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ABSTRACT

Data were obtained on the composition and kinetics of formation of
key compounds or classes of compounds resulting from the pyrolysis and
hydropyrolysis of two coals (a Pittsburgh Seam Bituminous and a Montana
Lignite) in a captive sample apparatus.

Thin layers of coal were heated in strigs of stainless steel wire
mesh at heating rates between 100 and 15,000C/sec to peak temperatures
between 150 and 1100°9C. Samples were held at these peak temperatures for
times ranging from 0 to 30 seconds, Pressures studied ranged from vacuum
to 100 atm of either hydrogen or helium. Gaseous and light liquid products
were analyzed by vapor phase chromatography; heavy liquids and solids
were characterized by elemental analysis.

Pyrolysis results suggest that certain products (CO,,H90) are linked
to particular structures within the coal (carboxyls, hydroxyls). These
and other products of pyrolysis can be modelled as arising from one to
many distinct first order reactions, a procedure which gives activation
energies typical of pyrolysis of many simpler organic compounds. A free
radical chain mechanism is supported.

The behavior of the non-softening Montana Lignite is markedly dif-
ferent from that of the highly caking Pittsburgh Seam Bituminous Coal.
& hypothesis concerning the important role of hydroxyl groups during pyr-
olysis receives tentative support.

The effect of hydrogen during hydropyrolysis manifests itself prin-
cipally during what would be the major hydrocarbon formation phases of
ordinary pyrolysis. The yield enmhancement observed during pyrolysis in
gaseous hydrogen is reflected mainly in increased vields of methane.

Various previously proposed models and mechanisms of pyrolysis and
hydropyrolysis are evaluated in light of the new data, and several new
approaches and interpretations offered.
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1.0 Summary

1.1 Introduction

Previous research at M.I.T. on coal pyrolysis in inert gas and in
hydrogen (hydropyrolysis) was based on the measurement of coal weight loss,
referred to as volatiles yield (Anthony, 1974; Anthony and Howard, 1976;
Anthony et al., 1974, 1975, 1976). Although these previous studies made
good progress towards explaining pyrolysis and hydropyrolysis phenomena, it
was apparent that a fuller understanding of the phenomena could only be
achieved via more detailed chemical analyses of the processes. To this
end, this investigation has focussed upon product compositions (liquid,
gaseous, and solid) and the kinetics of pyrolysis and hydropyrolysis.

Two coals were chosen for this study, a Pittsburgh Seam (No. 8)
Bituminous Ceoal and a partially dried Montana Lignite. These coals are
considered to be representative of the large reserves of Eastern U.S. caking
coals and Western U.S. lignites, respectively. The analyses of these coals

are presented in Table 1-1.

1.2 Background Literature

Pyrolysis
Unfortunately in studying coal pyrolysis the characterization of the

reactant is as difficult, if not more difficult than, the characterization
of the products of the process. Because coal is a somewhat heterogeneous

insoluble solid with a large number of distinct moieties, many of the
traditional chemical and spectroscopic techniques for organic structure
determination cannot be applied easily or unambiguously. A brief review
of current thinking on the structure of coal is presented in section 3.1 of

this thesis. Some general structural characteristics can be inferred from



Proximate Analysis,
we.% (as-received)

Lignite+ Bituminous+f

Table 1-1

Moisture 6.8

V.M. 36.9
F-C- 46-1‘
Ash 9.9

TOTAL 100.0

1.4
38.9
48.4

11.3

100.0

* By difference.

Characteristica of the Coals Examined

Ultimate Analysis,

We.% (as-received)

Carbon
Hydrogen
Nitrogen
Sulfur
Oxygen¥*
Moisture

Ash

TOTAL

Lignite Bituminous

Petrographic Analysis,

Wt.%Z (mineral-matter-free)

59.3 67.8

3.8 4.8
0.9 1.3
1.1 5.3
18.2 8.1
6.8 1.4
9.9 11.3

100.0 100.0

Lignite Bituminous

Vitrinites 69.7 84.5
Semi-Fusinite 15.2 4.5
Fusinite 7.9 3.3
Micrinite 5.2 4.4
Exinite

+ Resinite 2.0 3.3
TOTAL 100.0 100.0

+ The Lignite 1s a partially dried Montana Lignite from the Savage Mine of the
Knife River Coal Mining Company.

++ The Pittsburgh Seam (No. 8) Bituminous coal is from the Ireland Mine of the

Consolidation Coal Company.

K1
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a knowledge of the more traditional classification parameters, those from
the proximate, ultimate, and petrographic analyses of the coal.

Fig. 1-1 summarizes some of the More important structural characteris-
tics of the carbon-hydrogen skeletal structure of coal. The aromaticity
(fa) is the fraction of carbon in coal which is present in aromatic
structures. Fig. 1-1 presents various estimates of aromaticity as a
function of coal rank (represented by the weight percéﬁt carbon in the ceal,
on a dry, mineral matter free basis). For reference, the Montana lignite
(74.7% ¢, d.m.m.f.) is estimated to have an aromaticity of about 0.7, and the
Pittsburgh Seam bituminous (80.7% C, d.m.m.f.) arcund 0.8.

While the carbon in both coals is predominantly located in aromatic
structures, other evidence suggests that these aromatic structures are not
the large fused ring aromatic clusters once thought to be the backbone of
coal structure. Instead, as the data in the lower half of Fig. 1-1 suggest,
the average size of the average aromatic ring clusters is only 1 or 2 rings
in the case of lignite, and 3-4 rings in the case of the bituminous coal.
Based on these data (and many other structural details described in section
3.1) Given (1960) proposed his now classic model of a coal molecule shown
in Fig. 1-2. The essential feature of the model is that coal is a polymer-
like material composed of repeating 9-10 dihydroanthracene units. The fact
that hydroaromatic hydrogen can be thought of as evenly distributed through-
out the structure has important ramifications with regard to the chemistry
of pyrolysis. Also important to the chemistry of pyrolysis is the distribution
of oxygen functional groups.

Based on work with model compounds Van Krevelen (in collaboration with
Wolfé and Waterman, 1960) advanced a general theory of coal pyrolysis.
Thesé model substances were polycondensation producté éf varibus poly-

cyclic aromatics with formaldehyde and had the peneral structure (possibly
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Ficure 1-2. MoDEL STRUCTURE

H,C N

ForR A Bituminous CoaL Morecule, Grven (1960)



branched):

~ Ar - CH, - X=-H, -OH, -CU,, —-OCH_

3’ 3

The theory is summarized in Fig. 1-3 and the essential elements of the
theory dinclude:

- "Depolymerization" occurs in a completely random manner and is
followed by hydrogen disproportionation. The hydrogen in the
aliphatic bridging structures or on alkyl substituents is that
which stabilized free radicals. Radicals which cannot be stabilized
by hydrogen repolymerize and form the coke residue; stabilized

light molecular weight materials are volatile.

- After primary carbonization is complete and the remaining solid is
heavily cross-linked and aromatic in nature, the remaining

aliphatic hydrogens and the bulk of the aromatic hydrogens are lost.

-~ The addition of hydroxyl functional groups (X=0H) onto the substance
significantly decreases the yield of tar compared to the analogous
substance with no -OH group. This is explained in terms of a
competition for reactive aliphatic hydrogen between water and

hydrocarbon forming reactions.

The concept of hydrogen donor structures within the coal is supported by
existence of chloroform extractable (hydrogen-rich) material in the coal.
Removal of this material prior to pyrolysis destroys the softening
properties of otherwise caking coal (Brown and Waters, 1966). The softening
phenomenon is clear indication for the existence of lower molecular wéight

species in the coal -~ it is not a physical melting phenomenon.
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Because of the large number of distinct chemical moieties which
characterize coal, it is not surprising that more success has not been
attained by correlation of the weight loss with simple overall rate
laws:

av
dt

%
=k - 0"

]

where &k ko exp (-E/RT), the Arrhenius rate constant

V = volatile yield at time ¢t

*
V = volatile yield at time t + =
n = reaction order

Recognizing this fact, Anthony et al. (1975) proposed to model the pyroly-

sis of coal as being composed of a large number of distinct reactions i:

AV, %
i
- =k (V, - V,)
iti i
For mathematical convenience, it was decided that the reactions i should

be distributed according to activation energy by the Gaussian form (mean

activation energy Eo’ standard deviation <)

f(E) = [O(Zﬂ)llz] -1 exp [—(E - EO)Z/ZOz]

Anthony et al. enjoyed good success fitting data on pyrolysis of the same
two coals as examined in the present study.

Further verification for the concept of a wide distribution
of activation energies for pyrolysis is provided by some recent data
on gas evolution during pyrolysis (Campbell and Stephens, 1976, Fig. 1-4).
Yor a more detailed discussion of pyrolysis models, the reader is referred

to a recent review of the pyrolysis literature by Anthony and Howard (1976).
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Hydropyrolysis

The study of Hydropyrolysis is still in its infancy compared to the
study of pyrolysis (the early interest in the latter primarily due to
an interest in coke~making). Hydropyrolysis is a phenomenon distinct from
slow hydrogasification (C + 2H2 = CH4). It is characterized by a rate of
the same order as pyrolysis and several orders of magnitude faster than
slow hydrogasification.

It is felt that the general scheme relating pyrolysis and hydro-

pyrolysis is of the type: CHA’ C,H

+H 276

2

COA]l mmmpp volatiles + active char

A ) .
inactive char

The modelling of hydropyrolysis has focussed principally on the competi-
tion between hydrogenation and "deactivation" of active sites within the

char.

1.3 Apparatus and Procedure

The apparatus (Fig. 1-5) consists of five components: the reactor,
designed to contain a coal sample in a gaseous environment of known pres-
sure and composition; the electrical system, used to expose the sample to
a controlled time-temperature history; the time-temperature monitoring
system; the product collection system; and the product analysis system.

The reactor designed for atmospheric-pressure and vacuum pyrolysis work,
consists of a 6-inch (15.24 cm) long, 3-inch (7.62 cm) diametér'pyrek
glass pipe, blind-flanged at both ends by stainless steel plates having

electrical feedthroughs and gas inlet and outlet ports. The coal sample

is held and heated in the vessel by a folded strip of 325 mesh stainless
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steel screen positioned between two relatively massive brass electrodes
as shown in Fig. 1-6. The reactor used for high pressure hydrogenation
work is similar, except of course that the shell is stainless steel
rather than glass.

The electrical system consists of two automobile storage batteries
connected in series to the reactor electrodes through a time-contreolled
relay switch which cuts in either of two variable resistors at a predeter-
mined time. This circuitry permits independent control of heating rate
(lO2 - 104°C/s) and final sample holding time and temperature (150-1100°C
for up to 30 s). The temperature-time history of coal is recorded by a
chromel-alumel thermocouple (24 um wire diam., 75 ﬂm bead diameter) placed
within the sample and connected to a Sanborn fast-response recorder.

Approximately 10-15 mg of powdered coal is spread in a layer one to
two particles deep on a preweighed screen which is reweighed and inserted
between the brass electrodes. The reactor is evacuated and flushed three to
five times with helium and then set at the desired experimental pressure.
The sample temperature is raised at a desired rate to a desired holding
value which is then maintained until the circuit is broken. Sample cooling
by convection and radiation then occurs rapidly since the electrodes, the
vessel and its gaseous contents remain cold during the experiment, but not
so rapidly as to avoid the occurrence of significant weight loss during
cooling.

The yield of char, which remains on the sereen, is determined gravi-
metrically, Products that condense at room temperature (tars and oils,
hereafter defined as tars) are collected primarily on foil liners within
the reactor and on a paper filter at the exit of the reactor. Any con-

densation on non-lined reactor surfaces is collected by washing with




methylene chloride soaked filter paper. The tar from all three collections
is measuted gravimetrically.

Products in the vapor phase at room temperature are collected at the
conclusion of a run by purging the reactor vapors through two lipophilic
traps.. The first trap consists of a 3 inch (7.62 cm) long, 1/4 inch (0.635
cm) diameter tube containing 50/80 mesh Porapak Q chromatographic packing.
The trap is operated at room temperature, and collects intermediate weight
0lls such as benzene, toluene, and xylene. The second trap is a 15 inch
to 5 foot long, 1/4 inch diameter tube (38.1 cm x 0.625 em) also packed
with Porapak Q but operated at -196°C in a dewar of liquid nitrogen. This
trap collects all fixed gases produced by pyrolysis, with the exception of
hydrogen which is determined by direct vapor phase sampling with a
precision syringe.

Products are released for gas chromatographic analysis by warming the
first trap to 240°C and the second to 100°C. The intermediate weight oils
from the first trap are analyzed on either a 50/80 mesh, 3% 0V-17 Porapak
Q column, 6 ft x 1/8 in (183 cm x 0.318 cm) 50/80 mesh Porapak Q column,
temperature programmed from -70 to 240°C at a rate of 16°C/min. The hy-
drogen is analyzed on a 10 ft x 1/8 in (305 cm x 0.318 cm) 80/100 mesh
Spherocarb colum at 0°C. A Perkin-Elmer Model 3920 B chromatograph with
dual thermal conductivity/flame ionization detectors and a Perkin-Elmer
Model 1 integrator are used for all the analyses.

Elemental analyses of the raw coal and char samples were performed by
Galbraith Laboratories, Inc. of Knoxville, Tennessee.

The weight of the ceoal and screen was determined to within iQ;Ol mg;
hence, the uncertainty of the total weight loss measurement is about 0.1%

by weight of the coal. The products quantitated chromatographically
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(except HZO) are subject to calibration uncertainties of 1 to 3% of the
mass of the species measured. The water measurements were somewhat more
troublesome because of (1) moisture loss from the coal during the short
time lapse between weighing the sample and performing the run and (2) mois-
ture gain by the experimental system during assembly under high humidity
conditions. The net uncertainty in the measured water yields caused by these
opposing effects is about 2% by weight of the coal. The tar measurement
has its largest uncertainty in the washing procedure. The maximum error
for atmospheric pressure runs is about 1% by weight of the coal. The
inherent uncertainty of the thermocouple measurements is about + 8°C over
the pregent range of temperatures. The ability of the selected thermoccuple
effectively to track the temperature of the sample at the highest heating
rates was confirmed by experiments with thermocouples of different bead
diameters.

Some discoloration of the screen used to hold the sample caused
concern that the screen may be a source of error, for example through
catalysis of primary pyrolysis or secondary cracking reactions. Experimental
assessment of the role of the screen included passivation of the surface
with a vacuum deposited layer of gold on some screens and copper on others,
and variation of the number of layers of untreated screen through which the
volatiles had to escape. Both gold and copper are less catalytic to crack-
ing reactions than is stainless steel, and diffusion of these metals in
stainless steel is too slow to destroy the integrity of the surface layer
in even the longest residence times of this study,. Noné of these cases
lead to significant differences in the total yield of volatiles §r in the
composition of gaseous products included in the present study. Therefore,

any error caused by the screen appears to be negligible for present purposes.
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This result is not surprising in view of the high escape velocity of
volatiles from the sample and hence the low residence time of volatiles
near hot screens. Nevertheless, untreated stainless steel screens in a
similar apparatus are reported (P. Solomon, United Technologies, personal
communication, 1976) to react significantly with hydrogen sulfide.

This species is not of present concern.

1.4 Results

Pyrolysis of a Montana Lignite

All results in this section are reported for the partially dried (as-
received) Montana lignite in the particle size range 53-88u (74U average
diameter).

With the exception of the data points carrying a double symbol (see
below), the volatile product compositions shown in Fig. 1-7 were obtained
when different samples of the lignite under 1 atm (101.3 kPa) of helium
were heated at approximately 1000°C/s to various peak temperatures indica-
ted on the abscissa. The samples were cooled at roughly 200°C/s beginning
immediately when the peak temperature was attained. The total yield of any
product or group of products is given on the ordinate as a weight percent
of the partially dried lignite.

The lowest curve represents the yield of tar as defined above, which
increases with increasing temperature to an asymptotic maxima of about
5;4% by weight of the lignite at temperatures above 750 to 800°C. This
material has an empirical formula of CH1.500-1N0.01.

The distance between the tar curve and the'nekt one above it represeunts
hydrogen and all hydrocarbons lighter than tar. The maximum yield of these

species occurs at the higher temperatures and is only about 3.37% by weight
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of the lignite. The main components are methane (1.4%), ethylene (0,6%),
and hydrogen (0.5%), with identified ethane, propylene, propane, and
benzene and unidentified trace hydrocarbons making up . the balance. The
effect of temperature on yields of methane, hydrogen and ethylene is shown
in Fig. 1-8. When the peak temperature is increased above 500°C the
methane and ethylene yields increase rapidly to small asymptotic values
in the range 600 - 700°C. Further increase in temperature beyond 700°C
effects a dramatic increase in the yield of both species, and a second
asymptote is reached at about 850°C for ethylene and about 900°C for
methane., The vield of tar also exhibits a similar two-step behavior but
hydrogen production, on the other hand, appears to occur in one step at
relatively high temperatures.

The top curve in Fig., 1-7 represents the total yield of wvolatiles
while, proceeding downward, the first, second and third regions between
adjacent curves represent the yields of water, carbon dioxide, and carbon
monoxide, respectively. The yields of these principal oxygenated species
are shown in more detail in Fig. 1-9 where all three appear to approach
high-temperature asymptotic yields of 16.3% for water, 8.4% for carbon
dioxide, and 7.1% for carbon monixide. The carbon oxides each exhibit
also a lower-temperature asymptote.

Although most of the pyrolysis is complete for peak temperatures
above about 900 to 1000°C, there is in fact yet a third step in the curves
for the carbon oxides which occurs at about 1100°C and therefore does not
appear in Fig. 1-9. Since this temperature is the upper limit of the
apparatus, investigation of this third step was accomplished by use of a
longer residence time technique; The coal was heated at 1000°C/s to 1000°C

and there held for 5 to 10 s rather than being immediately .coocled as before.
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The resulting carbon monoxide yield exhibits a final asymptote of 9.47% while
that of carbon dioxide is 9.5%. The yields of the other species were not
changed by the additional residence time. Thus prolonged heating at 1200°C
gave a total volatiles yield of 44.0% by weight of the lignite which is
close to the ASTM volatile matter plus moisture (43.7%).

Elemental analyses of selected char samples are shown in Fig. 1-10.
Although over 40% by weight of the lignite is volatilized at the higher
temperatures, only 22% of the carbon is volatilized. Most of the volatile
material comes from hydrogen and oxygen, which is consistent with the
observed predominance of water among the volatile products. Pyrolysis at
the higher temperatures removes about 70% of the sulfur from the solid
material, but the nitrogen is reduced by only about 25%. Consequently, the
sulfur content (percent by weight) in the char is lower than that of the
lignite, but the reverse is true for nitrogen.

Elemental balances were calculated for runs in which both volatile
products and char were analyzed. For estimation purposes, trace hydro-
carbons (total less than 1% by weight of the lignite) were assumed to be
90% carbon and 10% hydrogen by weight. Typical results for four runs to
different peak temperatures are presented in Table 1-2 along with total
mass balances. Whereas the mass balances are excellent and the carbon and
hydrogen balances are satisfactory, the oxygen balances are marginal. Since
oxygen in char is determined by difference, uncertainties inherent in the other
measurements are absorbed in the oxygen values.

Data points inside squares in Fig; 1-7 were obtained with the base
conditions given above but modified as follows. The lignite was first
heated to an intermediate temperature and then cooled to room temperature

as before.. The resulting char was then heated to a higher temperature and
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Table 1-2  Carbon, Hydrogen, Oxygen and Total Mass Balances for Lignite Pyrolysis

Product Yield, weight % of Lignite (as—received)+, in Four Runs to Different Peak Temperatures

Peak Temperature Peak Temperature. Peak Temperature Peak Temperature

430°C 710°¢C 910°C 1000°C

Total — © i 0 | ZTotal ¢ M 0 |Total C H O [Total € m 0
CO2 2.5 0.68 - 1.8 5.5 1.5 - 4.0 8.6 2.3 =~ 6.3{ 8.7 2.4 - 6.3
o | 0.46 0.20 - 0.26 1.8 0.77 - 1.0 8.0 3.4 - 4,6 7.5 3.2 - 4.3
HC* 0.02 0.02 0.0 - 0.95 0.79  0.17 - 2.6 2.1 0.49 - 3.0 2.4 0.58 -
Tar 1.5 1.3 0.15 - 2.3 2.1 0.23 - 4.9 4.4 0.49 - 4.7 4.3  0.47 -
H20 6.6 - 0.73 5.9 16 - 1.8 14 15 - 1.7 13 19 - 2.1 17
H2 0.0 - 0.0 - 0.01 - 0.01 - 0.50 -~ 0.50 -~ 0.50 - 0.50 -
Char 89.0 64.0 2.8 11.0 73.0 53.6 1.5 3.1 60.9 47.5 1.2 2.6 | 55.8 44.2 0.55 1.1,
Total 100'_ 66.2 3.68 19.0 | 99.9 58.8 3.71 22.1 101 59.7 4.38 26.5 [ 99.2 56.5 4.20 28.7
Closure 1006%  112% 81y  79% 1007 99% - 82% 912 - 101% 101% 97% 110%1 9%%  95% 93% 119%

*
Hydrocarbons other than tar

+Lignite (as-received) 1s 59.3%C, 4.53% H and 24.2%0, including H and O in lignite moisture.

be

gl
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again cooled. The figure shows cumulative product yields for both cycles.
The intermediate temperatures for the points at 855°C and 1070°C are 480°C
and 670°C, respectively. The yields of all products in both cases are not
significantly different from those obtained when the lignite is heated
directly to the final peak temperature. Such behavior is indicative

of multiple parallel independent reactions as opposed to competitive
reactions.

The encircled data points in Fig. 1-7 were obtained at heating rates
of 7,100 to 10,000°C/s which 1s approximately ten-times higher than that of
the base data. The points in triangles represent data taken at 270 to
470°C/s. No clear effect of heating rate is observed over the range here
used. It is shown below that this behavior is expected for independent
parallel, rather than competitive reactions.

A small effect of external pressure (vacuum to 69 atm. of helium)
was observed on the results of lignite pyrolysis (Fig. 1-11). Since the
effect of pressure is much larger in the case of bituminous coal, discus-
sion of the effect will be reserved until the next section.

It should be noted that under no conditions did the lignite show any
evidence of softening, swelling, or agglomerating. There was, however,
some evidence of decrepitation of the lignite particles, as some small
flecks of coal appeared to be mixed with the tar.

Pyrolysis of a Pittsburgh Seam Bituminous Coal

As in the previous section, all results in this section are for
particles in the size range 53—88ﬁ {74y average) unless otherwise noted.

Figure 1-12 presents an overview of volatile product evolution durinz
bituminous coal pyrolysis. The time-temperature histories implied by the

peak temperature are the same as described in the lignite section.
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Comparison of Figs. 1-12 and 1-7 points up a major difference between
lignite pyrolysis and bituminous coal pyrolysis; while in the formér case,
the products are dominated by light oxygenated species, in the latter

case heavy tars (Empirical formula CHl.IOO.OSNO.Ol) predominate. The

two coals also exhibit markedly different physical behavior during
pyrolysis. While the lignite is completely non softening, the bituminous
coal exhibits a very fluid behavior upon heating to over 700°C (the onset
of softening can begin at peak temperatures as low as 400°C). At
temperatures over 700°C, the concept of a particle diameter no longer makes
sense; rather, fluid coal forms a uniform layer on the screen.

Fig. 1-13 displays the behavior of the tar and water products
separately. The results in the left hand portion of the figure are for the
previously described completely non-isothermal time temperature history.
The right hand portion of the figure shows data obtained in a set of runs
wherein the peak temperature is isothermally held for a few seconds before
the quench is initiated. Such runs are useful for establishing the
existence of high temperature assymptotes. Fig. 1-13 shows that most water
is produced at rather low peak temperatures (<400°C)., Tar production
begins at a peak temperature of about 400°C and continues through 900°C.

Fig. 1-14 through 1-16 show the behavior of wvarious other volatile
components, plotted in the same manner as Fig. 1-13. The evolution curves
for bituminous pyrolysis are distinctly different from those for lignite
pyvrolysis as in no case is a two step behavior cobserved.

