LASER PYROLYSIS OF AN ENTRAINED STREAM
OF COAL PARTICLES

Michael W. Smith, Donald F. McMillen,
Ripudaman Malhotra, and Robert M. Platz

Chemical Kinetics Department, Chemistry Laboratory
SRI International, Menlo Park California, 94025-3493

KEYWORDS: Coal Pyrolysis, Laser-heated, PCAH additives.

INTRODUCTION

In the search for efficient ways to convert coals to liquid fuels or other hydrocarbon
products, the relative simplicity of pyrolysis has for a long time been recognized as a very attractive
feature. However, char yields are typically high and volatile products are generally dominated by
light hydrocarbons and tars that can be extremely difficult to upgrade. Efforts to guide research
directed toward improved yields in pyrolysis processes have been hampered by the acceptance of a
traditional mechanism that is, at best, incomplete (1).

In order to contribute to an improved understanding of the chemical and physical processes
that control the formation of volatiles during coal pyrolysis, we have developed an apparatus for
pyrolyzing coal particles entrained in cold gas with a CW infrared laser. (2) This approach results
in very rapid in-depth heating of the coal to a steady-state temperature, which is determined by the
balance between radiative input to the particle and the sum of convective and radiative heat losses to
the cold gas. The advantages of this pyrolysis mode are that (i) it provides a very rapid heat-up to
asteady state temperature and thus a close approximation to the idealized temperature-jump
experiment; (ii) initially produced volatiles are evolved into a cold-gas atmosphere such that
secondary reactions obscuring the nature of the original volatiles producing chemistry will tend to
be minimized; and (iii) substantial quantities of coal are pyrolyzed making subsequent analysis of
the tars and chars possible, something which is not possible with a single-particle approach. The
difficulties of the approach involve the necessity to provide very constant flow rates and particle
loadings and laser illumination that is constant with time and space in the heated region and is also
reasonably omni-directional; the difficulties also involve the inescapable reality that even a narrow
physical and aerodynamic particle size distribution will still result in some range of particle
velocities, residence times, and steady-state temperatures.

A particular goal of this work is to use entrained-flow laser pyrolysis as one of the tools to
explore the benefits that may be achieved by treating coals before pyrolysis with small amounts of
high-boiling additives. The rationale for such an approach, along with some preliminary results
using conventional heating methods, has been reported previously (3). In brief, in pyrolysis,
meeting the stoichiometric and kinetic requirements of bond cleavage is especially crucial: not only
is there no solvent to supply hydrogen as there is in liquefaction, but any hydrogen fed to the
reaction zone is known (4) to be relatively ineffective at short reaction times and temperatures
below ~700°C. Therefore, it may be possible to achieve substantially increased yields of
condensible volatiles, if pre-treatment with partially hydrogenated coal tars can (1) supply a small
amount of critically needed hydrogen in a kinetically accessible form, and (ii) increase the
efficiency with which the indigenous coal hydrogen can itself be shuttled from hydrogen-rich
portions of the coal structure to more hydrogen-poor regions to aid in bond cleavage. Figure 1
summarizes the way by which polycyclic aromatic hydrocarbons (PCAH) tend to increase H-
utilization efficiency in light of recently described chemistry (5-7): PCAH can serve to recover
hydrogen atoms that have been transferred to positions where no linkage cleavage can occur. This
recovery helps to re-direct hydroaromatic hydrogen from light hydrocarbon formation (ring-
reduction and cracking) to cleavage of inter-cluster linkages.




LASER PYROLYSIS TECHNIQUE

Particle Flow

Schematic diagram of the laser-pyrolysis apparatus is shown in Figure 2. The coals are
ground under nitrogen (or in the case of the Argonne -100 mesh samples, taken directly from the
vials), wet-sieved, and dried for 18 hours under vacuum at 65°C. Several grams of the 270/230
mesh fraction (nominal 53 to 63 pm) are loaded into the hopper of a rotating-disc dust-feeder
which feeds a fluidized bed, using argon as the entrainment gas. This bed in turn feeds the inlet of
the 3-mm id ejector tube, the outlet of which is just downstream of an aluminum honeycomb flow
straightener, and 3 to 5 mm upstream of the region where the IR laser beam crosses the axis of
particle flow. The length of the illuminated region can be varied from 3 to about 20 mm.
Condensible volatiles are either ejected from the pyrolyzing coal particles as an aerosol, or quickly
form one when they hit the cold argon stream. Several mm downstream of the heated zone, the
tar-aerosol and char particle stream enter a collector with an 8-mm id and a conical interior that
smoothly decreases to 3 mm. The flow then passes through a miniature cyclone designed to collect
particles larger than ca.10 um. The tar aerosol (typically 0.2 to 0.3 pm diameter), and any other
small particles, pass through the cyclone and are collected on one of a pair of filters in a parallel-
flow filter arrangement.

The char-tar separation is typically very good: microscopic examination shows the cake on
the final filter to consist of tawny yellow tar aerosol particles, entirely free of black coal- or char-
particles of any size. The cyclone contained all the char, with small amounts of tar aerosol attached
to some of the char particles, evidently as the result of collisions within the cyclone. Since the
aerosol particles were ca. 0.3 pm, as compared with the ca. 50-um char particles, the mass fraction
of tar contaminating the char was very low; typically less than 5%. This tar contarination could
easily be removed from the char by a quick THF wash, either before char analysis, or for purposes
of correcting the % yield of tar.

Gas Flow Control

The flow control system leading to and from the laser pyrolysis apparatus consists of four
streams: the ejector- and collector- flows, and the ejector- and collector- sheath flows. Because
flow through the ejector tube (ca. 50 cc/min) is not controllable directly, but is constrained to be
equal to the sum of the collector- and the collector-sheath- flows minus the ejector sheath flow, and
the the two sheath flow are each about 5 liters/min, small percentage changes in cither of the sheath
flows would result in a large percentage change in the ejector flow. Therefore, fine positive
control of the sheath gas is maintained by routing ca. 97% of their flow through single-stage
regulators and over a fixed flow-control orifice. The remaining 3% is shunted through a pair of 0
to 500-cc/min mass flow controllers (Tylan). The flows are adjusted to control the ejector gas flow
at the desired volumetric flow, typically set so that the ejector and its sheath flow have nearly equal
space velocities.

Laser Beam Manipulation

The beam from a Coherent Model 41 CW CO; laser is passed through an 8-mm orifice in a
graphite disc to remove the fringes, and is then directed to the cell by two flat and one slightly
concave (20-m radius of curvature) copper mirrors. Immediately in front of the pyrolysis cell, the
beam is focused through a point using a 1-in focal length zinc selenide lens, and allowed to expand
into a channel integrator consisting of polished aluminum plates bolted together to form a channel
having a 6.5-mm square opening. The divergent radiation that exits this channel is then imaged
with a second lens through the KCl window in the pyrolysis cell and onto the axis of particle flow.
The "beam" diverges after passing through the particle stream, and is re-imaged back on the flow
axis by a concave copper mirror on the back side of the cell. The radiation that is not absorbed by
the second pass diverges as it exits through the KCl window and is absorbed by a graphite beam
block.

As shown schematically in Figure 3, the channel integrator converts the Gaussian profile of
the laser beam into a profile that, on a microscopic scale, is flat across the entire image. Fresnel
diffraction results in a series of peaks and valleys in the intensity, but these are on a microscopic

456




scale, with the peak-to-peak distance being ca. 200 pm, and are suitably averaged by retro-
reflection under conditions where the stream of particles is optically thin.

Pretreatment of Coals and Product Analysis

The additive used in this work was a partially hydrogenated coal tar. The field ionization
mass spectrum of the parent tar is shown in Figure 4. The spectrum clearly indicates that the tar is
composed almost entirely of polycyclic aromatic hydrocarbons, with the most prominent PCAH
structure being pyrene. In the spectrum obtained after hydrogenation (not shown), examination of
the various M+2 and M+4 peaks shows that the degree of hydrogenation increases with increasing
ring size. For example, ~22% of the pyrene, but 37% of the di-benzpyrenes were converted by
the mild hydrogenation to di- or tetra- hydroaromatics. The coals were loaded with 8 to 10% of the
hydrogenated tar, using tetrahydrofuran (THF) as the solvent employing the technique of incipient
wetness to minimize preferential deposition of the additive at the particle surface and/or THF-
extraction of soluble materials from the coal. The THF was removed by drying in a vacuum oven
at 65°C for 18 hours. Some pyrolysis experiments were performed with THF-only treated coals to
serve as appropriate blanks.

The primary analytical technique used thus far for examination of the tars and the chars has
been field ionization mass spectrometry (FIMS). The use of the instrument at SRI has been
extensively described in the literature (8); a series of unit-resolution mass spectra are recorded as
the sample is heated in a temperature-programmed inlet (typically at 3°C/s, up to 450°C). From
these data, the temperature evolution profile of any nominal mass or group of masses can be
plotted, including a vacuum evaporation - or micro distillation- curve representing the sum of all
volatiles. Although nominal mass provides no direct identification of the molecular formula of the
particular molecular ion, in the low molecular weight range (m/z 50-150), and for prominent peaks
at certain characteristic masses above that range, inspection can usually provide very reliable
identification (8).

RESULTS AND DISCUSSION

The Impact of Pretreatment on Tar Yields

Figure 5 shows the impact of the tar pretreatment under laser-pyrolysis conditions, and for
comparison, Figure 6 shows the impact observed under vacuum TGA conditions. (All of the
yields were based on the assumption that the tar added in the pretreatment was itself fully
volatilized.) Under the laser-pyrolysis conditions used thus far, the pretreated Pittsburgh No. 8
(Argonne) showed a substantial increase in tar yield (20%), but the pretreated Illinois No. 6 and
Wyodak coals (Argonne), gave average corrected yields that were actually significantly lower than
those for the untreated (but dried) coal. On the other hand, pyrolysis under TGA conditions
resulted in 31 and 11% increases in yields of total volatiles for the pretreated Wyodak and Illinois
No.6 coals, respectively, as well as an increase of 24% for the pretreated Pittsburgh No. 8 (Clovis
Point Mine, and PSOC coals 1098 and 1099, respectively). The pretreated and the blank coals
were not exactly identical in the two sets of pyrolysis experiments. However, for the reasons
discussed below, we believe that the smaller benefit and less consistent improvement obtained
under laser pyrolysis conditions resulted primarily from the fact that the final pyrolysis
temperatures in the laser pyrolysis were more than 200°C higher. We therefore project that
improving the yield-enhancing impact of the pretreatment entails pushing the laser-pyrolysis
conditions further towards lower temperatures and longer times.

Since the amount of hydrogen actually supplied by the hydroaromatics added in the
pretreatment is very small, it is important that this hydrogen be used with maximum efficiency, and
that the added PCAH operate with maximum effectiveness in promoting the use of indigenous
hydrogen. In order to meet these criteria, it is necessary to reach the temperature region of
widespread radical reactions (i.¢., 400 to 500°C), as these reactions are what bring about the H-
atom transfer that results in hydrogenolysis. However, as the temperature increases, the PCAH in
the reaction mixture are less and less able to recover hydrogen transferred to positions bearing no
linkages (1,7). Optimum temperatures for conversion will thus be a compromise between
reactivity and efficiency in hydrogen utilization.

