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The challenge to obtain comprehensive analytical information on
fossil fuels has led to the development of advanced methods in analytical
pyrolysis. Extention of material science characterization techniques to
coal and shales has permitted compositional data (elemental and structural)
to be obtained on the solid and generated volatiles. CDS instrumentation
has been successfully applied in both material sciences (1) and fossil fluel
studies (2-4) with emphasis on the simulation of process conditions
coupled to on-line gas chromatographic (GC) analysis. Analytical pyrolysis
coupled with advanced concentrator technology is now applied to fossil
fuels to provide a more complete range of information in a cost-effective
manner.

Development of a thermal degradation profile involves application
of controlled thermal inputs under inert and reactive atmospheres within
the range of realistic process conditions. Experimental design for the
coal and shales has utilized the Pyroprobe 123 system coupled to a modern
GC unit with capillary column capabilities. Evolved volatiles are produced
from either pulsed pyrolysis or programmed heating throughout chosen temp-
erature intervals between 100-1000°C. Both inert and reactive atmospheres
influence the nature and amount of evolved volatiles. The latter are
trapped on a concentrator trap that is integral to the 123 system; the
volatiles are then thermally desorbed as a sharp pulse into the GC. Since
these data are obtained from weighed (milligram) amounts of coal shale
samples, mass balance calculations may be obtained under the full range of
imposed thermal/reactive treatments.

Figure 1 shows the ¥FID/GC chromatogram of volatiles evolved from
5 mg of coal under an (a) oxidative (air) and (b) inert (helium) atmosphere
in the low-temperature range (held at 275°C for 10 minutes). This analysis
of the volatiles illustrates the type of GC pattern which, when coupled
with identification and quantitation, provide the needed detailed structural
information. Selected reference compounds and internal standardization pro-
cedures allow specific monitoring of substances and their fate under the
chosen conditions, i.e. water, entrapped gases, etc.

In addition to the low-level thermal processing of fossil fuel
samples under inert, oxidation, or reductive atmospheres, higher temperatures
at varying rates may be imposed upon the samples. In Figure 2, pyrolysis
patterns are shown from a coal sample treated at 60°/min to 1000°C for 32 min.
under an (a) air and (b) helium atmosphere. The evolved volatiles were
collected in the internal Tenax trap and subsequently thermally desorbed into
the capillary GC system umnder the conditions given in Table 1. Other
workers have shown that l-alkene/alkane ratios are correlated to process
yields from oil shales (5).



Previous studies in material sciences with complex polymer formu-
lations for smoke, flammability, and toxicity studies have also shown that
oxidative thermal treatments markedly alter the generation and reaction
of polyenyl free-radicals in the solid phase (6). Certain organic/inorganic
matrices produce increased cross-linking and char when pyrolyzed under oxi-
dative (combustive) atmospheres, while increased chain-scission and greater
volatilization resulted from degradation under inert (pyrolytic) atmos-—
pheres. Conjugated aromatic structures are dramatically affected by these
factors.

Further studies to control and optimize the thermal degradation
pathways of complex organic systems have shown that certain inorganic
additives are very effectiye. The role of transition-metal compounds has
been studied extensivyely (7) as smoke suppressant additives that promote
extensive cross-linking in the solid phase by a proposed "reductive
coupling" mechanism (7b). Hence, screening of such additives to effect the
desired chain-scission and volatilization is directly accomplished by the
analytical pyrolysis method. Thereby, addition of selected inorganics or
organometallics to the coal or shale matrix permits optimization of
degradation pathways in coal gasification, denitrification, or desulfuri-
zation processes. Illustrations will be shown to demonstrate this role of
analytical pyrolysis.

Finally, in concert with the detailed monitoring of key products
and the chromatographic patterns as a function of these thermal/reactive
treatments, the overall elemental composition of coal and shales is
important data. A unique capability of CDS instrumentation is shown in
Figure 3 with the simultaneous determination of CHNS content of a typical
coal sample. 'This analysis is accomplished by on-line reaction GC to
effect standard microchemical conversions of the volatiles generated from
the coal sample (heated to 1300°C in oxygen). With such data, effective N
or S removal treatments may be monitored in concert with the volatile
composition, since only a few milligrams are needed for these analyses.

In summary, it can be demonstrated that valuable information is
generated in laboratory scale by simulation and analysis of realistic
process variables of temperature, atmosphere, and catalytic additives. This
data should aid on-going coal conversion process technologies as the thermal
degradation profile is further developed.
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Table 1

320 Concentrator

Sample: 5 mg coal in quartz tube/coil
Pyroprobe
Sampling: Desorber Purge 1 min., no heat
Desorber Heat 250°C for 15 min.
24" x 1/8" OD SS Tenax Trap -
20 ml/min He (or air)
Injection: Backflush Trap A at 60 ml/min.
He (split flow) at 265°C for 5
min to GC
Recondition: Backflush Trap A at 25 ml/min
He at 265°C for 10 min.

Pyrolysis

Sampling: Pyroprobe: 1000°C at 60°/min
for 30 min
Desorber Purge 1 min, no heat
Desorber Heat 250°C for 32 min,
20 ml/min He (or air)
Injection: As above
Recondition: As above

GC Analysis - Perkin Elmer, Sigma II, FID

Column: 25 x .21 mm ID flexible fused
silica WCOT OvV-101

Oven: 40°C, 2 min, then 10°/min to 275°C,
10 min

Split flow: 60 ml/min He; split ratio,

60:1
Detector: Att'n x 10”12 as noted
Chart: 1 cm/min



COAL VOLATILES ANALYZED BY CAPILLARY GC

275°C, 10 MIN.

Figure 1 - Coal Volatiles Analyzed by Capillary
GC ~ Thermal Treatment at Low Temp-
erature (275°C, 10 min) in (a) air
(b) helium
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COAL VOLATILES ANALYZED BY CAPILLARY GC ANALYSIS OF COAL

(a) AR ]
MMM’“ 02
H20
—_—
(b) HELIUM S02

1000°C at 60°%; min

N2

— ._-JL—t Y h

Figure 2 - Coal Volatiles Analyzed by Capillary
GC - Thermal Treatment at high
temperature (100° to 1000°C at _—>
60°/min) in (a) air (b) helium

Figure 3 - On-line, Simultanecus Elemental
C, H, N, 8, Analysis of coal
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INTRODUCTION

This paper considers the application of a recently developed pyrolysis model to the
high temperature rapid pyrolysis of coal in an entrained flow reactor. The model is
based on experiments using a heated grid pyrolysis apparatus, which have helped to
establish a relationship between the chemical structure of a coal and its pyrolysis
products {(1-9)., The relationship has been incorporated into a kinetic model of
thermal decomposition (l1-6) which has the following general features: 1) The time
and temperature dependent evolution of the products of thermal decomposition are
predicted using a general set of kinetic parameters and a knowledge of the coal's
structural composition; 2) the evolution of a species results from the thermal
decomposition of a particular structural element within the coal at a kinetic rate
which depends on the type of element but which is relatively insensitive to coal
rank; 3) much of the needed structural information can be obtained from quantitative
Fourier Transform Infrared (FTIR) analysis of the coal and pyrolysis products. The
model has proved successful in simulating the results of vacuum thermal
decomposition experiments in a heated grid for a variety of bituminous coals and
lignites.