Fig. 1-17 gives the results of analyses of the bituminous char. During
pyrolysis at 1000°C, roughly half of the carbon originally present in the
coal is volatilized while almost 90% of the hydrogen is volatilized. The
extent of carbon volatilization is about twice as high as that observed

for the lignite. As in the case of lignite, almost 2/3 of the nitrogen is
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left behind in the char, even at 1000°C. The sulfur is evolved rapidly
between a peak temperature of 925°C and the isothetrmal 1000°C asymptote.
The oxygen shows essentially two step behavior, There is an initial loss
at a peak temperature below 400°C, certainly corresponding to the evolution
of pyrolytic water. The next sharp drop presumably corresponds to the
period of major CO evolution, between 800 and 900°C,

The total yields of all products are summarized in the first columm
of Table 1-3. It can be seen that the total measured weight loss (47%)
exceeds ASTM moisture plus velatiles yield (40.3%) by 17%. Such behavior
is common during rapid pyrolysis in a dispersed phase. 1t is felt that
this reflects the fact that repolymerization of tar into the sample may
occur in the fixed bed environment of an ASTM test crucible. Table 1-17
also shows that the overall mass balance closure ig fair (about 94%).
Element balances (not shown) fall in the range 100 + 10%Z. It is felt
that most of the loss is associated with failure to collect 100% of the
tar product.

The results shown in Table 1-3 also suggest but a slight effect of
variation of heating rate on total yield. A bit more significant is the
slight reduction in yield in the case in which the coal was heated in
two stages (with intermediate cooling) to the final temperature. These
results suggest that within the range of heating rates studied here,
the reactions at high temperature coccur independently of those which
occur at lower temperatures.

Fig. 1-18 shows that mass transport limitations play an important role
in determining the composition of volatiles obtained from pyreolysis of
bituminous coal. Increasing external pressure from 0.05mm to 69 atm of

helium reduces total product yields by almost 14%. Over the same range




Table 1-3. Effect of Time-Temperature Histories on Yields from Pyrolysis of Bituminous Coal

Heating Rate 1000°C/sec

350-450°C/sec  13000-15000°C/sec

Products wt.” of coal mole Z of dry gas wt. % wt.?
Co 2.4 9.9 2.4 2.3
C02 1.2 3.1 1.6 1.1
HZO 7.8 - 7.6 7.7
ca, 2.5 18.0 2.2 2.4
CZHA 0.8 3.3 0.4 0.7
CZHG 0.5 1.9 0.6 0.6
C3H6+C3H8 1.3 3.5 1.1 1.2
H2 1.0 57.7 NMQ NM@
other HC gas‘b 1.3 2.6 1.1 1.5
HC liquids® 2.4 - 2.3 2.7
Tar 23.0 - 22.4 23.0
Total 44,3 41.7 43.7
Measured Total 47.0 46.0 47.0
Unaccounted

For 2.7 3.3 3.3
ASTM volatiles

& Moisture 40.3 40.3 40.3

2—Stepa
wt. 2

2.1
1.6
7.7
2.5
0.3
0.6
1.3
NM@

0.9

2.4

22.0

41.4

44.7
3.3

40.3
(con't)



Effect of Time-Temperature Histories on Yields from Pyrolysis of Bituminous Coal (continued)

All results on as-received wt. basis. Isothermal runs 850-1000°C with holding time 2-10 seconds.
P =1 atm. He

Notes

aSum of two step process; coal heated first at about 650°C for 3 secords and cooled. Reheated
to about 1000°C for about 3 seconds

bAll other hydrocarbon gases not listed separately

cHydrocarbon products from condensible trap

dNM = not Measured

®Columns may not add because of round off

£ S yield, roughly 1Z by wt of coal at these temperatures

HZO includés HZ
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of pressure, the tar yield decreases by about 20%. This is offset, partly,
by an increase in the yield of hydrocarbon gases (presumably tar cracking
products). The trend exhibited by variation of particle diameter is

consistent with that observed for variation of external pressure.

Hydropyrolysis of a Montana Lignite

Again, all results are for particles in the size range 53 - 881 unless
otherwise noted. The convention of reporting all results on a percent by
weight of as-received lignite is retained here, although mass balance
closure by a simple summation of product yields is of course no longer
possible.

The data in Fig. 1-19 seem to imply that there is a temperature below
which the presence of hydrogen has no effect on weight loss (roughly in
the range 700-800°C). Perhaps not coincidentally, this is the same range
of temperatures over which variations in inert gas pressure begin to have
an effect on lignite pyrolysis yields (Fig. 1-11). Of course, increasing
the pressure of inert gas always serves to reduce total yields, while
increasing the pressure of hydrogen gas {(above 1 to 10 atmospheres)} serves
to increase total yields. Table 1-4 compares the total yields of various
products obtained at "long" residence times from ordinary 1 atm. He
pyrolysis, high pressure (69 atm. He) pyrolysis, and high pressure (69
atm. Hz) hydropyrolysis. It is immediately apparent that the incremental
yield due to hydropyrolysis is due largely to an increase in methane and
other hydrocarbon species. The reduced vields of carbon oxides are not
surprising since reverse water gas shift and other water forming reactions
are thermodynamically favored.

Since methane is obviously the key component in the'énhance& ‘yield

observed during hydropyrolysis, Fig. 1-20 tracks its behavior alone.
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Table 1-4.Comparison of Total Yields from Lignite Pyrolysis and Hydropyrolysis

Pyrolysis l ﬁydropyrolysis : Pyrolysis
"~ 1 atm, He o 69 atm, Ho " 69 atm He
co, - ., 9.5 . 8.5 10.6
co 9.4 7.1 9.0
ca, | 1.3 . - 9.5 2.5
0234 _ 0.6 | G.2 T 0.6
C,H, 0.2 | 1.4 0.2
OTHER HC 0.8 4.1 1.7
H20 16.5 16.0 _ 12.9
H, 0.5 N.M. N.M.
tar 5.4 n 8 n 3
Measured Total
Weight Loss 44,0 51.5 40.2

Samples held approximately 10 seconds at 850-1000°C
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Contrary to the picture presented by the total weight loss behavior in
Fig. 1~19, methane yields show an effect of hydrogen at temperatures as
low as 600°C. Comparison of the three sets of data suggest that the
enhanced methane yield observed during 600°C hydropyrolysis is due to
interaction of coal and external hydrogen, rather than being an effect

induced only by the high external pressure (the so-called "

autohydrogenation"
effect).

It is also interesting te note the behavior of ethylene during
hydropyrolysis (Fig. 1-21). Whereas the external inert gas pressure has
virtually no effect on ethylene yields, the presence of hydrogen completely
inhibits the high temperature stage of ethylene formation.

Among the other products of hydropyrolysis, the hydrocarbon gases
(other than methane and ethylene) show behavior similar to that of methane.
The oxygenated products seem rather unaffected except for the very high
temperature stage of carbon oxide formation, which appears to be inhibited.
It is difficult to say much concerning the tar yield because of a considera-
ble amount of scatter. It appears as though the maximum total yield of
tar plus hydrocarbon ligquids is about 10% wt.

The results of the ultimate analyses of lignite chars produced by
pyrolysis are shown in Fig. 1-22. Both carbon and nitrogen conversions
are enhanced by hydropyrolysis, but the conversions of oxygen, hydrogen
and sulfur appear largely unaffected.

As has already been demonstrated, a large protion of the yield
during hydropyrolysis is the result of ordinary pyrolytic processes.
Therefore, in examining the effect of pressure on yields, Fig. 1-23 expres-
ges total yield and methane yield as increments over yields from atmos-—

pheric pressure pyrolysis. This data imply no cleéear functionality of
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of pressure for either total yield or methane yield. These results also
point out that an increase in'.temperature may be as effective in promoting
higher yields as in an increase in pressure (compare the points at 1100°C

and 500 psig H, and 850°C and 1500 psig Hz). Tn all cases, methane is

2
principally responsible for the bulk of the incremental yield.

The effect of particle diameter was quickly examined (with particles

in the 295 - 990U range) and judged to be insignificant.

Hydropyrolysis of a Pittsburgh Seam No. 8 Bituminous Coal

As for the lignite, the base case for bituminous hydropyrolysis
involves particles in the size range 53 - 88u and a hydrogen pressure of
1000 psig (69 atm. absolute).

Fig. 1-24 shows a comparison of total yields obtained during pyrolysis
at 1 atm. and at 69 atm. of helium pressure, and from hydropyrolysis at
69 atm. of hydrogen pressure. A comparison of the pyrolysis results
obtained at 1 atm. and 69 atm. of helium pressure illustrate again the
previously discussed effect of pressure on pyrolysis. Since the helium
is of course chemically inert, its effect if purely physical. The fact
that the total yields from 69 atm. hydropyrolysis are comparable to the
yields from 1 atm. pyrolysis implies that the hydrogen must interact with
the coal chemically in a manner which boosts yields. This interaction,
according to these data, begins at temperatures in the range 700 to 800°C.
Anthony et al. (1976) have advanced a theory which postulates that the
hydrogen serves to "stabilize" volatiles which may otherwise be lost to
cracking reactions. The data in Fig. 1-24 may be supportive of this
picture, but the data in Fig. 1-25 shed further light upon the nature of
the process.

In Fig. 1-25, the yield of tar, the principal product of bituminous
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1 atm. pyrolysis, is plotted for the 1 and 69 atm. Hé pyrolysis and 69

atm. H, hydropyrolysis cases. The results are striking in that they show

2
that hydrogen does not act to stabilize the tar as such; the yields of

tar from 69 atm. pyrolysis and 69 atm. hydropyrolysis are comparable. The
indicated asymptote for tar yield from hydropyrolysis (at 12.5%) is obtained
from runs in which the coal is held at temperatures between 850 and 1050°C for
up to 20 seconds.

The fact that the tar itself is not being stabilized suggests several
possibilities for the yield enhancing effect of hydrogen. The first is that
the hydrogen interferes with the tar forming reactions and stabilizes tar
"precursors". Another possibility is that the hydrogen serves to stabilize
tar cracking (or hydrocracking) products. A third possibility is that the
hydrogen physically interferes with the escape of tar and promotes its
cracking in a manner precisely analogous to that of the helium; the yield
enhancement is the result of an unrelated (or indirectly related) chemical
process,

Fig. 1-26 compares the yields of methane from pyrolysis and hydropyrolysis.
These data suggest that the chemical interaction of hydrogen with the coal
actually begins at rather low peak temperatures (<600°C).

Table 1-5 summarizes the results for 69 atm hydropyrolysis and compares
then with atmospheric pressure pyrolysis results. The hydropyrolysis results
were all obtained at temperatures above 900°C, held for between 12 and 20
seconds. Tt is apparent from comparison of the results in Figs, 1~-24, 1-26
and Table 1-5 that methane is the principal product formed during the iso-
thermal period. During the non-isothermal period, Table 1-5 shows an additional

weight loss of roughly 20% while the yield of methane has increased by

roughly 157,
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Table 1-5. Comparison of Yields from Atmospheric Pressure Pyrolysis and
69 atm. Hydropyrolysis of Bituminous Coal.

1atm e 69 atm. 1
Total weight loss (as.rcvd.) ©47.0% " 61.8%
Tar 23. 12.
002 . 1.2 1.3
¥
H2 1-0 -
CH4 2.5 23.2
02}14 _ 0.8 . 0.4
CZHG 0.5 2.3
C3H6 + C3H8 1.3 0.7
06H6 trace* 2.2
other HC gases 1.3 2.0

light HC liquids 2.4 3.1

All hydropyrolysis runs involve heating the coal to temperature 900°C and
holding isothermally for 12 to 20 seconds.

* .
The trace amount of benzene found during pyrolysis is usually included in
the "other HC gases' or "light HC liquids”.

TMeasurements unreliable, not reported.
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There are several parallels between lignite hydropyrolysis and bituminous
coal hydropyrolysis. The role of methane as the predominent product is
the most obvious. Others include the decreased yield of ethylene and
increased yield of ethane, relative to the pyrolysis base case.

The figures in Table 1-5 are naturally averages over several runs.
Not included in the average was a run dome at roughly 1080°C (14 seconds) in
which the total yield was over 70% (representing a d.a.f. conversion of
about 80%) and the yield of methane was nearly 407% (representing a carbon
conversion to methane of about 447).

As observed by Anthony et al. (1976), increasing particle diameter
has a rather deleterious effect on total yields obtained from hydropyrolysis.
Fig. 1-27 presents data from this investigation. The trends are similar
to those observed by Anthony et 21., although there are some small
quantitative differences. The data for hydropyrolysis are somewhat more
gensitive to the temperature of the isothermal holding period than are the
data for pyrolysis (demonstrated in Fig., 1-23). Therefore, while the
pyrolysis data in Fig. 1-27 include results 0f experiments run for any
more than 2 seconds at temperatures over 850°C, the hydropyrolysis data
chosen for presentation were only those from temperatures between 900 and
1050°C and with isothermal holding times greater than 10 (but all less
than 20) seconds.

The following table shows the principal differences in product compo-

sitions:

Product C T4 570 910
Tar 12 13 12
CH4 23 19 20
C2H6 2.3 1.7 1.6
other BC gases 3.1 1.4 1.2
light HC liquids 5.3 3.6 5.2
Cco 1.3 1.0 1.4

2
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Since carbon monoxide, water, and sulfur compound measurements are

not available for all cases, total mass balances are not possible.

1.5 Modelling and Discussion

Pyrolysis

With the products in the present study dominated by a few individual
species and classes of species, e.g. tar, there is interest in determin-
ing whether pyrolysis can be effectively modelled as only a few reactions
representing the production of these key products.

As a first test of this approach, the appearance of product i is
modelled as a reaction first-order in the amount of i yet to be produced.
Thus for the reaction

Coal »'Producti (1)

the assumed first-order rate is

*
dVi/dt = ki(vi - vi) (2)

and the rate constant is assumed to be

k, = k, exp(-E,/RT) (3)
i io i

where kio is the pre-exponential factor, Ei is the activation energy of
reaction i, Vi is the amount of product i produced up te time t, V: is
the amount of product i which could potentially be produced, (i.e., at
t = =), T is the absolute temperature, and R is the gas constant.

Assuming that temperature increases linearly with time, as it does in

these experiments, with the constant rate dT/dt = m, solution of the

above equations gives




0

JYi « = fT d 4
5 dvi/(vi - Vi) = (kio/m) exp(—Ei/RT) T (&)

Since Ri/RT >> 1 is a good approximation for coal decomposition reactions,
the solution becomes

(V: - vi)/vj - exp[—(kioRTz/mEi)exp (-E,/RT)] (5)

This equation is plotted in Fig. 1-28 for activation energies typical
of organic decomposition reactions (see Table 1-6) and a typical pre-
exponential factor of kio = 1.67 x 10135_1. The inadequacy of the single-
reaction model in fitting the data on total yield of veolatiles is evident
from this figure; nevertheless, this approach has been taken by many
workers for correlating pyrolysis data.

Tt can be seen from the wide range of materials listed in Table 1-6
that organic decomposition reactions encompass a wide range of activation
energies and pre—exponentials. It is not surprising that cocal, the
chemical structure of which is far more complex than that of the materials
in Table 1-6 decomposes thermally to produce numerous products and that
these products exhibit different activation energies. When a single
first—-order reaction is used to model coal pyrolysis, the activation energy
and pre-exponential factor are forced to be very low in order to fit the
overall temperature dependence that actually results from the occurrence
of different reactions in different temperature intervals. The results
are sometimes interpreted as reflecting transport limitations because
the parameters are too low for organic decompositions. This point is
further discussed elsewhere (Anthony and Howard, 1976).

Many of the products of lignite and bituminous coal are obviously

not characterized by single first order processes. In the case of lig-

nite, the rather distinct stepwise behavior of some species suggests use



Table 1-6. Kinetic Parameters for Pyrolysis of Various Organic Materials

Material Pyrolyzed Product? fExperi- {ActivationlPro- Reference
menta]O Crergy, Exponen-
Terp., € Jkeaifmole {Lial _
. Factor.s
Ferulfe Acid {14004} co, 150-250 | 27.7 c.0x10” | Jiintgan and Van Heek, 1968; 1570
Perylene Tetracarboxylic Acid CO2 400-600 71.5 5.2x10;2 Jintgan and Van feek, 19685 1970
Anhydride (C24H806} co 4G0-600 64.9 5.0x10 . Juntgen and Yan Heek, 1968; 1970
Protocatechuic Acid (c7uso4) (nzo)] 50-300 18.8 2.7x10°8 Jintgen and Van Heek, 1968; 1970
(H?O)2 50-300 42.4 2.3x105 . Jiintgen and Yan Keek, 1968; 1970
'COZ 50-390 40.4 1.6x30]5 Jiintgen and Van Heek, 1968; 1970
Naphthalene Tetracarboxylic '13 .
heid (CMH&Oﬁ) H,0 100250, 33.5 1.2x30 ' Jiintgen and Van Heck, 1968; 1970
Hellitic Acid {C3ZH6012) H20 230b 16.6 2.3x105 Jintgen and Van Heek, 1970
Tartaric Acid (C,lig0) 1,0 195 42.9  6.7x10"7 | duntgen and van Heek, 1970
b 22 ; 1964
Polystyrene (C.H,} overalli 394 1 77 8.3x10 Fuoss et al.s
§'8n overall] 335-365] 38 9.0x10'° | Hadorsky, 1952
Teflon (CZFQ)n overall 5750 67-69 d.3x1nM Fuoss et al., 1964
" " 1| Madorsky, 1552
Polyethyiene {C,H,} “Phase 1 overall] 385-4n5 A8 5.2x10 ¥y 2
2740 upiase 2 | averall| 385-405] 71 8.7x1018 | Hadorsky, 1952
Hydroganated Polystyrene (Cghy, ), overall] 335-350] 52 11.4x10"% ) Madorsky, 1953
Polymeta-methylstyrene (Cglim)n overallf 333-353 g9 . 7.2x1015 Madorsky, 1953
Potyalpha-methylstyrene (Cghip)f  overall| 273-208) 58 5.3x10'8 | Madorsky, 1953
Polymothyl-methacrylate (CSHBOZ) .
Avg. Molecular ut, 150,000 | overalll 240-270) 33 3.6x107 :E‘i"“ﬁ{' :;gg
Avg, Molecular Wt, 5,100,000 overalll 310-325 55 1.8x10 AdOTSKY,
Poiymethylacrylate {C‘.'HG()Z)n overalll  235-300 a7 1.4x1010 Madorsky, 1953
Cellulose (CGH}OO5}ln overall] 2580-100 33.4 5.8x10?I Lewallen et al,in press
250-350 35 3.3x10 . Juintgen and ¥an Heek, 1870; Vaa Krevelen etal., 1951

a. Denute§ species wﬁose evolution is déscribed by the parameters given. Two different stages of water evolution are
denoted by {Hp0); and {i,0),. Overall refers to all products combined.

b. Temperature of maximum pyrolysis rate.

I,



7L

z < - <
o 1.0 o 3 RN T
Ei=25kKcAaLy, 40 150 N\ 60
< - \
N
J 08
'._
< u
-
S
0.6 [(—
Ll-ll‘""'“"l
o
n . i
>
04
I
. gu L
o 02—
QO
@)
g B
e
2 o)

0 200 400 600 800 1000
PEAK TEMPERATURE, °C

Figure 1-28. Comparison of Data on Overall Conversion cf Lignite tc Volatiles
with Predictions from Single-Step First-Order Pyrolysis Model [(s) data;
(dashed curves) predictions from model].



13

of two (or three) first order steps. Application of such an approach

to the lignite data resulted in the kinetic parameters shown in Table 1-7.
Comparison with the values in Table 1-6 indicates that the values so
obtained are reasonable. The curves shown in Figs. 1-7, 1-8, and 1-9
were calculated using these parameters and the model, for a standardized
experiment in which coal is heated at 1000°C/s to peak temperature, and
then cooled at 200°C/s back to room temperature. The curves fit the data
well for most species, and modelling with only one or two reactions appears
sufficient in all cases except the carbon oxides which require a third
reaction for data above about 1000°C (not shown here). Figure 1-7 shows
how the various individual reactions cooperate to give a smooth total
weight loss curve. Again, this figure emphasizes that a large fraction
of the total weight loss is due to the oxygenated species.

In order to compare the present kinetic parameters with those
obtained before for the same type of coal using the previously described
distributed activation energy model (Anthony, 1974; Anthony et al., 1975),
the frequency distribution of the present activation energies is derived
from Table 1-7 as follows.

Data points in Fig. 1-29 represent the cumulative ultimate yields
of all volatile components having activation energies less than or equal
to those of the indicated points. Each point is labelled with the compo-
nent whose ultimate yield is added to those of all other components shown
of all other components shown on points to the left to give the indicated
cumulative yield; e.g., the vertical distance between two adjacent points
represents the ultimate yield of the component specified on the higher
point. ~The slope of the smooth curve drawn through the data gives. the
frequency distribution curve dV*éum/V%totdE, which is here normalized so

that the area under a segment of the curve between two values of
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Table 1-7. Kinetic Parameters.for Lignite Pyrolysis

- *
Product Stage Ei’ log (kio/s l) Vi,Wt.Z of lignite
keal/mole .. .. 7 (as-received)
CO2 1 36.2 11.33 5.70
2 64.3 13.71 2.70
3 42.0 6.74 1.09
CcO 1. 44,4 12.26 1.77
2 59.5 12.42 5.35
3 58.4 9.77 2.26
CH4 1 51.6 14.21 0.34
2 69.4 14.67 0.92
C,H, 1 74.8 20.25 0.15
2 60.4 12.85 - 0.41
Hc? 70.1 16.23 0.95
Tar 1 37.4 11.88 2.45
2 75.3 17.30 2.93
H20 51.4 13.90 16.5
Hz 88.8 18.20 0.50
Total 44,0

aHydrocarbons other than CH&’ CZHA and Tar
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activation emergy is the percentage of the total ultimate volatile yield that
is associated with activation energies in the specified interwval.

For comparison, Fig. 1-29 presents the Gaussian distributions derived by
Anthony et al. (broken curves). The left distribution was derived by allowing the
pre-exponential to be an adjustable parameter, and the right hand distribution
was derived from a case in which the pre-exponential was set to 1.67 x 1013sec—1.
The similarity of the three distributions provides support for the use of a dis-
tributed activation emergies model in the absence of detailed product analysis
data.

The application of the first order model to bituminous coal pyrolysis is
considerably more difficult. The model was first tried in a single first-
order reaction form for each product. Assuming that each product arises from
only ome particular type of reaction or reactive structure leads to activation
energies which are rather low (10-40 kcal/mole).The interpretation of such values
is difficult inasmuch as they are generally too low to represent simple radical
chain processes (see section 5.5 of the thesis), and they are too high to be
reflecting a mass transport limitation. The preferred interpretation is that
the process is chemically controlled by several processes acting in concert to
give the observed broad temperature dependence.

Application of a two-first-order-step model, which was successful for many
of the lignite results gave a fair fit of the data in some (e.g. CO, CH4) cases,
The parameter values so derived were close to those obtained for the lignite
case, very likely reflecting the similarity of the processes leading to these
products in both coals. However, several products (e.g. tar) appeared to be pro-
duced by many more than two reactions, given their rather broad, smooth temper-
ature dependence. This suggested the use of a distrfputed activation energies
model for each product, an approach used previously for the modelling of hydro-

carbon gas evolution from pyrolyzing coal (Hanbaba et al.,1968).



The differences observed in the modelling of the lignite and
bituminous coal pyrolysis phenomena reaffirm that the procesges are chemi-
cally quite different. As examination of Figs. 1-7 through 1-9
reveals, there are apparently five distinct phases during lignite
pyrolysis. The first occurs at very low temperatures (v100°C) and
is associated with moisture evolution. The second phase at 1000°C/s
heating rate begins at about 450°C and is associated with a large
initial evolution of carbon dioxide, probably from low-activation energy
decarboxylations. The loss of carboxyl groups as carbon dioxide at
relatively low temperatures has been reported for lignites (H.C. Howard,
1963). A small amount of hydrocarbon products is also evolved at this
stage. The third phase involves evolution of water chemically formed in
the range 600-700°C, The fourth phase involves a final rapid evolution
of carbon containing species. Carbon oxidés, tar, hydrogen, and hydro-
carbon gases are all rapidly evolved in the temperature range 700-900°C,
where little water is produced. The fifth phase is the previously dis~
cussed high temperature formation of carbon oxides. To be compared with
the foregoing, the pyrolysis of bituminous ccal occurs in four somewhat
less distinct phases. Again, surface moisture is driven off at low
(<100°C) temperatures followed by the liberation of pyrolytically formed
water at peak temperatures just below 400°C. Between 400 and 900°C, the
coal softens and the bulk of the hydrocarbons are evolved. Above 9%00°C,
CO and H2 are the principal products evolved.