We based our initial choice of conditions for the TGA pyrolyses that might constitute such
a compromise on the work of Fong and Howard (9) on the evolution of volatiles and extractables
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during coal pyrolysis. These authors report data showing that the yield of pyridine extractables
generally goes through a maximum at the temperature at which the rate of volatiles production is
highest. In general terms, this coincidence reflects the long recognized fact that in pyrolysis, an
initially formed "bitumen” undergoes a disproportionation into a relatively hydrogen-rich volatiles
fraction and a hydrogen-poor char fraction. As the temperature at which this disproportionation
occurs is passed, the volatiles-forming reactions become progressively more dominated by gas-
forming reactions such as dealkylation of small side chains, decarbonylation, and
dehydrogenation, and production of large organic volatiles becomes no longer possible. Thus the
maximum opportunity for influencing the "disporportionation” process so as to increase the
volatiles and decrease the char will likely come at the point where the natural volatiles formation
rate is the greatest, and before rapid H; formation squanders whatever hydroaromatic hydrogen is
available in the additive or in the coal structure itself. We speculate that the best use of a hydrogen-
donor additive in a pyrolysis process, where there is no large confining pressure, will be made by
going very rapidly to this temperature region, and then holding the temperature there.

In the rapid heating (1000°C/s) studies of Fong (9), the maximum volatiles formation rate
occurred at a nominal temperature of about 600°C, but at the maximum heating rate achievable in
the TGA apparatus used in this work (< 7°C/s), the volatiles formation rate was maximum at about
450°C. Therefore, we tested the impact of additives by raising a furnace, previously heated to
900°C, around the quartz tube containing the sample, and when a temperature of 450°C was
reached, quickly lowering the furnace. Since the quartz tube cooled slowly compared to the rate at
which it was heated, this procedure approximated the desired regimen, but the heating rate was
slow enough that blank experiments with the tar additive loaded onto charcoal showed that a large
fraction of the tar additive vaporized by the time the pretreated coal reached 450°C.

By comparison, the laser-pyrolysis, with a heating rate of about 10,000°C/s, should bring
the pretreated coal to ca. 500°C while most of the additive is still within the coal matrix. Since the
temperature of maximum volatiles formation in a linear heating-rate experiment is a function of
heating rate, we expect the optimum temperature with laser-heating to be 100 to 200°C above that
for the slower heating-rate pyrolysis.. Unfortunately, the data shown in Figure 5 were generated
when the residence time or "hold time" at maximum temperature was only ~0.1 s, and substantial
tar formation is not observed in this short a reaction time unless the final temperature is above
700°C. We chose an upward flow'in the pyrolysis cell to move the particles as slowly as practical.
However, the distributions of aerodynamic particles sizes used thus far have not been narrow
enough to allow successful entrainment at space velocities less than ca. 10 cm/s above the nominal
settling velocity of 50-um coal particles. We anticipate that the use of coal particles having a
narrower aerodynamic size distribution, as well as a narrow physical size distribution, will enable
us to improve the entrainment and increase the residence time to 0.5 to 1 second, and thus to lower
the final pyrolysis temperature substantially.

Characteristics of Laser-Pyrolysis Tars

The tars produced by pyrolysis of the coals in a stream of cold gas, and as collected on the
final filter, consist of agglomerates of light yellow spheres, quite evenly sized at about 0.2 10 0.3
wm. Although they contain substantial amounts of rather low boiling materials (¢.g., phenol,
cresols,),these aerosol particles are not very sticky at room temperature, and do not coalesce when
scraped of the filter with a spatula. Upon exposure to air at room temperature, they turn black in
several hours.

Several samples of the laser pyrolysis tars have been subjected to FI mass spectrometry.
Figure 7 shows the spectra obtained for the tars from the Argonne Pittsburgh No. 8 and Wyodak
coals. The volatility of the-tars, under the FIMS analysis conditions (heated to 450°C at 3°C/s
under a vacuum < 10-6 Torr) ranges from 57% for some of the Illinois No.6 tars, to 90% or above
for the Pittsburgh No. 8 and Wyodak tars. Since any fossil fuel material that has been through a
distillation process (whether atmospheric or vacuum) is typically completely volatile (> 95%) in
FIMS analysis, either a substantial part of the IlI. No. 6 tar is ejected as an aerosol without ever
being in the vapor phase, or retrograde reactions converted a substantial fraction into non-volatile
materials. Since the tars are ejected into a cold, inert atmosphere, where the cooling rate is in
excess of 1000°C/s, we judge that any retrograde reactions that did not occur before the tar left the
hot coal particle would be unlikely to occur after leaving. Thus the FI mass spectral analyses that
are discussed below should be considered representative of the tar as it left the coal particle. '
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The yields of tars produced in the laser pyrolysis appear, as shown in Table 1, to be about
1.5 times larger than those obtained by Khan et al. (10) in a hot-gas, entrained-flow reactor (hot-
tube EFR reactor) with a final temperature of 1100°C. However, uncertainty over what fraction of
materials detected in the vapor state (e.g., “olefins") in the work of Khan would be found in the
tar from the laser pyrolysis precludes a definitive comparison at this time. Therefore in this report
we will focus on some of the differences in the character of the tars produced from the Argonne
Pittsburgh No. 8 and Wyodak coals using each of these two rapid-heating entrained-flow pyrolysis
techniques. (We reiterate that laser-pyrolysis has no process implications as such, The use of an
IR laser in laboratory studies has value insofar as it leads to an increase in fundamental
understanding and/or in the ability to improve yields in technologically important processes.)

In general terms, the tars from the Pittsburgh coal are rather similar, whereas those from
the Wyodak show some marked differences. For example, in the Pittsburgh tars, the fractions
constituted by cresols, dihydroxybenzenes, and the sum of alkylbenzenes and tricyclic alkanes are
equal within 30%. However, in the Wyodak tars, the percents of dihydroxybenzenes and the most
abundant acyclic alkanes are three and two times larger, respectively, in the laser-pyrolysis tar than
in the hot-tube tar. Thus, in the tar that was evolved into a cold gas stream, the abundance of what
is presumably the most retrogression-prone class of phenolics -- dihydroxybenzenes -- is
substantially higher. What is perhaps more surprising is that the concentration of certain alkanes is
also higher in the laser pyrolysis tars.. Although there is hardly enough evidence yet to draw a
definitive conclusion, a possible rationalization is that when the dihydroxybenzenes (or their
precursors) undergo retrograde reactions, they tend to take the some of the alkanes (or their
precursors) with them.

A still more striking comparison is that between the FI mass spectra of the laser-pyrolysis
tar and that produced from the in-situ pyrolysis of the Wyodak coal in the temperature-programmed
inlet of the mass spectrometer (Py-FIMS); the latter is shown in Figure 8. In the spectrum of the
laser-pyrolysis tar (Figure 7b) the highest peak among the phenolics (m/z 124,
methyldihydroxybenzene) and the highest peak of the acyclic alkanes show intensities that are
within 40% of each other, whereas in the Py-FIMS, the intensity of m/z 124 is three times that of
m/z 268. Because any volatiles produced during Py-FIMS are evolved into a high vacuum, there
is negligible opportunity for secondary gas phase reactions; therefore, any increased retrograde
reaction under Py-FIMS conditions must be a result of a heating rate that is about three thousand
times slower. At this point we cannot say whether the relative enhancement of such retrograde
processes is an inherent result of reaction at lower temperatures during the slow heating, or merely
reflects a greater chance for retrograde reaction during the slower transport of volatiles once they
are generated within the coal.

Comparison of the temperature evolution curves for the most abundant single-ring
monohydric and dihydric phenols (xylenols and methyl dihydroxybenzenes) reveals a rather
striking difference between the tars from the two entrained flow techniques. Figures 9 and 10
show that in the laser-pyrolysis tar essentially all of the material in both classes is preexisting in the
tar. In the tar generated in the hot-tube reactor on the other hand, most of the monohydric phenols
and a good part of the dihydric phenols are pyrolytically generated on the hot probe during the
FIMS analysis, as seen from the fact that they are observed at much higher temperature. The
difference between the two types of tars is even more pronounced than it appears in Figures 9 and
10, since what is plotted there is the fraction of the total observed in each case for each molecular
ion. As shown in Table 1 and discussed above, for the Wyodak coal, the total amount of dihydric
phenols in the laser pyrolysis tar is 3.3X higher than that.seen in the EFR tar.

The above differences cannot be attributed entirely to a different distribution of volatiles
between gases and tars in the two pyrolysis techniques. Since the hot-tube reactor tars were
produced by heating the coal to 1100°C and the tars were originally evolved into a hot nitrogen
stream, one might have expected the relatively low-boiling phenols to have been much more
“distilled" out of the tars during the collection, and a greater fraction of those low molecular
phenols that were seen might be expected to have been formed by pyrolysis on the hot FIMS
probe. However, in three of the four curves shown, the situation with the laser pyrolysis tars was
not merely that there were more preexisting phenols, but that there was essentially no phenol
generation during analysis of the laser-pyrolysis tars. Thus we are forced to say that even though
one might have expected the higher temperature, longer residence time, and hot-gas atmosphere in
the EFR to have produced tars that were more "evolved” and therefore more refractory, they were
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not more refractory. It could be that the greater opportunity for oxidative coupling reactions
provided by the hot-gas environment of the hot-tube reactor provides coupling products of
dihyroxyaromatics that subsequently gave monophenols on the heated FIMS probe. This scenario
would be consistent with the substantially lower levels of dihydroxybenzenes seen in the Wyodak
hot-tube tars, and also with the higher total tar yields observed in the laser pyrolysis.

In summary, although the chemistry responsible for formation and evolution of oxygenates
in coal tars is still largely unknown, the above data from laser pyrolysis in a cold-gas atmosphere
are helping to delineate the factors that control the types and amounts of phenolic structures present
in pyrolysis products. At this stage, we can make the following tentative conclusions:

»+ The laser-pyrolysis tar yields appear to be higher than from those produced in
hot-tube pyrolysis of the same coals at equal or greater severity.

¢ The differences between entrained-flow laser-pyrolysis tars and entrained-flow
hot-tube pyrolysis tars are much greater for Wyodak coal than for Pittsburgh
No. 8 coal.

¢ The laser-pyrolysis tars contain substantially more low-molecular weight
monophenolic and diphenolic structures than do the entrained-flow hot-tube
pyrolysis tars.

v

s These phenolics, which undergo facile oxidation, are presumably responsible for
the intial pale yellow tars turning black upon exposure to air.
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Table 1

YIELDS OF TAR AND SELECTED PHENOLIC AND ALIPHATIC COMPOUNDS
IN LASER- AND HOT-TUBE!-COAL PYROLYSIS

lysis % Total Jon Intensity?
Technique/ %Tar Ta/ g FIMS3 mfy

Coal Run No. Tanal°C  Yield2 Char Volatility [ 122 124 360 268

WYODAK (Argonne) | LP/6-8-89-3 750 174 028 90 0.18 077 043 0.63

Pius No. 8 (Argonne) {LP/6-13-89-2 925 274 064 92 0.11 011 038 024

ILL No. 6 (Argonne) | LP/5-26-89-1 880 292 057 71 0.13 029 036 034

WYODAK (Argonne) | HT 1100 7.71 018 86 0.067 023 031 032

Pitts No. 8 (Argonne) | HT 1100 21.84 0.46 63 0.075 0057 0.18 0.30

IData waken from the hot-tube entrained-flow prolysis results in Reference 10.

