i r o n - r i c h d r o p l e t s , although the 
exact mechanism of t h i s e f f e c t i s unknown. 
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ABBOTT AND AUSTIN Slag Deposit Initiation Using a Drop-Tube Furnace 

Figure 12. Perpendicular view of i r o n - r i c h deposit base oxide 
scale i n t e r f a c e for deposit c o l l e c t e d from p u l v e r i z e r r e j e c t s 
(SEM photomicrograph). 
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ABBOTT AND AUSTIN Slag Deposit initiation Using a Drop-Tube Furnace 349 

Figure 13. Ash deposit c o l l e c t e d from the acid-washed Cecker 
coal on Croloy 1/2 s t e e l substrate: (A) T o t a l deposit structure 
on a macroscale, and (B) O p t i c a l photomicrograph showing i r o n -
r i c h p a r t i c l e s . 
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350 MINERAL MATTER AND ASH IN COAL 

Discussion and Conclusions 

The mechanism of deposit formation f o r the three Pennsylvania 
steam coals and the Decker (Montana) sub-bituminous c o a l appeared 
to be as follows: (1) i r o n - r i c h molten s l a g drops formed from 
p y r i t e - r i c h mineral p a r t i c l e s i n the p.c. bonded to the o x i d i z e d 
b o i l e r s t e e l substrate; (2) concurrently a l a y e r of f i n e p a r t i c l e s 
(less than 3 ym) formed a t h i n l a y e r on the s t e e l coupon surface; 
(3) the i n i t i a l l a y e r of i r o n - r i c h drops then p h y s i c a l l y trapped 
or i n t e r a c t e d with other ash p a r t i c l e s reaching the substate surface, 
and the build-up rate increased as d e p o s i t i o n became l e s s d i s c r i m ­
ina t o r y with respect to ash p a r t i c l e compostion or s i z e ; (4) 
f i n a l l y , as the ash deposit grew and the temperature increased 
f u r t h e r from the substrate surface, s i n t e r i n g occurred between 
deposited p a r t i c l e s u n t i l a semi-molten mass formed i n the outer­
most region. P r e f e r e n t i a l deposition of i r o n - r i c h slags has been 
suggested by other i n v e s t i g a t o r s (18,19) and was a l s o observed 
i n a small s c a l e p.c. t e s t combustor on an a i r - c o o l e d medium 
carbon s t e e l probe (20). The f i n e p a r t i c l e l a y e r formed on the 
substrate surface i s due to condensation on or thermal d i f f u s i o n 
to the r e l a t i v e l y c old (300-350°C) s t e e l substrate (21). I t s r o l e 
i n deposit i n i t i a t i o n i s not yet known. 

The weakest point i n the deposit occurred i n the zone between 
the i n i t i a t i n g i r o n - r i c h p a r t i c l e s and the s i n t e r e d m a t e r i a l . This 
allowed removal of the deposit down to the i n i t i a l l a y e r by brush­
ing with a f i n e b r i s t l e paint brush or blowing with a high v e l o c i t y 
a i r j e t (25-30 m/sec). The f i n e p a r t i c l e l a y e r was removed by 
using double-sided s t i c k y tape. The s t r o n g l y bonded, i r o n - r i c h 
p a r t i c l e s had to be sheared from the substrate surface with a 
razor blade. This suggests that conventional sootblowing tech­
niques i n a u t i l i t y b o i l e r cannot remove a strongly bonded i n i t i a t ­
ing l a y e r formed from s l a g droplets bonded to the surface or f i n e 
p a r t i c l e s deposited by condensation or thermal d i f f u s i o n and held 
by Van der Waals forces. At higher flame temperatures the f l y ash 
p a r t i c l e s i z e appeared to be reduced, presumably due to a greater 
degree of breaking up of i n d i v i d u a l burning c o a l p a r t i c l e s , and the 
base or i r o n - r i c h p a r t i c l e s and o v e r a l l deposit buidl-up rates 
were increased. The Keystone c o a l i n p a r t i c u l a r gave drops which 
wet the surface b e t t e r at higher flame temperatures. The Keystone 
co a l formed the most extensive deposit base of the three coals at 
the highest flame temperature. The i r o n - r i c h p a r t i c l e s adhered to 
the o x i d i z e d steel substrates at temperatures as low as 310° C. 
S u r p r i s i n g l y , the same l a y e r of i r o n - r i c h base deposit p a r t i c l e s 
was a l s o observed with the low p y r i t e Decker c o a l . However, 
deposit i n i t i a t i o n and build-up was reduced when the concentration 
of ion-exchangeable cations i n the c o a l was reduced. 

Slag deposit i n i t i a t i o n and build-up were s e n s i t i v e to both 
flame and s t e e l substrate surface temperatures, even though the gas 
temperature of d e p o s i t i o n was held constant. This suggests at 
l e a s t q u a l i t a t i v e agreement between r e s u l t s from the drop-tube 
furnace and those from the s t i c k i n g apparatus (1,5). I t i s hypothe­
s i z e d that a higher flame (melting) temperature gives a more homo-
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24. ABBOTT AND AUSTIN Slag Deposit Initiation Using a Drop-Tube Furnace 351 

geneous s l a g drop, which remains as a viscous, s t i c k y , supercooled 
glass at d e p o s i t i o n temperatures, whereas inhomogeneities i n the 
melt at lower temperatures act as n u c l e i to give more c r y s t a l l i z a ­
t i o n on c o o l i n g . The high concentration of s u l f u r at the deposit-
s t e e l i n t e r f a c e has been observed i n p.c. u t i l i t y b o i l e r s (22,23). 

The p r i n c i p a l questions posed by the r e s u l t s of t h i s i n v e s t i ­
gation were: (1) can ash deposits be formed i n the drop-tube 
furnace i n the absence of i r o n - c o n t a i n i n g minerals or s l a g drops?; 
(2) what r o l e , i f any, does the f i n e p a r t i c l e l a y e r play i n deposit 
formation?; (3) i s there any s i g n i f i c a n c e to the high s u l f u r con­
c e n t r a t i o n at the deposit i n t e r f a c e and what i s the mechanism by 
which t h i s s u l f u r enrichment occurs: does i t o r i g i n a t e from 
p y r i t e or from condensing s u l f a t e ? ; (4) what i n f l u e n c e do a l k a l i s 
have on s l a g deposit i n i t i a t i o n and build-up? To answer these 
questions, i t i s planned to t e s t s y n t h e t i c coal/mineral mixtures of 
c o n t r o l l e d composition prepared by d i s p e r s i n g f i n e l y ground minerals 
i n l i q u i d organic polymer followed by s e t t i n g and s i z e reduction 
to p.c. grind. 
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25 
Influence of Segregated Mineral Matter in Coal 
on Slagging 

Richard W. Bryers 

Foster Wheeler Development Corporation, Livingston, NJ 07039 

The mineral content of any given rank of coal is a 
key factor in sizing and designing a steam generator 
or reactor. The mineral content becomes even more 
important as the premium solid fuels are consumed, 
leaving reserves with continually increasing mineral 
concentrations and lower quality ash. The problem 
of dealing with lower quality ash in coal is compounded 
by the increase in size of steam generators and refine­
ments imposed by economic constraints. Empirical 
indices, based on coal ash chemistry and ASTM ash 
fusion temperatures or viscosities, are presently used 
to rank coals according to the fireside behavior of 
the mineral matter. Unfortunately, the indices are 
only marginally satisfactory, as they do not relate 
to operating or design parameters and frequently are 
based on a coal ash chemistry quite different from 
that deposited on the furnace wall. Frequently, dif­
ferent coals with identical ash chemistry produce 
decidedly different slagging conditions in steam gener­
ators of identical design operated in the same mode. 
Variations in composition of the slag, when compared 
with the coal ash, suggest specific minerals are being 
selectively deposited on furnace walls depending upon 
their specific gravity, size, composition, and physico­
chemical properties. It is quite apparent there is 
a need for a better understanding of the impact of 
mineral composition, its size, and its association 
with other minerals and carbonaceous matter on fireside 
deposits. 

Slagging and Fouling 

The minerals i n coal are converted to ash during combustion. The 
portion of the f l y ash impacting on heat t r a n s f e r surfaces, which 
i s retained as deposits, depends on the p a r t i c l e s i z e , i t s chemistry 
and i t s physicochemical behavior during combustion i n the steam gen­
erator furnace, as wel l as subsequent c o o l i n g i n the convective heat 

0097-6156/ 86/ 0301 -0353506.50/ 0 
© 1986 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
5



354 MINERAL MATTER AND ASH IN COAL 

recovery s e c t i o n . The type of deposit formed f a l l s i n t o one of two 
c a t e g o r i e s — f u r n a c e s l a g , or bonded convective heat t r a n s f e r depos­
i t s . Slag i s defined as a molten ash deposited on furnace walls 
i n zones subjected to radiant heat t r a n s f e r , as shown i n Figure 1. 
Occasionally, when coal moisture l e v e l s approach 50 to 70 percent 
and the flame temperature becomes e x c e p t i o n a l l y low, bonded deposits 
instead of slag form on furnace w a l l s . Fouling occurs i n the convec­
t i v e heat t r a n s f e r zones. The product of f o u l i n g i s a bonded deposit 
c o n s i s t i n g of an aggregate of dry p a r t i c u l a t e matter bound together 
by a molten phase that has wetted adjacent p a r t i c u l a t e and subse­
quently become frozen. The bonded deposit i s frequently i n i t i a t e d 
by a melt on the tube side layers of deposit formed by the condensa­
t i o n of substances, such as a l k a l i s u l f a t e , with low vapor pressures 
and low melting temperatures. Bonding or s i n t e r i n g may also occur 
as a r e s u l t of viscous or p l a s t i c flow between p a r t i c l e s , a gas phase 
re a c t i o n , s o l u t i o n and p r e c i p i t a t i o n , or d i f f u s i o n t r a n s f e r between 
adjacent p a r t i c l e s . On occasion, when the furnace experiences a 
temperature excursion, slagging w i l l occur i n the high temperature 
gas passes. 

Mineral Matter i n Coal 

Minerals occurring i n c o a l , which are responsible for f i r e s i d e depos­
i t s , may be c l a s s i f i e d i n t o f i v e main groups. These include shale, 
c l a y , s u l f u r , and carbonates. The f i f t h group includes accessory 
minerals such as quartz and minor constituents l i k e the feldspars 
[1]. 

Shale, u s u a l l y the r e s u l t of the c o n s o l i d a t i o n of mud, s i l t , 
and c l a y , c o n s i s t s of many minerals i n c l u d i n g i l l i t e and muscovite--
these are forms of mica. K a o l i n i t e i s the most common cl a y m a t e r i a l 
[1]. 

The s u l f u r minerals include p y r i t e s with some marcasite. 
Marcasite has the same chemical composition as p y r i t e s but a d i f f e r ­
ent m i n e r a l o g i c a l s t r u c t u r e . Sulfur i s al s o present as organic mat­
ter and o c c a s i o n a l l y as s u l f a t e . The l a t t e r u s u a l l y occurs i n 
weathered coal such as i n outcrops. The amount of s u l f a t e s u l f u r 
i n coal i s generally less than 0.01 percent. 

Generally, 60 percent of the s u l f u r i n coal occurs as p y r i t e , 
p a r t i c u l a r l y when the s u l f u r concentration i s low. At higher concen­
t r a t i o n s i t may run as much as 70 to 90 percent. 

The mineral p y r i t e occurs i n coal i n d i s c r e t e p a r t i c l e s i n a 
wide v a r i e t y of shapes and s i z e s . The p r i n c i p a l forms are [1-6]: 

ο Rounded masses c a l l e d s u l f u r b a l l s or nodules an inch or 
more i n s i z e . 

ο Lens-shaped masses which are thought to be f l a t t e n e d s u l f u r 
b a l l s . 

ο V e r t i c a l , i n c l i n e d veins or f i s s u r e s f i l l e d with p y r i t e 
ranging i n thickness from t h i n flakes up to several inches 
t h i c k . 

ο Small, discontinuous v e i n l e t s of p y r i t e s , a number of which 
sometimes radiate from a common center, 

ο Small p a r t i c l e s , 2μ, or v e i n l e t s disseminated i n the c o a l . 
Microscopic p y r i t e occurs i n f i v e basic morphology types: 
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356 MINERAL MATTER AND ASH IN COAL 

(a) framboids; (b) i s o l a t e d , well-defined c r y s t a l s ; 
(c) nonspherical aggregates of well-defined c r y s t a l s ; (d) 
i r r e g u l a r shapes; and (e) fractured f i l l i n g s [7]. 

The term, framboid, i s derived from the French word f o r rasp­
berry and thus r e f e r s to n a t u r a l l y occurring spheroidal c l u s t e r s 
of hundreds of cubic or octahedronal c r y s t a l s of p y r i t e s [9]. 

A l l coals contain some of the t h i r d and f i f t h forms of 
p y r i t e s , and some coals contain a l l f i v e of the p r i n c i p a l forms [6, 
8,9]. 

The carbonates are mainly c a l c i t e , dolomite, or s i d e r i t e . 
The occurrence of c a l c i t e i s frequently bimodal. Some c a l c i t e occurs 
as inherent ash, while other c a l c i t e appears as t h i n layers i n c l e a t s 
and f i s s u r e s . Iron can be present i n small q u a n t i t i e s as hematite, 
ankorite, and i n some of the cl a y minerals such as i l l i t e . In addi­
t i o n to the more common minerals, s i l i c a i s present sometimes as 
sand p a r t i c l e s or quartz. The a l k a l i e s are sometimes found as c h l o r ­
ides or as s u l f a t e s but probably most often as fel d s p a r s , t y p i c a l l y 
orthoclase and a l b i t e . In the case of l i g n i t e s , u nlike bituminous 
and subbituminous, sodium i s not present as a mineral but i s probably 
d i s t r i b u t e d throughout the l i g n i t e as the sodium s a l t of a hydroxyl 
group or a ca r b o x y l i c a c i d group i n humic a c i d . Calcium, l i k e sod­
ium, i s bound o r g a n i c a l l y to humic a c i d . Therefore, i t too i s uni ­
formly d i s t r i b u t e d i n the sample [10]. 

The term, "mineral matter", u s u a l l y applies to a l l inorganic, 
noncarbonaceous material i n the coal and includes those inorganic 
elements which may occur i n organic combination. P h y s i c a l l y , the 
inorganic matter can be divided i n t o two groups--inherent mineral 
matter and extraneous mineral matter. Inherent mineral matter o r i g ­
inates as part of the growing plant l i f e from which coal was formed. 
Under the circumstances, i t has a uniform d i s t r i b u t i o n w i t h i n the 
c o a l . Inherent mineral matter seldom exceeds 2 to 3 percent of the 
coal [12]. 

Extraneous mineral matter generally c o n s i s t s of large b i t s 
and pieces of inorganic m a t e r i a l t y p i c a l of the surrounding geology. 
In some cases the extraneous matter i s so f i n e l y divided and u n i ­
formly dispersed w i t h i n the coal i t behaves as inherent mineral mat­
t e r . Coal preparation can separate some of the extraneous ash from 
the coal substance, but i t seldoms removes any of the inherent min­
e r a l matter. 

The p h y s i c a l d i f f e r e n c e s between inherent and extraneous ash 
are important not only to those i n t e r e s t e d i n cleaning coal but also 
to those concerned with the f i r e s i d e behavior of coal ash. Inherent 
m a t e r i a l i s so int i m a t e l y mixed with coal that i t s thermal h i s t o r y 
i s l i n k e d to the combustion of the coal p a r t i c l e i n which i t i s con­
tained. Therefore, i t w i l l most l i k e l y reach a temperature i n excess 
of the gas i n the immediate surroundings. The close proximity of 
each species with every other species permits chemical r e a c t i o n and 
ph y s i c a l changes to occur so r a p i d l y that the subsequent ash par­
t i c l e s formed w i l l behave as a s i n g l e m a t e r i a l whose composition 
i s defined by the mixture of minerals contained w i t h i n the co a l par­
t i c l e . The atmosphere under which the i n d i v i d u a l transformations 
take place w i l l , no doubt, approach a reducing environment. Figure 
2 i l l u s t r a t e s a model of the coal and mineral matter as fed to the 
combustor and the fate of the minerals a f t e r combustion [13]. 
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BRYERS Segregated Mineral Matter influence on Slagging 

H E A T T R A N S F E R S U R F A C E S 

/ / / / / / t /( f t / / ' / 

H E A T T R A N S F E R S U R F A C E S 

A N D R E F R A C T O R Y 

Figure 2. Fate of Mineral Matter i n Coal During Combustion, 
as Proposed by Dr. Sarofim. Reproduced with permission from 
reference 23. Copyright 1982 The Combustion I n s t i t u t e . 
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358 MINERAL MATTER AND ASH IN COAL 

Extraneous materials can behave as d i s c r e t e mineral p a r t i c l e s 
comprised of a s i n g l e species or a m u l t i p l i c i t y of species. As 
already i n d i c a t e d , a por t i o n of t h i s m aterial may be so f i n e l y 
d i vided i t can behave as inherent mineral matter. During combustion 
the l a r g e r p a r t i c l e s respond i n d i v i d u a l l y to the r i s i n g temperature 
of the environment. In the absence of carbon or other exothermic 
reactants, the p a r t i c l e should always be at a temperature somewhat 
less than the l o c a l gas temperature. However, the p a r t i c l e s may 
be subjected to e i t h e r reducing or o x i d i z i n g conditions. As each 
p a r t i c l e r i s e s i n temperature, i t loses water of hydration, evolves 
gas, becomes oxidized or reduced, and eventually s i n t e r s or melts, 
depending on i t s p a r t i c u l a r composition or temperature l e v e l . 

It i s evident, then, that there can be a great d i f f e r e n c e 
i n the f i n a l state of each p a r t i c l e , depending upon i t s composition 
and whether i t i s inherent or extraneous ash. Figure 3 summarizes 
the phase transformations which pure mineral matter commonly found 
i n coal undergoes during heating [12-18]. Since t h i s data was devel­
oped p r i m a r i l y by mineralogists performing d i f f e r e n t i a l thermal anal­
y s i s under a i r at slow heating rates, i t must be used only as a 
gu i d e l i n e for p r e d i c t i n g the thermal behavior of minerals i n c o a l . 
Thermal shocking these minerals i n the presence of carbon and other 
mineral forms at very high temperatures, no doubt, w i l l a l t e r some 
of these transformations and may defer others u n t i l postcombustion 
deposition on heat t r a n s f e r surfaces. 

Clays and Shale. The melting temperatures of most pure minerals 
are i n the v i c i n i t y of or g r e a t l y exceed the maximum flame tempera­
ture encountered during combustion. Therefore, the fused spheroidal 
f l y ash, generated from the mineral matter i n c o a l , p r i m a r i l y forms 
as the r e s u l t of the f l u x i n g a c t i o n between pure minerals contained 
w i t h i n each p a r t i c l e . I l l i t e and b i o t i t e appear to be an exception. 
Both minerals contain small concentrations of i r o n and potassium 
and form a glassy phase at 950°C and 1100°C, r e s p e c t i v e l y . Depending 
upon i t s f l u i d i t y , t h i s glassy phase could be responsible for surface 
deformation at a r e l a t i v e l y low temperature and provide the necessary 
s t i c k i n g p o t e n t i a l to prevent reentrainment upon contacting heat 
t r a n s f e r surfaces. Low-temperature ash of a g r a v i t y f r a c t i o n con­
t a i n i n g i l l i t e was heated i n a thermal analyzer under a i r to 600 
and 1000°C, r e s p e c t i v e l y , and compared to the low-temperature ash 
of a g r a v i t y f r a c t i o n void of i l l i t e . The scanning e l e c t r o n photo­
micrographs, appearing i n Figure 4, i n d i c a t e the minerals containing 
i l l i t e d i d , indeed, show signs of the formation of a melt. 

Quartz. The inherent s i l i c a retained i n the char as quartz or s i l i c a 
released from k a o l i n i t e and i l l i t e at low temperatures ( i . e . , 950°C) 
i s p a r t i a l l y reduced to s i l i c a monoxide. Unlike s i l i c a , which b o i l s 
at 2230°C, s i l i c a monoxide melts at 1420°C and b o i l s at 2600°C [19]. 
The vapor pressure of s i l i c o n i s low--in the range of temperatures 
experienced during combustion. Honig reports values ranging from 
0.01m Hg at 1157°C to lm Hg pressure at 1852°C [19-21]. The presence 
of other mineral matter and carbonaceous material appears to a l t e r 
vapor pressure s u b s t a n t i a l l y . When a mixture of a l u m i n o s i l i c a t e 
and graphite was heated, the v o l a t i l i z a t i o n of s i l i c o n monoxide began 
at about 1150°C and reached a maximum at 1400°C. Mackowsky reports 
that v o l a t i l i z a t i o n of s i l i c o n monoxide s t a r t s at about 1649°C i n 
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25. B R Y E R S Segregated Mineral Matter Influence on Slagging 361 

the presence of carbonates and clays and reaches a maximum at 1704°C 
[22]. In the presence of p y r i t e or m e t a l l i c i r o n , v o l a t i l i z a t i o n 
begins at about 1560°C and continues at a rapid rate as the tempera­
ture r i s e s u n t i l p r a c t i c a l l y a l l the s i l i c a i n the mineral i s v o l a ­
t i l i z e d . Sarofim has shown that about 1.5 to 2.0 percent of the 
ASTM ash i n bituminous coals v o l a t i l i z e [23]. Approximately 35 to 
40 percent of the v o l a t i l i z e d m a terial was s i l i c a . The next l a r g e s t 
component was i r o n . Extraneous quartz appears to be r e l a t i v e l y 
innocuous unless contaminated by F e 2 0 3 , CaO, or K 20. 

P y r i t e s . The decomposition of p y r i t e has been examined by numerous 
in v e s t i g a t o r s under o x i d i z i n g , n e u t r a l , or reducing environments 
[1,11,16,17]. TGA, rather than DTA, has been used by most i n v e s t i g a ­
tors (Figure 5 ) . A c q u i s i t i o n of representative data i s d i f f i c u l t , as 
the decomposition process i s complex and s e n s i t i v e to many v a r i a b l e s 
including the chemical composition of p y r i t e s , i t s g r a i n s i z e , i t s 
o r i g i n , and the presence of adventitious im p u r i t i e s , the composition 
of the l o c a l environment, and d i f f u s i o n rates through s u l f a t e d layers 
Under o x i d i z i n g conditions i t i s believed that p y r i t e s decompose 
d i r e c t l y to an i r o n oxide and S0 2 or S0 3, or i r o n s u l f a t e and S0 2, 
depending upon the f i n a l temperature l e v e l . Under reducing condi­
tions p y r r h o t i t e and e i t h e r s u l f u r or hydrogen s u l f i d e form. Com­
plete reduction r e s u l t s i n elemental i r o n and carbon d i s u l f i d e . 
There i s also a p o s s i b i l i t y that p y r r h o t i t e may form under o x i d i z i n g 
conditions as an intermediate step i n the presence of s u f f i c i e n t 
adventitious carbon. Pure p y r i t e s i g n i t e at about 500°C i n the ther­
mal analyzer at 20°C/min and burn out by 550°C i n a s i n g l e - s t e p pro­
cess, as shown i n Figure 6. Pure p y r i t e s do i g n i t e as r e a d i l y as 
bituminous c o a l ; however, the burnout time i s comparable. Although 
p y r r h o t i t e i g n i t e s r e a d i l y , i t s requires as much time as anth r a c i t e 
to complete combustion. P y r i t e s containing small q u a n t i t i e s of 
adventitious carbon, as might be found i n the -1.80+2.85 g r a v i t y 
f r a c t i o n , appear to form p y r r h o t i t e d e f e r r i n g burnout u n t i l 800°C. 
Within the combustor the problem i s compounded by the fact that 
p y r i t e p a r t i c l e s do not shrink during the combustion process as do 
coal p a r t i c l e s , and hence t h e i r burnout time i s extended. The burn­
out time of p a r t i c l e s i n excess of 40μ appears to exceed the r e s i ­
dence time a v a i l a b l e i n most combustors. 

TGA reveals decomposition rates but t e l l s l i t t l e about the 
p h y s i c a l state during the combustion process. Phase diagrams for 
the Fe-S-0 and FeS-FeO system, representing t r a n s i t o r y states at 
the p a r t i c l e surface, imply the formation of a temporary melt at 
low temperatures. SEM photomicrographs, appearing i n Figure 6, of 
pure p y r i t e s heated to 600°C, 800°C, and 1000°C under reducing condi­
t i o n s , c l e a r l y reveal the formation of a melt at temperatures as 
low at 600°C. Large p a r t i c l e s of p a r t i a l l y - s p e n t p y r i t e s , which 
may be molten on contact with the heat t r a n s f e r surface, complete 
the oxidation process i n s i t u , forming a s o l i d fused deposit with 
a very high melting temperature. 

An examination of the thermal behavior of the mineral matter 
i n c o a l i n d i c a t e s the mineral o r i g i n of the elements found i n coal 
ash and t h e i r j u x t a p o s i t i o n with regard to each other, as w e l l as 
other mineral forms, and determines t h e i r p h y s i c a l fate during com­
bustion. As ind i c a t e d i n Figure 2, the p h y s i c a l state ( i . e . , vapor 
or s o l i d ) and the s i z e of s o l i d i f i e d ash w i l l determine the mode 
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364 MINERAL MATTER AND ASH IN COAL 

and rates of migration to the heat t r a n s f e r surface. The p h y s i c a l 
state at the tube surface w i l l depend upon the l o c a l surface tempera­
ture and the composition of the p a r t i c u l a t e depositing. In the case 
of p y r i t e s , residence time and environment, conditions may also play 
a s i g n i f i c a n t r o l e . 

C h a r a c t e r i z a t i o n of Minerals i n Coal 

The f i r e s i d e behavior of mineral matter i n coal has been inv e s t i g a t e d 
by c h a r a c t e r i z i n g the mineral content of several bituminous c o a l s , 
using s i z e and g r a v i t y f r a c t i o n a t i o n a n a l y s i s of pulverized coal 
and then f i r i n g the co a l i n a v e r t i c a l l y f i r e d combustor. High s u l ­
fur c o a l containing p y r i t e s of varying s i z e and varying a s s o c i a t i o n 
with carbonaceous and other mineral forms were selected for examina­
t i o n . A comparison was a l s o made with Western subbituminous coals 
to assess the impact of potassium i n the mineral i l l i t e on furnace 
slagging. 

Each coal was analyzed f o r proximate, ultimate, ash chemistry, 
and ash fusion temperatures to permit evaluation using conventional 
data. The pulverized coal samples were then divided i n t o four s i z e s 
representing equal weights ( i . e . , +105μ, -105μ+74μ, -74μ+44μ, and 
-44μ). Each s i z e f r a c t i o n was separated i n t o four s p e c i f i c g r a v i t y 
c l a s s e s , thereby p a r t i t i o n i n g the co a l i n t o groups dominated by c o a l , 
n o n p y r i t i c mineral matter, and p y r i t e s . The p a r t i t i o n e d coal was 
analyzed f o r ash chemistry, ash fusion temperature, combustion pro­
f i l e , and mineral content. 

The a n a l y t i c a l data i s summarized i n Figure 7. The enclosed 
data points represent the composite a n a l y s i s . The open data points 
represent the f r a c t i o n a t e d species. Ash softening temperatures and 
weight percent basic constituents were selected as the v a r i a b l e s 
to c h a r a c t e r i z e the c o a l , as they appear most frequently i n the i n d i ­
ces used to express the slagging or f o u l i n g p o t e n t i a l of the f u e l . 
It i s quite evident the combustor i s exposed to ash with a wide range 
of chemical compositions and melting temperatures not adequately 
i d e n t i f i e d by a composite coal a n a l y s i s . V i s u a l q u a l i t a t i v e assess­
ment of deposits i n the slagging probes i n the 100 lb/hr combustor 
in d i c a t e s slagging was most severe with coals having the highest 
melting temperature and demonstrating the greatest degree of separa­
t i o n of ash from coal and p y r i t e s from other mineral matter. The 
two coals with the lowest composite ash softening, having the highest 
slagging index by conventional evaluation, caused the l e a s t slagging. 
L i b e r a t i o n of mineral matter from these two coals was also the low­
est . 

The data was r e p l o t t e d on f u s i b i l i t y diagrams, appearing i n 
Figure 8, t y p i f y i n g the co a l with the greatest p a r t i t i o n i n g of min­
e r a l matter and highest degree of slagging and the coal with the 
le a s t l i b e r a t i o n of mineral matter and degree of slagging. The f u s i ­
b i l i t y diagram i l l u s t r a t e s the s i z e and weighted c o n t r i b u t i o n of 
each ash species. I t al s o shows the degree of l i b e r a t i o n of nonpyri­
t i c and p y r i t i c mineral matter. By washing the worst coal at 1.80 
sp. gr. and 14M χ 0, thereby minimizing extraneous ash as w e l l as 
t o t a l s u l f u r , the degree of slagging of the Upper Freeport coal was 
gr e a t l y reduced. 
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ash; F >, f o u l i n g probe deposit; S >, slagging probe deposit; and 
W >, furnace wall deposit. 
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25. BRYERS Segregated Mineral Matter Influence on Slagging 367 

Combustion Testing 

Deposits were removed from various l o c a t i o n s i n the combustor, i l l u s ­
t r a t e d i n Figure 1, a f t e r f i r i n g each coal for 14 to 16 hours. 
Samples were removed from slagging probes at 750 to 950°C, f o u l i n g 
probes at 950 to 1000°C, and r e f r a c t o r y surfaces at 1000 to 2200°C, 
and examined using the scanning e l e c t r o n microscope and energy d i s ­
persive x-ray. F l y ash samples were also examined for carbon l o s s , 
surface morphology, and chemical composition. 

The deposits forming on the slagging probes were i n i t i a t e d 
by a t h i n layer of powdery f l y ash, <8μ i n s i z e , enriched with small 
q u a n t i t i e s of potassium. Beads of s l a g formed on top of t h i s t h i n 
layer when the surface temperature approached the i n i t i a l deformation 
temperature of the deposit. Growth progressed with the formation 
of r i v u l e t s from which a continuous phase of molten s l a g formed. 
Deposits forming on the r e f r a c t o r y surface represent an advanced 
stage of s l a g due to the higher surface temperatures which could 
only be achieved on the cooler probes a f t e r the i n i t i a l dust layer 
formed. The composite ash chemistry and ash fusion temperatures 
of the slag resemble that of the heaviest g r a v i t y f r a c t i o n ( i . e . , 
>1.80 sp. gr.) i n most cases. Macrophotographs of the deposit f o r ­
mation on the furnace probes subjected to a x i a l symmetric flow at 
low gas v e l o c i t i e s (5 to 6 f t / s ) , i l l u s t r a t e d i n Figure 9, show that 
the i n i t i a l layer of dust, upon which further slagging depends, 
formed only when f i r i n g coals whose ash contained more than 1-percent 
potassium. Continued deposit growth r e s u l t i n g i n serious slagging 
i s dependent upon the t o t a l p y r i t e s l i b e r a t e d from the c o a l . 

SEM microphotogaphs and EDAX scans of the cross se c t i o n and 
outer surface of the slag deposit, i l l u s t r a t e d i n Figure 10, i n d i c a t e 
the chemistry of the deposit i s not uniform. The bulk of the fused 
mat e r i a l i s r i c h i n s i l i c a , low i n i r o n , and v i r t u a l l y depleted of 
potassium. The outermost l a y e r s , no more than 2 to 3μ t h i c k , are 
very r i c h i n i r o n and frequently also r i c h i n calcium. On occasion, 
the outer surface i s covered with small p a r t i c u l a t e , several microns 
i n diameter, or undissolved cubic or octahedral c r y s t a l s whose o r i g i n 
i s p y r i t e s . S i m i l a r formations have been observed i n f u l l - s c a l e 
operation. The evidence i n d i c a t e s deposits form under a x i a l symme­
t r i c flow conditions i n the furnace by the f l u x i n g a c t i o n at the 
heat t r a n s f e r surface of small p a r t i c l e s , <8μ i n diameter, of 
decidedly d i f f e r e n t chemical composition and mineral source. Migra­
t i o n of the f l y ash to the surface i s by means of eddy d i f f u s i o n , 
thermophoresis, or Brownian motion. 

Sintered deposits form at the furnace e x i t at lower gas tem­
peratures and i n zones subject to ra p i d changes i n d i r e c t i o n . The 
deposit i s composed of spheroidal p a r t i c l e s , <40μ, bound together 
by a molten substance. In those cases where s u b s t a n t i a l q u a n t i t i e s 
of coarse p y r i t e s are l i b e r a t e d from the pulverized c o a l , the spher­
oids are nearly pure F e 2 0 3 , as shown i n Figure 11. The matrix con­
tained s i l i c a , alumina, i r o n , and potassium, and has an i n i t i a l 
deformation temperature of 1832°C, as determined by d i f f e r e n t i a l 
thermal a n a l y s i s . The heavier pure i r o n spheroids deposit as a 
r e s u l t of i n e r t i a l impact. The mineral source of the molten phase 
i s most l i k e l y i l l i t e . 

Deposits a l s o form on the leading edge of the f i r s t row of 
tubes i n the convection pass when f i r i n g coals which l i b e r a t e pure, 
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MINERAL MATTER AND ASH IN COAL 

Ash S o f t . 
Temp. ( R e d . ) % L i b e r a t e d 

and % Ash F e 2 0 3 i n Coa l 

2130°F Ken t u c k y 
No. 11 

14 .9 
0 . 225 

2080°F I l l i n o i s 
No. 6 

9 . 4 
0 . 159 

2443°F Lower 
F r e e p o r t 

16 .4 
1.56 

2245°F Upper 
F r e e p o r t 

2 3 . 5 
1.67 

Figure 9. Slagging on Furance Probes A f t e r 14 to 16 Hours Opera­
t i o n 
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BRYERS Segregated Mineral Matter Influence on Slagging 369 

Ash S o f t . 
% Κ Temp. ( R e d . ) 

i n Ash and % Ash 

Wes te rn 2165°F 
Fue l 1 

6 .7 
0 . 2 

Wes te rn 2252°F 
Fue l 2 

16 .67 
1.0 

Wes te rn 2232°F 
Fue l 3 

2 4 . 7 3 
1.2 

Lower 2443°F 
F r e e p o r t 

16 . 4 

1.56 

Figure 9. Continued. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
5



MINERAL MATTER AND ASH IN COAL 

Figure 10. Slag Formation on Furnace Slag Probe 
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372 MINERAL MATTER AND ASH IN COAL 

coarse p y r i t e s . These tubes are subjected to high gas v e l o c i t i e s 
and have moderate-to-high c o l l e c t i o n e f f i c i e n c i e s f o r p a r t i c l e s 
between 40 and 100μ. The deposits are nearly pure F e 2 0 3 . They are 
hard and fused despite being at gas temperatures below t h e i r i n i t i a l 
deformation temperature. No doubt the f i n a l stages of decomposition 
of the p y r i t e s takes place at the tube surface. 

Conclusions 

The formation of f i r e s i d e deposits i n furnaces depends on the compo­
s i t i o n , s i z e and a s s o c i a t i o n of mineral matter l i b e r a t e d from the 
c o a l . S e l e c t i v e deposition of s p e c i f i c mineral species depends on 
t h e i r s i z e , thermal behavior, the l o c a l gas temperatures, and t h e i r 
mode of transport to the surface. Consequently, the composition 
of the si n t e r e d deposit or molten s l a g may vary with time at a given 
l o c a t i o n and w i l l most probably vary throughout the combustor, 
depending on l o c a l temperatures and fluidynamics. The composition 
of the slag may be s u b s t a n t i a l l y d i f f e r e n t from the composite c o a l 
ash, depending upon i t s heterogeneity. I l l i t e i s a l i k e l y candidate 
as the mineral most responsible for i n i t i a t i n g deposits. The molten 
phases are frequently part of the Fe0-Si0 2 or Fe0-Ca0-Si0 2 system 
and depend on the i n t e r a c t i o n of quartz, c a l c i t e or p y r i t e s at the 
heat t r a n s f e r surface. Liberated p y r i t e c r y s t a l s and small p a r t i c l e s 
are primary candidates f o r s l a g formation subjected to p a r a l l e l flow 
regimes at low v e l o c i t i e s . Coarse p y r i t e s can be s e l e c t i v e l y depos­
i t e d and s o l e l y responsible f o r deposit formation on surfaces sub­
jected to f l u e gas impingement at high v e l o c i t i e s . 
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26 
Influence of Thermal Properties of Wall Deposits 
on Performance of Pulverized Fuel Fired Boiler 
Combustion Chambers 

W. Richter, R. Payne, and M. P. Heap 

Energy and Environmental Research Corporation, Irvine, CA 92718 

The properties which determine heat transfer through a 
deposit layer of given thickness are thermal conduc­
t iv i ty , emissivity, and absorptivity. These proper­
ties vary with deposit temperature, thermal history, 
and chemical composition. Parametric studies and 
calculations for existing boilers were carried out to 
show the sensitivity of overall furnace performance, 
local temperature, and heat flux distributions to 
these properties in large p.f . fired furnaces. The 
property values used cover the range of recent experi­
mental studies. Calculations for actual boilers were 
carried out with a comprehensive 3-D Monte Carlo type 
heat transfer model. Some predictions are compared to 
full-scale boiler measurements. The calculations show 
that the effective conduction coefficient (k/Δs)eff of 
wall deposits strongly influences furnace exit 
temperatures. 

The b u i l d u p of ash deposit layers on tube walls and superheaters i n 
dry bottom p.f. b o i l e r combustion chambers does not only d e t e r i o r a t e 
f u r n a c e and o v e r a l l b o i l e r e f f i c i e n c y , but also increases the tem­
p e r a t u r e l e v e l i n f u r n a c e and c o n v e c t i v e passages and aggravates 
e x i s t i n g deposit problems. This can f i n a l l y lead to expensive out­
ages when d e p o s i t f o r m a t i o n cannot be c o n t r o l l e d by soot blowing 
a l o n e . Since er r o r s i n furnace design with respect to slagging and 
f o u l i n g or i n c o r r e c t estimates of the impact of f u e l conversion on 
deposit formation are so c o s t l y i n large b o i l e r s , there i s consider­
a b l e f i n a n c i a l i n c e n t i v e to develop a n a l y t i c a l methods i n order to 
pre d i c t furnace performance f o r a wide range of coal types and oper­
a t i n g c o n d i t i o n s . I t i s c l e a r that such methods must take quanti­
t a t i v e l y i n t o account, among other things, the thermal properties of 
ash d e p o s i t s , i . e . thermal c o n d u c t i v i t y , e m i s s i v i t y , and absorp­
t i v i t y . 

The current paper presents r e s u l t s from various studies c a r r i e d 
out by the au t h o r s to show the influence of thermal properties of 
ash d e p o s i t s on performance of l a r g e p . f . f i r e d b o i l e r furnaces. 
The paper i s divid e d i n t o three s e c t i o n s . In the f i r s t s e c t i o n , key 

0097-6156/ 86/ 0301 -0375506.00/ 0 
© 1986 American Chemical Society 
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376 MINERAL MATTER AND ASH IN COAL 

parameters of o v e r a l l f u r n a c e performance are i d e n t i f i e d with the 
h e l p of a s e n s i t i v i t y study and r e l a t e d to the ash deposit prop­
e r t i e s . The second s e c t i o n summarizes experimental data of thermal 
p r o p e r t i e s of d e p o s i t s and d e f i n e s the range of values probably 
o c c u r r i n g i n b o i l e r combustion chambers. In the t h i r d s e c t i o n , 
t y p i c a l property values are used i n combination with a s o p h i s t i c a t e d 
3-D h e a t t r a n s f e r model i n o r d e r to demonstrate the e f f e c t of 
e x i s t i n g d e p o s i t l a y e r s on l o c a l t e m p e r a t u r e and heat f l u x 
d i s t r i b u t i o n and performance of p a r t i c u l a r b o i l e r furnaces. 

Parametric Study of O v e r a l l Furnace Performance 

The p a r a m e t r i c s t u d i e s were c a r r i e d out i n order to i d e n t i f y the 
most important parameters i n f l u e n c i n g o v e r a l l furnace heat absorp­
t i o n . These parameters are: 

ο Adiabatic Flame Temperature 
ο F i r i n g Density 
ο T o t a l E m i s s i v i t y 
ο Temperature of Heat Sink Surfaces 
ο Flow and Heat Release Patterns 

F i g u r e 1 shows how these q u a n t i t i e s are r e l a t e d i n a complex manner 
t o e a c h o t h e r , to f u e l c h a r a c t e r i s t i c s , to f u r n a c e o p e r a t i n g 
co n d i t i o n s , and to w a l l deposits. 

Some of the r e l a t i o n s h i p s i n t h i s f i g u r e were i n v e s t i g a t e d 
u t i l i z i n g a simple w e l l - s t i r r e d f u r n a c e model (I) which assumed 
t r a n s p o r t of gray r a d i a t i o n . This w e l l - s t i r r e d a n a l y s i s predicted 
q u a l i t a t i v e l y the dependence of f u r n a c e e f f i c i e n c i e s rif and e x i t 
temperature T e x , both r e l a t e d by Equation 1 

T e x 
M 0C p I T 0 ( T e x - T 0 ) 

n f - ι - — - : ( l ) 
Qo 

on f u r n a c e d e s i g n and o p e r a t i n g c o n d i t i o n s . An important design 
parameter i s the f u r n a c e h e i g h t L r e q u i r e d to o b t a i n a d e s i r e d 
e f f i c i e n c y or e x i t temperature (1 m of furnace height corresponds 
a p p r o x i m a t e l y to $500,000). I t was found that the height L depends 
considerably on the c h a r a c t e r i s t i c s of the w a l l deposits, e s p e c i a l l y 
i n l a r g e f u r n a c e s . T h i s i s shown i n Figures 2 and 3 i n which the 
e f f i c i e n c y i s p l o t t e d over the height L with surface temperature 
T w of d e p o s i t s and s u r f a c e e m i s s i v i t i e s e w as parameters. The 
c a l c u l a t i o n s were c a r r i e d out f o r a rectangular furnace box of width 
L/3. Other input parameters are l i s t e d i n the f i g u r e s . The strong 
impact of w a l l temperatures f o r l a r g e r s i z e s (Figure 2) i s due to 
the f a c t t h a t l a r g e f u r n a c e volumes approach black r a d i a t o r s and 
volume e m i s s i v i t i e s cannot be increased anymore by increase i n s i z e . 
F o r f u r n a c e s operated with the same thermal input at low e f f i c i e n ­
c i e s , t h e p r e s e n c e of w a l l d e p o s i t s r e q u i r e s o n l y a moderate 
increase i n s i z e . 

A r e d u c t i o n of s u r f a c e e m i s s i v i t i e s from 1 ( c l e a n " s o o t y " 
w a l l s ) to 0.4 which i s the lowest range reported f o r ash deposits 
a l s o causes a drop of r\f or requires an increase i n height i n order 
to m a i n t a i n rif ( F i g u r e 3 ) . The s i z e r e q u i r e d v a r i e s n o n l i n e a r l y 
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26. RICHTER ET AL. Performance of Boiler Combustion Chambers 377 

t A d i a b a t i c F l ame T e m p e r a t u r e -

F i r i n g D e n s i t y • 

• T o t a l E m i s s i v i t y · 

• T e m p e r a t u r e o f ^ 
H e a t S i n k S u r f a c e 

• F l o w and H e a t 
R e l e a s e P a t t e r n 

The rma l I n p u t . 

Hea t S i n k A r e a • 

E m i s s i v i t y e g o f 
C o m b u s t i o n P r o d u c t s 

I E m i s s i v i t y e w A b -
I s o r p t i v i t y a w o f 
ι Hea t S i n k 

^ T h e r m . C o n d u c t i v i t y k 

Ne t H e a t F l u x D e n s i t y 

k C o o l a n t Temp. 

F u r n a c e Geomet r y 
B u r n e r Geome t r y 
B u r n e r A r r a n g e m e n t 
B u r n e r O p e r a t i o n * 

H e a t i n g V a l u e 
M o i s t u r e C o n t e n t 
A sh C o n t e n t 
E x c e s s A i r 
A i r & F u e l P r e h e a t 

L oad 

F u r n a c e Geome t r y 
F u e l C o m p o s i t i o n 
C o m b u s t i o n C o n d i t i o n s 

W a l l D e p o s i t s -

f<* ί I n c i d e n t R a d i a t i o n 

• f C h a r a c t . A sh 
-|J Temp. 

•(Ash C o m p o s i t i o n 

C o n v e c t i o n 

B u r n e r Load 
B u r n e r S t o i c h i o m e t r y 
S w i r l Number & D i r e c t i o n 
B u r n e r T i l t A n g l e 
I n t e r n a l S t a g i n g 
O v e r f i r e A i r 

F i g u r e 1. Major f a c t o r s i n f l u e n c i n g thermal performance of 
furnaces. 
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378 MINERAL MATTER AND ASH IN COAL 

10 20 30 40 50 60 70 80 90 m 100 

Furnace Height, L 

F i g u r e 3. Dependency of f u r n a c e e f f i c i e n c y on furnace height 
with surface e m i s s i v i t y as parameter. 
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26. RICHTER ET AL. Performance of Boiler Combustion Chambers 379 

w i t h changes of s u r f a c e temperature but n e a r l y l i n e a r l y with e w 

between e w = 1 and ε ν = 0.5. 
When a d e p o s i t l a y e r i s f o r m e d , s u r f a c e temperature i s 

increased and w a l l e m i s s i v i t y decreased. However, the superposition 
of these e f f e c t s on rif i s l e s s than a pure summation; since, by 
d e c r e a s i n g e w , the net heat f l u x to the l a y e r i s reduced, thus 
r e t a r d i n g the i n c r e a s e of surface temperature to a c e r t a i n extent. 
The simple w e l l - s t i r r e d a n a l y s i s , c a r r i e d out f o r constant surface 
temperatures y i e l d s t y p i c a l l y a drop of furnace e f f i c i e n c y r\f of 5.5 
perc e n t a g e p o i n t s c o r r e s p o n d i n g to an i n c r e a s e of f u r n a c e e x i t 
temperatures T e x of 110 Κ f o r a decrease of e w from 0.8 to 0.4. 
D e t a i l e d 3-D furnace heat t r a n s f e r c a l c u l a t i o n s c a r r i e d out f o r the 
same decrease of e w but allowing a v a r i a t i o n of surface temperatures 
y i e l d t y p i c a l l y losses of r\f only 3.5 percentage points correspond­
ing to increase of T e x o f only 70 K. 

Av a i l a b l e Data of Thermal Pr o p e r t i e s of 
Ash Deposits and Data Analysis 

Thermal Conductivity. A comprehensive review of l i t e r a t u r e data f o r 
t h e r m a l c o n d u c t i v i t y k of ash deposits was published by Wall et a l . 
( !2 ) . The thermal conductance, k, of the ash m a t e r i a l increases 
r e v e r s i b l y w i t h temperature u n t i l s i n t e r i n g or f u s i o n occurs. At 
t h i s s t a g e , a r a p i d and i r r e v e r s i b l e i n c r e a s e of k i s observed. 
F i g u r e 4 shows s c h e m a t i c a l l y the range of measured v a l u e s o f k 
depending on mean temperature of the deposit layer and on the physi­
c a l p r o p e r t i e s of the deposit. T y p i c a l values of k f o r nonsintered 
d e p o s i t s from A u s t r i a l i a n coals i n a c t u a l furnaces vary between 0.1 
χ 10~ 3 kW/mK at 500 Κ up to 0.4 χ 10~ 3 kW/mK at 1300 K. The f a c t o r s 
c o n t r i b u t i n g to the thermal conductance i n the powdered deposits 
a r e : conductance i n the s o l i d p a r t i c l e s , gas conduction i n the 
v o i d s and r a d i a t i v e t r a n s f e r through the v o i d s . F e t t e r s et a l . 
r e c e n t l y measured k for b o i l e r deposits of an Indiana coal (3) which 
demonstrated t h a t the dominant mode of heat t r a n s f e r through the 
d e p o s i t l a y e r i s by r a d i a t i o n at high temperature. The values of k 
measured f o r powdery deposits by F e t t e r s et a l . are about two times 
l a r g e r than those of Wall et a l . (2) at the same temperature. This 
i s c o n t r i b u t e d to r e l a t i v e large p a r t i c l e s i z e s i n the Indiana c o a l 
ash deposits (75% i n the 100 micron range) compared to the A u s t r a l ­
i a n c o a l ash d e p o s i t s w i t h weight mean p a r t i c l e diameters of 50 
microns and l e s s . Larger p a r t i c l e s i n a deposit l a y e r increase the 
c o n t r i b u t i o n of bulk p a r t i c l e conduction. 