It appears, as Wolfs et al. (1960) hypothesized, that hydroxyl
functional groups may be playing a key role in determining pyrolysis
behavior. In the case of lignite pyrolysis, hydrocarbon formation is
observed at temperatures between 500 and 600°C and bétween'TOO and 900°C,

but not between 600 and 700°C (evident in Fig. 1-8). This "plateau
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coincides with the principal water formation step. During pyrolysis

of bituminous coal, water formation occurs prior to the hydrocarbon
formation phase, and no plateau is observed. It is possible that the
hydroxyl groups consume hydrogen which could otherwise serve to stabilize
hydrocarbon radicals; in the absence of hydrogen, these radicals repoly-
merize to form a solid cross-linked residue. The bituminous coal has

a higher initial hydrogen to carbon ratio; when the removal of hydrogen
in the form of pyrolytically formed water is allowed for, the bituminous

" coal has a much higher effective hydrogen to carbon ratio than the lignite.

Secondary Reactions and Mass Transport Limitations

This section will focus principally on the behavior of the bituminous
coal; the lignite showed only small effects of external pressure variation.
Fig. 1-24 and 1-25 show that the principal effects of increased pressure
during pyrolysis are observed only above peak temperatures of 700 to 750°C.
At.these temperatures, the coal has already completely softened and forms
a uniform layer on the screens. The thickness of this layer does show
some dependence on the diameter of the original coal particles.

From an analysis of compositional changes occurring with increased
mass transport resistance, it is apparent that the principal reactions
involved are of the tar cracking variety (Fig. 1-18). Thus traﬁsport
of the tar appears to be in competition with secondary cracking reactions:

) tar product
Trans P

tar (in particle)
m‘

lighter hydrocarbons + coke

where r and r represent the rates of transport and cracking,
Trans Crack

respectively. Under pseudo steady conditions, the ratio of actually



_ %
observed tar (X) to the maximum possible yield(X ) is given by

T
§*= _Tqans } 1
X rTrans+ r(:rack 1+(rCrac:k/rT:;:a:ns_)
Anthony et al, (1975) proposed ¢ k_/P

Trans T ~Ext, by analogy with a diffusion

coefficient (kT is a constant and PEx is the pressure within the reactor). An

t
equation of this form was quite successful in modelling weight loss data of the
type shown in Fig. 1-18.

Although the escape of the bulk of the volatiles is certainly not charac-
teristic of diffusion ( the volatiles are seen to emerge as jets from the sur-
face of the coal), an equation with a 1/P pressure dependence fits the very
strong pressure dependence of tar yield in the range from high vacuum to atmos-
pheric, while simple models of pressure driven flow cannot. The implication is
that while the transport of gaseous products out of the coal is governed by
hydrodynamic flow, the transport of tar away from the coal may be an evapora-
tive process. Estimates of the wvapor pressure of tar support this view.

It is also possible to estimate the activation emergy of the cracking reac-
tions by mnoting that they always begin to manifest themselves in the range
of peak temperatures between 700 and 800° C. Since the typical experiment
involves a heating rate of IOOOOC/sec and a cooling rate of ZOOOC/sec, then
it can bé shown from the prviously derived equation for non-isothermal kinetics
that the cracking reactions have a minimum activation energy close to 60 kcal/mole

{assuming an Arrhenius pre-exponential of around 1013 sec_l).

1.5.2 Hydropyrolysis

It appears that the interaction of pyrolvzing coal and externally provided
gaseous hydrogen begins at temperatures marking the principal hydrocarbon for-

mation steps of ordinary pyrolysis., All of the products observed during ordinary
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pyrolysis are also observed during hydropyrolysis; the product chiefly resonsi-
ble for the increased yields cobserved during hydropyrolysis is methane. It is
likely that the hydrogen acts to stabilize radicals formed during cleavage

of hydrocarbon likages within the coal.

In the case of lignite hydropyrolysis, in which the variation of particle
diameter indicated a regime of primarily chemical contxol, the pressure de-
pendence of product yields is apparently complicated, but a model of the form
indicated below is suggested for pressures less than 69 atm H2(=lg§0 psig,see

k

Fig. 1-23). 2 4

Kk +H,

COAL. —L3 VOLATILES + "ACTIVE SITES"(C)

k3 CHAR

Tt can be shown by assuming a 'quasi steady-state' for the concentration of

active sites that the ultimate yield of methane predicted by the above competi-

tive model is %
: k_C
20
- Ky PHz
(cu 4) =
kZco
P_+1
ks H,

(assuming that the methane forming reaction is first order in hydrogen pressure
and that the initial concentration of active sites is Cﬁ). Zahradnik and Glenn
(1971) and Johunson (1977) have used such an empirical form with some success.
The data at pressures greater then 1000 psig in Fig. 1-23 obviously cannot be
explained by such a simple form.

Anthony et al.(1976) suggested that the principal mechanism of interaction
of externally provided hydrogen gas with pyrolyzing coal is via stabilization
of reactive volatiles. Although the data im Fig. 1-25 clearly show that the
tar itself is not stabilized during hydropyrolysis (yields from 69 atm hydro-
pyrolysis are as low as those from 69 atm pyrolysis) , other products of tar

hydrocracking are evident.
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Lignite pyrolysis produces rather low yields of tar, even under vacuum con-
ditions.The lignite does however show substantially enhanced yields during hydro~
pyrolysis. The principal product responsible for the enhanced yields is methane;
the other major products of lignite pyrolysis remain largely unaffected by
the presence of hydrogen. This may be construed as evidence for a heterogeneous
process.

Since the data in Figures 1-19 and 1-24 suggest that hydrogen begins to
have a measurable effect on weight loss at peak temperatures between 700 and

80000, then the reaction k . - may be characterized by the same type of distribu-

I
tion of activation energies as the secondary reactions; i.e. with a large frac-

tion of the reactions - having activation energies over 60 kcal/mole.




1.6 Conclusions

The following are the major conclusions of this investigation:

1. Coal rank and pyrolysis temperature are the most significant determinants
of product composition.

2. There is very little effect of heating rate on the ccmposition of volatiles
or the kinetics of their formation (conclusion drawn for high rates of heat-
ing prima;iIY).

3. Variation of particle diameter and external pressure can substantially
affect the character of products produced during pyrolysis. This effect is
most pronounced in a coalnormally characterized by high yields of tar and
ig minimal in a lignite which produces little tar. It is felt that secon-

dary tar cracking reactions may be the reason for the frequent discrepancy
between the results of the standard proximate volatile matter test and rapid

pyrolysis yields.

4. There is good correlation between certain products of pyrolysis (e.g. C02,
HéO) and structural features of the raw coal (e.g. carboxyl groups,hydroxyl
groups). The rather important role ascribed to hydroxyl groups by Wolfs et
al. (1960) has received support from these data.

5. The pyrolysis process occurs in several distinct stages, each characterized
by a particular set of products. A pyrolysis model describing weight loss
behavior with a distribution of activation energies has received support from
individual preoduct kinetic data.

6. A small effect of hydrogen gas can be seen rather 'early' in the pyrolysis
process, but the full effects of hydropyrolysis are not observed until a sub-
stantial portion of the ordinary pyrolysis process has run its course. In
the case of bituminous ceal hydropyrolysis, hydrogen has no apparent effect

on a portion of the tar which is formed at low temperatures. Hydrogen does

mwt stabilize high temperature tar, but may stabilize small tar fragments.
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2.0 Introduction

There is very likely no need to present here a lengthy discussion on
the importance of coal conversion research; the U.S. appears committed, in
the foreseable future, to a heavy dependence on fossil fuels, of which
coal is the most abundant. It is not surprising then that both the
popular press and professional engineering literature abound with the
results of ongoing coal research, and calls for yet further research. Nor
is this interest in coal conversion only a recent phenomenon. Included in

the appendix to this thesis is an editorial appearing in Industrial and

Engineering Chemistry in 1942, calling for more research in the area. This

exhortation from 33 years ago may be even more timely today.

The conversion of coal to usable energy can be either direct, via
combustion, or indirect via synthetie fuels produced from coal {e.g. syn-
thetic natural gas, coal o0il, solvent refined solids). Much of the chemistry
of interest in coal conversion work occurs at temperatures above which the
raw coal itself beings spontaneously to decompose (generally above 350°C).
This thermally induced degradation is termed pyrolysis and synonyms
include carbonization or devolatilization.

The pyrolysis reaction yields three classes of products, as shown
below:

Coal X Gases + Ligquids + Solids
The nature and relative amounts of these products depend on a number of
factors:

1. The chemical and physical characteristics of the raw coal

2. The time~temperature historxry to which the coal is exposed

(including heating rate).

3. The preparation of the coal {(e.g. particle diameter).
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4. The nature of the reactor in which the coal is pyrolyzed (including
total operating pressure, presence of any reactive gases, product

regidence time, catalytic surfaces, etc.)
These variables can all play major roles in determining the nature of a
pyrolysis process, and will be examined in detail on this thesis.

Pyrolysis itself (that is, thermal degradation of ceoal in an inert
gaseous environment) can serve as a coal conversion process. The processes
used to produce metallurigical coke and coal tar chemicals are simple
pvrolysis processes. Recently, there has been increasing interest in using
processes based only upon pyrolysis to produce crude synthetic fuels.,

In other types of conversion processes, pyrolysis is either a precursor
to the chemistry of interest, or else occurs concurrently with it. Examples
ineclude hydrogasification and combustion of coal. In the latter case, the
inflammability of pulverized coal is strongly tied to the pyrolysis behavior
of the coal (see Essenhigh and Howard, 1971).

Hydrogasification of coal te synthetic natural gas (CH4) also involves
a partially pyrolytic mechanism:

slow

C + 28, TCH4 (silow Eydrogasification)

fast
Coal ™™ Pyrolysis Products (Pyrolysis)

A
‘m
2
CH4 4+ Other Products

Coal + H, EEEE CH4 + Other Products (Hydropyrolysis)

A
Hydropyrolysis simply implies pyrolysis in a gaseous hydrogen environment.
The hydropyrolysis {synonyms hydrocarbonization, flash hydrogenation)

reaction is many times faster than the slow hydrogasification reaction.
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Because of the high rates of conversion and reportedly high yields which
can be obtained via hydropyrolysis, a fair amount of interest has recently
been focussed upon this reaction. This thesis will explore how hydropyroly-
sis is related to ordinary pyrolysis.

To summarize, the pyrolysis phencomenon is common to all thermally
induced coal conversion processes. To gain a fuller understanding of coal
pyrolysis phenomena will have two benefits. In the short term, there is
interest in pyrolysis itself as a coal conversion process; while the work
herein described is not concerned with the development of any particular
process, the results obtained can help guide design of such processes. In
the longer term, an understanding of the pyrolysis phenomena will help
provide insight into many other types of reactions involving coal.

The objectives of this investigation are, broadly spesking, to provide
a comprehensive picture of the chemical and physical processes occurring
during pyrolysis, and to explain them in terms of the effect of significant

variables., The specific objectives of this thesis were:

Characterization of the products of pyrolysis and hydropyrolysis

as a function of the previously listed variables.

— Determination of the chemical kinetics of pyrolysis and hydropyroly-
sis.

— Examination of the interrelationship between pyrolysis and

hydropyrolysis.

Development of models to explain observed phenomena.

It is apparent that some of the above objectives are much more firmly in
hand than others. The nature of the work has been primarily exploratory,
mandated to a great extent by the large number of variables considered.

The results presented here can provide direction for many future studies.



Introduction to Nomenclature and Conventions

This section defines a few terms and conventions used throughout this

thesis.

All coal analyses are reported on an as-received basis except where

otherwise noted. The decision to use the as-received basis (that is,

uncorrected for the moisture and ash content of the coal) was based on a

desire to provide results which convey the truest picture of overall coal

behavior.

In all cases, sufficient information is provided to correct the

results to one of the other standard bases:

1.

dry (= moisture free, MF) - All mass ratios calculated relative to
the mass of coal after drying according to A.S5.T.M. procedure.

percent as-received x 100

Percent dry =
100 - percent moisture

Moisture and ash free (MAF = Dry Ash Free, DAF) - All mass ratios
calculated relative to the mass of coal corrected for moisture and

ash content, as determined by the A.S.T.M. procedure.

as—-received x 100

ercent
percent maf = P
100 — percent moisture - percent ash

Dry mineral matter free (DMMF) - calculated as dry, ash free
except substituting mineral matter content for ash (not equivalent).
The significance of the difference between a dmmf basis and a daf

basis will be explored in a later section.
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3.0 Background

3.1 The Importance of Coal Type in Determining Pyrolysis Behavior

The chemical and physical nature of a raw coal or lignite has a
profound effect upon its behavior during pyrolysis. It has long been
recognized that coals of different ranks give markedly different products
upon pyrolysis. Lignites give fairly high yields of volatiles, but not
much tar, and the chars do not agglomerate strongly., Bituminous coals
can also give a high yield of volatiles, but a large fraction can be
in the form of tar. Bituminous chars also are frequently swollen and/or
strongly agglomerated., Anthracites give low volatile yields and do not
"cake'"., Even within the single rank classification of "bituminous coals',
the differences in pyrolysis behavior are large, as is evidenced by the
fact that some bituminous coals are highly valved for their coke-making
characteristics, while others are not suitable for coke-making.

In this section, the important chemical and physical characteristics
of coal are briefly reviewed, as is some of the evidence for how these
factors influence the pyrolysis behavior of coals. Coal is, in general,
comprised of an inorganic part and an organic part. The first subsection
is concerned with the constitution of the inorganic part, the second
subsection with the organic fraction viewed on a macroscopic scale, and
the third subsection with the organic fraction viewed on a molecular level.

In this work, two coals were chosen as being representative of two
important classes of U.S. coals. The first was a partially dried
Montana Lignite from the Savage Mine of the Knife River Coal Mining
Company. This lignite was chosen as a representative of the large
reserves of low-rank Western coals. Table 3.1-1 gives the usual analy-

ses for the lignite and for the second coal studied, a Pittsburgh Seam



Table 3,1~1 Characteristics of the Coals Examined

Proximate Analysis,
Wt.% (as-received)

Ultimate Analysis,

Wt.% (as-received)

Lignite+ Bituminous++

Moisture 6.8 1.4 Carbon
V.M. 36.9 38.9 Hydrogen
F.C. 46.4 48.4 Nitrogen
Ash 9.9 11.3 Sulfur
Oxygen®
Moisture
Ash
TOTAL 100.0 100.0 TOTAL

* By difference,

Petrographic Analysis,

Wt.% (mineral-matter-free)

Lignite Bituminous
59.3 67.8
3.8 4.8
0.9 1.3
1.1 5.3
18.2 8.1
6.8 1.4
9.9 11.3
100.0 100.0

Vitrinites

Semi~Fusinite

Fusinite

Micrinite

Exinite
+ Resinite

TOTAL

+ The Lignite is a partially dried Montana Lignite from the Savage Mine of the

Knife River Coal Mining Company.

++ The Pittsburgh Seam (No. 8) Bituminous coal is from the Ireland Mine of the

Consolidation Coal Company.

) )
Lignite  Bituminous
69.7 84.5
15.2 4.5
7.9 3.3
5.2 4.4
2.0 3.3
100.0 100.0

b
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(No. 8) Bituminous from the Ireland Mine of the Consolidation Coal
Company. The bituminous ceal is considered representative of Eastern
U.S8. high-sulfur caking coals.

It is noted that the lignite is "partially dried". The decision
to use a lignite in this form rather than "as-mined" was primarily
dietated by an interest in product analysis; Since the lignite is an as-—
mined state contained about 30% moisture by weight, the water product
would have acted as a diluent in product streams, making analysis of the
more interesting hydrocarbon fractions more difficulc.

Referring to Table 3.1-1, the volatile matter (V.M.) test for coal
is in itself a pyrolysis experiment, i.e. pyrolysis for 7 minutes at
950°C. Typically, the values of the volatile matter plus moisture
(determined by drying at 107°C) from standard ASTM procedures are less
than total yields available from rapid pyrolysis, implying that "fixed
carbon" (F.C.) is not necessarily such for all pyrolysis processes,

(The fixed carbon is calculated by difference from the weight of the
coal less volatile matter, less moisture, and less ash as determined by
complete combustion of the sample). Reasons for the difference between
volatile matter as determined by the ASTM vs, rapid pyrelysis will be
discussed in wvarious section of this thesis.

The significance of the behavior of coal mineral matter on the
otherwise straightforward ultimate analysis will be discussed in the next
subsection, and the influences of the petrographic composition on pyrolysis

work in the subsection following that.
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3.1.1 Mineral Matter in Coal

A good review of the literature on mineral matter in coal is
provided by Ode (in Lowry, 1963). A large amount of data has also been
~ gathered on the behavior of ash and mineral matter in coals similar to
those examined in this work (Padia, 1976).

There is often a minor problem in interpretation of literature data
on coal compositions caused by a failure to distinguish between the ash
and mineral matter contents of a coal., Since a determination of the ash
"content" is a much more straightforward and standard measurement than
a direct mineral matter determination, the value of the former is often
used where, ‘strictly speaking, only the value of the latter is correct.
This is especially important in determination of the oxygen content of
the coal, since this quantity is typically calculated by difference
after all else (i.e. C,H,N,S,ash,moisture) in the coal has been accounted
for. Some of the factors which account for the difference between the

weight of ash and mineral matter are water of hydration and CO, being

2
driven off from clay minerals and carbonates, and pyrites burning to

iron oxides, liberating sulfur oxides which may or may not be captured

by other coal mineral components (such as cations in low-rank coals). It
has been determined empirically that a fair estimate of mineral matter
content is available from ash values and a knowledge of the tar sulfur

content of the coal by use of the Parr formula (ASTM Standard Specifica-

tions for Classification of Coals by Rank D388-38):

Mineral Matter (wt%) = 1,08 x Ash(wt%) + 0.55 x Sulfur(wt¥)
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Given (1975) suggests an improvement upon the Parr formula, based on

mineral matter determinations by acid demineralization:
Mineral Matter = 1.13 x Ash + 0.47 S pyritic + 0.5 Cl1

According to this formula, the coals used in this study have the following

mineral matter contents:

Ash Mineral Matter
Montana Lignite 9.9 11.3
Pittsburgh Seam Bituminous 11.3 14.1

A better estimate of the mineral matter is available from a detailed
study of the mineral matter in coals obtained from the same mines (Padia,
1976). Padia derived the following stoichiometrically based relationship

between mineral matter and ash composition (see Table 3,.1-2 for reactions

considered):

Mineral Matter = Ash + 0.625 § pyr. coal + 0,833 Ssulfate_ssulfate x Ash
100
coal coal
+Ash o fy 160(s10. + A1.0.) . . + 0.79(Ca0)
100 : ¥ 2”3’ Ash ' Y7 Ash

+ l.l(MgO)Ash]
(where all quantities are weight percents)

This correlation gives good agreement with low temperature ashing
(LTA) results. Low temperature ashing involves oxidizing the organic
material in coal with an oxygen plasma at a temperature nc higher than
180°C, presumably leaving the mineral matter intact. Given et al. (1975)

feel that low temperature ashing may still lead to errors in mineral




Table 3.1-2  Principal Reactions that Contribute to Mineral Matter Weight Loss (after Padia, 1976)

AL.81_.0_(0OH) [—— AL O, + 2810, + 2H.0
277275 4 550-600°C 2°3 2 2
(Kaolinite)
CatCO3 —_—s (Cal + CO2
(Calcite) 710-950°C
CaLIvIg(COB)2 ————— Cal + Mg0 + 2CO2
740-800°C
(Dolomite)
x(soa) _ X0+ so3
600-1450°C

X = Ca, Mg, "Fe2/3"

During oxidation only:

FeS2 + 3.5 02———l'-Fe203 + 2502
(pyrites) S007¢C



matter determination because oxidized organié sulfur may react with and be
retained in the mineral matter. They suggest that the acid leaching
technique of Bishop and Ward (1958) is the only reliable technique for
mineral matter determination;

A straightforward improvement, based on simple stoichiometry, can
be made to the formula suggested by Padia. Since SJ’.O2 in coal ash can
arise from either Kaolinite dehydration (as assumed in deriving the
formula) or from inert Quartz, it would be more appropriate to base the
term for Kaolinite dehydration on A1203 alone, rather than the sum of

A1203 + Si02. The revision leads to the following:

Mineral Matter = Ash + 0.625(S pyritic) + 0.833 Ssulfateussulfate % Ash
100
coal ash
+ 2000 3500a1.0), .+ 0.79(ca0) . . + 1.1(g0)
100 2 37 Ash ' Ash ) Ash

where, again "Ash" represents the weight percent of ash residence based
on raw coal, and all other quantities represent weight percents of the
ash itself, except for the term for sulfate content of the coal.

By assuming that the ash compositions found by Padia hold for the
samples under study here, the following ash compositions can be used for

determining mineral matter:
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Percent by weight of raw coal Montana Lignite Pittsburgh Bituminous

Total Ash - 9.95 . 11.33
Ash ' -
A1203 * 300 1.62 2,17
Ash ’
Cald x 100 3.18. 0.61
Ash
Mg0 x 100 0.96 0.08
Ash
ssulfate ash X E-a 0.537 0.186
ssulfate coal 0.0791 0.751
s pyr coal 0.220 2.74
] org coal 0,82 ‘ 1.77
Mineral Matter (by revised 13.9 14.8
Padia formula) _
Organic Oxygen (by diff., 15.6 8.48

as-revd., corrected for
inorganic C,H, S)

Although final results were not available at the time of this
writing, preliminary indications are that agreement between the formula
and the method of Bishop and Ward is acceptable.

Since in deriving the mineral matter formula, it is assumed
that all A1203 came from koalinite dehydration, that all CO2 came from
calcite (CaCOa), or dolomite (CaCOB-MgCOB) decomposition, and that
sulfur oxides could come from sulfate decompositions, then it should be
possible to back-calculate the inorganic oxygen loss (which, when it
appears as HZO and CO2 produdt is indistinguishable from organic

oxygen). Again, the relevant reactions are given in Table 3.1-2.

Ash

T

16
Oxygen in HZO from Kaolinite = (Ig) (.354)(A1203 % 760
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Ash

Oxygen in CO, from Calcite = ( )(0 79)(Ca0 x 100)
"Ash
Oxygen in CO from Dolomite -( )(l 1) (Mgl x 1660
Oxygen in SO, from Sulfates -( )( -S ' ASh)
3 sulfate “sulfate * 100
coal ash
This summation yields for the two coals:
Lignite Bituminous
Inorganic oxygen as H20 0.5 .68
as CO, 2.6 i76 (and SOx)
Total Inorganic 0 3.1 1.44
Organic 0 15.6 8.48
Total O 18.7 9.92

The total oxygen is the appropriate wvalue for computing oxygen mass
balances, while the organic oxygen is the correct value for structural
considerations. Note that in the case of the lignite, the actual
total oxygen is within 5% of the oxygen computed by difference, assuming
the ash measurement to represent mineral matter, while in the case of
bituminous coal, the by difference-ash wvalue is more than 20% different.

The other important role which the mineral matter can play in coal
is that of catalyst for organic reactions. Unfortunately opinion is
somewhat divided on the effect of various components. Alkall metals
have long been thought to have catalytic effect on the reaction of
coals and chars with hydrogen. Various oxides, carbonates and chloride
salts have been impregnated into coals and chars by various techniques
to enhance conversion rates. For example, the Batelle Treated Coal (BTC)
Process involves impregnation of a Pittsburgh Seam #8 coal with Ca0 by

treatment of the coal in an aqueous solution of Ca0 and NaOH (the coal




studied is very similar to that studied in this thesis). The reactivity
of the coal to hydrogen, as measured by weight loss, is substantially
increased, and it appears that the rate of initial devolatilization may
also be increased ( Chauhanet al., 1977). However, the treatment of
coal with strong alkali (such as NaOH) may have other important struc-
tural effects, such as turning phenolic hydroxyls into phenoky salts.