The heated grid experiment has advantages over other pyrolysis experiments in
achieving good mass and elemental balances and in allowing the primary pyrolysis
products to be observed with minimal secondary reactions. It has the distinct
disadvantage, however, that the heating of the coal is slower than in practical
devices and it is very difficult to measure or estimate the time-temperature history
of the coal, While the general concepts of the thermal decomposition model and the
relative magnitude of kinetic rates appear to be valid, the exact kinetic rates
especially at high temperatures are uncertain. To improve the kinetic data, other
experiments are needed. In one approach which has recently been reported, coal is
dropped into a hot furnace and the evolving gases are monitored in-situ with a FTIR
(10). This experiment verified the general features of the model but yielded higher
kinetic rates, The experiment could only follow events on a time scale longer than
a few hundred milliseconds due to the limit imposed by the FTIR scanning rate. Data
was presented for temperatures between 500° and 800° C.

In the present investigation, results are extended to temperatures up to 1470° C and
higher rates using pyrolysis experiments performed in an entrained flow reactor at
Combustion Engineering. In this experiment coal is injected into a hot gas stream
and after a variable residence time of O to 450 milliseconds, the reaction is
quenched. The pyrolysis gas compositions were determined and the chars were
analyzed by FTIR, elemental analysis and optical microscopy to determine the changes
in char chemistry and physical appearance. The time-temperature histories of the
solid particles have been calculated to provide input to the pyrolysis model. The
pyrolysis model was successful in simulating the reactor data after adjustment to
the kinetic rates at high temperatures,

*Work supported under EPRI contracts RP1654-6 and RP1654~-7



EXPERIMENTAL

Combustion Engineering's Drop Tube Furnace System (DTFS) is similar in design to the
reactors described by Nsakala et. al. (11) and Badzioch and Hawksley (12). The DTFS
(Fig. 1) is comprised of a 2.54 cm inner diameter preheater, a 5.08 cm inner
diameter test furnace, a fuel feeding system, and a gas analysis system. Both
furnaces are powered with silicon carbide (SiC) heating elements.

The conditions of this particular experiment were as follows follows: 1) A 200 x 400
mesh gize fraction of Pittsburgh seam coal was introduced by screw feeding through a
water-cooled probe into the test furnace reaction zone; 2) The primary stream
(comprised of the fuel fed at a rate of 1 gram/min and 15% CO,/85% N, carrier gas
fed at 2 liters/min) was allowed to mix rapidly with a preheated down-flowing
secondary gas (15% CO,/85% N,) stream (fed at 28 liters/min); 3) After a variable
distance (zero to 40.6 cm) tge pyrolysis products were aspirated in a water-cooled
probe to quench all the reactions; &) The solids were separated from gaseous
products in a small cyclone; 5) A portion of the gas sample was analyzed on-line to
determine NO_, 0,, €O, CO, and SO, concentrations; and 6) Solid samples were
analyzed by §TIR, ultimaté analysis and optical microscopy. Experiments were
performed with furnace wall temperatures of 1370 and 1470°C. Free fall velocities
of particles in these experiments were small compared with gas velocities; hence it
was assumed that the particles traveled at the same velocities as the gas. Maximum
residence times in the reaction zone varied from 0.342 to 0.453 sec for the higher
and lower temperature, respectively.

PYROLYSIS RESULTS

The physical and chemical changes occurring during pyrolysis are characterized by
the data illustrated in Figs. 2, 3, 5 and 6. Figure 2 follows the infrared spectra
of solid samples collected at various positions in the reactor. The techniques for
preparing and analyzing the FTIR spectra have been presented previously (2). The
figure presents the absorbance from 1 mg of sample in a KBr pellet or 1 mg/1.33 cm“.
The data are for a wall temperature of 1370°C. The results indicate that no changes
occur for the first 5 cm in the reactor. Between 5 and 10 cm the absorbance in the
aliphatic stretch region at 2900 cm = decreases, indicating a decreasing
concentration of aliphatic C-H bonds whjch goes to zero at 20 cm. The behavior of
the aromatic stretch region at 3050 cm * indicates that the aromatic C-H
concentration starts to decrease between 10 and 20 cm, The behavior of the region
near 1200 cm ~ indicates that the density of 0O-C bonds is not decreased during the
initial stage of pyrolysis. The FTIR spectra for the 1470°C wall temperature are
similar except that the aliphatic C-H concentration goes to zero at 10 cm and the
aromatic C-H concentration at 10 cm is about the same as it is for 20 cm in the
lower temperature run.

The samples were examined optically to determine physical change occurring during
pyrolysis. In agreement with the FTIR results, little happens to the samples
collected at 5 cm or less. At 10 cm however, the particles are observed to have
become substantially swollen. By 20 cm they are well formed structures which look
like foamy soap bubbles. The wall thickness in these bubbles appears to be about 1
micron. At 30 and 40 cm the bubbles appear to be more opaque and have shrunk
slightly. Results for the 1370°C run showing samples collected at zero and 20 cm
are presented in Fig. 3. The long dimension of the photomicrograph is 1.9 mm, The
swelling increases the diameter by a factor of about 4,

CALCULATION OF TIME-TEMPERATURE HISTORIES

Calculations were made of the following quantities: 1) the average gas temperatures
in the preheater, the experimental section and the collection probe; 2) the radially
dependent gas temperature in the experimental section; 3) the coal particle

temperatures and 4) the temperature of a thermocouple at positions along the reactor




center line. The calculations include a model for the particle swelling which is
found to produce a rapid temperature rise because of the increase in surface area
for absorbing radiation.

To determine both radial and longitudinal temperature profiles, calculations were
per formed numerically on a PDP/1l computer by considering tubular shells at
progressive cross sections of the flow path. The radial gas temperatures are
calculated for the primary gas core, and for n concentric rings of gas. The total
calculation proceeds as follows: starting at the inlet, with the particle
temperature set equal to the primary gas temperature, n-1 concentric gas rings set
equal to the secondary gas temperature, and the outer ring fixed at the wall
temperature, a system of differential equations are integrated using a Runga-Kutta
integration scheme to determine the temperature of each element at the next time
increment, (Note-The differential equations include: a) radiative heat transfer
between the coal particles and the wall including the effects of the cold injector
and collector; b) convective heat transfer between the coal and the core gas c)
conductive heat transfer within the gas; and d) the heat capacities of the coal and
gas). Using these new temperatures, an average temperature for the gas is
calculated (the temperature after complete mixing), and this average temperature is
used to calculate an average velocity, which in turn is used to calculate the axial
position of the particles and the gas. The results of the calculations were
compared with standard predictions for heat transfer in a pipe (13) and it was found
that under the particular conditions of the experiment the additional heat transfer
due to convection and turbulence (even in the collection tube) could be neglected.
The general conclusion from these calculations is that the particle temperature is
dominated by radiation from the hot furnace walls. The particles heat rapidly and
achieve temperatures close to the wall temperatures. The local gas around the
particles (e.g. the primary gas stream) is heated by conduction from the particles
but the secondary gas stream is not well coupled to the particles. For this reason
mixing effects appeared to be of minor importance for calculating particle
temperatures in the reactor section.

The results of the calculation for the collection probe at 5 and 10 cm are shown in
Fig. 4. For the 5 cm case the particle temperature rises rapidly, driven by
radiative heating. The primary gas temperature also rises rapidly (much faster than
in the absence of the coal) due to heat transfer from the coal. The average gas
temperature is dominated by the secondary gas which is not well coupled to the coal
particles and thus heats as in the case for no coal. The temperature for the coal
and the gas is assumed to fall in the smaller diameter collection probe at a uniform
temperature due to turbulent mixing. To cool below reaction temperatures takes
about 20 milliseconds.

The particle volume is assumed to increase with the volume of evolved gases until it
has reached four times its original diameter, which appeared to be the
experimentally observed limit. According to the prediction at the 5 cm collection
point the particle diameter starts to change slightly for the higher wall
temperature experiment but not for the lower wall temperature. The volatile yield
corresponding to this change would be less than 1%4. These results are in agreement
with the chemical and FTIR measurements of the samples for 5 cm and less which show
no measurable change from the raw coal and with the visual observation of the 5 cm
sample which shows some slight particle swelling for small particles in the high
temperature wall case.