Thermal c o n d u c t i v i t y of s i n t e r e d and fused deposits found by 
the A u s t r a l i a n researchers range from 0.5 χ 10~ 3 kW/mK at 800 Κ to 
2.0 χ 10" 3 kW/mK at 1500 Κ. T h i s i s c o n s i s t e n t with the recent 
f i n d i n g s of F e t t e r s et a l . Ο ) f o r crushed deposits from a b o i l e r 
f i r e d w i t h I n d i a n a coal and with other l i t e r a t u r e values ( 4 ) . The 
i n c r e a s e of thermal c o n d u c t i v i t y of sinte r e d and fused deposits i s 
due to a decrease of void space and increased t r a n s m i s s i v i t y of the 
m a t e r i a l . W a l l et a l . emphasize t h a t v a l u e s of k obtained from 
ground deposits i n laboratory studies are questionable since bound­
i n g of the d e p o s i t occurs i n s i t u which leads to an increase of k. 
T h i s agrees w i t h our r e s u l t s f o r a 700 MWe b o i l e r which y i e l d e d an 
o v e r a l l v a l u e of k 5 3.2 χ 10~ 3 kW/mK f o r deposits which could not 
be removed by soot blowing (see below). 
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380 MINERAL MATTER AND ASH IN COAL 

E m i s s i v i t y and A b s o r p t i v i t y . Reviews of e m i s s i v i t y data of ash 
d e p o s i t s were g i v e n by Wall et a l . (2) and r e c e n t l y by Becker ( 5 ) . 
F i g u r e 5 shows the range of data of surface e m i s s i v i t y depending on 
s u r f a c e temperature obtained by Becker (5) and by Goetz et a l . (6) 
f o r d e p o s i t probes prepared i n various ways. Becker used predom­
i n a n t l y probes prepared i n the laboratory from p r e c i p i t a t o r ashes. 
In two c a s e s , however, he s t u d i e d a l s o probes sampled i n s i t u i n 
b o i l e r furnaces. Goetz et a l . measured the e m i s s i v i t y of ash probes 
o b t a i n e d d i r e c t l y or prepared from s l a g i n a p i l o t scale furnace. 
The e x p e r i m e n t a l d a t a show, i n g e n e r a l , a considerable spread of 
e m i s s i v i t y between v a l u e s of c w = 0.9 and e w = 0.3 depending on 
t e m p e r a t u r e s , ash o r i g i n , and probe preparation. However, general 
a g r e e m e n t e x i s t s t h a t f o r n o n s i n t e r e d m a t e r i a l e w d e c r e a s e s 
r e v e r s i b l y to h i g h e r v a l u e s . The v a l u e s r e p o r t e d by Goetz vary 
between 0.38 and 0.67 f o r powdery ( i n i t i a l ) deposits, between 0.76 
and 0.93 f o r s i n t e r e d deposits, and between 0.65 and 0.85 f o r glassy 
or molten deposits. 

The i n c r e a s e of e m i s s i v i t y with s i n t e r i n g and f u s i o n i s due to 
i n c r e a s e d transmission of r a d i a t i o n i n t o the surface of the deposit 
l a y e r . In the range of s u r f a c e temperatures of i n t e r e s t , namely 
between 800 Κ and 1400 K, measured t o t a l e m i s s i v i t i e s on probes of 
s i n t e r e d r e a l f u r n a c e deposits e x h i b i t only s l i g h t v a r i a t i o n s with 
s u r f a c e temperature Ο ) , (6.)· However, measurements by Becker of 
s p e c t r a l e m i s s i v i t i e s of d e p o s i t s on l a b o r a t o r y prepared probes 
showed d i s t i n c t i v e nongray behavior. For t y p i c a l flame temperatures 
of 1700 Κ and t y p i c a l s u r f a c e temperatures of 1100 K, up to 0.2 
h i g h e r v a l u e s were found f o r e m i s s i v i t i e s than f o r a b s o r p t i v i t i e s 
(Figure 6 ) . 

Nongrayness of e m i s s i o n and absorption i s t y p i c a l f o r glassy 
m a t e r i a l and i s due to the low s p e c t r a l a b s o r p t i v i t i e s at short 
wavelengths which becomes dominant f o r r a d i a t i v e t r a n s f e r at more 
e l e v a t e d flame t e m p e r a t u r e s . The assumption of gray r a d i a t i o n of 
f u r n a c e d e p o s i t s and consequent use of gray e m i s s i v i t y values f o r 
d e t e r m i n a t i o n of a b s o r p t i o n may l e a d to e r r o r s i n heat t r a n s f e r 
c a l c u l a t i o n s f o r f u r n a c e s w i t h moderate d e p o s i t s since at lower 
s u r f a c e temperatures a b s o r p t i o n i s s e v e r a l times l a r g e r than re-
e m i s s i o n . By p e r f o r m i n g d e t a i l e d one-dimensional s p e c t r a l c a l c u ­
l a t i o n s , Becker showed t h a t f o r a 10 m path l e n g t h , t y p i c a l of 
f u r n a c e s , and r e l a t i v e l y c o o l w a l l s e r r o r s up to +30 percent i n 
p r e d i c t e d net heat f l u x d e n s i t i e s would r e s u l t from the assumption 
t h a t the d e p o s i t s were gray. However, these f i n d i n g s are based on 
s p e c t r a l v a l u e s found f o r l a b o r a t o r y p r e p a r e d probes. S p e c t r a l 
measurements of r e a l furnace deposits show reduced nongray behavior 
(_5 ), (<6) and h i g h e r e m i s s i v i t i e s than the l a b o r a t o r y probes (β) 
( F i g u r e 6 ) . Moreover, c o l o r i n g agents such as unburnt carbon as 
w e l l as the rough s u r f a c e s t r u c t u r e of r e a l d e p o s i t s and tube 
c u r v a t u r e s tend to make b o i l e r s u r f a c e s more c l o s e l y approximate 
gray b e h a v i o r . Thus, the importance of nongray deposits i s uncer­
t a i n i n b o i l e r chambers and, i n any case, i n s u f f i c i e n t information 
i s a v a i l a b l e to recommend re p l a c i n g the assumption of gray r a d i a t i o n 
of d e p o s i t s c u r r e n t l y used i n 3-D f u r n a c e models (see below) by 
expensive more rigorous s p e c t r a l models. 
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Surface Temperature T w , Κ 

Figure 5. Range of measured values of e m i s s i v i t i e s of d e p o s i t s . 
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382 MINERAL MATTER AND ASH IN COAL 

F i g u r e 6. C o m p a r i s o n between m e a s u r e d e m i s s i v i t i e s and 
a b s o r p t i v i t i e s of deposits. 
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26. RICHTER ET AL. Performance of Boiler Combustion Chambers 383 

P r e d i c t i o n of Influence of Wall Deposits on 
Heat Transfer i n E x i s t i n g B o i l e r s 

On t h e b a s i s o f t h e l i t e r a t u r e v a l u e s of therm a l p r o p e r t i e s 
d i s c u s s e d above a c o n s i d e r a b l e number of performance p r e d i c t i o n s 
have been c a r r i e d out f o r e x i s t i n g b o i l e r combustion chambers i n the 
past 2 ye a r s . Some r e s u l t s of those c a l c u l a t i o n s with relevance to 
the impact of ash deposits on heat t r a n s f e r follow. The t o o l used 
f o r the a n a l y s i s i s an extremely f l e x i b l e 3-D Monte Carlo type zone 
model (7j-9). In t h i s model, the emissive power of each volume and 
s u r f a c e zone i s d i s t r i b u t e d i n t o a d i s c r e t e number of r a d i a t i v e 
beams. T a k i n g m u l t i p l e r e f l e c t i o n at furnace walls i n t o account, 
the beams are t r a c e d throughout the f u r n a c e volume u n t i l f i n a l 
a b s o r p t i o n . Nongrayness of the combustion products i s modeled with 
a weighted gray gas approach. The r a d i a t i n g species considered are 
H2O, CO2 and p a r t i c u l a t e s ( s o o t , char, and ash). Currently, char 
and ash p a r t i c l e s are t r e a t e d as gray r a d i a t o r s . S c a t t e r i n g of 
r a d i a t i o n of ash p a r t i c l e s which may be of some importance i n l a r g e 
combustors f i r e d w i t h coal of high ash content can i n p r i n c i p l e be 
taken i n t o account by the model but was neglected i n the f o l l o w i n g 
examples. The model of r a d i a t i v e exchange i s d i r e c t l y coupled with 
a t o t a l heat b a l a n c e of volume and s u r f a c e ( d e p o s i t ) zones with 
unknown tempe r a t u r e s . The c a l c u l a t i o n of convective heat fluxes 
through the furnace i s based on mass flow vectors at the boundary of 
each zone o b t a i n e d from i s o t h e r m a l m o d e l i n g . The heat r e l e a s e 
p a t t e r n i s based on t h i s f l o w f i e l d . The heat r e l e a s e due to 
v o l a t i l e combustion i s based on observed v i s i b l e flame length and 
the heat release due to burnout of char p a r t i c l e s i s c a l c u l a t e d from 
carbon and oxygen b a l a n c e s s o l v e d s i m u l t a n e o u s l y w i t h the heat 
balance. 

Example 1: Ta n g e n t i a l l y C o a l - F i r e d B o i l e r 

T h i s study was c a r r i e d out to i n v e s t i g a t e the i n f l u e n c e of ash 
d e p o s i t s i n a b o i l e r furnace o r i g i n a l l y designed to f i r e No. 6 o i l 
at a net thermal input of 1000 MWt. However, the thermal input of 
the f u r n a c e was reduced to 590 MWt to in v e s t i g a t e the prospects of 
f i r i n g c o a l i n t h i s u n i t . The coal considered was a Utah c o a l with 
8.8 p e r c e n t ash content f i r e d with 30 percent excess a i r . Figure 7 
shows the zoning of the furnace and the assumed flow patterns. The 
heat release assumed f o r combustion of v o l a t i l e s i s i n d i c a t e d by the 
shaded area. The surface conditions were s p e c i f i e d by the f o l l o w i n g 
input data: 

Case A Clean surfaces, e m i s s i v i t y of tubes e w = 0.9. 
Case Β Powdery ash deposit, ε ν = 0.6, As = 0.5 mm, k = 0.3 

χ 1 0 - 3 kW/mK. 
Case C P r o p e r t i e s of ash d e p o s i t l a y e r i n upper part of the 

furnace (above heat release zone) as s p e c i f i e d f o r Case 
B; g l a s s y a s h d e p o s i t l a y e r i n lower p a r t of the 
furnace with Ew = 0.8, As = 7 mm, k 5 8 1 χ 10~ 3 kW/mK. 

The properties f o r the powdery (primary) and f o r the glassy (molten) 
d e p o s i t l a y e r of the Cases Β and C correspond to average data from 
l i t e r a t u r e as c i t e d above. The ac t u a l c a l c u l a t i o n s were c a r r i e d out 
w i t h an e f f e c t i v e e m i s s i v i t y of the tube walls taking the shadow 
e f f e c t of the gap between adjacent tubes i n t o account. 
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384 MINERAL MATTER AND ASH IN COAL 

B u r n e r L e v e l B l : 

0 5 m 10 

O p e r a t i n g C o n d i t i o n s 

5 m 10 

Load 

S t o i c . R a t i o 

A i r Temp. 

590 MWt 

1.25 

443 Κ 

F i g u r e 7. Geometry and z o n i n g of t a n g e n t i a l l y f i r e d b o i l e r 
f u r n a c e o r i g i n a l l y designed f o r o i l f i r i n g with 1000 MWt thermal 
input.  P
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26. RICHTER ET AL. Performance of Boiler Combustion Chambers 385 

T a b l e I and F i g u r e 8 through 10 show that the buildup of ash 
d e p o s i t s s e r i o u s l y a f f e c t s o v e r a l l and l o c a l heat t r a n s f e r . The 
d i f f e r e n c e (Arif) i n computed furnace e f f i c i e n c i e s f o r the extreme 
c a s e s , A ( c l e a n w a l l s ) and C (highest thermal r e s i s t a n c e ) , i s 6.2 
p e r c e n t a g e p o i n t s . The formation of a f i r s t i n i t i a l deposit layer 
(Case B) has a s t r o n g e r impact on heat t r a n s f e r than subsequent 
increase of deposits i n the lower furnace (Case C). The increase of 
the t h i c k n e s s of ash d e p o s i t s o p p o s i t e to the heat release zone 
d i s p l a c e s the peak heat f l u x e s up i n t o the regions of the thinner 
d e p o s i t s (Figure 9 ) . This i s one reason why the buildup of deposit 
l a y e r s , once s t a r t e d , spreads i n t o adjacent w a l l zones. Once the 
d e p o s i t l a y e r s b e g i n growing, s u r f a c e temperature can soon reach 
v a l u e s i n the range between softening (1400 K) and f u s i o n tempera­
t u r e (1500 K) as i n d i c a t e d by shaded areas i n Figure 10. The f u r ­
nace model i s a l s o a b l e to p r e d i c t , f o r a g i v e n c o a l ash f u s i o n 
temperature approximately the development and extent of molten s l a g 
l a y e r s . 

Example 2: Opposed P.F. F i r e d B o i l e r 

T h i s study was c a r r i e d out i n order to v e r i f y the 3-D furnace heat 
t r a n s f e r model w i t h performance data a v a i l a b l e from a c o a l - f i r e d , 
b o i l e r combustion chamber of 1730 MWt f u e l heat input C9). The coal 
had a medium v o l a t i l e c o n t e n t , an ash content of 6.6 percent, and 
was f i r e d w i t h 28 percent excess a i r . In t h i s case, the flow pat­
t e r n was based on d e t a i l e d d i s t r i b u t i o n of mean mass flow vectors 
measured i n a p h y s i c a l i s o t h e r m a l model. However, turbulent com­
ponents were superimposed on these vectors with the help of a simple 
model of t u r b u l e n c e . Figure 11 shows a comparison of the p r o f i l e s 
of gas temperatures measured and predicted f o r 100 percent load i n 
one h a l f of the furnace o u t l e t plane. The d i f f e r e n c e between pre­
d i c t e d and measured values was l e s s than 25 K. The good agreement i s 
p a r t i a l l y due to a r e a s o n a b l e assumption of the e f f e c t i v e heat 
c o n d u c t i o n c o e f f i c i e n t ( k / A s ) e f f of the deposit l a y e r s . Figure 12 
shows how the p r e d i c t e d mean furnace e x i t temperature v a r i e d with 
( k / A s ) e f f and compares those p r e d i c t i o n s w i t h two d a t a p o i n t s 
obtained from measured heat balances of the b o i l e r immediately a f t e r 
soot blowing and 20 h a f t e r soot blowing. Since measurements and 
observations y i e l d e d approximately a 2 mm deposit l a y e r , which could 
not be removed by soot blowing an e f f e c t i v e thermal c o n d u c t i v i t y of 
3.2 χ 10~3 kW/mK can be deducted. An assumed value of k • 0.8 χ 
10~3 kw/ mK f o r a dry p a r t i a l l y s i n t e r e d deposit would suggest the 
b u i l d u p of an a d d i t i o n a l l a y e r of 1.5 mm, 20 h a f t e r soot blowing 
f o r a t o t a l l a y e r of 3.5 mm thickness. Figure 12 also contains the 
r e l a t i o n s h i p of T e x » f ( k / A s ) e f f f o r a s i m i l a r b o i l e r furnace of 
1250 MWt heat i n p u t i n which s l a g g i n g and f o u l i n g problems were 
encountered. 

Further B o i l e r Performance P r e d i c t i o n s 

The 3-D furnace heat t r a n s f e r model has been v e r i f i e d s e veral times 
i n the past and has s u c c e s s f u l l y predicted performance of gas, o i l , 
c o a l , and s l u r r y f i r e d b o i l e r s located a l l over the world (9-12). 
The g e n e r a l i z e d performance p r e d i c t i o n s of the impact of w a l l 
deposits on heat t r a n s f e r i s shown i n Figure 13 f o r a number of p.f., 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
6



MINERAL MATTER AND ASH IN COAL 

•»-> χ: 
00 Ε C to CO CO 00 

Ο Φ < CO vo 
-Ο -»-> «*- • • • 
S- c ο >> V O CO to ο ο ο Lu 

4-> 
c χ LO LO 

I S- CO CO c 3 • • • s- ZD - Q ο ι—1 ο ο 
φ • 
ε • I Φ - Ρ G L LO C M ο 
to υ •r- ε i-H 00 i-H 

f0 3 to Χ Φ LO LO V O 

ο S Li_ c LU h- »-H τ—1 ι—1 

e 
ο ω • τ—t CO V O 

•r— • ε DL V O C M 

+ J X to ε V O 

CO Φ H t—1 i—1 
S Lu Κ ­.Q to 

ε c 
ο ο χ 
Ο ·Γ- Ι— c • 3 >> 4-> fO ο Χ ·— -ί-> 
-σ τ­ Ο 'r- fO LL. ·Γ- C M 

α» -σ r- - Ρ S 4-> CO ε • • • 
ί- c • Ρ ·Γ- Φ 4~> C vo 
•r- Ο S- tO tj_ ζ id Φ i—I Η τ—t 
Lu Ο Φ Ο ο Φ ο 
I > CL. •ζ 

ι — σ> re C 
Ο «ι- 4-> 
Ο Γ— ω >> 

+-> Χ 4-> C\J +-> ο to 3 ·ι- ε ^J- LO CX> 

3 : Lu • φ ι— tO Ο CO CO 
Σ : χ m Lu C CO C M C M 

-α Φ 

ο c α 
en <β 
un 

σ> >> 
•»-> C M 

Ο · ι - c +-> +-> Χ ·Γ- ε 00 00 CO 
ro <υ to 3 CO — vo 

α> σ> φ r — C 1—1 τ—1 
Ο tO s: in Le Φ 

J** 
C ι — Ο 
tO 00 
ε 
£- CO Φ I 
Ο 3 ο i- Φ 

<4- Ο c to 
4-> 

Φ ί­ V O <T> i—l 
%. τ­ to c •r— α. 3 CO «—1 
ω s- Φ s- X ε LO LO 
Cu f0 Σ 3 Lu Φ re r-i r—t i-H 

>• Lu h-
f0 s-
ε ο 
i- Μ - ι υ CO V O »—1 
Ο 1 Φ •r- C • • • 
χ: s- Ο <4_ Φ ο LO 
h- 3 (Ο >*- · ι - «d- CO co 

Lu C LU Ο 

to S-
φ φ 
ο Ι— to x: ο -Q «*- to - J 

Φ S - < 
Ι­ to 3 σ> to oo c 

ο S- •r— •r— c Φ to en 
to T3 Ο C D 

φ Q. to 
Ο Φ 

ο Cu Ο CO 

ο < C Û Ο 

ζ 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
6



26 . RICHTER ET AL. Performance of Boiler Combustion Chambers 387 

( a ) C l e a n W a l l s (b ) T h i n A sh L a y e r 

e w = 0 . 9 As = 0 . 5 mm 
e w = 0 . 6 

k = 0 . 3 χ 1 0 " 3 IcW/mK 

F i g u r e 8. Influence of w a l l deposits on predicted net neat f l u x 
d i s t r i b u t i o n i n b o i l e r combustion chamber f i r e d with c o a l at a 
rate of 590 MWt.  P
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388 MINERAL MATTER AND ASH IN COAL 

( a ) T h i n A sh L a y e r ( b ) S l a g g i n g Lower H a l f 

As = 0.5 mm A s * 7 mm 

e w
 = ° - 6 e w

 8 8 0o8 
k = ?;,3Λ10" k = l x l O - 3 kW/mK 

kW/mK 
Upper H a l f a s i n ( a ) 

F i g u r e 9. I n f l u e n c e o f s l a g g i n g i n lower f u r n a c e h a l f on 
predicted net heat f l u x d i s t r i b u t i o n i n b o i l e r combustion chamber 
f i r e d with c o a l at a rate of 590 MWt. 
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26. RICHTER ET AL. Performance of Boiler Combustion Chambers 389 

S c a l e : 

( a ) T h i n A s h L a y e r ( b ) S l a g g i n g Lower H a l f 

As = 0 . 5 mm 
e w = 0 · 6 

k = 0 . 3 x l O " 3 , kW/mK 

As = 7 mm 

w =
 ° · 8 ο 

k = l x l O " 3 

kW/mK 

Upper H a l f as i n ( a ) 

F i g u r e 10. I n f l u e n c e of s l a g g i n g i n lower f u r n a c e h a l f on 
p r e d i c t e d s u r f a c e temperatures of deposits i n b o i l e r combustion 
chamber f i r e d with coal at a rate of 590 MWt. 
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390 MINERAL MATTER AND ASH IN COAL 

4.3 m χ = 4.0 m 
1600 

^ 1500 h 

1400 

1300 
4 8 12 m 15.32 

Furnace Depth χ 

Measurements with 
Suction Pyrometer 

4 8 

Furnace Width y 

-£3 Predictions 
(k/As) e f f = 0.4 kW/m2K 

F i g u r e 11. Comparison of temperature p r o f i l e s p r e d i c t e d and 
measured near furnace e x i t (z s 68.6 m) of 1730 MWt opposed c o a l -
f i r e d b o i l e r combustion chamber. 

1600 

1550 h 

I 1500h 

1450 

1400 

1350 
9 .5 1 1.5 

kW/m2K 

Effective Conduction Coefficient (k/As) 

1730 MWt Combustion Chamber 

A Predictions 

• Meas. Directly After Soot Blowing 

Ο Meas. 20 h After Soot Blowing 
1250 MŴ  Combustion Chamber 

Β Predictions (Severe Slagging in 
Near Burner Regions Assumed for 
Every Value of (k/As) ̂  

eff 

Figure 12. Influence of e f f e c t i v e conduction c o e f f i c i e n t on e x i t 
temperatures of opposed f i r e d furnaces. 
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392 MINERAL MATTER AND ASH IN COAL 

CWM and COM f i r e d furnaces. In t h i s f i g u r e , the mean e x i t tempera­
t u r e p r e d i c t e d f o r h o r i z o n t a l cross-sections through the t i p of the 
furnace nose i s p l o t t e d against the f i r i n g density (net heat release 
per projected surface area) of the furnaces. D i f f e r e n t slagging and 
f o u l i n g c o n d i t i o n s i n the various furnaces were taken i n t o account 
by s p e c i f y i n g the d i s t r i b u t i o n of the e f f e c t i v e heat conduction 
c o e f f i c i e n t at the furnace walls e i t h e r based on observation i n the 
a c t u a l furnaces or on engineering judgement. The e x i t temperatures 
can a l s o c l e a r l y be c o r r e l a t e d to the c l e a n l i n e s s of the furnaces. 
D e s p i t e the s c a t t e r i n the data ( l a r g e l y due to d i f f e r e n t furnace 
d e s i g n and o p e r a t i n g c o n d i t i o n s and to a minor e x t e n t to model 
assumptions) e x i t temperatures of furnaces with slagging are on the 
order of 100-150 Κ higher than those f o r clean furnaces. 

Conclusions 

T h e r m a l c o n d u c t i v i t y and e m i s s i v i t y of w a l l d e p o s i t s have a 
c o n s i d e r a b l e e f f e c t on heat t r a n s f e r i n l a r g e b o i l e r s . T h i s 
r e s u l t s i n temperature d i f f e r e n c e s of furnace e x i t temperatures 
which in f l u e n c e furnace height, performance, and c o s t s . More exact 
v a l u e s of deposit thermal p r o p e r t i e s , which vary over a wide range 
of temperatures and conditions, than c u r r e n t l y a v a i l a b l e are needed 
f o r d e t a i l e d p r e d i c t i o n of the i n i t i a l formation of deposit l a y e r s . 
However, gross c h a r a c t e r i s t i c s of thermal properties can be assumed 
and are s u f f i c i e n t to estimate the performance of furnaces, since 
the model contains other major u n c e r t a i n t i e s such as, thickness and 
inhomogeneous d i s t r i b u t i o n of deposits at furnace w a l l s and super­
heaters. This i s e s p e c i a l l y true between soot blowing c y c l e s . The 
3-D heat t r a n s f e r model used i n the present study has the p o t e n t i a l 
to form the b a s i s of a more comprehensive model of slagging and 
f o u l i n g because i t can p r o v i d e r e l i a b l e p r e d i c t i o n s of flame and 
deposit temperatures. 
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27 

Prediction of Slagging and Fouling Tendencies 
of European Lignites by New Statistical and 
Experimental Methods 

Werner Altmann 

Technical University Dresden, 8027 Dresden, German Democratic Republic 

This paper reports the development of new statistical and 
experimental techniques to predict slagging and fouling 
of brown coal. The new statistical correlation relates 
the observed performance of brown coals in combustors to 
modified ash composition. The ash composition is 
modified by removing SiO2, which does not contribute to 
slagging and fouling when present as quartz, and 
modifying the e f f e c t of iron and sulfur on ash 
composition. A p i lo t scale cyclone combustor is 
introduced to extend to larger particles and greater 
residence times, the conditions at which fouling and 
slagging can be experimentally observed. 

Brown coal was already an important energy resource in Europe at the 
beginning of the 20th century. In spite of the many problems in 
process technology, the usable reserves of this low-value energy 
fuel (Figure 1) w i l l surely be an indispensable basis of supply for 
another f i f t y years. 

In addition to the t r a d i t i o n a l use in generation of electric 
power in large stations, application of brown coal has been extended 
to replace fuel o i l in small heat generators and process furnaces. 

After the reserves of high quality coal have been exhausted, i t 
w i l l be necessary to use brown coals with more impurities. 
Extremely high-ash coals with high alkaline contents must be used in 
some countries even though the performance of such fuels could not 
be controlled with the combustion technologies available in the 
past. 

In addition to i g n i t i o n problems, control of slagging and 
f o u l i n g , which depends on the properties of the mineral ash 
substance, is required. 

These problems indicate the pressing need for methods to 
predict the deposition properties of solid fuels. This is required 
f o r o p e r a t i o n and control of existing plants. However, this 
information is also significant in the planning of new plants to use 
d i f f i c u l t fuels or fuels on which l i t t l e experience is available. 

0097-6156/ 86/0301 -0394$06.00/0 
© 1986 American Chemical Society 
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396 MINERAL MATTER AND ASH IN COAL 

The i n f o r m a t i o n w i l l a l s o allow decisions to be made on whether to 
use: 

• suspension f i r i n g 
• f l u i d - b e d f i r i n g or 
• low-temperature combustion reactors 
The s l a g g i n g and f o u l i n g t e n d e n c i e s of coals l a r g e l y d i f f e r 

a c c o r d i n g to the deposit but al s o d i f f e r w i t h i n the deposit because 
of w i d e l y v a r y i n g c o a l composition. Ash properties are so complex 
t h a t e v a l u a t i o n of c o a l performance i s extremely d i f f i c u l t . The 
performance of c o a l s i n f u r n a c e s are f u r t h e r complicated by the 
p r o c e s s e s which c o n t r o l d e p o s i t i o n on heat t r a n s f e r surfaces i n 
b o i l e r s . Based on these c o m p l i c a t i o n s , we must n e i t h e r deceive 
o u r s e l v e s as to the p o s s i b i l i t y of r e l i a b l e estimates nor deny the 
p o s s i b i l i t y of making a u s e f u l estimate of the performance of brown 
coal i n b o i l e r s . 

S t a t i s t i c a l P r e d i c t i o n s 

The known e x p e r i m e n t a l methods i n c l u d e the det e r m i n a t i o n of the 
c h a r a c t e r i s t i c temperatures f o r ash softening and melting using the 
h e a t i n g m i c r o s c o p e a c c o r d i n g t o Radmacher (2^) or use of ash 
v i s c o s i t y - m e t e r s according to Gibbs (3) or Orgres ( 4 ) . A l l are f a r 
from c o n d i t i o n s r e p r e s e n t i n g p r o c e s s e s i n u t i l i t y b o i l e r s . The 
e s t i m a t e of a s h p e r f o r m a n c e by s u c h methods has o f t e n been 
misleading and i s uncertain. 

I m p o r t a n t p e r f o r m a n c e c h a r a c t e r i s t i c s of brown c o a l ash; 
however, have been observed i n the temperature-dependent micro-
changes i n ash specimen using the L e i t z equipment by Lustigova ( 5 ) . 

Ash o x i d e a n a l y s e s are a v a i l a b l e and provide a wide base of 
data on c o a l ashes. A t t i g and Duzy (6) recommend c a l c u l a t i o n of a 
s l a g g i n g index to i n c r e a s e the i n f o r m a t i o n a v a i l a b l e from such 
a n a l y s e s . The index i s based on the r a t i o between basic mineral 
components, Fe2Û3, CaO, MgO and of a l k a l i s to the a c i d i c components 
S i 0 2 , AI2O3 and T102 and the s u l f u r content of the f u e l . T h i s 
method i s c l o s e l y r e l a t e d to the Teune index from 1912 which i s used 
by many manufacturers and operators but i s u n s a t i s f a c t o r y i n a great 
number o f a p p l i c a t i o n s . W i n e g a r t n e r and Rhodes (7^) made 
comprehensive a n a l y s e s and i n v e s t i g a t e d the r e l a t i o n s between the 
chemical ash composition and the ash melting temperature measured i n 
the l a b o r a t o r y . T h i s a c t i v i t y r e s u l t e d i n the a b i l i t y to p r e d i c t 
m e l t i n g p o i n t s of ash, but these are not a p p l i c a b l e to p r e d i c t ash 
s i n t e r i n g or slagging of combustion chambers with dry ash removal. 

In c o n t r a s t to t h i s , the course adopted by Garner (8) must be 
emphasized. The i n t e n s i t y of d e p o s i t i o n f o r a great v a r i e t y of 
A u s t r a l i a n brown c o a l s has been determined at conditions close to 
those i n b o i l e r s using an experimental combustion chamber of 20 kg/ 
h. The r e g r e s s i o n analyses using these t e s t data o f f e r e d valuable 
information on the d i f f e r e n t influences of elements contained i n the 
ash. T r a n s f o r m a t i o n of the r e s u l t s i s not yet f u l l y s a t i s f a c t o r y 
because the s l a g g i n g - p r o m o t i n g a s p e c t s of f u e l s u l f u r were not 
c o n s i d e r e d and t h e c o m p l i c a t e d p r o c e s s e s a re i n s u f f i c i e n t l y 
represented by a simple l i n e a r regression. This a n a l y s i s used oxide 
analyses comprising a l l ash components whereas only c e r t a i n elements 
may be r e l e v a n t to the s l a g g i n g p r o c e s s . The i n v e s t i g a t i o n s by 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
7



27. ALTMANN Prediction of Slagging and Fouling Tendencies 397 

S c h n e i d e r (9^) w i t h brown c o a l s of d i f f e r e n t o r i g i n i n a drop tube 
f u r n a c e s i m i l a r to that used by F i e l d c l e a r l y showed the infl u e n c e 
of d i f f e r e n t m i n e r a l substances on ash depo s i t i o n . Sand p a r t i c l e s 
( F i g u r e 2) m a i n t a i n e d t h e i r former shape i n combustion or showed 
changes o n l y at t h e i r edges w h i l e o t h e r ash c o n s t i t u e n t s fused 
together i n t o dark brown or g l a s s y - c l e a r spheres. 

T h i s l e a d s to the c o n c l u s i o n t h a t the Si(>2 content w i l l not 
react with other ash constituents but w i l l only a l t e r the p o r t i o n of 
s l a g - r e l e v a n t c o n s t i t u e n t s f o r coals i n which Si02 appears l a r g e l y 
as quartz. The microspheres generated by f u s i o n p r i m a r i l y determine 
t h e a d h e s i o n p r o c e s s i n the l i q u i d s t a t e and have a c h e m i c a l 
composition d i f f e r e n t from the average ash a n a l y s i s . 

O b t a i n i n g u s e f u l information on the slagging tendency of s o l i d 
f u e l s b a s e d on t h e above m e n t i o n e d knowledge r e q u i r e s t h r e e 
p r e r e q u i s i t e s : 

1. A v a i l a b i l i t y of em p i r i c a l data on the behavior of coals to 
be c h a r a c t e r i z e d from working plants or model combustion 
systems s i m i l a r to those used i n p r a c t i c a l operation 

2. E l i m i n a t i o n of the S1O2 share of the ash which does not 
p a r t i c i p a t e i n the slagging process. 

3. F i n d i n g s i g n i f i c a n t parameters f o r ash properties which 
p r e d i c t performance. 

The f i r s t demand was met by e x c l u s i o n of reference to q u a n t i t i e s 
m e a s u r e d i n t h e l a b o r a t o r y ( h e a t i n g microscope temperatures, 
v i s c o s i t y measurements). These values were replaced by evaluation 
of the performance i n operating b o i l e r s and r e s u l t s from p i l o t scale 
combustors. The tendencies used i n t h i s paper have been determined 
p r e d o m i n a n t l y from the d i f f e r e n t b e h a v i o r of c o a l s from various 
mines f i r e d i n the same steam generators based on the opinions of 
experts. 

The two o t h e r demands can be s a t i s f i e d by l a b o r i o u s and 
analogous comparisons between oxide analyses and the co a l p r o p e r t i e s 
found by experience or experiments which a f f e c t performance. 

P u r e l y s t a t i s t i c a l means ( F i g u r e 3) without consideration of 
chemical dependences f i r s t permitted two groups of ashes with a high 
r i s k of slagging to be i d e n t i f i e d : 

• Coals with high AI2O3 and low SO3 contents 
• Coals with high CaO and high SO3 contents 

The f i r s t c l a s s y i e l d s u s e f u l c o r r e l a t i o n s by converting the oxide 
a n a l y s i s to the m i n e r a l substance without Si02- The second c l a s s 
y i e l d s u s e f u l values when the r e l a t i o n Si02 β 1.8 Fe203 i s used. 

The ash types are e s t a b l i s h e d by a parameter Ρ SO^l group 1 
when i t i s l e s s than 0.06 and to group 3 when i t i s higher than 0.2. 
The t r a n s i t i o n range, group 2, can be described by Si02 • Y · Fe203; 
when the f a c t o r Y l o g a r i t h m i c a l l y increases with the parameter rS0^. 
This i s al s o the range of uncertainty. 

R e g r e s s i o n a n a l y s e s of ash oxide analyses converted with t h i s 
r e l a t i o n s h i p d i d not r e s u l t i n a u s e f u l c o r r e l a t i o n when the weight 
p e r c e n t a g e s of ash components were applied e x c l u s i v e l y . R e a l i s t i c 
dependencies c o u l d be found when an i r o n oxide parameter /"Fe was 
i n t r o d u c e d i n co m b i n a t i o n w i t h the i n f l u e n c e of the f u e l s u l f u r : 
the s u l f u r i n f l u e n c e decreased at high s u l f u r concentrations. There 
i s a s t a t i s t i c a l r e l a t i o n s h i p f o r a s l a g g i n g tendency c a l l e d fg 
which r e f e r s to a predicate i n t e r v a l of 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

02
7



398 MINERAL MATTER AND ASH IN COAL 

Figure 2. Diffe r e n c e s i n mineral matter constituents subjected 
to a combustion f i e l d . 
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ALTMANN Prediction of Slagging and Fouling Tendencies 

INITIAL A S H - O X I D E - A N A L Y S I S 
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I 
SLAGGING A N D FOULING INDICES 
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X 
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NOT S LAGGING/FOULING F U E L 

O U T P U T 

{ V A L U A T I O N 

Note: y= Weight Fraction Ash 

Figure 3. S t a t i s t i c a l p r e d i c t i o n of slagging and f o u l i n g be­
havior of s o l i d f u e l s . 
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400 MINERAL MATTER AND ASH IN COAL 

0 < f s < 1 
I 1 non-clinkering f u e l 

l — h e a v i l y c l i n k e r i n g f u e l 
An exponential expression with the quotient of a l k a l i n e contents and 
s l a g g i n g c o e f f i c i e n t f g i s i n t r o d u c e d f o r the e x t e n s i o n of the 
e v a l u a t i o n to f o u l i n g of brown coals on heat exchanger surfaces i n 
the temperature range of & < 1000°C a f t e r Lautenschlager (10) as 
w e l l as B e l o w a n d R u n d g i n ( 1_1 ) , but p r e d o m i n a n t l y a f t e r 
i n t e r p r e t a t i o n of o p e r a t i o n a l e x p e r i e n c e w i t h s a l t coals (Kluge 
(12)). 

The example of a p p l i c a t i o n of the s t a t i s t i c a l p r e d i c t i o n method 
r e p r e s e n t e d i n F i g u r e 4 c o n t a i n s a Czechoslovakian brown coal of 
group 1 which e x p e r i e n c e has shown to be a p a r t i c u l a r l y v i c i o u s 
f o u l i n g c o a l and a GDR brown c o a l of group 3 which tends toward 
b e h a v i o r of a s a l t c o a l but whose o p e r a t i o n a l b e h a v i o r , w h i l e 
complicated, can be c o n t r o l l e d . The values c a l c u l a t e d f o r fg and fp 
c o i n c i d e with p r a c t i c a l experience while the parameter Rg i n d i c a t e s 
t h a t the C z e c h o s l o v a k i a n c o a l i s harmless whereas the GDR c o a l i s 
characterized as u n c o n t r o l l a b l e by a v a i l a b l e technologies. 

The ash analyses and estimated parameter shown i n Table 
1 r e f e r to brown coals ; from the GDR, Hungary, Poland, 
C z e c h o s l o v a k i a , FRG, B u l g a r i a , USSR, Yugoslavia, A u s t r i a , Spain and 
Turkey (13-17) and show good p r e d i c t i o n of expected performance. 
The s u r v e y demonstrates t h a t the number of brown c o a l s without 
p e r f o r m a n c e p r o b l e m s i s d i s t i n c t l y s m a l l e r than those w i t h 
performance problems. C a l c u l a t i o n of the s l a g g i n g tendency i s 
h i g h l y s e n s i t i v e to changes i n the a n a l y t i c a l data. Thus, analyses 
used s h o u l d not be averages but should be i n d i v i d u a l analyses as a 
matter of p r i n c i p l e . Values c a l c u l a t e d f o r some cases i n d i c a t e fg < 
0 or f g > 1. T h i s i n d i c a t e s that there are even other components 
i n a d d i t i o n to s u l f u r which act n o n - l i n e a r l y at high concentrations. 
R e l i a b i l i t y of the s t a t i s t i c a l method can be improved s u c c e s s i v e l y 
as more and more data are accumulated and used to i n t e r p r e t the 
c o r r e l a t i o n between the operational behavior of f u e l s and t h e i r ash 
a n a l y s e s . As i n a l l e m p i r i c a l methods, the r e l a t i o n s must be 
r e p e a t e d l y updated, and c o r r e c t i o n s must not be i n t e r p r e t e d as 
n e c e s s a r i l y proving uncertainty. 

Experimental Methods 

I n t e r p r e t a t i o n methods based on ash oxide analyses should always be 
understood as makeshift s o l u t i o n s to which experimental methods are 
p r e f e r r e d when they are s i m i l a r to p r a c t i c a l c o n d i t i o n s . One 
example of the l a t t e r methods should be emphasized. I t i s a micro-
method r e s u l t i n g from the cooperation between Dresden and Budapest 
( S c h n e i d e r ( 1 8 ) , B o r o s s , H o r v a t h , Voros (19^)). A r e a c t i o n pipe 
s i m i l a r to that of F i e l d (Figure 5) i s used to observe the formation 
of d e p o s i t s q u a n t i t a t i v e l y on cooled or non-cooled heating surfaces 
which are subjected to the mineral substance of coal p a r t i c l e s burnt 
c o m p l e t e l y or p a r t i a l l y i n the equipment at d e f i n e d c o n d i t i o n s 
( t e m p e r a t u r e , g r a i n s i z e and gas c o m p o s i t i o n ) . The s e l e c t e d 
r e a c t i o n time f o r these p a r t i c l e s permits the degree of burn-out to 
be v a r i e d . T h i s combustion reactor provides a method to avoid the 
g r e a t e f f o r t r e q u i r e d by l a r g e s c a l e t e s t combustion chambers. 
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27. ALTMANN Prediction of Slagging and Fouling Tendencies 401 

Figure 4. Comparison of predicted and observed performance. 
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Figure 5. F i e l d combustion tube furnace. 
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404 MINERAL MATTER AND ASH IN COAL 

I l l u m i n a t i n g r e s u l t s are p o s s i b l e even when only small q u a n t i t i e s 
(20 - 40 g per t e s t ) of substances may be a v a i l a b l e from prospect 
sampling i n the exploration of new deposits. At the same time, t h i s 
t e s t equipment o f f e r s important i n f o r m a t i o n on the mechanism of 
d e p o s i t f o r m a t i o n . Adherence of ash p a r t i c l e s to the h e a t i n g 
s u r f a c e s i s a maximum when impact occurs a f t e r a combustion path i n 
which the end of the burn-out of v o l a t i l e components produces the 
h i g h e s t t e m p e r a t u r e of c o a l g r a i n s over the s u r r o u n d i n g gas 
a t m o s p h e r e . Weser (20) improved the F i e l d tube by i n s t a l l i n g 
thermophotographic equipment f o r measurement of p a r t i c l e temperature 
p r i o r to d e p o s i t i o n . Temperature d i f f e r e n c e s between s o l i d matter 
and f l u e gas of up to 400 Κ were found using t h i s equipment. 

Use of the F i e l d tube f o r determining the performance of coals 
i s l i m i t e d by the s h o r t r e s i d e n c e time of 0.3 seconds (2.1 m) and 
the i n a b i l i t y to use p a r t i c l e s l a r g e r than 0.14 mm. This l i m i t s the 
e x t e n t of p a r t i c l e s i z e changes and the s t r u c t u r e of the mineral 
substance r e l a t i v e to p u l v e r i z e d f u e l s or coarse-crushed brown coals 
used i n u t i l i t y b o i l e r s . This d i f f e r e n c e probably has an e f f e c t on 
the formation of deposits. 

A newly introduced model cyclone f i r i n g u nit (Figure 6) permits 
a l o n g e r r e t e n t i o n time i n the c e n t r i f u g a l f i e l d so that normal 
p u l v e r i z e d f u e l s and granular materials with maximum gra i n diameter 
of 3 mm can be burnt. 

A q u a r t z t u b e w i t h d i a m e t e r o f 100 mm p e r m i t s d i r e c t 
o b s e r v a t i o n of the p r o c e s s w i t h normal c o a l . The cyclone furnace 
produces steady combustion at gas temperature of 700°C but can a l s o 
be extended to a temperature l e v e l of more than 1000°C. Combustion 
o f s a l t c o a l s i s d i f f i c u l t to observe because the a l k a l i n e s 
vaporize from the f u e l and condense on the colder quartz tube w a l l 
to form an opaque l a y e r . T h i s problem i s p a r t i a l l y overcome by 
i n s e r t i n g a probe which measures gas and w a l l temperature and allows 
the s l a g g i n g p r o c e s s to be determined as a f u n c t i o n of temperature 
by w e i g h i n g the d e p o s i t . Measurement of deposit hardness supplies 
a d d i t i o n a l information on the character of the c l i n k e r formed. The 
c y c l o n e s e p a r a t o r b e h i n d t h e r e a c t o r a l l o w s an a n a l y s i s of 
s t r u c t u r a l changes which occur i n the f i n e s t g r a i n . The t e s t 
r e s u l t s o b t a i n e d i n d i c a t e the c y c l o n e reactor can be improved by 
automation ( f o r e a s i e r operation) and by standardization to r e s u l t 
i n a piece of equipment capable of evaluating slagging tendencies. 

B o i l e r Processes 

Operation with the experimental furnaces has shown that the m a t e r i a l 
properties of c o a l or ash are only part of the c l i n k e r i n g processes. 
The geometric shape of the flame, r e a c t i o n c h a r a c t e r i s t i c s and heat 
t r a n s m i s s i o n p r o c e s s e s near the w a l l of the corresponding heating 
s u r f a c e s and on i n d i v i d u a l p a r t i c l e s are c o u p l e d w i t h m e l t i n g , 
v a p o r i z a t i o n and condensation processes of mineral substance to form 
deposits. 

The parameters shown i n F i g u r e 7 i n f l u e n c e the mechanism of 
d e p o s i t f o r m a t i o n and must be c o n s i d e r e d i n the e v a l u a t i o n of 
p r o c e s s e s expected of reducing furnace a v a i l a b i l i t y . The processes 
must be considered to be d i r e c t l y dependent on the properties of the 
f u e l . The major i n f l u e n c e s on deposits i n p u l v e r i z e d f u e l f i r i n g s 
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27. ALTMANN Prediction of Slagging and Fouling Tendencies 407 

r e s u l t from the a e r o d y n a m i c a l properties of the flame j e t s , t h e i r 
i n f l u e n c e s on one a n o t h e r and t h e i r s p a t i a l p o s i t i o n s i n the 
combustion chamber. 

Numeric c a l c u l a t i o n of three-dimensional flows i n b o i l e r s are 
s t i l l d i f f i c u l t , but n o n - i s o t h e r m a l combustion chamber models 
o p e r a t e d w i t h a t e s t f u e l of acetylene and nitrogen (Altmann (21)) 
can o f f e r q u a l i t a t i v e information on conditions leading to slagging 
and f o u l i n g . L a r g e temperature f l u c t u a t i o n s and p r o f i l e s a f f e c t 
o v e r h e a t i n g and c l i n k e r i n g ; j e t d e f l e c t i o n t o t h e w a l l i n 
com b i n a t i o n w i t h h i g h temperatures of r e a c t i n g p u l v e r i z e d f u e l 
p a r t i c l e s can i n i t i a t e d e p o s i t i o n i n the combustion chamber; intense 
t u r b u l e n c e n e a r t h e w a l l i n h i b i t s p a r t i c l e c o o l i n g below the 
c r i t i c a l adhesion temperature. 

I n f o r m a t i o n which can be d e r i v e d from experiments on the 
thermal b e h a v i o r of the a s h - m i n e r a l substance and on the a c t u a l 
mechanism of d e p o s i t s i s , d e s p i t e a l l imperfections, s u i t a b l e f o r 
d e t e r m i n i n g the a p p l i c a b i l i t y and a p p l i c a t i o n l i m i t s of f u e l s and 
s e l e c t i o n of a l t e r n a t i v e combustion systems and t h e i r design. 

Conclusion 

This paper developed new s t a t i s t i c a l methods f o r p r e d i c t i n g slagging 
and f o u l i n g of brown c o a l s . The method u s e s an e m p i r i c a l 
r e l a t i o n s h i p between modified ash compositions and observations of 
s l a g g i n g and f o u l i n g p e r f o r m a n c e i n b o i l e r s and p i l o t s c a l e 
combustors. The ash composition i s modified by c a l c u l a t i n g the ash 
c o n s t i t u e n t s on a Si02 f r e e b a s i s ; q u a r t z i s removed from the 
a n a l y s i s since i t does not p a r t i c i p a t e i n slagging or f o u l i n g . The 
v a l u e of q u a r t z used to c o r r e c t t h i s ash co m p o s i t i o n i s derived 
using a parameter which i s a function of the s u l f u r and i r o n content 
of the ash. The performance estimated using the new indices agreed 
much b e t t e r w i t h observed b o i l e r performance than that estimated 
from a v a i l a b l e i n d i c e s . However, i n d i c e s remain e m p i r i c a l and 
predicted and observed performance may disagree. 

P i l o t s c a l e combustion techniques were a l s o used to estimate 
the performance of brown c o a l s . The F i e l d tube i s l i m i t e d f o r 
e s t i m a t i n g performance of brown c o a l s and was supplemented by a 
c y c l o n e combustor. The cyclone combustor allows combustion of the 
l a r g e r p a r t i c l e s with longer residence times t y p i c a l of brown-coal-
f i r e d b o i l e r s . 
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28 
Mineral Matter Catalysis of Coal Conversion 

Thomas D. Padrick and Barry Granoff 

Sandia National Laboratories, Albuquerque, NM 87185 

Since the 1920s, a variety of studies have investigated 
the effects of mineral matter on coal conversion 
processes. This interest accelerated greatly about 10 
years ago. We have followed the development of this 
field from those investigations that screened the effects 
of various mineral types on coal conversion processes to 
those investigations that studied the detailed mechanism 
of a specific mineral on either coal gasification or coal 
liquefaction. As an outgrowth of this field of study, we 
have witnessed the development of both catalytic coal 
gasification and slurry phase catalytic coal 
liquefactions. We will review the field of mineral 
matter effects on coal processing and discuss the impact 
on the coal conversion industry. 