ZInLP, % tar yield is derived from the collected weights of tar and char, by assuming the same gas yield reported
in the 1100°C, hot- tubepymlyscsofmfemnce 10. This gas yield will be an over-estimate, because of both the
lower final coal temperatures of the LP runs and the cold gas atmosphere in the laser pyrolysis.

3Wt. % volatilized from probe at 450°C under high vacuum.

‘m/l 122 curn:spon:ls 0 nmhylcresols 124 to methyldihydroxyb 260 inally to tetra-cyclic alkanes and

inally to acyclic alkanes. The % ion intensity values do not exactly equal mole %,
owmg o dxffmncm in scnsnuvuy factars. However, the relative % changes in intensity values from one snmple to
another are expected to be reliable.
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Figure 1. Rationale for Using Additives Rich in Polycylic Aromatic Hydrocarbons (PCAH).
Premises: 1. Significant contribution of Induced bond cleavage.
2. Factors enhancing IBS also tend to minimize retrogressive reactions.
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Figure 2. Schematic of entrained-flow laser pyrolysis apparatus.
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Top View
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Figure 3. Schematics of burn patlerns produced in acrylic pieces using (a) aperatures, (b) beam
expander, or (c) channel integrator in the optical configuration.
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Figure 4. Field ionization mass spectrum of the coal tar prior to hydrogenation.
Note that the tar is rich in PCAH essentially devoid of alky! substitution.
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to a maximum temperature of about 450°C.
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Figure 7. Fi mass spectra of laser pyrolysis tars.
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Figure 8. Py-FIMS of Wyodak coal (Argonne Premium Coal Sampie Program).
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CHARACTERIZATION OF COAL BY PYROLYSIS

A. Bjorkman and P. Simonsen
Technical University of Denmark
Lyngby, Denmark

Introduction

Coal characterization is an old subject. The heating value is a
major important figure from an economic point of view. The common
classification in ranks, however, has been associated with the
coking properties and is usually based on the volatile matter
content. Its value for the firing (and gasification) of coals is
limited. One indirect method - vitrinite reflection is based on
petrographic correlation. Also DTA and TG measurements are studied,
but have not gained much use as yet.

The annual report 88/89 of IEA Coal Research gives some comments on
the matter, stating that characterization should identify proper-
ties, that are critical to the performance of the coal. There is a
need for better evaluative tests, based on modern techniques, but it
is considered unlikely that methods can devise in the near future,
which are both specific, good for all coals and still simple.

Considering these methods and other characterization measurements,
which are mainly analytical, it may be stated, that no method does
really try to relate measured properties of coal with its burning
characteristics, except for the somewhat primitive "drop-tube bur-
ning”. Studies of the behaviour of coal particles in flames -
usually contrived as some pyrolysis/gasification model — can be
considered as characterization but may not easily produce figures
for inherent coal properties.

The suggested approach, presented here., emphasizes pyrolitic proper-
ties of coal. A small sample is subject to a rapid well controlled
laser-induced pyrolysis, followed by an equally controlled gasifica~
tion, using a microbalance, to estimate the reactivity of the char,
formed by the pyrolysis. The principal aim is not to contribute to
the fundamental understanding of coal burning but to add - by the
use of advanced equipment - to the empirical comprehension of bur-
ning properties of coal.

The purpose of the proposed measurements is thus related to the
pyrolysis and gasification, which occurs during practical firing,
where the time and intensity of pyrolysis may vary considerably
between coal particles. The way a particle responds to pyrolysis is
known to influence the char reactivity and may thereby determine the
final burning (gasification). The approach presented here is ap-
parently not attempted before.

The use of a very small sample is necessary to achieve a rapid pyro-
lysis with a laser beam, which in turn necessitates the use of a
microbalance for the gasification step. :

Equipment and procedure

le preparation
Coal powder (< 270 mesh) is pressed to a thin disc (< 0.1 mm) and

cut to a circular specimen (4.5 mm), which is laid in a tiny quartz
glass crucible and its weight recorded. It was established experi-
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mentally, that the thickness of the specimen must be restricted to a
maximum thickness of about 1 mg.

Rapid pyrolysis

The sample crucible is placed in a pyrolysis chamber (Fig. 1), which
is flushed with pyrolysis atmosphere (usually He), and possibly
pressurized. A glass window allows radiation of the sample with a
laser beam, and a portion of the resulting gas may be sampled
through a rubber septum, using a syringe.

A Neodym/YAG laser has, been used. giving a beam, coaxial with sample
and having the same with. The beam energy could be increased up to
14 J and given 1 to 20 ms duration. The pyrolysis gas was analyzed
in a Perkin Elmer 8500 gaschromatograph with double detectors, com—
bined to monitor for H,, 00, CH, (conjunct), CzH,, C.H,, CHs and
CyHe .

About S0% of the tar formed did deposit on the crucible wall, but no
attempt was made to analyze or characterize this product. It would
have been a difficult undertaking as such and could not be accomo—
dated in the project.

Reactivity rating

The char disc (about 1 mg) from pyrolysis can easily be transferred
to a clean crucible. It is vital that this crucible is handled
carefully to avoid any generation of static electricity. The char
is covered with a thin layer of quartz wool to assure that no char
(or ash) is lost.

The gasification is made in a (locally built) apparatus, seen in
Fig. 2, which is for the most part selfexplaining. A Satorius elec-—
tronic ultramicrobalance (type 4436 MPS) has been used. It is
important that the filament (steel + Pt), which carries the char
crucible, is centered to avoid any contact to the furnace wall. It
is also important to avoid any movement of the balance, when the
hanging furnace is heated, which explains the use of an expansion
Joint. A small stream of nitrogen is used to protect the balance
and to keep an unchanged atmosphere around the counterweight.

A partly perforated mixing section at the furnace top protects the
filament and gwes complete mixing of the two gas streams. Tempera-
tures up to 950°C for H,0 or Q0; could be used but most experiments
were run {with O,/Ne) at about 430°C. The temperature variation in
the furnace chamber could be kept within 1°C.

After insertion of quartz crucible, the gasification is started with
extended flushing of the furnace with N, before turning on the
heating. The temperature rise was normally quite rapid, but not
until after about 2 hrs. the temperature became stable and the re-
actant gas could be admitted. The gasification media (0., H,0, C0,)
were diluted with N,.

During the introductory phase of the experiments it was found to be
proper to normalize the amount of char gasified at any time to the
maximum amount possible. This latter value was found by raising the
temperature of the oven 200°C in a flow of nitrogen, whereafter the
oxidation is completed within few minutes to constant weight giving
the ash figure.
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Experimental results

Of the introductory/guiding experiments only a few need to be re—
ported. Reproducibility of the two-step procedure was found to be
quite satisfactory. The rate of gasification did not change when
the flow of reactant gas was reduced to half, and the rate seems to
be directly proportional to the O, concentration (25 and 50X). Rate
values at comparable conditions in the temperature range 408-438°C
gave activation energies in the region 120-150 kJ-mol™", indicating
that reaction rate only is rate-controlling.

A comparison of the relative rating of two coal samples is showm in
Figures 3 to 5. using O, (65Z), H;0 (29%) and (0, (50X). When the
differencesin curve heights are compared at the same degrees of
gasification, the H;0 and Q0, ratings are nearly the same, while the
"separation” is somewhat larger for O,. H20 is, however. more re-
active than 00,. The use of 0, 1s preferred, since the lower tem—
perature is lenient to the furnace.

Using one coal sample, the influence of pyrolysis time at the same
laser energy input (12 J) on rate of gasification was measured (Fig.
6). While the amount of pyrolysis residue (char) did not vary much,
it 1s evident, that the reactivity of the char gets considerably
higher, when pyrolysis time is short. This effect is likely to
increase the spread of burning times in a PF flame.

The effect of laser energy input at constant pulse length (1 ms) was
also studied. As seen in Fig. 7 the samples with the smallest
amount of energy start at a lower degree of pyrolysis but are some-
what more reactive, why the final level of gasification gets wbe
more or less the same.

In another study with a set pulse time the ratio of energy to speci~
men weight was kept constant (Fig. 8). It resulted in almost iden—
tical gasification curves.

The composition of the pyrolysis gas varies somewhat with the laser-
pulse duration as shown in ig. 7. These values may not be important
for combustion performance but could give an indication of pyrolysis
properties. When the level of laser energy was varied at constant
pulse length the following relative amounts (ul) were formed:

Energy, J 1 2 S 10
H, 32 88 122 139
[o4] 9 31 57 81
A, 1.2 1.4 1.7 2.3
C.H, 0.43 0.46 0.73 1.15
C.H, 1.9 5.5 19.6 3.6

The rise in amounts was particularly strong in the lowest range of
energy increase, except for CoH,.

From the curves shown so far and several others it can be inferred,
t3ht the (relative) amount of "post-pyrolysis" is proportional to
the reactivity of the char, expressed as the initial slope of gasi-
fication curve.
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In the Figures 10 to 13 some pyrolysis and gasification curves are
given for the following 4 coal samples within the same rank, the
figures being in %:

Origin H.0 Ash Volatiles

Australia 2.2 16.1 37.3
Mozambique 2.8 10.1 40.0
South Africa 2.9 13.3 29.9
Poland 2.6 17.2 38.4

It may be stated generally from the "reactivity curves”, that the
new type of characterization does discriminate between different
coals. The differences appear as ultimate levels of (normalized)
residue and as response at changes in pyrolysis parameters. It
would be of interest to understand how these differences may be
explained, but the important matter is to relate the observations to
the performance of the coals in practical burning.

Fig. 13 also illustrates the deviation in behaviour, when the pyro-
lysis is done by heating the coal specimen slowly in the gasifica-
tion oven. Evidently the slow carbonization yields a reactive char,
which has almost the same "gasification profile” as the char from a
low energy laser pulse (1 J) of short duration (1 ms). However, in
characterization laser pyrolysis is more realistic and easier to
control.

Though the use of D, as gasification medium is less attractive, it
is of fundamental interest to check the influence of characteriza—
tion parameters in comparison to O,. It was found as a main obser-
vation, that the difference in reactivity, resulting from short and
long pulse lengths, seems to be considerably smaller on OO, gasifi-
cation.

Several experiments were made with different atmospheres and
increased pressures in the pyrolysis chamber. On the whole, the
effects observed were rather insignificant. Also a splitting of the
laser energy into several consecutive pulses seems to giﬁ;additio—
nal infomation of interest. 7

A few experiments with particles of different ranges in the coal
powder, used to press the disc specimen, indicate some differences
in the reactivity of the produced chars. Evidently, the particle -
size distribution should be controlled in accurate work.

Finally two series of "characterization experiments” were carried
out, one with coals of different ranks, the other a comparison with
results, produced by the Danish service and research institute
dKTEKNIK.