By 10 cm the coal for both wall temperatures has come to within 100 kelvins of the
wall temperature. The coal temperature exceeds the average gas temperature because
of the better radiation coupling to the wall. The particle swelling is complete for
both wall temperatures in agreement with the visual observation of the samples for
10 cm and greater.



PYROLYSIS MODEL

The pyrolysis model assumes a coal structure consisting of highly substituted
aromatic ring clusters containing heteroatoms linked by relatively weak aliphatic
bridges. Evidence suggests that during thermal decomposition these weak links
break, releasing the clusters and attached bridge fragment which comprise the tar.
Simultaneous with the evolution of tar molecules is the competitive cracking of
bridge fragments, substituted groups and ring clusters to form the light molecular
species of the gas. The quantity of each gas species depends on the functional
group distribution in the original coal. At low temperatures there is very little
rearrangement of the aromatic ring structure. There is, however, decomposition of
the substituted groups and aliphatic (or hydroaromatic) structures resulting in CO
release from the carboxyl, H,O from hydroxyl, hydrocarbon gases from aliphatics, H,S
from mercaptans and some HCN and CO from weakly bound nitrogen and oxygen groups.

At high temperature there is breaking and rearrangement of the aromatic rings. In
this process, H, is released from the aromatic hydrogen, CS, from the thiophenes,
HCN from ring nitrogen and additional CO from tightly bound ether linkages. As this
process continues the char becomes more graphitic.

A striking feature of thermal decomposition which was observed for a variety of
coals is that the temperature dependent evolution rate of a particular species is
similar for all coals. This is true even though the amount of the species may vary
substantially from one coal to another, These rates characterize the thermal
decomposition of the various functional groups. They depend on the nature of the
functional group but appear insensitive to coal rank. The differences between coals
may be attributed to differences in the mix of functional groups.

The mathematical description of the pyrolysis model has been presented previously
(1-6). The evolution of tar and light species provide two different mechanisms for
removal of a functional group from the coal; evolution as a part of a tar molecule
and evolution as a distinct species with cracking of the molecule. To model these
two paths with one path yielding a product which is similar in composition to the
parent coal, the coal is represented as a rectangular area with X and Y dimensions.
The Y dimension is divided into fractions according to the chemical composition of
the coal. Y°. represents the initial fraction of a particular component (carboxyl,
aromatic hydrogen, etc) and F Y°.=1., The evolution of each component into the gas
(carboxyl into CO,, aromatic hydrogen into H,, etc) is represented by the first
order diminishing“of the Y. dimension, Y;=Y°; exp(-k;t). The X dimension is divided
into a potential tar forming fraction X° and a non-tar forming fraction 1-X° with
the evolution of the tar being represented by the first order diminishing of the X
dimension X=X° exp(-ktt). The amount of a particular component in the char is
(1-X°+X)Y, and the amounts in the gas and tar may be obtained by integration.

In the heated grid experiment the products cool upon evolution so they undergo no
further reactions. In the present experiment, the evolved products continue to
react. Under these conditions it has been assumed that the decomposition of a
component occurs at the same rate in the evolved product as it does in the char.

The coal compositional parameters for the Pittsburgh seam coal and the kinetic rates
used in the simulation are presented in Table I. Most of the composition parameters
have been obtained from elemental and FTIR analysis. The carboxyl, CO-loose and
N-loose have been estimated from the parameters of a previously run Pittsburgh seam
coal (5) by assuming that these components represented the same fraction of the
oxygen and nitrogen in both coals. The split of the N and CO into loose and tight
groups conforms to the experimental observation that these components have at least
two distinct evolution rates which presumably indicate distinct chemical species.
The tar was estimated from the previously measured coal, but decreased by 30% to



account for the decrease in going from vacuum to 1 atmosphere (see Ref. 9). The
kinetic rates have been modified from those most recently presented (5). 1) The H
and CO-tight rates have been increased at high temperature to match the new
experimental data. 2) The rates for the other species appeared to be adequate at
high temperature. However, the recent experiments by Freihaut et al (10) suggest
that they are low in the range 500-800°C. The rates of Table I are a compromise
between these observations and the heated grid data. 3) The rates have also been
simplified by using the same rate for tar, N-loose, CO-loose, carboxyl and hydroxyl
instead of 5 slightly different rates.

2

RESULTS

The theory and experiment are compared in Figs. 5 and 6 for the two temperatures
(1370°C and 1470°C) which were measured. Fig. 5a and 5b illustrate the char
composition, The model predicts that little happens for the first 5 cm for both
temperatures. At 10 cm and longer there are substantial changes especially in the
hydrogen and oxygen. The model predicts a rapid decrease in the aliphatic hydrogen
followed by a slower decrease in the aromatic hydrogen., This behavior is confirmed
by the FTIR spectra. The model prediction for oxygen indicates an initial rapid
evolution of CO,, H,0 and CO-loose and a slower evolution of CO-tight from ether
groups. The FT%R spectra (Fig. 2) show a rapid decrease in the OH copcentration
indicated by the decrease in the broad peak between 3600 and 2200 cm - and the sharp
peak at 1600 cm =~ which is attributed to an aromatic ring stretch enmhanced by
attached hydroxyl groups (2). (Note- The decrease in Ehe broad band is confused by
the persistence of a narrower KBr-H, 0 peak at 3400 cm ~. This occurs because much
less sample is used for the high carbon content chars so that scaling the spectra to
1 mg/1.33 cm” enhances the contribution from the KBr.) As the char oxygen
decreases, the CO concentration increases in agreement with the data in Figs. 5c,
and 5d. Predictions for €0, and H,0 produced in pyrolysis are also presented.

These predictions do not inclue secondary gas-char reactions.

Figures 6a and 6b show predictions for four additional evolved species. The stable
products from the evolution of the hydrocarbons are H, and scot. This was observed
in the heated grid experiments (3,5). The methane ang acetylene are predicted to be
short lived due to thermal cracking to soot and hydrogen.

Figures 6c and 6d show the overall product distribution. The experimental points
are obtained using the ash tracer method (14). Unfortunately, soot may be included
in varying amounts with the char. This would tend to underestimate the char
concentration by a varying amount,

CONCLUSION

A pyrolysis model which was developed to simulate coal pyrolysis in a heated grid
appears to be successful in simulating the high temperature pyrolysis of coal in an
entrained flow reactor. The model relates evolved products to the coal structure.
The structure parameters for the coal were input on the basis of the parameters
obtained for a similar coal in the heated grid. WNo adjustments of these structure
parameters were made in making the simulation. The kinetic parameters were
modifications of the parameters derived from the heated grid experiments. Major
changes were made in the aromatic hydrogen and CO-tight rates at high temperatures.
The exponential and preexponential factors for these two components were adjusted to
increase the rate in the range 1370-1470°C but hold its value close to the original
rates at lower temperature so that a fit is still obtained for the heated grid data.

The rates for aliphatics, tar, hydroxyl, CO-loose, N-loose and carboxyl received
minor adjustments and so still fit the heated grid data.