In general, a c a t a l y s t c o n s i s t s of a support (alumina, s i l i c a , 
s i l i c a - a l u m i n a ) , an a c t i v e c a t a l y t i c metal and, i n some cases, a 
promoter ( 1 ) . The support i s us u a l l y a high-surface-area (up to 
sev e r a l hundred square meters per gram) porous s o l i d . Gamma 
alumina, f o r example, has a surface area of 100-300 nrVg. The 
support i s not n e c e s s a r i l y i n e r t and may play a s i g n i f i c a n t r o l e 
i n chemisorption and oxid a t i o n state c o n t r o l . The a c t i v e metal, 
which may be deposited by se v e r a l techniques, i s h i g h l y dispersed 
on the support. The promoter i s an a d d i t i v e that can increase the 
a c t i v i t y of the metal and/or maintain the p h y s i c a l c h a r a c t e r i s t i c s 
of the support. 

A t y p i c a l example i s Co-Mo/AI2O3, which i s used as a 
hyd r o d e s u l f u r i z a t i o n c a t a l y s t . In t h i s case, alumina i s the 
support, Mo i s the c a t a l y t i c a l l y a c t i v e metal and Co i s the 
promoter. In a c t u a l p r a c t i c e , these c a t a l y s t s must f i r s t be 
s u l f i d e d to convert the metals to metal s u l f i d e s . I t i s believed 
that these metal s u l f i d e s are the c a t a l y t i c a l l y a c t i v e species f o r 
hy d r o d e s u l f u r i z a t i o n ( 2 ) . 

The need f o r cl e a n l i q u i d f u e l s from c o a l has l e d to the 
development of c a t a l y s t s that had o r i g i n a l l y been used f o r 

0097-6156/86/ 0301 -0410S06.00/ 0 
© 1986 American Chemical Society 
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28. PADRICK AND GRANOFF Mineral Matter Catalysis of Coal Conversion 411 

petroleum r e f i n i n g . In d i r e c t c o a l l i q u e f a c t i o n , p u l v e r i z e d c o a l 
i s mixed with a coal-derived solvent and treated with hydrogen at 
high temperatures (400-450°C) and pressures (1500-3000 p s i ) Ç3). 
At some stage i n the conversion process, hydrotreating c a t a l y s t s 
are used to improve the d i s t i l l a t e y i e l d , increase the hydrogen 
content and reduce the heteroatom (S, N, 0) content of the l i q u i d 
products. 

Since coals contain a l u m i n o s i l i c a t e s ( c l a y s ) , metal s u l f i d e s 
(e.g., p y r i t e ) and numerous metal-containing species (4), i t would 
seem reasonable to propose that a n a t u r a l l y occurring c a t a l y s t 
system e x i s t s within the inherent mineral matter In c o a l . T h i s 
concept has been explored since the 1920's and s e v e r a l studies 
have focused on the c a t a l y t i c e f f e c t s of mineral matter on c o a l 
conversion (5). In recent years, we have witnessed an increase i n 
the l e v e l of c o a l research and the development of new coal 
u t i l i z a t i o n processes. In p a r a l l e l with t h i s a c t i v i t y , there have 
been reports on the e f f e c t s of c o a l minerals on c o a l l i q u e f a c t i o n , 
c o a l g a s i f i c a t i o n , i n - s i t u c o a l g a s i f i c a t i o n , and other areas of 
c o a l u t i l i z a t i o n . ( 5 - 8 ) . The terms minerals, mineral matter, and 
ash w i l l be used synonymously. An attempt w i l l not be made to 
review the e f f e c t s of a l l classes of minerals, but w i l l only 
consider those minerals which have shown a large e f f e c t on c o a l 
conversion processes. 

Coal L i q u e f a c t i o n 

The Germans used c o a l l i q u e f a c t i o n on a commercial scale from 
1930 to the end of the second World War. They found that a 
c a t a l y s t could enhance l i q u i d y i e l d s and help remove heteroatoms. 
The Bergius process used an i r o n oxide-aluminum c a t a l y s t at a 2-3% 
by c o a l weight concentration. 

In recent years, i t has been r e a l i z e d that mineral matter 
plays an important r o l e i n c o a l l i q u e f a c t i o n (9-11), s i m i l a r to 
the r o l e of the added c a t a l y s t i n the Bergius process. Several 
experimental techniques have been used to study the e f f e c t s of 
minerals on c o a l l i q u e f a c t i o n and to i d e n t i f y the s p e c i f i c 
c a t a l y t i c phase (12). Most studies (12-14) str o n g l y imply that 
the i r o n s u l f i d e s are the most a c t i v e species, and the other 
minerals appear to have l i t t l e e f f e c t on enhancement of l i q u i d 
y i e l d or q u a l i t y . 

The s p e c i f i c r o l e of p y r i t e (FeS2) as a c a t a l y s t has been 
under i n v e s t i g a t i o n since p y r i t e was i d e n t i f i e d as the most a c t i v e 
inherent mineral f o r c o a l l i q u e f a c t i o n . Under l i q u e f a c t i o n 
c o n d i t i o n s , FeS2 i s transformed i n t o a nonstoichiometric i r o n 
s u l f i d e , Fei-xS (0 <̂  X <_ 0.125). Thomas et a l . (15) studied 
the k i n e t i c s of t h i s decomposition under c o a l l i q u e f a c t i o n 
c o n d i t i o n s , and concluded that the c a t a l y t i c a c t i v i t y of FeS2 i s 
associated with r a d i c a l i n i t i a t i o n r e s u l t i n g from the 
p y r i t e - p y r r h o t i t e transformation. 

Several studies have i n v e s t i g a t e d the p o s s i b i l i t y that defects 
i n the p y r r h o t i t e structure provide the s i t e s f o r c a t a l y s t 
a c t i v i t y . A recent study (16) found a l i n e a r c o r r e l a t i o n between 
the conversion to benzene or THF solubles and the atomic percent 
i r o n i n the l i q u e f a c t i o n residues. Montano et a l . (17) used 
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412 MINERAL MATTER AND ASH IN COAL 

i n s i t u Mossbauer spectroscopy to study transformation of FeS2 
to Fej_xS. They observed a l a r g e p y r r h o t i t e surface area at the 
r e a c t i o n temperature (above 350°C). 

Stohl and Granoff (18) i n v e s t i g a t e d the e f f e c t s of p y r i t e 
p a r t i c l e s i z e s , p y r i t e defects and surface areas on c o a l 
l i q u e f a c t i o n . They observed no e f f e c t due to surface area and 
concluded that the observed p a r t i c l e s i z e e f f e c t was due to 
d i f f u s i o n a l l i m i t a t i o n s i n the transformation of p y r i t e to 
p y r r h o t i t e . 

While many studies i n d i c a t e that p y r r h o t i t e s are probably 
involved i n the l i q u e f a c t i o n process, the exact mechanism by which 
p y r r h o t i t e c a t a l y z e s the conversion of c o a l to o i l i s not c l e a r . 
Based on the works of Thomas e t _ a l . (15) and Derbyshire et a l . , 
(13) one can suggest that a p o s s i b l e r o l e of p y r r h o t i t e i s as a 
hydrogénation c a t a l y s t . However, more work i s necessary on the 
surface p r o p e r t i e s of the p y r r h o t i t e s and the i n t e r a c t i o n with 
model compounds before a d e f i n i t e c a t a l y t i c mechanism can be 
proposed. 

P y r i t e has been shown to cata l y z e the hydrogénation of 
quinoline to tetrahydroquinoline (THQ) at 325°C and a 30 minute 
residence time (19). I t has been known that THQ i s a good 
hydrogen donor solvent f o r c o a l l i q u e f a c t i o n (13). In experiments 
with Kentucky c o a l and q u i n o l i n e , i t was found that p y r i t e was 
required to maintain a s u f f i c i e n t concentration of THQ and prevent 
r e t r o g r e s s i v e reactions (19). I t appears, therefore, that p y r i t e 
catalyzes the i n s i t u regeneration of hydrogen donors, and allows 
more e f f i c i e n t hydrogen uptake from the gas phase to the solvent 
at lower temperatures than would be p o s s i b l e i n the absence of 
p y r i t e . 

I t might be expected that c o a l s high i n p y r i t e (e.g., 
bituminous) would be more r e a c t i v e than coals that have lower 
p y r i t e contents (e.g., subbituminous and l i g n i t e s ) . Twenty coals 
of various ranks were tested by Gulf under SRC-II process 
c o n d i t i o n s : 30 wt. percent c o a l , 440-465°C, 1800-2250 p s i a H 2, 
one-hr residence time. Coals which processed well had p y r i t i c 
s u l f u r or i r o n contents greater than 1.5%, and were ge n e r a l l y 
Eastern and I n t e r i o r Province bituminous coals (20). C 5 + o i l 
y i e l d s (875°F~) ranged from 30-35% f o r coals with p y r i t i c s u l f u r 
contents of 1.0 to 1.5% to 40-45% f o r coals with p y r i t i c s u l f u r 
contents of 2.0 to 3.0%. 

For these c o a l s , a d d i t i o n of p y r i t e enhanced o i l y i e l d s v i a 
conversion of asphaltenes and preasphaltenes, but did not a f f e c t 
the o v e r a l l conversion of the c o a l to p y r i d i n e - s o l u b l e s . A d d i t i o n 
of p y r i t e to bituminous coals d e f i c i e n t i n p y r i t i c s u l f u r or i r o n 
increased o i l y i e l d s to l e v e l s comparable to coals with n a t u r a l l y 
high concentrations of p y r i t e . For A y r s h i r e c o a l (Indiana VI) 
with 1.1% p y r i t i c s u l f u r , the o i l y i e l d was 31%. A d d i t i o n of 2.7% 
p y r i t e (based on coal) increased the o i l y i e l d to 50%. 

The e f f e c t of p y r i t e removal was a l s o c l e a r l y demonstrated 
(20). For Burning Star c o a l ( I l l i n o i s No. 6), the o i l y i e l d f o r 
run-of-mine c o a l (4.8% p y r i t e ) was 47%. Conventional cleaning to 
1.5% p y r i t e r e s u l t e d i n an o i l y i e l d of 42%. Deep cleaning to 
0.5% p y r i t e followed by a d d i t i o n of 5.3% p y r i t e to the clean c o a l 
produced an o i l y i e l d of 51%, even though the operating pressure 
(1800 p s i ) was lower than i n the other runs (2250 p s i ) . 
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28. PADRICK AND GRANOFF Mineral Matter Catalysis of Coal Conversion 413 

For subbituminous c o a l s , which are g e n e r a l l y lower i n p y r i t e 
than bituminous c o a l s , i t was impossible to achieve steady-state 
runs under SRC-II processing conditions without the a d d i t i o n of 
p y r i t e or other c a t a l y s t . For B e l l e Ayr c o a l (Wyodak-Anderson, 
WY), the p y r i t i c s u l f u r content was 0.16% and the t o t a l o i l y i e l d 
was 40% at 450°C, 2250 p s i a H£ and one-hr residence time. 
A d d i t i o n of 5.2% p y r i t e r e s u l t e d i n an increase i n o i l y i e l d to 
54% and a corresponding increase i n conversion to p y r i d i n e 
solubles from 91% (without added p y r i t e ) to 96%. 

For a Texas (Big Brown) l i g n i t e , SRC-II processing was 
p o s s i b l e without c a t a l y s t a d d i t i o n and r e s u l t e d i n an o i l y i e l d of 
50% and a conversion ( p y r i d i n e s o l u b l e s ) of 95.9%. When 2.9% 
p y r i t e was added, the o i l y i e l d increased to 61% and the 
conversion increased to 98.2%. The l i q u i d q u a l i t y was e x c e l l e n t 
and the performance with p y r i t e added as a c a t a l y s t was equal to 
or better than that observed with any bituminous or subbituminous 
c o a l . 

In every case i n which p y r i t e was added to a c o a l that was 
d e f i c i e n t i n p y r i t e , the y i e l d of o i l under SRC-II conditions 
increased s u b s t a n t i a l l y . 2 0 The f a c t that p y r i t e a c t u a l l y i s a 
c a t a l y s t was confirmed when s i m i l a r r e s u l t s were obtained with 
c a t a l y s t s that contained n e i t h e r i r o n nor s u l f u r . 

Coal G a s i f i c a t i o n 

The g a s i f i c a t i o n of c o a l involves two d i s t i n c t stages: 
(1) d e v o l a t i l i z a t i o n and (2) char g a s i f i c a t i o n . D e v o l a t i l i z a t i o n 
occurs quite r a p i d l y as the c o a l i s heated above 400°C. During 
t h i s period, the c o a l s t r u c t u r e i s a l t e r e d , producing a l e s s 
r e a c t i v e s o l i d (char), t a r s , condensible l i q u i d s and l i g h t gases. 
Nominally 40% of the c o a l i s v o l a t i l i z e d during t h i s period. The 
l e s s r e a c t i v e char then g a s i f i e s at a much slower r a t e . We w i l l 
discuss the e f f e c t s of c o a l minerals on both d e v o l a t i l i z a t i o n and 
char g a s i f i c a t i o n . 

A large volume of work has been reported on r a p i d 
d e v o l a t i l i z a t i o n of c o a l (heating rates approximating process 
c o n d i t i o n s (21,22) . Recently, the e f f e c t s of c o a l minerals on the 
rapid p y r o l y s i s of a bituminous c o a l were reported by 
F r a n k l i n , et a l (23). They found that only the calcium minerals 
a f f e c t e d the p y r o l y s i s products. A d d i t i o n of CaC03 reduced the 
t a r , hydrocarbon gas and l i q u i d y i e l d s by 20-30%. The calcium 
minerals a l s o a l t e r e d the oxygen release mechanism from the c o a l . 
F r a n k l i n , et a l . a t t r i b u t e these e f f e c t s to CaC03 reduction to 
CaO, which acts as a s o l i d base c a t a l y s t f o r a keto-enol 
is o m e r i z a t i o n r e a c t i o n that produces the observed CO and H2O. 

Walker and co-workers at the Pennsylvania State U n i v e r s i t y 
have i n v e s t i g a t e d the r e a c t i v i t y of a v a r i e t y of coals during 
g a s i f i c a t o n i n a i r , CO2, H2 and steam (24-27). Hippo and 
Walker (25) found a l i n e a r c o r r e l a t i o n between r e a c t i v i t y and CaO 
content i n the ash. They a l s o observed an increase i n r e a c t i v i t y 
with MgO, up to about 1%. They found no c o r r e l a t i o n between 
r e a c t i v i t y and i r o n content or t o t a l Κ or Na content. In t h e i r 
studies on hydrogen and steam g a s i f i c a t i o n , the Penn State group 
used coals demineralized by a c i d washing to study mineral matter 
e f f e c t s . While changes were observed i n these st u d i e s , i t was 
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414 MINERAL MATTER AND ASH IN COAL 

d i f f i c u l t to a t t r i b u t e these changes to c a t a l y t i c e f f e c t s or 
p h y s i c a l e f f e c t s . 

Mahajan et a l . (28) observed that the presence of p y r i t e i n 
co a l had a b e n e f i c i a l c a t a l y t i c e f f e c t on hydrogénation at 570°C. 
They suggested that the c a t a l y t i c a c t i v i t y was due to p y r r h o t i t e 
formation. Huttinger and Krauss (29) reached a s i m i l a r conclusion 
concerning the c a t a l y t i c a c t i v i t y of p y r i t e , and showed that above 
850°C, i r o n enhanced the methane formation i f the H2 pressure 
was s u f f i c i e n t l y high. 

Padrick et a l . (30) observed enhancement of the 
h y d r o g a s i f i c a t i o n rate of a Pit t s b u r g h Seam co a l at 1000°C when 
various i r o n - c o n t a i n i n g minerals were mixed with the c o a l . They 
in v e s t i g a t e d the chemical e f f e c t of the minerals by measuring 
H2/D2 exchange r a t e s , and a l s o determined the p h y s i c a l e f f e c t 
of the mineral a d d i t i o n on the r e s u l t a n t surface areas and pore 
volumes of the chars. While the c o r r e l a t i o n of 1000°C 
h y d r o g a s i f i c a t i o n rates with measured parameters was somewhat 
bette r i n c l u d i n g the chemical e f f e c t s of the minerals, i t was 
concluded that the g a s i f i c a t i o n rates f o r the various sources of 
reduced Iron were p r i m a r i l y due to the p h y s i c a l i n t e r a c t i o n of the 
minerals with the c o a l . 
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29 
Iron Sulfide Catalysis in Coal Liquefaction 

P. A . Montano, Y. C. Lee, A . Yeye-Odu, and C. H . Chien 

Department of Physics, West Virginia University, Morgantown, WV 26506-6023 

A diverse number of techniques has been employed to 
characterize the iron sulfides under coal liquefaction 
conditions. It is observed that the stoichiometry of 
the iron sulfides is determined by the H2S partial 
pressure and that greater activity is observed when the 
surface is rich in vacancies. All the iron sulfides 
show great affinity toward oxygen-containing compounds. 
This activity was demonstrated both with low rank coals 
as well as model compounds. It is proposed that 
pyrrhotites can act as catalysts for the cleavage of 
oxygen bonds in coal. 

The d i r e c t l i q u e f a c t i o n of c o a l i s a process that i n v o l v e s the 
i n t e r a c t i o n between c o a l , hydrogen, s o l v e n t , and c a t a l y s t s . 
M i n e r a l matter has been known to enhance the conversion of c o a l to 
l i q u i d products (1,2,3). A d d i t i o n of p y r i t e , p y r r h o t i t e , and 
l i q u e f a c t i o n residues W to c o a l has been shown to a f f e c t the c o a l 
conversion y i e l d s and the v i s c o s i t y of the products ( 5 ) . Of a l l 
the minerals present i n c o a l , p y r i t e (and marcasite) are the most 
important f o r c o a l u t i l i z a t i o n , e s p e c i a l l y i n d i r e c t c o a l l i q u e f a c ­
t i o n (1,5). However, one has to remember that under c o a l l i q u e f a c ­
t i o n c o n d i t i o n s p y r i t e r a p i d l y transforms to a nonstoichiometric 
i r o n s u l f i d e Fe 1 - xS(0<x£0.125). I t i s noted that the s u l f u r formed 
as a r e s u l t of the decomposition of p y r i t e i s able to e x t r a c t 
hydrogen from poor donor s o l v e n t s . The s t o i c h i o m e t r y of the 
p y r r h o t i t e formed from F eS 2 depends s t r o n g l y on the p a r t i a l pres­
sure of H 2S. 

A c o r r e l a t i o n between the conversion of c o a l to benzene s o l u ­
b l e , and the s t o i c h i o m e t r y of the i r o n s u l f i d e s was observed by 
Montano and Granoff (7.). Higher conversion i s accomplished by a 
more i r o n - d e f i c i e n t p y r r h o t i t e ( 7 ) . Stephens et a l (8) studied the 
e f f e c t of a d d i t i v e s to an IL#6 conversion to l i q u i d products. 
Their work s t r o n g l y suggests that Fe, xS and H 2S play a c a t a l y t i c 
r o l e i n the conversion of c o a l to o i l s . These r e s u l t s are i n good 
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agreement with the ones obtained from j j i s i t u Mossbauer measure­
ments (6,9,10), where there was c l e a r evidence of i n t e r a c t i o n 
between the iro n s u l f i d e s and some coal components. Many questions 
remain unanswered concerning the c a t a l y t i c r o l e s of H 2S and F e ^ x S . 
Lambert (1J_) suggested that the c a t a l y t i c a c t i v i t y observed f o r " 
p y r i t e i s s o l e l y due to H 2S acting as a hydrogen-transfer c a t a l y s t . 
In a recent study by Anderson and Bockrath (_12) on d i r e c t coal 
l i q u e f a c t i o n , more conversion was obtained when the r a t i o of s u l f u r 
added to an iro n s o l u t i o n (the c a t a l y s t ) was equal to the one 
needed to obtain p y r r h o t i t e ( F e ^ S). A very recent work by Ogawa, 
Stenberg, and Montano (^3.) r e p o r t i n g the hydrogénation of diphenyl-
methane in the presence of p y r r h o t i t e c l e a r l y shows that maximum 
a c t i v i t y i s obtained when the p a r t i a l pressure of HpS i s enough to 
maintain an i r o n d e f i c i e n t surface. Too high a p a r t i a l pressure of 
H 2S in the reactor moves the composition of the surface towards 
F e S 2 and the conversion of diphenylmethane i s reduced. Too low a 
p a r t i a l pressure of H 2S leads to the formation of t r o i l i t e (FeS) 
and lower conversion. These r e s u l t s i n d i c a t e that optimum condi­
t i o n s are obtained when the surface of the s u l f i d e i s r i c h i n metal 
vacancies, where d i s s o c i a t i o n of H 2S can take place forming h i g h l y 
r e a c t i v e species ( V 3 ) . I t i s obvious that the understanding of the 
c a t a l y t i c r o l e of the iro n s u l f i d e s l i e s i n the i n v e s t i g a t i o n of 
t h e i r surface p r o p e r t i e s . In the present paper we report such a 
study, where surface techniques were used to observe the r e a c t i o n 
of gases found under l i q u e f a c t i o n conditions with the s u l f i d e 
surfaces. A s p e c i a l reactor was developed to study the surface 
composition of the iro n s u l f i d e s a f t e r r e a c t i o n with oxygen-con­
t a i n i n g compounds using Conversion E l e c t r o n Mbssbauer Spectroscopy 
(CEMS). Extended X-ray Absorption Fine Structure (EXAFS) and X-ray 
Absorption Near Edge Structure (XANES) were used for determining 
the environment of iron species in the residues obtained from the 
study of the i n t e r a c t i o n of iron s u l f i d e s (FeS 2» F e y S g ) with model 
compounds ( 1_4). The i n s i t u r eactions of iron with low rank coals 
are also presented. The r e s u l t s are compared with recent work on 
the hydrogénation of diphenylether i n the presence of p y r r h o t i t e 
(15). 

Experimental 

Auger and e l e c t r o n energy l o s s spectroscopy measurements were per­
formed using a UHV system with a base pressure of 10~ t o r r . The 
system was attached to a reactor c e l l where the samples were ex­
posed to high temperatures and gases. The reactions of F e S 2 > 

Fe„Sg, and FeS with CO, H 2, 0 2, NH CH^, C ^ , and Qhigher hydrocar­
bons were studied between room temperature and 450 C. 

The CEMS measurements were c a r r i e d gut in a s p e c i a l l y designed 
r e a c t o r . In t h i s reactor the samples of Fe f o i l were studied and 
treated with H /HpS to obtain the iro n s u l f i d e s . The detector 
employed for the detection of the electrons was a He/10% CH^ flow 
counter connected i n l i n e with the r e a c t o r . The reactions of pure 
iron and iron s u l f i d e with naphthoquinone were studied with t h i s 
c e l l . The i n s i t u MBssbauer measurements were performed using the 
system described in References 6 and 14. The coals used were a 
North Dakota l i g n i t e and an A u s t r a l i a n V i c t o r i a n Morwell Brown Coal 
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418 MINERAL MATTER AND ASH IN COAL 

(16). The coals were studied at high pressure, 1500 p s i of Hp, and 
i n the presence of t e t r a l i n as a solvent (two r a t i o s were s t u d i e d — 
2,11 and 1:1, solvent to c o a l ) . The source used was a 150 mCi 

Co:Rh; a l l the isomer s h i f t s reported are given in reference to 
a-Fe. The EXAFS and XANES measurements of the residues of the 
reactions of FeS2 and Fe^Sg with model compounds were made at the 
C o r n e l l High Energy Synchrotron Source. 

Experimental Results 

Auger and E l e c t r o n Energy Loss Measurements on FeS^, Fe^S^, FeS. 
Natural c r y s t a l s of FeS^ ( p y r i t e ) and Fe„Sg (monocïinic p y r r h o t i t e ) 
were used for the measurements. The (100) face of p y r i t e and the 
(0001) face of p y r r h o t i t e were studied i n the r e a c t o r , and a p o l y -
c r y s t a l l i n e sample of FeS. A l l the samples show a c h a r a c t e r i s t i c 
Mp ^ VV Auger doublet with a separation of 5.0 eV (Figure 1). Two 
a d d i t i o n a l peaks (3 and 4 in Figure 1) are also observed for FeS. 
Peak 1 may correspond to t r a n s i t i o n s i n v o l v i n g the s -3p (2σ ) 
valence band while peak 2 may correspond to t r a n s i t i o n s i n v o l v i n g 
the d-band. A t y p i c a l set of E l e c t r o n Loss spectra for FeS^ i s 

shown i n Figure 2. Peak a i s assigned to interband t r a n s i t i o n s 
from the Fe -3d band to an empty state above the Fermi l e v e l . Peaks 
b and £ may be assigned to t r a n s i t i o n s for one s - 3 p - l i k e valence 
band (peak b to Ug + Zo and c to 2σ , 1π " Μ σ t r a n s i t i o n s . ) 
Peaks d̂  and e are a t t r i b u t e d to c o l l e c t i v e o s c i l l a t i o n s of the 
conduction or valence e l e c t r o n s . Peaks f and £ are assigned to 
surface and volume plasmons r e s p e c t i v e l y . Peaks j and k are t r a n ­
s i t i o n s i n v o l v i n g the Fe -3p electrons (Mp ~ l e v e l ) . Peak I i s due 
to t r a n s i t i o n from the M1 l e v e l . The EEL*spectra for the other 
s u l f i d e s are s i m i l a r but the p o s i t i o n and i n t e n s i t i e s of the peaks 
vary (17.). In our measurements we observed EEL peaks with strong 
i r o n or s u l f u r character. Damaged iron s u l f u r surfaces show e v i ­
dence of reconstruction through migration of s u l f u r a f t e r heating 
to 450 C. For undamaged s u l f i d e s , heating r e s u l t s in changes in 
the chemical composition of the surface; migration of s u l f u r also 
occurs. There i s c l e a r evidence of the presence of elemental 
s u l f u r on the p y r i t e and p y r r h o t i t e surface but not on t r o i l i t e 
(FeS). Since the maximum temperature attained was 450 C we do not 
expect that reduction of the FeS surface w i l l take p l a c e . Essen­
t i a l l y , i f the p a r t i a l pressure of H 2S i s low in the r e a c t o r , the 
formation of FeS w i l l occur by removal of s u l f u r from the F e ^ S 
surface. Once t h i s state i s reached no fur t h e r l o s s of s u l f u r 
occurs and a f a i r l y s table surface i s obtained. 

The i n t e r a c t i o n of the p y r r h o t i t e with simple gases i s more Q 

complex; damaged surfaces of FeS p and Fe 7S f t react with CO at 450 C. 
We understand t h i s phenomenon to be a r e s u i t of the i n t e r a c t i o n of 
CO with Fe on the s u l f i d e surface. This i n t e r a c t i o n i s not de­
tected with undamaged surfaces (pure s i n g l e c r y s t a l s ) and with FeS. 
The formation of oxides on the surface i s e a s i l y detected for FeS 2> 
and Fe«Sg a f t e r r e a c t i o n with CO. I t has been observed that CO 
undergoes a d i s p r o p o r t i o n a t i o n rea c t i o n on Fe, 2C0 + C + C0p, with 
the formation of surface oxide due to the d i s s o c i a t i o n of CO (18.). 
The surface oxide i s r a p i d l y removed by H . The surfaces of the 
s u l f i d e s do not show any evidence in the Auger and EEL spectra of 
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420 MINERAL MATTER AND ASH IN COAL 

reactions with NH3, CHn, and C 2H 4. However, they interact strongly 
with molecular oxygen forming a surface oxide. Figure 3 shows the 
surface oxide formed on pyrite after interaction with oxygen; for 
comparison purposes the EEL spectrum for a-Fe^O^ is also shown. 
The present measurements indicate a high reactivity of the sulfide 
surfaces toward oxygen-containing compounds and very l i t t l e toward 
light hydrocarbons and ammonia. 

CEMS Measurements of the Surface Interaction of^Naphthoquinone with 
Iron and Iron Sulfide Surfaces. A high purity Fe f o i l was used 
for these measurements; such a f o i l was necessary in order to 
record rapidly a Mossbauer spectrum (less than one-half hour). The 
sample was placed in the holder inside the reactor and H 2 was flown 
for 2 hours at 350 C to reduce the surface and clean off any 
residual contamination. Figure 4a shows the Mossbauer spectrum at 
room temperature inside the reactor after cleaning. We studied the 
hydrogénation of naphthoquinone by introducing about 20 mg of the 
compound and flowing hydrogen at about 0.5 cc/sec. The temperature 
of the reaction was 305 C and 405°C and the time of reaction was 
about one-half hour. After reaction the CEM spectrum was taken 
inside the reactor. No evidence of the formation of any known 
oxide was detected (Figure 4b). The same experiment was repeated 
using a sulfided gample (produced from the Fe f o i l by flowing 
H^/H^sO.I at 350 C). The spectrum for such a sample is shown in 
Figure 5a before reaction. After reaction with naphthoquinone we 
see clear evidence of the formation of Fe 0^ on the surface (Figure 
5b). Magnetite is formed at the expense of the iron sulfide. This 
observation is in very good agreement with our earlier iji situ 
Mossbauer work ( 1_4), where a less surface-sensitive technique was 
used for the measurements. We interpret these results as evidence 
of a greater reactivity of the iron sulfide surfaces toward oxygen-
containing organic molecules than the pure metal. It is noted that 
magnetite can be easily removed by further flow of H2/H2S. The 
magnetite layer is formed in the f i r s t few surface layers of the 
iron sulfide (see Figure 5). This is suggestive of a possible 
catalytic role of the iron sulfides in the cleavage of oxygen 
bonds. 

Interaction of Iron Sulfides with Low Rank Coal. In situ measure­
ments were performed on low rank coals, one North Dakota lignite 
and one Australian Victorian Morwell coal. These two coals are 
characterized by their high oxygen content (as high as 24% for the 
Australian coal). Since the Australian coal i s very low in mineral 
matter, a small amount of FeCl 2 was added ( 1_6). In this case the 
amount of sulfur present is small and the partial pressure of 
oxygen is vegv^ high during reaction. Two charge states of iron are 
observed, Fe and Fe . Cassidy and co-workers explain the cata­
l y t i c activity of iron in this coal as related to a redox 
mechanism. Figure 6 shows the Mossbauer spectra after reaction at 
300 C and at 440 C. The spectra were taken inside the reactor and 
never exposed to a i r . The in situ Mossbauer measurements at 300 C 
show a similar spectrum to that shown in Figure 6a. At 440 C the 
spectrum is characteristic of FeJD^. A similar result is obtained 
for the North Dakota li g n i t e . Both coals are characterized for the 
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Figure 3. EEL spectra of F e S 2 a f t e r reaction with oxygen (a) 
and of a-Fe 20^ (b). 

6 0 -

% 

-5 
5 7 c Figure M. CEM spectra of Fe f o i l (a) and a f t e r reaction 

with napthoquinone (b). X-axis i s in mm/sec. 
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s s s s s 

I I JL I . 

=5 0 5 
57 

Figure 5. CEM spectra of (a) s u l f i d e d Fe f o i l , s: i n d i c a t e s 
the s u l f i d e surface; (b) Af t e r r e a c t i o n with naphthoquinone m: 
magnetic, bottom spectrum i s the surface l a y e r s a f t e r r e a c t i o n . 
X-axis i s mm/sec. 

100.0 , 

cn cn 
t=i 97.0 E-

< 
F 96.0 
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Fe1 2 + 330 C 
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Figure 6. Mossbauer spectra a f t e r reaction ( A u s t r a l i a n 
V i c t o r i a n Morwell coal) Top at 330°C, bottom at 4U0°C. In the 
bottom spectrum Fe^O^ and small parotides of iron oxides are 
i d e n t i f i e d ; in the top spectrum Fe + and Fe are c l e a r l y 
observed. 
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29. MONTANO ET AL. Iron Sulfide Catalysis in Coal Liquefaction 423 

low s u l f u r content, however the residues of the North Dakota l i g ­
n i t e show the presence of F e 1 - x S , Increasing the p a r t i a l pressure 
of H 2S w i l l improve the conversion to l i q u i d s , however we must 
remember that the surface of the ir o n s u l f i d e s w i l l be e a s i l y 
oxidized during r e a c t i o n i n an environment r i c h i n oxygen-con­
t a i n i n g compounds. This process of surface oxidation should be 
present also i n bituminous coals although the detection of the 
surface species i s more d i f f i c u l t in t h i s case. 

In a recent experiment we have demonstrated the c a t a l y t i c 
a c t i v i t y of p y r r h o t i t e in the hydrogénation of diphenylether . 
Diphenylether i s converted mainly to benzene and phenol (see Figure 
7). At low p a r t i a l pressure of H 2S, magnetite was detected; for 
high p a r t i a l pressure, F e S 2 bands are v i s i b l e and the amount of 
magnetite i s s t r o n g l y reduced. The conversion increases with H 2S 
p a r t i a l pressure. We a t t r i b u t e t h i s to the formation of a more 
iron d e f i c i e n t s urface. These r e s u l t s also are in good agreement 
with our e a r l i e r studies in l i g n i t e s and naphthoquinone and 
strongly point to the importance of iron s u l f i d e s in the cleavage 
of oxygen bonds in c o a l . 

EXAFS and XANES Measurements. X-ray absorption measurements were 
performed on the residues of the r e a c t i o n of F e S 2 and Fe„Sg with 
pyrene in the presence of hydrogen (14). Iron s u l f i d e in zhe 
amount of 10% (200 US mesh) by weight was added and mixed witjj 1 g 
of the model compound. The reactions were c a r r i e d out at 440 C and 
the i n i t i a l hydrogen pressure was 250 p s i ; the r e a c t i o n time was 1 
hour. The residues were measured at room temperature. Figure 8 
shows the XANES (X-ray Absorption Near Edge Structure) spectra for 
the residues of the reactions of pyrene with Fe~Sg and FeS 2. 
Although the f i n a l product during both reactions i s a nonstoichio-
metric iron s u l f i d e (Fe. x S ) , the spectra are remarkably d i f f e r e n t . 
Part of the d i f f e r e n c e in the XANES spectra i s a t t r i b u t e d to the 
presence of FeS ( t r o i l i t e ) i n the residues of the r e a c t i o n with 
FeySg. The reason for the presence of FeS i s r e l a t e d to the very 
low p a r t i a l pressure of H 2S in the reactor during hydrogénation of 
pyrene. In the case of p y r i t e there i s a high p a r t i a l pressure of 
H 2S i n the reactor r e s u l t i n g from the decomposition of 
FeSp->- F e i _ x S + HpS. We know that when the H 2S p a r t i a l pressure i s 
high, a nonstoicniometric p y r r h o t i t e i s always obtained during the 
r e a c t i o n s . 

The EXAFS (Extended X-ray Absorption Fine Structure) spectra 
of the residues were analyzed and the Fourier transforms for pure 
F e S 2 and Fe Sg are shown i n Figure 9. The Fourier transforms of 
the EXAFS spectra a f t e r r e a c t i o n are shown i n Figure 10. The f i r s t 
prominent peak i n a l l the spectra i s due to Fe-S distances (2.26 A 
for F e S 2 and 2.44 X for F e „ S g ) . The second peak i s due to the i r o n 
next-nearest neighbor—one for p y r i t e , but more complicated for 
Fe„Sg since there are many iron distances present. For the r e s i ­
dues of the reactions with F e S 2 present, the Fourier transform i s 
dominated by the Fe-S distance; Fe-Fe distances are d i f f i c u l t to 
i d e n t i f y . This i s a t t r i b u t e d to the f a c t that the i r o n atoms and 
vacancies in the Fe- xS s t r u c t u r e (atomic % iron = 47.8) are 
extremely disordered: and randomly d i s t r i b u t e d , i n marked contrast 
to the residues of the r e a c t i o n in the presence of Fe^Sg. In the 
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80.0 
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H2S PARTIAL PRESSURE (%) 
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Figure 7. Conversion of diphenylether to benzene and phenol 
for 36% Fe S 0 

From Refere 
s„Sg loading (top) and 10% Fe^Sg loading (bottom), 
rence 16. 
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U Ξ" 

Κ 

F e S 2 + + pyrene 

7 0 3 0 7 1 0 0 7 1 2 0 7 1 4 0 7 1 6 0 7 1 8 0 7 2 0 0 7 2 2 0 7 2 4 0 

E ( E U * 

Fe 7Sg + H 2 + pyrene 

E ( E U ) 

Figure 8. XANES spectra of the residues of the reactions of 
pyrene with (a) FeS 2 and (b) Fe^Sg. 
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Figure 10. Fourier transforms of Χ · k J. Top: a f t e r FeS 
re a c t i o n at 440°C with pyrene; bottom: a f t e r Fe Sg reaction 
440°C with pyrene. 
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428 MINERAL MATTER AND ASH IN COAL 

later case a rather rich spectrum of well-defined distances and 
strong peaks for Fe-Fe can be observed in Figure 10. The present 
results suggest that although Mossbauer spectroscopy and x-ray 
diffraction can give a good estimate of the average stoichiometry, 
the local environment of the iron can be quite different. These 
results indicate that a more microscopic approach should be em­
ployed in f u l l y characterizing the sulfide surfaces, employing as 
many techniques as possible to really gain a deeper understanding 
of the active catalyst sites on the iron sulfide surfaces. The 
overwhelming evidence s t i l l points toward the metal vacancies as 
the major center for dissociation of H2S, but the metal sites also 
can play a significant role in the catalytic activity of the iron 
sulfides. 

Conclusions 

We have observed that the behavior of iron sulfide surfaces depends 
strongly on the stoichiometry. Iron deficient surfaces show a 
higher reactivity than the t r o i l i t e surface. At high temperatures 
(450°C) there is elemental sulfur present on the iron sulfide 
surfaces. The metal vacancies can serve as centers for the disso­
ciation of HpS thus f a c i l i t a t i n g the transfer of hydrogen to 
organic entities. The pyrrhotite surface shows a great reactivity 
toward oxygen-containing compounds. The surface oxide formed on 
the pyrrhotite surface is reduced when H 2 and H2S are present in 
the reactor. The interaction between the pyrrhotite surfaces and 
light hydrocarbons is minimal. The local environment of the iron 
in the pyrrhotite residues is quite variable and depends strongly 
on the reaction conditions. 
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30 
Influence of Mineral Matter on the Rate of Coal Char 
Combustion 

John H. Pohl 

Energy and Environmental Research Corporation, Irvine, CA 92718 

Large uncertainties exist in the apparent and intrinsic 
rate of char combustion. Estimates of the rate of char 
combustion within the range of uncertainties can result 
in over designed or under designed boilers. A review (2) 
has shown that one of the major uncertainties in the rate 
of char combustion is the catalytic influence of mineral 
matter. This paper reviews the available information on 
the catalytic effects of mineral matter and concludes 
that many coals contain sufficient sodium and calcium to 
increase the rate of char combustion by a factor of 100 
at low temperatures. However, insufficient information 
is available to assess the influences of catalysis by 
mineral matter at combustion temperatures. 

The r a t e of c o a l combustion can, i n some instances, influence the 
d e s i g n o f b o i l e r s . The i n t r i n s i c r a t e of char combustion i s , 
however, poorly known. Figure 1 shows that estimated i n t r i n s i c rate 
of char combustion can v a r y by a f a c t o r of 10^ (1 ). The l a r g e s t 
u n c e r t a i n t i e s are (2): 

Factor of 
Property Uncertainty 

Surface Area 100 
Ef f e c t i v e n e s s Factor 50 
C a t a l y s i s 100 
C r y s t a l Structure 30 

Other u n c e r t a i n t i e s account f o r le s s than a f a c t o r of four i n 
the estimated i n t r i n s i c rate of coal char combustion. 

Changes i n the apparent rate of char combustion by a f a c t o r of 
10 can i n f l u e n c e the predicted performance of b o i l e r s . An example 
of these changes f o r a 660 MWe b o i l e r i s shown i n Table I. These 
f i g u r e s were c a l c u l a t e d u s i n g a w e l l t e s t e d model of b o i l e r 
performance ( 3 ) . Increasing the accepted apparent rate constant by 
a f a c t o r o f 10 p r e d i c t s s l i g h t l y i m p r o v e d performance, but 
d e c r e a s i n g the a c c e p t e d r a t e c o n s t a n t by a f a c t o r 10 p r e d i c t s 
severely degraded and unacceptable b o i l e r performance. 

T h i s p a p e r a s s e s s e s one o f t h e m a j o r u n c e r t a i n t i e s i n 
e s t i m a t i n g i n t r i n s i c rate constants, the infl u e n c e of c a t a l y s i s of 
the combustion rate of coal char. 

0097-6156/ 86/0301 -0430S06.00/ 0 
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with permission from reference 1. Copyrigh 
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MINERAL MATTER AND ASH IN COAL 
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30. POHL Mineral Matter influence on Char Combustion Rate 433 

Mineral Matter 

M i n e r a l matter c o n t a i n e d i n the c o a l could i n f l u e n c e the rate of 
c h a r c o m b u s t i o n by b l o c k i n g p a r t of t h e c o a l s u r f a c e or by 
c a t a l y t i c a l l y i n c r e a s i n g the r a t e of combustion. Figure 2 shows 
that the measured rate of combustion of p u r i f i e d nonporous graphites 
i s u n c e r t a i n by l e s s than a f a c t o r of t h r e e . T h i s i s a s m a l l 
d i f f e r e n c e compared to the spread i n the o v e r a l l r a t e d a t a and 
s u ggests t h a t some of the s c a t t e r i n the measured rates of c o a l 
combustion i s caused by the mineral matter i n the c o a l . 

B l o c k i n g of the s u r f a c e a r e a of c o a l by ash i s u n l i k e l y to 
s i g n i f i c a n t l y change the rate of char r e a c t i o n . C a l c u l a t i o n s f o r a 
c o a l w i t h 25 p e r c e n t ash i n d i c a t e t h a t , except at high l e v e l s of 
burnout, much l e s s than one percent of the surface area of char w i l l 
be blocked with ash p a r t i c l e s . 

Experiments have shown that small amounts of c e r t a i n metals can 
a c c e l e r a t e the r a t e of char combustion (4-9). A number of anions 
and c a t i o n s have been shown to a c c e l e r a t e the combustion of carbons 
at c o n c e n t r a t i o n s of 10 to 1000 ppm. Table II shows the r e l a t i v e 
i n f l u e n c e on the combustion rate of various s a l t s added as s o l u t i o n s 
t o p u r i f i e d g r a p h i t e . R e l a t i v e l y s m a l l amounts of m e t a l s can 
a c c e l e r a t e the r a t e of combustion by many orders of magnitude. To 
e f f e c t i v e l y c a t a l y z e the combustion rate of c o a l , the metal which 
a c c e l e r a t e s the r a t e must be d i s t r i b u t e d on nearly the molecular 
l e v e l , and be present i n s u f f i c i e n t concentration to accelerate the 
r a t e . The range of r e l a t i v e a c c e l e r a t i o n of the combustion rate by 
d i f f e r e n t m e t a l s i s shown i n F i g u r e 3. These estimates are made 

TABLE I I . Influence of Metals on the Rate of 
Graphite Combustion 

Metal ppm R e l a t i v e 
R e a c t i v i t y 

Be 120 1 
Β 80 1 
A l 70 3 
Ca 120 4 
Mg 120 6 
Sr 120 8 
Ni 150 32 
Cd 120 90 
Ba 120 100 
Na 120 230 
Au 120 240 
V 120 340 
Cu 120 500 
Ag 120 1,340 
Cs 120 64,000 
Mn 80 86,000 
Pb 130 470,000 

Source : Reproduced with permission from 
reference 9. Copyright 1966 Pergamon Press. 
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Figure 2. Combustion rates of highly p u r i f i e d graphite. 
Reproduced with permission from reference 4. Copyright 1972 
Butterworth. 
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Figure 3. Estimate of the p o t e n t i a l c a t a l y t i c a c c e l e r a t i o n of 
coal combustion. 
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30. POHL Mineral Matter Influence on Char Combustion Rate 435 

assuming the range of organic attachment of metals found by M i l l e r 
and G i v e n (10), the range of metals found i n U.S. coals by Hardesty 
and P o h l (_11_) , and t h e a c c e l e r a t i o n o f t h e combustion r a t e 
determined by M a r i g l i o and Duval ( 9 ) . These may be over estimates 
as the i n f l u e n c e of c a t a l y s i s w i l l decrease at higher loadings, the 
f r a c t i o n of me t a l s o r g a n i c a l l y attached i n high rank coals w i l l be 
lower than found by M i l l e r and G i v e n , and the r e l a t i v e c a t a l y t i c 
r e a c t i v i t y w i l l be reduced at combustion temperatures. 

The i n f l u e n c e of r e l a t i v e l y minor l e v e l s of sodium on the 
combustion r a t e of g r a p h i t e i s shown i n Figure 4. A d d i t i o n of 
sodium to a concentration of 15 ppm accelerates the r e a c t i o n by one 
to two o r d e r s of magnitude; higher l e v e l s of sodium accelerate the 
re a c t i o n at a decreased r a t e . 

The i n f l u e n c e of c a t a l y s i s w i l l be l e s s pronounced at the 
h i g h e r temperatures of combustion where n o n c a t a l y t i c combustion 
proceeds much f a s t e r . No data e x i s t s at these higher temperatures. 
The a v a i l a b l e d a t a i n d i c a t e s t h a t c o m b u s t i o n o f c a r b o n i s 
a c c e l e r a t e d by up to two o r d e r s of magnitude by l e v e l s of sodium 
n o r m a l l y p r e s e n t i n coals at temperatures only s l i g h t l y lower than 
combustion temperatures. 

Summary 

M i n e r a l s present i n coal can acce l e r a t e the rate of char combustion 
by as much as a f a c t o r of 100. M o l e c u l a r l y a t t a c h e d sodium and 
c a l c i u m compounds are l i k e l y to increase the char combustion rate 
s u b s t a n t i a l l y at low tem p e r a t u r e s . However, i n f o r m a t i o n i s not 
a v a i l a b l e and work should be undertaken to assess the a c c e l e r a t i o n 
of char combustion by minerals at the temperatures of combustion. 

0 5.0 10.0 15.0 20.0 
Sodium Concentration (ppm) 

Figure 4. C a t a l y s i s of graphite combustion by sodium. 
Reproduced with permission from reference 9. Copyright 1966 
Pergamon Press. 
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31 
Behavior of Mineral Matter during Coal Beneficiation 

Harold L. Lovell 

Department of Mineral Engineering, The Pennsylvania State University, University Park, 
PA 16802 

Coal beneficiation involves a series of steps 
to separate the mineral matter from the combustible 
portion of the coal. Current coal characterization 
for beneficiation is usually limited to measurements 
of the particle specific gravity distribution 
(washability). It is further assumed that the 
properties of the coal feed stream and related 
mineral matter remain constant during the separation 
or cleaning process, but the compositions of the 
streams do change. These changes are important in 
understanding the lack of expected separations. The 
effects of specific mineral constituents on 
different unit operations are described. Better 
measurement and analytical systems will permit 
improved control of the processes and better 
separations. 

Each c o a l b e n e f i c i a t i o n u n i t operation responds to the 
p h y s i c a l and chemical properties of i t s feed. The response of the 
b e n e f i c i a t i o n steps to the " c o l l a g e " of the i n d i v i d u a l p a r t i c l e s 
depends s p e c i f i c a l l y on the frequency d i s t r i b u t i o n of the component 
p a r t i c l e p r o p e r t i e s . The p a r t i c l e responses are not t o t a l l y inde­
pendent of p a r t i c l e property-process parameter i n t e r a c t i o n s , but 
are als o s i g n i f i c a n t l y c o n t r o l l e d by the o v e r a l l d i s t r i b u t i o n of 
p a r t i c l e p r o p e r t i e s . D i l i g e n c e i s app r o p r i a t e l y applied to 
e s t a b l i s h the "c o l l a g e " d i s t r i b u t i o n by c e r t a i n p a r t i c l e properties 
of the plant feed. This d i s t r i b u t i o n provides the design bases f o r 
each u n i t operation i n the flow sheet - i n c l u d i n g i t s capacity, 
flow r a t e , and uni t loading - thus u l t i m a t e l y d e f i n i n g the separa-
t i o n a l performance, e f f i c i e n c y , and un i t costs. Each u n i t 
operation should be s i z e d and operated such that i t s optimum per­
formance i s w e l l w i t h i n the s e n s i t i v i t y range of i t s feed property 
d i s t r i b u t i o n . The concern that the feed d i s t r i b u t i o n s may, at 
times, exceed the s e n s i t i v i t y range f o r some uni t operation wi t h i n 

0097-6156/ 86/0301 -0438S06.00/0 
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31. LOVELL Mineral Matter Behavior during Coal Beneficiation 439 

the system, i s normally r e l a t e d to i n s i t u c o a l v a r i a b i l i t y , which 
can be extreme* The concern may extend to c o a l feeds from 
d i f f e r e n t seams and/or paleogeological o r i g i n s , mining systems, or 
handling-storage systems. Unfortunately, seldom are the concerns 
extensive and r a r e l y are the feed c h a r a c t e r i z a t i o n s d e t a i l e d to 
each downstream operation. 