The first series comprised one subbituminous coal (West Canada), two
bituminous coals (South Africa), one "in between” these ranks
{Columbia) and, as the last, anthracite. The laser energy was kept
constant while two pulse lengths (1 and 20 ms) was used. The re-
sults are shown in Figures 14 and 15. The 1 ms experiments give a
clear discrimination between the ranks, and the two bituminous coal
appear to be i{dentical. However, the 20 ms experiments do
distinguish between these two coals, while the ranking order of the
most reactive coal chars gets "mixed”. Generally the new characte-—
rization method appears to be quite efficient.
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The second series illustrates the only comparison with results from
practice, identified so far. The three coals involved have the
following conventional data:

Sof tening
Coal from Ash, X Volatiles.X Hi kcal/kg temp.,°C
Poland 16,1 36.0 7749 1190
South Africa 12,8 28,8 7783 1340
Mozambique 17,6 36.9 7690 ?

Petrographic figures show substantial differences in vitrinite and
inertinite contents. The DTH/DIG/TG data seem to differ moderately
and do not offer an easy interpretation. The following test results
are at hand (only two coals being used in PF firing):

Drop tube Ignition, Not burnt
Coal from X burnt combustion in ash,X
Poland 96,1 very good 2
South Africa 87.8 rather good 6
Mozambique .4 = -

The overall JdkTEKNIK results grade the samples in the order: Poland,
Mozambique. South Africa. The pyrolysis/reactivity results, as
shown in Fig. 16 give the same order. A detailed comparison does
not seem possible.

Summar

The results obtained do meet the prospects of a new possibility for
coal characterization, in that the proposed principle seem to have a
definite potential of practical interest. The method displays good
reproducibility and reflects also minor differences in coal proper—
ties. The number and ranges of significant parameters appear to be
limited, and standardization to optimal conditions, e.g. with regard
to laser requirements, should be possible, using simplified equip—
ment.

We have been invited by the European Common Market Authorities to
examine the possible development of a commercial apparatus with the
support of consultants with experimence of such endeavours.

Lyngby. December 1989
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ADVANCES IN THE FG-DVC MODEL OF COAL DEVOLATILIZATION

P.R. Solomon, M.A. Serio, D.G. Hamblen, Z.Z. Yu, and S. Charpenay
Advanced Fuel Research, Inc., 87 Church Street, East Hartford, CT 06108

KEYWORDS: Coal, Pyrolysis, Modeling, Network, Kinetics *
INTRODUCTION

The FG-DVC general model for coal devolatilization, which combines a functional group (FG)
modei for gas evolution and a statistical depolymerization, vaporization, and crosslinking (DVC)
model for tar formation, has previously been presented (1). The FG model describes the evolution
of gases from sources in the coal, char and tar. The DVC model describes the decomposition and
condensation of a macromolecular network representation of coal under the influence of bond
breaking and crosslinking to predict (using Monte Carlo statistical method) the molecular weight
distribution of the network fragments. The crosslinking reactions are related to the evolution of
CO, at low temperature and CH, at moderate temperature (2). Tar is formed from the light fraction
of tFle network fragments which vaporizes and is transported by the light gases.

As discussed in Ref. 1, the FG-DVC model was based on a number of simplifying assumptions

. which provided a good first approximation of the devolatilization process. Included in the
approximations were the assumptions that: i) the coal molecular structure could be described as
substituted aromatic ring clusters of various sizes linked into a macromolecular network or present
as guest molecules, ii) tar consists of fragments of that network and so has a similar composition.
(except for a higher hydrogen content due to a larger number of methyl groups), iii) kinetics are
independent of coal rank, iv) transport is controlled by the vapor pressure of tar fragments in the
escaping gases.

Since the presentation of the original FG-DVC model, a number of improvements have been made.
First we have added a second class of material, polymethylenes, to the macromolecular network.
These polymethylenes can form a large part of the tar in low rank coals and so make the tar
dissimilar to the parent structure (which is primarily the aromatic ring clusters). Second, the
molecular weight distribution of macromolecular network fragments has been used as the basis for
a theory of viscosity (3). This theory is quite sensitive to the accuracy of the kinetic rates.
Consequently, third, rank dependent kinetics have been added to the model (3,4). Fourth, we
have tested the tar transport theory by comparing its predictions on molecular weight distributions
to measurements made with a Field lonization Mass Spectrometer (FIMS). The results suggest
that the vapor pressure law (5) used in the original model (1) appears to fit the data in its
dependence on molecular weight and temperature, but was about a factor of 10 too low in its
vapor pressure. Finally, we are exploring the use of percolation statistics as an alternative to the
Monte Carlo calculations. An approximation is presented which includes the evolution of tar
molecules and is based on a previously presented two coordination number percolation theory (6).

MODEL IMPROVEMENTS

Polymethylenes

Varying amounts (typically 0-9%, but in some cases as high as 18%) of long-chain aliphatics
(polymethylenes) have been reported in pyrolysis products by Nelson (7)-and by Calkins and
coworkers (8-11) and references quoted therein. The chains appear alone and attached to
aromatic nuclei. The presence of these polymethylenes makes the tar more aliphatic than the
parent coal. Also, for most coals, there is a low temperature tar peak which results from the
vaporization of unattached small polymethylenes plus small aromatic ring clusters. This
vaporization peak is illustrated in Fig. 1. Polymethylene chains can also crack or be released into
the second tar peak. Further cracking of this material under more severe devolatilization
conditions produces ethylene, propylene, and butadiene from which the concentration of
polymethylenes may be determined (11). Originally, the polymethylenes were included in the FG
model as part of the aliphatic functional group pool, which is assumed to decompose to produce
gas products, not tar. This leads to predicted H/C ratios in the tar for low rank coals which are
lower than those measured by Freihaut et al. (12).
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Polymethyienes have now been added to the DVC part of the model as a second class of material
whose molecular weight distribution and functional group composition are different from the main
macromolecular network. The starting coal molecule now includes a distribution of oligomer sizes
for polymethylenes and other guest molecules (with the chemical composition of the network).

The vaporization of these molecules produces a peak which matches the early vaporization peak
as shown in Fig. 1. We also account for polymethylenes which are attached to the coal matrix and
removed by bond breaking by including them as species in the FG model. Those polymethylenes
are then added to the tar after vaporization.

The model requires a value for the total polymethylene content in the coal. Calkins determined
that the yields of ethylene, butadiene, and propylene comelated well with the polymethylene content
(11). It was decided that this is the most general and fruitful approach to take and we have used
the coals which are in our set and Calkins' set to calibrate the method. As a first approximation,
we arbitrarily chose to use polymethylene = 0.7 (C,H,). This gave -CH,- contents slightly above
Calkin’s values, but within 15% of Calkin's. The model also assumes that 50% of the
polymethylenes are small enough to vaporize and are included in the oligomer pool while the other
50% are not and are included in the FG pool.

A prediction for the total tar yield including polymethylenes is compared in Fig. 1 with
measurements from a TG-FTIR experiment (13-15). The agreement is good. Comparisons
between the predicted and measured (12) tar hydrogen compositions are shown in Fig. 2. The
prediction is good for high rank coals and shows the correct trend with rank. The tar hydrogen
composition is, however, overpredicted for lower rank coals. This is due to the fact that the model
underpredicts, for these coals, the tar yield at high heating rates. The relative contribution of
polymethylene is then more important. By improving the tar prediction with adjustments of DVC
parameters, we should be able to obtain more accurate values of the tar hydrogen composition.

Viscosity Model

We have developed a model for coal fluidity as an extension of the FG-DVC model (2). The FG-
DVC model predicts the yield of liquids (all fragments released from the network) produced during
heating of the coal. The fluidity is dependent on the relative amounts of the liquid, and solid (the
remaining network) and on the fluidity of the liquid component. The fiuidity of the liquid
component depends on the average molecular weight of the liquid and on the temperature. The
details of the fluidity model and comparisons to literature values of viscosity are presented in

Ref. 3. Excellent agreement has been obtained between the model predictions for fluidity and low
temperature fluidity measurements of Oxley and Pitt (16), Fitzgerald (17), and van Krevelen (18).

Recently, we have applied the model to predict the fluidity data for the Argonne premium samples
obtained using a Geissler plastometer (19). To properly predict the fluidity we found that the rank
independent kinetics were no longer accurate enough. Rank dependent rates for bond breaking,
low temperature crosslinking, and moderate temperature crosslinking were determined using the
evolution rates for tar, CO,, and CH, in a TG-FTIR experiment as discussed in the next section.
Their rank dependent rates were used to make the predictions of viscosity.

Figure 3 compares the measured and predicted viscosity for Upper Freeport coal. Figure 4 shows
the predicted and measured values for the temperature of the initial softening point (where the
plastometer first reads 1 DDM), the temperature of maximum fluidity, the maximum fluidity value,
and the solidification temperature (where the plastometer last reads 1 DDM). The agreement is
good, generally within * 10°C for the temperature predictions and within a factor of 5 for the fluidity
maximum. . .

Rank Dependent Kinetics

As discussed above, in order to fit the fluidity data, the tar formation, carbon dioxide, and methane
kinetic rates had to be adjusted from those used in the original mode! which were rank
independent (1,20). These rates control the bridge breaking, low temperature crosslinking and
moderate temperature crosslinking rates, respectively. The rank dependent rates were chosen by
fiing the TG-FTIR data at 30°C/min and the Geissler fluidity data (19) at 3°C/sec.

480




In addition to this study, an independent investigation was made. of the rank dependence of the
pyrolysis kinetics by doing experiments in a TG-FTIR reactor over a series of heating rates (3, 30,
50, 100°C/min) for the Argonne coal set (4).

The rank dependences of the rate constants for bridge breaking, (or tar evolution) and CH,
evolution at 450°C determined from analyzing the TG-FTIR data at several heating rates and from
fitting the FG-DVC model to fluidity data at 3°C/min and the tar and methane evolution data at
30°C/min are shown in Fig. 5. The two methods agree fairly well and show a systematic variation
in rates with the coal's oxygen concentrations. The rates for tar evolution or bridge breaking vary
by about a factor of 10 if the Pocahontas coal is excluded, which is consistent with previous results
for coals from the same range of ranks (21). if the Pocahontas is included, the rank variation for
the tar evolution or bridge breaking rates is about a factor of 25. The rates for tar evolution are
consistent with those obtained by Burnham et al. (22) for total hydrocarbon evolution from Rock
Eval analysis of the same coals.

Tar Transport Model

The tar transport model assumes that the tars reach their equilibrium vapor pressure in the light
gases and evolve with these gases as they are transported through the pores or by bubble
transport. The details of the model are presented in Ref. 1. We have used the vapor pressure
correlation of Suuberg et al. (5) for the equilibrium vapor pressure. Since this vapor pressure law
is a function of molecular weight and temperature, we tested the accuracy of our model in
predicting the evolution of tar fragments of specific molecular weight as a function of temperature.

The experimental data used was obtained from FIMS analysis, where the FIMS apparatus is in line
with a probe used to heat the sample. The FIMS analysis was performed by Ripudaman Malhotra
at SR International on coals, which pyrolyze in the apparatus (coal FIMS), and on already formed
coal tar, which vaporizes in the apparatus (tar FIMS). We divided the tar oligomers (from both data
and theory) into five different bins: 50-200 amu, 201-400 amu, 401-600 amu, 601-800 amu, and >
800 amu. The evolution with temperature of each bin is then plotted.