The rates with the greatest uncertainty are those for olefin, acetylene and soot for
which there is no data from the present experiment. The soot rate (the rate for
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conversion of aliphatic to soot) is the highest rate in the simulation. It
dominates the initial fast change in the coal. Additional experimental work is
needed to sort out the effects of the aliphatic evolution and subsequent cracking to
olefins, acetylene and soot.
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TABLE 1

Kinetic Rates and
Functional Group Composition for a Pittsburgh Seam Bituminous

Composition Pittsburgh

Parameter Seam Kinetic

(dmmf) Bituminous Rates

C .853

H .057

N .017

S(organic) .021

0 .052

S(mineral) L014%

CO0, — Carboxyl .006 k; = 5400 exp (-8850/T)
H,0 - 9/17 Hydroxyl .010 k, = 5400 exp (-8550/T)
C0 - Ether Loose .006 ky = 5400 16 €XP (-8850/T)
CO ~ Ether Tight .062 K, = 2,15 x 10 exp (-57000/T)
N - Nitrogen Loose .003 kg = 5400 exp (-8850/T)
N - Nitrogen Tight .014 k6 = 290 exp (-13000/T)
CH; o - Aliphatic .276 ky = 19000 exp (-11000/T)
H ="Aromatic H .020 Kg = 40644 exp (-14085/T)
C - Non Volatile .582 K9 =0

S - Organic .021

Total 1,000

Tar .30 K, = 5400 9 exp (-8850/T)
Olefins KO = 2 x 101, exp (-24000/T)
Acetylene K =1x10 ; exp (-50000/T)
Soot Ks =4 x 101 exp (~-60000/T)
*Dry
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EVOLUTION OF FUEL NITROGEN DURING
THE VACUUM THERMAL DEVOLATILIZATION OF COAL

J. D. Freihaut and D. J. Seery

United Technologies Research Center
East Hartford, CT 06108

Introduction

The fate of fuel nitrogen during the combustion or gasification of coal is a
matter of practical and fundamental concern. During coal combustion, NO, is known
to form via HCN species released from the nitrogen-containing molecular components
of the coal. During gasification processes, the release of nitrogen-containing
fused ring compounds in evolved tar species is a matter of environmental concern.
Since the thermal decomposition of the parent coal is an initial phase in both com-
bustion and gasification, it is necessary to develop a knowledge of the fate of
fuel nitrogen during thermal decomposition.

This study contains results of an investigation of the evolution of fuel
nitrogen during the vacuum thermal decomposition of coal. Results are shown for
variations with coal characteristics and apparent thermal history. Apparent heating
rates of 75 C/sec to 2000 C/sec and final temperatures of 500 C to 1780 C were
utilized. A variety of coals were investigated ranging in rank from a lignite to an
anthracite.

The results indicate that nitrogen distribution in the volatiles is a sensitive
function of the chemical characteristics of the parent coal. This distribution of
nitrogen in the light gas, tar and char products of vacuum devolatilized coal is
highly dependent on rank of the parent coal. Variations in nitrogen evolution with
coal characteristics are most readily apparent in several aspects: (1) the coal
nitrogen released with the tar species; (2) the release of nitrogen contained in
primary tars as HCN upon secondary thermal decomposition reactions of the primary
tars; (3) the retention of nitrogen in the char species.

Experimental Design

Figure 1 represents schematically the apparatus employed to perform the thermal
decomposition experiments. The procedure involves piacing small samples (20-50 mg)
of finely ground coal (-100+325 mesh) between the folds of a fine mesh screen.
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Stainless steel is used for final temperatures between 500 C and 1000 C. Tungsten
is used for temperatures between 1000 C and 1780 C. The grid is driven to a pre-
determined temperature via the preset control circuitry. The apparent heating rate
is monitored by a thermocouple bead placed between the folds of the screen.

Light gases are immediately vented through a glass wool filter into a 61 cm
long infrared cell in a Fourier Transform Infrared Spectrometer. The cell was cal-
ibrated for mixtures of HCN (200, 100, 50 and 25 ppm) diluted in Ny to a total
pressure of 400 torr to avoid the uncertainties of pressure broadening by mirtures.
At the end of a devolatilization run the cell and reactor chamber are filled with
nitrogen to give a total pressure of 400 torr and simulate the calibration.

The control circuit in this investigation operated a Harrison power supply
Model 6269A in the current program mede. 1In this mode heating rate and final
temperature are coupled over the entire final temperature range. The coupling
between heating rate and final temperature for the two screen materials can be de-
scribed by a simple equation of the form log (T)=m T + B, where the parameters for
each screen are given in Table I. The coupling between heating rate and final
temperature is logarithmic in a manner analogous to Newton's law of heating/cooling.
For the stainless steel screen the final temperature of 530 C is associated with a
heating rate of ~ 100 C/sec while a final temperature of 1000 C is associated with
a heating rate of 600 C/sec. The maximum heating rate obtained for the tungsten
screen was ~ 2000 C/sec for a final temperature of 1780 C.

Chemical Structure Characteristics of the Coals

The coals examined in this investigation are the same as those previously
reported in an investigation of tar yields and characteristics obtained from the
devolatilization of the coal.l Detailed elemental analyses for the coals are given
in Table II. Figure 2 represents the location of the coals on the coalification
band as revealed by H/C and O/C values. The position of the Western bituminous
coals relative to the Eastern bituminous coals reflects the differences in rank and,
indirectly, geologic sources. This figure also reveals the maximum tar yields
obtained from these coals. These yields are important characteristics of the
devolatilization behavior of a coal as is the variation in tar yield with apparent
thermal drive.l

Figure 3 illustrates the infrared structural characteristics of the coals.
Variations in infrared structural characteristics of a coal with its elemental
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composition (position on the coalification band) have been previously discussedz.’a’A’5
The relationship of the tar yields and temperature sensitivity of tar yields to
infrared structural characteristics of the parent coal has also been previously dis-
cussed.l Proceeding from the low rank side of the coalification band to the high
rank side there is an apparent maximum in aliphatic hydrogen absorption (-~ 3000 -
2750 em~1) around the location of the Utah bituminous coal (H/C = 0.85, 0/C = 0.13).
Such an apparent maximum is indirectly observed in the spectra of Fig. 3, normalized
with respect to 1 mg of coal in a KBr pellet. It is more directly observable in
plots of integrated absorbance versus sample size for each of the coals. The slopes
of such plots give apparent extinction of coefficients for each coal. The aliphatic
extinction coefficient for the Utah coal is about 24% greater than that of the
Pittsburgh seam bituminous coal. Its total hydrogen content is only about 3% greater.
The greater apparent aliphatic hydrogen in the Utah bituminous coal reflects not only
a difference in the amount of hydrogen present as aliphatic hydrogen, but also the
nature and distribution of the molecular species to which the aliphatic hydrogen
functional groups are attached,b

In proceeding through the coalification band it is also noted that the resolu-
tion of the aromatic hydrogen peaks (~ 3040 cm™*, 680-920 cm~l) increases with rank.
This increase in resolution is reflected in the apparent aromatic hydrogen absorp-
tion coefficients of the coals. The integrated area absorption coefficients for
aromatic hydrogen generally increase with rank for these coals. If the strength of
the bands associated with aromatic hydrogen absorption is an indication of the
aromaticity of the coal, then the spectra of these coals indicate a consistent in-
crease in aromaticity with rank as reflected by the position on the coaglification
band diagram (Fig. 2).