The plant feed c h a r a c t e r i z a t i o n u s u a l l y i s l i m i t e d to p a r t i c l e 
s i z e d i s t r i b u t i o n and, i f d e t a i l e d , w i l l include a p a r t i c l e g r a v i t y 
d i s t r i b u t i o n (washability) f o r s e v e r a l s i z e groupings greater than 
28 or 16 mesh. There i s no generally accepted range for e i t h e r the 
s i z e or density groupings. The c h a r a c t e r i z a t i o n of the i n d i v i d u a l 
p a r t i c l e f r a c t i o n s are u s u a l l y l i m i t e d to moisture, with 
temperature ash, and t o t a l s u l f u r content. In some unusual 
instances, the low temperature ash and s u l f i d e s u l f u r content may 
be determined. Pragmatism, procedures, and economics prevent the 
d i r e c t determination of minerals whose concentrations w i l l be 
modified i n the process. These l e v e l s are expressed i n terms of 
ash content. If there i s any c h a r a c t e r i z a t i o n of the i n d i v i d u a l 
macérais or minerals, they are evaluated on the basis of the 
"total-composite" feed sample. Should f l o t a t i o n processes be 
a n t i c i p a t e d , some "laboratory f l o a t a b i l i t y " studies (_1) may be 
c a r r i e d out on some minus 28 mesh or f i n e r s i z e d f r a c t i o n . The 
p a r t i c u l a r f r a c t i o n thus tested i s seldom the same i n a l l d e t a i l s 
as that which w i l l e x i s t within the plant flow sheet. Feed 
hardness or f r i a b i l i t y (Hardgrove G r i n d a b i l i t y Index, Drop-Shatter, 
etc.) may also be determined on the composite feed sample. If any 
comminution evaluations are made for the p a r t i c u l a r feed c o a l i n 
the course of s e l e c t i n g a p a r t i c u l a r comminution device, they are 
u s u a l l y made on a sample purported to be representative of the 
plant feed. Attempts to evaluate v a r i a t i o n s of p a r t i c l e strength 
or s t a b i l i t y , maceral, mineral, or elemental composition, have been 
l i m i t e d to research c h a r a c t e r i z a t i o n s , as those reported by the 
author (2_). We are almost t o t a l l y devoid of pragmatic techniques 
to e s t a b l i s h the p a r t i c l e s i z e s or volumes of i n d i v i d u a l components 
wi t h i n a given i n d i v i d u a l c o a l p a r t i c l e (3). 

These observations can but lead to the conclusion that i n 
contrast to t y p i c a l u n i t operations i n chemical engineering, the 
coal processing engineer assumes a feed to each unit operation 
w i t h i n the plant system based upon the defined plant feed. 
Further, i t i s assumed that the c o l l a g e of p a r t i c l e s entering the 
plant as feed DOES NOT CHANGE i n passing through the processing 
system, and that the same number of p a r t i c l e s 2 by 1-inch having 
d e n s i t i e s between 1.40 and 1.45 gm/cc (or any other f r a c t i o n ) leave 
the plant as enter. We know that t h i s i s not c o r r e c t even i f we 
ignore the comminution operations w i t h i n the plant designed to make 
such changes. 

The composition of any i n d i v i d u a l c o a l b e n e f i c i a t i o n feed 
p a r t i c l e ranges from a nearly uniform metamorphized plant component 
through an almost i n f i n i t e mixture s e r i e s with macerals-minerals to 
an opposite end member as a nearly uniform mineral component. The 
behavior of a b e n e f i c i a t i o n feed during processing i s determined by 
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440 MINERAL MATTER AND ASH IN COAL 

compositions whose responses to process parameters are e s t a b l i s h e d 
by the p a r t i c l e properties such as s i z e , shape, density, hardness, 
p o r o s i t y , and g a s - l i q u i d - s o l i d i n t e r f a c e s . The p a r t i c l e response 
e s t a b l i s h e s i t s d i r e c t i o n and rate of movement toward one of the 
process product ports. 

With coals as sedimentary rocks of paleobotanical o r i g i n , 
t h e i r plant inorganic contents incorporate those components which 
were part of the o r i g i n a l plant system and associated substances, 
as w e l l as those that have been introduced through a l l the 
subsequent geologic events. Accordingly, the mineral components 
found i n coals r e f l e c t the nature of the o r i g i n a t i n g plant systems, 
t h e i r environment, reduction c o n d i t i o n s , temperatures, and 
pressures, as w e l l as those conditions to which the coal-forming 
s t r a t a have been subject during a l l the ensuing geologic epochs, 
i n c l u d i n g past and current c i r c u l a t i n g ground waters. Thus, the 
observed complexity of the r e s u l t i n g p h y s i c a l c h a r a c t e r i s t i c s i s to 
be expected. 

The minerals found i n United States coals continue to be 
studied with the a v a i l a b i l i t y of improved instrumental procedures 
such as x-ray d i f f r a c t i o n , i n f r a r e d absorption, and scanning 
e l e c t r o n microscopy beyond the t r a d i t i o n a l o p t i c a l and chemical 
m i n e r a l o g i c a l techniques as applied to t h i n s e c t i o n s , polished 
p e l l e t s , and i s o l a t e d p a r t i c l e s . The minerals may be grouped i n t o 
the s i l i c a t e s ( k a o l i n i t e , i l l i t e montmorillonite, and c h l o r i t e ) , 
the oxides (quartz, chalcedony, hematite); the s u l f i d e s ( p y r i t e , 
marcasite, and s p h a l e r i t e ) ; the s u l f a t e s ( j a r o s i t e , gypsum, b a r i t e , 
and numerous i r o n s u l f a t e minerals); the carbonates (ankerite, 
c a l c i t e , dolomite, and s i d e r i t e ) ; and numerous accessory minerals 
( a p a t i t e , phosphorite, z i r c o n , r u t i l e , c h l o r i d e s , n i t r a t e s , and 
trace minerals). 

The greatest i n t e r e s t i n mineral occurrences i n c o a l p a r t i c l e s 
for processing engineers r e l a t e s to t h e i r p o t e n t i a l l i b e r a t i o n as 
an e s s e n t i a l f i r s t step toward t h e i r p h y s i c a l removal. Further, 
the concern r e l a t e s to the mineral behavior i n each of the u n i t 
operations w i t h i n the preparation plant and environmental 
i m p l i c a t i o n s w i t h i n the preparation operations, f o r u t i l i z a t i o n of 
the clean c o a l product and the d i s p o s a l of the refuse materials. 
The greatest a t t e n t i o n has been given to the former i n t e r e s t s , 
e s p e c i a l l y as applied to the l i b e r a t i o n of p y r i t e i n e f f o r t s to 
achieve the greatest p o s s i b l e s u l f u r reduction during processing. 

S p e c i f i c Responses of Coal Mineral Components during Processing: 

The " c o l l a g e " of p a r t i c l e s entering a coal processing plant i s 
subject to a s e r i e s of u n i t operations designed to achieve the 
desired l e v e l of q u a l i t y improvement. The development of the 
i n i t i a l set of p a r t i c l e s i s determined by the mining and 
preprocessing storage and handling systems. Undoubtedly these 
operations introduce stresses within the c o a l p a r t i c l e s that lead 
to subsequent f r a c t u r e f a i l u r e s . Any p o t e n t i a l c o n t r o l of the 
nature of t h i s p a r t i c l e set i s u s u a l l y extremely l i m i t e d - being 
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31. LOVELL Mineral Matter Behavior during Coal Beneficiation 441 

determined by production and economic f a c t o r s . S i t u a t i o n s which 
lead to o x i d a t i o n , d e c r e p i t a t i o n , and absorption of excessive 
l e v e l s of moisture may be modified. The i n t r o d u c t i o n of moisture 
p r i o r to processing probably enhances clay s w e l l i n g , tends to 
increase the amount of mineral f i n e s ( u s u a l l y clays) i n t o the plant 
stream, and may enhance l o c a l i z e d heating, s w e l l i n g , and 
o x i d a t i o n . I n i t i a t i o n of d i s p e r s i o n of clays may begin here. 
Uncontrolled comminution during the handling and storage due to 
dropping from stackers, compaction by graders, etc. tend to create 
f i n e s and probably s e l e c t i v e l y favors reduction of the s o f t e r 
p a r t i c l e s , e s p e c i a l l y c e r t a i n c l a y s . Other handling steps such as 
p a r t i c l e movement through j i g s , e t c . , tend to increase the 
production of f i n e s . The o x i d a t i o n of c o a l and temperature 
increases may favor the production of water soluble s a l t s leading 
to a c i d plant waters and p o t e n t i a l c o r r o s i o n . 

Primary crushing which u s u a l l y involves breakers or s i n g l e 
r o l l crushers may be preceded by a s c a l p i n g operation to remove 
large p a r t i c l e s of hard shales and sandstones. Such operations, 
though not r e j e c t i n g large amounts of refuse, do prevent wear, save 
energy, and prevent the i n t r o d u c t i o n of a d d i t i o n a l refuse i n t o the 
plant feed. The primary comminution devices are designed to 
c o n t r o l top s i z e rather than achieve p a r t i c l e l i b e r a t i o n . 
Therefore, they o f f e r an opportunity to minimize f i n e s production 
and show some s e l e c t i v i t y toward the large harder p a r t i c l e s such as 
shales and sandstones. Pre-operational t e s t i n g of comminution 
devices should minimize the production of f i n e s . In c o a l 
processing systems where c l a s s i f y i n g r o t a t i n g m i l l s may be used, 
the s e l e c t i v e buildup of harder components wit h i n the m i l l can 
a f f e c t system performance. 

In coarse coal s o r t i n g equipment, such as j i g s and heavy media 
v e s s e l s , the s o f t e r minerals w i l l tend to comminute due to 
a t t r i t i o n a l actions of p a r t i c l e movement and r e s u l t i n further 
d i s p e r s i o n into the plant c i r c u l a t i n g water system. In j i g s , the 
production of mineral f i n e s may be d e s i r a b l e to enhance hindered 
s e t t l i n g e f f e c t s . In the Haldex heavy media system (4) and water-
only cyclones, the presence of mineral f i n e s are e s s e n t i a l to serve 
as an autogenous heavy media system. Operational care must be 
taken to prevent the buildup of unacceptable l e v e l s of f i n e s 
leading to unacceptable f l u i d v i s c o s i t y l e v e l s . Although quartz, 
c l a y s , and other very f i n e mineral p a r t i c l e s enhance these 
co n d i t i o n s , s e v e r a l types of c l a y s , notably k a o l i n i t e and 
montmorillonite (those containing l a r g e r amounts of sodium), are 
e s p e c i a l l y r e s p o n s i b l e . Suspended clay l e v e l s above f i v e percent 
i n such systems are most undesirable and may l i m i t c o n t r o l of the 
density i n magnetite heavy media systems. The v i s c o s i t y e f f e c t 
increases with decreasing p a r t i c l e s i z e and with s p h e r i c a l shape 
which enhances s e t t l i n g r a t e s . These concerns can also become 
c r i t i c a l i n coal-water transport systems. 

In f i n e c o a l s o r t i n g systems, such as heavy media cyclones, 
water-only cyclones, t a b l e s , and s p i r a l s , the density and v i s c o s i t y 
responses of suspensions are even more c r i t i c a l . In f r o t h 
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442 MINERAL MATTER AND ASH IN COAL 

f l o t a t i o n , the presence of clay f i n e s i s undesirable and u s u a l l y 
requires a desliming step ahead of f l o t a t i o n i f t h e i r concentration 
becomes excessive* 

It i s i n the water c i r c u i t that the buildup of f i n e s , 
e s p e c i a l l y c l a y s , must be c o n t r o l l e d . The responses become evident 
i n dewatering devices and as centrifuges and f i l t e r s . In the 
l a t t e r case, clays may cause b l i n d i n g r e s u l t i n g i n unacceptable 
water contents i n the f i l t e r cake, t h i n watery cakes, and unac­
ceptable performance. D i f f i c u l t i e s i n the f i l t r a t i o n of refuse 
f i n e s has l e d r e c e n t l y to the i n t r o d u c t i o n of expensive processes 
such as pressure and b e l t f i l t e r s to meet environmental standards. 
In thickeners, excessive c l a y f i n e s may reduce s e t t l i n g r a t e s , 
minimize the formation of d e s i r a b l e underflow s l u r r y d e n s i t i e s , and 
lead to plant f a i l u r e . It i s i n the dewatering stages and water 
c i r c u i t , those processes at the end of the flow sheet, that these 
responses become acute. Although the use of one or more polymeric 
f l o c c u l a n t s can u s u a l l y c o n t r o l these s i t u a t i o n s , unexpected 
changes i n plant feeds may require feed rate reductions or plant 
shutdown. 

Recent environmental regulations which e s s e n t i a l l y require 
closed water c i r c u i t s make the problems of mineral f i n e s buildup 
e s p e c i a l l y severe. S i m i l a r d i f f i c u l t i e s are associated with the 
d i s p o s a l of refuse f i n e s . 

These examples describe some of the more prominent responses 
of mineral components i n coal processing operations. Control of 
these problems can be achieved with better detection and a n a l y t i c a l 
systems to i d e n t i f y the problems. 
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32 
Mineral Matter Analysis: A Technique To Improve 
Bituminous Coal Beneficiation 

Richard B. Muter and William F. Lawrence 

College of Mineral and Energy Resources, West Virginia University, Morgantown, 
WV 26506 

Mineral matter analysis can provide a more accurate and 
complete representation of the minerals present in bit­
uminous coal and the effects of beneficiation processes 
upon them. Comparisons with conventional analytical 
methods are made which demonstrate some of the potent­
ial advantages of this technique in the monitoring or 
design of coal cleaning operations. 

As a new generation of co a l cleaning technology becomes 
more commonly p r a c t i c e d , i t i s r a p i d l y becoming apparent that a new 
generation of a n a l y t i c a l methods to monitor the separation 
c h a r a c t e r i s t i c s i s also required. The a n a l y t i c a l methods which are 
i n present useage do not accurately report the materials which are 
being b e n e f i c i a t e d ; rather, they report elements which are within 
the m a t e r i a l s . While t h i s i n d i r e c t measurement method i s widely 
accepted, both because i t i s w e l l known and because i t has 
h i s t o r i c a l l y proven of value to the co a l industry, i t may provide a 
very f a l s e p i c t u r e of what t r u l y occurs during coal processing. 
Conventional c o a l cleaning or b e n e f i c i a t i o n i s used to remove those 
materials w i t h i n the co a l seam which are de l e t e r i o u s to clean 
e f f i c i e n t combustion or conversion. However, a problem a r i s e s i n 
that d i f f e r e n t mineral forms, even though they may contain the same 
elements, may react d i f f e r e n t l y during cleaning. Most common 
a n a l y t i c a l methods destroy the mi n e r a l o g i c a l s t r u c t u r e s and give 
the impression that coals are to a large extent homogeneous and 
consist e n t i n mineral content. This i s a f a l s e impression as co a l 
i s , i n r e a l i t y , heterogeneous i n nature and i t s mineral content can 
change markedly from sample to sample taken from the same source. 
I t i s t h i s v a r i a b i l i t y i n minerals content which reduces the 
ef f e c t i v e n e s s of common b e n e f i c i a t i o n methods. 

S u l f u r a n a l y s i s provides a good example of the f a l s e 
conclusions which can be drawn based upon good a n a l y t i c a l 
technique. I t ignores m i n e r a l o g i c a l composition, although i t can be 
improved i f an a n a l y s i s of s u l f u r forms i s performed. However, 
knowing that "x" percentage of p y r i t i c s u l f u r i s present i s s t i l l 
not s u f f i c i e n t f o r the design of the most e f f e c t i v e cleaning 
process. Further information as to the s i z e of the mineral grains 

0097-6156/86/0301-0443S06.00/0 
© 1986 American Chemical Society 
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444 MINERAL MATTER AND ASH IN COAL 

present and whether they are f i n e l y engrained w i t h i n the co a l 
m a t e r i a l i t s e l f i s needed; and a determination of the other s u l f u r 
minerals present, i f any, could lead to fu r t h e r refinements i n the 
cleaning methods employed and t h e i r improved e f f e c t i v e n e s s . 

The a n a l y s i s of s i l i c a , however, provides a better example 
of the problem which e x i s t s . S i l i c o n i s to mineralogy what carbon 
i s to organic chemistry and appears i n c o a l i n many forms from 
simple quartz to complex clay s (Table 1 ) . However, most a n a l y t i c a l 
methods destroy mineral forms through high temperature oxidation 
(ashing) and the r e s u l t s are determined as the amount of s i l i c o n 
present. Two coals may have the same S1O2 content when analyzed, 
but the p h y s i c a l p r o p e r t i e s of the parent minerals may be quite 
d i f f e r e n t . D i f f e r e n t minerals, even of s i m i l a r compositions, may 
requ i r e d i f f e r e n t cleaning processes and have d i f f e r e n t e f f e c t s 
upon processing equipment. Sand might be e a s i l y removable through 
washing or f r o t h f l o t a t i o n ; whereas c l a y with a s i m i l a r s i l i c o n 
content might adhere to the c o a l m a t e r i a l or c o l l o i d a l l y disperse 
w i t h i n the process waters and be d i f f i c u l t to remove. 

P h y s i c a l b e n e f i c i a t i o n i s ge n e r a l l y considered to be a 
"mature" subject i n that most changes which have occurred over the 
past few years have been i n terms of equipment design and 
refinement or i n the order i n which p a r t i c u l a r operations are 
performed. These operations are ge n e r a l l y based upon d i f f e r e n c e s i n 
p h y s i c a l c h a r a c t e r i s t i c s (eg. s p e c i f i c g r a v i t y , hardness or 
b r i t t l e n e s s ) between the minerals of i n t e r e s t and the coaly 
m a t e r i a l s . However these processes are s t i l l monitored using 
elemental analyses rather than s p e c i f i c mineral concentration 
measurements. 

Froth f l o t a t i o n , considered to be a higher l e v e l of 
s o p h i s t i c a t i o n i n b e n e f i c i a t i o n , i s al s o based on d i f f e r e n c e s i n 
mi n e r a l o g i c a l p r o p e r t i e s . Based upon p a r t i c l e surface 
c h a r a c t e r i s t i c s , the separation method i s more chemical than 
p h y s i c a l i n nature. Tendencies of s p e c i f i c mineral p a r t i c l e s to be 
h y d r o p h i l i c or hydrophobic are enhanced through the use of chemical 
a d d i t i v e s and then a p h y s i c a l separation i s made. However, i t i s 
s t i l l minerals and not elements which are being separated even 
though conventional a n a l y t i c a l methods would imply otherwise. 

The next l e v e l of s o p h i s t i c a t i o n i n co a l cleaning w i l l 
most l i k e l y be that of chemical c o a l cleaning. I t w i l l a l s o be the 
most c o s t l y l e v e l to date, e s p e c i a l l y when the large tonnage 
amounts involved i n co a l u t i l i z a t i o n are considered. In order to 
keep these costs to a minimum, while s t i l l a t t a i n i n g desired 
r e s u l t s , process operations w i l l have to be c a r e f u l l y planned and 
c l o s e l y monitored. Process designers w i l l need to know which 
minerals are involved and whether any of them can be removed before 
employing chemical cleaning. Acquiring a better knowledge of what 
minerals occur i n s p e c i f i c coals and how they are a f f e c t e d by l e s s 
expensive p h y s i c a l b e n e f i c i a t i o n processes i s an obvious f i r s t 
step. 

As part of a much l a r g e r e f f o r t by the U.S. Department of 
Energy, the Coal Research Bureau of the College of Mineral and 
Energy Resources at West V i r g i n i a U n i v e r s i t y has been 
c h a r a c t e r i z i n g the mineralogy and petrography of three major 
bituminous coals i n an e f f o r t to determine whether the 
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32. MUTER AND LAWRENCE Mineral Matter Analysis 445 

mi n e r a l o g i c a l a s s o c i a t i o n s can be c l o s e l y followed through common 
p h y s i c a l b e n e f i c i a t i o n processes. A l i s t i n g of the minerals 
commonly present i n bituminous coals i s provided i n Table 1. 
Methodology 

Representative samples of three major bituminous coals 
were obtained f o l l o w i n g ASTM sampling procedures. The s p e c i f i c 
coals chosen included a northern West V i r g i n i a high v o l a t i l e c o a l , 
a southern West V i r g i n i a low v o l a t i l e c o a l , and a northern 
I l l i n o i s c o a l . Head coal samples were s p l i t out f o r each coal and 
then screen and s p e c i f i c g r a v i t y ( s i n k - f l o a t ) separations were 
made. Screen f r a c t i o n s produced were +1", l x l / 4 " , l/4"x8M, 8x28M, 
28xl00M and -100M. Gravity separations were performed on a l l but 
the -100M f r a c t i o n at 1.30, 1.40, 1.60, and 1.80 (SG) and a l l 
samples were analyzed.Déterminâtions were made of the ash, low 
temperature ash, and the elements S i , A l , Fe, T i , Ca, Mg, Na, and 
K, among others. The concentrations of the minerals i l l i t e , 
k a o l i n i t e , quartz, c a l c i t e and p y r i t e were a l s o determined. 

Low temperature ashing techniques were employed to reduce 
the oxidation and decomposition of the minerals which would occur 
under normal ashing conditions. M i n e r a l o g i c a l analyses were 
performed using X-ray powder d i f f r a c t i o n , i n f r a - r e d spectroscopy, 
o p t i c a l petrography, and scanning e l e c t r o n microscopy. Elemental 
determinations were performed using atomic absorption spectroscopy. 

Each of the mineral i d e n t i f i c a t i o n and q u a n t i f i c a t i o n 
techniques mentioned met with varying degrees of success f o r each 
i n d i v i d u a l mineral. However, f o r ease of a p p l i c a t i o n accuracy and 
r e p r o d u c i b i l i t y , and the highest degree of q u a n t i f i c a t i o n , X-ray 
a n a l y s i s was determined to be the best method. Accordingly, the 
mineral values shown i n the tabl e s were obtained by t h i s method. 
P y r i t e was determined using ASTM procedures. 
Results and Discussion 

In t h i s p r o j e c t , the f i r s t operations studied were s i z e 
and s p e c i f i c g r a v i t y separations as they are the most common u n i t 
operations p r a c t i c e d . The m i n e r a l o g i c a l data obtained was then 
converted i n t o w a s h a b i l i t y t a b l e s s i m i l a r to those produced using 
elemental analyses, e.g. ash wa s h a b i l i t y t a b l e s . This data was then 
t r a n s f e r r e d to graphic form to produce a minerals w a s h a b i l i t y 
diagram (Figure 1) f o r the head northern West V i r g i n i a c o a l . This 
f i g u r e i s based on conventional s i n k - f l o a t s p e c i f i c g r a v i t y 
separations, but i t could as r e a d i l y have been produced by varying 
the processing parameters of a s p e c i f i c u n i t operation and 
monitoring the mineral separations which occured. Such curves 
could be used as p r e d i c t i v e t o o l s to estimate the separations which 
would occur and a l s o could provide a t h e o r e t i c a l base l i n e f o r 
monitoring the e f f e c t i v e n e s s of a p a r t i c u l a r cleaning operation. 

Minerals were a l s o followed through i n d i v i d u a l u n i t 
operations as part of the research p r o j e c t . The data obtained when 
coa l was cleaned using a p i l o t s c a l e D e i s t e r Table i s presented i n 
Table 2. An examination of the a c t u a l minerals contents versus 
those predicted by the wa s h a b i l i t y data shows a lower y i e l d of 
i l l i t e and a higher concentration of k a o l i n i t e and quartz r e p o r t i n g 
i n the clean c o a l . This implies that the i l l i t e i s being removed to 
a greater extent than expected and that the removal of quartz and 
k a o l i n i t e i s being retarded r e l a t i v e to predicted values. 
Conventional elemental a n a l y s i s , i n t h i s case f o r S i , would not 
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446 MINERAL MATTER AND ASH IN COAL 

T a b l e 1 

M i n e r a l s p r e s e n t i n t h e n o r t h e r n West V i r g i n i a b i t u m i n o u s c o a l . 
The s ymbo l s i n d i c a t e t h e a n a l y t i c a l p r o c e d u r e s a v a i l a b l e f o r 

ea ch m i n e r a l and w h e t h e r t h e p r o c e d u r e c an be u s e d f o r 
q u a n t i t a t i v e ( Q ) , s e m i - q u a n t i t a t i v e ( S ) , o r 

i d e n t i f i c a t i o n ( I ) a n a l y s e s o n l y . 
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F o r m u l a e 

I L L I T E S Q S I V a r i a b l e 

KAOLINITE Q Q Q S I A l 4 ( S i 4 0 1 û ) ( 0 H ) 8 

QUARTZ Q Q S I S i 0 2 

FELDSPARS S I V a r i a b l e 

MUSCOVITE S I K A 1 4 ( A l S i 3 0 1 0 ) ( 0 H ) 2 

CARBONATES Q S V a r i a b l e 

CALCITE Q Q S I I C a C 0 3 

DOLOMITE Q S I I C a M g ( C 0 3 ) 2 

BASSANITE S I C a S 0 4 . l / 2 H 2 0 

GYPSUM I I C a S 0 4 . 2 H 2 0 

IRON DISULFIDES Q Q S I F e S 2 

PYRITE S F e S 2 

MARCASITE s F e S 2 

APATITE S I C a 5 ( F , C l , 0 H ) ( P 0 4 ) 3 

HEMATITE s F e 2 0 3 

RUTILE s I T i 0 2 
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MUTER AND LAWRENCE Mineral Matter Analysis 

CUMULATIVE ASH, FLOAT 
Ο 5 10 15 20 25 
J I I I I I I ι ι ι I f ι ι ι I < ι ι ι I 1 1 1 1 I 

ι CUMULATIVE CALCITE, LBS. 
i l l I 

I I 1 i ι I ι I 1 » 

0 20 4 0 , 6 0 8 0 100 

CUMULATIVE ILLITE , KAOLINITE .QUARTZ , AND P Y R I T E , L B S . 

[ ι I I I I 1 — I 
0 100 2 0 0 3 0 0 

CUMULATIVE TOTAL MINERAL M A T T E R , L B S . 

Figure 1. Washability Curves f o r the Most Common Minerals i n 
Northern West V i r g i n i a High V o l a t i l e Bituminous Coal. 
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448 MINERAL MATTER AND ASH IN COAL 

show any changes occurring as the i l l i t e reduction would be o f f s e t 
by the greater than predicted amounts of the other two minerals. 
Further cleaning of t h i s c o a l based upon removing quartz or 
k a o l i n i t e would be more e f f e c t i v e than i f a process to remove 
i l l i t e were used, but conventional a n a l y s i s would not provide t h i s 
type of planning information. 

Table 2. A c t u a l vs. predicted recovery (pounds per ton of feed 
coal) of products from a Northern West V i r g i n i a high v o l a t i l e 

bituminous c o a l using a p i l o t s c a l e D e i s t e r t a b l e . 

A c t u a l Predicted 
Clean Coal 1705 1650 

Ash 118 120 

Mineral Matter 126 120 

I l l i t e 16 29 

K a o l i n i t e 34 30 

Quartz 21 20 

C a l c i t e 13 4 

P y r i t e 30 23 

Future Impact 
Saying that m i n e r a l o g i c a l a n a l y s i s may become as common as 

elemental a n a l y s i s i n the c o a l industry i s not too strong a 
statement. Future preparation operations w i l l be q u i t e s i m i l a r i n 
complexity to current ore processing plants with advanced p h y s i c a l 
and chemical b e n e f i c i a t i o n methods being employed. The plant of the 
f u t u r e w i l l be designed based upon the p r o p e r t i e s of the s p e c i f i c 
coals being processed and w i l l probably be a m u l t i p l e u n i t 
operation, m u l t i p l e end product, end use r e l a t e d p l a n t . The 
economic success of such plants w i l l depend upon the a b i l i t y to 
monitor and c l o s e l y c o n t r o l the materials which enter the 
i n d i v i d u a l processes while having the f l e x i b i l i t y to handle coals 
from d i f f e r e n t seams. Such c o n t r o l w i l l be d i f f i c u l t without an 
accurate i d e n t i f i c a t i o n of the minerals present and a knowledge of 
the changes which they undergo i n s p e c i f i c cleaning operations. 

REFERENCES 

Coal Preparation, 4th edition, AIME, New York, N.Y. 1979 
ASTM Standards, Section 5, Volume 05.05, 1982 
Personal Communications: Dr. John Renton, William Grady, W. Va. 
Univ. 
RECEIVED November 4, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

03
2



33 
Analysis of Ash-Forming Mineral Matter 
in Raw and Supercleaned Coals by Automated Image 
Analysis-Scanning Electron Microscopy 

Warren E. Straszheim, Jay G. Yousling, and R. Markuszewski 

Ames Laboratory and Department of Engineering Science and Mechanics, Iowa State 
University, Ames, IA 50011 

Automated image analysis (ΑΙΑ) was used in conjunction 
with scanning electron microscopy (SEM) and energy­
-dispersive x-ray (EDX) spectrometry to characterize 
directly the ash-forming mineral matter in raw and 
supercleaned samples of Illinois No. 6 and Pittsburgh 
No. 8 coals. The ground coals (70-80% less than 200 
mesh) were cleaned to about 3% ash content by float­
-sink separation at 1.3 specific gravity. Samples of 
the raw and float material were analyzed for mineral 
matter phase and size distribution by the ΑΙΑ-SEM 
technique. For the Illinois No. 6 coal, more than 90% 
of the mineral matter consisted of pyrite, kaolinite, 
illite or quartz, which were more or less uniformly 
distributed among the various particle sizes. The 
effectiveness of cleaning was gradually increasing 
with increase in mineral particle size. Removals of 
mineral matter ranged from 75% for the smallest par­
ticles (less than 4 μm in diameter) to 100% for par­
ticles larger than 36 μm in diameter. The Pittsburgh 
coal was significantly different in both the character 
of the raw sample and the extent of cleaning observed. 
Compared to the Illinois No. 6 coal, the pyrite in 
this sample was relatively more coarse, while the 
other minerals were more fine-sized. The cleaning 
process removed more of the large-size material, while 
the finely grained material was relatively untouched. 

By using h i g h l y sophisticated and automated microscope techniques, 
together with powerful mini- and microcomputers, i t i s now poss i b l e 
to c h a r a c t e r i z e the mineral components of coal i n - s i t u . Combining 
automated image analysis (ΑΙΑ) with scanning e l e c t r o n microscopy 
(SEM) and energy-dispersive x-ray (EDX) spectrometry allows d e t a i l e d 
c h a r a c t e r i z a t i o n of minerals i n coal for chemical composition, par­
t i c l e s i z e , and r e l a t i o n to the coal matrix. To evaluate coal par­
t i c l e s produced by f i n e grinding for studying the l i b e r a t i o n and 
removal e f f i c i e n c y , the AIA-SEM technique provides information on 
the elemental d i s t r i b u t i o n among the various mineral phases. The 

0097-6156/ 86/0301 -0449506.00/ 0 
© 1986 American Chemical Society 
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450 MINERAL MATTER AND ASH IN COAL 

minerals are c l a s s i f i e d by using a chemistry d e f i n i t i o n f i l e based 
on the r e l a t i v e amounts of elements present as determined by EDX 
spectrometry. For a s t a t i s t i c a l l y s i g n i f i c a n t number of p a r t i c l e s , 
both size d i s t r i b u t i o n and volume f r a c t i o n can be obtained and used 
to characterize the mineral matter content. The conventional chemi­
c a l analyses for the bulk coal samples can be r e l a t e d to the AIA-SEM 
r e s u l t s for comparison of the data. 

Other instrumental techniques, such as x-ray d i f f r a c t i o n (XRD) 
and Fourier transform i n f r a r e d spectroscopy (FTIR), can be used to 
i d e n t i f y the mineral phases present i n c o a l . Sometimes they can be 
used to provide q u a n t i t a t i v e estimation, but t h e i r u t i l i t y i s l i m ­
i t e d to samples with large mineral contents. Furthermore, such 
techniques use bulk samples and provide only average values. Thus, 
when applied in coal preparation, they are l i m i t e d to c a l c u l a t i n g 
only an "average" cleaning e f f e c t i v e n e s s and do not o f f e r informa­
t i o n on the size d i s t r i b u t i o n of the mineral phases i d e n t i f i e d as 
removed or retained. On the other hand, AIA-SEM permits cleaning 
e f f e c t i v e n e s s to be evaluated with respect to both mineral phase and 
p a r t i c l e s i z e d i s t r i b u t i o n . Such information i s important for any 
coal preparation process, e s p e c i a l l y since i t can r e l a t e grinding 
and l i b e r a t i o n of mineral p a r t i c l e s to the e f f e c t i v e n e s s of a clean­
ing process ( 1). In p r a c t i c e , therefore, problems associated with 
removing a p a r t i c l e s i z e or chemical class of p a r t i c l e s could be 
detected and remedied for more e f f e c t i v e cleaning. 

The AIA-SEM technique has been used in Ames Laboratory to study 
the e f f e c t of grinding on the l i b e r a t i o n of mineral matter from fi n e 
coal and i t s subsequent removal during cleaning. Several ser i e s of 
coals have been characterized by t h i s technique in recent years, 
thus demonstrating i t s usefulness. In t h i s work, the AIA-SEM tech­
nique was applied to determine the coal mineral character before and 
a f t e r cleaning by a f l o a t - s i n k technique. 

Experimental 

Sample D e s c r i p t i o n and Preparation. The two bituminous coals being 
tested for c l e a n a b i l i t y were from the I l l i n o i s No. 6 seam, Randolph 
County, I l l i n o i s , and from the Pittsburgh No. 8 seam, Lewis County, 
West V i r g i n i a . The coals were ground to a t y p i c a l power plant grind 
( i . e . , 70-80% le s s than 200 mesh or -75 ym). The coals were then 
cleaned by f l o a t - s i n k separation (using halogenated hydrocarbons) at 
1.3 s p e c i f i c g r a v i t y in a centrifuge to produce a very low-ash, 
clean coal f r a c t i o n (ash content <3%). The raw and the superclean 
coal f r a c t i o n s thus produced were analyzed for moisture, ash, and 
s u l f u r forms by the usual ASTM procedures (see Table I ) . The appar­
ent discrepancies in the organic s u l f u r determinations are probably 
a r t i f a c t s of the i n d i r e c t method; the deviations are within the 
an t i c i p a t e d error ranges of the ASTM procedures. 

For the AIA-SEM analyses, the raw and clean coal samples were 
prepared by mixing 2 g of the sample with an epoxy r e s i n and casting 
into molds 1 i n . i n diameter. The hardened p e l l e t s were polished to 
reveal a cross section and f i n i s h e d by p o l i s h i n g with 0.3-μπι alumina 
powder. Then the p e l l e t s were coated with approximately 500 A of 
carbon to render sample surfaces e l e c t r i c a l l y conductive for exami­
nation in the SEM u n i t . 
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33. STRASZHEIM ET AL. Ash-Forming Mineral Matter Analysis 451 

Table I. ASTM Analyses of Raw and Supercleaned Coal Samples for 
Moisture, Ash, Forms of Sulfu r , and Mineral M a t t e r a 

I l l i n o i s No. 6 Pittsburgh No. 8 

Raw Clean Raw Clean 

Moisture 16.90 1.95 1.97 1.12 
Ash 16.11 2.61 6.75 2.97 
Total S 5.10 2.54 3.17 1.82 
P y r i t i c S 2.37 0.22 1.35 0.03 
Sulfate S 0.36 0.04 0.41 0.12 
Organic S 2.36 2.27 1.42 1.67 
Mineral Matter b 19.32 3.05 8.26 3.37 

a Values are exprès >sed as wt. % on a dry basis Ï , except for 
moisture. 
Calculated using the modified Parr formula: 
Mineral Matter = 1.13 \ (ash) + 0.47 ( p y r i t i c s u l f u r ) , as 
defined i n r e f . (2). 

AIA-SEM A n a l y s i s . The AIA-SEM system c o n s i s t s of a JEOL (Japan 
E l e c t r o n Optics Laboratory) model JSM-U3 scanning e l e c t r o n micro­
scope, a LeMont S c i e n t i f i c B-10 image analyzer, and a Tracor North­
ern TN-2000 energy-dispersive x-ray analyzer. The image analyzer i s 
a software-based system with associated e l e c t r o n i c s for SEM beam 
c o n t r o l , image a m p l i f i c a t i o n , and thresholding. The software base 
for image analysis allows the appropriate ana l y s i s algorithm to be 
selected for the p a r t i c u l a r sample and image conditions encountered. 
The p a r t i c l e boundaries, or the so-c a l l e d p a r t i c l e extents, are 
determined from the points at which h o r i z o n t a l scans cross a fea­
ture, and p a r t i c l e o u t l i n e i s reconstructed from these adjacent 
chords of a p a r t i c l e . Once the o u t l i n e has been determined, the 
x-ray data are c o l l e c t e d from the center of the p a r t i c l e s . 

Samples were analyzed i n the SEM using 25-kV beam voltage, 
1-2 nA sample currents, 300x magnification, and backscattered e l e c ­
t r o n imaging. A point density of 1024 p i x e l s across the screen was 
used to provide ±10% accuracy on measurements as small as 1% of the 
f i e l d of view. EDX data were c o l l e c t e d for 4 sec. per p a r t i c l e at a 
t y p i c a l counting rate of 1000 counts per sec. Approximately 4000 
p a r t i c l e s were analyzed per sample at a rate of 200 p a r t i c l e s per 
hour. Regions of i n t e r e s t were set to monitor the i n t e n s i t i e s of 30 
elements. However, the only elements occurring with s i g n i f i c a n t 
frequency were: Na, Mg, A l , S i , P, S, C l , K, Ca, T i , and Fe. 

Data Handling. The p a r t i c l e s were c l a s s i f i e d into one of nine min­
e r a l categories based on the r e l a t i v e amounts of the elements pres­
ent and according to the d e f i n i t i o n s given i n Table I I . The catego­
r i e s were derived from previously established guidelines (3,4) and 
included the common coal minerals p y r i t e , quartz, c a l c i t e , s i d e r i t e , 
k a o l i n i t e , and i l l i t e . Several other minerals were i d e n t i f i e d , but 
they occurred in such small amounts that they were c l a s s i f i e d to­
gether into one common category t i t l e d "MINORS". This category 
included the minerals gypsum, dolomite, r u t i l e , alumina, and 
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452 MINERAL MATTER AND ASH IN COAL 

a p a t i t e . In a d d i t i o n , several other categories were defined to 
accommodate p a r t i c l e s not corresponding to any of the above d e f i n i ­
t i o n s . For example, a "SILICATES" category was defined to include 
p a r t i c l e s with s i g n i f i c a n t s i l i c o n content, yet with the balance of 
the elements i n such proportions that the p a r t i c l e would not f i t 
into e i t h e r the quartz, k a o l i n i t e , or i l l i t e c ategories. A "MIS­
CELLANEOUS" category was provided to include those p a r t i c l e s whose 
composition did not allow them to f a l l into any of the above-men­
tioned categories. Further d e s c r i p t i o n s of the instrumental, s t a ­
t i s t i c a l , c l a s s i f y i n g , and processing techniques are given elsewhere 
( 5 ) . 

Table I I . Chemical D e f i n i t i o n s for Mineral Phases 

Mineral D e f i n i t i o n by Chemical S p e c i f i c 
Phase Composition ( i n % Range) 3 Gravity 

PYRITE S 10-80; Fe 10-70 5.00 
KAOLINITE Al 15-80; Si 15-85; A l / S i 0.33-3.0 2.65 
ILLITE Al 10-50; Si 20-85; Mg 0-15; Ca 0-35; 2.75 

Fe 0-40; T i 0-15 
QUARTZ Si 65-100 2.65 
CALCITE Ca 70-100 2.80 
SIDERITE Fe 70-100; Mn 0-30; Ni 0-30 5.00 
MINORS (includes the : following categories) 

GYPSUM S 10-80; Ca 10-70 2.30 
DOLOMITE Mg 10-60; Ca 60-100 2.90 
RUTILE T i 70-100 4.50 
ALUMINA Al 65-100 4.00 
APATITE Ρ 15-40; Ca 30-100 3.20 

SILICATES Si 20-80 2.70 
MISCELLANEOUS (no • r e s t r i c t i o n s , a l l p a r t i c l e s accepted) 2.00 

a S p e c i f i c a t i o n s may be given for the amount of other elements that 
are allowed to be present. Such s p e c i f i c a t i o n s allow minor amounts 
of elements not s p e c i f i c a l l y l i s t e d in the class d e f i n i t i o n to be 
present, but they place an upper l i m i t on the allowable amount. 

Using the ΑΙΑ procedures, mineral p a r t i c l e s were c l a s s i f i e d 
i n t o sizes and mineral phases. Area-equivalent diameter, i . e . the 
diameter of a c i r c l e with the same area as that measured for the 
mineral p a r t i c l e , was used as the size parameter for data presenta­
t i o n . Using a v a i l a b l e l i t e r a t u r e values for the s p e c i f i c g r a v i t y of 
the i n d i v i d u a l minerals, the data were then expressed as the weight 
f r a c t i o n of the mineral matter within a given mineral/size category. 
The weight f r a c t i o n data were then normalized using the mineral 
matter content to present the mineralogical estimates on a dry c o a l 
basis i n order to provide a common base for comparing the coals 
before and a f t e r the cleaning process. 

Results and Discussion 

ASTM a n a l y t i c a l data presented in Table I indicate that the 
f l o a t - s i n k separation achieved an 84% and a 56% removal of ash from 
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33. STRASZHEIM ET AL. Ash-Forming Mineral Matter Analysis 453 

the I l l i n o i s and Pittsburgh c o a l s , r e s p e c t i v e l y , with corresponding 
decreases in t o t a l and p y r i t i c s u l f u r of 50 and 91% and of 43 and 
97%, r e s p e c t i v e l y . If expressed as a reduction i n the t o t a l mineral 
matter content, based on using a modified Parr formula (2), the 
corresponding values are 84% for the I l l i n o i s coal and 59% for the 
Pittsburgh c o a l . 

The ΑΙΑ data for the I l l i n o i s coal and for the Pittsburgh coal 
are much more i n t e r e s t i n g . Results for the I l l i n o i s coal (Tables 
IIIa-c) show that p y r i t e , quartz, and two clays ( k a o l i n i t e and i l ­
l i t e i n approximately equal proportions) make up the bulk of the 
mineral matter, 72% in the raw and 80% in the clean c o a l . Further­
more, a l l the mineral phases except p y r i t e are rather uniformly 
d i s t r i b u t e d i n the raw coal over the e n t i r e range of p a r t i c l e size 
from l e s s than 4 ym to more than 36 ym i n diameter. 

Table I l i a . ΑΙΑ Results for I l l i n o i s No. 6 Raw Coal (200 χ 0 Mesh), 
Expressed as Weight Percent of Dry Coal 

P a r t i c l e Size 
Mineral 
Phase <4 y m <7 ym <12 ym <21 ym <36 ym >36 ym Totals 

P y r i t e 0.14 0.84 1.31 1.86 1.43 2.29 7.86 
K a o l i n i t e 0.08 0.42 0.43 0.33 0.19 0.35 1.81 
I l l i t e 0.03 0.31 0.41 0.39 0.29 0.37 1.80 
Quartz 0.10 0.62 0.80 0.58 0.27 0.13 2.51 
S i d e r i t e 0.00 0.02 0.00 0.02 0.01 0.00 0.05 
C a l c i t e 0.00 0.03 0.10 0.10 0.16 0.47 0.87 
S i l i c a t e s 0.07 0.34 0.44 0.37 0.26 1.14 2.62 
Minors 0.05 0.29 0.28 0.32 0.09 0.22 1.25 
Miscellaneous 0.02 0.09 0.16 0.08 0.09 0.12 0.55 

To t a l s 0.49 2.97 3.94 4.06 2.78 5.08 19.32 

Table I l l b . ΑΙΑ Results for I l l i n o i s No. 6 Coal Floated at 1.3 
Sp. Gr., Expressed as Weight Percent of Dry Coal 

P a r t i c l e Size 
Mineral 
Phase <4 y m <7 ym <12 ym <21 ym <36 ym >36 ym Totals 

P y r i t e 0.19 0.28 0.42 0.21 0.07 0.00 1.17 
K a o l i n i t e 0.10 0.16 0.09 0.02 0.03 0.00 0.40 
I l l i t e 0.12 0.12 0.11 0.07 0.00 0.00 0.42 
Quartz 0.16 0.19 0.18 0.09 0.01 0.00 0.63 
S i d e r i t e 0.02 0.01 0.01 0.02 0.02 0.00 0.08 
C a l c i t e 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
S i l i c a t e s 0.08 0.05 0.03 0.02 0.02 0.00 0.20 
Minors 0.02 0.02 0.01 0.00 0.00 0.00 0.04 
Miscellaneous 0.04 0.03 0.02 0.00 0.00 0.00 0.08 

To t a l s 0.72 0.86 0.87 0.44 0.16 0.00 3.05 
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454 MINERAL MATTER AND ASH IN COAL 

Table I I I c . Percent Removal of Minerals from I l l i n o i s No. 6 Coal, 
Based on Values in Tables I l i a and I l l b Before Rounding 

P a r t i c l e Size 
Mineral 
Phase <4 ym <7 ym <12 ym <21 ym <36 ym >36 y m Totals 

P y r i t e — 66 68 88 94 100 85 
K a o l i n i t e — 63 79 93 81 100 77 
I l l i t e — 62 73 81 100 100 76 
Quartz — 69 77 84 94 100 75 
S i d e r i t e — 12 — 33 — — — 

C a l c i t e 75 90 95 95 100 100 98 
S i l i c a t e s — 84 92 93 92 100 92 
Minors 66 94 95 100 100 100 96 
Miscellaneous 70 89 100 100 100 85 

T o t a l — 71 77 89 94 100 84 

In the supercleaned I l l i n o i s c o a l , the l e v e l s of almost a l l 
minerals have been reduced by 60-85% somewhat uniformly for most of 
the p a r t i c l e s i z e ranges up to 21 ym. Above that s i z e , the removal 
increases sharply, with nearly complete removal for the larger 
s i z e s . This i s depicted g r a p h i c a l l y for p y r i t e , k a o l i n i t e , i l l i t e , 
and quartz i n Figures 1 and 2 and for p y r i t e alone in Figure 3. 

The 21-yra c u t - o f f , very evident in Figure 3 for p y r i t e , seems 
reasonable when the following c a l c u l a t i o n i s considered. A 21-ym 
p y r i t e phase ( s p e c i f i c g r a v i t y of 5.0) embedded i n a 200-mesh ( i . e . , 
75-ym) coal p a r t i c l e ( s p e c i f i c g r a v i t y of ~1.25) accounts for only 
2.2% of the t o t a l volume. However, because i t accounts for 8.2% of 
the t o t a l weight of such a p a r t i c l e , i t increases the s p e c i f i c grav­
i t y of the t o t a l assemblage to over 1.33; i t i s thus rejected i n the 
f l o a t - s i n k separation. A 12-ym p y r i t e phase, however, accounts for 
about 1% of the volume of the 74-ym assemblage, while the s p e c i f i c 
g r a v i t y i s increased to only 1.29; thus i t i s c a r r i e d along with the 
f l o a t f r a c t i o n . Of course, since the s i z e c o n s i s t i s 200 mesh χ 0, 
there are many small p y r i t e p a r t i c l e s completely l i b e r a t e d or at­
tached to smaller sized coal p a r t i c l e s ; however, the c u t - o f f at 21 
ym i s s t i l l remarkably sharp. Furthermore, since the s p e c i f i c grav­
i t i e s for the other minerals are lower than for p y r i t e , s i m i l a r 
c a l c u l a t i o n s for the other minerals should y i e l d a higher value for 
the p a r t i c l e size at the c u t - o f f point. 