Tar FIMS - We found good agreement between the tar FIMS data and our simulation (Fig. 6). A
small mismatch is present for large molecular weight oligomers (> 800 amu), where the maximum
of rate evolution occurs later in the simulation. The peak is also narrower, i.e. the temperature
range of evolution is shorter than found experimentally. The vaporization of smaller oligomers is,
however, well predicted. This validates the temperature and molecular weight dependence of the
vaporization {aw (5) used in the model but not the absolute magnitude of the vapor pressure.

Coal FIMS - We compared the results of the simulation with coal FIMS data for two coals,
Pittsburgh No. 8 and Wyodak. We found the best agreement when the Suuberg et al. correlation
(5) is multiplied by ten. For the Pittsburgh No. 8, the theory gave an accurate prediction for the
evolution temperature of low molecular weight oligomers, as well as the relative amounts of all
oligomer classes (Fig. 7). It, however, predicted higher evolution temperatures for high molecular
weight oligomers (> 600 amuy), while the data showed a unique temperature of maximum evolution
rates (T, for all molecular weights. A shift to higher T, with higher molecular weight is
consistent with the fact that large oligomers need higher temperatures to vaporize, as confirmed by
the tar FIMS data. Since coal FIMS data doesn't present this feature, we suspect some additional
limitations occur as the fluid coal melt resolidifies.

The simulation for Wyodak coal gave a good prediction for the evolution of ail molecular weight
classes oligomers, including large ones (Fig. 8). The data (Fig. 8b) shows that the evolution of
high molecular weight oligomers occurs slightly before the smaller oligomers. This also suggests
the presence of additional limitations. In our simulation for low rank coals, the peak position is
regulated by the low temperature cross-linking rate (which reduces the number of large oligomers
which can vaporize) rather than by the vaporization law.

In order to obtain a better prediction for Pittsburgh No. 8, we considered additional transport
limitations related to the reduction in the fluidity of the coal. However, none of the simple
modifications tried gave a significant improvement in the model for both low and high rank coals.
The current model gives good predictions for the relative amounts of the oligomers in each size
classification. It also predicts accurately the 4%vlolution temperature of low molecular weight (< 600
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amu) oligomers. The vapor pressure dependence on temperature and molecular weight is also
validated by the good prediction of the tar FIMS data. The present model, therefore, uses the
original FG-DVC transport assumption (1) with the Suuberg et al. vapor pressure correlation (5)
multiplied by ten.

Percolation Theory

The statistical Monte Carlo method used in our FG-DVC model has been quite successfu! in
predicting the depolymerization and crosslinking processes of the coal macromolecular network.
However, the method has a few drawbacks. First, it is computationally time-consuming compared
with other statistical methods. Second, its statistical nature presents a certain degree of fluctuation
in the final resuits. The latter becomes increasingly significant and poses some difficulties for the
modeling of coal fluidity and swelling.

To address these problems, attempts have been made to use the mathematics of percolation
theory as an alternative to Monte Carlo calculations (6,23,24). Percolation theory gives closed-form
solutions for a Bethe lattice. Keeping in mind that an actual coal network contains some different
features from the Bethe lattice (e.g. the Bethe lattice has no loops), we made use of some basic
concepts of percolation theory while we further modified the mathematics of this theory to describe
vaporization processes in coal devolatilization.

One of the key parameters of percolation theory is the coordination number, o + 1 which
describes the possible number of bridge attachments per ring cluster (monomer). A linear chain
has ¢ + 1 = 2, while a rectangular *fish net' has 0 + 1 = 4. The higher the coordinator number,
the more bridges must break to create network fragments. In attempting to apply percolation
theory to the FG-DVC model (6), it became obvious that the single coordination number lattice
used in most applications of percolation theory was not appropriate to describe coal network
decomposition. It appears from solvent swelling data (25-29) and NMR data (30), that coal begins
as a chain-like material with crosslinks every 2 to 8 ring clusters, i.e., 0 + 1 between 2.2 and 2.5.
So, its decomposition requires a low coordination number. However, crosslinking processes can
occur at elevated temperature to increase the coordination number. Therefore, we extended the
mathematics of percolation theory from a one-dimension probability computation into a two-
dimensional probability computation to describe the coal network as a lattice with two bond types
per cluster, i.e., two coordination numbers. This modified theory is referred to as the two-o0 model

®).

Two important new features in our two-o percolation theory are: (i) tar vaporization and

(i) molecular weight distribution of monomers. These features are basically treated the same way
as in the original DVC model. The molecular weight of monomers is described by a probability
distribution, which allows for the fact that monomers are made of various multi-ring structures. Tar
molecules are removed out of the coal network using Suuberg's modified vaporization law.
Molecular weight distributions of tar and char are kept track of during pyrolysis by a bookkeeping
of the vaporization process in each mass bin. The percolation theory gives the mass fraction of all
n-mers during pyrolysis. Combining this with a given molecular weight distribution of monomers,
one can obtain the mass fraction of coal in each mass bin, which consists of two components:
char and tar. Tar vaporization is computed for each mass bin. Tar in each mass bin
monotonically increases and reduces the amount of char available for vaporization in the same bin
until the char bin is emptied. Figure 9 shows the comparison of predicted tar yields between the
Monte Carlo methed and the modified percolation theory. Also, a two-o prediction of the fluidity for
the same coal is included in Fig. 3. The Monte Carlo and two-0 predictions agree reasonably well
with each other and with the data."

CONCLUSIONS

This paper describes a number of improvements and extensions of the FG-DVC model of coal
devolatilization.

1) Polymethylenes have now been included in the model. They account for part of the low
temperature vaporization peak observed for some coals, and for the increase in the H/C ratio of
coal tar observed for low rank coals.
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2) A fluidity model has been added to the FG-DC model. The fluidity is dependent on the relative
amounts of the liquid and solid, and on the fiuidity of the liquid component. The fluidity of the
liquid component depends on the average molecular weight of the liquid and on the
temperature. The model accurately predicts the measured fluidities for the Argonne’ coals using
rank dependent kinetics.

3) Rank dependent kinetics for tar formation, CO, formation and CH, formation have been
obtained for the Argonne coals by fitting the fluidity data. These agree with rates obtain by
fitting data from a TG-FTIR experiment at several heating rates and with the rates obtained by
Burnham et al. (22) for the same set of coals.

4) The tar transport model used in the original FG-DVC model (i.e., the tars reach their equilibrium
vapor pressure in the light gases and evolve with these gases as they are transported through
the pores or by bubble transport) was examined by comparing the temperature and molecular
weight predictions for tar evolution measured in a FIMS analysis. The original assumptions give
reasonably good fits to the data if the Suuberg et al. vapor pressure correlation (5) is multiplied
by ten.

5) A new two- percolation theory was developed with an approximation for tar evolution. The
predictions of this model agree with the predictions using Monte Carlo statistics and with the
data.
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MINERAL MATTER EFFECTS IN COAL PYROLYSIS

Insoo Bae, Majed Anani, Waleed Maswadeh, Yongseung Yun, Henk Meuzelaar and Joel DuBow

Center for Micro Analysis and Reaction Chemistry, University of Utah
214 EMRL, Salt Lake City, Utah 84112
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INTRODUCTION

Coal pyrolysis is a fundamental first step in combustion processes [1]. Yet coals exhibit a
wide variation in pyrolysis behaviors. The origins of these wide variations are, for a given set of
experimental conditions, both structural and compositional in nature. Because of its thermochemical
and catalytic properties, mineral matter plays an important role in both the thermodynamics (product
mixes, activation energies) and kinetics of coal pyrolysis [2]. The issue is further complicated by the
manner in which mineral matter is distributed in various coals. While many classifications are
possible, grouping into three classes is most common [3). These classes are: (1) discrete minerals such
as clays, oxides (basic and acidic) and sulfides; (2) organometallic matter such as ion-exchangeable
cations; and (3) dispersed trace elements and compounds. A considerable body of research exists for
studying equilibrium and non-equilibrium effects of the various forms of coal minerals on coal
combustion {4,5,6].

In the present paper the mineral matter effects on coal pyrolysis are being analyzed using an
approach whereby observable spectroscopic (TG/MS) differences in the pyrolytic decomposition
between fresh coal and demineralized coal are reconstructed from the sum of mineral matter effccls
on pyrolysis arising from adding back, singly and in pairs, individual minerals in various forms.

EXPERIMENTAL TECHNIQUE

A low rank coal, Beulah Zap lignite was chosen because of its readily exchangeable cations,
the strategic and technological importance of the huge Northern Great Plains lignite resource, and ils
availability as a standard reference coal through the Argonne National Laboratory Premium Coal
Sample Program (ANL-PCSP). :

Prior 1o sample preparation, coal is freezer stored under Ar or N, at -30 10 -90 C so that
oxidation is prevented. A standard HCI/HF acid wash is used to demineralize the coal. This has been
shown not to alter coal structure [6], but does influence the number of reactive sites and surface
reactivity in the coal [8,9].

Subsequently, cations and/or minerals are added back into the coal following demineralization.
The cations are added using titration techniques and the sulfide or oxide minerals, as well as the clays,
added by physical mixing. The titration results agree within +/- 10% of ICP/AES (Inductively
Coupled Plasma/Atomic Emission Spectroscopy) determinations. Figure 1 shows the comparison of
the titration ion concentration with the ICP/AES measurements.

Following sample preparation, pyrolytic decomposition is studied. Thermochemical kinetics are
obtained using a home-built thermogravimetry/mass spectrometry (TG/MS) system [10] in conjunction
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with PAS (photoacoustic spectroscopy) using an MTEC model 200 PAS cell and Perkin Elmer Model
X1760 FTIR system. The yield of char or ash is quantified using TGA and mineral concentrations
are quantified using ICP/AES. Data for each run are replicated three times, and a minimum of three
heating rates per sample composition are run in order to evaluate the kinetic paramelers using one of
three statistical kinetic programs.

EXPERIMENTAL RESULTS

Sample Preparation-- Figure 2 demonstrates the effectiveness of the concentrated HF/HCI
demineralization procedure. The ICP/AES data show that 95% of the mineral matter was removed.
Furthermore, TG/MS data, as exemplified in Figures 3a and 3b, indicate that major structural
transformations do not occur as a result of demineralization.

Minerals were subsequently added to the demineralized coal by physical mixing or by ion
exchange titration. Figure 4 shows FTIR data including the computed difference between fresh
(Figure 4a) coal and demineralized (Figure 4b) coal FTIR spectra. Figure 4c shows the difference
between FTIR spectra for fresh Beulah Zap coal and demineralized Beulah Zap. The peaks at 1090
cm™ are particularly significant for cations and mineral phases. Note the strong similarities between
the calculated difference spectrum in Figure 4c and the measured spectrum of ash obtained by low
temperature ashing (Figure 4c). The effect of adding calcium is also given. The peaks for hydrogen
replacement of cations and for the existence of mineral phases are consistent with known ion exchange
and mineral substitution mechanisms.

Coal Pyrolysis - The effects of demineralization and of adding 2.6% Fe to demineralized Beulah
Zap on specific products of devolatilization are shown in selected, time- and temperature-resolved
mass spectral data in Figure 3.