These structural considerations are important because they lead to general
understanding of the relationship between chemical structural characteristics of a
coal and its primary devolatilization behavior. A previous report demonstrated that
the influence of chemical structure on devolatilization for subbituminous and
bituminous coals is most clearly reflected in the primary (vacuum, disperse phase,
small particle size) tar yields and tar characteristics.l This report demonstrates
that the nitrogen distribution in the primary volatiles and char residual can also
be related to structural characteristics of the parent coal.
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Nitrogen Distribution in the Devolatilization Products
Coal Nitrogen in the Char, Tar, Light Gas Species

Typical mass fraction distributions of the coal nitrogen in the devolatiliza-
tion products are listed in Table III. Typical distributions are illustrated in
Figs. 4-7. The data indicates that little (< 5%) of the coal nitrogen is evolved as
HCN in those runs characterized by final temperatures of 700 C and below. In the
500 C to 700 C final temperature runs, most of the volatile nitrogen is in the tar
species. As the thermal drive is increased (final temperatures ~ 700 C to -~ 950 C)
HCN becomes a greater component in the volatiles nitrogen. The temperature de-
pendence of the HCN evolution in this temperature range is coal dependent. The
subbituminous and Western bituminous coals, for example, give sharper increases in
HCN evolution with respect to final temperature than the Pittsburgh bituminous or
Alabama bituminous.

For all of the samples examined except the anrthracite, more of the coal nitro-
gen is evolved as an element of the tar species than as HCN in the < 1000 C runs.
In the range of conditions, the retention of coal nitrogen in the char residue is
similar for the subbituminous and Western bituminous coals. The fraction of coal
nitrogen retained in the char is approximately the same for the same final temper-
ature. The temperature dependent nitrogen retention in the chars of the Eastern
bitiminous coals (high volatile A Pittsburgh seam, Alabama medium volatile) is
appreciably different than those of the subbituminous and Western bituminous coals.
The chars of the Pittsburgh seam show less nitrogen variations with final temper-
ture. The medium volatile bituminous chars show nitrogen variation with temperature
similar to that of the Western bituminous but at higher levels of mass fraction
retention.

Mass Fractions of Coal Nitrogen in Tar

All of the coals show substantial increases in nitrogen evolved as HCN for final
temperatures above 950 C. A portion of this increase is the result of secondary
cracking reactions of primary tar vapors under the conditions of increased thermal
drive. As noted above, a previous studyl on tar yields revealed that tar yields
can be substantially modified by increasing the heating rate of the coal. Reduction
in the tar yields by an increase in thermal drive results in a corresponding reduc-
tion in the coal nitrogen evolved in the tar. Cracking of the nitrogen - containing
tar species results in the evolution of the nitrogen as HCN. The relationship
between the coal nitrogen and the evolved tar species is illustrated in Figs. §-10..
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Figure 8 shows the fractions of Utah bituminous coal mass and coal nitrogen evolved
as tar and as an element of the tar species for various final temperatures. Fig-
ure 9 shows plots of the mass fraction of coal evolved at tar versus the mass frac-
tion of coal nitrogen evolved as tar, irrespective of thermal drive conditions.

As the tar species are reduced by increasing the thermal drive, nitrogen is
released as HCN from the tar cracking process.

Mass Fracticns as CHAR

Figures 10 and 11 plot the mass fraction of the coal evolved as char versus
the mass fraction of the coal nitrogen evolved as char nitrogen. As with the tar
plots, upon elemination of the thermal history parameter, there is an obvious
similarity in the nitrogen avolution of the subbituminous and bituminous coals.
The plots indicate that the main phase of the devulatilization process is character-
ized by nitrogen retention in the char in proportion to the fraction of coal mass
evolved as char. At mass fractions of char greater than -~ 0.5 (characterized by
runs of 950 C final temperature and less) all of the chars lost retained nitrogen
at a rate much greater than additional mass loss.

Phenomenological Description of Nitrogen Evolution

A phenomenological description of the evolution of coal nitrogen during vacuum
devolatilization emerges from the investigation. For final temperatures of 950 C
and less and apparent heating rates of 600 C/sec and less, the tar and char' species
generally contain 0.7 or more of the coal nitrogen. In this range of conditions,
tar removes coal nitrogen in proportion to the mass fraction of coal evolved as
tar. Char retains nitrogen in proportion to the mass fraction of coal evolved as
char. The balance of the coal nitrogen evolves predominantly as HCN. Small but
observable amounts of NH3 are produced at low final temperatures. More NH3 appears
to be formed from low rank coals.

The distribution of the coal nitrogen in the tar, char or light gases produced
during devolatilization is dependent on the rank of the parent coal in a manner
analogous to the distribution of coal mass as tar, char or light gases. An increase
in the fraction of volatiles evolved as tar with increase in rank results in a pro-
portionate increase in nitrogen evolution as an element of the tar species. A
decrease in tar yield with increase in thermal drive, results in a proportionate
decrease in coal nitrogen evolved as tar. As the tar yield decreases, the tar nitro-
gen is evolved as HCN. Higher rank coals appear to produce tars more thermally
stable than lower rank coals (See Reference 1).
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For final temperatures greater than 950 C and heating rates in excess of
600 C/sec, Western bituminous and subbituminous coals display tar yield reductions
as great as 50-60% of the maximum tar yield. The coal nitrogen evolved as tar is
proportionately reduced. At volatile yields greater than ~ 0.5 of the parent coal
the primary form of nitrogen evolution from the char is HCN. At these levels of
conversion little increase in total volatiles by mass is observed while substantial
reductions in char nitrogen levels are observed.

Relationship of Nitrogen Devolatilization Behavior to Coal Structural
Characteristics, Structural Models

The chemical nature of the nitrogen distribution in the mix of molecular species
present in the parent coal is indicated by the following phenomenlogical observa-
tions: (1) non-preferential evolution of coal nitrogen as char, tar or light gas
during the devolatilization process; (2) the nitrogen distribution in the devola-
tilization products (tar, char, light gas) varies with rank and thermal drive as
does the distribution of coal mass as char, tar and light gas; (3) HCN is the
dominant nitrogen-containing light gas observed in rapid-heating; disperse phase
devolatilization.

In the context of related investigations and a previous report on tar yields/
characteristics, the observations iudicate: (1) nitrogen is uniformly distributed
throughout the mix of molecular species present in the parent coal, irrespective
of rank; (2) the primary type of nitrogen-bonding present in the parent coal is as
a heterocatom in an aromatic ring system, i.e., pyridine-type; (3) variations with
rank in the nitrogen distributions in the devolatilization products can be under-
stood on the basis of a shift with rank in a condensation frequency function (the
distribution of molecular species as characterized by the number of fused rings/
structure).

This devolatilization study as well as others indicate7’8 that HCN is the
principal nitrogen-containing light gas evolved during disperse phase, rapid-heating
coal devolatilization. Studies performed by Houser,9, et. al. and Axworthy,l
et. al. indicate HCN is the principal light gas evolved from the thermal decomposi-
tion of pyridine-type nitrogen compounds. In addition, recent studies performed by
Deno, et. al.ll indicate that the nitrogen present in the parent coal is found as
an heteroatom in aromatic ring structures. Taking into account the known highly
aromatic nature of coals, the data of this study indicate that the primary form of
nitrogen appears to be as a heteroatom in aromatic ring structures.
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As noted in an earlier report,l distinguishing features of the devolatiliza-
tion behavior of a coal are its maximum tar yield and the sensitivity of tar yield
to the conditions of thermal drive. It was shown, for example, that the Pittsburgh
seam bituminous coal gave a maximum tar yield - 407% greater than the Utah bituminous
coal, ~ 50% greater than either the Colorado bituminous or Alabama bituminous coals,
. 85% greater than the two subbituminous coals. Only a small fraction of the
lignite was evolved as tar and the anthracite gave only light gases. The Pittsburgh
seam coal (HVA) and Alabama bituminous coal (MVB) gave tar yields which were rela-
tively insensitive to changes in thermal drive by comparison to the Western
bituminous and subbituminous coals. Total vacuum volatile yields do not vary sig-
nificantly with rank until coals with characteristics of the medium volatile
bituninous coal. This report indicates that the nitrogen distribution in the de-
volatilization products reflects these patternms.