The o v e r a l l removal of 84% of the t o t a l mineral matter, when 
broken down by p a r t i c l e s i z e , shows an expected trend of increasing 
with increasing p a r t i c l e size (see Figures 2 and 3, for example). 
The cleaning e f f e c t i v e n e s s ranges from ~70% for the smaller p a r t i ­
c l e s (4-12 ym) , to 89% at 21 ym, and to 100% for p a r t i c l e s larger 
than 36 ym. 

The ΑΙΑ r e s u l t s for the Pittsburgh No. 8 coal (Tables IVa-c) 
show a d i s t i n c t l y d i f f e r e n t character of t h i s c o a l . The mineral 
matter in the raw sample i s more than 50% p y r i t e (see e s p e c i a l l y 
Figure 4). Although the t o t a l amount of clay plus quartz i s only 
one-fourth that of the I l l i n o i s No. 6 c o a l , the clay-to-quartz r a t i o 
i s much higher. In a d d i t i o n , a s u b s t a n t i a l l y larger f r a c t i o n of 
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33. STRASZHEIM ET AL. Ash-Forming Mineral Matter Analysis 455 

£ 0.7S-

— • - Pyrite 
0 — Quartz 
#— Kaolinite 
β - Illite 

\ / 

Area E q u i v a l e n t Diameter Range (microns) 

Figure 1. ΑΙΑ r e s u l t s for I l l i n o i s No. 6 raw and (200 χ 0 mesh), 

Area E q u i v a l e n t Diameter Range (microns) 

Figure 2. ΑΙΑ r e s u l t s for I l l i n o i s No. 6 clean coal (200 χ 0 
mesh). 
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456 MINERAL MATTER AND ASH IN COAL 

3 O.V3-\ 

r s λ Raw Coal 
Clean Coal 

4.I7 7- ' l2 12-21 21-!-3β > 3̂β 

Area E q u i v a l e n t Diameter Range (microns) 

Figure 3. P y r i t e d i s t r i b u t i o n i n raw and cleaned I l l i n o i s No. 6 
coal (200 χ 0 mesh). 

ω 
ο 
υ 

XJ ο.βο-J 

- • - Pyrit. 
Β - Quartz 
· — Kaolinite 
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ri 

Area E q u i v a l e n t Diameter Range (microns) 

Figure 4. ΑΙΑ r e s u l t s for Pittsburgh No. 8 raw coal (200 χ 0 
mesh). 
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33. STRASZHEIM ET AL. Ash-Forming Mineral Matter Analysis 457 

Table IVa. ΑΙΑ Results for Pittsburgh No. 8 Raw Coal (200 χ 0 
mesh), Expressed as Weight Percent of Dry Coal 

P a r t i c l e Size 
Mineral 
Phase <4 y m <7 ym <12 ym <21 ym <36 ym >36 ym Totals 

P y r i t e 0.12 0.57 0.71 0.77 0.79 1.71 4.67 
K a o l i n i t e 0.06 0.27 0.21 0.10 0.08 0.02 0.73 
I l l i t e 0.05 0.22 0.16 0.08 0.05 0.04 0.61 
Quartz 0.02 0.10 0.12 0.09 0.03 0.04 0.39 
S i d e r i t e 0.00 0.02 0.03 0.02 0.01 0.10 0.18 
C a l c i t e 0.00 0.01 0.01 0.01 0.01 0.00 0.04 
S i l i c a t e s 0.01 0.04 0.05 0.05 0.05 0.06 0.26 
Minors 0.07 0.27 0.16 0.08 0.10 0.13 0.80 
Miscellaneous 0.02 0.09 0.05 0.04 0.05 0.34 0.58 

To t a l s 0.35 1.59 1.47 1.25 1.17 2.43 8.26 

Table IVb. ΑΙΑ Results for Pittsburgh No. 8 Coal Floated at 1.3 
Sp. Gr., Expressed as Weight Percent of Dry Coal 

P a r t i c l e Size 
Mineral 
Phase <4 y m <7 ym <12 ym <21 ym <36 ym >36 ym Totals 

P y r i t e 0.21 0.33 0.35 0.08 0.00 0.00 0.96 
K a o l i n i t e 0.28 0.45 0.21 0.04 0.00 0.00 0.98 
I l l i t e 0.24 0.35 0.11 0.01 0.00 0.00 0.70 
Quartz 0.07 0.17 0.07 0.02 0.00 0.00 0.34 
S i d e r i t e 0.00 0.01 0.01 0.03 0.00 0.00 0.05 
C a l c i t e 0.00 0.01 0.01 0.01 0.00 0.00 0.02 
S i l i c a t e s 0.02 0.02 0.01 0.00 0.00 0.00 0.05 
Minors 0.02 0.03 0.01 0.04 0.00 0.00 0.10 
Miscellaneous 0.06 0.08 0.03 0.00 0.00 0.00 0.17 

To t a l s 0.91 1.43 0.80 0.22 0.00 0.00 3.37 

the mineral content i s present i n the larger si z e ranges. This coal 
e x h i b i t s a much sharper c u t - o f f i n the ef f e c t i v e n e s s of cleaning as 
a function of p a r t i c l e s i z e . As shown i n Figures 5 and 6 the super-
clean coal f r a c t i o n contains no mineral p a r t i c l e s l a r g e r than 21 ym 
i n diameter. The smaller size f r a c t i o n s show only small amounts of 
mineral matter removed. For the two smallest s i z e s , even a s l i g h t 
enrichment can be seen for several mineral phases. This apparent 
enrichment i s p a r t i a l l y the r e s u l t of a mathematical anomaly of the 
normalization process and p a r t i a l l y due to the decrease i n the t o t a l 
weight by the removal of other mineral matter from the larger f r a c ­
t i o n s . In any case, the absolute mineral content i n these very 
small size f r a c t i o n s i s so minute that the allowed a n a l y t i c a l errors 
can account for the discrepancy, and the o v e r a l l d i f f e r e n c e s become 
n e g l i g i b l e . 
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458 MINERAL MATTER AND ASH IN COAL 

F i g u r e 5. 
m e s h ) . 

Area E q u i v a l e n t Diameter Range (microns) 

ΑΙΑ r e s u l t s f o r P i t t s b u r g h No. 8 c l e a n c o a l (200 χ 0 

χ; ο.βο-ι 

Γ7~λ Raw Coal 
Clean Coal 

Area E q u i v a l e n t Diameter Range (microns) 

F i g u r e 6. P y r i t e d i s t r i b u t i o n i n raw and c l e a n e d P i t t s b u r g h N o . 

8 c o a l (200 χ 0 m e s h ) . 
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33. STRASZHEIM ETAL. Ash-Forming Mineral Matter Analysis 459 

Table IVc. Percent Removal of Minerals from Pittsburgh No. 8 Coal, 
Based on Values in Tables IVa and IVb Before Rounding 

P a r t i c l e Size 
Mineral 
Phase <4 μ m <7 ym <12 ym <21 ym <36 ym >36 ym Totals 

P y r i t e — 42 51 89 100 100 79 
K a o l i n i t e 57 100 100 — 

I l l i t e — — 32 93 100 100 — 

Quartz — — 39 76 100 100 14 
S i d e r i t e — 59 30 — 100 100 67 
C a l c i t e 70 39 — 55 100 — 45 
S i l i c a t e s 42 44 78 100 100 100 80 
Minors 66 89 91 53 100 100 87 
Miscellaneous — 10 53 100 100 100 72 

T o t a l — 9 45 82 100 100 59 

Another observation, however, should be s c r u t i n i z e d more c l o s e ­
l y . In both c o a l s , the content of p y r i t e as determined by AIA-SEM 
i s c o n s i s t e n t l y higher than that c a l c u l a t e d from the p y r i t i c s u l f u r 
values obtained by the ASTM procedure. Since the accuracy f o r ASTM 
analyses, i . e . , r e p r o d u c i b i l i t y between d i f f e r e n t labs, can be with­
i n 0.30 or 0.40% for les s than or more than 2.0% p y r i t i c s u l f u r , 
r e s p e c t i v e l y (6), part of the discrepancy could be explained by the 
po s s i b l e a n a l y t i c a l e r r o r . A more p l a u s i b l e i n t e r p r e t a t i o n can be 
given i f the ASTM leachings with n i t r i c acid do not remove a l l of 
the p y r i t e ; f o r example, s i g n i f i c a n t residues of p y r i t e have been 
observed previously in such leached coal samples (7^). Another pos­
s i b l e explanation can reside in the s p e c i f i c g r a v i t y of p y r i t e used. 
Although 5.0 i s the l i t e r a t u r e value for mineral-grade p y r i t e , past 
work i n t h i s laboratory established that coal-derived p y r i t e can 
have a s p e c i f i c g r a v i t y s i g n i f i c a n t l y lower, ranging from about 3.60 
for hand-picked samples to 4.25-4.50 for samples which have been 
extensively cleaned with hot hydrochloric acid (8). 

F i n a l l y , since the i n t e n s i t y of the backscattered e l e c t r o n 
image used for ΑΙΑ i s h i g h l y dependent on the average atomic number 
of the material in view, p y r i t e p a r t i c l e s with the heavy i r o n atom 
cross too often the si g n a l threshold which has been set for a l e v e l 
characterized by c l a y s , thus increasing the p o s s i b i l i t y of reading 
more p y r i t e . A s i m i l a r bias has been observed previously (9), and 
an empirical factor of 0.75 has been suggested to scale down the 
i n f l a t e d p y r i t e r e s u l t s . 

Although the absolute values for the p y r i t e content are d i v e r ­
gent, the r e l a t i v e amounts removed (on a wt. % basis) are r e l a t i v e l y 
comparable for both methods of a n a l y s i s . However, furth e r work i s 
in progress to resolve t h i s issue of the p y r i t e content. 

Conclusions 

Automated image analysis used i n conjunction with scanning e l e c t r o n 
microscopy and energy-dispersive x-ray a n a l y s i s has been shown to be 
an e f f e c t i v e tool to c h a r a c t e r i z e i n - s i t u the mineral matter i n raw 
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460 MINERAL MATTER AND ASH IN COAL 

and cleaned c o a l . Both mineral phase analysis and p a r t i c l e size 
d i s t r i b u t i o n were obtained for two coals (200 mesh χ 0) before and 
a f t e r processing. For I l l i n o i s No. 6 c o a l , which contained mostly 
p y r i t e , quartz, k a o l i n i t e , and i l l i t e rather uniformly d i s t r i b u t e d 
among the various p a r t i c l e s i z e s , the cleaning e f f e c t i v e n e s s i n ­
creased gradually with increasing p a r t i c l e s i z e of the mineral 
phases. The l e v e l s of removal ranged from about 75% for the small­
est p a r t i c l e s to 100% for p a r t i c l e s larger than 36 ym. For the 
Pittsburgh c o a l , more than h a l f of the mineral matter was p y r i t e , 
and the p y r i t e was r e l a t i v e l y coarse. The other minerals were 
smaller in s i z e . During cleaning of the Pittsburgh c o a l , most of 
the l a r g e - s i z e d mineral matter was removed, while the f i n e r - s i z e d 
mineral matter was r e l a t i v e l y untouched. The c u t - o f f s i z e was ap­
proximately 21 ym. 
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34 
Behavior of Quartz, Kaolinite, and Pyrite 
during Alkaline Leaching of Coal 

C.-W. Fan, R. Markuszewski, and T. D. Wheelock 

Chemical Engineering Department and Energy and Mineral Resources Research Institute, 
Iowa State University, Ames, IA 50011 

Most of the mineral matter was extracted from Illinois 
No. 6 coal, a representative bituminous coal, by first 
leaching it with a hot alkaline solution and then with 
a dilute mineral acid. The alkalis employed, in 
decreasing effectiveness, were: (1) NaOH, (2) Na2CO3, 
(3) NaHCO3. The results generally agreed with those 
obtained in leaching quartz, kaolinite, and iron 
pyrite individually under similar conditions. The 
quartz was solubilized by the stronger alkalis. 
Kaolinite was largely converted to sodium hydroalumino-
silicates such as analcime, hydroxycancrinite, and 
natrodavyne. A portion of the iron pyrite was 
converted to hematite, the amount depending on alkali 
strength and temperature. The sodium hydroalumino-
silicates and hematite were subsequently extracted by 
acid. 

Previous work has shown that ash-forming mineral matter, i n c l u d i n g 
i r o n p y r i t e s , can be removed from coal by leaching the f i n e l y 
d ivided m a t e r i a l with a hot c a u s t i c s o l u t i o n under pressure followed 
by washing with a d i l u t e mineral a c i d (1-6). Recently, s i m i l a r 
r e s u l t s have been achieved i n leaching f i n e - s i z e c o a l with hot 
sodium carbonate s o l u t i o n s (7). In both cases, quartz appears to 
d i s s o l v e i n the hot a l k a l i n e s o l u t i o n , while c l a y minerals and i r o n 
p y r i t e are converted i n t o a c i d - s o l u b l e compounds which are removed 
i n the a c i d washing step. Acid a l s o removes any carbonate minerals 
which are present i n the c o a l . 

In the present study the behavior of some of the p r i n c i p a l c o a l 
minerals was traced during a l k a l i n e leaching. This was accomplished 
by leaching several types of co a l and by leaching i n d i v i d u a l min­
e r a l s , which are commonly present i n c o a l , with various a l k a l i s . 
D i f f e r e n t a l k a l i concentrations and temperatures were employed. The 
s o l i d r e a c t i o n products were cha r a c t e r i z e d by x-ray d i f f r a c t i o n (XRD) 
and by d i s s o l u t i o n i n mineral a c i d s . Results achieved with I l l i n o i s 
No. 6 co a l are discussed, since they are representative, and the 
r e s u l t s of i n d i v i d u a l l y leaching quartz, k a o l i n i t e , and i r o n p y r i t e 

0097-6156/ 86/ 0301 -0462$06.00/ 0 
© 1986 American Chemical Society 
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34. FAN ET AL. Mineral Matter Behavior during Leaching 463 

are described because these minerals generally account for a major 
p o r t i o n of the mineral matter i n many co a l s . 

Experimental Methods 

I l l i n o i s No. 6 c o a l , obtained from the Elm Mine i n I l l i n o i s , was 
d r i e d under nitrogen at 90°C f o r 24 hr. and then ground to -74 ym 
s i z e . A n alysis of the dry c o a l by ASTM methods (8) revealed the 
fo l l o w i n g composition: 12.75% ash, 1.32% p y r i t i c s u l f u r , 0.24% 
s u l f a t e s u l f u r , 1.68% organic s u l f u r , and 3.24% t o t a l s u l f u r . 
Examination by XRD showed the p r i n c i p a l mineral i m p u r i t i e s to be i r o n 
p y r i t e , quartz, k a o l i n i t e , and c a l c i t e (Table I ) . Iron p y r i t e 
nodules were obtained from refuse produced i n cleaning c o a l from 
Mahaska County, Iowa. The nodules were crushed and then b a l l - m i l l e d 
to -38 ym s i z e ; p r i n c i p a l i m p u r i t i e s determined by XRD are i n d i c a t e d 
i n Table I. Part of the ground p y r i t e was treated for 1 hr. with 
excess 1.2 M h y d r o c h l o r i c a c i d at 70°C under nitrogen to remove a c i d -
s o luble i m p u r i t i e s ; i t was then washed and d r i e d . The acid-cleaned 
m a t e r i a l contained 88% i r o n p y r i t e , based on t o t a l s u l f u r content, 
and s i g n i f i c a n t amounts of quartz and k a o l i n i t e plus a trace of 
t i t a n i a . In a d d i t i o n , the m a t e r i a l seemed to contain a non­
c r y s t a l l i n e constituent which may have been c o a l . Quartz obtained 
fo r t h i s study d i d not appear to contain s i g n i f i c a n t amounts of any 
impu r i t i e s when examined by XRD. On the other hand, the k a o l i n which 
was obtained seemed to contain a s i g n i f i c a n t amount of quartz and 
trace q u a n t i t i e s of i l l i t e and t i t a n i a . 

For the leaching experiments, a weighed amount of f i n e l y d i v i d e d 
c o a l or mineral matter was mixed with 120 ml. of a l k a l i n e s o l u t i o n i n 
a 300-ml. s t a i n l e s s s t e e l (Type 316) autoclave equipped with a 
turbine a g i t a t o r . The system was flushed with nitrogen and then 
heated to the desired leaching temperature. The mixture was s t i r r e d 
continuously while leaching was conducted at constant temperature and 
pressure f o r a s p e c i f i e d p e riod. A f t e r t h i s treatment, the autoclave 

Table I. M a t e r i a l s Which Were Chemically Treated 

M a t e r i a l Source 
Size, 
ym 

Impurities Indicated 
by XRD 

I l l i n o i s 
No. 6 coal T r i v o l i County (111.) -74 FeS 2, 

CaC0 3 

Si0 2» k a o l i n i t e , 

Raw p y r i t e Coal, Mahaska County 
(la . ) 

-38 CaC0 3 

S i 0 2 , 

, i r o n oxides, 
k a o l i n i t e , T i 0 2 

Cleaned 
p y r i t e Same as above -38 S i 0 2 , k a o l i n i t e , T i 0 2 

Quartz Ottawa Sand (111.) -38 None 

K a o l i n Old Hickory No. 5 b a l l 
c l a y (Ky.) -74 S i 0 2 , I l l i t e , T i 0 2 
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464 MINERAL MATTER AND ASH IN COAL 

was cooled q u i c k l y , and the contents of the autoclave were f i l t e r e d 
to recover any undissolved s o l i d s . The s o l i d s were washed with 
water, dr i e d i n an oven, weighed, and di v i d e d into two p a r t s . One 
part was analyzed by XRD or other means, and the other part was 
treated with a c i d to determine the proportion of a c i d - s o l u b l e mate­
r i a l . For the a c i d treatment step, up to 3 g. of a l k a l i - l e a c h e d 
m a t e r i a l was mixed with 300 ml. of mineral a c i d (approximately 2 M) 
i n a s t i r r e d , three-neck Pyrex r e a c t i o n f l a s k f i t t e d with a r e f l u x 
condenser. The treatment was conducted f o r 30 min. e i t h e r at room 
temperature (25°C) or at the b o i l i n g point (100°C). A f t e r the t r e a t ­
ment the mixture was f i l t e r e d , and any undissolved s o l i d s were 
washed with 600 ml. of water, d r i e d , weighed, and analyzed by XRD or 
other means. XRD a n a l y s i s was performed with a Siemens D500 
diffra c t o m e t e r using copper K a r a d i a t i o n . The ash content of the 
treated coal was determined by ASTM Method D3174 (8), while the 
s u l f u r content was determined with a Fisher model 475 t o t a l s u l f u r 
analyzer. 

Results with Coal 

The r e s u l t s of leaching I l l i n o i s No. 6 coal with d i f f e r e n t a l k a l i n e 
s o l u t i o n s followed by a c i d treatment are shown i n Table I I . In each 
leaching experiment 15 g. of c o a l was leached with 120 ml. of 
a l k a l i n e s o l u t i o n at 250°C f o r 1 hr. In some experiments the a l k a l i -
leached coal was washed with h y d r o c h l o r i c a c i d , and i n other exper­
iments the c o a l was washed with s u l f u r i c a c i d . When hy d r o c h l o r i c 
a c i d was employed, the a c i d washing step was conducted at the b o i l i n g 
point and the f i n a l water washing step at room temperature. However, 
when s u l f u r i c a c i d was used, the washing steps were conducted at 
various temperatures to study the temperature e f f e c t . 

Table I I . Results of Treating I l l i n o i s No. 6 Coal with a 
Hot A l k a l i n e S o l u t i o n Followed by Acid Leaching 

A l k a l i Trtmt. Acid Trtmt. Washing Product, % Reduction, % 

Type M Type T., °C T., °C Yld? Ash b 

* t Ash 
s t 

NaHC03 2.0 HC1 100 25 95 6.57 3.14 48 15 
Na 2C0 3 1.0 HC1 100 25 94 2.61 2.40 80 35 
NaOH 2.0 HC1 100 25 83 1.28 1.95 90 47 
N a 2 C ° 3 1.0 H 2S0 4 25 25 94 3.40 2.72 73 27 
Na 2C0 3 1.0 

H 2 S ° 4 100 25 94 3.26 3.09 74 17 
N a 2 C 0 3 1.0 H0SO. 2 4 100 100 94 2.93 2.55 77 31 

Y i e l d and t o t a l s u l f u r content on a dry, ash-free b a s i s 
'Ash content on a dry basis 
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34. FAN ET AL. Mineral Matter Behavior during Leaching 465 

The r e s u l t s of the c o a l leaching experiments i n d i c a t e that the 
ash and t o t a l s u l f u r contents of the c o a l were reduced s u b s t a n t i a l l y 
while the product y i e l d was g e n e r a l l y high. The r e s u l t s were 
a f f e c t e d by the type of a l k a l i , and the e f f e c t i v e n e s s of the a l k a l i 
decreased i n the following order: NaOH > Na 2C03 > NaHC03- Although 
the greatest reduction i n ash and s u l f u r contents was r e a l i z e d with 
sodium hydroxide, the product y i e l d (84%) was the lowest. The 47% 
reduction i n t o t a l s u l f u r content achieved with sodium hydroxide was 
equivalent to the reduction which would have been r e a l i z e d i f a l l of 
the inorganic s u l f u r had been removed and none of the organic s u l f u r . 
Sodium carbonate appeared to be only s l i g h t l y l e s s e f f e c t i v e than 
sodium hydroxide i n reducing the s u l f u r and ash contents of the c o a l , 
but i t provided a greater y i e l d (94%). Sodium bicarbonate appeared 
considerably l e s s e f f e c t i v e than the other a l k a l i s . For c o a l leached 
with sodium carbonate, s l i g h t l y lower ash and s u l f u r contents were 
obtained when the m a t e r i a l was washed with h y d r o c h l o r i c a c i d than 
when i t was washed with s u l f u r i c a c i d . However, the e f f e c t i v e n e s s of 
the s u l f u r i c a c i d treatment was improved by using hot a c i d and by 
using hot water instead of cold water to wash the a c i d - t r e a t e d c o a l s . 

Results with I n d i v i d u a l Minerals 

To e x p l a i n the preceding r e s u l t s with c o a l , a s e r i e s of leaching 
experiments was c a r r i e d out with i n d i v i d u a l minerals. In the f i r s t 
set of experiments, -38 ym s i z e quartz p a r t i c l e s were leached with 
various hot a l k a l i n e s o l u t i o n s to study the e f f e c t s of a l k a l i type, 
a l k a l i concentration, r a t i o of a l k a l i to quartz, temperature, and 
leaching time on d i s s o l u t i o n . A f t e r each leaching, the reactor 
contents were f i l t e r e d with Whatman No. 40 f i l t e r paper using suc­
t i o n , and the residue was washed with cold water, d r i e d at 350°C for 
2 hr., and weighed. The percentage of m a t e r i a l extracted was c a l ­
culated using the following expression: 

•m . ^ , / o y N Λ r\r\ w t . of residue Λ Λ Λ , Λ N E x t r a c t i o n (%) = 100 τ~έ—τ~ x 100 (1) wt. of feed 

The r e s u l t s of leaching quartz with sodium carbonate s o l u t i o n s 
having d i f f e r e n t concentrations are shown i n Figure 1. For each 
point, 2.0 g. of quartz was leached with 120 ml. of s o l u t i o n at 
250°C f o r the i n d i c a t e d time. I t can be seen that the amount of 
m a t e r i a l extracted increased l i n e a r l y with time f o r about the f i r s t 
hour. During t h i s period the rate of e x t r a c t i o n also increased with 
a l k a l i concentration to approximately the 0.5 power. Following the 
constant rate period, no fur t h e r m a t e r i a l was extracted. Apparently 
the s o l u b i l i t y l i m i t was reached, and i t seemed to be the s o l u b i l i t y 
l i m i t at room temperature rather than at the leaching temperature. 
The following evidence pointed to the lower temperature l i m i t . The 
residue remaining a f t e r leaching quartz f o r 2 hr. or more was an 
amorphous, n o n - c r y s t a l l i n e s o l i d which was i n s o l u b l e i n hot hydro­
c h l o r i c a c i d . Examination of the residue f o r various chemical 
elements by energy d i s p e r s i v e x-ray a n a l y s i s revealed a high con­
c e n t r a t i o n of s i l i c o n and only a trace of sodium. The r e s u l t s 
suggested that quartz had d i s s o l v e d i n the hot s o l u t i o n , and upon 
co o l i n g some of the s i l i c a had r e p r e c i p i t a t e d as an amorphous or 
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466 MINERAL MATTER AND ASH IN COAL 
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Figure 1. D i s s o l u t i o n of quartz (2.0 g.) by hot sodium carbonate 
s o l u t i o n s (120 ml.) having d i f f e r e n t concentrations. 
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34. FAN ET AL. Mineral Matter Behavior during Leaching 467 

glassy m a t e r i a l . On the other hand, the residue remaining a f t e r 
quartz had been leached for l e s s than 1 hr. appeared to be l a r g e l y 
unreacted quartz. Furthermore, when quartz was leached for 1 hr. at 
the higher temperature of 300°C with a 1.0 M sodium carbonate s o l u ­
t i o n , the amount of m a t e r i a l extracted was only 69% which was no 
greater than the maximum amount extracted at 250°C. From published 
s o l u b i l i t y data (9) for s i l i c a i n various a l k a l i n e s o l u t i o n s , one 
would expect the s o l u b i l i t y of quartz i n a sodium carbonate s o l u t i o n 
to increase markedly with temperature. 

Even though the amount of s i l i c a extracted seemed to be l i m i t e d 
by the room temperature s o l u b i l i t y l i m i t , t h i s l i m i t was r a i s e d by 
i n c r e a s i n g e i t h e r the a l k a l i concentration or the r a t i o of a l k a l i to 
quartz. Thus by i n c r e a s i n g the sodium carbonate concentration from 
1.0 M to 2.0 M, the maximum amount extracted was r a i s e d from 70% to 
98.5%. Moreover, when the quantity of quartz leached f o r 1 hr. with 
a 1.0 M s o l u t i o n at 250°C was reduced from 2 g. to 1 g., the percent­
age extracted increased from 58% to 95%. 

Quartz was also leached f o r 1 hr. at 250°C with 2.0 M s o l u t i o n s 
of e i t h e r sodium hydroxide or sodium bicarbonate. In each case 2.0 
g. of quartz was leached with 120 ml. of s o l u t i o n . Most of the 
quartz (99.5%) was converted to soluble sodium s i l i c a t e s and e x t r a c t ­
ed by the hot sodium hydroxide s o l u t i o n . On the other hand, only 10% 
of the quartz was extracted by the sodium bicarbonate s o l u t i o n , and 
the residue appeared to be e n t i r e l y quartz. These values were 
notice a b l y d i f f e r e n t from the 58% extracted by 1.0 M sodium carbonate 
under s i m i l a r c o n d i t i o n s . Therefore, these s o l u t i o n s were not 
equivalent i n leaching a b i l i t y even though each provided the same 
number of moles of sodium. None of the residues remaining a f t e r 
leaching quartz with any of the a l k a l i s were a c i d - s o l u b l e . 

In a second set of experiments, -74 ym s i z e k a o l i n p a r t i c l e s 
were leached with hot a l k a l i n e s o l u t i o n s to study the conversion of 
k a o l i n i t e to various sodium hydroaluminosilicate compounds (Table 
III) under d i f f e r e n t leaching c o n d i t i o n s . In each experiment, 15 g. 
of k a o l i n was leached with 120 ml. of a l k a l i n e s o l u t i o n . The s o l i d 
r e a c t i o n product was recovered by f i l t r a t i o n , washed with water, 
d r i e d i n an oven at 95°C, and analyzed by XRD. Although t h i s method 
of a n a l y s i s i d e n t i f i e d the minerals present, i t could provide only 
an approximate i n d i c a t i o n of the r e l a t i v e proportions of the various 
minerals present. The amount of quartz was p a r t i c u l a r l y d i f f i c u l t 
to assess because the method of d e t e c t i o n was very s e n s i t i v e to t h i s 
mineral. Therefore, the r e s u l t s are reported only i n terms of major, 
minor, and trace q u a n t i t i e s present i n the product as i n d i c a t e d by 
XRD (Table IV). Because the small amount of t i t a n i a i n the k a o l i n 
was apparently not a f f e c t e d by even the most rigorous leaching condi­
t i o n s , the product always contained a trace of t h i s m a t e r i a l and no 
f u r t h e r mention seems necessary. 

When k a o l i n was leached with 1.0 M sodium carbonate at 200°C 
for 1 hr., most of the k a o l i n i t e was converted to the s o d a l i t e - t y p e 
natrodavyne (NS) while the quartz and i l l i t e i m p u r i t i e s were not 
a f f e c t e d n o t i c e a b l y (Table IV). Increasing the leaching temperature 
to 250°C r e s u l t e d i n the converion of the k a o l i n i t e to a mixture of 
mixed-type natrodavyne (NCS) and analcime (A) and complete d i s s o l u ­
t i o n of the quartz impurity. The i l l i t e impurity was not a f f e c t e d . 
Leaching at 300°C and above r e s u l t e d i n the conversion of the 
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468 MINERAL MATTER AND ASH IN COAL 

Table I I I . Various Sodium Hydroaluminosilicates Produced i n Leaching 
K a o l i n i t e with Hot A l k a l i n e Solutions 

Mineral Chemical formula Symbol 

Analcime Na 20-Al 2i 0 3 - 4 ( S i 0 2 ) •2(HO) 
2 

A 
Hydroxycancrinite Na 20-Al 2i 0 3-2(SiO 2) • 3(NaOH)-n(H 20) HC 

Hydroxysodalite (same as above) HS 
Natrodavyne 
(sodalite-type) 

Na 20-Al 2i 0 3 - 2 ( S i 0 2 ) •^(Na 2C0 3)-n(H 20) NS 

Natrodavyne (same as above) NC 
(canc r i n i t e - t y p e ) 
Natrodavyne (same as above) NCS 
(mixed type) 

k a o l i n i t e to the c a n c r i n i t e - t y p e natrodavyne (NC). Only at 350°C 
did the i l l i t e impurity appear to be a f f e c t e d . 

A s i m i l a r trend was observed when k a o l i n was leached f o r 1 hr. 
at 250°C with sodium carbonate s o l u t i o n s of d i f f e r e n t concentrations 
(Table IV). At the lowest concentration (0.2 Μ ) , part of the 
k a o l i n i t e was converted to the so d a l i t e - t y p e natrodavyne while the 
impu r i t i e s were untouched. At the highest concentration of sodium 
carbonate (2.0 Μ ) , the k a o l i n i t e was converted to the c a n c r i n i t e -
type natrodavyne, and although the quartz was extracted, the i l l i t e 
remained. 

Somewhat s i m i l a r changes were observed when the leaching time 
was v a r i e d while holding the concentration of sodium carbonate at 
1.0 M and the temperature at 250°C. With a leaching time of 0.5 hr. 
the k a o l i n i t e was converted to a mixture of analcime and s o d a l i t e -
type natrodavyne, whereas with a leaching time of 2.0 hr. the 
k a o l i n i t e was l a r g e l y converted to the c a n c r i n i t e - t y p e natrodavyne. 
Not a l l of the quartz was extracted when leaching was conducted f o r 
0.5 hr., but a l l of the quartz appeared to be removed when leaching 
was conducted f o r longer periods. However, the i l l i t e remained even 
a f t e r 2 hr. of leaching. 

When k a o l i n was leached with 1.0 M sodium hydroxide at 250°C f o r 
1 hr., most of the k a o l i n i t e appeared to be converted to analcime 
(Table IV). Increasing the concentration to 2.0 M r e s u l t e d i n 
converting most of the k a o l i n i t e to hydroxycancrinite (HC). In 
e i t h e r case the quartz impurity was extracted but the i l l i t e impurity 
remained. Leaching k a o l i n with 2.0 M sodium bicarbonate at 250°C 
for 1 hr. converted the k a o l i n i t e to the sod a l i t e - t y p e natrodavyne, 
but i t had no apparent e f f e c t on the i m p u r i t i e s . 

To i n v e s t i g a t e the d i s s o l u t i o n of the sodium hydroalumino­
s i l i c a t e s produced by a l k a l i n e leaching, 3.0 g. portions of the 
leached product were treated with 300 ml. of ac i d i n a s t i r r e d f l a s k 
for 30 min. E i t h e r 2.0 M h y d r o c h l o r i c a c i d or 1.8 M s u l f u r i c a c i d 
was u t i l i z e d . While h y d r o c h l o r i c ac i d was always used at the b o i l i n g 
point, s u l f u r i c a c i d was sometimes used at the b o i l i n g point and 
sometimes at room temperature. From XRD a n a l y s i s of the s o l i d 
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34. FAN ET AL. Mineral Matter Behavior during Leaching 469 

Table IV. Results of Leaching 15 g. K a o l i n with 
120 ml. A l k a l i n e S o l u t i o n 

Leaching conditions Mineral products excluding TiO, 
A l k a l i M °C hr. type, (amount) a 

Na 2C0 3 1.0 200 1.0 NS(maj), SiO ?(maj), k a o l i n i t e ( m i n ) , 
i l l i t e ( t r ) 

Na 2C0 3 1.0 250 1.0 NCS(maj), A(maj), i l l i t e ( t r ) 
Na 2C0 3 1.0 300 1.0 NC(maj), A(min), i l l i t e ( t r ) 
Na 2C0 3 1.0 350 1.0 NC(maj) 

Na 2C0 3 0.2 250 1.0 SiO ?(maj), k a o l i n i t e ( m i n ) , NS(min) 
i l l i t e ( t r ) 

Na 2C0 3 0.5 250 1.0 Si0 2(maj), NS(maj), i l l i t e ( t r ) 
Na 2C0 3 1.0 250 1.0 NCS(maj), A(maj), i l l i t e ( t r ) 
Na 2C0 3 2.0 250 1.0 NC(maj), i l l i t e ( t r ) 

Na 2C0 3 1.0 250 0.5 A(maj), NS(maj), Si 0 2 ( m i n ) , i l l i t e ( t r ) 
Na 2C0 3 1.0 250 1.0 NCS(maj), A(maj), i l l i t e ( t r ) 
Na 2C0 3 1.0 250 2.0 NC(maj), A(min), i l l i t e ( t r ) 

NaOH 1.0 250 1.0 A(maj), HS(min), i l l i t e ( t r ) 
NaOH 2.0 250 1.0 HC(maj), A(min), i l l i t e ( t r ) 

NaHC03 2.0 250 1.0 NS(maj), Si0 2(maj), i l l i t e ( t r ) 

Amount: maj = major quantity, min = minor quantity, t r = trace 
quantity 
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470 MINERAL MATTER AND ASH IN COAL 

residue remaining a f t e r the a c i d treatment, i t was found that a l l of 
the s o d a l i t e - t y p e and c a n c r i n i t e - t y p e compounds were d i s s o l v e d by 
the acids whether hot or c o l d . On the other hand, analcime was 
completely d i s s o l v e d only by the b o i l i n g a c i d s . 

In a t h i r d set of experiments, -38 ym p y r i t e p a r t i c l e s were 
leached with hot a l k a l i n e s o l u t i o n s to study the conversion of i r o n 
p y r i t e to i r o n oxide and soluble s u l f u r species. In each experiment, 
5 g. of acid-cleaned p y r i t e was leached with 120 ml. of a l k a l i n e 
s o l u t i o n f o r 1 hr. In a d d i t i o n to analyzing the s o l i d residue by 
XRD, the t o t a l s u l f u r content of the leachate was determined i n order 
to estimate p y r i t e conversion. 

When p y r i t e was leached f o r 1 hr. with 1.0 M sodium carbonate at 
250°C, only 12.7% of the p y r i t e was converted to i r o n oxide and 
soluble s u l f u r species (Table V). Increasing the leaching tem­
perature to 300°C r a i s e d the conversion to 26.4%, and i n c r e a s i n g the 
temperature to 350°C r a i s e d the conversion to 44.8%. In each case 
the s o l i d residue consisted p r i n c i p a l l y of hematite and unreacted 
p y r i t e . 

Increasing the sodium carbonate concentration, while maintaining 
the leaching time at 1 hr. and temperature at 250°C, increased the 
p y r i t e conversion only s l i g h t l y (Table V). On the other hand, when 
p y r i t e was leached with 2.0 M sodium hydroxide at 300°C f o r 1 hr., a 
conversion of 62% was achieved. Again, hematite appeared to be the 
p r i n c i p a l s o l i d r e a c t i o n product. 

When the p y r i t e residue from the a l k a l i n e leaching step was 
treated with a c i d , a l l of the hematite d i s s o l v e d i n e i t h e r hot hydro­
c h l o r i c a c i d or hot s u l f u r i c a c i d . However, the hematite appeared to 
d i s s o l v e incompletely or very slowly i n co l d s u l f u r i c a c i d . 
Unreacted p y r i t e was not touched by the acids whether hot or c o l d . 

Behavior of Mineral Matter During Coal Leaching 

Following the preceding experiments with i n d i v i d u a l minerals, f u r t h e r 
con s i d e r a t i o n was given to the behavior of the mineral matter i n co a l 

Table V. Results of Leaching 5 g. Acid-cleaned P y r i t e with 120 ml. 
A l k a l i n e S o l u t i o n f o r 1 hr. 

Leaching conditions Conv., 
% Residue A l k a l i Cone., M Temp., °C 

Conv., 
% Residue 

Na 2C0 3 1.0 250 12.7 FeS 2, F e 2 0 3 

Na 2C0 3 1.0 300 26.4 FeS 2, F e 2 0 3 

Na 2C0 3 1.0 350 44.8 FeS 2, F e 2 0 3 

Na 2C0 3 1.0 250 12.7 FeS 2, F e 2 0 3 

Na 2C0 3 2.0 250 14.5 

N a 2 C 0 3 3.0 250 15.8 

NaOH 2.0 300 62.0 FeS 2, F e 2 0 3 
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34. FAN ET AL. Mineral Matter Behavior during Leaching 471 

i t s e l f during leaching. The coal was examined by XRD a f t e r both the 
a l k a l i n e leaching step and the acid/water washing step. Leaching 
I l l i n o i s No. 6 co a l with 2 M sodium bicarbonate at 250°C f o r 1 hr. 
appeared to convert e s s e n t i a l l y a l l of the k a o l i n i t e to natrodavyne 
and analcime and a small p o r t i o n of the i r o n p y r i t e to hematite while 
not g r e a t l y a f f e c t i n g the quartz and c a l c i t e . However, i t appeared 
that some of the quartz was converted to analcime since t h i s mineral 
has a higher r a t i o of s i l i c a to alumina than i s present i n k a o l i n i t e . 
Following the subsequent a c i d washing step, the remaining mineral 
matter consisted mostly of quartz and p y r i t e . Leaching I l l i n o i s No. 
6 co a l with 1 M sodium carbonate under s i m i l a r conditions als o 
converted the k a o l i n i t e to natrodavyne and analcime and part of the 
p y r i t e to hematite; the quartz was e i t h e r converted to soluble sodium 
s i l i c a t e s or analcime. A f t e r washing the a l k a l i - t r e a t e d c o a l with 
a c i d , p y r i t e seemed to c o n s t i t u t e most of the remaining mineral 
matter. Leaching I l l i n o i s No, 6 c o a l with 2 M sodium hydroxide at 
250°C f o r 1 hr. seemed to convert a l l of the k a o l i n i t e to hydroxy-
c a n c r i n i t e and a large p o r t i o n of the p y r i t e to hematite; most of the 
quartz was extracted or converted. A f t e r washing the coal with a c i d , 
only a small amount of p y r i t e remained. These r e s u l t s were g e n e r a l l y 
i n good agreement with those observed i n the leaching of i n d i v i d u a l 
minerals. 

Conclusions 

Most of the mineral matter was removed from a representative c o a l 
( I l l i n o i s No. 6) by f i r s t leaching the f i n e l y ground m a t e r i a l with a 
hot a l k a l i n e s o l u t i o n and then washing the product with a mineral 
a c i d and water. The e f f e c t i v e n e s s of various a l k a l i s f or converting 
or e x t r a c t i n g mineral matter decreased i n the fol l o w i n g order: 
NaOH > Na 2C03 > NaHC03. Coal recovery, on the other hand, increased 
i n the same order. Examination of the coal by XRD a f t e r each step 
and a study of the behavior of i n d i v i d u a l minerals when subjected to 
the same treatment i n d i c a t e d good agreement i n r e s u l t s . In other 
words, the r e s u l t s were generally s i m i l a r regardless of whether the 
minerals were leached i n d i v i d u a l l y or i n a mixture with c o a l . The 
r e s u l t s of leaching s e v e r a l of the most prevalent minerals i n coal on 
an i n d i v i d u a l b a sis are summarized below. 

I t was shown that f i n e - s i z e quartz p a r t i c l e s r e a d i l y d i s s o l v e i n 
1-2 M sodium carbonate or sodium hydroxide at 250°C. However, when 
quartz i s extracted by a hot s o l u t i o n which i s then cooled, an 
amorphous, a c i d - i n s o l u b l e m a t e r i a l i s produced under some co n d i t i o n s . 
A l i k e l y p o s s i b i l i t y i s that amorphous s i l i c a p r e c i p i t a t e s when the 
room temperature s o l u b i l i t y l i m i t of the ma t e r i a l i s exceeded. 
Formation of the amorphous m a t e r i a l i s prevented by using higher 
concentrations of a l k a l i or a higher r a t i o of a l k a l i to s i l i c a . 

I t was al s o shown that k a o l i n i t e reacts with hot a l k a l i n e s o l u ­
t i o n s to form various sodium hydroaluminosilicates which are a c i d -
s o l u b l e . The p a r t i c u l a r sodium hydroaluminosilicate formed depends 
on the type of a l k a l i employed, the a l k a l i concentration, the t r e a t ­
ment temperature, and length of treatment. When sodium carbonate i s 
employed, k a o l i n i t e i s l a r g e l y converted to the s o d a l i t e - t y p e 
natrodavyne under l e s s rigorous conditions and to the c a n c r i n i t e - t y p e 
natrodavyne under more rigorous conditions. Under intermediate 
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472 MINERAL MATTER AND ASH IN COAL 

treatment conditions, the mixed-type natrodavyne and analcime are 
produced. When sodium hydroxide i s employed, k a o l i n i t e i s l a r g e l y 
converted to analcime and hydroxycancrinite with the l a t t e r being 
favored by higher a l k a l i concentrations. 

I t was f u r t h e r shown that i r o n p y r i t e reacts with hot a l k a l i n e 
s o l u t i o n s to form hematite and soluble s u l f u r species. Sodium 
hydroxide i s considerably more e f f e c t i v e than sodium carbonate for 
t h i s r e a c t i o n . However, the e f f e c t i v e n e s s of sodium carbonate s o l u ­
t i o n s can be increased by i n c r e a s i n g the treatment temperature and 
to a l e s s e r extent by i n c r e a s i n g the a l k a l i concentration. The 
hematite produced i s r e a d i l y d i s s o l v e d by hot mineral a c i d s . 
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35 
Separation of Mineral Matter from Pittsburgh Coal 
by Wet Milling 

Douglas V. Keller, Jr. 

Otisca Industries, Ltd., Syracuse, NY 13208 

The fracture of massive Pittsburgh coal permits some of 
the entrained mineral matter to be released as a distinct 
phase. A study of the variables that affect the release 
of mineral matter during the wet (water) milling process 
of that coal indicated that the mineral matter exists as 
a distinct and separable phase to a content of at least 
0.5 weight percent mineral matter in the product coal. 
The reduction of mineral matter by physical separation 
procedures of the free mineral matter phase from the coal 
phase is directly related to the log of the mode of the 
particle size distribution of the raw coal. That relation­
ship also appears to be insensitive to some of the common 
chemical additives that are introduced to enhance the 
rate of milling. 

The term "inherent mineral matter, or ash" i s a commonly used phrase 
i n the c o a l l i t e r a t u r e (1). The phrase r e f e r s to that f r a c t i o n of 
the mineral matter bound o r g a n i c a l l y to the carbonaceous s t r u c t u r e 
of the coal and estimates of i t s content suggest that i t i s i n the 
range of two weight percent of the whole mineral matter (1). Common 
c l a s s i c a l p h y s i c a l separation schemes such as d i f f e r e n t i a l s p e c i f i c 
g r a v i t y separations or f r o t h f l o t a t i o n which are d i r e c t e d at déminer-
a l i z i n g the c o a l never approach that lower l i m i t . For example, at 
the outset of t h i s i n v e s t i g a t i o n one could r e c e i v e a raw Pitt s b u r g h 
seam c o a l at 30 weight percent ash and through c a r e f u l f l o a t - s i n k 
processes reduce that ash content in t o the range of four to f i v e 
weight percent. P r a c t i c a l l y reducing that ash content, however, to 
below three weight percent with a reasonable y i e l d was quite 
u n l i k e l y (2). One consequence of the lar g e weight f r a c t i o n d i f f e r ­
e n t i a l between the p r a c t i c a l l i m i t of demineralization, and i f you 
l i k e , the true "inherent" l i m i t of demineralization was a t o t a l l a c k 
of understanding as to whether or not that mineral f r a c t i o n could 
indeed be extracted by p h y s i c a l means. With t h i s as a b a s i s , 
f u r t h e r questions could be r a i s e d as to whether or not that retained 
mineral matter was a true d i s t i n c t mineral phase, or i f so, could i t 
be bound chemically along the i n t e r f a c e s to the c o a l s t r u c t u r e 
rendering those p a r t i c l e s inseparable. Most simply, i n a l l cases 

0097-6156/ 86/0301 -0473S06.00/0 
© 1986 American Chemical Society 
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474 MINERAL MATTER AND ASH IN COAL 

one could ask the question does a separation of mineral matter from 
the c o a l take place i n a l l cases when c o a l i s f r a c t u r e d and to what 
extent, or l i m i t , can the f r a c t u r e process be u t i l i z e d i n the 
demineralization of c o a l . 

A s e r i e s of experiments was assigned to explore the e x t r a c t i o n 
of mineral matter from c o a l i n the s i z e ranges below 0.25 mm. The 
raw coal samples were obtained from three d i f f e r e n t sources i n the 
Pittsburgh seam which permitted a degree of comparison over a rather 
l a r g e geographic area. The r e s u l t s are i n t e r e s t i n g i n that they 
allow a new perspective i n the demineralization of c o a l . 

Experimental 

The P i t t s b u r g h seam coals used i n t h i s i n v e s t i g a t i o n have a nominal 
a n a l y s i s as i l l u s t r a t e d i n Table I. 

Lots of Pi t t s b u r g h seam c o a l i n excess of 1000 pounds each were 
received from three d i f f e r e n t sources i n Washington County: Mine 
(A) was located about 20 miles west of Pittsburgh; Mine (B) was 
located j u s t south of Pittsburgh; Mine (C) was located about 40 miles 
south of Pi t t s b u r g h . Representative samples from each source were 
obtained by ASTM procedures and subjected tc the fo l l o w i n g processing. 

A raw coal sample was reduced to 250 ym χ 0 by dry mechanical 
crushing i n a hammermill and then ground i n a laboratory sample m i l l . 
The mechanically ground c o a l was then mixed with water to form one 
l i t e r of s l u r r y with 30 weight percent s o l i d s and placed i n a 
standard 3 l i t e r laboratory b a l l m i l l using 3/8" alumina grinding 
media. A l l of b a l l m i l l i n g v a r i a b l e s were held constant except f o r 
the duration of m i l l i n g which permitted a v a r i a t i o n of the p a r t i c l e 
s i z e d i s t r i b u t i o n . In the event that chemicals were employed during 
the b a l l m i l l i n g operation, those chemicals were incorporated i n an 
excess of the amount of the standard m i l l content. 