Figure 3a-d shows the influence of demineralization (followed by adding iron chloride to
demineralized coal) upon the DTG curve, the total ion count signal and the time (or temperature)-
resolved ion profiles for H,” (m/z 2), CO* (m/z 28), and H,0" (m/z 18). The main features of the DTG
profiles are replicated in the total ion count profiles. The mass spectral profiles for fresh and
demineralized coal exhibit peak shifis in both temperature and amplitude. For iron, the concurrent
sharp fall off of H,O accompanied by a sharp rise in H, (which is doubly activated) and CO is’strongly
suggestive of a water-gas-shift reaction. Moreover, the activation energies, based on first order
kinctics, are similar for H, and CO. Both calcium and iron affect the hydrogen generation kinetics.

Kinetics - A number of kinetic parameter-fitting models were evaluated for devolatilization
kinetic paramelter determination. The techniques of Yun (1989) and Burnham (1989) [11,12] are
specifically focussed on distributed activation energy models. However, not all the reactions are
necessarily uncoupled parallel first order reactions. The apparent activation energies and reaction
order may be estimated from leading edge or TG/MS line profiles. Table 1 shows the computed
activation energies for H, and CO. The hydrogen generation curve may arise from a number of
possible mechanisms. The experimental data for DMBZ+ 2.6% FeCl, are indicative of two distinct
reactions. The apparent activation energy of 42.2 K cal/mole is apparently increased by the
contribution of lower temperature reactions (water-gas-shift and main pyrolysis reaction).

The existence of catalytic effects of mineral matter is reinforced by the thermochemical kinetic

data enumerated in Table II. The fresh Beulah Zap coal activation energy is the highest and hence
pyrolysis proceeds at the fastest raie. The lowest activation energy is for demineralized Beulah Zap
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coal, while the activation energies for demineralized Beulah Zap samples with added iron and calcium
lie in between.

CONCLUSIONS

Marked effects of iron and calcium cation content on the hydrogen, water, and carbon monexide
generation rates during pyrolysis were observed. In addition, the potential for PAS-FTIR spectroscopy
in quantitative applications to coal spectra was demonstrated on fresh demineralized and remineralized
coal. Demineralization and selected remineralization affect the rate of gas evolution in general and
of hydrogen and carbon monoxide in particular. This is in good agreement with published literature
data [13,14,15].
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TABLE 1
ACTIVATION ENERGIES FOR HYDROGEN AND CO
Coal Sample* Mass Activation Energy Observed Temp. Range
Peak (kcal/mol) (K)

FRBZ m/z 2 (H,+) 368 800-1200

m/z 28 (CO+) 22.7 800-1200
DMBZ + m/z 2 (H,+) 42.2 800-900
2.6% Fe m/z 28 (CO+) 352 * 800-1200

* FRBZ = Fresh Beulah Zap
DMBZ = Demineralized Beulah Zap

) TABLE I
ACTIVATION ENERGIES BASED ON TG WEIGHT LOSS DATA

Coal Sample* Ea (kJ/mol) Chosen % Conversion Heating
Rate Used

FRBZ 213 +43.68 30, 32, 34, 36, 38, 40 5, 10, 25, 50

DMBZ 102,79 + 32.72 15, 18, 21, 24 5,10, 25

DMBZ + Fe 131.94 + 51.40 30, 32, 34, 36, 38 10, 25, 50

DMBZ + Ca 144.44 + 40.67 30, 32, 34, 36, 38, 40 10, 25, 50 .

* see Table 1

492




4.0+

w
§
- 3.01
g /O><
A
£ [ 4
s ]
T 201 © A
- O—0 Titration, Co
° ®—® ICP, Co
x® A—A Titration, Fe
< 1.01 A—A ICP, Fe
E4
A
0.0 v v v v
0.0 0.5 1.0 1.5 20

Normality of Solulions

Figure 1. Ion exchange was accomplished via titration and verified by ICP/AES. The iron
substitulion data are nearly identical, indicating a more effective exchange than for calcium. The
concentration in the coal tends to saturate above 1N solutions.
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Figure 2. ICP-AES. data for fresh and demineralized Beulah Zap coal. While the efficiency for
mineral removal varics by element, the demineralization is seen to remove about 95 percent of the

total mineral matter.
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Figure 3. Selected thermogravimetric weight loss, total ion count and mass spectral profiles for H,O,
CO and H, is demineralized and remineralized Beulah Zap coal. Of note are the duplication of the
main DTG features in the total ion count and the evidence in Figure 4c (see shaded areas) of water-
gas-shift reactions (falling water cancentration with concurrently rising hydrogen and CO
concentrations).  The iron cations shift the hydrogen profile to lower temperatures with
accompanying rapid rise in CO. The activation energies for H, (m/z 2) in Table I are indicative of
two interacting reactions for hydrogen generation, e.g., water-gas-shift and crosslinking.

494




Demineralized Pittsburgh #8

b.

litsb h #3
fresh Plitsburg Fresh Beulah Zap

Hydrogen
Substilution

4

Low Temperalure Ashed
Piltsburgh #8

iference spectrum
(Fresh-Deminerallzed)

Figure 4. Photoacoustic FTIR spectra for fresh and demineralized Pittsburgh #8 and Beulah Zap
coals. Of particular note in Figure 4a and c are the strong similarities between the compuler
difference speetra (between fresh and demineralized coal) and the ash spectra. Figure 4b shows the
verifieation of calcium ion exchange in Beulah Zap coal through the FTIR spectral shifts at 1690
cm™” and 1050 cm™ between fresh, demineralized and Ca-added coals.
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INTRODUCTION

In reactions of hydrocarbons, alkylaromatic side chain cleavage occurs as the result of thermal or acid
catalyzed cracking chemistry. In general, acid catalysis leads to direct bond cleavage at the aromatic ring
whereas thermally promoted bond breaking gives primarily substituted aromatics.? The formation of a core
aromatic by a thermal process is expected only at higher temperatures and in low yield due to the need for
hydrogen atoms.

The thermal chemistry of simple alky! substituted aromatics has been extensively studied both
e)tperimemally2 and mechanistically3 over a wide range of temperatures in the gas and liquid phase.’
Selectivity and conversion can generally be explained by the classical Rice-Hertzfeld chain mechanism,
involving initiation, chain propagation and termination steps.

Typically, thermal cleavage of an alkyl group at the ring for most systems studied (1 and 2 ring
alkylaromatics) is observed only at relatively high temperature. It occurs by ipso hydrogen atom attack
followed by cleavage and rearomatization by loss of the alkyl side chain.

Recently, for the alkylpyrene system, extensive direct side chain cleavage has been observed for liquid
phase, low temperature (375-425°C) pyrolysis (43% yield of pyrene at 400°C and 180 min.).6 Pyrene
formation was reported to be the result of autocatalysis. This yield of core aromatic is much greater than
that found for single ring aromatics.2 Detailed mechanistic interpretation of this work is obscured by the
high levels of conversion and formation of higher molecular weight residues.

In this paper, we wish to report the results of a combined theoretical and experimental study which we
believe does provide experimental confirmation of a direct cleavage path. In support of this conclusion, we
present an analysis of the possible reaction pathways.

EXPERIMENTAL SECTION

The model compound used in the pyrolysis studies, 1,20-di{1-pyrenyljeicosane (1) was obtained from
Molecular Probes Inc., Eugene, Oregon and used without further purification. The material was 99 % pure
by high temperature gc.

Nuclear Magnetic Resonance spectra were recorded using a Briker AM-360. Peak positions were
referenced to tetramethylsilane (TMS) and ail spectra were run in CDCl3. Products were analyzed by gc
using either a HP 5890 equipped with an FID detector (column 30M x 0.32mm 1.D. SPB-5, cross-linked
methyl silicone, 0.25p) operated in the splitless mode or a Carlo Erba HT SIM-DIST (high temperature
simulated distillation) GC. Mass spectral analyses were conducted using an HP5995 GC/MS with RTE-6
Data Station equipped with a column identical to that described above for the HP5890.

A Perkin Elmer TGS-2 Thermogravimetric System was modified and operated to achieve heatup rates up
to 20 times faster than it was designed for. The reactor and balance mechanism were enclosed and
continuously purged with helium. The TGA thermocouple was calibrated using high temperature Curie
Point metals as recommended by Perkin Elmer.

Flash Pyrolysis studies were carried out using a commercial pyroprobe instrument {Chemical Data
Systems, Inc. CDS 122 Pyroprobe) equipped with an electrically heated platinum coil on the end of an
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insulated probe. In a typical experiment, the nonvoatile model compound of interest was coated on the
wire by placing a small amount of the organic material onto the coil and then heating until the material melts
and formed a thin film on the surface. The probe was then fitted with a glass tube sealed at one end, and
the pyrolysis chamber was purged with helium. The coil was then rapidly heated to temperature (600 to
1000°C max.) at the maximum rate possible (nominally 20,000 °C per sec) and maintained at temperature
for the desired reaction time. Products collected on the inside surface of the air cooled tube and were
washed down the tube with soivent and analyzed by gc, gc/ms, and TH NMR spectroscopy.

A detailed chemical kinetic model for the pyrolysis of 1 was constructed using an abbreviated set of
reactions from the modeling of butylbenzene.3 The thermochemistry was changed to reflect the
increased stability of the 4-ring benzylic like radical relative to the one ring case. Stein and Golden estimate
this to be 8 kcal/mole.

RESULTS AND DISCUSSION
P is Experi

We have conducted pyrolyses using open reactor configurations and flash pyrolysis methods. The mode!
used was 1,20-di(1-pyrenyl)eicosane (1) (bp. ~620°C, estimated from gc simulated distillation).

68 55

1

When 1 was pyrolyzed in an open reactor (TGA) at 425 and 512°C, the sample weight loss was monitored
as a function of time. The products were collected and analyzed by high temperature GC. Liquid product
recovery was nearly quantitative (99%) plus a 3% yield of a nonvolatile residue (total mass recovery 102 %)
for the 425°C sample. For the 512°C sample, liquid and residue yield were 94 and 2% respectively (iotal
mass recovery 96%).

GC results show some starting material in the volatile liquids (32 % at 427 °C and 9 % at 512°C) and the
formation of a substantial amount of pyrene and its paired pyrolysis product, 1-eicosylpyrene as well as the
usual series of paired alkyl and terminal alkenylaromatics. This confirms the importance of an anomalous
direct side chain cleavage pathway in alkylpyrene pyrolysis. It also indicates the extent of volatilization of 1
under the TGA experimental conditions.

In figures 1a and b, a schematic respresentation of the product selectivity data is given for the 427 and 512
°C runs. The plots clearly show the general pairing of products when an internal carbon-carbon bond is
cleaved. Comparison of the plots demonstrates the suppression of pyrene production at high
temperature. This is consistent with the sealed tube data in reference 6. Table | quantifies these trends for
the alkylpyrenes, includes flash pyrolysis data for 1 at 575°C, and includes product selectivites for
butylbenzene at 505°C for comparison.

