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T IS DIFFICULT TO think of a more interdisciplin-

ary science than that of coal utilization (com-
bustion) and conversion (pyrolysis, liquefaction,
gasification) . For decades combustion has been of
equal interest to chemists as well as chemical, me-
chanical, and aerospace engineers. The recent
world-wide renewal of interest in coal conversion
technology has resulted in even greater hetero-
geneity of backgrounds among coal experts. Re-
cent economic evaluations show that the com-
mercialization of many conversion processes will
only be feasible when significant reductions in
their complexity are achieved. These, in turn, can
be achieved only if significant advances are made
in the fundamental understanding of coal chemis-
try. Coal structure, for example, is an elusive con-
cept whose elucidation still represents a major re-
search challenge to many organic chemists. In
many cases, the determination of physical and
chemical properties of coal and coal products,
which is of equal interest to chemists, materials
scientists, and engineers, is not a straight-forward
application of classical techniques. Major im-
provements in instrumental methods of analysis
(e.g., cross-polarization, magic angle spinning
NMR; Fourier transform IR; small-angle X-ray
scattering) in the past decade are already con-
tirbuting to a qualitative increase in understand-
ing some of the above mentioned topics.

Recent economic evaluations

show that the commercialization of many
conversion processes will only be feasible when
significant reductions in their complexity

are achieved.
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This situation is responsible for the difficulties
in bridging the gap between coal science and tech-
nology. It is, for example, quite common to find
metallurgical-coke makers who are not familiar
with the concept of mesophase. On the other hand,
many coal scientists without “hands-on” ex-
perience (author not excluded) may have practical
problems which can be as trivial as, for example,
the “optimization of operation” of a barbecue “re-
actor.” The design of a graduate course on coal
utilization and conversion should attempt to con-
tribute to alleviate some of these difficulties. It
should also, of course, present a more or less criti-
cal review of the recent literature and indicate the
major areas in which further research is most de-
sirable and/or expected. The lack of textbooks
with this orientation and the abundance of coal-
related research publications (of widely varying
value) appearing since the 1973 energy crisis, do
not make this (in itself ambitious) task any easier.

COURSE STRUCTURE AND CONTENTS

Table 1 presents the outline of the one-semester
(30 two-hour sessions) course that the author has
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TABLE 1
Course Outline

INTRODUCTION: STRUCTURE AND PROPERTIES OF
COAL [G1-G4] (4 sessions)

e Origin, traditional properties, and classifications
Petrographic and mineralogical composition
Structure [1, 2]

Porosity and surface area [3-5]

COAL PYROLYSIS AND CARBONIZATION [G1-G4]
(6 sessions)
e Fundamentals [6, 7]
e Product yield and distribution
e Kinetics [8-13]
e Hydropyrolysis
e Processes of pyrolysis (COED, Rockwell, Occidental,
ete.)
® Processes of carbonization (coke making)

COAL LIQUEFACTION [G1-G4, 1] (6 sessions)
e Fundamentals
o Solubility
e Product yield and distribution [14, 15]
e Kinetics [16-18]
e Catalysis [19-23]
@ Processes (SRC, EDS, H-Coal, etc.)

COAL COMBUSTION AND GASIFICATION [G1-G4, 24]
(12 sessions)
e Fundamentals
e Thermodynamics
e Kinetics [25-28]
e Catalysis [29-31]
o Combustion processes (grate, fluidized-bed, pulver-
ized-coal) [32, 33]
e Gasification processes (Lurgi, Koppers-Totzek,
Winkler, Texaco, etc.)

SUMMARY: ECONOMIC AND ENVIRONMENTAL
CONSIDERATIONS [G1-G4] (2 sessions)

developed and taught to engineering graduate
students at the University of Concepcién, Chile.
As stated in the title and seen in Table 1, the
emphasis is on fundamentals. The processes are
discussed rather briefly, with the primary pur-
poses of illustrating how the fundamental con-
cepts are applied in practice on pilot-plant, demon-
stration, or commercial scale.