The c o a l water s l u r r y was removed from the m i l l , d i l u t e d with 
water to ten weight percent s o l i d s and the co a l f r a c t i o n removed 
u t i l i z i n g the Ot i s c a T-Process (OTP) (2,3) . Separations by the 
T-Process are unique i n that agglomeration r e s u l t s i n the recovery 
of v i r t u a l l y a l l of the carbonaceous m a t e r i a l l e a v i n g a f u l l y d i s ­
persed mineral phase i n the residue water. Many d e t a i l e d i n v e s t i g a ­
tions of t h i s type have concluded that mineral matter recovered with 
the c o a l phase i s included i n the c o a l ; that i s the ash content of 
the product c o a l represents only that mineral matter mechanically 
attached to or enveloped by the c o a l . 

A n a l y t i c a l procedures f o r ash (high temperature, HT) and s u l f u r 
contents were conducted according to ASTM procedures. Low tempera­
ture ash procedures were conducted at 550°C i n an oven with an 
adequate supply of oxygen. The d i f f e r e n c e i n mineral matter mor­
phology and chemistry between t h i s technique and the low temperature 
ashing method described by Gluskoter (3), can be a n t i c i p a t e d from 
the paper by M i t c h e l l and Gluskoter (4). P r i n c i p a l l y the higher 
temperature ashing process w i l l convert p y r i t e to hematite and 
k a o l i n i t e to metakaolinite by the l o s s of water of c r y s t a l l i z a t i o n . 
Between 30% and 50% of the mineral matter i n the Pit t s b u r g h c o a l 
i s considered to be k a o l i n i t e (5), and i n t h i s i n v e s t i g a t i o n we 
presumed that the 550°C ashing procedure d i d not s i g n i f i c a n t l y a l t e r 
the p a r t i c l e s i z e d i s t r i b u t i o n of the o r i g i n a l k a o l i n i t e p a r t i c l e s . 
The presumption was tested by comparing the s i z e d i s t r i b u t i o n of raw 
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35. KELLER Separation of Mineral Matter from Coal by Wet Milling 475 

mineral matter and that f i r e d at 550°C. L i t t l e change i n s i z e was 
noted. 

A Micromeritics 5500L u n i t was used to obtain the p a r t i c l e s i z e 
d i s t r i b u t i o n data f o r t h i s i n v e s t i g a t i o n . Data from the Micro­
m e r i t i c s u n i t using a one ym mode sample was compared with the data 
developed by the manufacturer from a Coulter Counter on the same 
sample to w i t h i n ten percent. Even with t h i s i n hand, there was no 
attempt to c h a r a c t e r i z e the p a r t i c l e s or t h e i r shape on an absolute 
b a s i s . The Micromeritics u n i t provides p a r t i c l e diameter data i n 
terms of "area percent" which are r e a d i l y converted to "mass percent" 
by a mathmatical format developed by Micromeritics, cf the i n s t r u ­
ment handbook. The observed area percent data from the Micromeri­
t i c s u n i t was transposed to a mass percent base at data points y 
( i n ym) f o r a l l of the points y β 2 X where χ = η + 0.5 and η = -3, 
-2.5, ...0..., +7, +7.5. The data point at y represents that mass 
f r a c t i o n of m a t e r i a l l y i n g i n the s i z e range χ + 0.25 ym. The data 
given below are p l o t t e d with the ordinate providing e i t h e r the 
mineral matter, low temperature ash or c o a l , content i n weight per­
cent based on the c o a l or as (dw/d(logx)) which i s the weight per­
cent of mineral matter i n that p a r t i c u l a r s i z e range (logx) of a l l 
the mineral matter present i n the system. 

The f o l l o w i n g p a r t i c l e s i z e d i s t r i b u t i o n data are given as a 
log d i s t r i b u t i o n i n p a r t i c l e diameter (ym) where the mass points are 
interconnected f o r convenience of comparison at the expense of r i g o r . 
T y p i c a l d i s t r i b u t i o n s are bell-shaped where the mode i s defined as 
the p a r t i c l e diameter at that point of h a l f width of the curve at 
the h a l f height of the maximum. The Micromeritic u n i t i s based on a 
Stokes 1 Law s e t t l i n g of the p a r t i c l e s where one must choose an 
average s p e c i f i c g r a v i t y of p a r t i c l e s under i n v e s t i g a t i o n before the 
data are recorded. In those cases where low temperature ash 
p a r t i c l e s were in v e s t i g a t e d , the i r o n minerals with a density l a r g e r 
than 4 gms/cc were separated i n a dense f l u i d from the c l a y minerals 
with d e n s i t i e s l e s s than 3 gms/cc. A l l d e n s i t i e s were determined by 
picnometric methods. The d i s t r i b u t i o n s were measured i n d i v i d u a l l y 
and then the s i z e d i s t r i b u t i o n s were recombined mathematically. The 
product coals demonstrated a very narrow s p e c i f i c g r a v i t y d i s t r i b u ­
t i o n i n the range of 1.33. 

Results and Discussion 

Figure 1 i l l u s t r a t e s the p a r t i c l e s i z e d i s t r i b u t i o n of the mineral 
matter that r e s u l t s from the low temperature ashing of three 5 cm 
cubes of b r i g h t c o a l that were hand-picked from the various samples. 
The ash contents were i n the range of f i v e weight percent. I t i s of 
i n t e r e s t to note that band of mineral matter p a r t i c l e s that l i e i n 
the p a r t i c l e diameter range between one and 50 ym with a mode 
between four and eight ym. The p a r t i c l e s i z e d i s t r i b u t i o n data from 
the low temperature ashing of the 5 cm cubes of c o a l show that raw 
coal from each source has a unique " f i n g e r p r i n t " of mineral matter 
p a r t i c l e s d i s t r i b u t e d i n the p a r t i c l e s i z e range below 250 ym. I t 
should be noted that the d i s t r i b u t i o n curves are reproducible to 
w i t h i n plus or minus f i v e percent of the designated ash, or c o a l , 
content values given for each p a r t i c l e diameter range (y). 

I n v e s t i g a t i o n s of many other c o a l seams and coals w i t h i n a 
p a r t i c u l a r seam i n d i c a t e that indeed the mineral matter d i s t r i b u t i o n 
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476 MINERAL MATTER AND ASH IN COAL 

Table I. Nominal A n a l y s i s of Pittsburgh Seam Coal 

Weight Percent 
(Dry Basis) 

V o l a t i l e Matter 35 
Fixed Carbon 58 
BTU/lb 14,200 
Carbon 77.3 
Hydrogen 5.2 
Nitrogen 1.5 
Chlorine 0.1 
Sulfur 1.5 
Oxygen ( d i f f ) 7.6 
Ash 6.8 

^ 1 .0 -

* 
Ζ 0 . 8 -

P a r t i c l e Diameter (microns) 

Figure 1. P a r t i c l e s i z e d i s t r i b u t i o n s of the low temperature ash 
products from three d i f f e r e n t 5 cm blocks of Pittsburgh seam 
c o a l : (O) Coal Α; ( Δ ) Coal B; and (O) Coal C. 
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35. KELLER Separation of Mineral Matter from Coal by Wet Milling All 

v a r i e s widely both i n shape and magnitude and as such cannot be 
a n t i c i p a t e d from other c o a l p r o p e r t i e s . The mineral matter d i s t r i ­
bution i s a fundamental property of that c o a l which i s an uncon­
t r o l l e d n a t u r a l v a r i a b l e i n the e x t r a c t i o n of mineral matter. 

In order to demonstrate that the 5 cm cube was c o n s t i t u t e d of 
an accumulation of much smaller u n i t volumes, each of which repre­
sented the whole c o a l i n mineral matter p a r t i c l e s i z e d i s t r i b u t i o n , 
a study of a s e r i e s of s i z e c l a s s i f i e d p a r t i c l e s was undertaken. 
For example, i f raw c o a l (C) were ground to 250 ym χ 0, and then 
separated with standard sieves i n t o the s i z e f r a c t i o n 53 χ 44 ym, 
we would be afforded a dry mixture of raw c o a l p a r t i c l e s and mineral 
p a r t i c l e s with an average s i z e of 4 8 + 4 ym. Figure 2 i l l u s t r a t e s 
the p a r t i c l e s i z e d i s t r i b u t i o n of the low temperature ash product 
of the product c o a l a f t e r the f r e e mineral matter p a r t i c l e s were 
removed. Again we have the c h a r a c t e r i s t i c curve very s i m i l a r to the 
curve shown i n Figure 1 (C). In f a c t , that p o r t i o n of the curve 
that l i e s below 3 ym can most u s u a l l y be superimposed on other curves 
obtained i n a s i m i l a r manner from the other s i z e f r a c t i o n s of c o a l 
(C). Providing, that i s , that the o r i g i n a l c o a l p a r t i c l e diameters 
are l a r g e r than 10 ym. 

The conclusion of that study i n d i c a t e d that product c o a l p a r t i ­
c l e s l a r g e r i n diameter than the band of mineral matter m i c r o p a r t i -
c l e s seemed to contain the whole p a r t i c l e d i s t r i b u t i o n of the small 
m i c r o p a r t i d e s . That i s , there appeared to be a r e l a t i v e l y homoge­
neous d i s t r i b u t i o n of p a r t i c l e s throughout, l i m i t e d i n top s i z e by 
the l a r g e s t p a r t i c l e i n the t e s t . To explore that aspect i n more 
depth, a raw c o a l was wet m i l l e d to smaller s i z e s . 

When a raw c o a l i s wet b a l l - m i l l e d f o r a s u f f i c i e n t time to 
produce a s l u r r y with a p a r t i c l e diameter mode i n the range of 4 ym 
there r e s u l t s two forms of mineral matter: That f r a c t u r e d away from 
the c o a l and that which i s s t i l l enveloped i n the c o a l p a r t i c l e s . 
Figure 3 i l l u s t r a t e s a t y p i c a l p a r t i c l e s i z e d i s t r i b u t i o n f o r the 
separated product coal as compared to the separated f r e e mineral 
matter (90 weight percent ash) from one m i l l i n g t e s t . The separated 
mineral matter i s c l e a r l y smaller i n diameter than the c o a l which 
i s probably due to i t s more b r i t t l e p r o p e r t i e s . Note that i n 
Figures 3 and 4 an i n t e g r a t i o n of the curves w i l l y i e l d 100% of the 
mineral matter (or ash) under c o n s i d e r a t i o n rather than the ash 
content of the c o a l as was the case i n Figures 1 and 2. 

When the product c o a l shown i n Figure 3 was subjected to low 
temperature ashing as described above and that ash product sub­
je c t e d to p a r t i c l e s i z e a n a l y s i s , a curve as i s i l l u s t r a t e d i n 
Figure 4 r e s u l t s . C l e a r l y the enveloped mineral matter i n the pro­
duct c o a l p a r t i c l e s i s considerably smaller i n diameter than the 
c o a l p a r t i c l e s from which they came and as such are not a v a i l a b l e 
for separation by the T-Process. The T-Process separation r e j e c t s 
a l l p a r t i c l e s of pure mineral matter and agglomerates as product 
c o a l a l l p a r t i c l e s that have any f r a c t i o n of c o a l exposed to the 
l i q u i d system. 

Two very important points are i l l u s t r a t e d i n Figures 1-4: 
F i r s t l y , i t appears that as coal f r a c t u r e takes place i n t h i s system, 
mineral matter p a r t i c l e s are ejected from the f r a c t u r e d c o a l system 
and most without attached c o a l . The i m p l i c a t i o n i s that the c o a l -
mineral matter i n t e r f a c e s are not chemically bound. I f those i n t e r ­
faces were chemically bound, one would observe mineral matter 
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P a r t i c l e Diameter (microns) 

Figure 2. P a r t i c l e s i z e d i s t r i b u t i o n of the low temperature ash 
product of a 48 + 4 ym product c o a l a f t e r the f r e e mineral matter 
was removed. 

25h 

I I . . . 
1 0 " 1 1 0 0 10 1 

P a r t i c l e Diameter (microns) 

Figure 3. When the products of wet m i l l i n g 250 ym χ 0 Pitt s b u r g h 
c o a l (C) are separated, two products evolve: Product c o a l and 
separated mineral matter. The p a r t i c l e s i z e d i s t r i b u t i o n s f o r 
each are i l l u s t r a t e d . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

03
5



35. KELLER Separation of Mineral Matter from Coal by Wet Milling 479 

r e j e c t i o n only when the p a r t i c l e s were broken i n t o smaller pieces. 
The r e s u l t would be a l a r g e increase i n the sub-micron p a r t i c l e 
population i n the released mineral matter, c f . Figure 3, as w e l l as 
that i n the low temperature ash of the product c o a l . The l a t t e r i s 
not observed as i s i l l u s t r a t e d below. 

Secondly, given the low temperature ash s i z e d i s t r i b u t i o n of the 
raw coal and a knowledge of the raw c o a l p a r t i c l e s i z e d i s t r i b u t i o n 
a f t e r wet m i l l i n g , we are i n a p o s i t i o n to p r e d i c t the ash content 
of the product c o a l . Consider Figure 5 where a hy p o t h e t i c a l low 
temperature ash p a r t i c l e s i z e d i s t r i b u t i o n i s superimposed on a 
T-Process product c o a l s i z e d i s t r i b u t i o n . The product c o a l p a r t i c l e s 
with diameters l y i n g between χ and dx contain no mineral matter 
p a r t i c l e s l a r g e r than dx as those p a r t i c l e s were removed during the 
separation process. The mineral matter retained i n the product c o a l 
p a r t i c l e s i s the cumulative mineral matter content represented by 
the low temperature ash curve. Since the mineral content given on 
the ordinate i n Figure 5 i s based on 100%, the ash content i n each 
s i z e range can be estimated by m u l t i p l y i n g the mass f r a c t i o n of that 
point by the t o t a l ash content i n the raw c o a l sample, i . e . 250 ym χ 
0, that was used to generate the low temperature ash curve. 

A s p e c i f i c case i s examined i n Table II where the p a r t i c l e s i z e 
d i s t r i b u t i o n data from the low temperature ashing of a 5 cm cube of 
coal and 44-53 ym coal was r e l a t e d to two product c o a l samples 
m i l l e d under d i f f e r e n t conditions a l l of which o r i g i n a t e d from the 
same source c o a l (C). The f i r s t column i n Table II provides the 
average p a r t i c l e diameter points (y) at which the data were observed 
1, e. the p a r t i c l e s with diameters l y i n g between χ and χ + dx. A 
comparison of the low temperature ash data f o r the 5 cm cube, column 
2, and f o r the 44-53 ym c o a l , column 3, i l l u s t r a t e s that the f r a c ­
ture of c o a l from a 5 cm cube to 48 ym does not s i g n i f i c a n t l y d i s ­
turb the mineral matter p a r t i c l e s l y i n g i n the range of diameters 
below 6 ym. Since a 4 ym p a r t i c l e of product c o a l ought to have the 
complete mineral matter p a r t i c l e d i s t r i b u t i o n smaller than 4 ym 
enveloped i n that p a r t i c l e , a cumulative ash f r a c t i o n of the l e s s e r 
p a r t i c l e diameter ash should be equivalent to the ash content w i t h i n 
the 4 ym p a r t i c l e s , that i s , 2.67 weight percent ash, c f . column 
4 at 4 ym. 

A t e s t of t h i s r e l a t i o n s h i p i s afforded i n column 5 where we 
observe the mass f r a c t i o n of p a r t i c l e s at various diameters of a 
product c o a l from a standard m i l l run with no chemicals added. The 
predicted ash content of the product c o a l i s determined by a 
summation, over a l l p a r t i c l e diameters of the product of the ash 
content of each diameter cumulated by i n c r e a s i n g diameter, (X), 
times the mass f r a c t i o n of the product c o a l at the p a r t i c u l a r 
diameter, (y). The predicted ash content f o r t h i s case i s 1.23 
weight percent ash which can be compared to the observed value using 
ASTM procedures of 1.12 weight percent ash. Following i d e n t i c a l 
m i l l i n g procedures, except f o r the a d d i t i o n of 20 pounds per ton 
l i g n i n s u l f o n a t e , a dispersant, we obtain a much f i n e r s i z e d i s t r i ­
bution as i s i l l u s t r a t e d i n column 6, Table I I . The predicted ash 
content i n that case i s 0.77 weight percent ash while the observed 
value was 0.91 weight percent ash. The large discrepancy i n the 
f i n e r c o a l case was probably due to imperfect separation procedures 
that were caused by the presence of the dispersant. The a b i l i t y to 
p r e d i c t ash contents using t h i s procedure has been ap p l i e d to 
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Figure 4. P a r t i c l e s i z e d i s t r i b u t i o n of the low temperature ash 
product from the same product c o a l sample shown i n Figure 3. 

Figure 5. A hy p o t h e t i c a l p a r t i c l e s i z e d i s t r i b u t i o n curve of low 
temperature ash and product c o a l . 
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35. KELLER Separation of Mineral Matter from Coal by Wet Milling 481 

several d i f f e r e n t coals from d i f f e r e n t seams and the same seam with 
r e s u l t s u s u a l l y w i t h i n ten percent. A c a r e f u l examination of these 
data lends credence to the observation that f o r the most part the 
mineral matter included i n c o a l to the micron p a r t i c l e s i z e range i s 
indeed a d i s t i n c t separable phase capable of p h y s i c a l separation by 
f r a c t u r e . 

The extent to which m i l l i n g can be c a r r i e d out and s t i l l a t t a i n 
e f f e c t i v e d e m i n e r a l i z a t i o n i s to a degree l i m i t e d by our knowledge 
of m i l l i n g . Coal Β was reduced i n ash i n t o the range of 0.5 weight 
percent, however, that l i m i t appeared to be a f u n c t i o n of m i l l i n g 
phenomena as f u r t h e r m i l l i n g d i d not allow further ash reduction. 
C l e a r l y , according to the a n a l y s i s shown i n column 5 of Table II 
and the subsequent d i s c u s s i o n , one might expect a monotonie 
decrease i n product c o a l ash content with p a r t i c l e s i z e d i s t r i b u t i o n 
mode to zero mineral matter which has not been observed. What was 
not a n t i c i p a t e d was the observation that the r e l a t i o n s h i p appeared 
to be i n s e n s i t i v e to what might be considered as rather severe 
changes i n the chemical environment during the m i l l i n g process even 
though some of the chemical a d d i t i v e s made s i g n i f i c a n t changes i n 
the m i l l i n g e f f i c i e n c y , i . e . , s p e c i f i c area increase per u n i t input 
energy. 

Consider the e f f e c t of three chemical a d d i t i v e s : calcium 
hydroxide, sodium l i g n i n s u l f o n a t e , and sodium s u l f o s u c c i n a t e , as 
compared to the case of no a d d i t i v e s on the p a r t i c l e s i z e d i s t r i b u ­
t i o n of the product c o a l from a standard m i l l run shown i n Figure 6 
where a l l conditions were i d e n t i c a l . C l e a r l y , there were no obvious 
e f f e c t s . In the next s e r i e s , shown i n Figure 7, we i n v e s t i g a t e d the 
a d d i t i v e s ammonium hydroxide, sodium hydroxide, and a higher con­
c e n t r a t i o n of sodium l i g n i n s u l f o n a t e . C l e a r l y , a dynamic d i f f e r e n c e 
i n s p e c i f i c surface area per u n i t input energy was observed. The 
explanation of the d i f f e r e n c e s i s beyond the scope of t h i s paper, 
but what was i n t e r e s t i n g was the e f f e c t that the chemicals had on 
the f r a c t u r e mechanism that a f f e c t s the r e l e a s e of mineral matter. 
Figure 8 i l l u s t r a t e s a p l o t of the ash content i n the product coal 
versus the mode of the p a r t i c l e s i z e d i s t r i b u t i o n of the product 
c o a l . A l l of the t e s t s u t i l i z i n g chemical a d d i t i v e s were m i l l e d 
under i d e n t i c a l conditions u t i l i z e d i n the t e s t which produced the 
"no a d d i t i v e " data with a 2 ym mode. The three other "no a d d i t i v e " 
t e s t s were m i l l e d f o r extended times to achieve smaller p a r t i c l e s i z e 
d i s t r i b u t i o n and these data are shown i n Figure 8. Some of the 
chemical a d d i t i v e s do a l t e r the s p e c i f i c m i l l i n g r a t e during the 
process, but that change does not a l t e r the r e l a t i o n s h i p between 
p a r t i c l e f r a c t u r e and mineral matter released. Such lends support 
to the presumed model that the u l t r a f i n e mineral i s to some degree 
homogeneously d i s t r i b u t e d and i s only released with the f r a c t u r e 
of the coal p a r t i c l e . 

Conclusion 

High ranked bituminous c o a l s l i k e those of the P i t t s b u r g h seam 
contain a d i s t r i b u t i o n of d i s c r e t e mineral matter p a r t i c l e s i n the 
s i z e range from 50 to 1 ym which can be released and p h y s i c a l l y 
separated from the coal by normal f r a c t u r e mechanisms experienced i n 
wet b a l l m i l l i n g . Separation of the product coal from the mineral 
matter dispersed i n water was achieved by agglomeration methods. 
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482 MINERAL MATTER AND ASH IN COAL 

Table I I . P a r t i c l e Size Data For Low Temperature Ash Products 
and Product Coal 

Data Point Low Temperature Ash - Wt.% Product Coal - Wt.% 

Standard 
No 

Standard 
20 pounds/ton 

ym 5 cm Cube 44-53ym 44-53ym Add i t i v e s L i g n i n s u l f o n a t e 

(y) (Cumula­
t i v e X) 00 (Z) 

0.35 0.03 0.06 0.06 0.08 0.16 
0.50 0.06 0.1 0.16 0.05 0.09 
0.71 0.19 0.18 0.34 0.09 0.15 
1.00 0.35 0.28 0.62 0.13 0.23 
1.41 0.49 0.38 1.0 0.21 0.16 
2.0 0.67 0.52 1.52 0.19 0.11 
2.83 0.63 0.60 2.12 0.15 0.16 
4.0 0.66 0.55 2.67 0.06 0.03 
5.66 0.66 0.55 3.22 0.04 0.01 

No Ad d i t i v e s 

L i g n i n s u l f o n a t e 

y = 5.66 

έζ < y < y 

y = 0.35 y y 

y = 5.66 

ΣΖ ( y ( y 
y = 0.35 y y 

1.23 Wt.% Ash Predicted 
1.12 Wt.% Ash Observed 

0.77 Wt.% Ash Predicted 

0.91 Wt.% Ash Observed 

P a r t i c l e Diameter (microns) 

Figure 6. The e f f e c t s of three chemical a d d i t i v e s on product c o a l 
p a r t i c l e s i z e d i s t r i b u t i o n while m i l l i n g at constant conditions, 
( O ) No Ad d i t i v e s ; ( A ) 2 l b s / t o n Calcium Hydroxide; ( D ) 
2 l b s / t o n Sodium L i g n i n s u l f o n a t e ; and ( Ο ) 20 l b s / t o n Sodium 
Sulfosuccinate. 
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35. KELLER Separation of Mineral Matter from Coal by Wet Milling 483 

^ 0.5 " 

P a r t i c l e Diameter (microns) 

Figure 7. The e f f e c t s of three chemical a d d i t i v e s on product c o a l 
p a r t i c l e s i z e d i s t r i b u t i o n while m i l l i n g at constant conditions, 
( O ) No A d d i t i v e s ; ( A ) 36 l b s / t o n Ammonium Hydroxide; ( D ) 
7.9 l b s / t o n Sodium Hydroxide; and ( O ) 20 l b s / t o n Sodium 
L i g n i n s u l f o n a t e . 

7 
- I 

of 

ι 
1 
m ο 

Β /• 

- I I I- I 1 1 1 1 1 1 1 1 1 1 1 1 1 

Mode of PSD (microns) 

Figure 8. Weight percent ash i n product coal versus the mode of 
the p a r t i c l e s i z e d i s t r i b u t i o n of the product c o a l , ( O ) No 
a d d i t i v e s ; (O0 7.9 lb s / t o n Sodium Hydroxide; ( O ) 36 lb s / t o n 
Ammonium Hydroxide; ( ® ) 20 l b s / t o n Sodium L i g n i n s u l f o n a t e ; 

20 l b s / t o n Calcium Hydroxide, ( X ) 2 l b s / t o n Calcium 
Hydroxide and ( Δ ) 2 l b s / t o n Sodium L i g n i n s u l f o n a t e . 
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484 MINERAL MATTER AND ASH IN COAL 

Demineralization of coal by t h i s mechanism appears to be a pre­
d i c t a b l e process with an error i n the range of 10 percent. The 
dem i n e r a l i z a t i o n of P i t t s b u r g h seam co a l has been achieved to the 
range of 0.5 weight percent ash, a l i m i t which appears to be 
c o n t r o l l e d by the mechanics of the b a l l m i l l . 

A p p l i c a t i o n of the procedures used i n t h i s i n v e s t i g a t i o n to 
coals from other seams have r e s u l t e d i n product coals with ash 
contents below 0.3 wt. %. Further i n v e s t i g a t i o n s are underway 
which focus on the mechanism of f r a c t u r e during wet m i l l i n g . 
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36 
Decomposition of Pyrite in a Coal Matrix 
during the Pyrolysis of Coal 

I. Stewart1, S. G. Whiteway1, P. J. Cleyle2, and W. F. Caley2 

1Atlantic Research Laboratory, National Research Council, Halifax, NS B3H 3Z1, Canada 
2Technical University of Nova Scotia, Halifax, NS B3J 2X4, Canada 

The high levels of sulphur present in Nova Scotian 
coals may restrict their future use in power 
generation. A number of beneficiation strategies, 
aimed at reducing the sulphur levels, are currently 
under investigation in the Atlantic region; among 
these is pyrolysis. This work provides a better 
understanding of the fate of pyritic sulphur from the 
pyrite/pyrrhotite conversion during pyrolysis. Coal 
from collieries in Nova Scotia were pyrolysed under 
argon in a tube furnace at a variety of temperatures 
and times. Elements of interest in the resultant char 
were analysed using a scanning electron microscope, 
equipped with energy and wavelength dispersive 
spectrometers. The results indicate that sulphur 
originating from pyrite is transferred to the nearby 
surrounding organic matrix during the pyrolysis 
process. This sulphur is in a form which may be very 
difficult to remove. The possibility of using 
magnetic separation to reduce the sulphur levels in 
the char was explored. 

The high sulphur content of Eastern Canadian coals, as much as 8%, 
has l ed to studies aimed at reducing these sulphur l e v e l s (1). In 
general about two t h i r d s of the sulphur i s p y r i t i c , often occuring 
as small i n c l u s i o n s , and therefore d i f f i c u l t to remove by 
conventional means. One method which holds promise i s p y r o l y s i s 
followed by magnetic separation. 

P y r o l y s i s involves the heating of coal i n a non-oxidising 
environment producing char, l i q u i d and gas. This p u b l i c a t i o n deals 
with the reactions of p y r i t e i n the c o a l , the p a r t i t i o n i n g of the 
p y r i t i c sulphur during p y r o l y s i s , and the e f f e c t t h i s has on 
magnetic separation. 

0097-6156/ 86/ 0301 -0485506.00/ 0 
© 1986 American Chemical Society 
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486 MINERAL MATTER AND ASH IN COAL 

When mineral p y r i t e i s heated under an i n e r t atmosphere i t 
decomposes, i n two steps, to form f i r s t l y p y r r h o t i t e and then at a 
higher temperature, i r o n . 

FeS 2 = F e S ( 1 + x ) + S ( 1 . x ) [l ] 

F e S ( 1 + x ) = Fe + S ( 1 + x ) [2] 

Where 0 < χ < 0.22. 
I t i s generally known that, in c o a l , r e a c tions 1 and 2 proceed 

at a lower temperature, probably because hydrogen from the 
decomposing coal matrix aids the r e a c t i o n : 

FeS 2 + ( 1-x)H 2 -> FeS(1+x) + (1-x)H 2S [3 ] 

Reaction [2] was not observed i n t h i s study because experimental 
temperatures were not high enough. 

The f a t e of p y r i t e i n coal has been the subject of a number of 
p u b l i c a t i o n s , p a r t i c u l a r l y i n the area of l i q u e f a c t i o n , where p y r i t e 
or i t s products are thought to play an important c a t a l y t i c r o l e (2). 
In a previous p u b l i c a t i o n (3 ) i t was reported that the decomposition 
of p y r i t e to p y r r h o t i t e occurred i n the temperature range 500-550°C 
for a run-of-mine(ROM) Prince c o a l . This was within the range of 
440~580°C reported by other workers for the decomposition of p y r i t e 
i n coal (4,5). The current work extends the previous study to three 
washed coals and includes some preliminary work on magnetic 
separation. 

Magnetic separation has been applied by other workers (6) who 
have shown that r e j e c t i o n of 95-99% of p y r i t i c sulphur i s p o s s i b l e , 
i f advantage can be taken of the p y r i t e / p y r r h o t i t e transformation. 
This l a t t e r process not only involves a l o s s of sulphur but 
concurrent 100- f o l d increase i n magnetic s u s c e p t i b i l i t y (7). I t i s 
t h i s increase which makes magnetic separation a t t r a c t i v e . 

Experimental 

A l l the coals studied i n the present work were washed commercially 
to f r e e them of some of t h e i r mineral content. They were from three 
c o l l i e r i e s of the Cape Breton Development Corporation: Prince, 
Lingan and No. 26. Lingan and No. 26 c o l l i e r i e s are i n d i f f e r e n t 
regions of the same coal seam: the Prince c o l l i e r y i s i n a separate 
seam. A l l the coals are classed as high v o l a t i l e bituminous A. 
T y p i c a l ash and sulphur contents are given i n Table I. 

The coal was crushed and sieved on T y l e r screens to -8 +16 mesh 
(1-2.4 mm). Approximately 10 g of coal was placed i n an alumina 
boat and pyrolysed under argon i n a tube furnace for 20 hours at 
constant temperature i n the ranges 410-645°C 

A f t e r p y r o l y s i s pieces of the r e s u l t a n t char were mounted using 
Fish e r Chemical Co. 'Quickmount* cold-mounting r e s i n , and polished 
in preparation for scanning e l e c t r o n microscopy. The object was to 
analyse for sulphur by scanning across selected p y r i t e sections, and 
continuing out into the surrounding coal matrix. 
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36. STEWART ET AL. Decomposition of Pyrite in a Coal Matrix 487 

Table I . Analyses of Coals 

P r i n c e Coal Lingan Coal No. 26 Coal 

Moisture 
V o l a t i l e s 
Ash 
Carbon 
Oxygen 
T o t a l sulphur 
P y r i t e sulphur 
Sulphate sulphur 
Organic sulphur 

2.24 
3^.65 
6.4 

58.95 
5.0 
3.62 
2.56 
0.08 
0.98 

1 .09 
28.34 
3.65 

68.01 
5.6 
2.01 
1 .42 
0.09 
0.56 

0.87 
25.42 
2.92 

71.66 
5.0 
0.86 
0.26 
0.04 
0.56 

A Jeol-35 Scanning E l e c t r o n Microscope equipped with energy-
and wavelength- d i s p e r s i v e X-ray spectrometers was used f o r 
elemental a n a l y s i s . Spot analyses were c a r r i e d out; these covered 
approximately 0.5 ym f o r the p y r i t e and 1 ym f o r the c o a l . The 
standard atomic number, absorption and fluorescence (ZAF) 
c o r r e c t i o n s were a p p l i e d to a l l analyses, using counting times of 
200 seconds, an a c c e l e r a t i n g voltage of 15 kV and a p y r i t e c r y s t a l 
as standard. 

In a d d i t i o n some of the samples were studied by Fe-57 Mossbauer 
spectroscopy. The spectrometer was an Apple H e - c o n t r o l l e d Ranger 
S c i e n t i f i c MS-900 operated i n constant a c c e l e r a t i o n mode, using 
Co-57 i n a matrix of rhodium as source. S p e c t r a l data were 
accumulated i n 1024 channels. 

The extent of p y r i t e decomposition was followed by o b t a i n i n g S/Fe 
atomic r a t i o s at various p o i n t s across s e l e c t e d p y r i t e i n c l u s i o n s , 
the l a t t e r i n the s i z e range 10-20 ym. Figure 1 i s a p l o t of t h i s 
r a t i o versus "distance from i n t e r f a c e w i t h i n p y r i t e " f o r each of the 
c o a l s at d i f f e r e n t temperatures. The r e s u l t s i n d i c a t e t h a t , f o r 
p y r i t e of t h i s s i z e , decomposition to p y r r h o t i t e occurs i n the 
temperature range 450-500°C, f o r a l l the c o a l s s t u d i e d . The 
r e a c t i o n e s s e n t i a l l y was complete at 500°C. 

Mossbauer spectroscopy was used to examine the chars produced 
from the p y r o l y s i s r e a c t i o n . The r e s u l t s , which deal with bulk 
decomposition compared to the microscopic view obtained from SEM, 
tended to confirm those obtained above f o r the i n i t i a l temperature 
of decomposition. However, a number of major d i f f e r e n c e s were 
observed. P y r i t e was always a component i n the s p e c t r a , even those 
of chars produced at 650°C. In a d d i t i o n the three c o a l s could be 
c l a s s e d i n two groups: P r i n c e and Lingan behaved s i m i l a r l y with the 
formation of p y r r h o t i t e s at around 450-500°C; on the other hand No. 
26 c o a l showed l i t t l e s i g n of any r e a c t i o n product even at 650°C 
( F i g s . 2-4), an anomaly c o n s i d e r i n g the f a c t that s e l e c t e d g r a i n s of 
s i z e 10-20 ym would have been completely reacted. 

Results 
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F i g . 1 S/Fe atomic r a t i o vs. distance from i n t e r f a c e within 
p y r i t e f o r Prince, Lingan and No. 26 co a l s . 
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STEWART ET AL. Decomposition of Pyrite in a Coal Matrix 

F i g . 2 Mossbauer spectra of Prince coal pyrolysed at d i f f e r e n t 
temperatures. 
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LINGAN C O A L 

Raw 

0 ο 
0 0 

0 
0 
•° 

•Λ 

0 

0 0 
0 0 

>» 

J 45(fC 

Φ 

0 

• 

0 

«* 
<5 
Φ 

550°C 

ο 

ί 

S · ο ° ° ο 
ο · 

ο 

600°C 

• 

ο° 
ο 

-8 ' -4' ό ' 4 " 8 
mm s"1 

F i g . 3 Môssbauer spectra of Lingan coal pyrolysed at d i f f e r e n t 
temperatures. 
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F i g . 4 Mossbauer spectra of No. 26 coal pyrolysed at d i f f e r e n t 
temperatures. 
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492 MINERAL MATTER AND ASH IN COAL 

The incorporation of the sulphur from the decomposition of 
p y r i t e , i n t o the surrounding coal matrix, was also followed by 
scanning e l e c t r o n microscopy. This involved spot a n a l y s i s for 
sulphur out from the p y r i t e / c o a l i n t e r f a c e i n t o the surrounding 
matrix. These r e s u l t s follow the trend presented above for p y r i t e 
decomposition. At 400 and 450°C, l i t t l e sulphur t r a n s f e r was 
observed; at 500°C however, there was an observed increase i n the % 
sulphur ( F i g . 5), i n the region around the decomposed p a r t i c l e . 

M u l t i p l e runs were performed at each temperature i n order to 
produce enough char for magnetic separation. The chars were crushed 
to an average s i z e of 80% passing through 94 ym and then 40-50 g 
were s l u r r i e d with water and passed through a magnetic separator 
(Davis Tube T e s t e r ) , using a f i e l d strength of 5.25 kG. No attempt 
was made to optimise the conditions and the separation was based on 
a s i n g l e pass through the poles of the magnet. The r e s u l t s from 
these experiments are presented i n f i g u r e 6. I t appears the best 
reduction occurs using chars produced at about 450°C f o r Prince and 
Lingan coals, and at 550°C f o r No. 26 c o a l . In a d d i t i o n some of 
the products of magnetic separation were analysed by Mossbauer 
spectroscopy. The r e s u l t s were s i m i l a r to those observed for the 
raw chars. Lingan and Prince coals showed an increase i n P y r r h o t i t e 
content f o r the magnetic f r a c t i o n and No. 26 coal showed ir o n oxide 
as the main product i n the magnetic f r a c t i o n (Figs 7,8). 

Discussion 

P y r i t e Decomposition. This study shows a s l i g h t l y lower 
decomposition temperature f o r p y r i t e i n washed coal (450-500°C) than 
was previously reported f o r ROM Prince c o a l , (500-550°C). The 
reason for t h i s i s as yet unclear, but i s thought to r e f l e c t the 
lower ash content i n the washed coals. Rostam-Abadi and Kruse (8) 
have reported a s i m i l a r e f f e c t f o r the peak d e v o l a t i l i s a t i o n rates 
of coals with d i f f e r i n g organic to p y r i t i c sulphur r a t i o s . 

The anomalous behaviour of No. 26 coal may be r e l a t e d to the 
high oxygen:sulphur r a t i o , i n t h i s coal (Table I) and t h i s i s being 
i n v e s t i g a t e d . In a d d i t i o n , i t must be recognised that t h i s SEM work 
was c a r r i e d out on s e l e c t e d p a r t i c l e s , which are not n e c e s s a r i l y 
i n d i c a t i v e of the bulk. 

A number of k i n e t i c models have been proposed for the 
decomposition of p y r i t e (9,10). There seems to be general agreement 
that the decomposition involves the r e a c t i o n of S = sulphide ions 
with hydrogen, the l a t t e r o r i g i n a t i n g with the decomposing coal 
matrix, to form H 2S. A l t e r n a t i v e l y i t has been suggested that the 
organic hydrocarbon material may d i r e c t l y r eact with S = (9). As the 
r e a c t i o n proceeds, a s h e l l of p y r r h o t i t e forms around the p y r i t e 
core with the S 2~ ions now d i f f u s i n g through the p y r r h o t i t e to the 
p y r r h o t i t e / c o a l i n t e r f a c e . This has been described i n the 
l i t e r a t u r e as the " s h r i n k i n g core" model (5,10). A few p y r i t e 
p a r t i c l e s formed from p y r o l y s i s at 450°C, showed v i s i b l e , as well as 
microchemical, evidence for t h i s model ( F i g . 9). 

Sulphur Transfer. As p r e v i o u s l y reported there was no i n d i c a t i o n of 
increased sulphur l e v e l s around p y r i t e p a r t i c l e s i n the 1unreacted* 
coals (3,11). The increase i n sulphur observed i n the present study 
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Distance From Interface Within Matrix (jtm) 

F i g . 5 Weight % sulphur vs. distance from i n t e r f a c e within 
matrix f o r Prince, Lingan and No. 26 coa l s . 

400 500 600 
Temperature Of Pyrolysis 

F i g . 6 % Sulphur reduction vs. temperature of p y r o l y s i s for 
Prince, Lingan and No. 26 coa l s . 
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F i g . 7 Môssbauer spectra of non-magnetic and magnetic char 
f r a c t i o n s , a f t e r magnetic separation, f o r Prince c o a l . 
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F i g . 8 Mossbauer spectra of non-magnetic and magnetic char 
f r a c t i o n s , a f t e r magnetic separation, f o r No. 26 c o a l . 
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496 MINERAL MATTER AND ASH IN COAL 

F i g . 9 Scanning e l e c t r o n micrograph of p y r i t e p a r t i c l e in Prince 
coal f o l l o w i n g p y r o l y s i s . 
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o r i g i n a t e s as a r e s u l t of the p y r o l y s i s r e a c t i o n , p r i m a r i l y from the 
decomposition of p y r i t e , as i s evident from the l o c a l nature of the 
e f f e c t . The sulphur around the p y r i t e i s thought to be formed by 
the r e a c t i o n of H 2S with the surrounding coal matrix, rather than by 
the d i f f u s i o n of S 2" through the matrix. This i s based on our 
previous study, which showed no f u r t h e r increase i n the s i z e of the 
sulphur s h e l l a f t e r a c e r t a i n time. 

I t has been shown ( 12 ) that the thermal decomposition of coal 
probably involves a free r a d i c a l process, providing a c t i v e s i t e s f o r 
the 1 trapping 1 of H 2S formed as the r e s u l t of p y r i t e decomposition. 
In t h i s way the sulphur becomes incorporated i n t o the coal matrix as 
o r g a n i c a l l y bound sulphur. While the form of the trapped sulphur i s 
unknown, i t i s c l e a r that i t i s chemically bound in t o the char as 
part of a very stabl e organic group, presumably as part of a 
h e t e r o c y c l i c r i n g s t r u c t u r e . A t t a r (9) has suggested that i t i s 
part of a h i g h l y g r a p h i t i s e d , h e t e r o c y c l i c , thiophenic group. 

Magnetic Separation. The future u t i l i t y of p y r o l y s i s as a process 
depends upon the s u c c e s s f u l use of the char. From the d i s c u s s i o n on 
sulphur t r a n s f e r , i t i s evident that as the r e s u l t of p y r o l y s i s some 
sulphur which i s d i f f i c u l t to remove p h y s i c a l l y (well disseminated 
p y r i t e ) i s transformed to sulphur that i s impossible to remove 
p h y s i c a l l y (organic sulphur). In a d d i t i o n i t has been shown that 
t h i s newly formed, organic sulphur i s present i n a very s t a b l e form. 
This would seem to be counter productive to any scheme which must 
include sulphur reduction as a primary goal. However, by c a r e f u l l y 
c o n t r o l l i n g the p y r o l y s i s r e a c t i o n conditions i t should be p o s s i b l e 
to produce chars which are amenable to sulphur reduction by magnetic 
separation. 

In the present work no attempt was made to optimise the 
magnetic separation conditions; rather the emphasis was on sulphur 
r e j e c t i o n as a function of p y r o l y s i s temperature, to give 
information on the optimum p y r o l y s i s temperature f o r separation. 
This work was based on a report (6) that p y r r h o t i t e with the 
composition F e 7 S 8 had the highest magnetic s u s c e p t i b i l i t y and was 
therefore e a s i e s t to remove by magnetic separation. 

The r e s u l t s i n d i c a t e d that maximum sulphur r e j e c t i o n occurs i n 
the range 450-500°C f o r Prince and Lingan coals; there are two 
reasons for t h i s . F i r s t , these r e s u l t s show that at t h i s 
temperature the r e a c t i o n i s incomplete and therefore those 
p y r r h o t i t e p a r t i c l e s which are removed magnetically s t i l l have an 
appreciable p y r i t e core. The t o t a l sulphur content would be l a r g e r 
than that of a s i m i l a r p a r t i c l e , with l e s s r e s i d u a l p y r i t e , produced 
at higher temperatures. The second reason may be the formation of a 
p y r r h o t i t e with a higher magnetic s u s c e p t i b i l i t y , at t h i s 
temperature, permitting a greater e f f i c i e n c y i n p a r t i c l e removal. 

The preceding i n d i c a t e s that i n order to optimise sulphur 
r e j e c t i o n , the conditions of p y r o l y s i s should be c o n t r o l l e d so that 
the magnetic s u s c e p t i b i l i t y becomes s u f f i c i e n t f o r p a r t i c l e 
separation, but also so that the transformation of p y r i t e to 
p y r r h o t i t e should be kept to a minimum. For example, i t has been 
shown that a \% conversion of p y r i t e to p y r r h o t i t e leads to an 
increase i n magnetic s u s c e p t i b i l i t y of two orders of magnitude ( 1 3 ) . 
In a d d i t i o n , grinding could be c o n t r o l l e d so that the sulphur 
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498 MINERAL MATTER AND ASH IN COAL 

incorporated i n t o the organic matrix could be l i b e r a t e d along with 
the p y r r h o t i t e p a r t i c l e s , making use of the l o c a l i s e d nature of the 
e f f e c t . 

Summary 

The work performed to date, has brought out a number of important 
points and r a i s e d several questions. 
1. The decomposition temperature f o r p y r i t e i n coal v a r i e s 

depending on the coal and i t s pre-treatment. The po s s i b l e 
e f f e c t s of p a r t i c l e s i z e and maceral environment were not dealt 
with i n the present study and are c u r r e n t l y being in v e s t i g a t e d . 

2. Sulphur t r a n s f e r to the coal was observed to occur i n a very 
l o c a l i s e d s h e l l . The exact nature of the newly formed organic 
sulphur remains e l u s i v e but i t i s probably as part of a 
h e t e r o c y c l i c r i n g . 

3. Optimum p y r o l y s i s conditions, for magnetic separation, were 
explored; preliminary r e s u l t s i n d i c a t e that temperatures i n the 
range 450-500°C may produce the highest sulphur r e j e c t i o n . This 
was thought to be due to the a d d i t i v e e f f e c t s of optimum 
magnetic s u s c e p t i b i l i t y and the high sulphur content of the 
r e j e c t e d p a r t i c l e s . 

4. P y r i t e was observed i n the Mossbauer spectra of a l l the chars 
inv e s t i g a t e d , even though se l e c t e d grains of s i z e 10-20 ym would 
i n d i c a t e that a l l p y r i t e had decomposed to p y r r h o t i t e . 
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37 
Carbon Dioxide/Water for Coal Beneficiation 

R. Sapienza, T. Butcher, W. Slegeir, and F. Healy 

Brookhaven National Laboratory, Department of Applied Science, Upton, NY 11973 

Pressurized carbon dioxide/water solvents affect the 
chemical and physical properties of coal to provide a 
method of simultaneous cleaning and fracturing. The 
synergistic interaction of these two inexpensive 
reagents causes the selective solubilization of the 
alkali and alkaline earth mineral matter in the coal 
and the swelling of the coal matrix which weakens the 
coal structure. Significant improvements in coal 
grindability with high retention of energy content have 
been achieved. 

The chemical composition, p h y s i c a l s i z e , and mode of d i s t r i b u t i o n of 
the mineral matter i n coal g r e a t l y a f f e c t the way i n which c o a l 
minerals can be s e l e c t i v e l y removed. For any coal cleaning method 
to be ap p l i c a b l e to a v a r i e t y of coals, i t should provide both 
phy s i c a l l i b e r a t i o n and chemical separation techniques. Brookhaven 
National Laboratory (BNL) has focused on t h i s approach. The method 
involves the s e l e c t i v e s o l u b i l i z a t i o n of coal mineral matter which 
also causes swelling of the c o a l . This swelling r e s u l t s i n the 
fragmentation of the coal s t r u c t u r e which a f f e c t s coal grinding and 
f a c i l i t a t e s the removal of mineral matter. With the proper s e l e c ­
t i o n of reagents, s e l e c t i v e s o l u b i l i z a t i o n of mineral matter 
occurs. This work has c l a r i f i e d our understanding of the n a t u r a l 
binding forces holding coal together and could be of value i n 
improving and extending the c a p a b i l i t y of current cleaning processes 
and providing a basis f o r the development of new coal cleaning 
methodologies. 

This approach to coal b e n e f i c a t i o n i s f l e x i b l e and i s a p p l i c ­
able to a v a r i e t y of coals because the nature of maceral-maceral and 
maceral-mineral i n t e r a c t i o n s are s i m i l a r f o r s i m i l a r coals. The 
coal i s modified both chemically and p h y s i c a l l y i n a way which 
allows selected mineral components to be attacked. I t i s believed 
that improvements can be made which w i l l be more e f f e c t i v e i n terms 
of degree and s p e c i f i c i t y f o r mineral matter removal, while poten­
t i a l l y e f f e c t i n g a route to organic s u l f u r removal. 

0097-6156/ 86/ 0301 -0500$06.00/ 0 
© 1986 American Chemical Society 
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37. SAPIENZA ET AL. Carbon Dioxide/ Water for Coal Beneficiation 501 

The Concept 

Coal i s sedimentary rock composed of m i c r o s c o p i c a l l y recognizable 
organic constituents (macérais) and inorganic constituents 
(minerals). Macérais are products of c o a l i f i e d remains of plants; 
they have been c l a s s i f i e d i n t o groups, i . e . v i t r i n i t e , e x i n i t e , and 
i n e r t i n i t e . Coal minerals are believed to be located at maceral 
boundaries ( 1 ) · The overwhelming majority of these minerals are i n 
one of the following four groups, a l u m i n o s i l i c a t e s , carbonates, 
s u l f i d e s , and s i l i c a (quartz). Hydrogen bonding may well be an 
important part of the forces that hold these minerals at the maceral 
boundaries. The most abundant element i n c o a l , a f t e r carbon and 
hydrogen, i s oxygen. Oxygen i s found combined with other atoms i n 
coal to form various f u n c t i o n a l groups, namely, carboxyl groups 
( C O 2 H ) , carbonyl groups ( 0 = 0 ) , and phenol (OH) groups. One of the 
prominent features of the i n f r a r e d spectra of most coals i s an 
intense broad band associated with 0-H v i b r a t i o n s . I t i s also worth 
noting that OH accounts for between one t h i r d and two t h i r d s of the 
t o t a l oxygen i n coal Ç 2 ) . These bonding features may contribute to 
hold the coal inorganic and organic aggregate together and are poten­
t i a l s i t e s of f u r t h e r hydrogen bonding. Since the s t r u c t u r e of coal 
shows many possible s i t e s for hydrogen bonding, breaking hydrogen 
bonds along the maceral boundaries could r e s u l t i n the separation of 
the mineral matter from the coal matrix. 