As will be discussed in the section on pyrolytic mechanisms, this may
hinder certain condensation reactions within the coal structure, and
have an effect on yield only on that basis, rather than a catalytic
basis.

From some work on hydrogasification of a (non~coal derived) char
mixed with various minerals, Tomita et al. (1977) conclude that many
caleium containing minerals iﬁhibit the hydrogasification process while
iron-containing species catalyze it.

Lignites contain many carboxylic groups, most of which are in salt
form (this will be discussed in the section on coal structure). It has
been suggested that the cations associated with the carboxylates can
have catalytic effect. A study in which an acid ion-exchanged lignite
is pyrolyzed or hydropyrolyzed may shed light on the catalytic
significance of these structures. Johmnson (1975a) found a marked
effect of cationic calcium and sodium species dﬁring slow hydrogasification
and steam gasification of lignite. It is not certain whether this effect
can manifest itself during rapid pyrolysis or hydropyrolysis.

A careful study comparing the rapid pyrolysis and hydropyrolysis
behavior of raw and acid demineralized coals could shed a great deal

of light on the auto-catalysis question.
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3.1.2 Petrographic Analysis and its Relation to Pyrolysis Behavior

An important chemical characteristic of coal is the heterogeneity
of its organic material. Coal petrography is concerned with the charac-
terization of coal as an "organic rock composed of varying amounts of
real minerals (e.g. 8102) and "organic minerals', known as macerals,
Maceral fractions are observable by microscopic examination of thin
sections of coal with tramsmitted light (in which the different maceral
types show up as various shades of reds, yellows, browns, blacks) or
by examination of polished samples under reflected light (in which
the macerals show up as black, white, or various shades of gray). Some
of the maceral fractions show distinctly their fossil origins (e.g. woody
tissue, plant spores, charred woody tissue).

Although there are many more readily identifiable maceral components,
for ease of discussion, they are categorized into three principal
maceral groups:
- Vitrinites
-~ Exinites
- Inertinites

Unfortunately, a particular maceral can vary comsiderably, both

compositionally and chemical behavior-wise, from coal te coal. Some details

of chemical structure are given in the next section, here only broad
trends are noted., The differences between macerals decrease with
increasing "rank" (age or extent of coalification-higher rank coals
have higher carbon contents)., This is illustrated in Fig. 3.1-1 in
which the atomic C/H ratio is plotted as a function of rank for the
three principal maceral groups Kessler, 1973).

From the standpont of physical and chemical properties, exinites
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are characterized by the higest hydrogen content, volatile matter
content and heating value of all the macerals of a particular rank,
Inertinites have the highest density and greatest degree of aromaticity
at any particular rank. Vitrinite, which is by far the most abuhdant

of the three maceral groups, usually exhibits chemical and physical
properties between the extremes of exinite and inertinite (Dryden, 1963).

The rank and overall chemical composition of a coal are alone not
sufficient, in general terms, to predict the pyrolysis behavior of that
coal. As has already been noted, exinites give highetr vields of volatiles
than do vitrinites, which in turn give higher yields than do inertinites
(represented by micrinite in Fig. 3.1-2)., Tt appears that in addition
to differences in total yields, there are compositiomal differences
among the products from the three maceral groups. TFor example, exinites
produce significantly more tar and more straight char paraffins and ole-
fins than vitrinites, whose products tend to be more "phenolic" in nature
(Howard, 1963 and Bover et al., 1961).

There have, naturally, been many attempts to relate petrographic
composition to coking behavior. In general, only coals of bituminous
rank are able to "coke" (soften, partially decompose, and resolidify
to a hard, carbon-rich solid). Vitrinite is the maceral which is primarily
responsible for this coking behavior. Exinites become more fluid during
pyrolysis, but volatilize to such a great extent that they cannot form
a coke. Inertinites, as their name implies, do not participate in the
coking reactions to any great extent, but their presence in small
quantities contributes to the mechanical strength of cokes. (Given, 1974).
The liquefaction behavior of macerals mirrors their pyrolysis behavior-

vitrinites and exinites are much more easily converted to liquid products
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than is inertinite (Davis, 1976).

The coals chosen for the present study are characterized by high
vitrinite contents (see Table 3.1-1). It is this component which is
expected to determine principally the pyrolysis behavior of these coals.
The lignite has a fairly high inertinite content (fusinite + semi-fusinite +
micrinite = 28.3 vol.%, mineral matter free basis). This material may
be expected to act almost as a "diluent" in the same sense as mineral
matter. In neither coal is the exinite (exinite + resinite) present in
large enough quantities to be a major actor, but it is sure to contribute
a large fraction of its weight to velatile product, which, because of
richer hydrogen content, may be a rather more desirable product than
those from vitrinite.

It may reasonably be asked, then, given the rather striking dif-
ferences between maceral fractions, would it not make sense to study
them separately? The answer would almost certainly be yes but for
two important factors. The first is that good maceral separation is
difficult (especially exinite), and the second is that individual maceral
work alone can provide only a partial answer to the question of how
real coals behave during pyrolysis or hydropyrolysis (there may well be
important interaction effects). The decision was made, in this rather
exploratory work, to first get data on the composite material, that is,
on the whole cocal.

One final note of caution concerning the difference in maceral
fractions; each of the different petrographic components has a different
resistance to mechanical breakage (Parks, 1963); consequently the grind-

ing and sifting operations involved in preparing experimental particles
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run the risk of enriching a sample in certain fractions relative to others.
Thus a systematic study of the effect of particle diameter on yields may
be measuring this effect in addition to a mass transfer effect. This
effect was briefly studied during the course of this thesis, and it is
tentatively con¢luded, at least with bituminous coal, that maceral enrich-~
ment was not a major factor in particle diameter effects (see section on
discussion of experimental results). Such a conclusion is not universal,
however, inasmuch as it is claimed that more reactive components are
preferentially reduced to smaller sizes, and this is the principle behind

the Burstlein and Sovaco processes of coke blending (Biemann et al., 1963).

3.1.3. The Chemical Structure of Coal

The pyrolysis of relatively simple hydrocarbon compounds is
complex and/or poorly understood. Therefore, it comes as little surprise
that the chemical mechanisms of coal pyrolysis are poorly understood.

The characterization of the products of coal pyrolysis is a sizable
tagk - as already noted, the products are usually present in all the
three states of matter, gaseous, liquid, and solid. The number of
distinct chemical species is large, and to facilitate data analysis one
must usually resort to judiciously grouping the products into a few key
classes of compounds. The analysis of the pyrolysis products is of
course, the subject of another section of this thesis.

Unfortunately in studying coal pyrolysis the characterization of the
reactant is as difficult, if not more difficult than, the characterization
of the products of the process. Because coal is a somewhat heterogenous

insoluble solid with a large number of distinct properties, many of the
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traditional chemical and spectroscopic techniques for organic structure
determination cannot be applied easily or unambiguously. Therefore
there is still a fair amount of debate over what constitutes a represen-
tative structure for a "coal molecule" (and even over whether such a
concept even makes sense).

No attempts have been made during the course of the work described
in this thesis to determine directly the chemical structure of the
principal coals studied. These structural characteristics must therefore
be inferred from a knowledge of the more traditional classification
parameters, those from the proximate, ultimate, and petrographic analyses
of the coal.

This section 1s intended to serve as a brief review of current
thinking on the structure of coals. There are a number of more extensive
reviews available on the subject. Some of the older work in the field
can be found in various reviews in Lowry (1945). More recent reviews are
those in Francis (1961), in Van Krevelen (1961), and those by Dryden,
and Tschamler and de Ruiter (both in Lowry, 1963) Speight (spectroscopic
techniques, primarily, 1971), Tingey and Morrey (1973), and those each
year by Pennsylvania State University during its Short Course on Coal
(e.g. Given, 1976).

Most studies of coal structure have focussed upon the vitrinite
maceral, in some studies by design, but in others on whole coals,
merely because vitrinite is the most plentiful of the macerals and hence
dominates the behavior of the coal. It should therefore be kept in mind
that the results given below, except where they are given for individual

maceral components, represent averages over all the macerals contained
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within a particular coal.

The literature on coal structure determination also.contains a fair
amount of information derived from work on '"coal extracts'" and other
solvated coal fractions. An attempt has been made to stay away from
thegse results to as great an extent as possible. The reason for this
reluctance to include data from solvation type work {(which renders a
liquid product that is amenable to more powerful analysis techniques)
hinges upon the word "fraction"; coal is never 1007 soluble under
conditions which are likely to preserve its basic structure. Since the
fraction that is soluble cannot be simply related to any particular
maceral components, the information derived on '"coal liquids" represents
information on an ill-defined fraction of the coal, and is therefore
difficult to apply. The recently developed technique of coal "depolymeri-

zation" with phenol-BF, permits conversion to soluble fragments under

3
relatively mild conditions (presumably with a fair amount of structure
preservation). Because in some low rank coals almost total depolymeri-
zation and solution of vitrinite and exinite fractions were possible,

this technique holds promise for structural determination work (Herédy

and co-workers, 1962, 1963, 1964, 1965, 1966).

The Carbon-Hydrogen Structure

It is generally accepted that an important structural characteristic
of coal is its aromaticity, defined as the fraction of carbon in the coal
(or maceral) which is aromatic in nature. Thus much of the work involved
in characterization of the carbon skeleton has invelved
determining both the aromaticity and the average number of rings in

condensed polycyclic aromatic '"clusters", as a function of coal ramk
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{or carbon content). A large number of approaches have been employed,
some principally in the ''chemical" domain, and others in the "physical"
domain.

In the chemical domain, one finds techniques such as pelarography
{controlled potential electrolysis), lithium reduction, catalytic hydro-
genolysis, controlled oxidation. These techniques, and their short-
comings are succinctly described by Dryden (Lowry, 1963). A rather
recent attempt at controlled oxidation involved the treatment of coals
and model compounds with sodium hypochlorite (Chakrabartty and coworkers,
1972, 1974, 1974a). The interpretation of these results was that aroma-
ticities derived by the various physical techniques (described below)
were substantially overestimated, and that coal was really characterized
by a polyamantane type skeletal structure (Fig. 3-1.3). Since the
publication of these theories, a number of workers have suggested that
the hypochlorite oxidation is not specific enough, and that the products
of coal liquefaction do not suppert the existence of adamantane-like
structures in coal (Mayo, 1975, 1976, Ghosh et al., 1975, Aczel et al.,
1975, 1976, Landolt, 1975). Recently, the reaction of £lourine gas with
coal has provided further substantiation for aromaticities derived by
various physical techniques, and also cast doubt upon the hypochlorite
work (Huston, et al., 1976).

The estimates of aromaticity obtained by physical means seem to be
still more reliable than those by the older chemical techniques. The
following table, adapted from Tschamler and de Ruiter, (Lowry, 1963) shows
the various physical techniques that have been employed in studying the

structure of coal and the type of structural information derived from each.



Figure 3.1-3. Polyamantane Structures for Coal Proposed

by- Chakrabartty and Berkowitz (1974).
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Measurement Technique

X-ray diffraction

Ultraviclet and visible
absorption

Reflectance, Refractive
index
(molecular refraction)

Infrared absorption

Electroniec spin resonance

1H{P roton)} Nuclear magnetic
resonance

Carbon-13 Wuclear magnetic
resonance

Electrical Conductivity

Diamagnetic susceptability
Dielectric constant
Scund velocity

Density {(molar volume)

19

Type of Informatin Obtained

Single distribution of aromatic ring systems

Average diameter of aromatic lamellae
Mean Bond Length

Average thickness of the packets of
lamellae

Aromaticity

Aromaticity (mostly applied to coal
extracts)

Average aromatic ring size

Aromatic "surface area"

Optical anisotropy

Ratio of aromatic to aliphatic hydrogen

Presence of particular structures
(e.g. —0OH, CHar, CHal, (C=C)ar,C=0)

Aromaticity (?)
Presence of free radicals

Ratio of aromatic to aliphatic hydrogen

Aromaticity

Structural Features

Changes in size of aromatic ring systems

Average number of aromatic rings
Dipole moment
Aromaticity

Aromaticity

Ring condensation index
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It is beyond the scope of this brief review to present details of all
these techniques and their results; again, the reader is .referred to the
previously cited reviews on the subject.

As is apparent from the table, there have been many techniques
applied to the study of aromaticity. The results of several of these
are shown in Fig. 3-1.4, Included in the figure are three sets of data
from Van Krevelen (1961), which were obtained via "physical constitution
analyses", a set of data from the x-ray scattering work of Cartz and
Hirsch (1960), and some rather recent carbon-13 nuclear magnetic reson-
ance work by VanderHart and Retcofsky (1976);

By doing empirical studies on many hydrocarbons Van Krevelen and
several coworkers developed several ingenious correlations between
measurable physical properties and some much more difficult to measure
structural parameters. The C's in Fig. 3.1-4 refer to data on vitrinites
for which heats of combustion and elemental composition were the measured
quantities and the aromaticity (f, = ratio of aromatic carbon to total
carbon) and ring condensation index (2 [R-1]/C, where R = number of
saturated plus unsaturated rings per coal "unit" and C = number of carbon
atoms per coal "unit") are calculated. The D's refer to the case in
which elemental composition and vitrinite density were the measured
peroperties, and the V's to the case in which elemental composition and
the velocity of sound waves in vitrinites were measured.

The x-ray work of Hirsch (together with Cartz and Diamond) provided
much additional valuable data on the skeletal structure of coal (see
one of the reviews for references to other x-ray studies of coal). The

work involved comparing the x-ray spectrum of coal (at large and medium
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scattering angles} to model spectra for small aromatic crystallites, and
from that comparison developing histograms of the fraction of carbon
present in each size of crystallite. From these and other data and assump-
tions, Hirsch was able to determine the size distribution of aromatic

ring systems, their mean bond length, the average thickness of the

packets of lamellae (or "layers'), and the aromaticity of several

vitrains and maceral enriched components.

Hirsch's data on aromaticity fall consistently below Van Krevelen's,
but it is not surprising that agreement is not better because of the
large number of assumptions embodied in all these analyses. Unfortunately
a subsequent test of Hirsch's method of analyzing the x-ray spectra
cast serious doubt upon the reliability of his data (Brooks and Stephens,
1965; many of the cited reviews unfortunately were published before this
evidence came to light).

The application of carbon-13 NMR to solid coal structure determinations
was made possible by relatively recent development of ! C - H cross
polarization technique (Pines et al., 1977). It appears that the cross
polarization technique may be made even more powerful when combined with
"magic angle" spinning; Bartuska et al, (1976) were able to obtain well
resolved spectra of lignites and anthracites, materials with which
VanderHart and Retcofsky had difficulties.

The carbon-13 Nuclear Magnetic Resonance (13CuNMR) data of VanderHart
and Retcofsky (1976) appear to support the trends evident in both Van
Krevelen's and Cartz and Hirsch's data, but agree much more closely with
Van Krevelen's estimates., Not shown on the figure are some C-NMR data

recently presented by Farcasiu et al. (1976, data attributed to Pines).
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These data, for bituminous and subbituminous coals suggest aromaticities
up to 50% lower than those obtained on comparable rank coals by
VanderHart and Retcofsky. But because of the apparently large uncertain-
ty (12-19% absolute) in these data, combined with a lack of details
concerning the measurement, they were not included here (for comparison,
VanderHart and Retcofsky claimed 4% accuracy in their work, but curiously
their spectra did not appear to be better resolved than those presented
by Farcasiu).

Although uncertainties still remain, the agreement between the data
from three (or five, if one counts each physical constitution technique
separately) widely varying methods is sufficiently good, so that some
predictive power may already be available. 1In general, the degree of
aromaticity increases continuously with rank, rising sharply above 907%
carbon content. In no case have any of the "physical' methods provided
any support for Chakrabartty's sodium hypochlorite okidation results
(shown on Fig. 3.1-4 as "NaOC1").

Noting on Fig. 3.1-4 the carbon contents of the Montana lignite
(74.7%°Qand Pittsburgh seam bituminous coal (80.72C) used in this
study, it can be seen that the aromaticity of the lignite might be
expected to be in the range 0.65 to 0.7, while that of the bituminous
is in the range 0.75 to 0.8. It should also certainly be noted that
using the total carbon content for the coals masks potentially significant
differences between the different maceral fractions in the coals. This
will be discussed below.

Of course aromaticity alone does not completely characterize the

carbon skeletal structure. Information on the distribution of aromatic
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and non-aromatic carbon is necessary as well, and is presented in Fig.
3.1~53, Again, utilizing data from Van Krevelen (1961) and Cartz and Hirsch
(1960), the average number of atoms per aromatic "cluster" is plotted as
a function of rank (carbon content). Van Krevelen's data are, again,
from physical constitution analysis, this time from measurements of
refractive indices and independent estimates of aromaticity. Hirsch's
data are from direct measurements of x-ray scattering from crystallites,
but again open to question of reliability. These data appear to indicate
that in low rank vitrinites, although over 60% of the carbon is aromatic
in nature, most of it exists in single or double ring structures,
presumably linked by some non-aromatic carbons. Looking at averages
alone may be misleading, but the distribution data from Cartz and Hirsch
may be debatable. Recognizing this uncertainty, Cartz and Hirsch claim
lignites possess very few aromatic structures larger than one benzene
ring in size, and that bitumincus coals may be characterized by aromatic
structures one to three rings in size. These aromatic structures are
linked by non-aromatic carbon or heteroatom linkages.

According to both sets of data, the average size of condensed
aromatic systems rises sharply as one approaches anthracite rank. Van
Krevelen has measured the properties of anthracites as semiconductors

and has concluded that the following average cluster sizes may be

reasonable:
Percent Carbon Average Number of Atoms per Cluster
91.7 40
93.7 45
94.2 50
95.0 55

96.0 >60
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There have been other attempts made to measure indirectly average
ring sizes in coal by measuring ring sizes in ceal eitracts, but these
techniques suffer from the obvious shortcoming that since coal is not
100% soluble, one is examining a sample that is not necessarily
representative of whole coal.

It was stated above that for a particular carbon content, different
maceral fractions may have quite different charactersitics. Figure
3.1-6 shows aromaticity and cluster data for various macerals, again taken
from Van Krevelen's density and refraction estimates (curves, data omitted),
Cartz & Hirsch's x-ray data (points), and Tschamler and de Ruiter's x-
ray measurements (points in boxes, 1966). The inertinites are seen
to be most highly aromatic, with the largest ring clusters, and the
exinites least aromatic, with the smallest ring clusters. For the
relatively low rank coals employed in this study, the differences
in average ring size seem to be small between the macerals, but to say
much about relative aromaticities would require a dangerous extrapolation.

The concept of a ring condensatien index was introduced earlier,
and is shown plotted as a function of vitrinite rank in Fig. 3.1-7 (data
again from Van Krevelen density estimates, 1961). Again, R is the
average number of rings per structural unit, both aromatic and non-aromatic,
and C is the average number of carbon atoms per structural unit. As was
also reflected in the previous figure, the exinites have the smallest
ring groupings, while the inertinites have the largest. More easily
visualized than the ring condensation index is R itself, the number of
rings per mean structural unit. Van Krevelen chose to represent the coal

as a "polymer", made up of monomers containing one "average" condensed
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aromatic structure. Since we have an estimate for the average number of
aromatic carbons per cluster (ﬁ) and the aromaticity (fa), then C and R
are directly calculable:

C

N/E

0

R C%)(Ring condensation index) + 1

Recognizing previously cited dangers inherent in such a calculation,
if we assume reasonable values for N and fa for the Montana lignite and
Pittsburgh seam bituminous studied here, one obtains the "average"

values shown below:

£ _ 2(R-1)
& ¥ _ ¢ £ R
Montana lignite .7 10 .32 14 3.2
Picts-
burgh seam bituminous .8 14 .35 18 4.2

The conclusion from these admittedly very rough figures is that both coals
must have some non-~aromatic ring content (since N = 10 and 14 implies 2
and 3 ring aromatic structures). This may naturally suggest hydroaromatic
structures for which there is now substantial experimental verification.
Mazumdar et al. (1962) employed sulfur and Reggel et al. (19638)
developed a technique for catalytiecally dehydrogenating hydroaromatic
structures in coal and the latter group presented the data shown in
Fig. 3.1-8 (for bituminous, and subbituminous vitrains and for anthracites).
Reggel et al. conclude from their data that low rank bituminous coals
show the greatest amount of hydroaromatic behavior because higher rank
involves more aromatic character, while lower rank coals (i.e. sub-
bituminous and lignite vitrains) have not yet fully developed hvdro-
aromatic character. The Montana lignite would fall in the range of

.25 hydrocarbons libérated per carbon {(or 3-4 per "average structural
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unit") and the Pittsburgh bituminous in the .3 to .4 range (or 53-8 per
average structural unit). Within the rather large uncertainty of such
calculations, both these values could be consistent with the previously
derived aromatic cluster sizes and ring condensation indices. For whole
coals, these hydroaromatic hydrogen wvalues may be a bit high; Reggel

et al. (1971) in later work showed that the hydroaromatic content of
whole coals was consistently lower than that of vitrains by about .01 to
.05 Qw%a), for bituminous coals).

Unfortunately data on total hydrogen distribution is not plentiful
and its reliability is frequently questioned. Chemical techniques have
provided some of the necessary data (such as that for hydroaromatic
hydrogen and phenolic hydrogen), while spectroscopic techniques
(1H-NMR and infrared (IR)) have provided others.

Figure 3.1-9 gives data for total hydrogen distribution in various
coals and maceral fractioms. The upper band represents a compilation of
data for coals from all over the world (after Mazumdar, 1972, as an atomic H/C
ratio) as a function of rank (expressed as carbon weight percent, dmﬁf).
Above approximately 75% carbon, deviations from the band are rare whereas
at about 70% carbon, deviations of up to .05 outside the band may occur.

Data on aliphatic hydrogen content was obtained by both chemical
means {(Mazumdar et al., 1962, Van Krevelen, 1961) and by infrared spectro-
scopy, sometimes combined with NMR (Brown and Hirsch, 1953, Ladner and Sta-
cey, 1963, Tschamler and deRuiter, 1962 and 1966, Oelert, 1968 and
references within these papers). Although the data again shows a fair
spread and is somewhat sparse for low ranked coals, the trend is clear:

with increasing rank (and therefore aromaticity), the amount of aliphatic

hydrogen decreases.
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There is a great deal of overlap between the principal IR bands of
coal hydroxyl groups (a 3300 cm—l-stretch) and aromatic hydrogens
(a 3030 cmfl stretch). To therefore measure phenolic hydrogens separately
from aromatic hydrogens is difficult. As a result, chemical techniques
are often used to determine phenolic hydroxyl hydrogen, and aromatic
hydrogen contents are determined by difference (H

= H .
total aromatic

Haliphatic+ HOH). Figure 3.1-9 shows some hydroxyl hydrogen values as
functions of rvank from studies by Blom {described in Van Krevelen, 1961) and
by Given (1976). In low rank coals, some carboxylate groups are also
present; if these carboxylic groups were in acidic form, these would
contribute to the HOH value as well, but Given (1976) reports that
treatment of lignites with mineral acid causes a change in the IR spectrum
which suggests that these groups in nature are mostly in the metal
cationic salt form. Oxygen functional groups will be discussed in the
next section.

It may be implied by comparison of Figs. 3.1-8 and 3.1-9 that all

hydroaromatic rings cannot be unsubstituted. If one considers as a

model the dehydrogenation of tetralin to naphthalene,

— Q0 -2+,

clearly there are twice as many hydroaromatic hydrogens (displaying
aliphatic characteristics in an IR analysis) as there are hydrogen atoms
liberated. If one extrapolates this behavior to a coal of about 80%
carbon content, then it might be guessed that the coal has at least

.6 to .7 aliphatic hydrogens per carbon atom. The data in Fig. 3.1-9
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suggest that this would be on the high side, and that direct interpretation
of the data in Fig. 3.1-8 as one half of all hydroaromatic hydrogen would
be incorrect (the other half assumed aromatized during catalytic dehydro-
genation}. Two factors could help to explain the discrepancy, one
structural and one experimental. Experimentally, a number of possible

side reactions could occur during dehydrogenation:

R-@+@-R>R~@-¢~-R+H, (crosslinking)

2

R-OH»R=20+H, (reduction of hydroxyls)

The decreased solubility of dehydrogenated coal could be ascribed to the
first reaction. Reggel et al. (1968) however feel this is only a minor
contributor in the hydrogen evolution process.