Thus moving along the coalification band from the low rank to the high rank
side, the tar yield becomes a greater fraction of the total volatiles evolved and
the primary tars formed appear to be more thermally stable. Correspondingly, more
of the parent coal nitrogen is evolved as tar and is retained by the thermally
stable tars of these coals.

The devolatilization data, indicate that an increase in a condensation index
(shift to a higher average number of the frequency function describing #fused rings/
molecular species) and aromaticity of coal with position on the coalification band
provides a reasonable explanation of changes in behavior with rank. The chemical
nature of the nitrogen distribution in the parent coal forces the coal nitrogen
devolatilization behavior to reflect the coal mass devolatilization behavior.

The variation in devolatilization behavior with rank appears to support some
earlier attempts to develop a model of coal constitution based on the average
number of fused rings in a molecular unit (lamella) of the coal. A model such as
suggested by Ayre and Essenhigh12 and latter modified by Scaroni and Essenhigh13
appears able to provide a reasonable explanation of behavior with some qualifications.
The data of this study indicate a change in devolatilization behavior with respect
to total yield at a carbon content lower than 90%. The data also indicates a
change in devolatilization behavior with respect to the yields and characteristics
much lower than 90%. It is believed that a statistical function of the type
described above showing a pronounced shift in characteristics in the 82-85% carbon
level would more adequately reflect behavior observed in these studies.
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The devolatilization data of this study and the previous tar study indicate
that coal does behave as if it devolatilizes in two stages. The main stage (mass
fraction conversions of ~ .4-.5) of volatile evolution requires relatively low
final temperatures and is followed by a second stage of volatile evolution requiring
temperatures in excess of 1000 C for appreciable rates. The coal nitrogen does
evolve as if it were contained in two components. The two-component hypothesis of
coal constitution was first noted by Clark and Wheelerl4 and later emphasized by
Essenhigh and Howard1® to explain devolatilization behavior.

However, rather than identifying the easily evolved volatile matter as being
generated by the weakly bonded amorphous material associated with stacked ring
structures, the data suggest the easily evolved nitrogen to be associated with ring
structures susceptible to thermal cracking and/or volatilization at temperatures of
950 C or below. Variations with rank in easily evolved nitrogen expelled as tar or
HCN reflect variations in the ring size distribution function with rank character-
istics. The Pittsburgh seam bituminous coal evolves more coal nitrogen as tar than
the Utah bituminous coal because its parent nitrogen is contained in ring struc-
tures more thermally stable, that is, of greater degree of ring condensation and
having fewer associated functional groups. For the same reason, the Alabama
bituminous (medium volatile) coal initially expels most of its nitrogen as tar. The
Alabama bituminous yields less total volatiles than the high volatile bituminous
coals because a greater fraction of its nitrogen is associated with non-volatile
ring structures. That is it contains a large fraction of structures too large to
be volatilized before char-incorporating secondary reactions 'polymerize" the
species in the char matrix.

This study on nitrogen evolution and the previous study dealing with tar yields
and characteristics obtained from a variety of coals indicates:

1. In vacuum devolatilization conditions, coal behaves as if it contains
two volatile components, as previously noted.

2. Lignite to high volatile bituminous coals can be differentiated with
respect to devolatilization yields, primarily tar yield and characteristics.

3. Coal nitrogen distribution in the volatile products for subbituminous coals

and higher ranks reflects the coal mass distribution in the volatile
products.
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Coal nitrogen for subbituminous and higher rank coals behaves as if it were
incorporated as an heteroatom in the aromatic ring system of the parent
coal.

As previously noted, variations in devolatilization behavior with rank
appear to reflect a variation in the degree of ring condensation present
in the coal matrix.

Variations in devolatilization behavior (more specifically, tar and nitro-

gen evolution) with rank reflect a shift in the characteristics of a ring-
size distribution function with rank.

TABLE 1

COUPLING BETWEEN FINAL TEMPERATURE AND HEATING RATE

Screen Material n b T Range, oC
Stainless steel 1.96 x 1073 0.92 530 ~ 950
Tungsten 6.50 x 1074 2.16 1000 - 1750
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TABLE III - 1

NITROGEN DISTRIBUTIONS IN DEVOLATILIZATION PRODUCTS

Subbituminous 2 (SUB B)

T (°0) N emar MNar en e
520 0.99 0.05 — 1.04
600 0.76 0.24 0.01 1.01
745 0.67 0.19 0.10 0.96
820 0.63 0.28 0.17 1.00
890 0.57 0.22 0.21 1.00
945 0.57 0.12 0.20 0.89
950 0.53 0.11 0.30 0.94

1040 0.48 0.17 0.30 0.95

1090 0.40 0.14 0.40 0.94

1160 0.31 0.07 0.63 1.01

1240 0.28 0.06 0.65 0.99

1365 0.17 0.06 0.66 0.89

1390 0.08 0.04 0.61 0.73

1600 0.10 0.04 0.54 0.68

1700 0.08 0.04 0.92 1.03

1780 — 0.03 0.87 0.90
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NITROGEN DISTRIBUTIONS IN DEVOLATILIZATION PRODUCTS

T£(°C)

530

595

745

790

880

915

935

1020

1090

1160

1240

1390

1600

1700

1780

TABLE IITI - 2

Utah Bituminous (HVB)

N char Near
0.81 0.04
0.66 0.22
0.58 0.26
0.57 0.27
0.49 0.25
0.48 0.24
0.51 0.30
0.42 0.29
0.40 0.24
0.44 0.22
0.30 0.21
0.20 —
0.20 0.10
0.13 0.06
0.10 0.05

2fN

0.89

0.81
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TABLE III - 3

NITROGEN DISTRIBUTIONS IN DEVOLATILIZATION PRODUCTS

Pittsburgh Bituminous (HVA)

(%0 FoiR
565 0.61
585 0.61
618 0.58
735 0.55
745 0.59
775 0.52
830 0.53
855 0.54
915 0.46
935 0.55

1040 0.44

1090 0.50

1107 0.41

1125 0.39

1165 0.46

1220 0.32

1220 0.39

1300 0.29

1450 0.33

1450 0.26

1700 0.04

1780 0.06
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MINERAL MATTER EFFECTS ON THE RAPID PYROLYSIS AND
HYDROPYROLYSIS OF A BITUMINOUS COAL

Howard D. Franklin, William A. Peters, Jack B. Howard

Department of Chemical Engineering and Energy Laboratory,
Massachusetts Institute of Technology, Cambridge, Mass. 02139

Previous research at M.I.T. on rapid coal pyrolysis has dealt with the
kinetics of evolution of individual products as a function of temperature, pres-
sure, particle size, reactive gas, and coal type (1-5). Studies elsewhere
have shown that constituents of coal mineral matter affect significantly other
types of coal conversion reactions (6-14). Specifically, clays found in coal
have been shown to affect coal carbonization (6), and to catalyze H, transfer
to coal and coal model compounds (7,8). Pyrite, an important mineral in East-
ern U.S. coals, 1s a strong catalyst for coal hydroliquefaction (7-11), while
calcite promotes steam and CO, gasification of coal (12,13). Even quartz,
though chemically inert, affeCts hydroliquefaction by acting as a diluent to
agglomeration (1l4). Despite this importance of mineral content in coal thermo-
chemistry, little work has been done on additive effects on rapid coal pyroly-
sis. Therefore this study was conducted to determine systematically how the
important minerals present in coal influence the yields of individual devola-
tilization products.