Conceptually, two routes are a v a i l a b l e f o r the d i s r u p t i o n of the 
coal matrix. One method involves the use of reagents which attack 
the surface of coal and, during the chemical transformation, 
e f f e c t i v e l y "peel away" t h i s surface to expose fresh surface to the 
reagent. This method appears to be operative during coal g a s i f i c a ­
t i o n . However, t h i s technique, of necessity, involves r a d i c a l 
transformations of the coal s t r u c t u r e , r e s u l t i n g i n extensive carbon-
carbon bond cleavage. The second method involves the penetration of 
the coal s t r u c t u r e with reagents that swell the c o a l . Such method­
ology allows for v a s t l y greater surface area, e f f e c t i v e l y longer 
coal-reagent r e a c t i o n times, and greater p o s s i b i l i t i e s f o r s e l e c t i v e 
cleavage of bonds. 

Swelling s t r a i n s the coal matrix, most probably leading to the 
rupture of hydrogen bonds. However, due to the high a v a i l a b i l i t y of 
hydrogen bonds, the r e o r i e n t a t i o n of the coal matrix allows r e o r i e n ­
t a t i o n of the hydrogen bonding s t r u c t u r e . It i s believed that an 
appropriate hydrogen bonding agent, i f allowed to penetrate the 
swelled coal s t r u c t u r e , would be capable of "tying up" hydrogen 
bonding s i t e s i n the c o a l . The combined e f f e c t s of swelling and bond 
breaking would appear to allow included mineral matter to drop out of 
the coal s t r u c t u r e while p h y s i c a l l y weakening the coal matrix. 

Unlike f r a c t u r i n g , t h i s approach should cause only moderate 
d i s r u p t i o n of the coal matrix and might not lead to complete comminu­
t i o n , but t h i s method could be envisioned as a prelude to c o a l 
g r i n d i n g . Removal of material from s t r u c t u r a l boundaries would y i e l d 
a more f r i a b l e , " s o f t " coal s t r u c t u r e . The leaching of f i n e mineral 
p a r t i c l e s from the coal matrix r e s u l t s i n a more porous structure and 
should also improve the coal's g r i n d a b i l i t y . The p r i o r removal of 
some mineral matter would also reduce the coal's abrasiveness. 
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502 MINERAL MATTER AND ASH IN COAL 

The treated coal should be more amenable to crushing and such 
crushing should occur along maceral boundaries due to the combined 
e f f e c t s of external hydrogen bonding and swelling. This would 
release greater amounts of impurities of comparable p a r t i c l e - s i z e 
d i s t r i b u t i o n and reduce the cost of follow-on processing f o r 
separating i m p u r i t i e s . This approach may also o f f e r new ways of 
f u r t h e r coal clean-up because the coal structure i s most susceptible 
to chemical attack during the swelling process. 

A wide v a r i e t y of chemical reagents are capable of blocking the 
i n t e r n a l hydrogen bonding of the c o a l . However, for a chemical c o a l 
b e n e f i c a t i o n system to be p r a c t i c a l t h i s hydrogen bonding system 
must be r e a d i l y a v a i l a b l e , inexpensive, be of s u f f i c i e n t l y small 
molecular s i z e , and not be expected to introduce unwanted chemical 
elements that w i l l lead to corrosion or p o l l u t i o n problems with the 
processed, comminuted c o a l . These q u a l i f i c a t i o n s s u b s t a n t i a l l y 
l i m i t the number of hydrogen bonding reagents. Our i n i t i a l 
experiments were r e s t r i c t e d to water combined with carbon dioxide to 
provide a reagent system which was t a i l o r e d to the problems. 

The process described i s r e l a t e d to the unique e f f e c t s carbon 
dioxide and moisture have on c o a l . Carbon dioxide r e a d i l y and 
extensively penetrates the coal structure ( 3 ) . In f a c t , t h i s has 
led to the advocacy of employing carbon dioxide to measure the 
i n t e r n a l area of c o a l s . I t i s l i k e l y the CO2 d i f f u s e s i n t o the coal 
along the l i n e s of mineral i n c l u s i o n as has been seen for other 
gases ( 4 ) . This i s important since the d i f f u s i o n of reagents 
through s o l i d coal may be the r a t e - l i m i t i n g step i n many re a c t i o n s . 
This d i f f u s i o n has also been shown to cause a dimensional expansion 
of the s t r u c t u r e . 

Moisture adsorption-desorption cycles of coal causes 
weathering, a slow form of chemical comminution (5). Although a 
problem i n coal storage, the l o s s of strength from the degradation 
of the coal could be p r a c t i c a l for f r a c t u r i n g the coal s t r u c t u r e i f 
accelerated with better penetration of water. A d d i t i o n a l l y , the 
sorbed water can d i s s o l v e and serve as a transport medium f o r 
soluble minerals within the coal matrix. In t h i s respect, the 
coupling of water with carbon dioxide to generate a weakly a c i d i c 
s o l u t i o n would also be b e n e f i c i a l . The acid leaching of c o a l 
mineral matter has been employed to produce coals of unusually low 
ash content (6). Cleaning with acid o f f e r s an advantage over 
t y p i c a l g r a v i t y cleaning methods i n which chemical composition of 
the mineral matter does not influence i t s removal. S e l e c t i v e 
removal of mineral components that exert a deleterious e f f e c t i s 
possible with acid cleaning. Acid attack of the mineral occuring i n 
the c l e a t s and partings of the coal i s also the basis of a 
d i s i n t e g r a t i o n process f o r breaking down coal during mining (6). 

Several bituminous coals have been employed during the course 
of t h i s study. The method can be applied to r e l a t i v e l y unprepared 
coals and seems to be very e f f e c t i v e for the removal of a l k a l i and 
a l k a l i n e earth metals which are r e l a t e d to b o i l e r f o u l i n g . With 
mod i f i c a t i o n , other mineral groups could be removed. Coal treated 
with CO2/H2O o c c a s i o n a l l y crumbles during processing. The system i s 
f l e x i b l e , may be modified both chemically and p h y s i c a l l y , and may be 
integrated i n t o , or used to modify, an o v e r a l l coal preparation 
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37. SAPIENZA ET AL. Carbon Dioxide/ Water for Coal Beneficiation 503 

process. The method y i e l d s a more f r i a b l e , " s o f t " coal structure 
and could s i g n i f i c a n t l y reduce the energy requirements and cost of 
follow-on coal grinding and separation process. 

Experimental Procedures 

A v a r i e t y of bituminous coals have been examined i n the course of 
t h i s work using CO2/H2O, i n c l u d i n g Kentucky #9 and Pittsburgh Seam 
c o a l . The treatment i s c a r r i e d out i n a 2L s t a i n l e s s s t e e l 
autoclave, equipped with a gauge, l i q u i d sampling and gas venting 
valves and a thermocouple. The thermocouple i s connected to a 
proportioning band temperature c o n t r o l l e r , which i n turn i s 
connected to a heating mantle. This system affords precise and 
reproducible temperature c o n t r o l of the autoclave contents. 

Generally, a coal sample ( t y p i c a l l y 500g) of appropriate mesh 
s i z e i s added to the reactor followed by the appropriate amount of 
d i s t i l l e d water ( t y p i c a l l y 1L). A f t e r closure, the reactor i s 
purged and then brought to the appropriate CO2 pressure; the weight 
of CO2 Is then determined. 

The reactor i s heated to the desired temperature ( t y p i c a l l y 
80°C) and the pressure i s again recorded. Once the temperature has 
s t a b i l i z e d , very l i t t l e , i f any, changes i n pressure are observed. 
The temperature and pressure data may be used to c a l c u l a t e the 
amount of CO2 d i s s o l v e d i n the water. 

At the end of the desired contact time, the reactor i s removed 
from the heater, and the hot l i q u i d phase i s c a r e f u l l y t r a n s f e r r e d 
to a f l a s k . A f t e r c o o l i n g , the coal i s removed from the reactor and 
washed on a s i n t e r e d glass funnel with d i s t i l l e d water. F i n a l 
drying of the coal i s c a r r i e d out i n a vacuum oven at 110°C. The 
cooled l i q u i d phase, which frequently contains a small amount of 
powdered coal and p r e c i p i t a t e d mineral matter, i s f i l t e r e d . The 
water i s evaporated to dryness to determine the quantity and nature 
of minerals leached from the c o a l . 

The weight of the d r i e d coal i s compared with that of the feed 
c o a l . The dried coal i s ashed by ASTM method D-3174-73 along with 
samples of untreated c o a l . 

The gas phase was examined f o r CO, H2, CH4, and SO2 a f t e r some 
treatments, and i n no cases were s i g n i f i c a n t q u a n t i t i e s of these 
detected. Within the l i q u i d phase, a v a r i e t y of inorganic materials 
are found (vide i n f r a ) . 

To assess q u a n t i t a t i v e l y the e f f e c t s of t h i s treatment on 
grinding, a l a b o r a t o r y - s c a l e grinding system was needed. Using a 
batch b a l l m i l l , the g r i n d a b i l i t y of samples has been compared using 
an adaptation of the Bond Work Index (BWI) concept (7). The use of 
the BWI involves determining the energy input required to achieve a 
desired l e v e l of grinding with the Index being c a l c u l a t e d by taking 
i n t o account the energy input and the extent of siz e reduction. 
This approach i s considered more f l e x i b l e than other approaches, 
such as the Hardgrove, which are defined only f o r a given feed and 
product s i z e . In a d d i t i o n the Hardgrove t e s t requires only a small 
f r a c t i o n of the coal to pass a given screen s i z e and so may only 
r e f l e c t surface f r a c t u r i n g . 
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504 MINERAL MATTER AND ASH IN COAL 

The actual grinding was c a r r i e d out on a laboratory b a l l m i l l , 
using ceramic j a r s with dimensions of 5-13/16" i n t e r n a l diameter and 
5-3/8" i n t e r n a l height. The o v e r a l l volume i s 1829cc. I n i t i a l 
experiments employed s t e e l b a l l s (seventeen of 3/4" diameter, eleven 
of 5/8" diameter and f i f t y of 1" diameter). The rate of j a r 
r o t a t i o n of the m i l l i s nominally 80 rpm. The voltage and current 
feeding of the b a l l m i l l are measurable and constant; therefore, the 
grinding time i s used as a measure of power input. Experiments 
employed 100 g of c o a l . 

In the BWI t e s t undersized coal i s removed at c a l c u l a t e d times 
and fresh feed i s added to simulate closed c i r c u i t g r i n d i n g . This 
procedure i s repeated u n t i l a constant mass of undersized product i s 
produced per r e v o l u t i o n . Simpler approaches, however, i n v o l v i n g 
batch grinding have been shown to provide accurate r e s u l t s , 
p a r t i c u l a r l y f o r comparing the g r i n d a b i l i t y of two materials (8). 
This l a t e r approach was used here for comparison of the g r i n d a b i l i t y 
of treated and untreated coals. With the assumptions of constant 
power input to the m i l l , f i x e d feed s i z e , a s i m i l a r product s i z e 
d i s t r i b u t i o n curve, the change i n BWI and hence g r i n d a b i l i t y can be 
approximated by the d i f f e r e n c e i n time required to achieve a f i x e d 
percentage of the product coal passing a given screen. 

Condition S e l e c t i o n 

Carbon dioxide pressures from 1 to 75 atmospheres and temperatures 
from 0° to 80°C were assessed. Since the l i q u i d phase i s i n contact 
with the coal and i s responsible for mineral matter d i s s o l u t i o n , i t s 
composition would be expected to have a bearing on ash reduction i n 
the c o a l . The s o l u b i l i t y of CO2 i n the l i q u i d phase increases as 
the CO2 pressure increases and may be r e l a t e d to swelling of c o a l 
s t r u c t u r e (although not l i n e a r l y ) . Table I summarizes a set of 
experiments d i r e c t e d toward determining the e f f e c t of aqueous phase 
concentration of CO2 on the treated product ash content f o r 
Pittsburgh Seam c o a l . At low CO2 concentrations, 
l i t t l e ash reduction i s observed, consistent with poor matching of 
the s o l u b i l i t y parameter of water with c o a l . As the CO2 
concentration i s increased, a s i g n i f i c a n t reduction i n ash i s 
observed. However, i n c r e a s i n g the concentration above 24 g 
C C ^ / l i t e r does not appear to r e s u l t i n s i g n i f i c a n t ash reductions. 

Table I. E f f e c t of CO2 Concentration on Ash Removal-
Pittsburgh Seam Coal 

Concentration CO2 Dissolved g/L Reduction i n Ash, % 

8 5 
10 5 
24 16 
37 15 
43 15 
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I n i t i a l t e s t s were conducted with Pittsburgh Seam coal (NA1361 
- Arkwrite Mine) siz e d to 1 3/8 inches χ 3/8 inches. Reaction 
conditions studied f o r t h i s sample included 75 - 80 atmospheres CO2 
at 80°C. These conditions were chosen because they are above the 
c r i t i c a l point of CO2 yet below the b o i l i n g point of water. Super­
c r i t i c a l pressure was chosen to maximize the amount of CO2 present 
i n the water. 

F i n a l l y , we have found that simply t r e a t i n g the coal i n water 
without CO2 o f f e r s l i t t l e change i n mineral content or ease of 
grind i n g . Tests analogous to the CO2/H2O treatments, using e i t h e r 
nitrogen or helium i n place of the CO2, resulted i n only small 
changes i n the c o a l . These te s t s i n d i c a t e that pressurized water 
alone i s not important to the process. Rapid decompression tests 
using CO2 i n the absence of water were c a r r i e d out to determine 
whether f r a c t u r i n g i s due to pore-entrapped CO2 causing s t r e s s on 
the coal s t r u c t u r e during pressure release. L i t t l e change i n the 
c o a l s i z e or grinding time was observed f o r rapid CO2 decompression. 
We believe these t e s t s j o i n t l y point to pronounced synergy of water 
with carbon dioxide. 

Results 

The compositional d i f f e r e n c e s i n treated and untreated samples of 
Pittsburgh Seam coal are presented i n Table I I . The 80°C, 1200 p s i 
CO2 treatment afforded a decrease i n ash content and v o l a t i l e 
matter. A s i g n i f i c a n t decrease i n s u l f u r was also observed. The 
small change i n heating value supports the b e l i e f that t h i s process 
does not d r a s t i c a l l y a l t e r the coal s t r u c t u r e . 

Table I I . PROXIMATE ANALYSIS OF TREATED AND 
UNTREATED PITTSBURGH SEAM COAL 

Untreated Treated Change 

Ash 6.48% 5.93% -8.5% 
V o l a t i l e Matter 38.30% 37.67% -1.6% 
Fixed Carbon 55.06% 56.01% +1.7% 
Sulfur 2.49% 1.96% -21.0% 

Ultimate ash analyses for the treated and untreated P i t t s b u r g h 
Seam coal are shown i n Table I I I . In accordance with the r e s u l t s 
described, a l k a l i and a l k a l i n e earth elements generally appear to be 
removed e f f i c i e n t l y , although the r e s u l t s f o r sodium appear 
anomalous. S i g n i f i c a n t q u a n t i t i e s of i r o n and titanium are a l s o 
removed. The s i l i c o n concentration appears to remain constant while 
the aluminum concentration increases. 

The data presented i n Table IV can be used to evaluate the 
e f f e c t of treatment on the concentrations of several elements 
frequently encountered i n coal mineral matter. O p t i c a l emission 
spectoscopy was used to obtain approximate measurements. The f i r s t 
two columns l i s t concentrations found i n the ash from untreated and 
treated samples, r e s p e c t i v e l y , and the t h i r d column l i s t s r e l a t i v e 
concentrations i n the s o l i d formed from evaporating the l i q u i d 
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MINERAL MATTER AND ASH IN COAL 

Table I I I . Ultimate Analysis of Ash From Treated and 
Untreated Samples of Pittsburgh Seam Coal 

Component Untreated Treated 

Si02 40.45% 42.52% 
A1 20 3 23.08% 28.18% 
F e 2 0 3 13.88% 11.83% 
T i 0 2 1.11% 1.02% 
CaO 8.27% 2.01% 
MgO 1.30% .59% 
Na 20 1.60% 1.57% 
K 20 1.37% .43% 

Table IV. Analysis of Leached Mineral Matter and Ash 

In Ash % In Leached 
Element Untreated Treated Mineral Matter,% 

Si major major major 
A l major major maj or 
Ca major 0.03 major 
Mg 1 0.05 major 
Fe 1 1 1 
T i 0.5 0.08 1 
Na 0.1 0.01 major 
Mn 0.1 0.005 0.1 
Ba 0.1 0.01 0.01 
V 0.08 0.01 0.05 
Ni 0.03 0.005 0.1 
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phase. The leached mineral matter contained very s i g n i f i c a n t 
q uantities of s i l i c o n , aluminum, calcium, magnesium, and sodium. 
This removal was also r e f l e c t e d i n the retained ash. Although 
s i l i c o n and aluminum were removed from the c o a l , t h e i r percentage 
concentrations i n the treated ash did not d i f f e r s i g n i f i c a n t l y from 
that of the untreated c o a l . It i s important to note that the more 
cor r o s i v e elements, the a l k a l i s and a l k a l i n e earths, appear to be 
p a r t i c u l a r l y responsive to t h i s treatment. 

These r e s u l t s generally i n d i c a t e a trend toward a reduced 
f r a c t i o n of basic components i n the ash. Figure 1 i l l u s t r a t e s the 
e f f e c t which t h i s might have on the fusion temperature of the ash. 
The curve i n t h i s f i g u r e (9) represents a c o r r e l a t i o n of data from 
an extensive number of coal f r a c t i o n samples. For the case of the 
Pittsburgh Seam c o a l , treatment with C02/water reduced the percen­
tage of basic components from 29.4% to 18.4% as shown on the 
f i g u r e . The curve i n Figure 1 i n d i c a t e s that t h i s reduction i n 
percentage basic components should increase ash f u s i o n temperatures. 
In very recent r e s u l t s (10) i n which fusion temperatures have been 
measured, an increase has been confirmed. 

The e f f e c t of r e a c t i o n time on ash removal was also evaluated 
i n a l i m i t e d set of t e s t s . A f t e r one hour 14.5% of the ash was 
removed and a f t e r 20 hours 18.8% was removed. This i n d i c a t e s that 
r e a c t i o n times as short as one hour may be s u f f i c i e n t to adequately 
b e n e f i c i a t e c o a l . 

Figure 2 compares dry grinding times required f o r Pittsburgh 
Seam coal (from Arkwrite Mine, NA1361) i n i t i a l l y s i z e d to 1-3/8" to 
3/8". One curve depicts the weight of untreated coal remaining on a 
18 mesh (US) screen a f t e r s p e c i f i e d grinding times. The second 
curve i s for the same coal treated with CO2/H2O. For these samples, 
the grinding and s i e v i n g process was repeated to a f f o r d an i n d i c a ­
t i o n of d e v i a t i o n i n these processes. The f i g u r e i n d i c a t e s a 
pronounced improvement i n g r i n d i n g . Two-thirds of the treated c o a l 
was below 18 mesh a f t e r about 5 minutes, while f o r the untreated 
coal about 70 minutes was required. Seven-eighths passage required 
10 minutes f o r the treated coal and well i n excess of 150 minutes 
for the untreated c o a l . 

For f i n e r f i n a l grind s i z e s , the treated coal a l s o appears to 
require much l e s s g r i n d i n g power. Figure 3 depicts the amount of 
coal remaining on a 200 mesh sieve as a function of grinding time. 
Again an order of magnitude reduction i n grinding time i s afforded 
f o r the treated c o a l , with 45% of the coal passing through the 200 
mesh sieve a f t e r 35 minutes. The untreated coal reached that l e v e l 
only at about 400 minutes. 

The product s i z e d i s t r i b u t i o n a f t e r short grinding times i s 
a l s o very r e v e a l i n g . This allows better evaluation of the e f f e c t of 
feed coal s i z e . The r e s u l t s for the 1" χ 3/4" feed are shown i n 
Table V. Comparison of the 10 minute grinding time r e s u l t s f o r 
treated and untreated r e s u l t s show that, as i n our previously 
reported r e s u l t s , there i s a s i g n i f i c a n t improvement i n g r i n d a b i l ­
i t y . This i s p a r t i c u l a r l y prominent at the minus-1/2" s i z e which 
e s s e n t i a l l y means that the feed coal has been weakened. The 
d i f f e r e n c e i s l e s s s i g n i f i c a n t , however, with a 200 mesh product. 

Using t h i s short grinding time approach comparisons of wet and 
dry grinding were also studied. Table VI shows that the diminishing 
improvement from CO2/water treatment with f i n e r coal s i z e s occurs 
for both wet and dry g r i n d i n g . 
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MINERAL MATTER AND ASH IN COAL 

2100 1 1 " 1 1 1 1 1 
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PERCENT BASIC COMPONENTS 

Figure 1. E f f e c t of Ash Composition on Fusion Temperatures 

Run-of-mine Pittsburgh Seam coal 

I I I I I I I I I I I I I I I 
0 20 40 60 80 100 120 140 

Grinding Time, min. 

Figure 2. I n i t i a l Grinding Results - 18 Mesh Product 
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SAPIENZA ETAL. Carbon Dioxide/ Water for Coal Beneficiation 509 

Table V. Product Size D i s t r i b u t i o n - 1" χ 3/4" Feed - Short 
Grinding Times % of Product Less Than Screen Size - Dry Grinding 

Run--of-Mine Coal 
Screen Size 10 Min. Grind 

1/2" 18.4 
1/4" 14.9 
6 mesh 14.7 

40 mesh 14.1 
120 mesh 12.8 
400 mesh 11.4 

Treated Coal 

10 Min. 6 Min. 2 Min. 
Grind Grind Grind 

71.7 74 41.4 
68.3 63.1 32.1 
61.3 57.8 25.4 
57 48 14.3 
45.3 32 7.6 
19.4 21.1 4.7 
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510 MINERAL MATTER AND ASH IN COAL 

Table VI. Comparison of Wet and Dry Grinding Summary -
1/2" χ 1/4" Feed Coal - 30 Second Grinding Time 

Weight % < >f Product Les >s Than Sieve Size Shown 
1 

Run-of-Mine 
Coal 

Dry Grinding 

2 

Treated Coal 
Dry Grinding 

3 
Run-of-Mine 

Coal 
Wet Grinding 

4 

Treated Coal 
Wet Grinding 

6 mesh 17.1 32.9 14.1 24.0 

40 mesh 4.9 8.2 5.8 7.9 

80 mesh 2.9 4.3 4.0 4.1 

120 mesh 2.2 3.2 3.3 2.9 

200 mesh 1.6 2.1 2.6 3.2 

Experiments were also performed to determine the i n i t i a l 
breakage rate of untreated coal (no pressure), previously treated 
c o a l (no pressure while g r i n d i n g ) , and under process conditions 
using an integrated reactor/grinder system. (A f t e r the exposure 
time, the m i l l was run as i n the other tests while s t i l l under 
pressure.) The product s i z e d i s t r i b u t i o n s are given i n Table VII. 
The i n i t i a l breakage rate for the integrated treatment/grinding 
systems was 3.7 times greater than that f o r the unpressurized wet 
grinding and 1.8 times greater than unpressurized wet gri n d i n g of 
previously treated c o a l . This demonstrates that the coal aggregate 
i s weaker (more grindable) while i n the C02/water solvent system 
than i t i s when removed. 

Table VII. Integrated Reactor Grinder Test Results 
1/2" χ 1/4" Feed - 30 Second Grind 

Weight ? » of Products • Less Than Sieve Size Shown 

Sieve Size Untreated Treated Integrated System 

-1/2 100.00 100.00 100.00 
-1/4 15.80 31.60 58.20 
-6 mesh 1.70 5.40 12.90 

-40 mesh 0.67 2.15 3.50 
-80 mesh 0.38 1.40 1.60 

-120 mesh 0.28 0.98 1.00 
-200 mesh 0.19 0.59 0.69 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

03
7
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Conclusions 

The process of t r e a t i n g coal with CO2/water has been shown to remove 
as much as 15% of the ash. Ash removal apparently increases with 
increasing CO2 concentration i n the system up to approximately 24g/L 
and i s i n v a r i a n t with higher concentrations. It has been shown 
that, i n a d d i t i o n to ash, s u l f u r i s removed with treatment and that 
the v o l a t i l e s content and heating value are unchanged. S p e c i f i c ash 
elements which have been shown to be removed include s i l i c o n , 
aluminum, calcium, magnesium, sodium, and i r o n . The o v e r a l l e f f e c t 
i s a reduction i n the basic f r a c t i o n i n the ash which could be very 
b e n e f i c i a l i n r a i s i n g the ash fusion temperature. 

From the r e s u l t s of the grinding t e s t s with coal which was 
treated with CC^/water i t i s c l e a r that the coal i s more grindable. 
The r e s u l t s of the g r i n d a b i l i t y t e s t s , however, are apparently 
dependent upon m i l l feed c o a l s i z e , and product coal s i z e . With the 
1-3/8" χ 3/8" feed c o a l , exposure to the CC^/water environment 
reduced the time required for grinding through 18 mesh by a f a c t o r 
of 10. With a smaller feed coal and a f i n e r product s i z e the 
benefits gained by C02/water exposure were s i g n i f i c a n t l y reduced i n 
the i n i t i a l s e r i e s of t e s t s . Further t e s t i n g , however, showed a 
consistent reduction i n both breakage rate improvement with t r e a t ­
ment and improvement i n the production rate of f i n e product with 
decreasing feed coal s i z e . The production rate of f i n e (minus-200 
mesh) coal which i s most important since required power consumption 
i s very high i n t h i s i n d u s t r i a l l y s i g n i f i c a n t s i z e region. 

F i n a l l y , r e s u l t s from the integrated-reactor grinder system 
showed a s i g n i f i c a n t improvement i n g r i n d a b i l i t y even with the 1/2" 
χ 1/4" feed c o a l . This confirms the suggestion that the coal i s 
weakest while s t i l l i n the presence of the C02/water solvent system. 
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A d d i t i o n a l Note 

Since the completion of t h i s project other processes u t i l i z i n g 
carbon dioxide and water b e n e f i c a t i o n have been developed (12). 
S p e c i f i c a l l y , i n t h i s work l i q u i d carbon dioxide near the c r i t i c a l 
point i s used to coalesce the coal and leave behind ash components. 
The coal feed i s a water s l u r r y i n t h i s project. The c o a l i s 
cleaned by the c h a r a c t e r i s t i c s of two immiscible phases i n sharp 
contrast to the miscible carbon dioxide water treatments described 
i n t h i s paper. 
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38 
Effect of Caustic and Microwave Treatment 
on Clay Minerals Associated with Coal 

C. K. Richardson, R. Markuszewski, K. S. Durham, and D. D. Bluhm 

Ames Laboratory and Department of Earth Sciences, Iowa State University, Ames, 
IA 50011 

Clay minerals typical of those occurring in coal (ka­
olinite, illite, and montmorillonite) were treated 
with 30 or 50% aqueous NaOH at room temperature for 
varying periods of time and then were either heated in 
a drying oven at 105°C or irradiated in a microwave 
unit for up to 3 minutes. The products were later 
washed with water or with 10% HCl. These experiments 
were performed to test and evaluate a chemical coal 
cleaning process based on reacting coal with aqueous 
NaOH, irradiating with microwave energy, and washing 
with acid to reduce the sulfur and ash content. X-ray 
diffraction analyses showed that no new reaction prod­
ucts were formed when these clay minerals were treated 
with NaOH solutions at room temperature. Heating in a 
drying oven at 105°C formed hydroxysodalite from ka­
olinite and a zeolite-like mineral from montmorillon­
ite. Samples irradiated in the microwave unit under­
went the greatest changes. Hydroxysodalite-hydroxy-
cancrinite mixtures formed from kaolinite, nepheline 
formed from illite, and the montmorillonite dehy­
drated. The results suggest that the clay minerals 
selectively absorbed microwave energy and were heated 
to temperatures above the boiling point of the solu­
tion. The three clay minerals absorbed microwave 
energy to different degrees. Ill ite appeared to reach 
a higher temperature than either kaolinite or montmo­
rillonite. The mineral products became more sodium­
-rich and less hydrated with increased microwave expo­
sure time, suggesting that increasingly higher temper­
atures were attained. Acid washing of the treated 
samples resulted in the removal of al l or part of the 
hydroxysodalite-hydroxycancrinite mixture and part of 
the nepheline. Because of the significant breakdown of 
clay minerals during the caustic and microwave treat­
ment, this technique is promising for the removal of 
ash-forming minerals from coal. 

0097-6156/ 86/ 0301 -0513S06.00/ 0 
© 1986 American Chemical Society 
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514 MINERAL MATTER AND ASH IN COAL 

One of the many processes being considered for chemically removing 
ash and s u l f u r from coal involves treatment of the coal with concen­
t r a t e d (30-50%) aqueous NaOH so l u t i o n s , i r r a d i a t i n g the coal with 
microwave energy, and then washing the coal with water and a c i d . 
Previous studies at the General E l e c t r i c Company by Zavitsanos 
et a l . (1-6) have shown that such a process can remove up to 80-90% 
of the s u l f u r and 40-50% of the ash content of the c o a l . The pres­
ent study was i n i t i a t e d to t r y to determine the chemical and miner­
a l o g i c a l changes that occur i n clay minerals (commonly found i n 
coal) during the a l k a l i pretreatment, drying, microwave i r r a d i a t i o n , 
and a c i d and water washing steps of the microwave process for clean­
ing c o a l . 

A search of the l i t e r a t u r e y i e l d e d no other work on microwave 
treatment of c l a y minerals. Numerous studies, however, have looked 
i n t o the s o l u b i l i t y of various clay minerals i n acid solutions 
(7-10) and i n a l k a l i n e solutions (7,8,11-13), i n c l u d i n g many studies 
on the Bayer process. The s o l u b i l i t y studies suggest that, i n gen­
e r a l , aqueous a c i d solutions remove the a l k a l i metals, a l k a l i n e 
earth metals, and i r o n and aluminum from clay minerals (7). Alka­
l i n e s o l u t i o n s , on the other hand, p r e f e r e n t i a l l y remove s i l i c a from 
c l a y minerals (8). Acid solutions apparently f i r s t remove the ex­
changeable i n t e r l a y e r cations from the c l a y s , and then they attack 
the octahedral l a y e r s . A l k a l i n e solutions attack the tetra h e d r a l 
l a y e r s , and i f prolonged attack occurs, the structure of the clay i s 
destroyed (8) . Fan et a l . (11,12) studied the r e a c t i o n between clay 
minerals and aqueous sodium carbonate (1-3.0 M) and sodium hydroxide 
(1.0 M) i n sealed autoclaves at 250°C. Although the conditions of 
these experiments were quite d i f f e r e n t from those employed i n the 
present microwave process, they did show that prolonged high-temper­
ature attack on clay minerals by a l k a l i n e solutions caused them to 
break down and form a seri e s of hydrous sodium aluminum s i l i c a t e 
minerals which could be removed by a c i d treatment. In the present 
work, i t was expected that the mineral matter could absorb microwave 
energy and be therefore heated to temperatures i n excess of 100°C. 
Thus, some clay a l t e r a t i o n reactions were expected to occur at e l e ­
vated temperatures, and, i n the presence of c a u s t i c , r e a c t i o n prod­
ucts — perhaps s i m i l a r to those seen i n previous autoclave experi­
ments — were expected to form. 

Experimental 

The clay minerals used i n t h i s study were k a o l i n i t e ( A l 2 S i 2 0 5 ( O H ) ^ ) , 
i l l i t e ( K 1 - x A l 3 S i 3 + (0H) 2), and montmorillonite which was approx­
imately 1/2 (Ca, N a ) 0 7 ( A l , Mg, F e ^ i S i , A D Q O . Q (OH)^ · η 1^0. The 
c l a y s were nat u r a l samples purchased from Ward s Natural Science 
Establishment, Inc. The k a o l i n i t e sample was obtained from a k a o l i n 
deposit i n Georgia. X-ray d i f f r a c t i o n (XRD) patterns on t h i s mate­
r i a l showed peaks only for k a o l i n i t e , and scanning e l e c t r o n micro­
scope-energy d i s p e r s i v e x-ray (SEM-EDX) analysis y i e l d e d peaks for 
A l , S i , and minor amounts of T i . The i l l i t e was a green shale from 
New York which Ward's l i s t e d as 85% i l l i t e . XRD patterns of t h i s 
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38. RICHARDSON ET AL. Caustic and Microwave Treatment 515 

material contained peaks for i l l i t e and quartz, and SEM-EDX ana l y s i s 
showed presence of S i , A l , K, Fe, and some Ca. The montmorillonite 
sample was a powdered bentonite from Wyoming. XRD patterns showed 
peaks for montmorillonite and an i l l i t e - l i k e m a t e r i a l , and SEM-EDX 
an a l y s i s showed S i , A l , moderate Fe, and small Ca and Κ peaks. A l l 
materials were i n i t i a l l y ground to a powder. Aqueous solutio n s of 
30% or 50% NaOH were prepared from d i s t i l l e d , deionized water and 
reagent grade NaOH. 

The experiments were set up i n such a way that the a l k a l i / m i n ­
e r a l r a t i o s , r e a c t i o n times, drying temperature, and acid concentra­
t i o n were s i m i l a r to those to be used l a t e r i n the cleaning of coal 
with microwave i r r a d i a t i o n . In the GE procedure described by 
Zavitsanos et a l . (1-6), aqueous NaOH was added to coal to make a 
s l u r r y with an a l k a l i / c o a l r a t i o of 0.3 - 2.0. Their s l u r r y had an 
i n i t i a l moisture content of about 40% which was lowered to 20% by 
heating the s l u r r y i n a drying oven. Then the dried s l u r r y was 
i r r a d i a t e d for 1 minute under i n e r t atmosphere i n a 2.45-GHz micro­
wave apparatus at 1.0 or 2.0 kW. The mixture was then washed with 
water and acid ( e i t h e r 10% HC1 or 10% 1^ SO^) to remove NaOH and 
aci d - s o l u b l e products. 

The present mineral experiments were designed to look at the 
min e r a l o g i c a l changes that occur as c l a y components are subjected to 
each step i n t h i s process. The microwave i r r a d i a t i o n step i n our 
experiments, however, was not e n t i r e l y comparable to that i n the GE 
experiments because a smaller, 500-watt unit was used while the 
2.0-kW unit was being constructed. Future experiments i n our la b o r ­
atory w i l l monitor clay reactions at higher microwave power l e v e l s . 

Approximately equal amounts (usually 5 grams) of the clay min­
e r a l or clay mixture and 5 grams of 30% or 50% NaOH s o l u t i o n ( a l ­
k a l i / c l a y r a t i o of 0.3 and 0.5, r e s p e c t i v e l y ) were placed i n a beak­
er. Three d i f f e r e n t types of experiments were then performed: 

1) The cl a y mineral or mixture was reacted with the NaOH s o l u ­
t i o n at room temperature for varying periods of time, then 
f i l t e r e d and water washed to remove excess NaOH, and f i n a l l y 
a i r d r i e d . 

2) The clay mineral or mixture was reacted with NaOH for about 
20 minutes and then placed i n a drying oven at 105°C for 5 
to 30 minutes to reduce the moisture content. The sample 
was then removed from the oven, f i l t e r e d , water washed, and 
a i r d r i e d . In a few experiments the c a u s t i c - t r e a t e d c l a y 
mixture was f i l t e r e d to remove excess moisture and then 
placed i n the drying oven; the sample was again f i l t e r e d and 
water washed. These two sets of experiments evaluated the 
e f f e c t of the treatment steps p r i o r to microwave i r r a d i a ­
t i o n . 

3) The clay mineral or mixture was reacted with the aqueous 
NaOH s o l u t i o n for about 20 minutes at room temperature and 
then was i r r a d i a t e d i n a Microwave Drying/Digestion System 
(Model MDS-81, CEM Corporation, P. 0. Box 9, Indian T r a i l , 
N.C. 28079) at 500 watts (2.45 GHz) for 30 seconds to 3 
minutes. The sample was then f i l t e r e d , water washed, and 
a i r d r i e d . 
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516 MINERAL MATTER AND ASH IN COAL 

A l l the samples were analyzed by standard XRD techniques. A f t e r 
i n i t i a l XRD analyses of the treated samples were completed, many of 
the samples were acid washed with 10% HC1 and re-analyzed to deter­
mine whether any ac i d - s o l u b l e products were removed. 

Results 

The r e s u l t s of experiments on the i n d i v i d u a l clay minerals are sum­
marized i n Tables I - I I I . K a o l i n i t e i s unstable i n a l k a l i n e (30% 
NaOH, a l k a l i / c l a y = 0.3) solutions (7,14) and begins to break down 
even at room temperature. The f i r s t change noted i n the XRD pat­
terns i n Table I was that the k a o l i n i t e peak i n t e n s i t i e s decreased, 
and the background increased somewhat. This may in d i c a t e a decrease 

Table I. Treatment of K a o l i n i t e with Caustic and Microwave 
I r r a d i a t i o n , Followed by Water or 10% HC1 Wash 

Reaction Time 
(min. ) 

NaOH Room Micro­ Type of 
No. Concn. Temp. 105°C wave Wash Products Observed by XRD 

5-1 30% 41 — — HgO kao l . only 
5-2 30% 10 — — HgO kaol. (peak i n t e n s i t i e s 

decreased) 
5-3 30% 41 10 — 1^0 kaol. (peak i n t e n s i t i e s 1^0 

i n t e n s i t i e s decreased) 
5-4 30% 40 30 — H^O kaol . , hydroxysodalite 
5-4b 30% 40 31 — a c i d kaol. 

10-1 30% 20 — 1 R,0 kao l . , s o d a l i t e - c a n c r i n i t e R,0 
mix. 

10-2 30% 20 — 0.5 HjO kaol., c a n c r i n i t e - r i c h HjO 
c a n c r i n i t e - s o d a l i t e mix. 

10-2b 30% 20 — 0.5 aci d k a o l . , s o d a l i t e (peak 
i n t e n s i t i e s decreased) 

10-3 30% 20 — 1.33 HgO kaol . , s o d a l i t e - r i c h 
c a n c r i n i t e - s o d a l i t e mix. 

10-4 30% 20 — 3 HjO ka o l . , s o d a l i t e 
10-4b 30% 20 — 3 acid k a o l . , s o d a l i t e (peak 

i n t e n s i t i e s decreased) 
13-1 50% 20 — — HjO k a o l . (peak i n t e n s i t i e s 

decreased) 
13-2 50% 20 22 — HjO k a o l . (peak i n t e n s i t i e s 

decreased), s o d a l i t e -
c a n c r i n i t e mix. 

13-2 50% 20 22 — a c i d k a o l . , s o d a l i t e - c a n c r i n i t e , 
( a l l peak i n t e n s i t i e s de­
creased) 

13-3 50% 20 — 1 1^0 kaol . , s o d a l i t e - c a n c r i n i t e 
mix. 

13-3 50% 20 — 1 acid k aol., s o d a l i t e - c a n c r i n i t e 
( a l l peak i n t e n s i t i e s de­
creased) 
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38. RICHARDSON ET AL. Caustic and Microwave Treatment 517 

i n the c r y s t a l l i n i t y of the k a o l i n i t e , p o s sibly due to the formation 
of p a r t i a l l y s o l u b i l i z e d n o n - c r y s t a l l i n e m a t e r i a l . In the sample 
heated at 105°C for 30 minutes and i n a l l of the microwave i r r a d i ­
ated samples, k a o l i n i t e reacted to form the hydrous sodium aluminum 
s i l i c a t e s c a l l e d hydroxysodalite [NaQ ( A l g S i 6 0 2 1 f ) (0H) 2 ] and hydroxy-
c a n c r i n i t e [Nag ( A l g S i g 0 2 1 f )(0Η) χ ̂ · (1-5)H 20]. In the microwave 
i r r a d i a t e d experiments, varying mixtures of hydroxycancrinite and 
hydroxysodalite formed. In the 30-second run, the hydroxycancrinite 
peaks predominated, but as the exposure time was increased, hydroxy­
s o d a l i t e predominated. This change suggests that higher tempera­
tures were attained i n longer exposure runs and dehydration was 
oc c u r r i n g . The experiments performed with 50% NaOH ( a l k a l i / mineral 
= 0.5) yi e l d e d s i m i l a r r e s u l t s with p o s s i b l y one exception; i n the 
XRD pattern for experiment 13-3 (44 minutes at room temperature and 
1 minute i n microwave oven) there was a new peak i n ad d i t i o n to the 
hydroxysodalite-hydroxycancrinite peaks, suggesting that a new (as 
yet u n i d e n t i f i e d ) mineral was forming. Acid washing the treated 
k a o l i n i t e i n 10% HC1 removed part of the hydroxysodalite-hydroxycan-
c r i n i t e mixture, demonstrating that these minerals are at least 
p a r t i a l l y soluble i n cold a c i d . 

I l l i t e , a mineral that forms i n a l k a l i n e solutions (15), i s 
more stable than k a o l i n i t e i n 30% NaOH. The experiments (Table II) 
i n which i l l i t e was reacted e i t h e r at room temperature or at 105°C 
with 30% NaOH showed that no d i s c e r n i b l e r e a c t i o n took place. In 
the microwave i r r a d i a t e d experiments, however, considerable changes 
occurred. I l l i t e strongly absorbed the microwave energy, causing 
considerable heating of the sample. When i l l i t e was i r r a d i a t e d for 

Table I I . Treatment of I l l i t e (Containing Quartz Impurities) with 
Caustic and Microwave I r r a d i a t i o n , Followed by Water 
or 10% HC1 Wash 

Reaction Time 
(min. ) 

NaOH Room Micro­ Type of 
No. Concn. Temp. 105°C wave Wash Products Observed by XRD 

6-1 30% 16 — — 1^0 i l l . (+quartz) 
6-2 30% 40 — — HgO i l l . (+quartz) 
6-3 30% 22 35 a — 1^0 i l l . (+quartz) 
6-4 30% 35 15 — 1^0 i l l . (+quartz) 

12-1 30% 20 — 1 1^0 i l l . (+quartz), Na nepheline 
12-lb 30% 20 — 1 a c i d i l l . (+quartz), nepheline 

(peak i n t e n s i t i e s decreased) 
12-2 30% 20 — 0.5 1^0 i l l . (+quartz), nepheline 

low-Na nepheline) 
12-2b 30% 20 — 0.5 a c i d i l l . (+quartz), nepheline 

trace 
12-3 30% 20 — 0.75 1^0 i l l . (+quartz), Na-rich 

nepheline 
12-4 30% 20 — 2 1^0 i l l . (+quartz), nepheline 

a F i l t e r e d before drying i n oven. 
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518 MINERAL MATTER AND ASH IN COAL 

2 minutes i n the beaker, a r e a c t i o n r i n g formed which was hot and 
glowing when the microwave unit was opened. XRD patterns showed 
that the anhydrous s i l i c a t e nepheline [(Na,K). Al^Si^Ojç] has formed. 
The p o s i t i o n of the nepheline peaks s h i f t e d s l i g h t l y with increasing 
exposure time, i n d i c a t i n g that the nepheline was more potassium-rich 
(approximately K N a 2 A l 3 S i 3 0 1 2 ) i n i t i a l l y and became more sodium-rich 
i n 45-second and 1-minute runs. In the 2-minute microwave run, 
changes i n peak i n t e n s i t i e s and a d d i t i o n a l peak s h i f t s ( i n XRD) 
suggest that nepheline was beginning to convert to another mineral. 
Washing the microwave i r r a d i a t e d i l l i t e s with cold HC1 resu l t e d i n 
removal of only small amounts of the nepheline. 

Montmorillonite began to break down i n 30% NaOH solutions at 
room temperature (Table I I I ) . The f i r s t change noted, as with ka­
o l i n i t e , was that the peak i n t e n s i t i e s decreased i n the XRD pat t e r n . 
A decrease i n peak i n t e n s i t i e s was also seen i n the XRD patterns for 
samples heated to 105°C. Microwave i r r a d i a t i o n of montmorillonite 
caused heating of the sample and some changes i n the XRD pattern. 
The t y p i c a l 13.6-Â peak disappeared and the 9.6-Â peak t y p i c a l of 
i l l i t e s and micas became stronger, i n d i c a t i n g that the montmoril­
l o n i t e was undergoing dehydration and the layers were c o l l a p s i n g . 
Another montmorillonite peak s p l i t and formed two peaks, suggesting 
that other s t r u c t u r a l modifications were occurring. Although some 
s t r u c t u r a l modifications of the montmorillonite have occurred, the 
XRD pattern did not reveal the presence of a new mineral. Acid 
washing of the treated samples did not change the XRD pattern s i g ­
n i f i c a n t l y , suggesting that any a l t e r a t i o n product formed was not 
ac i d - s o l u b l e . 

Table I I I . Treatment of Montmorillonite with Caustic and Microwave 
I r r a d i a t i o n , Followed by Water or Acid Wash 

Reaction Time 
(min. ) 

NaOH Room Micro­ Type of 
No. Concn . Temp. . 105°C wave Wash Products Observed by XRD 

9-1 30% 40 — — ILO mont, (peak i n t e n s i t i e s 
decreased) 

9-2 30% 41 16 a — ILO mont, (peak i n t e n s i t i e s 
decreased) 

9-3 30% 40 16 — HjO mont. 
11-1 30% 20 — 0.5 \0 mont., dehydrated mont. 
11-lb 30% 20 — 0.5 aci d mont., dehydrated mont. 
11-2 30% 20 — 1 HgO mont., dehydrated mont. 
11-3 30% 20 — 1.33 HgO mont., dehydrated mont. 
l l - 3 b 30% 20 — 1.33 acid mont., dehydrated mont. 

a F i l t e r e d before drying i n oven • 

The r e s u l t s of experiments i n which binary and ternary mixtures 
of the three clay minerals were reacted with 30% NaOH and i r r a d i a t e d 
i n the microwave oven are summarized i n Tables IV and V, re s p e c t i v e ­
l y . Reacting mixtures of these clay minerals did not r e s u l t i n the 
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38. RICHARDSON ET AL. Caustic and Microwave Treatment 519 

Table IV. Treatment of Binary Clay Mixtures of K a o l i n i t e , I l l i t e , 
and Montmorillonite with 30% NaOH and Microwave 
I r r a d i a t i o n , Followed by Water or 10% HC1 Wash 

Reaction time 
(min. ) 

No. 
I n i t i a l 
Sample 

Room 
Temp. 

Micro­
wave 

Type . 
Wash 

of 
Products Observed by XRD 

14-1 k a o l . - i l l . 26 1 1^0 i l l . , k a ol., neph., s o d a l i t e -
c a n c r i n i t e 

14-lb k a o l . - i l l . 26 1 acid i l l . , k aol., neph., s o d a l i t e -
c a n c r i n i t e 
( l i t t l e change from above samp. 

14-2 k a o l . - i l l . 22 2 HjO i l l . , k a ol., s o d a l i t e - c a n c r i -
n i t e , neph. (peak s h i f t i n g ) 

14-3 k a o l . - i l l . 7 0.5 HjO i l l . , k a ol., neph., s o d a l i t e -
c a n c r i n i t e 

14-4 k a o l . - i l l . 24 0.5 1^0 i l l . , k a o l. (peaks decreased), 
neph., s o d a l i t e - c a n c r i n i t e 

15-1 i l l . - m o n t . 39 0.5 HgO i l l . , mont., trace of neph., 

15-2 
dehydrated mont. 

15-2 i l l . - m o n t . 35 1 1^0 i l l . , mont., neph., dehydrated 1^0 
mont. 

15-3 i l l . - m o n t . 36 2 \0 i l l . , mont., neph., dehydrated 
mont. 

16-1 kaol,-mont. 35 0.5 HgO kao l . , s o d a l i t e - c a n c r i n i t e 
mix., mont. 

16-2 kaol,-raont. 31 1 HgO kaol . , raont., s o d a l i t e -

16-3 
c a n c r i n i t e , deydrated mont. 