The proton NMR spectrum for the products derived from flash pyrolysis at 425°C is shown in figure 2 with
an enlargement of the olefin region. The four multiplets on the right of this region are unambiguously
assigned to the terminal hydrogens of vinylpyrene and the olefinic hydrogens of the series of terminal
olefins (chain length greater than C,) substituted on pyrene.8 The downfield multiplet is assigned to the
beta hydrogen of an alkyl substituted vinylpyrene (see tig. 2b). Its chemical shift and coupling pattern are
consistent with the trans isomer. Figure 2b shows a comparison of the experimentally observed adsorption
and a spectral simulation.9 Using standard literature .coupling constants,’0 excellent agreement is
obtained. :

Formation of the intemal olefin discussed above provides a candidate for the missing source of hydrogen

needed for side chain cleavage. Confirming support tor this hypothesis was obtained by tracking the

formation of this species relative to pyrene at different temperatures. The ratios for pyrene to vinyipyrene

and internal olefin to vinylpyrene are 0.46 and 0.41 (575°C max.) and 0.24 and 0.21 (800°C max.)
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respectively.11 These values clearly show that formation of the internal olefin is coupled to pyrene
formation.

istic | .

In the general case, three mechanistic possibilities exist for the conversion of an alkylpyrene to pyrene and
an alkane. They are distinguished by the following elementary reaction features: 1) ipso hydrogen atom
addition, 2) bimolecular radical hydrogen transfer, RHT (transfer of hydrogen from a location beta or, in the
general case, distant from the site of highest spin density at alternate cart>ons),12~13 and 3) a multistep
path with internal hydrogen transfer. All are assumed to involve the intermediacy of an adduct formed from
the addition of a hydrogen atom to position 1 of the 1-substituted pyrene. The resulting species from this
addition is a very stable polycyclic aromatic r-radical and is formally a vinyl substituted perinaphthyl radical
(2). It is also expected that this intermediate will tragment rapidly to give the parent pyrene and an alky!
radical. The critical mechanistic steps concern the formation ot 2.

R
"Ho"
—_— + Re
2
loso Hydrogen Atom Addition

The production of pyrene and n-Cog-pyrene decrease with increasing temperature. Previous
experimental and modeling results on butylbenzene show an increase in benzene production by ipso
hydrogen atom addition with increasing temperature. Kinetic modeling results in this work also show that
an ipso hydrogen atom addition would yield an increase in side chain cleavage with increasing
temperature. Since the experimental results are opposite this trend, we believe that free hydrogen atoms
are not the primary cause of the cleavage.

BRadical Hydrogen Transfer (RHT)

Examination of the radical hydrogen transfer pathway from a thermochemical kinetic perspective requires a
knowledge of the intrinsic reaction barriers and the heats of formation of the intermediates. For the
proposed direct radical hydrogen transfer mechanism, little information exists concerning the barrier
heights tor this process.

npmp© e U, @
. Hu.

An estimate of the barrier for radical hydrogen atom transfer (RHT) can be calculated from literature rate
constants for a nearly degenerate case (AH= 0) involving transfer of hydrogen from a
2-ethy!-9-hydroanthryl to anthracene. 14 Using a typical bimolecular pre-exponential factor, an Ea value of
18 kcaVmol is obtained.

From the above discussion, a key piece of information required to assess the viability of RHT as a
mechanistic alternative is a quantitative estimate ot the pyrene-derived vinylperinaphthy! radical
stabilization energy. Estimates of hydrogen atom addition heats to a series of polycyclic aromatic systems
have been reported. Unfortunately, large disagreement exists for the pyrenyl and phenanthryl ring
systems. For perinaphthyl radical, estimates of resonance stabilization range from 22 to 47 kcal/mole
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depending on the form of resonance-structure theory used.15 To resolve this critical issue for our own
work we have developed a linear free energy correlation using the reliable heats of hydrogen atom
addition15.16 and the reported rates of methyl'” and trichloromethyl 18 radical addition to a series of
polycyclic aromatic hydrocarbons. Given an appropriate reaction heat, a reliable estimate of perinaphthyl
radical stabilization energy can be computed from known or easily estimated quantities. The vinyl
perinaphthyl radical stabilization energy is estimated to be 46.7 kcal/mole which is close to the high range
value estimated by Stein15 (AHg(perinaphthyl}~32-47 kcal/mole) using Herndon's methods 1€ for

perinaphthyl itself.

For simplicity the butylpyrene system is used in all thermochemical estimates instead of 1. Given a
stabilization energy of 47 kcal/mole for the vinyl-perinaphthyl sytem, a reaction heat can be calculated for
bimolecular radical hydrogen transfer for the pyrenyl and phenyl systems.

R/\/\+R/'\/\—>R/\/\+,F<;/\

A Hy (kcal / mole)
R = phenyl 2.9 32 22.6 28

R = pyrenyl 32 60 58 45

An enthalpy of 21 kcal/mole is obtained for the butylbenzene system while the overall reaction with
butylpyrene gives a AHxn, of 11 kcal/mole. In both cases the reaction gives a delocalized radical and an
intemal olefin conjugated to an aromatic ring. Summing the banier estimate for remote hydrogen transfer
(RHT) calculated from Stein's work (Ea = 18 kcalmole) and all of the reaction enthalpy for the butylpyrene
case gives a total barrier of 29 kcalmole for this elementary step (RHT). This value would be an upper limit
since all of reaction enthalpy would not be felt at the transition state. To put this value in perspective, note
that the typical activation energies for thermoneutral hydrogen transfer are in the range of 10-13 kcal/mole.
The reaction transferring a hydrogen atom from the highly stabilized benzylic radical in a pyrene system to
form a secondary unstabilized radical is about 20 kcalmole endothermic, leading to an activation energy in
the range of 30-33 kcal/mole. Hence a process with a 29 kcal/mole activation energy for this radical
hydrogen transfer should be quite competitive with conventional hydrogen transfer. Indeed, these values
would suggest that at higher temperatures,'if hydrogen transfer were rate limiting, conventional hydrogen
transfer would begin to win out over this new reaction, leading to the observed temperature dependence
of the selectivity.

To derive an estimate of the RHT barrier from the TGA data of the pyrolysis of 1, the existing model for
butylbenzene pyrolysis was modified. Changes were made to make the modet appropriate for butylpyrene
(adjustment for increased radical stabilization by pyrene) and the inclusion of RHT hydrogen transfer step
(see experimental section). The kinetic parameters for this reaction were adjusted to match the
experimental measurements. This yielded a barrier of 25 kcal/mote [k = 3.5 x 1011 ¢(-25000/RT)
cc/mole-sec] which is close to the above estimated value of 29 kcal/mole.

Forthe single ring aromatic case, the large reaction enthaipy and intrinsic barrier (21 +18 = 39 kca/mole)

suggests that remote hydrogen transfer will not occur in that system and explains why little cleavage at the
ring is observed experimentally.

Multistep Pathway
The third mechanistic possibility for side chain cleavage at the pyrene ring involves a sequence of

elementary steps: addition, intramolecular hydrogen transfer and cleavage to products. The scheme
shown below details these steps for alkylpyrene side chain cleavage.
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We estimate that the reaction enthalpy for addition and for the subsequent hydrogen transfer to be quite
endothermic (~24 and 14 kcal/mole, respectively). Using a steady state analysis of the initial addition
adduct and typical intrinsic barriers with these reaction enthalpies leads to a product production rate which
is many orders of magnitude less than than the observed rate constant for pyrene formation extracted from
kinetic modeling. Hence, no multistep mechanism that we can envision competes with the remote
hydrogen transfer pathway. '

CONCLUSION

From our experimental work and modeling, we conclude that alkylpyrene side chain cleavage at the
aromatic ring is unusual in two ways: First, it involves the specific structure of the pyrene system in that
ipso addition of a radical generates a highly stable vinyl perinaphthyl radical and second, the critical,
perinaphthyl like, intermediate is formed by a remote hydrogen transfer reaction. We estimated the heat of
formation of the criti¢al intermediate described above, and this supports a perinaphthyl radical stability of

" 47 kcallmole, which is at the high end of literature values.

Product studies have revealed the formation of an internal olefin conjugated to pyrene during pyrolysis of

‘model alkylpyrene which is produced in concert with pyrene. This provides confirming evidence for the

source of hydrogen needed to effect bond cleavage. This information plus thermochemical analysis limits
the mechanistic possibilities to a process that must involve direct bimolecular radical hydrogen transfer.
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Figure 2a: 1H NMR Spectrum (360 MHz) of Flash Pyrolysis (575°C max.)
with Expansion and Blow-up of Olefinic Region.

(Y

T T T T T T T T T T
9.0 6.0 7.0 8.0 2.0 a0 0 2.0 1.0 0.0

Figure 2b: Comparison of Measured and Simulated Proton NMR
Spectrum ot H, in the Intema! Olefin Product,

Simulated A
Spectrum |

Ji2=15.0Hz
Ji3=1.0Hz

|
o5 =58 Hz /{\l /\/ ) \ pyrene
y -

—




Table 1: Product Selectivities For Sealed Tubes (Savage st al.), OpenReactor (TGA),
and Pt Wire (Flash Pyrolysis) Relative to Methylpyrene. Single Ring Datais

for Butylbenzene.
Savage Pt |single Rin
et al. TGA Wire Gags Phasg
Pyrene 43 27 i11 032 ;019 | 005
Methylpyrene 10 10 {10 10 110 | 10
~ C2pyrene 035 055 044 057 054 | 22
: Temp.(°C) 375 425 i 425 510 } 575 | 505
‘ Citation ref. 6 thiswork  this work  ref. 2a
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INTRODUCTION

Complex morphological transformations accompany the chemical reactions occurring during the
pyrolysis of coals. The structural changes are particularly evident during the pyrolysis of plastic
coals. Such coals soften as they are heated up, and the evolving volatile gases form bubbles that
swell the coal particles and lead to the formation of highly cellular internal macropore structures.

The macropore structure of chars becomes a major factor in determining char reactivity during
gasification processes that take place at elevated temperatures and are, therefore, diffusion-limited.
Under such conditions, the accessibility of pores to the gaseous reactants has a strong effect on
gasification rates. Low utilization of the surface area associated with the micropores is expected
and the reactions occur mostly in the larger macropores that are close to the particle exterior. As the
reaction proceeds, however, walls of closed pores will burn away exposing surface area
previously unavailable for reaction and leading to substantial particle fragmentation. The opening
of closed porosity, the formation of a progressively more tortuous particle exterior and the
fragmentation of the original particles can lead to large enhancements of the observed gasification
rates.

This study presents some of our recent experimental results on the effect of pyrolysis conditions on
the macropore structure of coal chars and on their reactivity during combustion with oxygen. The
variables we consider are the pyrolysis heating rate, the final heat treatment temperature (HTT),
and the soak time at HTT. Pyrolysis and gasification experiments are carried out on (i) a
thermogravimetric reactor that provides accurate measurements of volatile evolution and
combustion rates and (ii) a microscope hot-stage reactor that allows direct observation of
pyrolyzing and burning particles under a microscope. The combination of these two techniques
allows us to observe and interpret some interesting transient phenomena such as self-ignition and
fragmentation of char particles. Our analysis pays particular attention to combustion at high
temperatures where the heterogeneous reactions take place in the regime of strong diffusional
limitations.