Structurally, some hydroaromatic hydrogen may be present in tertiary
(—é—H) rather than secondary (H*é—H) structures. Clearly the interpreta-
tion of catalytically liberated hydrogen as one half of all hydroaromatic
hydrogen is not correct in this case.

Thus the data on the distribution of aliphatic hydrogen between
methyl (—CH3), methylene (—CHZH) and methin (-C-H) groups is also of
interest. Reliable data on the distribution of hydrogen among these three
types of aliphatic carbon is difficult to obtain for whole coals or macerals.
Broad-line NMR estimates of the fraction of methylene hydrogen were
obtained by Ladner and Stacey (1961, 1964) and their results are shown
plotted in Fig. 3.1-10. Also shown are values measured and calculated
from the literature by Tschamler and DeRuiter (assuming peri—CH3 groups
contribute negligibly, (1962, 1966). The amount of hydrogen present as
part of CH3 in various coals is shown in Fig. 3.1-11. The curves were
obtained by chemical means (Mazumdar et al., 1966, and references therein).

The upper curve was determined by low temperature pyrolysis of the sample,
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wherein it was assumed that all methane product originated from methyl
structures in coal. The lower curve represents an estimate of
the methyl content obtained by the Kuhn-Roth method (involving oxidation
of the'methyi groups to acetic acld, steam distilling and titrating).
Also shown are data from Bent et al. (1964) from a combined chemical
method - IR study. The data of Oelert (1968) are considerably higher and
probably not as reliable, since he assumed that no tertiary aliphatic CH
bonds are present in coal, in order to arrive at his estimates from IR
absorption measurements., As will be discussed in the pyrolysis mechanism
section, estimates of methyl content by pyrolysis are somewhat risky.
Unfortunatelyhydrogendistributiondata,are_rather sparse for coal in
the low rank range of interest in this study, and extrapolation to very
low rank is always dangerous. Very approximate estimates of the hydrogen
character of these coals are derived as follows, and presented as part of

Table 3.1-3. The measured total hydrogen to carbon ratios HT T/C are

8]

obtained from utlimate analysis of the coal. The approximate aliphatic

(Hal/C) and phenolic (H__/C) hydrogen contents are estimated from the data

OH

in Fig. 3.1-9. It is then possible to calculate the aromatic hydrogen
content as:

H
Har _ _TOT al OH

C C C C

The portion of aliphatic hydrogen in methylene (HCH /C) groups is
2
estimated (by extrapolation in the case of lignite) from Fig. 3.1-10.

Similarly the content of methyl (HCH /C) hydrogen is estimated from 3,1-11,
3
The content of methin (HCH/C) hydrogen is then calculated by difference:

H. ' .
Hey Ha o O CH,

C C C C

Finally, the maximum amount of hydrogen which can be liberated by catalytic
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dehydrogenation from hydroaromatic structures is estimated (note that
this probably does not equal total hydroaromatic hydrogen content, because
some methylene hydrogens will be left behind as part of the aromatic

structures formed during the process). The maximum amount is calculated

() 2(2) (%)

It may be noted that given these values for the aliphatic hydregen dis—

as:

tribution, the values for hydroaromatic hydrogen in Fig. 3.1-8 do appear
on the high side (since methyl groups cannot be hydroaromatic). But again
caution must be exercised in coming te such a conclusion, because petro-
graphic composition effects can play a role. In ¥Fig, 3.1-10 it is clear
that vitrinites have a consistently lower methylene content than whole
coals. This is probably due to the contribution of eiinites in the

whole coals. A number of studies have compared the hydrogen distributions
of various macerals. The results of some work is this area are shown

below (the macerals im any column are all from the same coal):

I.ITOT Hal HTOT Hal HTOT Hal
%C C C FAS C C %C C C
Exinite B4.1 .99 .76 | 81.0 1.03 .96 82.6 1.08 .97
Vitrinite 83,9 .78 A7 1 79.6 .74 .23 82;3 .80 .32
Inertinite 85.7 .54 .24 1 90.3 .37 L5 |91.6 .47 .14
Tschamler and deRulter Ladner and Stacey
(1966) £1963)

The differences are obviously very large, and the presence of a signifi-
cant amount of low rank exinite will change the aliphatic hydrogen

content quite substantially.
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Before leaving the subject of hydrogen distribution in coals, two
other points are worth noting. The first involves the existence of
methylene bridges. Brown et al. (1960) concluded from NMR studies of
coal distillates, that no "o" methylene 'bridges" (i.e. methylene as a
single methylene group attached to two different aromatic structures e.g.

@ - CH, - ), exist in coal. This view has been questioned by Heredy

2
et al., (1965) based on NMR studies of "depolymerized" coal. The latter
group claims that vacuum pyrolysis of coal is likely to rupture the coal
structure right at methylene bridge sites, converting methylene to

methyl groups, thus destroying them, while depolymerization in phenol—BPé
severs the bond, but protects the methyleme group by an "aromatic
interchange'" with phenol. Thus, according to Heredy et al., methylene
bridge groups exist and can be expected to be very active druing
pyrolysis processes. This argument seems like a plausible explanation
for the findings of Brown et al.

Another important facet of the carbon hydrogen skeletal structure,
which has not been addressed,is the degree of ring substitution and the
related issue of the distribution of lengths of paraffins substituents.
There has not been any spectroscopié evidence presented to date to
suggest any unsubstituted olefinic structures in coals, so these are not
considered (see Brown et al., 1960).

Mazumdar et al. (1962) suggest that the sum of the percentages of
aromatic and hydroaromatic and hydroaromatic carbon are relatively
constant at about 88 + 3%. While this figure is not precisely supported
by the evidence presented thus far, it seems to be a fair approximation.

Since the methyl groups contribute apparently a constant 4 to 5% of
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of the weight of carbon, this leaves a maximum of perhaps 10% of the
carbon available for paraffinic chains. Mazumdar feels that these
chains are probably no longer than ethyl groups. This view is supported
by the relatively low yieélds of long chain paraffins during carbonization
of coal, and during extraction (Franz, 1975). This view again must be
tempered by consideration of the differences between macerals; exinites
are much more aliphatic in nature than the other macerals, sometimes
exhiting alicylic terpene character. Also, there is recent evidence for
very long chain paraffins in coal liquefaction products (Oblad, 1977).

A structural parameter which is frequently calculated is the
aromatic substitution index, defined as:

C . s + .
_ _aromatic substituted Caromatlc condensed =

ar
C .
aromatic total

ar 1
1_ —_— i
c * fa
It can be seen that both low and medium rank ccals will be characterized
by substitution indices in therange C¢.6 to 0.8, that is, 60 to 80% of all
aromatic carbons are not attached to hydrogen. Thus even though coal
carbon is primarily concentrated into an aromatic structure, the bulk

of its hydrogen is concentrated in non-aromatic structures.

Oxygen Containing Functional Groups

Oxygen plays a prominent role in determining the chemical nature
of coal. Although it is not present in as large quantities as are
carbon or hydrogen (on an atomic basis), it has nevertheless been as-

cribed an important role in determining the course of pyrolysis processes.
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The presence of hydroxyl groups has already been discussed with
respect to hydroxyl hydrogen. Dryden (1963) presents a good summary of the
many techniques used to determine coal hydroxyl content. Coal contains
few measurable alcoholic hydroxyl groups, and as has already been
discussed, carboxylic hydroxyls are typically in salt from (when they
are present at all). Hence, phenolic hydroxyl is the only hydroxyl
group of any concern. Figure 3.1-12 presents the results of Blom
(Van Krevelen, 1961) and Given et al. (1976). In the latter work, a

gtraight line was fitted to the data of 37 coals in the range of about

74 to 91%C {(dmmf). The resulting relation was
0OH (%, dmmf) = 33.2 - .35 (% C)
or (OOH _ 24.9 _ 263
I C(%,dmmf) '
atomic

The agreement of this correlation with the earlier results of Blom
ig fair. Fig. 3.1-12 compares the results of the two studies, and also
shows data for the exinite maceral, clearly indicating the latter has
lower hydroxyl content. In general, vitrinites have the highest hydroxyl
content of the principal maceral types.

Van Krevelen (1961) and Dryden (1963) both give several other sets
of data for hydroxyl contents of coals; the decision to draw the curve
as shown through Blom's data was based upon a knowledge of some of these
additional studies.

Fig. 3.1-13 gives some data on oxygen content in the carboxylic
acid (salt) form and carboxylate methyl ester form. It can clearly be

seen that these structures are important in low rank coals and lignites,
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but have almost entirely disappeared by the time rank increases to
bituminous levels. More recent work by Maher and Schafer (1976) provides
support for the trend of these data, but suggests slightly higher values,
especially for lower ranks of lignite.

The balance of the oxygen is in either ether or carbonyl form.
Unfortunately, distinguishing between these types is difficult because
as yet, no satisfactory tests specific to either have been developed.

Van Krevelen (1961) and Dryden (1963) ocutline the many chemical approaches
which have been employed. Typically, it is thought, on the basis of
chemical tests, that at least half of the non-phenolic, non-carboxylic
oxygen is in carbonyl form, most likely as quinOne-like structures.
However, the infrared spectra have been very confusing with respect

to oxygen functional group determination.

Carbonyl groups typically absorb at 1700 cm-l in the infrared. 1In
coals, unless they are of the low rank variety (in which carboxyl groups
are known to be present via chemical techniques), there is no absorption
at this wavenumber. Rather, there is an absorption at about 1600 cm_l
which can br at*ributed to either an aromatic C-C absorption, carboxylate
anion absorption, or a strongly chelated carbonyl absorption {a chelated

compound is ome in which an internzl hydrogen bond exists, as in:

Objections have been raised to the latter Iinterpretation because there would
be no logical reason why all carbonyl groups should have to be strongly
chelated quinones. (Given, 1976). On the other hand, Friedel (1966)

points out that the amount of carbonyl present in such structures would
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not have to be large to produce a significant absorption. To further
complicate interpretation of this band, it has also been noted that the
K Br - HZO complex can also contribute absroption in that region (solid
coal is pressed into K Br pellets in IR sample preparation). At
present, the weight of evidence supporté the view that the 1600 cm“1
band is at least in part due to carbonyl structures (Speight, 1971).

Ether oxygen (C-0) typically absorbes in the 1000 to 1300 cm_l range.
Unfortunately, this band also contains phenol (C-0) stretching,alcoholic
(C-0) stretching, and various H-C-C bending vibrations (Tschamler and
deRuiter, 1963). Thus IR spectra in the region where ether information
can be found, are very broad and indistinct.

Except for the previously cited data on methoxy content, chemically
derived data on ether oxygen in coal is also rare One instance is the
work of Bhaumik et al. (1963), which appears to involve a modification
of the Zeisel method used in methoxy determination. These workers
arrive at a figure of approximately 27 by weight of bituminous coal as
ether oxygen (and increasing with decreasing rank from 88 to 797 C).

For a coal of 80Z C content, the following estimates can be made:

Hydroxyl oxygen - 6% (Figure 3.1-12)
Carboxyl oxygen - 1% (Figure 3.1-13)
Ether oxygen ~ 2% (see above)

Carbonyl (quinone) _

2% (Assuming ether: carbonyl = 1:1)
oxygen

total oxygen 117

This value is reasonabie for a coal of this rank, and in fair agreement

‘with the results of this study. It appears that




some fraction of the discrepancy may be due to hydroxyl oxygen
content (as revealed by pyrolysis). This will be discussed in a later
section. The lignite worked with in this study has a total oxygen
content of about 18.7% as received ( 22.4% daf) and an estimated

organic 0 content 0f19.7% dmf The sum of hydroxyl, methoxy, and carboxyl
oxygen is 137, which implies 6-7% as ether and carboxyl. For,
comparison, the data obtained by Blom are plotted in a cumulative
fashion in Fig. 3.1-14. (Van Krevelen (1961), in reporting Blom's
results, recognized the uncertainty in the carboxyl results by marking
them with a question mark.)

There is, as has already been discussed, a fair amount of oxygen
associated with the mineral matter in coal. It is important to keep
this contribution in mind in constructing an oxygen balance about the
pyrolysis systemn.

Sulfur and Nitrogen

Data on the forms of organic nitrogen and sulfur in coal are scarce.
Van Krevelen (1961) cites data which suggest that nitrogen is primarily
in aromatic ring form. In a review of the information on the role of
nitrogen in the structures of fossil fuels, Pohl (1976) concludes that
most of the nitrogen is present in pyridine-like aromatic structures.

Fot a great deal more is known about the role of sulfur in coal
structure. Vano Krevelen (1961) in a review of the literature finds
evidence of both thioethers and thiophenic structures. Thioethers (R-S-R)
are favored in low rank coals, while thiophenic structures @ pre-
dominate in high rank coals. Some more recent reviews conceruning the

nature of sulfur compounds in coal are those by Given et al. (1963) and
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Attar and Corcoran (1977). The latter group estimates that the organic
gulfur in bituminous coal is present as thiophenic, as aromatic {Ar-5-),
and aliphatic (R-S5-) sulfides in the ratio 50:30:20%Z. Some other recent
evidence for the heteroaromatic forms of sulfur and nitrogen in coals is
provided by an oxidative technique described by Winanset al. (1976).
Although nitrogen and sulfur compounds in coal are currently of
great interest because they produce environmentally harmful oxides upon

combustion, this thesis does not focus heavily upon them.

Pittsburgh Seam Bituminous

It should once again be emphasized that any inferences concerning
the structures of the coals studied in this thesis are drawn from data
on elemental compositions and maceral compositions alone. To advance
the understanding of pyrolysis beyond that which is achieved in this
thesis demands that more attention be focussed on tracking changes in the
bulk phase more closely. For now, the best guesses concerning structure

are summarized in Table 3.1-13.

A Synthesis of Data — An Evaluation of Various Coal Models

It is logical to proceed from the gathering of average structural
data to the construction of a model for the average structural unit of
coal. But it must be kept in mind that average structural units are
statistical in nature and that the model that, on paper, fits all
presently available structural data, may actually exist nowhere within
the coal. This is especially true if one uses average structural data
from whole coals, which can have several structurally very different

maceral fractions.
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Table 3.1-3 Summary of Estimated Structural Parameters for Pittsburgh Seam

No. 8 Bituminous and Montana Lignite

Ultimate Analysis (dmmf)

H
N
S
0

H/C

o/c

Aromacity, fa _

Aromatic carbons per cluster, N

Carbon Atoms per average structural unit, C
Total rings per average structural unit, R
Aromatic rings per average structural unit
Alipathatic hydrogen content, Hal/C

Methylene Hydrogen Content, B /C
2

Methyl Hydrogen Content, H_ __ /C
CH3
Methin Hydrogen Content, HCH/C

"Hydroaromatic' Hydrogen Content Removable by
Catalytic Dehydrogenation, (Maximum)

Phenolic Hydrogen Content, HOH/C

Aromatic Hydrogen Content, Har/c (by Difference)
Hydroxyl Oxygen, % dmmf

Carboxyl Oxygen, % dmmf

Carbonyl Oxygen, % dmmf

Ether Oxygen, % dmmf (by Difference)

Montana @ Pittsburgh Seam
Lignite HNo. 8
73.5 80.5
4.7 5.6
1.1 1.5
1.0 2.1
19.7 10.1
0.77 0.83
0.21 0.09
0.7 0.8
10 14
14 18
3-4 4-5
1-2 3-4
0.55 0.50
0.38 0.35
0.10 0.10
0.07 0.05
0.26 0.23
0.10 0.06
0.12 0.27
8 5.5
4 0.5
4 2.0
4 2.0
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Figure 3.1-15. Model Structures for Coal (Fuchs and Sandhoff, 1942).
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Figure 3.1-16. Proposed Model Structure for Coal (Given, 1960; empirical
formula 0102 H78 010 Nz) .
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If one keeps these possible pitfalls in mind, then a model structure
can be an effective aid in visualizing the reactions possible in a coal
of a particular rank. The literature has an abundance candidate models;
unfortunately some based on outdated structural information are still cited
in discussions of coal chemistry. The rather recent model of Chakrabartty
et al. (1974) has already been discussed and ruled out; its basic carbon
skeletal structure (admantane-like, see Fig. 3.1-3) is inconsistent with
the bulk of data on carbon aromaticity in coal.

Fig. 3.1-15 shows the classic models of Fuchs and Sandhoff (1942).

The "chicken-wire" structure of coal suggested by these models is in-
appropriate, based uvon the average cluster sizes shown for coals of the
given rank; the models have far too many condensed rings.

The model structure proposed by Given (1960) is among the most
frequently cited of structural models (Fig. 3.1-16). Instead of presenting
a single average structural unit, Given presented an average coal "molecule"
which was built up of many repeating 9,10 dihydroanthracene units. The
model as coriginally postulated did not take into account a few observed
properties of coal; its resistance to methylation with diazomethane and
the absence of any change inrthe 1600 cm_l IR band upon acetylation

(-0H + CHBnX + - 0OCH, + HX), due to the destruction of the strongly

3
chelated hydroxy-~quinonoid structures (Given, 1960). Speight (1971)
cites later evidence which does, however, lend support to the chelated
structure theory.

Tn a later revision of his model, Given (1962) reviewed the NMR

data of Brown et al. (1960) obtained on vacuum "'distillates" of shock-

carbonized coal and concluded that the inclusion of methylene bridges in
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the model was inappropriate. Instead, he proposed making a minor change

from his original 9,10 dihydroanthracene structure to a dihydrophenanthrene

structure:
—

Some other optical properties suggested that this might be a favorable
change to make as well. However the recent "depolymerization" work of
Herédy et al. (1965) suggests that methylene bridges do indeed exist,-
and that the only reason they might not be observed in vacuum distillates
is because they are so thermally labile.

In light of the above evidence, and in noting that the dihydrophenan-
threne is a more strained ring system than that of dihydroanthracene, it
would seem that the carbon-hydrogen structure as originally proposed‘may
be the more acceptable. The question of oxvgen functionalities remains
unanswered, though in his revision, Given suggests that fewer of the
chelated quinonoid carbonyls should be present, and more ketonic structures
should be included. Im light of current thinking, perhaps some carbonyls
should be eliminated altogether, in favor of ether linkages.

The model contained no sulfur and the author has later pointed out
(Given, 1976) that based on the molecular weight of the model (data from
coal extract work suggests the 1000-4000 range) and the low sulfur content
of the particular coal studied, fewer than ome sulfur atom should have
been Included.

An important aspect of coal models is their stereochemistry because
it is thought the the irregular, buckled shape gives rise to the large

" <
amount of microporous (DpDre < 10 A) volume formed in coals. Given
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introduced a fair amount of stereochemical complexity into his model with
the small group that is attached to the center of his model molecule.
Cartz and Hirsch (1960) proposed a model based on their x-ray work which
also took stereochemistry heavily into account. Their model was based
on much the same structural data as Given's and it is not surprising to
see some similarity, although the Cartz and Hirsch models is drawn for
a higher rank of coal. This model appears to be reasonably sound as well,
but Given seems to have paid more attention to detail and can therefore
account for more phenomena (e.g. the 1600 cm_l IR band).

Hill and Lyon (1962) suggested the structure shown in Fig. 3.1-17,
It is somewhat more difficult to analyze this model in terms of the
average structural parameters presented earlier because the definition
of an average structure is not clear in this case. It appears that
the proposed structure has some features which are not consistent with
the current thinking On structure. There seems to be too little in the
way of hydroaromatic hydrogen, and too much in the way of long chain
aliphatics (though evidence from Utah coals is frequently said to favor
this view). The carbonyls appear in quinonoid structures with no
chelating. The carboxylate groups may be . inappropriate in coals with
such large condensed ring aromatic structures (inconsistency in rank
implied) and they should probably not appear as acids but as acid salts.
The alcoholic functionalities are also not present in higher rank coals.
There are undoubtedly many other details which could be picked out as
shortcomings; as far as explaining the physical properties and reactions of
coal there appear to be several better models.

Mazumdar et al. (1962) suggested a series of models which traced the
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Figure 3.1-17. Model Structure for Coal (Hill and Lyon, 1962).
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process of natural coalification from a lignite to an anthracite (Fig. 3.1-18).
They propeose that coals are really mixtures of materials:at various stages

of coalification, and that a bituminous coal will have elements of

structures I, II, and TIITA all present at the same time, with relative

amounts depending upon rank. However, they postulate that the transition

from bituminous coal to anthracite must be much more severe, involving

the much more substantial change depicted in going from structure ITIB

to IV (although the reasons for needing to hypothesize a severe change in
conditions are not clear).

These structures I-IV clearly represent only single average structural
units which must be built into "molecules" by linkage to other similar
structures. There are again some details which can be used to question the
models; the average number of condensed aromatic rings im the lignite (T)
appears high, and the carboxylates should be in salﬁ form.

Van Krevelen (1963) takes a similar approach in hypothesizing a
mechanism of coalification by examination of average structural units
(Fig. 3.1-19). These models appear less concerned with the details of
structure as with mechanisms of coalification.

Wender (1975) proposed structures for the four ramks of coal shown
in Fig. 3.1-20. Although he emphasizes that these are not coal models, they
are convenient ways of representing these coals in order to understand
the types of reactions they can undergo. Most interesting in this regard
is the structure he proposes for the lignite, which is quite markedly
different from the traditional "chicken wire". Wender rightfully points
up the need for more complete structural characterization of low rank

coals.
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Figure 3.1-19.

Various Model Structures for Coals and
Examples of the coalification Process
(Van Krevelen, 1963).
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An interesting model (Fig. 3.1-21) is proposed by Wiser (presented
in Wolk et al., 1975). Again, the author (Wiser, 1977) emphasized that
this is not a model of coal, but rather an attempt to show what kind of
structures may be present in bituminous coal. It is interesting in its
attempt to show the forms which sulfur, nitrogen, and ether oiygen may
assume in a coal structure.

Gavalas and co-workers (Cheong et al, 1975 ; Qka et al., 1977;
Cheong, 1977) have recently taken an inferesting approach to modelling
coal pyrolysis, based upon a statistical model of coal structure statis-
tically degrading. Fig. 3.1-22 shows a flow sheet for model gemeration.

It relies on a number of measured quantities, Hu/HB'(ratio of alpha

hydrogens, those on a carbon attached to an aromatic rimg, to beta position —
‘hydrogens, those on a carben one or more atoms removed from an aromatic ring),

Har/Hal (the ratio of aromatic to aliphatic hydrogens),

(H/C) corrected (the hydrogen to carbon ratio of the coal, removing carbons

in carboxyl and carbonyl groups), and p (the measured solid density

eff
correcting for heterocatoms, micropore volume, and carboxyl and carboxyl
structures). Gavalas et al. chose to obtain Ha/HB and Har/Hal by proton
NMR of coal extracts or pyrolysis tars, which of course is risky. Further,
the values for the carboxyl and carbonyl céntents of the coal are cal-
.culated from yields of 002 and CO during pyrolysis, also rather risky.
The structure determinétion program also requires initial values

for the C.. (the number or aromatic carbons per "cluster"). H (the
number of peripheral sites per cluster), and the amounts of methylene,

ethylene and longer chain alkyl bridges per unit. These values are all

assumed. Because of the large number of assumptions involved in deriving



Figure 3.1-21.

Examples of Structures Which can be Found in Coals
(Wiser, in Wolk et al., 1975).

o4l



Figure 3.1-22. Flow Sheet for Synthesis of Coal Model Structures (Cheong, 1977).