In the first session I present an overview and
the philosophy of the course, together with the
highlights of every topic. I consider this very im-
portant because it minimizes the danger of
students “not seeing the forest for the trees”
when some topics are subsequently dealt with in
considerable depth. The introductory chapter ex-
poses the students to basic coal terminology. The
importance of both rank and petrographic com-
position in determining chemical and physical
properties of coal is emphasized. The structure of
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coal is introduced with the help of Given’s and
Wiser’s models and is discussed in terms of basic
aromatic and hydroaromatic units, cross-links, and
functional groups. The typical structures and com-
position of these are discussed in turn as functions
of coal rank. The origin and nature of mineral
matter in coals of different rank are briefly re-
viewed. In the section on porosity, the molecular-
sieve microporous structure of coal and chars
(cokes) is presented. The often misunderstood
implications of the presence of micropores for the
measurement of surface areas are discussed.
Dubinin’s theory of volume filling of micropores is
complemented (and contrasted) with the classical
BET approach.

The following chapters on coal pyrolysis and
carbonization, liquefaction, and gasification and

The processes are discussed briefly,

with the primary purposes of illustrating how

the fundamental concepts are applied in practice on
pilot-plant, demonstration, or commercial scale.

S T
combustion all have the same basic structure. The
fundamentals are presented first in terms of
thermodynamics, kinetics, and catalysis, and the
most important processes are subsequently de-
scribed and briefly discussed.

In the chapter on pyrolysis (fluids, primary
products) and carbonization (solid, primary
product), the necessity of empirical determina-
tion of product yields and distribution is empha-
sized. The effects of the principal process variables
(bed density, temperature-time history, pressure,
ete.) are discussed and the importance of second-
ary reactions of the primary volatiles is pointed
out. The transformation of coal to coke is de-
scribed and the importance of understanding meso-
phase formation and growth for controlling coke
strength and reactivity is briefly discussed. The
various levels of sophistication in the treatment
of the kinetics of rapid pyrolysis are discussed.
The experimental techniques are presented and
the difficulties in defining with precision the
temperature-time histories of the devolatizing
coal particles are emphasized. In hydropyrolysis
the role of hydrogen in stabilizing the free radi-
cals is discussed and the concept of nascent active
sites is introduced to explain the enhanced yields
of methane. The flow diagrams, reactor schemes,
and typical operating conditions are discussed for
representative processes.

Liquefaction fundamentals are introduced with
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a brief analysis of coal solubility and a discussion
of the problems associated with liquid product
characterization and the definition of conversion.
The classical preasphaltene-asphaltene-oil scheme
as well as Mobil’'s SESC (sequential elution by
specific solvents chromatography) technique is
presented. The effects of solvent properties, coal
rank, and reaction conditions on product yield and
distribution are analyzed. The importance of hy-
drogen transfer and balance is emphasized. The
various levels of kinetic treatment and modeling
existent in the literature are discussed. As in py-
rolysis, the difference between simple curve-fitting
approaches and models which are based on
knowledge of the actual chemistry is pointed out.
The discussion on catalysis is limited primarily to
the effect of inherent mineral matter, pyrite in
particular. Flowsheets, typical operating con-
ditions and product yields of representative direct
liquefaction processes are briefly reviewed. The
complexities involved are emphasized. The con-
cept of indirect liquefaction is then introduced and
briefly discussed as an alternative and also in
order to bring up the importance of coal gasifica-
tion, which is discussed extensively in the follow-
ing chapter.