EXPERIMENTAL

The coal used, described in Table 1, was a Pittsburgh No. 8 Seam bituminous
coal from the Ireland Mine of the Consolidation Coal Company. Mineralogical
analysis was by Fourier Transform Infrared Analysis (FTIR) of the low tempera-
ture ash of the coal (15). Pyrite content was not measured directly, but the
pyrite-by~difference value agrees well with measured pyritic sulfur values for
other samples from the same mine (16). The coal was ground to -270+325 US mesh
(45-53um) and a fraction of this raw sample was retained to obtain pyrolysis
data on whole coal. The remainder of the sample was extracted with concen~
trated HF and HC1l to remove its native clays, calcite, and quartz, and was
then subjected to float-sink separation in a 2.50 specific gravity fluid to re~
move pyrite. The resulting demineralized coal contained 4.37% by weight mineral
matter, most of it pyrite.

Mineral additives representing each of the major mineral constituents of
this coal were studied. These are listed in Table 2. Acid-treated montmoril-
lonite, prepared by extracting with HCl a portion of the montmorillonite samp-
le, was used to study the effect of solid acidity on possible clay catalysis
of pyrolysis. Shale was obtained from the Pittsburgh No. 8 Seam, and is repre-
sentative of the native clays found in this coal. All mineral additives were
ground to 2-40 pm grain size, and added to the coal by co-slurrying with water
in concentrated suspension for 24 hours.

At high temperatures and under the reducing conditions of coal pyrolysis,
calcite and pyrite will decompose to Ca0 and pyrrhotite (FeS e’ 0<x%<0.3) re~
spectively. In order to determine whether the extent of contact with the coal
affects the catalytic properties of these particular minerals, additional sources
of Ca0 and pyrrhotite were tried as well. FeSOA, which is completely water
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soluble, was added to the coal by impregnation from solution. Under pyrolysis
conditions it should decompose to pyrrhotite. Ca0 was added in a manner simi-
lar to that for the mineral additives.

The pyrolysis apparatus and procedures have been described previously
(2,17,18)., Briefly, a thin horizontal layer of coal is sandwiched between the
folds of a 325 US mesh stainless steel screen and held between two electrodes
in either a length of glass pipe or a stainless steel pressure vessel. The
coal is heated by electrically heating the screen. The vessel and its gas-
eous contents remain close to room temperature throughout the run and thus
the volatiles are quenched almost instantaneously on escape from the coal
particles. The entire time-temperature history of the sample 1s recorded by
use of a chromel-alumel thermocouple (75 ym bead diameter) positioned within the
folds of the screen alongside the coal particles. Heat transfer calculations
show that at pressures of 1 atm and heating rates of 1000 K/s or less, coal
particles and thermocouple beads 80 ym or less in diameter closely follow the
temperature of the screen and are spatially isothermal.

All the reaction products were collected. Gases and low boiling liquids
were trapped on lipophilic sorbents and subsequently analyzed by gas chroma-
tography. Char was determined gravimetrically, and was further characterized
by elemental analysis. Tar (room temperature condensibles) was collected on
a filter at the reactor outlet and by a methylene chloride wash of the reactor
internals, and its yiéld was determined gravimetrically. Total material bal-
ances usually exceeded 95%.

All runs were preformed at heating rates of about 1000 K/s with holding
times of O or 5 s at the maximum temperature attained, and cooling rates of
about 200 K/s. These elements of the time-temperature history pertain only
to the parent sample since the volatiles, once formed, rapidly escape the
sample and are quenched as mentioned above. Demineralized, calclte-pretreated,
and CaO-pretreated samples were heated in 1 atm He to temperatures in the
range 800 to 1400 K for both O and 5 s holding times. Other samples were
pyrolyzed in helium at temperatures near 1300 K for 5 s holding times, and at
temperatures near 1000 K for 0 s holding times. In hydropyrolysis runs,
samples were heated in 69 atm H, to temperatures between 800 and 1400 K for
the demineralized coal, and to One temperature, generally near 1100 K, for
the pretreated samples. Only O s holding times were used in hydropyrolysis
runs. '

RESULTS
Pyrolysis in Helium

The total yleld of volatiles and the yield of tar obtained from pyrolysis
of the demineralized coal to different temperatures in 5 s holding time runs
are shown in Fig, 1. Each data point represents the cumulative yield from
one experimental run and is associated with a specific time-temperature his-
tory. The curves represent simple first-order reaction models fitted to the
data, and are used to indicate trends in the data. The error bars represent
+1 standard deviation from the yield calculated by the fitted model. Heating
and cooling rates did not exactly reproduce from run to run, and thus the
holding or peak temperature obtained is not necessarily a good representation
of the entire time-temperature history of a run. Therefore the fitted models
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were used to generate equivalent peak or holding temperatures for each rum.
The model parameters were used to determine a calculated yield of a given
product for each actual time-temperature history. These yields were then
compared with yields calculated using the same parameters and idealized (lin-
ear 1000 K/s heatup, 0 or 5 s hold time, linear 200 X/s cooldown) time-temper-—
ature histories. The peak or holding temperature of the idealized history
having the same calculated yield as that of the actual history was picked as
the temperature representative of the run. As a rule equivalent temperatures
for different products were within 30 K of the corresponding observed peak or
holding temperature.

Results for raw coal and for clay-,quartz-, and iron-pretreated samples
are shown in Figs. 2-5. The curves and error bars plotted on all these graphs
indicate demineralized coal yields, while each letter represents one run with
a sample pretreated with a particular mineral or compound as specified in
Table 2. Points labelled '"W" represent runs with raw (undemineralized) coal.

There are in general few effects on pyrolysis due to any of these minerals.
Figures 2 and 3 show that the total yield of volatiles and the yield of tar
are unaffected by these additives. While there are no points in Fig. 3 for
pyrite or FeSO,, other runs not plotted showed these additives to have no
effect on tar yilelds. Data for most other products show similar trends. Meth-
ane yields (Fig. 4) are, however, significantly reduced by pyrite and FeSO
("P" and "F" points). Kaolinite suppresses the yileld of 1light liquid hydro-
carbons (Fig. 5, "K" points), which consist mostly of BTX range compounds.

Results for calcium minerals have been reported previously (19). To
summarize them, both Ca0 and CaC0O, increase char yilelds, while strongly de~-
creasing tar yields and slightly feducing yields of other hydrocarbon vola-
tiles. Evolution of CO is enhanced by these additives by an amount approxi-
mately proportional to calcium loading. Comparison of CO, yields from CaCO
pretreated coal with those from demineralized coal and pure calcite indicatés
that calcite in the presence of coal decomposes yielding CO2 at lower temper-
atures than it does when pyrolyzed alone.

Pyrolysis in Hydrogen

Effects of minerals in hydropyrolysis were determined in a similar manner to
that used for pyrolysis. Simple first-order models were fitted to hydropyrolysis
data from demineralized coal, and the resulting curves with error bars served as
a basis of comparison for the data from hydropyrolysis of mineral-treated coals.