TASSUME:

1. Average No. of Aromatic Carbons Per Cluster (C)

EXPERIMENTALLY DETERMINE:

1. Ratio of Alpha to Beta Position Hydrogens (Ha/HB)

. : . No. of Peripheral Sites Per Cluster (H__ )
2. Ratio of Aromatic to Aliphatic Hydrogens (Har/Hal) Z. hverage P arw

: . Ratio of Concentrations of Methylene: Ethylene: Longer Chain
3. "Corrected" Ultimate Analysis (H/Cgorr 3 10

Alkyl Bridges (bl:bzzb3)
4. True("Corrected") Density .
- c
CALCULATE AROMATICITY —%5-= fa
f CALCULATE:
; 1. Concentrations of Alpha and Beta Carbons (C ,C ) )
] o’ B o
§ 2. Concentration of Aromatic Clusters (NC) g caleulate ——E
T = :b,,b,,b, ,Ha §
'f 3- X HQ./ Ca‘ 1 9 3 g
and concentration 4
b, y = HB/ CB | i of methyl (e,) {
: i and alkyl (CZ) side 3
E chains ' i
;I ' O<x<3 -~ /7~ {
a2 ™~ N
NO O<y<3 \\\\\
. (no carbon can . j 1 \

Vary the No.

of Beta Carbons

fand get an avg. |
- {Chain Length (%)

<z

Vary the total concentration
% of Bridges (M/N.)

\ —

(liz bl+ b2 +-b3) I

have more than
three or fewer than
zero hydrogens)

YES

T Y
LMODEL CGMPLETE?




%0

the model, a rather thorcugh sensitivity analysis seems warranted;
this especially in light of the apparent sensitivity of the pyrolysis
model (discussed in the pyrolysis modelling section) teo the
concentrations of the various aliphatic bridges. Also in its earlier
versions, the model did not account for the potentially significant
structural role of oxygen (aside from tying up carbon atoms), a
situation which is apparently the subject of much current attention
{Gavalas, 1977).

One final aspect of the problem of screening coal structures is
that of thermodynamics. As is well established, the heat of combustion
of coal can be fairly accurately estimated by summation of the contri-
butions of its consistuent elements. Since this implies (in low oxygen
coals) that the heat of formation of the ceal substance itself must be
near zero, this can be used as a screening factor for higher rank
coal structures (Anthony, 1974). Unfortunately, as Anthony found by
applying a group contribution estimatien technique to scme coal models,
the heats of formation of both the Given model (AH°f = 55 Btu/lb =
30 kecal/mole) and the Fuchs and Sandhoff model (b) (AH°f = 92 Btu/lbd =
76 kcal/mole) are both reasonable in this regard. Hence, Anthony con-
concludes (and the evidence in this section reinforces that conclusion)
that thermodynamics alone is not sufficient basis to distinquish between
"eood" models and "poor" models. WNor does this evaluation criterion
seem at all promising for lignites, which have substantial oxygen

contents, and non-zero heats of formation.
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The Physical Structure of Coal:

The study of the chemistry of ceal pyrolysis and hydropyrolysis may
unfortunately be very much clouded by mass transport effects. The
modelling of intra-particle mass transport phenomena is unfortunately
very difficult. Each coal particle may be viewed as a tiny chemical
reactor, which at the beginning of the process contains many distinct
solid phases (e.g. mineral, vitrinite, exinite, fusinite, etc.) any
of which can participate in the chemical processes via reaction or as a
catalyst. These solid phases are crisscrossed by a network of pores
ranging in size from a few Rngstroms to a few microns. On a microscopic
level, the currently widely accepted view of pore structure is that due
to Hirsch and co-workers (1954, 1960), shown in Fig. 3.1-23. Recalling
the stereochemistry of the coal model proposed by Given or that by
Cartz and Hirsch, it is clear that these structures have some relatively
planar aromatic structures and some very non-planar tetrahedral carbon
"buckling". When many of these molecules are placed in close proximity
to one another, as in a coal molecule, a large amount of entanglément is
bound te occur. Where two or more planar aromatic regions are in close
proximity to one another, "layered stack" formation occurs. In the
limit of coalification, where the carbon is 100% aromatiec, one can
obtain the neatly layered structure of pure graphite. Where layer
formation cannot occur and steric hindrance prevents close approach of
molecules, micropores of molecular dimensions can occur. Intermediate
angle x-ray scattering gave the results shown in Fig. 3.1-24, showing
the average number of (aromatic) layers per "stack" and the average

interlayer spacing as a function of rank (Cartz apd Hirsch, 1960). These
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interlayer voids are too small to be penetrated by helium, and will not
be corrected for in helium demnsity measurements. Pores of diameter
greater than about 4 ; can be penetrated by helium, provided there are
no constrictions of less than 4 2 preventing entry.

Fig. 3.1-25 shows the variation of total porosity with rank. As one
might expect, the general trend is decreasing porosity with increasing
rank. Fig. 3.1-26 shows that this poresity is principally due to micro-
pores (with diameters between 4 and 12 Z) in the high rank coals, while
in the low rank coals porosity is principally due to macropores, those with
diameters greater than 300 ; {(.031). Such large pores cannot be viewed as
gaps between two molecules; macropores must represent gaps in the macro-
structure of coal. In low rank bituminous coals, the so-called "transi-
tional pores" (diameters between 12 and 300 3) contribute a large fraction
of the pore volume.

Thus the lignite used in this study would be characterized primarily
by a macroporous structure characterized by pores of greater than .03y,
but containing a non-negligible volume of micropores of less than 12 R in
size.

Although the bituminous coal examined in this study can be charac-
terized in terms of micro-, macro- and transitional pores as well, far
more important in determing the mass transport out of bituminous coal may
be its softening behavior; rather than flowing out of the pores of a pyroly-

zing bituminous coal particle, volatiles actually 'bubble" out. This

behavior will be discussed further in a later section.
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3.2 Previous Work on Pyrolysis and Hydropyrolysis

There exists an extensive body of literature on coal pyrolysis. Over
the last several years, a number of good reviews have been published,
including those by J;B. Howard and Anthony (1976) and H.C. Howard {(in
Lowry (1963)). The former also reviews the hydropyrolysis literature;
this interrelation of pyrolytic and hydropyrolytic processes will be
examined throughout this thesis. Currently, J.B. Howard (1977) is preparing
a new in-depth review of significant recent research in the area of pyroly-
tic reactions of coal. Other shotter reviews of the pyrolysis literature
include those by Van Xrevelen (Chapter XIV, 1961), Jones (1964), Yellow
(1965); Badzioch (1961 and 1967), and Essenhigh and J.B. Howard (1971).

In addition to the review noted in the previous paragraph, other
recent reviews that deal with hydropyrolytic phenomena include those by
Von Fredersdorff and Elliot (1963) and Pyrcioch et al. (1972).

Since there are several good, recent reviews of the literature, an
exhaustive literature review will not be attempted here. Instead, examples
are chosen somewhat selectively, with preference being given to recent
work, and any work which sheds light on fundamental mechanisms. As has
already been discussed, in the study of pyrolysis and hydropyrolysis of
coal, six classes of variables play an important role in determining total
yields and compositions of products. These are again:

1. The Chemical dnd Physical Characteristics of the Raw Coal

2. The Time-Temperature History to which the Coal is exposed.

3. The Partial Pressure of Hydrogen within the reactor used to

hydropyrolyze the coal.

4. The Total Pressure within the reactor used to pyrolyze the coal
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5. The initial physical characteristics of the coal as controlled
by the experimenter (e.g. particle size, extent of drying,

"aging") ,

6. The reactor, product residence times, catalytic surfaces, etc.

The first of these wvariables has already received some attention in
the preceding sections; in this section the chemical characteristics will

be related to pyrolysis behavior.

Evaluation of Experimental Systems

All too often, in studies involving any or all of the first five
classes of variables, the sixth may be relegated a relatively unimportant
role. This is not good practice in any experimental work. In the case
of coal, however, where the phenomena being studied are very complex to
start with, it may be easy to lese sight of the influence of uncontrolled
gystem variables.

Anthony and Howard (1976) and Howard (1977) recognize the important
role that experimental design can play in the interpretability of experi-
mental data. Table 3.2-1 is taken from Howard (1977), and gives an
indication of the wide range of techniques used to study pyrolysis and
hydropyrolysis. It should be noted that the Table does not include some
of the more advanced or exotic techniques which have been applied, such as
shock tubes, plasma jets, flash tubes and lasers (see Anthony and Howard
for references). In general, these very fast, high energy input
techniques have been exploratory, and not concerned with the mechanisms
of pyrolysis at conditions of commercial interest. In high temperature
plasmas, acetylene is the major hydrocarbon product if the processes is

conducted in hydrogen or inert gas, while running in nitrogen can lead to



Investigator

CAPTIVE SAMPLE TECENIQUES

Standard Proximate
Analysis (ASTM,1974)

Wiser et al. (1967)

Portal and Tan (1974)

Gray et al. (1974)
Kobayashi (1976)

Campbell (1976); Campbell
and Stephens (1976)

Hiteshue et al.(1962a,b;1964)

Feldkirchner and Linden(1963);
Feldkirchner and Huebler{1965)

Jiintgen and Van Heek(1968,
1977); Van Heek et al.(1973).

Vestal et al.(1969);
Yergey et al.(1974)

Moseley and Paterson(1965a)

Feldkirchner and Johnson
(1968); Johnson(1971)

} ) ) Y
Table 3.2-1  Experimental Techniques and Conditions
(Howard, 1977)

Residence Heating Press., Ambient Particle
Technique Time, s Temp.,°C Rate,’C/s atm Gas Size, um
Crucible 420 950 15-20 1.0 Air < 250

(1id on)

Crucible 300~ 400-500 15-20 1.0 N 250-420

72,000 Z
Crucible  15-1,200 550-1,150 0.5-250 1.0 N2 < 45-88
and basket
Crucible 420 950-1,200 0.3-20 1.0 N2 < 200
Crucible 1,800-3,600 270-1,830 0.5-5 1.0 Ar 27-90
Basket Up to 18,000 110-1,000 0.056 1.0 Ar’NZ’HZ’CO 1,700-3,600
Fixed bed, 20-900 480-1,200 10 18-400 H2 250-600
gas swept
Fixed bed, 10-480 700-930 100-300 34-168 H2,H20 840-1,000
gas swept {seems

high)

Fixed bed, 1,000- 400-1,100 0.0001 1-70 He,Hz,Hzo <2,000
gas swept 1,000,000 -0.5
Fixed bed, 600~ <1,000 0.02-2 <5 Hz,He 37-74
gas swept 60,000
Railway 15-165 815-950 25 18-95 H2 150-300
heater
Thermo- Several <925 <100 <100 H ,¥ , 420850
balance to 7,200 . 2 2

A\



Investigator

Gardner et al.(1974)

Loison and Chauvin(1964)
Rau and Robertson{1966)

Juntgen and Van Heek(1968)

Koch et al.(1969)

Mentser et al.(1970,1974)
Cheong et al.(1975)
Solomon(1977)

Anthony et al.(1974,1975,
1976); this study

Blair et al(1977)

Squires et al.(1975); Graff
et al.(1976); Dobner et al.
(1976)

COAL-FLOW TECHNIQUES

Stone et al. (1954)

Peters(1960); Peters and
Bertling (1965)

¥ ) ) ) }
Table 3.2-1 Experimental Technigues and Conditions {(continued)

(Howard, 1977} Residence Heating Press., Ambieént
Technique Time Temp.,°C  Rate,®°C/s atm. Gas
Thermo- 25-3,000 850-950 - 35-69 H2

balance
Elec.grid 0.7 <1,050 1,500 Vacuum -
Elec.grid 1-1.5 900-1,200 600 1.0 -
Elec.grid 0.7 <1,000 <several Vacuum -
1,000
Elec.grid 7 <1,500 i67 Vacuum -
Flec.grid 0.05-0.15 400-1,200 8,250 Vacuum -
Elec.grid <1-1,800 300-1,000 <1,000 Vac.-3.4 -
Elec.grid 5-80 <1,000 600 Vacuum
Elec.grid 0.1-30 400-1,100 100- 0.001- Hz,He,N2
12,000 100
Elec. 0.02-20 350-1,700 200- 1.0 He
ribbon 20,000
Ring of 1-6(gas), 600-1,000 650 100 H
2
coal,gas 10-30
SWEPt (Solid)
Fluidized 10-2,300 400-700 - 1.0 N2
bed
Mechani-  <0.5-10 600-1,100 50-200 1.0 N,
cally
stirred
bed
10-6,000 400-700 - 1.0 -

Pitt(1962)

Fluidized
bed

Particle

Size, um

500-
1,000

50-80
250-420

50-60

75-630
44-53

90-360
44-370

53-1,000

510-620

<44

200~-600

1,000-
1,500

200-600

Q91



Table 3.2-1 Experimental Techniques and Conditions (continued)-

Investigator

Jones et al.(1964)

Smith and Wailes (1975)

Friedman{(1975)

Birch et al.(1960,1969)

Hamrin et al.(1973); Maa
et al.(1975)

Eddinger et al. (1966)

Friedman et al.(1968)

Howard and Essenhigh(1967)

Sass (1972)
Smith and Wailes(1975)
Badzioch{1967); Badzioch

and Hawksley(1970)

Kimber and Gray(1967a,b)

{Howard, 1977)

Residence Heating Press., Ambient
Technique Time Temp.,°C Rate,®°C/s atm. Gas
Fluidized n2,400 425-1,095 1,000+ 1.0 NZ’HZO
bed
Fluidized - - - 1.0 N2
bed
Fluidized 1,800- 300-650 - 1.0 H20
bed 3,600
Fluidized 500-9,500 500-950 - 2]1-42 Hz,etc.
bed
Fluidized 3,600- 600-870 0.06-0.25 1.0 HZ’HZS’NZ
bed 26,600
Entrained 0.008- 625-1,000 2,500+ 1.0 He
flow 0.04
Entrained 0.004-2 400-1,000 650- 1.0 He,Nz,HZO
flow 4,300
P.f.flame 0-0.8 200-1,550 <22,000 1.0 Air
Entrained A few 540-650 10,000 1.0 -
flow
Entrained 0.5 400-700 - 1.0 N

2

flow
Entrained 0.03-0.11 400-1,000 25,000- 1.0 N2
flow 50,000
Entrained 0.012- 780-2,000 100,000- 1.0 Ar
flow 0.11 400,000

Particle

Size, um

<1,000

250-710

150-710

100-600

6,150

<150,74, and 5

80% < 74

25-80

11-73

23-76

191



Investigator

Kobayashi{1976);
Kobayashi et al.(1977)
Nsakala et al.(1977)
Ubhayaker et al.(1977)
Belt et al.(1971,1972)
Coates et al.(1974)

Moseley and Paterson(1965hb)

Glenn et al.(1967)

Johnson(1975)

Fallon and Steinberg(l%77)

Shapatina et al.(1960)

Moseley and Paterson{1967)

Feldmann et al.(1970)

) ) ) ) )
Table 3.2-1 Experimental Techniques and Conditions (continued)
(Howard, 1977)
Residence Heating Press., Ambient
Technique Time,s Temp . °C Rate,“C/s atm Gas
Entrained 0.001- 700-1,800 10,000- 1.0 Ar
flow 0.22 200,000
Entrained 0.3 810 8,000 1.0 N
2
flow
Entrained 0.007- 1,500- <130,000 1.0 COZ’HZO’N
flow 0.07 2,000
Entrained <1 815-1,040 - 1-28 B ,N
— 2772
flow
Entrained 0.012- 650-1,370 - 1.0 H, ,H,0,
272
flow 0.34
etc.
Entrained 0.17-2.5 790-1,000 1,000+ 5(3-520 H2
flow
Entrained 2.4-10.4 920-970 - 70-84 H2,C0
flow
etc.
Entrained 5-14 480-845 28(or very 18-52 H,,He
flow fast)
Entrained 12-20 450-820 - 100-140 H2
flow
Free fall 0.45- <550 - 45-490 N2
14,400
Free fall A few 840-1,000 - 45-490 H2
Free fall A few 650-900 - 35-205 H2
Free fall ~l1 760-1560 - 1.0 Ar

Kobayashi (1976)

Particle

Size, um

38-45

50-180

70%<74

70%<74

<74

1060-150

<44

75-90

<150

150-200

100-150
150-300

38-45

z91
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large yields of hydrogen cyanide (Bond et al., 1966; Krukonis et al.,
1973). Such products suggest a rather dramatic decomposition of the basic
hydrocarbon structure of coal, which is undesirable if one wishes to
maximize. the yield of liquid products from coal. The high energy inputs
required by plasma pyrolysis system make them rathetr uninteresting

for meost coal conversion work, with the possible exception of acetylene
production.

Traditionally, work aimed at producing data relevant to coal conversion
to synthetic fuels has focussed on temperatures below 1100-1200°C, while
work aimed at producing pyrolysis data for combustion systems has gone
to higher temperatures, 1500-2000°C. It is important to recognize the
important effect that temperature can have on ultimate yields; the higher
the temperature, the more processes become possible as more stable struc-
tures become "activated". Thus it is usually unfair to compare total
yields of products from coal pyrolyzed at 530°C to those from pyrolysis
at 1500°C. Comparison of data from non-iscthermal pyrolysis of ceal at two
different heating rates alsc frequently causes confusion. A statement
such as "chemical phenomenon A is observed when coal is heated to
temperature T" is almost meaningless, unless one knows over what time
temperature T is reached, e.g. in a microsecond or a milijion years. This
point will be discussed further in the section on modelling.

In addition to the importance of the ultimate temperature, heating
rate, and solids residence time in determining the outcome of a process,
there are much more subtle factors which may cloud the interpretation of
data. These generally fall intO‘thé heat and mass transfer categories.

One example of this is that the amount of time that volatile products
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from coal pyrolysis or hydropyrolysis spend in a reactive environment can
have a large influence on their chemical nature. In the ASTM standard
test for volatile matter (which is a pyrolysis experiment at 950°C for

7 minutes) coal is pyrolyzed in a covered crucible. The volatile matter
can escape from the crucible, but only after an indeterminately long
residence time in close proximity to hot char, with which it (or strictly
speaking, its tar components) can repolymerize or on which it can crack
and coke. It is frequently observed that the total yeilds (V*) from
various rapid heating experiments are substantlally higher than those
from ASTM determinations of proximate volatile matter (prox. VM in Table
3.2-2, Howard, 1977). While such an effect is frequently credited to

the higher heating rates {upwards of 500°C/sec compared to about 15-20°C/
sec for an ASTM analysis) influencing the direction of a set of competitve
reactions in a favorable fashion, ancther explanation may also exist. It
has been demonstrated (Gray et al., 1974; Portal and Tan, 1972) that the
size of the sample in the ASTM crucible has an influence on volatiles
yvield; the smaller the sample, the higher the yield (see Fig. 3.2-1).
Since Portal and Tan did their tests under a nitrogen purge, an oxidation
effect can be ruled out, The implication for these results is that the
shorter the time needed for volatile matter to escape the very reactive
environment of the coal sample, the less likely it is to crack and coke
therein, thereby reducing yields. Since in most rapid heating work, the
samples are better dispersed for reasons of heat transfer, it is logical
that they should also be subject to fewer secondary reactions. In the
electrical grid system used in this study and by several other workers

(see Table 3.2-1)}, if the containment vessel is large enough, and filled
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Table 3.2-2 Comparison of Experimental Yields with Proximate Veolatile Matter

Prox. Exp'la
Investigators, Ceoals,and Conditiomns M VLS 3 BT A
Loison and Chauvin(1964)
Maigre Oignies 4 8.4 8.4 1.00
Bergmannsgluck (MF~ basis; 18.1 23.6 1.30
Emma heated to 20.4 24.5 1.25
Lens-Lieven 1006°C at 24,4 26.7 1.09
Flenus de Bruay 1500°C/s 31.0 39.6 1.18
Wendell IT1T 33.9 34.5 1.02
Faulquemont 36.4 36.7 1.01
Rau and Robertson(1946)
Colver (MVEP) q 25.3 19 0.75
Kopperston #3 (HVABC) {(MF basis; 31.6 36 1.14
Federal (Pitts.HVAB®) heated to 37.7 49 1.30
Elkol (Wyo.Subbit.) 950°C at 40.7 48 1.17
Orient #3 (HVBD) 600°C/s) 44.0 41 0.93
Kimber and Gray(1967a,b)
NCB 902 30 (MAF basis; 38.3 71 1.85
(particle median 30u® heated to 38.3 72 1.88
diameter shown) 53u 1900°C at 40.0 69 1.73
10° to 10°
°C/s)
Badzioch and Hawksley(1970)
NCB 203 (K) 17.7 17.7 1.00
NCB 301a(J) £ 22.7 20.6 0.91
NCB 301b(H) (MAF basis: 25.2 26.0 1.03
NCB 602 (E) heated to 34.3 44,2 1.29
NCB 401 (G) 950°C at 34.4 35.1 1.02
NCB 601 (F) 25,000- 35.3 45.1 1.28
NCB 802 (D) 50,000°C/s) 36.1 47.0 1.30
NCB 902 (B) 36.4 40.0 1.10
NCB 802 (C) 37.8 42.8 1.13
NGB 902 (A) 37.9 42.9 1.13
Mentser et al.(1974)
Pocohontas #3 16.8 18.5 1.10
Lower Kittanning (MF basis; 25.3 30.8 1.22
Pittsburgh heated to 35.1 47.9 1.36
Rock Springs 1200°C at 37.7 42,4 1.12
Colchester 8000°C/s) 48.0 55.8 1.16
Anthony et al, (1975)
Pittsburgh #8 (MAF® hasis; 46.2 53,78 1.16
Montana heated to 46,2 41.1 0.89

1000°C at
650-10,000°C/s)
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Table 3.2-2 Comparison of Experimental Yields with Proximate Volatile Matter

Investigators, Coals, and Conditions

Kobayashi et al.{(1977)
Pittsburgh #8 (MAF" basis;
Montana Lignite heated to

1800°C at
2 x 10°°C/s

Ubhayakar et al.(1977)
Pittsburgh Seam (MAF basis;

heated to
2000°C at
1.3 x 10°°¢/s)
This study (MAFf-basis;
Pitts- heated to 1000°C
"burgh#8 at 1000°C/s)

Montana Ligaite
Montana Ligniteh

Prox.
M

46.8
46.1

42.5

Exp'la

ATAS

63
62

65

V¥ /VM

1.35
1.34

1.53

a. Peak weight loss corresponding to V* was achieved at the final (highest)
temperature in all cases except Mentser et al. where the peak occurs at
intermediate temperatures; b. Medium volatile bituminous; c. High volatile

A bituminous; d. Moisture-free; f. Moisture- and ash-free; e. Previous sample
recycled; g. A range up to 56.2 given previously (Anthony and Howard, 1976)

is not used here since the higher wvalue reflects behavior at reduced pressure;
h. Samples of coal examined by Kobayashi et al.(1977) run in captive sample

apparatus.
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with "céld gas'", the volatiles escape velocity is sufficiently high so that
they have almost ze¥o residence time at temperatures at which they can

crack. Naturally' the difference between rapid heating technique results

and the ASTM analysis should decrease with decreasing yield of 'crackable" (tar)
product. This is shown to be the case with the data from several studies
listed in Table 3.2-2,

Also with regard to Table 3.2-2, the data of Kimber and Gray (1967a,b),
Kobayashi (1977) and Ubhayaker et al. (19277) should be treated separately
because of the very high temperatures involved in those studies.

Techniques involving crucibles and fixeéd beds have the common feature
of rather low heating rates (see Table3.2-1), and sometimes rather ill-
defined temperature profiles. The latter can lead to serious difficulties
in modelling kinetics. Electrical element heating of small samples of coal
can overcome both of these difficulties, but introduced the problem of fast
response temperature measurement.

Coal flow techniques can also be used to rapidly heat coal, and
usually approximate real process conditions more closely than captive
sample techniques. Unfortunately direct particle temperature measurement
is usually impossible. 1In entrained flow experiments, the particle and wvapor
residence times are coupled, which can lead to the problem that if the coal
residence time is sufficient for it to react to a given extent, then the
vapor phase residence time may be sufficient for primary volatiles to
undergo secondary reactions (Kobayashi; 1977; Sass, 1972; Lau, 1977).

In coal "free fall" experiments, wherein the coal particles are dropped
under the influence of gravity through a hot medium, the coal particle

residence times are somewhat difficult to estimate, because as they
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devolatilize, the particles can swell, shrink, bubble, break, and emit
jets of volatiles. This is not a problem where optical technidues can be
applied to determining residence times, but in high pressure systems this
is frequently not possible, or at least very difficult.