EXPERIMENTAL PROCEDURES

The coal used was the Illinois #6 from the Argonne premium coal sample collection. Coal particles
in the 28-32 mesh (500-595 um) range were pyrolyzed in a thermogravimetric reactor (Perkin
Elmer TGS-2) with a custom-built furnace and computer-controlled heater. For each run, a coal
sample of about 1 mg (8-10 particles) was pyrolyzed in nitrogen atmosphere. Pyrolysis
experiments were carried out at the following conditions: Heating rates: 0.1, 1 and 10 °C/s;
Final heat treatment temperature (HTT): 700, 800 and 900 °C; and Soak Time at HTT:
0 and 3 minutes.

The char particles were reacted with oxygen immediately after the pyrolysis stage. The pyrolyzed

samples were rapidly cooled from the HTT to 250 °C and a mixture consisting of 20% oxygen and
80% nitrogen was introduced in the reactor. After a few minutes, the samples were rapidly
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ramped to the final combustion temperature which varied from 400 °C to 550 °C. The gravimetric
capabilities of our reactor allowed us to also obtain a proximate analysis of the volatile and ash
content of the coal samples.

A data acquisition and control computer continuously monitored the weight of the samples during
both the pyrolysis and combustion stages. The same computer controlled the temperature of the
TGA and operated the mass flow controllers that set the gas flow rates. Temperature control was
very accurate. During the entire temperature program, the average squared error in temperature was
of the order of 1 °C. Raw data (sample weight and temperature vs. time) were stored on a
computer disk for later analysis. The weight vs. time data were interpolated with B-splines (using
a least squares approximation) and the interpolant was differentiated to obtain the reaction rates.

A microscope hot-stage reactor (Glass and Zygourakis, 1988) was also used for visual observation
of the coal particles during the stages of pyrolysis and combustion. The experiments were recorded
in video tape and specific images were later digitized on a digital image processor. From the digital
images, time resolved measurements of particle swelling were obtained.

RESULTS AND DISCUSSION
Pyrolysis

The experiments on the microscope hot-stage reactor showed that the coal particles swell
considerably and that the swelling increases with increasing heating rates. Although we did not
characterize in detail the macropore structure of the chars produced during the experiments reported
here, our swelling measurements indicate that the char particles have very open cellular macropore
structures similar to those quantified via digital image analysis in our earlier studies with the same
parent coal (Zygourakis, 1988). As we expected, the heating rate strongly affected the swelling
(and therefore the macroporosity) of the char particles.

By continuously monitoring the weight loss of the pyrolyzing coal samples, the instantaneous
volatile release rates were obtained and analyzed to elucidate the effects of heating rate. Figure 1a
shows the weight loss rates for several runs at two different heating rates The results for 0.1 and
10 °C/s indicate very good reproducibility and the maximum pyrolysis rate is observed in a rather
narrow temperature range for each heating rate. There is, however, a significant shift of this
maximum towards higher temperatures as shown in Figures 1a, 1b and Table 1.

Table 1

Temperature Ranges where the Maximum Weight Loss Rate is Observed during Pyrolysis

Heating rate (°C/s ) 0.1 1.0 10
Temperature (°C) 410425 460480 510-545

This shifting of the maximum to higher temperatures with increasing heating rates suggests that
such experiments can be used to determine the kinetic constants of devolatilization
rates. For example, if we assume that the rate of devolatilization can be described by the
following simple model
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where V(1) is the fraction of the original coal sample lost up to time due to the release of volatiles
and V(t) » V* as t — o (see Anthony and Howard, 1976). If we set 6= ( V* - V )/ V*, Equation
(1) becomes ) i .

B - peio , @
At the temperature Ty, where the maximum devolatilization rate is observed

dig—=0 = exp[-_ﬁ]=;.%§ = ln(Ig—z’ ='(§)—%+ln(ﬁ)

where q is the constant pyrolysis heating rate. The semi-log plot of Figure 2 shows an excellent
correlation (R=0.9998) and yields E = 43.4 kcal/mole and ko = 2.09x10!1. These numbers are in
good agreement with other data in the literature. An analysis of these data using a more detailed
pyrolysis model is currently under way. Although the weight loss rate changes significantly during
the pyrolysis stage, our data show that most of the weight loss occurs during a period when the
pyrolysis rate is almost constant. Since the pyrolysis occurs under nonisothermal conditions, this
observation agrees with the previous model.

A final observation (Figure 3) is that the amount of released volatiles appears to increase slightly
with increasing heating rates. This observation is in agreement with the theoretical predictions
(Fletcher et al., 1989) of the chemical percolation devolatilization (CPD) model and the
experimental observations of Gibbins-Matham and Kandiyoti (1987). We should note, however,
that video microscopic observations of coal particles pyrolyzing at high heating rates show
"vigorous bubbling" as volatiles are emitted from the softened coal. This raises the possibility that
the escaping volatiles may carry away small fragments of the coal.

Combustion

The combustion rates were computed from the weight vs. time data m(t) according to the formula

= _1_dm®
W= o5a 3)

where m(t) is the mass of the sample at time t.

Figures 4a and 4b show the evolution of reaction rates with conversion for several char samples
prepared at a heating rate of 1 °C/s and three different heat treatment temperatures (HTT): 700, 800
and 900 °C. Soak time at the HTT for all these samples was 3 minutes. The experimental
gasification dara at 450 °C show the expected char reactivity pattern. Chars produced at a HTT of
700 °C are more reactive than chars produced at higher HTT (800 and 900 °C) and the char
reactivity (as measured by r(t) ) increases continuously with conversion. These observations are in
agreement with earlier studies on char combustion (see, for example, Serio et. al, 1989) indicating
an increase in the molecular order of chars produced at high HTT due to enhanced annealing of the
organic and mineral components and the microporosity of the chars. They also agree with
theoretical models for gasification in the kinetic control regime where the active surface area
associated with the micropores is easily accessible to the reactants (see, for example, Zygourakis
and Sandmann, 1988). These and similar models predict that the intrinsic reaction rate will follow
an increasing pattern due to the increasing accessibility and specific surface area of the enlarging
micropores.
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The experimental reactivity curves at 550 °C reveal a different behavior. Figure 4b shows that the
reaction rate increases sharply and in a rather "discontinuous” fashion in the early stages of
gasification with sharp maxima spanning a conversion range of approximately 10%. After one (or
more) such maxima, the reaction rate settles at a fairly constant plateau for the remainder of the
reaction. Similar maxima but with smaller amplitude and w1dth can be seen in the reactivity curves
of Figure 4a.

We carried out a systematic analysis to make sure that these sharp maxima were not artifacts due to
measurement errors or to the interpolation of the numerical data. Figure 5 shows the raw weight
and temperature as well as the computed reaction rate for curve A of Figure 4b. By carefully
analyzing these and other similar data we concluded that the sudden and sharp drop of the sample
weight cannot be due to errors in weight measuréments or failures of our controller to maintain
constant sample temperature.

We have also carefully analyzed our procedure for obtaining the reaction rates. Usually, our data
acquisition system will collect about 300 data points during the pyrolysis stage of each run and
300-3,000 data points during the combustion stage (depending on the reaction temperature). The
collected weight vs. time data are interpolated in the least-squares sense (L2 norm) using B-splines
and this polynomial approximation is then differentiated to obtain the observed reaction rate
according to Eq. (3). It is essential to determine the appropriate order of polynomials and number
of breakpoints to use for the interpolation of the raw weight data. If high order polynomials are
used, the reactivity curves will be smoothed out and fine details will be lost. Also, the curves will
be very noisy ifa large number of breakpoints is used. Our choice of polynomials was dictated by
the form of our data that indicated the reaction rate is continuous in time but not necessarily smooth
(i.e. it has a discontinuous first derivative). Such behavior has also been observed by Sundback et.
al. (1984) who attributed it to particle fragmentation. Our earlier studies (Zygourakis and
Sandmann 1988, Zygourakis 1989) indicate that these jumps may also be caused by the opening
of large internal pores during combustion in the diffusion-limited regime (high temperatures).
Therefore, we decided to use C-1 quadratics for the interpolation instead of the more often used C-
2 cubic splines. This assumes that the reaction rate is a linear function of time at each interval and
can exhibit sharp maxima and minima which would be smoothed out with a-cubic spline. The
numbser of intervals is in most cases larger than 30 and our software allows for dynamic placement
of the breakpoints in regions with rapidly changing sample weight, a feature that improves our
ability to resolve fine details of the reactivity curve. Since we always have more than 20 data
points in each subinterval, any noise disturbances cannot significantly influence our results.

The microscope hot-stage reactor prov:ded the last piece of conclusive evidence that helped us
determine the cause of the observed “spikes” in the reactivity curves. Visual observation revealed
that some particles ignited, usually during the very early stages of gasification at the higher
temperatures (e.g. 550 C). Ignited particles were then rapidly consumed. The width of the spikes
corresponds to about 10% total conversion and, thus, spike should be attributable to the ignition
of one of the 8-10 particles loaded in our reactor for each run.

All this evidence strongly suggest that the sharp spikes in the reactivity curves are due to particle
ignition After the ignited particles are completely consumed, the reaction rate remains almost
constant for a wide range of conversion. This behavior is in (at least qualitative) agreement with
our gasification models that assume that the macropore structure is the major rate-determining
factor in the regime of diffusional limitations (high temperatures). While at first only the outer
macropores are available for reaction, closed macropores open up as the reaction front reaches
them and the observed reaction rate remains relatively constant.

The jumps observed during reaction in the kinetic control regime may also be caused by a
progressive opening of large macropores that makes previously closed micropores accessible to the
reactive molecules and creates sharp maxima in the reaction vs. conversion curves. We should also
note here that char particles treated at lower HTT are more likely to ignite at 550 °C.

Figures 6a and 6b show that longer soaking times at the HTT decrease the reactivity of the char

samples. Our results also strongly indicate that the longer soaking time (3 mins) rendered the chars
much less likely to ignite at 550 C.
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Finally, Figures 7a and 7b provide the strongest evidence of the significant effects of the
macropore structure on char reactivity. As we have previously established (Zygourakis, 1988),
high pyrolysis heating rates lead to increased particle swelling, large vesicular macropores and
higher macropore surface areas. These structural characteristics should lead to (a) more reactive
chars when combustion is carried out at high temperatures and (b) reactivity vs. conversion
patterns exhibiting sharply increasing rates followed by regions of slowly decreasing or almost
constant gasification rates. Figures 7a and 7b clearly show that the chars produced at 1 and 10 C/s
are more reactive, exhibit the reactivity patterns that are clearly attributable to their macropore
structure and ignite more easily during combustion at 550 °C (Figure 7b). When combustion takes
place at 450 °C, the reaction rates do not appear to be significantly influenced by the pyrolysis
heating rate and, therefore, by the macropore structure. Still, the reactivity curve for the char
produced at a pyrolysis heating rate of 10 °C/s shows some "jumps" whose small amplitude seems
to indicate that they are caused by macropore opening (e.g. cenosphere structures) rather than by
particle ignition.

CONCLUSIONS

In agreement with literature data, our results show that high heat treatment temperatures and longer
soak times result in significant declines in reactivity caused by the increased molecular order of the
chars. More importantly, however, the preliminary results presented here clearly indicate that the
pyrolysis conditions have strong effects on the macropore structure and, consequently, on the
reactivity of the produced chars. They also provide some new insights into the transient
phenomenz associated with particle ignition and macropore opening during combustion in the
diffusion-limited regime of high temperatures.
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