Few of the minerals were found to influence hydropyrolysis behavior to
any significant extent. Total yield of volatiles (Fig. 6) is not affected
by any of the additives tried, although tar yields are reduced slightly by
addition of shale or calcite, and reduced strongly by addition of CaO, kao-
linite, or acid-treated montmorillonite (17). Methane (Fig. 7) and ethane,
the most important hydropyrolysis products after tar, are suppressed by addi-
tion of calcite or shale. Carbon dioxide yields are strongly enhanced by
the calcium minerals (Fig. 8). The calcite-pretreated sample in this case
was different from the one used for pyrolysis in He, and contained only 14.55%
by weight CaC03.
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DISCUSSION

The most striking point brought out in this study is the variation in
catalytic activity exhibited by the different minerals present in coal. The
clays, which might be expected to show hydrocarbon cracking activity due to
their solid acidity, have virtually no effect on the pyrolysis yield structure.
The reduction in liquid hydrocarbon yields by kaolinite (Fig. 5) might be
attributable to secondary cracking of these compounds by this clay. The
degree of reduction is, however, too small to determine the products of this
postulated cracking. It is not immediately clear why kaolinite would crack
light 1liquids and not crack tar (Fig. 3). One possible explanation is the
relative ease of accesibility of the lighter liquids to the pore structure of
the clay where most of its active surface area lies. The reduction in methane
yields by shale in hydropyrolysis (Fig. 7) is not easily explained. Clays
have been shown to retard the rate of CH, production in slow hydrogasification
of chars (20). While the reactions in tﬁat system are substantially different
from those of rapid hydropyrolysis, a common underlying mechanism for CH, yield
suppression might be present. Kaolinite and acid-treated montmorillonite reduce
tar yields in hydropyrolysis (17), while pontmorillonite does not. The clays thus
seem to show some hydrocracking activity, which is possibly dependent on their
solid activity.

Iron-sulfur minerals, pyrite and FeSO,, also have little influence on
pyrolysis behavior. Their only significant effect on pyrolysis in He is to
reduce CH, yields (Fig. 4). This phenomenon is difficult to explain as none
of the other light hydrocarbon products are affected by iron-sulfur mineral
addition. The lack of effects of iron-sulfur minerals on hydropyrolysis pro-
duct yields is very surprising given the known activity of these minerals
for hydroliquefaction. Weller et al. (21) did show that a pyrite sample that
strongly enhanced liquefaction at 250 atm H, pressure had no effect on lique-
faction at 69 atm H:, the pressure used in ghe present study. A pressure
effect for iron—sul%ur catalysils of coal hydrogenation might thus be indicated.
The postulated active species for coal hydrogenation in the presence of iron-
sulfur minerals is pyrrhotite. The precise stoichiometry of the pyrrhotite
formed will be a function of the hydrogen pressure (22), and this stoichiometry
will affect the subsequent activity of the pyrrhotite (23). Further study
of pyrrhotite stoichiometry and activity as a function of hydrogen pressure is
clearly needed.

The strong effects of calcium minerals on coal pryolysis are in striking
contrast to the comparative lack of activity of the other coal minerals. While
the solid-acid clays show little cracking activity, calcium minerals reduce
the yield of volatile hydrocarbon products (19). 1In addition, Ca0 and CaCO
are especially active in cracking oxygen functional groups to CO (19). A
large portion of bituminous coal oxygen occurs in acidic functional groups
such as phenols or carboxylic acids, and the strongly basic Ca0 might react
with these groups. In addition, we have pointed out previously (19) that the
reactions by which phenol decomposes homogeneously to CO would be catalyzed
by a solid base. Non-acidic oxygen functional groups such as furans have
also been shown to crack over Ca0 (24). Thus strong bases would seem to in-
fluence the decomposition of coal oxygen to a greater degree than would other
additives. It also appears that solid bases, or at least Ca0, are good catal-
ysts for cracking aromatics or other coal hydrocarbon volatile products (19,

24). Since CaCO,, which decomposes to Ca0 during pyrolysis, is the only coal
mineral which geaerates a solid base, it is the coal mineral with the strongest
influence on coal pyrolytic behavior.

3
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The effects of calcium minerals on hydropyrolysis are less easily explained.
Calcite suppresses CH, yields (Fig. 7) in hydropyrolysis to about the same extent
as do the clays. The same study (20) that showed clays to reduce char hydrogasi-
fication rates also showed calcite to reduce those rates. Why these two groups
of minerals should have the same effects on coal hydrogen reactions is unclear.
It is noteworthy that while calcite suppresses CH& yields, CaO does not. As dis-
cussed below, the CaCO. present in calcite-pretreated coal did not decompose to
Ca0 under hydropyrolysis conditions, and its effects need not therefore paral-
lel those of lime.

Carbon dioxide yields from CaO-pretreated coals hydropyrolyzed in 69 atm
H, (Fig. 8) are almost identical to those from the same sample pyrolyzed in 1
atm He at similar time-temperature histories (17), and in both cases the CO
yields are considerably higher than those from demineralized coal. Since the
carbonate content of the CaO-pretreated sample was small, this excess CO, prob-
ably results from accelerated decomposition of an as yet undetermined coal oxy-
gen functional group. Carbon dioxide yields from calcite~pretreated coal under
69 atm H, are very similarto those from CaO-pretreated coal. This strongly
contrasts with the pyrolysis behavior of this sample under 1 atm He (19) where,
at similar time-temperature histories, the calcite itself had started to decom-
pose. It is interesting to note that the calcite-pretreated sample gave CO
yields that wereno larger than those from the CaO-pretreated sample, despitée
having 2.75 times as much Ca. A saturation effect is probably present.

There is no difference between pyrolysils yields of the raw coal and the
demineralized coal. Since 90% of the native mineral matter of the coal used
consisted of clays, pyrite, and quartz (Table 1) this result agrees with the
other findings of this study as to the relative lack of activity of these min-
erals. It also implies, however, that the demineralization technique itself
has no effect on the subsequent pyrolysis behavior of this bituminous coal.

CONCLUSIONS

Clays and iron-sulfur minerals have few effects on the pyrolytic behavior
of this bituminous coal. Calcium minerals reduce yields of volatile hydrocarbon
products, and enhance CO formation. Calcite and shale reduce yields of CH, in
coal-hydrogen reactions, while acid-treated montmorillonite, kaolinite, and Ca0
reduce yields of tar under these conditions. Iron-sulfur minerals have few
catalytic effects on coal hydropyrolysis at H2 pressures of 69 atm.
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TABLE 1

CHARACTERISTICS OF COAL EXAMINED

Proximate Analysis

Wr.% (as received)
Moisture 2.0
Volatile Matter 36.2
Fized Carbon* 51.0
Ash _10.8

100.0

Petrographic Analysis

We.% mineral matter free

Ultimate Analysis

We.d (dry) We.% (dmmf)
Carbon 71.74 82.51
Hydrogen 4.84 5.65
Oxygen* 6.22 7.19
Nitrogen 1.14 1.32
Organic Sulfur** 2.54 2.94
Mineral Matter _13.47

100.00 100.00

Mineral Matter Analysis

Vitrinite 8l.s

Semi-Fusinite 6.0

Fusinite 2.5
Micrinite 3.0
Macrinite 1.2
Exinite 5.2
Resinite _0.6

148.0

Wt. %

Kaolinite 13
Calcite lo
Quartz 7
Montmorillonite 14
Illite 9
Pyrite* 45

100

* by difference

**calculated from total sulfur (5.77% by weight dry coal

pyrite content

TABLE 2

MINERAL MATTER ADDITIVES STUDIED

MINERAL PLOTTING SYMBOL

SOURCE

Kaolinite K

Montmorillonite M
Acid-Treated A
Montmorillonite

Shale S
Pyrite P
Calcite <
Quartz o]
CHEMICAL

Ca0 L
FeSO F

a

Mesa Alta N.Mex.
{APT REF CLAY)

Belle Fourche N.D.
[API REF CLAY)

Made in house
from above

Houndsville W. VA
Moundsville W. VA
Sumterville FLA

not known

M
OBTAINED FROM

and measured

WT. %
INERAL IN PRE-
TREATED SAMPLE*

Ward's Natural
Science Estab.

Ward's Natural
Science Estab.

U.5.G.S.
U.8.G.5.
Dixie Lime & Stone

Harvard Mineralogy
Museum

OBTAINED FROM
Fisher Scientific

Fisher Scientific

5,94+

6.7

* Doee not include 4.3% mineral matter content of demineralized coal

** Actual mineral in coal was mixture o