16-3 kaol.-mont. 25 2 HjO k a o l . , mont., s o d a l i t e -HjO 
c a n c r i n i t e , dehydrated mont. 

formation of any minerals not already found i n experiments with 
i n d i v i d u a l minerals. Reactions with k a o l i n i t e and i l l i t e r e s u l t e d 
i n the formation of both hydroxysodalite-hydroxycancrinite and neph­
e l i n e . Reactions with k a o l i n i t e and montmorillonite r e s u l t e d i n the 
formation of hydroxysodalite-hydroxycancrinite and dehydrated mont­
m o r i l l o n i t e , and reactions with i l l i t e and montmorillonite r e s u l t e d 
i n the formation of nepheline and dehydrated montmorillonite. When 
a ternary mixture of the clays (equal amounts of each mineral) was 
reacted with 30% NaOH s o l u t i o n and i r r a d i a t e d i n the microwave oven, 
hydroxysodalite-hydroxycancrinite and traces of nepheline were found 
(Table V). The temperature did not appear to have r i s e n as high i n 
the ternary mixtures. Thus, nepheline was not found i n 30-seconds 
experiments, and only small amounts were found i n 1- and 2-minute 
experiments. The 13.6-Â montmorillonite peak remained i n a l l pat­
terns, suggesting that the montmorillonite did not dehydrate com­
p l e t e l y . Acid washing removed part of the re a c t i o n products from 
these mixtures. 

Several t e s t s were performed to increase s o l u b i l i z a t i o n by 
using warm (60°C) or hot (80°C) a c i d rather than cold a c i d . These 
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520 MINERAL MATTER AND ASH IN COAL 

Table V. Treatment of Ternary Clay Mixtures of K a o l i n i t e , I l l i t e , 
and Montmorillonite with 30% NaOH and Microwave 
I r r a d i a t i o n , Followed by Water or 10% HC1 Wash 

Reaction time 
(min. ) 

Room Micro- Type of 
No. Temp. wave Wash Products Observed by XRD 

17-1 23 0.5 HjO k a o l . , i l l . , mont., trace s o d a l i t e -
c a n c r i n i t e 

17-lb 23 0.5 a c i d k a o l . , i l l . , mont, (peak i n t e n s i t i e s 
decreased), s o d a l i t e - c a n c r i n i t e mix. 
(peak i n t e n s i t i e s decreased) 

17-2 22 1 HgO k a o l . , i l l . , mont., s o d a l i t e - c a n c r i n i t e , HgO 
trace neph., dehydrated mont. 

17-3 22 2 HgO k a o l . , i l l . , mont., s o d a l i t e - c a n c r i n i t e , 
neph., dehydrated mont. 

17-3b 22 2 a c i d k a o l . , i l l . , mont., s o d a l i t e - c a n c r i n i t e , 
neph., dehydrated mont, (peak i n t e n s i t i e s 
decreased) 

runs i n d i c a t e that considerably more product, although not a l l of 
i t , was removed at 80°C. Fan et a l . (11,12) were able to remove 
s i m i l a r products completely by using b o i l i n g HC1 or H 2S0 l t. 

Disc u s s i o n 

These experiments have allowed an evaluation of the extent of r e ­
a c t i o n between clay minerals and a l k a l i s o l u t i o n during the pre-
treatment part of the microwave coal cleaning process. It i s e v i ­
dent from these r e s u l t s that some reactions began to occur between 
the a l k a l i s o l u t i o n and the clay minerals, p a r t i c u l a r l y with k a o l i n ­
i t e , before the microwave i r r a d i a t i o n . The new product peaks, how­
ever, were small on the XRD patterns compared to the s t a r t i n g mate­
r i a l s , suggesting that the amount of material that has reacted may 
be quite small. The v i s u a l appearance of the m a t e r i a l also sug­
gested that only a small r e a c t i o n rim was forming i n the container. 
Since o v e r a l l the changes i n the clay minerals during a l k a l i pre-
treatment at room temperature were rather minor, very l i t t l e ash 
removal can be expected during only the pretreatment part of the 
c o a l cleaning process. 

On the other hand, s u b s t a n t i a l changes did occur under micro­
wave i r r a d i a t i o n . The clay minerals appeared to absorb microwave 
energy e f f i c i e n t l y enough for considerable heating to occur. Com­
plet e dehydration of the c l a y - a l k a l i s l u r r y occured within the f i r s t 
30 seconds. No measurement of the temperatures attained was p o s s i ­
ble because temperature probes could not be inserted i n the m a t e r i a l 
during microwave heating without perturbing the microwave f i e l d . A 
probe was not i n s e r t e d immediately a f t e r i r r a d i a t i o n because consid­
erable cooling took place as soon as the oven door was opened and 
because the r e a c t i o n products formed a hard crust which was d i f f i ­
c u l t to penetrate with a probe. These experiments also pointed out 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ch

03
8



38. RICHARDSON ET AL. Caustic and Microwave Treatment 521 

that not a l l clay minerals absorbed the microwave energy to the 
same extent. The i l l i t e samples were the only ones i n which the 
product rim was glowing a f t e r opening the microwave u n i t , suggesting 
that i l l i t e absorbed microwave energy more strongly than the other 
c l a y minerals and reached higher temperatures. Also, anhydrous 
r e a c t i o n products were formed i n these experiments. 

The reactions between clay minerals, NaOH s o l u t i o n s , and micro­
wave i r r a d i a t i o n showed that the clay mineral structures began to 
break down, and the released Al and Si (and some K) combined with Na 
from the s o l u t i o n to form new minerals. The exact r e a c t i o n path 
could not be determined from the present experiments. Since the new 
minerals formed had approximately the same A l : S i r a t i o as the clay 
minerals, no excess Al (as A1 20 3 or A1(0H) 3) or quartz was expected, 
nor was any found i n the XRD pattern. The following equations, 
arranged with increasing time, seem most reasonable to describe the 
reactions observed for k a o l i n i t e and i l l i t e : 

k a o l i n i t e : 

SAlgSi^OçiOH)^ + 8NaOH = Na 8 Alg S i g O ^ (0Η) 2· (1-5)1^0 + (3-8)H 20 
( k a o l i n i t e ) (hydroxycancrinite) 

SAlgSi^OçiOH^ + 8NaOH - Na 8 Alg S i 6 0 2 l | (0H)« + 9H 20 
( k a o l i n i t e ) (hydroxysodalite; 

i l l i t e : 

4 / 3 K A l 2 ( S i 3 A 1 0 1 Q ) ( O H ) 2 + 2NaOH - KN^ A l 3 S i j O ^ + 2H 20 
( i d e a l i l l i t e ; (low-Na nepheline) 

4 / 3 K A l 2 ( S i 3 A l O 1 0 ) ( O H ) 2 + 3NaOH = Na 3KAl l # S ^ 0 χ 6 + 1/3 KOH + 8/3H20 
( i d e a l i l l i t e ) (nepheline) 

A l l of these reactions consume a l k a l i and release water, r e i n f o r c i n g 
the observation that a l k a l i (Na) addition and dehydration reactions 
were occurring, p a r t i c u l a r l y with increased microwave exposure time. 
These products were s i m i l a r to those observed i n autoclave exper­
iments run at 250-300°C for 1 hour (12). In our treated samples, 
however, XRD patterns for the s t a r t i n g clay materials were c l e a r l y 
v i s i b l e , i n d i c a t i n g that although high temperature reactions d id 
occur, they did not go to completion. This implies that at the 
microwave power l e v e l s and i r r a d i a t i o n times used i n these e x p e r i ­
ments, not a l l of the clay minerals i n a coal sample would be con­
verted to soluble products. This conversion process, however, may 
be much more complete at the power l e v e l s to be used i n the micro­
wave coal cleaning process. Furthermore, the pretreatraent, i r r a d i a ­
t i o n , and washing cycles can be repeated several times to improve 
the conversion. S t i l l the r e s u l t s of these experiments are encour­
aging and suggest that most or a l l of the k a o l i n i t e and i l l i t e (the 
two most abundant c l a y minerals) i n coal could be converted to s o l u ­
bl e products and removed, reducing considerably the ash content of 
the c o a l . 

These experiments are the f i r s t part of a program designed to 
evaluate each step of the microwave coal cleaning process. Addi­
t i o n a l experiments of the type reported here w i l l be performed with 
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522 MINERAL MATTER AND ASH IN COAL 

quartz and p y r i t e to complete our tests on the most abundant miner­
als i n c o a l . A l l the minerals w i l l be i r r a d i a t e d at higher power 
l e v e l s for varying periods of time i n the larger microwave u n i t . 
These future experiments w i l l help determine the optimum power l e v ­
e l s and times necessary to get complete conversion of the mineral 
matter to soluble products. The r e s u l t s of these experiments w i l l 
be used to guide our coal cleaning program and help us a t t a i n the 
highest l e v e l s of ash and s u l f u r removal. 
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528 MINERAL MATTER AND ASH IN COAL 

A l k a l i n e l e a ching—Continued 
experiment methods, 463-464 
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quartz l e a c h i n g , 465,466f,467 
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Al t e r e d t u f f s , d e f i n i t i o n , 91 
A l u m i n o s i l i c a t e complexes 

formation, 123-124 
presence i n low-rank c o a l s , 123 

Apparent a c t i v a t i o n energies, c o a l 
s l a g , 228,230t 

Ash a n a l y s i s 
inorganic elemental v a r i a t i o n s , 62-68 
instrumental methods, 62,63t 

Ash deposit c o n s t i t u e n t s 
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s t e e l , 313,3l4f 
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s t e e l , 313,3l4f,315-316 
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f o r c e s , 307,309,310f 
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f o r c e s , 307,309,31Of 
adhesive c h a r a c t e r i s t i c s , 303 
chemical bonding, 311,313 
c o e f f i c i e n t of thermal 

expansion, 315t 
formation of l a y e r s t r u c t u r e deposits 

and s l a g masses, 3l6,317f,3l8 
mechanical bonding, 311,313 

Ash deposit formation 
determining f a c t o r s of growth, 235 
rate of growth of deposi t , 235 
s i n t e r i n g by viscous flow, 235 
standard ash fus i o n t e s t , 234-235 

Ash d e p o s i t i o n i n b o i l e r s 
c o a l constituents,292 
e f f e c t of c o a l p r o p e r t i e s on furnace 

s i z e , 282,283f 
e f f e c t s of furnace operating 

c o n d i t i o n s , 291 
erosion of pressure p a r t s , 291 
f i r e s i d e c o r r o s i o n , 290-291 
impedance to gas flow, 290 
i n f l u e n c i n g f a c t o r s , 291-292 
p h y s i c a l damage to pressure 

p a r t s , 290 
reduced heat t r a n s f e r , 290 
superheater deposit buildup vs. f l u e 

gas temperature, 292,293f 
Ash deposits 

d e p o s i t i o n process, 6-7 
thermal p r o p e r t i e s , 379-382 

Ash-fusion temperatures 
determination, 103-105 

Ash-fusion temperatures—Continued 
phase diagram, 103,104f 

Ash oxide analyses 
advantages, 400,404 
f i e l d combustion tube 

furnace, 400,401f,404 
model cyclone furnace, 404,405f 

Ash-softening temperatures, phase 
diagram, 103,104f 

Authigenic, d e f i n i t i o n , 41 
Automated image analysis-scanning 

e l e c t r o n microscopy 
advantages, 450 
a p p l i c a t i o n , 449-450 
chemical d e f i n i t i o n s f o r mineral 

phases, 451,452t 
data handling, 450 
d e s c r i p t i o n of system, 451 
r e s u l t s f o r I l l i n o i s No. 6 

c o a l , 453-454t,455-456f 
r e s u l t s f o r P i t t s b u r g h 

c o a l , 454-459 
sample d e s c r i p t i o n and 

preparation, 450,451t 
s i z e and mineral phase 

c l a s s i f i c a t i o n , 452 

Β 

Bassanite, formation, 122 
Bench-scale ash behavior p r e d i c t i v e 

techniques 
a n a l y t i c a l data on U.S. 

co a l s , 297,299t 
a n a l y t i c a l techniques, 297,300 
anomalous f o u l i n g behavior, 297,299t 
areas of u n c e r t a i n t y , 300-301 
e f f e c t of segregated i r o n on c o a l ash 

sla g g i n g , 297,298f 
measurement of a c t i v e a l k a l i e s , 297 

B e n e f i c i a t i o n 
changes i n equipment, 444 
chemical c o a l c l e a n i n g , 444 
dependence on frequency 

d i s t r i b u t i o n , 438-439 
f r o t h f l o t a t i o n , 444 
inadequacies of many a n a l y t i c a l 

methods, 443 
ph y s i c a l and chemical techniques, 500 
problems with s i l i c a a n a l y s i s , 444 
problems with s u l f u r 

a n a l y s i s , 443-444 
B e n e f i c i a t i o n feed, composition e f f e c t s 

on behavior, 439-440 
Bentonites, d e f i n i t i o n , 91 
Binary clay mixtures, e f f e c t o f NaOH 

and microwave i r r a d i a t i o n , 5l8,519t 
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INDEX 529 

Bituminous coals 
a n a l y t i c a l procedures f o r ash and 

s u l f u r contents, 474 
c h l o r i n e content, 140-141 
elemental a n a l y s i s of 

high-temperature ash, 329,334t 
e x t r a c t i o n of mineral matter, 474 
inherent water content, 140 
m i n e r a l o g i c a l a n a l y s i s , 445-448 
m i n e r a l o g i c a l a n a l y s i s of 

low-temperature ash, 329,333t 
m i n e r a l o g i c a l and elemental analyses 

of p u l v e r i z e r r e j e c t s , 329,334t 
minerals, 444,446t 
nominal a n a l y s i s , 474,476t 
p a r t i c l e - s i z e d i s t r i b u t i o n , 474-475 
p a r t i c l e - s i z e d i s t r i b u t i o n of 

low-temperature ash 
products, 475,476f,477,478f 

p a r t i c l e - s i z e a n a l y s i s , 329,335,336t 
proximate and u l t i m a t e 

analyses, 329,333t 
B l a s t furnace s l a g s , thermal 

c o n d u c t i v i t y values, 269 
B o i l e r performance 

e f f e c t s of c o a l ash 
p r o p e r t i e s , 288-289 

problems, 289 
Bond work index, g r i n d a b i l i t y of 

samples, 503-504 
Brown c o a l 

a p p l i c a t i o n , 394 
ash analyses and estimated 

parameters, 400,402-403t 
ash oxide analyses, 396 
d e p o s i t i o n p r o p e r t i e s , 394,396 
in f l u e n c e of d i f f e r e n t mineral 

substances on ash 
d e p o s i t i o n , 397,398f 

i n t e n s i t y of d e p o s i t i o n , 396 
problems, 294 
regression analyses, 396 
reserves i n Europe, 394,395f 
slagging and f o u l i n g tendency of 

s o l i d f u e l s , 397,399f,400 
s t a t i s t i c a l p r e d i c t i o n s of 

behavior, 400,401f 

C 

C a l c i t e , r e a c t i v i t y , 136 
Calcium, r e a c t i o n s , 124 
Calcium acetate, r e a c t i o n with 

p y r i t e , 122 
Calcium f l u o r i d e based s l a g s , thermal 

c o n d u c t i v i t y 
values, 267,268 

Carbon dioxide/water b e n e f i c i a t i o n 
system 

advantages, 502 
a n a l y s i s of leached mineral matter 

and ash, 506t,507 
breakage rate f o r treatment g r i n d i n g 

systems, 511t 
comparison of wet and dry 

g r i n d i n g , 507,510t 
c o n d i t i o n s e l e c t i o n , 504-505 
e f f e c t of ash composition on f u s i o n 

temperatures, 507,508f 
e f f e c t o f carbon d i o x i d e 

concentration, 504t 
e f f e c t of feed c o a l s i z e , 507,509t 
e f f e c t of r e a c t i o n time on ash 

removal, 507 
e f f e c t of water, 505 
g r i n d i n g times, 507,508-509f 
hydrogen-bonding b l o c k i n g 

reagent, 502 
procedure, 503 
proximate a n a l y s i s of treated vs. 

untreated c o a l , 505,506t 
ultimate a n a l y s i s of ash from treated 

vs. untreated c o a l , 505,506t 
Carbonates, d e s c r i p t i o n , 356 
Carbonization 

d e s c r i p t i o n , 109 
r a d i a l s t r u c t u r e f u n c t i o n , 109,110f 
simulated spectrum vs. XANES 

spectrum, 109,110f 
C a r n e g i e t i t e , formation, 123 
C a t a l y s t s 

d e f i n i t i o n , 410 
example, 410 
use i n petroleum 

r e f i n i n g , 411 
Char g a s i f i c a t i o n , c a t a l y t i c e f f e c t s 

of mineral matter, 413-414 
Chemical c o a l c l e a n i n g , problems, 444 
Chemical methods of a n a l y s i s , 

examples, 21-22 
Chloride minerals 

d i s t r i b u t i o n , 140 
formation, 140-141 

C l a s s i f i c a t i o n by rank, 17,l8t 
Clausius-Clapeyron equation, 

d e r i v a t i o n , 218 
Clay minerals 

changes during a l k a l i treatment, 520 
changes during microwave 

i r r a d i a t i o n , 520-521 
contents, 46,47f,48,49t 
d i s t r i b u t i o n i n lower K i t t a n n i n g 

c o a l , 48,49t,50 
e f f e c t of drying i n oven, 515 
extent of metamorphism, 50 
microwave i r r a d i a t i o n , 515 
o r i g i n , 46 
s o l u b i l i t y s t u d i e s , 514 
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530 MINERAL MATTER AND ASH IN COAL 

Cleaning c o a l 
chemical treatment, 8 
choice of process, 7 
density separation, 7 

Coal 
a n a l y t i c a l data, 364,365f 
ASTM c l a s s i f i c a t i o n by 

rank, 17,l8t 
c l e a n i n g , 7 
co a l f i e l d s i n the United 

States, 12,lUf 
composition of minerals, 19t,20-21 
d e f i n i t i o n , 12,501 
d i s r u p t i o n o f the c o a l matrix, 501 
f u s i b i l i t y diagrams, 364,366f 
g e o l o g i c a l age and rank of 

depo s i t s , 12,l4f 
s t r u c t u r e , 12,13f 
weathering, 502 

C o a l i f i c a t i o n , diagram, 15,l6f 
Combustion, i n t r i n s i c 

r a t e , 430,431f 
Combustion t e s t i n g of c o a l 

deposit formation on furnace 
probes, 367,368-370f 

s i n t e r e d d e p o s i t s , 367,371f,372 
Commerical use, problem, 5-6 
Composition of v o l c a n i c ash p a r t i n g s 

primary composition, 92-93 
secondary composition, 93-94 

Continuous-casting s l a g s , thermal 
c o n d u c t i v i t y values, 269,270f 

Conversion processes 
c a r b o n i z a t i o n , 109 ,110f 
g a s i f i c a t i o n , 109,111f,112 
l i q u e f a c t i o n , 108 

Corrosive e f f e c t s of a l k a l i 
elements, 12 

C r y s t a l l i z a t i o n of ash melts 
chemical compositions, 236t 
c r y s t a l l i z a t i o n behavior, 238,239t 
c r y s t a l l i z a t i o n process, 236 

C r y s t a l l i z a t i o n of CaO-AlpO^-SiO^iron 
oxide g l a s s e s , c r y s t a l l i z a t i o n 
behavior, 242,243t 

C r y s t a l l i z a t i o n of Ca0 - F e 0 - A l 2 0 3 - S i 0 2 

g l a s s e s , c r y s t a l l i z a t i o n phases 
observed vs. p r e d i c t e d , 253,254t 

C r y s t a l l i z a t i o n of Ca0-Mg0-Al 20_-Si0 2 

g l a s s e s , c r y s t a l l i z a t i o n 
behavior, 239,241t,242 

C r y s t a l l i z a t i o n of c o a l ash melts 
d e p o s i t i o n p o t e n t i a l o f ash, 253 
observed vs. predicted 

behavior, 248,253t 
C r y s t a l l i z a t i o n o f i r o n oxide g l a s s e s , 

c r y s t a l l i z a t i o n 
behavior, 245,248t,249-252f 

C r y s t a l l i z a t i o n of MgO g l a s s e s , 
c r y s t a l l i z a t i o n 
behavior, 245,246-247f 

C r y s t a l l i z a t i o n of model compositions 
of glasses 

composition of CaO-A^O^-SiO,, 
gl a s s e s , 237t 

composition of Ca0-Al O ^ - S i O ^ i r o n 
oxide g l a s s e s , 23ot 

composition of Ca0-Mg0-Al 0_-Si0 
g l a s s e s , 237t 5 

preparation of g l a s s e s , 239 
C r y s t a l l i z a t i o n of ternary composition 

of glasses 
c r y s t a l l i z a t i o n behavior, 239,240t 
e q u i l i b r i u m phase 

diagram, 242,244f,245 
C r y s t a l l i z a t i o n sequence of molten 

b a s a l t 
experimental r e s u l t s , 226,227t 
type formulas f o r the various mineral 

s e r i e s , 226,227t 
volume percentage of melt as a 

functio n of 
temperature, 226,228,229f 

Cyclone c o a l combustors, s l a g 
composition s e l e c t i o n , 171 

D 

Density models 
a d d i t i v e method, 199,202 
p a r t i a l molal volume 

model, 200,201f,202,203f 
Deposit formation of coals 

mechanism, 350 
temperature e f f e c t s , 350-351 

Deposition of co a l ash i n hot cyclones 
b o r d e r l i n e of d e p o s i t i o n , 322,323f 
g l a s s model, 320-324 
mechanism, 321 
te s t apparatus, 321,322f 
v i s c o s i t y , 324 

D e t r i t a l 
d e f i n i t i o n , 41b 
dep o s i t i o n of mineral 

matter, 17,19t,20 
D e v o l a t i l i z a t i o n 

c a t a l y t i c e f f e c t s o f calcium 
minerals, 413 

d e s c r i p t i o n , 413 
Drop-tube furnace 

deposit buildup mechanism, 336,339 
deposit mass and buildup 

r a t e s , 339,34lt,345-346t,348t 
d e s c r i p t i o n , 326,327f 
i n j e c t o r and preheater 

s e c t i o n , 329,330f 
photos of ash d e p o s i t s , 346,349t 
purpose, 325-326 
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INDEX 531 

Drop-tube furnace—Continued 
scanning e l e c t r o n photomicrograph of 

s i n t e r e d ash de p o s i t , 339,340f 
scanning e l e c t r o n photomicrograph of 

i r o n - r i c h deposit base 
p a r t i c l e s , 339,342f,344f 

schematic of the hot zone, 326,328f 
temperature p r o f i l e s , 335-336,337f 
t y p i c a l ash deposit 

s t r u c t u r e , 336,338f 
view of the d e p o s i t - s t e e l oxide 

i n t e r f a c e perpendicular, 346,347f 
water-cooled c o l l e c t o r 

probe, 329,332f 

Ε 
Eastern coals 

inorganic c o n s t i t u e n t s , 101t 
Mossbauer spectra of quenched 

ashes, 103,105,107f 
reacti o n s 103,104f 

E l e c t r i c a l conductance measurements 
d e s c r i p t i o n , 151 
p l o t , 151,152f 

El e c t r o n microscopy, 22 
Ele c t r o n spectroscopy f o r chemical 

a n a l y s i s , 23 
E l e c t r o n i c c o n d u c t i v i t y , 261 
Elemental a s s o c i a t i o n s i n l i g n i t e s 

analyses, 71 
chemical f r a c t i o n a t i o n , 75 
c o r r e l a t i o n of l i t h o l o g i e l a y e r i n g i n 

the v e r t i c a l d i s t r i b u t i o n o f 
elements, 87 

c o r r e l a t i o n with ash content, 81 
c o r r e l a t i o n with i o n i c 

p o t e n t i a l , 82-83t,85 
d i r e c t i o n determination of the 

chemistry of c o a l components, 87 
d i s t r i b u t i o n patterns of inorganic 

elements, 75,82-83t 
e l e c t r o n raicroprobe 

a n a l y s i s , 75,8l,84f 
i n f l u e n c i n g f a c t o r s , 86 
inorganic a s s o c i a t i o n , 85 
organic a s s o c i a t i o n , 85-86 
patterns of d i s t r i b u t i o n f o r Beulah 

c o a l s , 71-79 
patterns of d i s t r i b u t i o n f o r 

Beulah-Zap bed, 75,80f 
patterns of elemental 

v a r i a t i o n , 87,88f 
q u a l i f i c a t i o n methods, 71 
sample c o l l e c t i o n procedures, 71 
u n c l a s s i f i e d elements, 86 

E m i s s i v i t y 
comparison to a b s o r p t i v i t y , 380,382f 
nongrayness, 380 
values, 380,38lf 

E m i s s i v i t y of s l a g s , d e f i n i t i o n , 211 
Enthalpy, p l o t , 206-208,209f 
Epigenesis of mineral matter, 17,19t,20 
E x t i n c t i o n c o e f f i c i e n t , 261 
Extraneous mineral matter, 

d e f i n i t i o n , 356 

F 

Flame v o l a t i l e sodium, 
d i s t r i b u t i o n , 149 

Forced outage, d e f i n i t i o n , 6 
Fouling 

a n a l y s i s of de p o s i t s , 106,108t 
d e f i n i t i o n , 6,11,105,289,354 
i n f l u e n c i n g f a c t o r s , 353 
r o l e of a l k a l i s u l f a t e s , 105-106,108t 

Framboid, d e f i n i t i o n , 356 
Froth f l o t a t i o n , d e s c r i p t i o n , 444 
Furnace performance 

dependency fo furnace e f f i c i e n c y on 
furnace dimensions, 376,378f 

dependency of furnace e f f i c i e n c y on 
furnace height, 376,378f,379 

furnace e x i t 
temperatures, 385,391f,392 

i n f l u e n c i n g f a c t o r s , 376,377f 
parameter i n f l u e n c i n g deposit 

formation, 404,406f,407 

G 

G a s i f i c a t i o n 
c a t a l y t i c e f f e c t s of mineral 

matter, 413-414 
d e s c r i p t i o n , 109,112 
Mossbauer spectrum of a char 

residue , 109,111f 
stages, 413 

Gehlenite, formation, 123 
Glasses, thermal c o n d u c t i v i t y 

values, 267,272f,274 

H 

Heat c a p a c i t y , p l o t , 206-207,208t,209f 
Heat t r a n s f e r process, i n f l u e n c i n g 

f a c t o r s , 274 
Highly ordered binary s o l u t i o n s , 

thermodynamic analyses, 186-193 
Hydrogen-bonding system, b l o c k i n g 

reagents, 502 
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532 MINERAL MATTER AND ASH IN COAL 

I l l i t e 
d e f i n i t i o n , 55-56 
e f f e c t of c a u s t i c and microwave 

i r r a d i a t i o n , 517t,5l8 
s t r u c t u r e , 136 

I l l i t e / m i c a , d i s t r i b u t i o n , 46,48,49t,50 
I n e r t i n i t e s , d e f i n i t i o n , 15 
Infr a r e d spectroscopy, 22 
Inherent mineral matter, 

d e f i n i t i o n , 15,356,473 
I n i t i a l ash deposit c o n s t i t u e n t s 

a l k a l i - m e t a l s u l f a t e 
d e p o s i t i o n , 304,305f 

s e l e c t i v e , 304,305f 
Inorganic c o n s t i t u e n t s o f c o a l 

c l a s s i f i c a t i o n s , 41-42 
cla y minerals, 46-50 
d i s t r i b u t i o n o f d e p o s i t i o n a l 

environments, 43,44f 
eastern c o a l s , 101t 
f o u l i n g , 105-108 
inor g a n i c c o n s t i t u e n t s , 101t 
marcasite, 45 
methods of a n a l y s i s , 43 
o r i g i n s , 42 
p y r i t e , 43,44f 
quartz, 45-46,47f 
sampling, 43 
slagging behavior, 102-105,107 
western c o a l s , 101 

Inorganic elemental v a r i a t i o n s 
ash-related v a r i a t i o n s , 63f,64f,t,65 
concentrations o f s p e c i f i c 

elements, 61 
i n f l u e n c i n g f a c t o r s , 61,68 
rank-related v a r i a t i o n s , 65t,67f 

v a r i a t i o n s due to geochemical 
f a c t o r s , 65,66t 

v a r i a t i o n s due to geologic 
f a c t o r s , 66,67t 

Inorganic species, i n c o r p o r a t i o n i n t o 
low-rank c o a l s , 114 

Iron s u l f i d e c a t a l y s i s i n l i q u e f a c t i o n 
auger measurements, 4 l 8 , 4 l 9 t 
cleavage o f oxygen bonds, 420 
conversion e l e c t r o n Mossbauer spectro­

scopic measurements 420,421f,422f 
e l e c t r o n energy l o s s 

measurements, 4l8,4l9t,420,421t 
extended X-ray absorption f i n e 

s t r u c t u r e 
measurements, 423,426-427f,428 

i n t e r a c t i o n with low rank 
c o a l , 420,422f,423,424f 

measurement c o n d i t i o n s , 417,418 
r e a c t i v i t y toward oxygen-containing 

compounds, 420,421f 
X-rays absorption near edge s t r u c t u r e 

measurements, 423,425f 

K a o l i n i t e 
a l k a l i n e l e a c h i n g , 467,468t,470 
content of the lower K i t t a n n i n g 

seam, 46,47f 
d i s t r i b u t i o n , 48,49t 
e f f e c t of c a u s t i c and microwave 

i r r a d i a t i o n , 5l6t,517 
presence i n low-rank c o a l s , 122 
s t r u c t u r e , 136 

L i g n i t e — S e e Brown co a l 
L i g n i t e - b e a r i n g s t r a t e , elemental 

d i s t r i b u t i o n , 70-89 
L i p t i n i t e , d e f i n i t i o n , 15 
Li q u e f a c t i o n 

a c t i v i t y o f coa l s with 
c a t a l y s t s , 412-413 

d e s c r i p t i o n , 108,416 
in f l u e n c e o f i r o n s u l f i d e s , 416-417 
r o l e of mineral matter, 411 
r o l e of r o l e of p y r i t e , 411 

Lithotypes 
maceral composition, 56t 
X-ray d i f f r a c t i o n a n a l y s i s , 56,57f,58 

Low-rank c o a l s , X-ray d i f f r a c t o m e t e r 
pattern sequence, 124-126 

Low-temperature ash 
e f f e c t of i l l i t e on thermal 

behavior, 358,360f 
e f f e c t of s i l i c a on 

v o l a t i l i z a t i o n , 358,361 
Low-temperature ashing, 23 

d e s c r i p t i o n , 129 
energy-dispersive 

s p e c t r a , 133,134f,135f 
experiments with i n d i v i d u a l 

minerals, 131 
geometric arrangement i n 

heating-stage 
experiments, 131,132Γ 

procedures, 117 
samples and products, 130t 
supporting experiments, 133» 136t 
techniques, 3 

Macérais, c l a s s i f i c a t i o n , 501 
Magnetic separation 

analyses of samples, 486,487t 
maximum s u l f u r r e j e c t i o n , 497-498 
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INDEX 533 

Magnetic se p a r a t i o n — C o n t i n u e d 
Mo'ssbauer s p e c t r a , 492,494-495f 
optimum p y r o l y s i s temperature, 497 

Marcasite 
d e s c r i p t i o n , 354 
q u a n t i f i c a t i o n , 58 

Marcastle 
formation, 45 
occurrence, 45 

Metakaolin, presence i n low-rank 
c o a l s , 122 

Microwave i r r a d i a t i o n 
d e s c r i p t i o n of procedure, 515 
e f f e c t on binary mixtures, 518 
e f f e c t on i l l i t e , 517t,5l8 
e f f e c t on k a o l i n i t e , 515 
e f f e c t on montmorillonite, 5l8t 
e f f e c t on ternary c l a y 

mixtures, 519,520t 
r e a c t i o n path, 521 
r e a c t i o n with NaOH s o l u t i o n s at room 

temperature, 515 
Mineral a n a l y s i s 

m i n e r a l o g i c a l methods, 22-23 
sampling procedures, 21 

Mineral composition of low-rank coals 
phases, 117 ,120-1211 
X-ray d i f f r a c t i o n , 117,120-121t 
X-ray fluorescence a n a l y s i s , 1l6t,117 

Mineral matter 
behavior during a l k a l i n e 

l e a c h i n g , 470-471 
c a t a l y s t , 7 
c a t a l y s t system, 411 
c a t i o n s , 4 
c h a r a c t e r i s t i c s , 1 
c h a r a c t e r i z a t i o n , 11,364,449 
c l a s s i f i c a t i o n s , 354 
coarse c o a l s o r t i n g , 441 
comparisons i n other U.S. 

co a l s , 30-35 
components, 90 
d e f i n i t i o n , 10,356 
e f f e c t s of heating process, 3-4 
elements, 2 
environmental p o l l u t i o n , 12 
fat e during combustion, 356,357f,358 
f i n e c o a l s o r t i n g , 441-442 
g e o l o g i c a l dependence, 3 
g e o l o g i c a l studies of 

d i s t r i b u t i o n , 12 
groups, 356,440,501 
hydrogen bonding, 501 
i d e n t i f i c a t i o n techniques, 3,130 
i n i t i a l set of p a r t i c l e s , 440-441 
instrumental procedures, 440 
i n t e r f a c e s with c o a l , 477,479 
low-temperature ashing, 129 
mineral contents, 30,31t,32 
minor elements, 32,33f,34t 
nature, 2 

Miner a l matter—Continued 
o r i g i n , 17,19t,20 
phase transformations, 358,359f 
p h y s i c a l d i f f e r e n c e s 

between inherent and extraneous 
ash, 356 

p h y s i c a l removal, 440 
primary crushing, 441 
problems, 11-12 
removal by s w e l l i n g and bond 

breaking, 501-502 
removal from c o a l , 7-8 
r e s u l t of geologic events, 440 
samples and a n a l y s i s , 129t 
s p e c i f i c responses during 

processing, 440 
s t r u c t u r e , I40,l43f 
trace elements, 35,36t 
undesirable e f f e c t s , 128 
v a r i a t i o n i n I l l i n o i s basin 

c o a l s , 23-30 
water c i r c u i t , 442 

Mineral v a r i a t i o n 
benches of the 

Herr i n (no. 6) c o a l , 23,24-25f,26 
channel samples from the H e r r i n , 

S p r i n g f i e l d 
c o a l s , 26,27-28t,29f 

c o a l seams i n the I l l i n o i s 
b a s i n , 30,33f 

M i n e r a l o g i c a l a n a l y s i s of bituminous 
coals 

future impact, 445 
minerals w a s h a b i l i t y diagram, 445,447 
recovery a f t e r c l e a n i n g , 445,448t 
sampling procedures, 445 

M i n e r a l o g i c a l methods of a n a l y s i s 
e l e c t r o n microscopy, 22 
e l e c t r o n spectroscopy f o r chemical 

a n a l y s i s , 23 
i n f r a r e d spectroscopy, 22-23 
low-temperature ashing, 23 
Mossbauer spectroscopy, 23 
thermal a n a l y s i s , 22 
X-ray d i f f r a c t i o n , 22 

Minerals i n c o a l , 53,54t 
Mine r a l a n a l y s i s , chemical 

methods, 21-22 
Models of slags surface tension 

a d d i t i o n of the p a r t i a l molar 
c o n t r i b u t i o n s , 202,203f 

a d d i t i o n of p a r t i a l molar 
c o n t r i b u t i o n s with s u r f a c e - a c t i v e 
component, 202,203f,204,205f 

assessment of the model, 204,206 
surface tension f o r non-surface-

a c t i v e c o n s t i t u e n t s , 204t 
surface tension f o r s u r f a c e - a c t i v e 

c o n s t i t u e n t s , 204t 
Mold f l u x e s 

d e s c r i p t i o n , 215 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

2,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

1.
ix

00
2



534 MINERAL MATTER AND ASH IN COAL 

Mold f l u x e s — C o n t i n u e d 
uses, 215 
v i s c o s i t y , 215,222 

Molten b a s a l t 
apparent a c t i v a t i o n 

energies, 228,230t 
c r y s t a l l i z a t i o n sequence, 224,229f 
s t a r t i n g m a t e r i a l , 224 

Molten c o a l ash systems, behavior, 4-5 
Mon t m o r i l l o n i t e , 

e f f e c t of c a u s t i c and 
microwave i r r a d i a t i o n , 5 l 8 t 

s t r u c t u r e , 136 
Mossbauer spectroscopy, 23 
M u l l i t e , s t r u c t u r e , I46f,l47 

Ν 

Nepheline, formation, 123 
Non-steady-state methods f o r thermal 

c o n d u c t i v i t y 
l a s e r pulse method, 262-263 
l i n e source method, 263 
modulated beam method, 262 
r a d i a l wave method, 262 

0 

Oldhamite, formation, 137 
Opposed p u l v e r i z e d f u e l f i r e d b o i l e r 

i n f l u e n c e of e f f e c t i v e conduction 
c o e f f i c i e n t on e x i t 
temperatures, 385,390f 

temperature p r o f i l e s , 385,390f 

Ρ 

Pétrographie examination, 3 
Physicochemical property estimation f o r 

slags 
d e n s i t y , 199-202 
melting range, 196-197 
surface t e n s i o n , 202-206 
v i s c o s i t y , 197-199 

Plan t feed c h a r a c t e r i z a t i o n 
assumptions, 439 
feed hardness or f r i a b i l i t y , 439 
laboratory f l o a t a b i l i t y s t u d i e s , 439 
p a r t i c l e g r a v i t y d i s t r i b u t i o n , 439 
p a r t i c l e s i z e d i s t r i b u t i o n , 439 

Potassium oxide, amounts i n bituminous 
c o a l mineral matter, 139 

Potassium s u l f a t e , formation, 149 
Power generation, 

magnetohydrodynamic, 5 
Product c o a l 

ash content, 479,480f 
ash contents vs. mode of p a r t i c l e -

s i z e d i s t r i b u t i o n , 48l,483f 
e f f e c t of chemical a d d i t i v e s on 

p a r t i c l e - s i z e d i s t r i b u t i o n , 477 
i n t e r f a c e with c o a l , 477 
p a r t i c l e - s i z e d i s t r i b u t i o n o f 

low-temperature 
ash, 477,449,480f,482t 

Promoter, d e f i n i t i o n , 410 
Pu l v e r i z e f u e l ash 

st r u c t u r e , ! 4 l , l 4 2 f 
temperature vs. time p l o t , I42,l45f 

P y r i t e 
a l k a l i n e l e a c h i n g , 470t 
content of the lower K i t t a n n i n g 

seam, 43,44f 
decomposition, 36l,362f,486 
f a c t o r s i n f l u e n c i n g 

d i s t r i b u t i o n , 43,45 
f a c t o r s i n f l u e n c i n g thermal 

behavior, 361,364 
formation, 45 
forms, 56 
heating under reducing 

c o n d i t i o n s , 36l,363f 
magnetic separation, 486 
o x i d a t i o n , 122 
p r i n c i p a l forms, 354,356 
q u a n t i f i c a t i o n , 56,58 
r e a c t i v i t y , 136-137 
r o l e as c a t a l y s t i n c o a l 

l i q u e f a c t i o n , 411-413 
thermogravimetric a n a l y s i s , 361 

P y r i t e decomposition 
atomic r a t i o vs. distance from 

i n t e r f a c e , 487,488f 
k i n e t i c models, 492 
scanning e l e c t r o n 

micrographs, 492,496f 
P y r o l y s i s 

d e s c r i p t i o n , 485 
Mossbauer spectroscopy, 487,489-491f 
s u l f u r reduction vs. 

temperature, 492,493f 
s u l f u r t r a n s f e r , 492,497 

Q 

Q u a n t i f i c a t i o n by X-ray d i f f r a c t i o n , 
minerals i n c o a l s , 55-58 

Quartz 
a l k a l i n e l e a c h i n g , 465,466f,467 
content of the K i t t a n n i n g 
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INDEX 535 

Quartz—Continued 
seam, 45,47f 

o r i g i n , 45,46 
Quasi-chemical theory 

asymmetric approximation, 188-189 
d i s t r i b u t i o n of bonds, 188 
excess free energy of mixing, 187-189 
number of bonds, 187 

R 

Radiation c o n d u c t i v i t y 
c a l c u l a t i o n , 257-258 
mechanism, 257 

Rate of char combustion 
e f f e c t of metals, 433t,434f 
e f f e c t of sodium, 435f 
e f f e c t s of mineral 

matter, 431,433,434f 
in f l u e n c e on b o i l e r 

performance, 430,432t 
Raw coals 

inorganic a n a l y s i s , 115,116f 
model mixtures of inorganic 

compounds, 115,118-119t 
Rocks and minerals, thermal 

c o n d u c t i v i t y values, 269,270f 

S 

Seams 
mineral occurrences, 17,19t 
o r i g i n , 15 

Shale, d e s c r i p t i o n , 354 
S i l i c a , amounts i n bituminous c o a l 

mineral matter, 138,139t 
S i l i c a minerals 

coalescence products of ash i n 
flame, I4 7 , l 4 8 f , l 4 9 

d i a g n o s t i c features of flame-heated 
ash, I42,156f 

h y d r o f l u o r i c a c i d 
treatment, I42,l46f,l47 

s p h e r i c a l shape 
transformation, I42,l44f 

surface force t e n s i o n , 141 
v i s c o s i t i e s f o r 

s p h e r i d i z a t i o n , I 4 l , l 4 2 t 
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 , I47t 
S i l i c a t e , molar free energy of 

mixing, 187 
S i l i c a t e mineral species, amounts i n 

bituminous c o a l mineral 
matter, 138,139t 

S i l i c a t e p a r t i c l e , s t r u c t u r e of surface 
fused, I42,l43f 

S i l i c a t e s , c o r r e l a t i o n of thermodynamic 
p r o p e r t i e s , 192 

Sintered ash d e p o s i t s , 
formation, 151,153 

Slag system 
co n s t i t u e n t system, 279,280t 
potassium vapor pressure, 279,282f 
representation of s o l i d - l i q u i d - v a p o r 

e q u i l i b r i a , 279,281 
subsolidus phase r e l a t i o n s , 279,282f 

Slagging 
d e f i n i t i o n , 11 
i n f l u e n c i n g f a c t o r s , 353 
p i l o t plant slagging and f o u l i n g 

combustor, 354,355f 
Slags 

absorption s p e c t r a , 264,265f 
a d d i t i v e , 171,172t 
ash composition, 171,172t 
d e f i n i t i o n , 289,354 
d e s u l f u r i z a t i o n a b i l i t y , 178 
experimental c o n d u c t i v i t y 

measurements, 271,273t 
heat t r a n s f e r model, 256-257 
normalized compositions, 171,172t 
phase e q u i l i b r i a , 278-281 
physicochemical p r o p e r t i e s , 195-211 
preparation, 174 
p r o p e r t i e s , 196 
seven-component system, 279,280t 
s u l f i d e c a p a c i t i e s , 171,174 
thermal 

c o n d u c t i v i t i e s , 264,265-266f,267 
thermal c o n d u c t i v i t y 

values, 271,272f,274 
Sodium-enchanced s i n t e r i n g 

e l e c t r i c a l conductance 
measurements, 151,152f 

mechanism, 149-150 
r a t e , 150-151 
r e s u l t s from r e a c t i o n between sodium 

s u l f a t e and s i l i c a t e s , 150t,151 
S o l i d - l i q u i d - v a p o r e q u i l i b r i a of c o a l 

s l a g s , r o l e f o r polymerization 
theory, 281 

S o l i d - l i q u i d - v a p o r i n t e r a c t i o n s of 
a l k a l i - r i c h c o a l s l a g s 

high-temperature d i f f e r e n t i a l 
thermal-thermogravimetric 
method, 277-278 

high-temperature quenching 
method, 277 

Rnudsen e f f u s i o n mass spectrometric 
method, 277-278 

S o l u t i o n model f o r the p r e d i c t i o n of 
a l k a l i vapor pressures 

a p p l i c a t i o n to K ?0-Ca0-Al p0,-Si0 ? 

system, 284,285f 5 

basis of the model, 281-282 
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536 MINERAL MATTER AND ASH IN COAL 

S o l u t i o n model f o r the p r e d i c t i o n of 
a l k a l i vapor pressures—Continued 

method of c a l c u l a t i o n , 284 
Steady-state methods f o r thermal 

c o n d u c t i v i t y 
l i n e a r heat flow method, 261-262 
r a d i a l heat flow method, 262 

S t i c k i n g t e s t 
a p p l i c a t i o n , 326 
disadvantages, 326 

Subbituminous coals 
m i n e r a l o g i c a l and elemental 

a n a l y s i s , 329,335t 
p a r t i c l e - s i z e a n a l y s i s , 329,335,336t 
proximate and ul t i m a t e 

analyses, 329,333t 
S u l f a t e s 

m i s c i b i l i t y of potassium s u l f a t e -
s i l i c a t e system, 306-307,308f 

m i s c i b i l i t y of sodium s u l f a t e -
sodium s i l i c a t e system, 306 

thermal s t a b i l i t y , 304,306 
S u l f i d e capacity measurements of slags 

a d d i t i v e e f f e c t , 178-179 
c a p a c i t i e s as a f u n c t i o n o f 

b a s i c i t y , 174,177f,178 
capacity vs. temperature, 179 
comparison to other r e s u l t s , 179,181f 
phases, 174,178 
r e a c t o r , 174,175f 
s u l f u r emission estimation from 

cyclone combustor, 179-182 
ternary phase diagrams, 174,175f,177f 
values, 174,177f,178 

S u l f u r emissions from a cyclone 
combustor 

c a l c u l a t i o n , 180 
s u l f u r removal, I 8 0 , l 8 l f , l 8 2 

S u l f u r minerals, c o n s t i t u e n t s , 354 
S u l f u r removal 

combustion k i n e t i c s e f f e c t s , 180,182 
hydrogen concentration e f f e c t s , 180 
p l o t , I 8 0 , l 8 l f 
temperature e f f e c t s , 180 

Surface tension f o r c e , d e f i n i t i o n , 141 
Syngenesis of mineral matter, 

subclasses, 17,19t,20 
Synthetic c o a l ash slag s 

a c t i v a t i o n energies and temperature 
ranges, I65,l66t,l67 

composition, 157,158t 
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logarithm of r e c i p r o c a l v i s c o s i t y vs. 
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T a n g e n t i a l l y c o a l - f i r e d b o i l e r 
geometry and zoning, 383,384f 
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Thermodynamic analyses—Continued 
a c t i v i t i e s of FeO i n ternary 

system, 189,191f,192 
c a l c u l a t e d phase diagram of the 

FeO-SiO system, I89,190f 
systems analyzed, l89t 

Titanium peroxide based s l a g s , 
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T o t a l thermal c o n d u c t i v i t y , 261 
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techniques 
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V 

V i s c o s i t y 
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experimental c o n d i t i o n s , 225 
flow curve, 228,229f 
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torque vs. r o t a t i o n a l speed, 228 

V i s c o s i t y of f l u x e s 
And rade-Arrhenius 

equation, 2l8,220,221t,222 
compositional e f f e c t s , 216 
composition, 218,219t 

V i s c o s i t y of f l u x e s — C o n t i n u e d 
Kirchoff-Rankine 

equation, 2l8,220,222t 
network-forming c a t i o n and anion 

e f f e c t s , 2l6,217f 
regression 

a n a l y s i s , 218,220,22U,222 
s i l i c a and alumina content 

e f f e c t , 216 
temperature e f f e c t s , 2l6,217f 
summary of 

v i s c o s i t i e s , 2l8,220t 
V i s c o s i t y models 

m o d i f i c a t i o n of Urbain*s 
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Riboud 1s model, 197-199 
Urbains's model, 198t, 199 

V i t r i n i t e , d e f i n i t i o n , 15 
Volcanic ash 

o r i g i n , 91-92 
composition, 90,91 

Volcanic ash p a r t i n g s 
composition, 92-94 
d e f i n i t i o n , 91 
d i s t r i b u t i o n , 95-95,96f 
f i e l d appearance, 92,96f 
g e o l o g i c a l importance, 95,97 

W 

Western c o a l s , inorganic 
c o n s t i t u e n t s , 101,102t 

Wet m i l l i n g , products, 477-478 

X 

X-ray d i f f r a c t i o n 
d e s c r i p t i o n , 3,22,55 
problems, 55-59 

X-ray d i f f r a c t i o n a n a l y s i s 
round-robin a n a l y s i s , 59t 
sample preparation and mounting, 58 
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