Coal combustion (in O,) and gasification (in
H,O0, CO,, H,) are treated together because their
fundamentals are, of course, essentially the same.
In contrast to pyrolysis and liquefaction, the yield
and distribution of products are discussed using
thermodynamics. The consequences of the under-
lying assumption that char activity is equal to that
of graphite are briefly analyzed. The kinetics of
coal char gasification are introduced as a more
or less straightforward application of the general
gas/solid reaction theory. The difficulties in de-
termining intrinsic (mass-transport-control-free)
kinetic parameters for reactions of microporous
chars are thoroughly analyzed. The surface
mechanisms of adsorption, reaction, and de-
sorption are also discussed. The concept of carbon
active sites is introduced and the similarities and
differences among carbonaceous solids of varying
degree of crystallinity, from lignite chars to
graphite, are emphasized. The effects of coal rank
and pyrolysis conditions on char gasification re-
activity are discussed in terms of variation of
total and active surface area. A critical review of
the recent kinetic models is presented. Catalysis
of coal gasification is discussed as both inevitable
(inherent) and desirable (induced). The inherent
catalytic role of calcium in low-rank coals is point-
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ed out. The mechanisms of catalysis are briefly dis-
cussed. The importance of, and difficulties in,
measuring catalyst dispersion and determining
turnover frequencies (necessary for meaningful
comparison of catalysts) are analyzed. Both com-
bustion and gasification processes are discussed in
terms of conceptual differences between fixed-bed,
fluidized-bed and entrained-flow reactors. In par-
ticular, the design of pulverized-coal combustors is
discussed using two extreme simplifying ap-
proaches: plug-flow-reactor theory (Rosin equa-
tion) and perfectly-stirred-reactor theory. Repre-
sentative gasification processes of first, second, and
third generation (commercial, demonstration, and
pilot scale, respectively) are described with par-
ticular emphasis on reactor type, gasifying medi-
um and method of supplying heat. The effect of
these characteristics on the composition and calori-
fic value of the product gas is analyzed.

The final chapter on economic and environ-
mental aspects addresses the fact that the selection
of a coal conversion or utilization process is not
based solely on the characteristics of the reactor.
The main issues are presented with the objective
of developing a feeling for the orders of magni-
tude of costs and environmental impact. Avail-
able economic evaluations from some of the most
recent publications are briefly analyzed.

COURSE OBJECTIVES AND REQUIREMENTS

The topics included in the course cannot, of
course, be presented and discussed all with the
same depth. This is partly due to the time con-
straint and the extensiveness and dispersed na-
ture of the literature available, but also to the
instructor’s own limiations. The presentation of
the main issues in each area, rather than depth of
analysis, is the primary goal. The fact that there
exists only qualitative knowledge of many aspects
of coal conversion is made clear and the importance
of carefully designed experimental work is
stressed. It is thought that this approach helps
the students to appreciate in which direction the
mainstream research efforts should be oriented.
A point is made also of the necessity to combine
experimental work, mostly performed by chemists
and fuel scientists, with the process modeling
efforts of chemical engineers. It is my conviction
that by bridging this (yet another) interdisciplin-
ary gap, many synergistic effects can be achieved.

The course has no formal prerequisites and no
previous knowledge of coal is assumed. It can be
taught, in a somewhat scaled-down version, at the
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undergraduate level after the students have com-
pleted the courses on thermodynamics and chemi-
cal reaction engineering (or physical chemistry,
for non-chemical engineering majors). Ideally, it
is intended as an introductory graduate course for
students interested in doing research in coal con-
version or utilization.

The list of references in Table 1 is, of course,
meant to be representative rather than compre-
hensive. The general references are used through-
out the course. (Only selected chapters of G1 are
discussed in some detail, namely chapters 3, 12, 19
and 23.) The material on (and the fate of) the
various conversion processes is constantly up-
dated on the basis of information published in
Chem. Eng. Progress, C&E News, and similar
journals.

The work requirements include rather ex-
tensive regular reading assignments, occasional
homework problems, and a 20-minute seminar on
a selected important research paper in the
student’s area of interest. The mid-term and final
exam have the form of short essays. Five or six
topics are given and the student is expected to
address the basic issues of four or five of them in
a concise but all-inclusive manner.
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