Fluidized beds are sometimes difficult to operate with coal because
of agglomeration problems. Analysis of experimental data is difficult
because of the complicated mixing phenomena involved.

If in any experimental system, a differential approach to product
analysis is employed, i.e. real time product analysis, then sampling lags
due to long times of transit between sample and analyzer (or large "dead
volumes'") can cause serious difficulties in interpretation of data
(e.g. Blair, 1977). On the other hand, the integral approach is much
more tedious, and requires careful accounting of all aspects of time-
temperature history: heatup of the sample, any isothermal peried,

and cooldown of the sample.

3.2.1 Mechanistic Implications from Studies of Pyrolysis of Coal and
Model Compounds

The "modern age" of coal pyrolysis research began in the 1950's with
workers in several countries making important contributions to the
understanding of pyrolysis phenomena. Van Krevelen et al (1951) observed
the now familiar behavior of carbonizing coal on an atomic H/C vs 0/C
plot and noted that regardless of where in the so-called "coal band"
(the spread of allowable H/C vs O/C ratios found in nature) one began,
the H/C vs 0/C trajectory during pyrolysis would almost always be outside
the coal band and terminate at a common 'pole™ the so called

"carbonization pole" at an H/C ratio of about .28 (see Fig. 3.2-2). This
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evidence confirmed that pyrolysis was not merely a faster form of natural
coalification. In most of the early work on pyrolysis, emphasis was placed
upon gaining an understanding of the phenomena associated with coking of coal.
During this process, the coal swells and softens to a viscoelastic (plastic)
state. Only bituminous coals show this behavior, lignites and anthracites

do not. This work led to a class model of decomposition of caking coals

(Van Krevelen et al., 1956):

k

, 1 : .
(1) Caking Coal(P) . mew-—gp Metaplast (M, metastable plastic %Eéggte)
2
(2) Metaplast (M) —P Semi-Coke(R) + Primary gas (Gl)

(3) Semi—Coke(R)-jZi+ Coke(S) + Secondary gas (Gz)

In developing this picture of pyrolysis, the following observed se-
quence of phenomena (observed at low heating rates, e.g. 3°C/min) was
accounted for:

1. A softening of the coal

2. A swelling of the plastic mass with volatiles evolution

3. A resolidification of the mass
Mechanistically, this theory was somewhat vague and accounted for the
three reaction steps in the following general terms (Van Krevelen, 1961)
Reaction (1) ~ A depolymerization reaction in which an unstable inter-
mediate is formed. This intermediate is responsible for fluidity. It
was not established whether this implied that the entire coal mass was
fluid, or if the intermediate merely acted as a "solvent” or "lubricant"
for insoluble portions of the ccal. Based on the results of Dryden and
Pankhurst (1955), the latter séems plausible. ?hey'cpncluded;that a

small amount of chloroform soluble material formed just prior to softening
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was a principal agent in softening. Removal of this material (of order
5-10% by weight} by chloroform extraction from coal prehéated to about
300-400°C rendered the coal non-softening and non-agglomerating. Amazingly,
if theextract was mixed with non-coking coal, the latter acquired softening
and swelling characteristics. Later work by Brown and Waters (1966)
suggests that the chloroform extractable material is largely present as

such before pyrolysis, but inaccessible through micropores. Its effect is
geen during the initial stages of pyrolysis because it is an effective

hydrogen donor material. This point will be discussed in more detail later.

Reaction (2) - A cracking reaction in which tar is vaporized and nonaromatic
side groups are split off. The ceoal begins to resolidify primarily because
of condensation reactions leading to heavy molecular weight semi-coke,

but may also lose plasticity because .a "solvent” or "lubricant" phase
reacted or volatiized away.

Reaction (3) - A secondary degassing reaction in which semi-coke units are
welded together by methane and hydrogen elimination reactions, to leave
behind a true coke. Figure 3.2-3 shows some typical data used by Van
Krevelen to formulate his model. The data show how the weight loss,
plasticity and dilation (swelling) properties all seem to have roughly
have the same temperature dependence. The plasticity of plastic coals

is measured with a Geisler rotating viscosimeter; the minimum viscosity

of good coking coals is generally in the range of 104 to 105 poise. By
assuming first order models for each of the reaction steps, and by
ekamining the wvariation of the maximum in the devolatilization curve with
increasing heating rate, Van Krevelen (1961) concluded that the process

was characterized by an activation emergy in the range of 50-60 kcal/mole.
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For comparison, Table 3.2-3 (Suuberg et al. 1977) lists the activation energies
of decomposition of various polymers and "coal-model compounds' whose thermal
degradations were studied by various workers using various techniques.
Although there is a considerable spread in the values, it can be seen
that the activation energies found by Van Krevelen compare favorably.

Tt should also be noted that at the same time as Van Krevelen was

developing his model, Fitzgerald (1935, 1956, 1956a) was working along

similar lines.

Pyrolysis of Model Compourds

Because of the rather difficult problem of understanding the mechanism
of pyrolysis of compounds whose structures are essentially unknown, there
have been several attempts to synthesize coal-like substances and study
them, or to rely upon analogies offered by ordinary commercial type
polymer degradations.

Van Krevelen (in cellaboration with Wolfs and Waterman 1959, 1960)
also did extensive work with "model substances" i.e. substances of well
defined chemical structure and whose pyrolytic behavior was in some way
similar to that of coal. This work involves studies of various polycyclic
aromatics as well as polycondensation products (with formaldehyde) of

polveyelic aromatics (Ar). These had structures of the following type:

-1 = Af-X 7]
At - - Ar ~ - - - L A - - - - -
%r CH2 ir CH2 %r CH2 or %r CH2 %r CH2 %r
X X X X X X
- hy -

where X could be hydrogen or a functional substitute (e.g. —QHB, -0H, —OCH3)




Tabie 3.2-3_ Kinetic Parameters for Pyrolysis of Various Organic Materials

Product®

Material Pyrolyzed Experi- Activation|Pre- Refersnce
menta]0 Cnorgy, Exponen-
Temp., € §keal/mole [tial -1
. ractor,s
Ferulic Acid (C1UH1004} CGZ 160-250 27.7 G.0x109 Jiintgzn and Van Heek, 1968; 1970
Perylene Tetracarboxylic Acid COZ A400-600 7.5 5.2x1n}; Jintgen and Van Heek, 1968; 1970 °
hnhydride (c24n806) o 460-600 1 64.9 5.0x10 . Juntgen and Van Heek, 1968; 1970
Protocatechuic Acid (C7||604) (HEO)] 50-300 18.8 2.7x10° Jilntgen and Van Heek, 1968; 1970
(H?O)2 50-300 4z2.4 2.3010° Jiintgen and Van Heak, 1968; 1970
'COZ 50-300 40.4 1.6xml5 Jintgen and Van Heek, 1368; 1970
Haphthalene Tetracarboxylic ‘]3 .
Aeid (CqaHgOg) H,0 100-250 [ 33.5 1.2x10 Jlintgen and Van Heek, 1968; 1970
Hellitic Acid (Cq,Hg0;,) Hy0 230" 16.6  |2.3x10° | Juntgen and Van Heek, 1970
Tartaric Acid (C,H,05) Hy0 195" 42.9  |6.7x1017 | Jdntgen and Van Heek, 1570
[ b 22 ,
Polystyrene (C.H,) overall] 3% 77 8.3x10 Fuoss et 2).s 1964
8'8n overall| 335-356) 58 9.0x10%5 | Madorsky, 1952
Teflon (€,F,), overall} 575° 67-69 | 4.3a0"" | Fuoss et at., 1964
" " 11 ’ 952
Polyethylene (C,H,) "Phase 1 overall] 385-405( 48 5.2x10 Madorsky, 1
2740 wppase 2" | overall] 385-405( 71 g.7x10'8 | Madorsky, 1952
Hydrogenated Polystyrene (CSHM)n overalll 335-350 52 1.4x10M Madorsky, 1953
Polymeta-methylstyrene (Cglim)n overall| 333-353| 59 7.2x10]6 Madorsky, 1953
Polyalpha-methylstyrene (CQH]O)n overall] 273-288) 58 8.3x10'% | Madorsky, 1953
PoTymethyl—methacrylafe (CSHSO?)n
Avg, Holecular UYt. 150,000 | overall| 260-270f 33 3.Gx10?s :agm'si{- 1953
Avg. Molecular Vt. 5,100,000 overall 310-325| 55 1.8x30 adorsky, 1953
Polymethylacrylate (CQHGOZ)n overalll 205-3M0 37 1.4x1010 Madorsky, 1953
' = 9
CeVlulose {C.H,.0:) overall]  250-1000  33.4 6.8x10 Lewellen et al,{
671075 n 250-350] 35 3.3x10" o Yan Heok. 1

- Jintgen and Van Heek, 1970; Van Krevelen et al,, 1951

2. Denotes speciés whose evolution is described by the parameters
denoted by (Hzo)I and (Hao)z. Overall refers to a1l products combined.

b. Temperature of maximum pyrolysis rate.

given, Two different stages of water evolution are

Bl
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The following conclusions were drawn from studies with no additonal func-
tional groups added (i.e. X = H)
- At the low (3°C/min) heating rates studied, some reaction could

occur at a temperature below the boiling point of the products formed,

hence evaporation governed part of the observed behavior.

- "Depolymerization" of the aromatic polycondensate (by rupture of
methylene bridges) occurred in a completely random manuner, and
hydrogen disproportionation led to formation of methyl groups.

- At the above stated heating rate, tar formation essentially ceases
at about 500°C, a temperature which roughly corresponds to the end
of the plastic stage of coal at the same heating rate (see Fig.
3.2-3).

~ The hydrogen in the residue at the end of primary carbonization
(reaction (2)) is approximately equal to the theoretical, aromatic
hydrogen content of the residue, were it completely composed of
monomer aromatic units. For example, starting with a polycondensate
of benzene {prepared by condensation of benzyl chloride) the starting
material is characterized by the form:

[~ (CgH,)Cliy-
then the residue ("'semicoke") has a final hydrogen content of 4 atoms per
"anit". The concept of a monomer unit remaining in the residue is rather 1ll-
defined; what is really meant is that for every seven carbons remaining
in the char, there are about four hydrogens remaining (and the volatiles
have been hydrogen "rich" relative to the starting material).
- After primary carbonization is complete, the secondary degassing reactions

occur, yielding only gaseous, and not tar product. At the completion of this
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process, the residue is almost pure carbon.

In summary the author conclude that there is no difference in the
original material between future tar or coke units;'and that the course of
primary carbonization is determined only by "aliphatic" hydrogen, and
that of secondary carbonization only by "aromatic" hydrogen. Further,
based on radicactive carbon tracer work, they conclude that the liberation
of hydrocarbon gas during secondary degassing is not due to complete
decomposition of "monomer" units, but evenly divided among all units.
Presumably this implies that some of the remaining vestiges of aliphatic
carbon are being eliminated while the arcmatic carbons remain in the char.

Since real coalcontains‘variousfumctionalgroups,the effect of including
these types of structures in the = polycondensation model substances was
also investigated.

The addition of hydroxyl (X = OH) groups onto the polycondensates
(e.g. phenol-formaldehyde resin) has a number of significant effects

— The yield of tar is much smaller than from the analogous substance

with no -0OH group.

- The plasticity during carbonization is reduced or eliminated.

- The decomposition is a more complicated function of temperature

- There is a large effect of heating rate on all characteristics,

including yield.

These observations are explained by a competing reaction mechanism.
During primary decomposition, the depolymerization reaction competes with
a direct condensation mechanism involving the hydroxyl groupsg. The
hydroxyl groups react with some of the available reactive hydrogen,

leaving a site which can participate in a condensation reaction. It
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appears that the re-condensation reaction has a lower activation energy
than the depolymerization reaction because it is favored at lower
heating rates. (The competing reaction phenomenon will be discussed in
the section modelling work).

Methyl substituents (X = _CHB) served to increase the evolution of
gas {(mostly methane) during primafy carbonization. It is postulated,
however, that the methane does note all originate from stripping of methyl
groups {again, based on 140 tracer data). The methyl groups rather seem
to be acting as sources of additional hydrogen during primary carbonization.

Ethoxy substituents (X = —OCH3) have a much less dramatic effect on
depolymerization reactions when compared to hydroxyl substituents., All
of the hydrogen from the ethoxy group is lost during carbonization, as -
any other aliphatic hydrogen would be. However, the yield of tar is lower
than that from the base case (unsubstituted), and the authors attribute this
to side reactions with oxygen, such as water formation, removing some of
the otherwise available hydrogen.

In a compound with both hydroxyl and methyl substituents (a P-cresol-
formaldehyde resin), the behavior is much like that of an unsubstituted
compound, with the exception of higher gas yields; apparently the extra
hydrogen from the methyl groups satisfies the "extra need"” for hydrogen
imposed by the presence of the hydroxyl group.

The overall course of pyrolysis of all these model compounds is re-
presented by Fig. 3.2-4 (Wolfs et al., 1960).

It is noteworthy that the important role that this model ascribes to
hydrogen donating groups seems to be very much in line with the previously

described chloroform extraction work. Brown and Waters (1966) showed that



178

lMOdol subslance of ¢oal
1

4 H
Lower molezutar fraclion i . Higher encleqular fraction
s b .—._—.—__._.____..__J_____...._..______.H:._m_m
N} 1
Struclures poor Structures rich
(Fusing} in reaclive groups n reachive groups .
{Intra-molecutar {Intra-and inler-molegular
disproportionahon) condensation with release
3 of water) . Primary  carbonizahon
: alow 500 °C
Low motecutar Dcpdymerizah!m fraction Depolymerization fraction {below 500 °C)
components ‘of  enriched with {aliphatd) impoverished in bydrogen
1he original hydrogen, capatie of -
:o-il evaporation
]

(Condensation wilh
release of side
chains or side grou?s)

(Evaporation) (Decomposton)

Primary carbonizaticn
products

— e e eeuamm  sbviaaty it e e s ] s — —fh— —

Water

(Condensalion |{ Water gas

th release 1 . .
o hydrogen) reactien) > Secondary carbomizalion

(over 500 *C)

(Pyrolysis with release
of side chains and
functional groups)

CO- CO;

B I f ¥4 |
Secondary far Secondaly gas Secondary carbomization
I (HT 1ar) I l (HT gas} | Coke Waler products

Figure 3.2-4. Overall Model for the Pyrolysis of Coal-Model Compounds.



179

the chlorofdrm extractable material which plays such a prominent role in
determining plasticity, is always hydrogen rich, relative to the raw coal.
The fact that it is mostly extractable only after preheating to temperatures
just below the plastic state (see Fig. 3.2-5) could imply that the material
is becoming "mobile" at these temperatures, and thus can participate in

this hydrogen donation mechanism throughout the coal. The two-step
behavior of the extractables, shown in Fig. 3.2-5, is typical.

Wiser (1968) and Neavel (1973) draw parallels between the above
internal coal "solvation" process, and coal ligquefaction in the presence
of an external hydrogen donor solvent (e.g. tetralin). Neavel proposes
the following sequence of events during pyrolysis:

1. The mobility of micelles {packets of molecules) begins

around 350-400°C (slow heating) as Van der Waals forces and
hydrogen bonds are weakened (physical melting). The bitumen
(the chloroform extractables) serves as a soluating vehicle
and hydrogen donor during this phase.

2. The viscosity decreases as bond rupture leads to reduction of
molecular size, but only as long as the free redicals formed
are stabilized by donor hydrogen.

3. As donor-hydrogen is depleted, the radicals formed will stabilize
by condensation or repolymerization, and viscosity will again
increase., Light molecular weight materials will continue to
volatilize, or will be incorporated into the residue via radical
reactions.

4. The metaplast sets up as a semi-coke.’
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From this analysis, four characteristics are necessary and sufficient
for plastic development
- Lamellae-bridging structures that can be thermally broken.
(lamellae are layers of molecules in more or less parallel
alignment - graphite is an example of a completely lamellar

substance).

- An indigenous supply of hydroaromatic hydrogen (Van Krevelen's
work suggests only aliphatic hydrogen is necessary, but Neavel
points out that hydroaromatic may be most easily abstracted)}.
It can also be noted that some normally non-plastic coals can
be made to behave plastically if pyrolyzed in the presence of

high pressure (1000 psi} hydrogen gas.

- An intrinsic capability of micelles and lamellae to become

mobile, "melt", indepdently of bond rupture.

-~ A coal of high enough rank (not previously unoxidized)so that
relatively weak oxygen bonds cannot consume the available hydrogen

and crosslink the char before plasticity can set in.

ks regards the relative strength or weakness of various oxygen bonds,

Van Krevelen (1961) presents data on the stabilities of various types

of functional groups (Table 3.2-4). It can be seenh that oxygens attached
to aromatic structures are quite stable, relative to those attached to
aliphatie carbons. But it should also be borne inm mind that phenolic
hydroxyls can decompose at temperatures which are still below the
decomposition temperatures of carbon-carbon bands.

One final facet of Van Krevelen's work with model compounds is the
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Table 3.2-4 Stability of Some Oxygenous
Substances, from Van Krevelen (1961)

Oxygen function

Substance considered

Decomposes at °C

R—ar—C—ar —0H

R—ar—-0—ar—r

Polyformaldehyde, cane sugar
polyoxymethylene bridge
bewteen two aromatic units

Dibenzylethers

Cellulose

Lignin, phenetole-formaldehyde
resin g

Phenol and p-cresolformaldehyde
resin

p-Polyphenylether, phenyl-2-
naphthylether, the polyconden-
sation product of this sub-
stance with formaldehyde

dibenzanthrone

200-250

200-250

325-350

380~430

380-430

400-500

490
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dependence of softening behavior upon the degree of polymerization, i.e.
the number of methylene bridges per aromatic cluster monomer. If there
is, on the average, fewetr than one bridge per monomer as in this sample

structure Ar-CH,-Ar-CH, -Ar-CH,-Ar-CH

2 2 9 Z—Ar (5 monomers, 4 bridges), then

physical softening or melting may be a possibility,
If there are, however, more than one byidge per monomer, as below,
then it is suggested that depolymerization is a prerequisite for

softening:

. /CH{ /;\r"- CH"-\
- Ar CH,  Ar-CH-Ar

£

N P P
_CH;AF—CHi

(5 mongmer uﬁité, 6 bridges)

In concluding this section. on Van Krevelen's considerable contributions
to the understanding of pyrolytic phenomena, it would be fair to say that
his work provides significant insights dinto the processes occuring during
pyrolysis, and begins to provide predictive power.

Another set of classic coal model substance studies are those of
Depp, Neuworth and coworkers (1956,1957). These workers examined a
class of compounds prepared by condensation of pyrene alkanoic acid with
2,6 - xylenol and another class by condensation of pyrenyl chloride with
2,4,6 methylphenol or 3,5xylenol. Examples of the resulting structure are

shown below: ci

3

(CHz)n—CH2 - OH

CH3
n=0,1,3

(1)
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CH

CH,~0 — CH,
(I1)

These structures contain no carbonyls, because the authors felt that
the evidence supporting their existence was not strong. The compounds
were pyrolyzed at temperatures of 425°C attained at an average of 3-4°C/min.
Detailed product analyses were conducted. In all cases, the yields of
tar from the model compounds was far in excess of that which was obtained
from Pittsburgh seam bituminous coal, but this is not surprising because
the model molecules were undoubtedly much smaller than the average 'coal
molecule".

The results from pyrolysis of compounds of Type (I) seems to support
some of the conclusions reached by Van Krevelen, namely:

- As would be predicted, the aliphatic linkages rupture first,
producing free radicals that abstract hydrogen from other
aliphatic linkages.

- Formation of rather stable structures resulted from hydrogen
abstraction, and these would eventually become part of the coke.

Study of the model substance containing the ether linkage (LI)
vielded the expected result; the labile bend is the ether-alkyl bond which
upon free radical rupture is stabilized by hydrogen capture.

Czuchajowski (1961) applied infrared spectroscopic methods to the
study of pyrolysis of model compounds. Among the substances examined
was the same class of polycondensed aromatics as Wolfs, Van Krevelen and
Waterman studied. It was found that the 1600 cm_l band (see section on

coal structure) was indeed present in non-oxygenated polycondensed



185

aromatics, but curiously its intensity decreased with the increasing size
of the polycondensed aromatic nuclei (it is strongest in the polyphenyl
resin, and weak in phenanthrene, pyrene, and chrysene resins). Upon
carbonization, model substances and coals with carbonyls present
(presumably quinonoid) showed  markedly different €hanges from the above
compounds in 1600 cmﬂl absorption with temperature. Polycondensates and
polyphenyls show a consistent trend towards lower 1600 cm_l absorptions
with temperature, consistent with a view that condensation is occurring.
The decrease in the 1600 cm_l band is much more dramatic in substances
where chelated carbonyls are thought to exist. The fact that the

decrease in the absorptions at both 1600 cm—l and 3300 cmﬂl parallel each
other during the initial phases of carbonization of compounds suspected
of containing chelated carbonyls is encouraging. Although chelated
hydroxyl does not absorb at 3300 cm_l, it might be expected to behave

in a similar manner to unchelated hydroxyl. Then the fact that hydroxyl
groups are being eliminated at the same rate that the presumed chelated
quinones are disappearing seems to be strong evidence for their existence.
Although not discussed by the author, the disappearance of the 1600 cm—l
band should occur with an increase of a band closer teo 1700 cm_l, unless
the carbonyl structures are destroyed at relatively low temperatures
(which should not be the case, based on Van Krevelen's data).

Also observed by Czuchajowski was the fact that the temperature
dependence of the disappearance of hydrogen bonded hydroxyl is dependent
on the degree of structural condemsation. In raising the degree of
condensation of humic acids-(élkali soluble products of plant lignin
decomposition), the temperature of disappearance of the 3300 cm-.1 band can

be raised from 380°C to 500°C.
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Sweeting and Wilshire (1962) studied the pyrolysis of several ww”
diphenylakanes '(C6H5(CH2)RC6H5, n=1,2,3,4,6). Thei£ evidence appears
to reconfirm the mechanistic picture developed by the other studies
described in this section.

Jiintgen amd Van Heek (1968) studied the decomposition of various aro-
matic systems substituted with o#ygen'fumctional groups. Their data,
taken at about 3.5 to 5.8°C min heating rates are summarized in Fig. 3.2-6
and included in Table 3.2-3. The authors feel that the low wvalue for the
activation energy for the first step of water release from protocatechnic
acid indicates physical ;ather than chemical control (the 100+°C tempera-
ture supports this view). In addition to the substances given in Fig. 3.2-6,
Juntgen and Van Heek (1970) also studied the release of water during
various other anhydride and ester forming reactions, and correct the
analysis of data on cellulose degradation experiments run by Van Krevelen
et al. (1951, see Table 3.2-3). It is not clear how much can be concluded
mechanistically from these data, since no data are given concerning other
products or the behavior of the solid phase. Some of the activation
energies loock reasonable, in terms of absolute reaction rate theory applied
to solids (see section 3.2.3). Tt is rather unlikely, however, that any
of thestructures studied can be found in coal, at least in signigicant
gquantities.

Another entirely different approach to model substances involves
attempts to "create' coal from various plant materials or lignites by
hydrothermal treatment. Khemchandani et al. (1974,1976) recently described
their attempts with sawdust, cork, and lignite. Such work is principally
aimed at determining the mechanism of cecalification. The model coal

substances so derived are inappropriate for detailed mechanistic studies
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of coal carbenization, since their chemical structure is in general, as
ill1-defined as coal's itgelf.

The degradation of naturally occurring polymers (e.g. cellulose) and
a whole range of man-made polymers (e.g. polystyrene, pelymethyl
acrylate, polyvinyl alcohol) has quite naturally attracted a good deal
of interest among coal researchers. To try to review the literature on
thermal degradation of polymers is far beyond the scope of this review.
General references on the topic are the books by Grassie (1956) and
Madorsky (1964), and a brief discussion, naturally enough, by Van Krevelen
(1976} .

As has already been indicated, Table 3.2-3 gives a variety of activation
energies and pre-exponentials for various polymer decomposition reactions.
The fact that so many depolymerization reactions have activation energies
comparable to coal "depolymerization" is hardly surprising if one comsiders
them to both proceed principally by radical processes. However it is
difficult to apply such tidy polymer concepts as the "ceiling temperature"
{the temperature above which the rate of depolymerization becomes faster
than that of (re)polymerization; see Dainton and Tvin, 1948). Nor is the
elucidation of mechanisms of degradation of even "simple" polymers always
straightforward. Except for perhaps being able to shed new light on the
behavior of particular functional goups (which can in itself by very
valuable), the literature on the thermal degradation of polymers (the
small subset reviewed by this author) does not alter the basic mechanistic
picture derived from substances closer in structure to coal.

An interesting facet of the study of thermal degradation of cellulose
is that it has shown something of a dependence on heating rate (Martin,

1964; Lewellen et al. 1976). Again, it is not clear whether enhanced
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transport of volatiles is principally responsible, or whether the primary
decomposition is a competitive reaction process.

In concluding this section on model compounds, it can be seen that the
results are, in general, what a sound knowledge of organic chemistry might
lead one to expect. The work has usually been qualitative in nature, rationali-
zation of observed behavior with still only tentative efforts at developing
quantitative understanding (predictive power). The implication in terms
of coals, with far less completely characterized structures than these
model compounds, is that detailed predictive capability may be a long way
off. This may be especially true in terms of systems where mass and heat
transport characteristics are very different 'from those studied (recall
most model work has been done at slow rates of heating).

With regard to new directions in model compound work, the efforts of
Gavalas (discussed in the section on coal structure) will be watched with
considerable interest. Although constructing his "model compounds" and
reaction pathways by computer rather than by experiment, it will be inter-
esting to see how these "model compounds" compare te real coal behavier.
The success (or failure) of these efforts may go a long way towards
explaining how simple or complex model substances must be to effectively

simulate coal pyrolysis behavior.

- Mechanistic Tmplications of Structural Changes in Coals Undergoing
Pyrolysis

Brown (1955a) examined the infrared spectra of coéls pyrolyzed to
800°C at a rate of 1.25°C/min, and held for one hour and found rather
little change in the spectta of a caking and a coking ceal up to 300 or
400°C. At 460°C, however, very marked changes become apparent. Whereas

the coal started with a ratio of (H / } of about 0.5, by 460°C

. fH_.. .
aromatic’ "aliphatic
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the ratio is about 2. Hydrogen bonded pheolic OH groups are removed
primarily between 460 and 550°C and C~C crosslinks between aromatic
systems are formed. By 550°C little of the aliphatic structure is left,
and aromatic hydrogen is being removed. Brown concludes that his data
support Van Krevelen's metaplast model.

An interesting conclusion of Brown's work also concerns the difference
between caking and coking coals. He concludes that a good coking coal is
characteriztd by a lower hydroxyl content than a caking coaland feels that
the presence of -OH in the temperature range 400-~460°C may be an important
factor in determining coking quality.

Diamond (1960) conducted x-ray studies of vitrains pyrolyzed at
temperatures up to 1000°C. The x-ray techniques involved were the same
as those employed by Cartz and Hirsch (1960} in their studies of struc-
tural characteristics of vitrains. Diamond did not carefully control
heating rate; samples were permitted to rise to temperature exponentially
in 3 hours, and then maintained at temperature for 3 hours. In examining
Diamond's data (Fig. 3.2-7) we must bear in mind the objections to the
x-ray analysis technique raised by Brocks and Stephens (1965): this has
its greatest impact om the uncertainty in layer diameter (of planar
aromatic regions).

It is immediately striking in examining Fig. 3.2-7 to see how some
structural property changes seem well correlated with others and totally
uncorrelated with yet others. For purposes of this discussion, the
behavior of 84% C caking bituminous coal will be focused upon. Up until
about 300°C relatively little has apparently happened. Weight loss is
about 6%, and the mean layer diameter, intralayer carbon4éarbon band

distance and mean interlayer spacing are all roughly the same as for the
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raw coal, as reported by Cartz and Hirsch (1960).

Weight loss increases sharply between 300 and 400°C, over this
range some hydroxyl groups are probably being eliminated, and some tar
formation may begin. Little additonal aromatization is in evidence, but
the mean interlayer distance falls, perhaps indicating the physical melting
of micelles. 1In the range 400-300°C, the remaining hydroxyl o#ygen'is
eliminated, condensation reactions (leading to larger layer diameters)
commence, the average interlayer spacing is at a minimum, and the mean
€-C bond distance is at a minimum., The maximum in the average number of
layers per stack (or stack height) was also observed in earlier x-ray
work with softening coals by Blayden et al. (1943).

In the range of 400-500°C, the average length of carbon-carbon bonds
exhibits a minimum., This decrease in bond distance can be rationalized in
part by the existence of free radicals which increase bond order and
thereby decrease bond lengths. However, Diamond feels that this explana-~
tion may be subsidiary to one in which aliphatic side chains (C-C
bond length 1.54 ;) are removed, thus decreasing the average intralayer
bond length slightly.

Finally, as temperatures above 600°C, are attained, the rate of weight
loss falls off and the secondary degasification phase beings, wherein a
large amount of aromatization occurs, as evidenced by the increase in
average layer diameter and the approach of the C-C bond length toward the
graphite limit. Curiously, the mean number of layers per stack drops, but
Diamond attributes this to the spreading out of lamellar layers by mergers
of smaller layers. It can be seen that the mean interlayer spacing does
not approach that of graphite. This observation is reasonable in that

many coals cannot be graphitized by heating. Diamond implies that this
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may be due to stereochemical hindrances such as the existence of non-planar
small layers or amorphous carbon.

In comparing the behavior of various bituminous coals and an anthra-
cite, Diamond notes that among bituminous coals, the carbonization temper-
ature plays a larger role in determining structure than does original
rank, The anthracite, however, appears to be much more "ordered" to start
with and approaches graphitization much more closely than bituminous coals.
The work of Blayden et al. showéd that a low rank coal (a Polish Brown
coal of 68.2% C, daf) behaved in somewhat the same manner as bituminous
coals with respect to the increase in mean layer diameter with temperature,
Although the brown coal and anthracites studied by Blayden did not show
maxima in the stack height as did bituminous coals in the range 400-500°C,
they did nevertheless show the same type of minima between 700° and 1000°C.

The aforementioned maximum in stack height, in the range 400-600°C
is then a property of softening coals. Blayden discovered that height
of the maximum could be increased and sharpened by decreasing the heating
rate from 5°C/min to 2°C/min., Furthermore, pyridine extraction of the
components responsible for fluidity also eliminated the maximum, These
data provide firm support for the theories on coal plasticity already
presented. Namely, the first step in the pyrolysis of a softening coal
involves the softening of micelles, which allows greater ordering of
stacks, and that the extractiblé portion acts as a solvating agent and/or
hydrogen donor during this process. The chloroform extractable portion
of the coal, discussed previously, is probably the more "active" fraction
of the pyridine extract studied by these workers. These ObserVafions
also lend support to some other theories advanced previcusly. The

evolution of tar and elimination of hydroxyl groups does not immediately
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lead to much of an increase in the average size of the aromatic nuclei.
Thus the material evolving probably has the same type of aromatic character
as that left behind (in terms of the size range of polycyelic nuclei
evolved vs those in the residue). The difference in products at the
early stages of pyrolysis probably is one of the degree of hydrogenation
vs degree of crosslinking. Large increases in aromatization begin only
when the rate of weight loss has already fallen to very low levels.

Marsh and Stadler (1967) discuss the relationship between the x-ray
studies of changes upon pyrolysis, and compare them to the changes
observed by polarized light and electron diffraction. The 400-500°C growth
of "anisotropic spheres" of 10-100u has been observed by polarized light
microscopy of softened coals. These spheres are regions of macroscopic
order which are detected by optical methods involving relatively long
wavelenghts. X-ray studies of structure, because of the much shorter
wavelength of radiation involved, do not detect this long-range order
(presumably due to stacking of macormolecules), but only detect the
short range order due to overlap of small "pieces" of the macromolecules

Oelert (1968) used infrared spectroscopy to obtain quite detailed in-
formation on the chemical changes occurring during slow (0.05°C/min)
pyrolysis at low temperatures (3 hours at 300°C, maximum). Fig. 3.2-8

presents a few of the results obtained. The values for CH. and CH .
3 aromatic

1

were taken directly from spectral bonds at 1380 cm 1 and 910-650 cm
respectively. Phenolic groups were estimated by acetylation followed

by monitoring of the 1750 cm-l band. CH, was calculated by difference

from a knowledge of the ultimate analysis. (This group may then also contain
some tertiary CH hydrogen.) Aromdatic carbon not bound to hydrogen or

oxygen was also calculated by difference (and so must contain some
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tertiary CH carbons). The assignment of the 1640-1540 em ! band to -
quinonic carbonyl groups is also questionable. Thus in a few Tespects
these results must be considered approkimations. The fact that the cal-
culated aromaticities of the raw coals are reasonable lends support to

the approximations employed ? , ~

Qelert observes that in all cases, there is a loss of methyl carbon
(to the extent of 20-30%, not shown in Fig. 3.2-8) prior to softening
of the coal. In the case where such measurements were available, this ini-
tial loss of methyl- coincides with a gain in methylene-carbon. It may be
inferred from this behavior that at least part‘of this initial loss of
methyl carbon is due to the type of hydrogen donation mechanism postulated
by Van Krevelen, rather than a simple loss of methyl as methane. The data
in this regard are somewhat sketchy, though, and do mnot ineclude volatile
product analyses, which might help settle the issue.

Within the range of temperatures associated with plasticity, the
contents of both methyl and methylene carbons decrease, while the content
of aromatic carbon begins to increase. The more dramatic increases in
aromaticity begin after a fairly substantial portion of the weight loss
has occurred, but prior to resolidication of the plastic coal. The
behavior of the phenolic groups was rather peculiar, in that their
content went through a slight maximum (see Fig. 3.2-8). The author
attributed this phenomenon to light oxidation during handling of samples.
The temperature of decomposition of phenolic groups is upwards of 450°C,
which compares reasonably favorably with the temperatures observed by
Czuchajowski (1961) in his work with low-rank coals.

Unfortunately, the use of the band containing the much disputed 1600 cmfl

band to quantify quinonic oxygen leads to some uneasiness about the reported
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behavior of those groups. The decomposition temperatures

reported by Oelert are in the range 430-500°C.

-

Oelert compares the yield of methane from thermovolumetric experiments
with that calculated from the methylcontent, were all methyl ultimately

to become methane. The results are given below (all for 500°C):

Coal (V.M.%) CHA'from Experiment CH4 calculated from IR data
13 80.0 7 80.7
17 80.5 88.7
20 88.0 100.3
22 88.8 107.1
27 89.0 111.2
35 84.0 98.9
37 81.3 86.9
39 81,6 90.4

The calculated values are always too high, by as much as 25%., The
author's interpretation is that methyl groups play a dominant role in
methane formation. It 1s not clear from these data alone whether the
"hydrogen donor'" role ascribed to them by Wolfs et al. (1960) is also
supported.

Broad-line NMR measurements of coals and chars have been made by
Ladner and Stacey (1965). The rather modest decrease in the second
moment below 400°C (at a heating rate of 1 1/4°C min) is consistent with
Oelert's picture that methylene (plus'hindered"methyl, if present) do not
decrease by much below this temperature. Above 400°C, there is a marked
decrease in both.

It can be concluded, based on the results presented in this section,
that the theory of coal pyrolysis originally postulated by Van Krevelen
and Fitzgerald and their co-workers has gained considerable experimental
backing. There reamin a great many areas, however, which could very
profitably be explored further (e.g. the very important role of hydroxyl
groups, the determination of the precise nature of "hydrogen-donor' -
hydrogen recipient interactions).

The mechanistic studies ot date have mostly been involved with

pyrolysils at relatively slow rates of heating; it would be of considerable
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interest to compare the behavior at slow rates of heating to that at high
rates of heating. The range of temperatures studied has cccasicnally
been low as well, but at least in the case of infrared studies this has
partly been dictated bylthe nature of the experiment (coal pyrolyzed
slowly to temperatures much above 500°C becomes opaque in the infrared).
In general, no one technique will be able to yield all of the information
of interest. In the past, Interest has also been heavily oriented towards
coals that show softening upon heating; with current interest in utilization
of low-rank (generally non-softening) coals, it becomes necessary to
focus more upon the differences in the mechanisms of pyrolysis of high
and low rank coals.

This study, for reasons of time and resources, hags not been able to
employ the techniques described above for elucidation of the mechanism
of pyrolysis. TInstead of approaching the problem by direct measurement of
physical and chemical processes occurring in the reactant (ceal/char), the
approach has been from the other direction, namely, examination of products.
The identity of the products and the time-temperature history used to
produce them are used to infer what may actually be going on in the
coal/char. Such an approach is necessarily fraught with empiricism, as
there is no way to establish that a particular product (that itself may
not be particularly well characterized) results from the reaction of
some particular structure{s). The exception to this generalization is
perhaps in clever experimentation, whereby one chemically changes the
original structure in a known way and monitors the change in products
(typical examples being the use of dueterated and radicactively labelled
species). The difficulty with coal is that the reactant is so 111~
understood that it is difficult to change any particular feature in a

known manner and yet leave the coal structure otherwise unchanged.
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In recent years, the continued development of more sophisticated
analysis tools for the study of heavy liquid and solid organics bodes

well for the study of coal and its reactions,

Effect of Coal Type and Pyrolysis Conditions on Pyrolysis Behavior

This section explores briefly the evidence for the effect or lack
of effect of the wvariables listed in section 3.0. For a more thorough
treatment, the reader is referred to Anthony and Howard (1976) or
Howard (1977).

Effect of Coal Type

Table 3.2-5 lists the results of various workers on various coals,
There are a large number of final temperatures and heating rates involved,
so caution must be exercised in making direct intercomparisons; The
results from this study and those of Loison and Chauvin (1964) were both
obtained at heating rates of about 1000°C/sec and final temperatures of
about 1000°C, so they constitute a relatively consistent set. The data
of Campbell and Stephens (1976), Fitzgerald and Van Krevelen (1959), and
Jintgen and Van Heek (1977, also Hanbaba et al., 1968) were all obtained
at low heating rates. It is not clear whether the lower V*/VM values
obtained by Fitzgerald and Van Krevelen are due to an effect of heating
rate, volatiles cracking, or merely because lower temperatures were
involved than in the work of Loison and Chauvin and this study. The
next section will discuss the importance of temperature in more detail.

In general, the data suggest

~ Methane and Ethane yields rise, and then Fall again with
rank. The scatter in these data partly masks this behavior,

but the same phenomenon has been reported by Hanbaba et al. (1968).




Table 3.2-5 Comparison of Ultimate Yields of Pyrolysis Products from Coals of Various Rar¥ Part I

% by Weight (1) 2 @O (3) (4) (5) (3) (3) 3 (4) (3)

C {(daf) 71.2 73.5 77.9 80.0 80.2 83.6 85.0 B5.8 86.7 86.8 87.3

H (daf) 4.6 5.8 5.5 5.1 4.9 5.1 5.2 5.1 4.9 5.3 4.7

N {daf) 1.1 1.2 1.4 - 1.2 1.6 - - - 2.0 -

0 (daf) 21.8 18.7 9.3 12.7 13.4 7.6 8.2 6.3 6.3 4.7 5.3
M (daf) 44.3 - 44,6 38.6 41.9 39.5 36.7 32.9 29.2 30.6 22.6
ash{dry) 16.6 9.1 11.5 5.7 2.0 4.0 7.7 5.8 16.4 4.8 9.7

T°C 1000 1600 1000 1050 730 To ~ 1000° 1050 150 1050 730 1050
%%‘°C/sec 1000 0.06 1000 1500 $.03 4x10 Sto 03 1500 1500 1500 0.03 1500
daf Yield

of Gases,
Z by Wt.

co 11.3 5.8 2.8 6.0 6.4 3.2 2.5 4.0 2.5 1.9 1.5

002 11.4 11.3 1.4 2.8 1.6 0.81 0.93 1.6 1.5 0.41 0.63

H20 11.6 - 6.2 5.5 7.0 2.4 4.4 4.7 3.1 4.0 2.7

H2 0.60 1.1 1.2 1.0 1.4 3.1 0.93 0.99 1.2 1.9 1.1

N - - - - - 0.95 - - - - -

CHA 1.6 4.7 2.9 2.2 2.9 4.1 3.1 2.5 3.1 4.1 2.9

C2H4 0.67 0.23  0.95 - 0.16 0.17 - - - 0.20 -

C2H6 0.28 0.87 0.58 - {0.40) 0.74 . - - - 0.82 -
Sum of . 37.5 - 16.0 17.5 19.9 15.5 11.9 13.8 11.4 13.3 8.8

Above
Tar (daf) 6.5 - 26.3 20.0 - - 24.3 2,67 20.5 - 17.6
%
vV /WM 1.01 - 1.17 1.01 0.88 - 1.02 1.18 1.09 0.98 1.25

(1) This study (2) Campbell and Stevens (1976) (3) Loison and Chauvin (1964)
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% by Weight (3) (3) (%) 5 (3) (5)
C (daf) 87.5 87.9 88.6 89,3 90.1 91.0 91.7 93,7
H (daf) 4.6 4.5 5.0 4.3 3.7 4.0 4.1 3.5
N (daf) 1.7 - 2.3 1.6 - 1.6 1.9 1.4
0 (daf) 5.3 5.0 3.7 3.0 4.3 2.1 1.9 1.0
VM (daf) 28.9 19.4 23.3 19.1 10.0 10.0 13.7 8.2
Ash{dry) 7.4 6.8 3.7 6.5 16.3 6.6 0.8 1.7
T°C To ~ 1000° 1050 730 To ~ 1000° 1050 To ~ 600° 730 730
T sec 4x10 “¢o0 .03 1500 0.03 4x10 ° to .03 1500 low 0.03 0.03
daf Yield
of Gases,
% by Wt.
co 1.9 1.2 1.6 1.7 2.3 1.6 1.3 1.1
co2 0.75 0.61 0.26 0.71 0.79 0.63 0.08 0.0
H20 1.3 3.2 3.1 1.1 1.8 0.72 0.96 0.0
H, 3.4 1.2 2.2 3.5 1.1 3.8 2.3 2.3
N, 0.66 - - 0.42 - 0.35 - -
CH{; 4.7 3.0 4.4 4.4 1.1 2.8 3.5 2.4
C,H, 0.15 - 0.21 0.13 - 0.04 0.13 0.06
C2H6 0.74 - 0.67 0.51 - 0.12 0.27 0.07
Sum of 13.6 9.2 12.4 12.5 7.1 10.1 8.5 5.9
Above
Tar (daf) - 15.7 - - 2.1 - - -
*
v /UM - 1.30  0.90 - 1.00 - 0.80 0.73
(1) This study (2) Camplbell and Stevens (1976) {3) Loison and Chavuin {(1964)

{A) Flezperald and VYan Kraevalen (1959) (5)Hanbaba et al, (1908 ) Hintpgen and Van Heel (1977)
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- Ethylene yield increases with decreasing rank.

- Oxygenated species all increase with decreasing rank.

- Tar (in this case, generally room temperature condensible
molecular weight >120) yields show a distinct maximum
in the low rank bituminous range. Lignites and very high

rank coals do not produce much.

The production of hydrogen gas is particularly sensitive to the amount

of secondary reaction possible in the system and also to the length of time a

coke is held at temperature'(driving off the remaining aromatic hydrogen).

The hydrogen values obtained by Jiintgen and coworketrs appear higﬁ'when-
compared to the results of all other workers. The amount of hydrogen in H2

and CHA alone often accounts for more than is present in the coal to begin

with. Even leaving out these questionable values, no clear trend is evident.

Jintgen and coworkers were, however, able to measure the vield of
molecular nitrogen. The values obtained represent significant percen-
tages of the nitrogen in the raw coals.

These data suggest that some predictive power may already be availa-
ble. Fig. 3.2-9 shows a comparison of phenolic oxygen content with
pyrolytically formed water (not moisture) oxygen content, The agree-—
ment with the curve suggested by Given {(previously discussed) is outstan-
ding, with the exception of the water from the lignite used in this
study and the data from Juntgen and Van Heek (1977), which appear to be
consistently low.

Agreement between carboxylic oxygen and oxygen in the 002 product
is not as good, but is nevertheless acceptable at high ranks. The
discrepancy at low ranks is again more sizable. There is evidence in

the literature that the loss of carboxyl groups from low rank coals is
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among the lowest temperature pyrolysis phenomena. The appearance of a
large amount of 002 as the first major (chemically evolved) species during
pyrolysis of the lignite in this study is suggestive of this behavior;

the yield from the low temperature phase of pyrolysis of this lignite

and Campbell and Stephen's subbituminous coal are shown as circles in

Fig. 3.2-9. This staged behavior during pyrolysis will be discussed

at length later. The agreement with the carboxyl content is then fairly
good. Assuming the carboxyl content estimates are accurate, then it

must be the case that CO2 arises from other sources as well, especially

in low rank coals. A small amount may be due to the carbonate mineral

decomposition, but at least in the case of the lignite in this study,

9 Thus some 002 must

this can account for but 1/3 of the additional CO
be formed from non~carboxyl structures during pyrolysis. The remaining
coal oxygen 1s evolved as part of the tars, or as CO.

The mechanistic origins of the various hydrocarbons is much less well
determined. As discussed in the previous section, IR evidence suggests

that methane yields are consistently lower than that which would be expected

from methyl carbon.

Effect of Temperature

In studying the thermal decomposition of a pure substance A, if
one postulates that the reaction is first order and governed by an
Arrhenius rate law, then the extent of reaction is simply derived from an

appropriate integration of

d(A)  _ _, E/RT

dt 0 (8)

If ko is a typical 1Ol3sec:_1 and E a typical 55 kcal/mole, then a
reaction which at low temperature carbonization temperatures 5300°C takes

over 4 minutes, can occur in .2 milliseconds at 1000°C.
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Since coal is a heterogeneous material with many types of reac-
tive sites (any site can be reactive if the temperature is sufficiently
high), it is natural to expect that.its pyrolysis will involve many
different types of reaction pathways, each with its own characteristic
activation energy. The overall behavior of the coal will be determined
by a set reactions some perhaps parallel and independent, others
consecutive,others perhaps competitive.

Tt is in this respect alsc that the A,S.T.M, proximate volatile
matter test is arbritrary-heating for seven minutes at 950°C does not
ensure "complete” reaction of the coal. It ensures that some, but
not necessarily all, reactions have gone to completion.

It is also for this reason that the data of Kimber and Gray (1967a,b),
Kobayashi (1977), and Ubhayakar et al.(1977) (Table 3.2-2) and Blair
et al.(1977) are not directly comparable to the other data; because of
the exceedingly high temperatures involved in these'studies (1800-2000°C),
a completely different set of decomposition reactions with very high
activation energies could be involved.

Many pyrolysis studies have focussed upon obtaining time;temperature
resolved rates of production of various gaseous species from coal. Form
these data, kinetic constants can be determined, and an overall model
of coal pyrolysis formulated. Two of the more recent studies of this
kind have been those of Jintgen and Van Heek (1971,1977) and of Campbell
and Stephens (1976). TFig. 3.2-10 and 3.2-11 present some of their data.
Both sets of data appeared in integrated form in Table 3.2-5 as vields
obtained up to 1000°C (by heating at slow rates, 1 - 3.5°C/min).

Both sets of data show how some products are formed in 2 or 'more
distinct stages (COz,CO), while other products are characterized by a

single, rather broad peak. The data in both cases were obtained by
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on-line mass spectroscopy, but in neither case was mention made
concerning possible sampling lags. Presumably the low heating rates
involved help to avoid the troublesome measurement lags observed by
Blair et al.(1977) at higher heating rates. A comparison between the
data obtained by these workers and the results of this study will be
discussed in a later section.

In summing up the contributions of all individual products, a
smoothed overall weight loss curve usually results., Fig. 3.2-12 shows
a family of such overall weight loss curves as functions of the
residence time at a particular temperature (Howard, 1977). The data
shown were collected by various techniques and on various coals. The
apparent assymptote at 1000°C may not be a true assympt