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1.0 INTRODUCTION

National policy calls for the increasing replacement of petroleum
and petroleum products by synthetic fuels. Coal, our most abundant
fossil energy resource, is targeted as the feedstock for much of this
synthetic fuel need. The product of slow decomposition of organic matter
deposited in prehistoric times, coal consists of carbon, hydrogen, oxygen,
nitrogen, and sulfur in various amounts. The extent of organic decom-
position is reflected in the amount of carbon present, with pure carbon
corresponding to complete decomposition. Hence coal varies from region
to region, and can vary from seam to seam. Coal can meet energy needs by
direct burning, gasification, or liquefaction. Unfortunately, the use of
coal in any of these modes brings a host of technological problems, the
most important being the potential for severe water and air pollutionm.

Conversion technology for coal has existed in this country for over
a century. Synthetic oil production in the U.S. peaked in 1858. Led by
the Downer Company of Boston, the industry produced about 900,000 gallons
of "coal 0il" in that year before the Drake oil well.l Nevertheless, the
old processes are inefficient and environmentally unsound.2 The availability
and relatively inexpensive price of petroleum products caused research
to be sharply curtailed in.the production of synthetic fuels from coal
during the sixties. The past decade, however, has seen a new surge in
coal research. This investigation was conducted to determine the effects
that residence time, temperature, and surrounding gaseous atmospheres had
on product yields and product distributions obtained from the pyrolysis
of a bituminous coal. Coal pyrolysis was carried out in argon and argon/

hydrogen atmospheres at total reaction pressures of 10 + 1 atm. Dis-



cussion of the experimental technique employed and results obtained
follows a review of previous investigations on coal pyrolysis. The pur-
pose of the accompanying discussion is to give the reader a brief over-
view of the current understanding of the kinetics and mechanism of coal
conversion. The interested reader is referred to several recent

3,4,5

review articles *” for a more thorough coverage of this voluminous topic.

1.1 Pyrolysis: Kinetics and Mechanisms

Much research during the beginning of the seventies was directed to-
ward developing a better understanding of the physical and chemical mech-
anism of pulverized cocal combustion. Two conflicting theories on the
ignition of a single coal particle in an oxidizing environment have been
proposed; heterogeneous combustion and the "Faraday" mechansim.6 The
Faraday mechanism proposes ignition of the gas phase volatiles ejected
from the coal during the early stages of heat up or continuously through-
out the combustion process, while heterogeneous combustion proposes ig-
nition on the particle surface followed by volatile release. In either
event, it is obvious that volatile production and composition can be a
controlling factor in ignition of coal particles. Research into the
devolatilization of coal prior to ignition has contributed directly to
our understanding of gasification and liquefaction. Most devolatilization
research has concentrated on developing a global model of coal pyrolysis
suitable for all coals. Typically, a first order decomposition mechanism
has been proposed by various researchers, differing only in the Arrhenius
rate constants. Unfortunately, these models have only been valid for a
specific coal under the experimental conditions from which they were derived.7

An example of the studies in which ignition was a prime interest
is that of Badzioch and Hawksley,8 who studied the effect that pyrolysis

of pulverized coal particles had on their subsequent ignition. Using



a laminar flow furnace, they investigated the pyrolysis of ten bituminous
coals and one semianthracite coal over a temperature range of 400 to
1000 °C at heating rates of 2.5 to 5.0 x 104 °C/sec. The extent of
thermal decomposition, (weight loss), was measured for times ranging
from 30 to 110 milliseconds. The significant finding of this research
was that the extent of thermal decomposition exceeded that of the ASTM
proximate analysis9 by factors ranging from 1.3 to 1.8, a result the
authors attributed to the higher heating rates employed.

Badzioch and Hawksley's research is significant for the questions
it raised about the pyrolysis mechanism, and not for the answers it
supplied (as it turms out'erroneously). Determining the volatile con-
tent of coal as stated in the ASTM handbook is a captive method, con-
ducted at low heating rates, 15 °C/sec. A one gram sample of the coal
is placed in a platinum crucible and covered with a close fitting 1id.
The crucible is then placed in a furnace, maintained at 950 °C, where it
is heated for exactly seven minutes. The crucible is removed from the
furnace, allowed to cool to room temperature, and then weighed. The
percentage of volatile matter in the coal is the weight loss exclusive
of that attributed to water. Badzioch and Hawksley, in their conclusioms,
diﬁ not discuss the fact that the coal particles in their experiment
were dispersed in the nitrogen carrier gas, and therefore, acted inde-
pendently of each other. Insofar as their particles (nominally 20 um
diameter) are conceivably much smaller than those used in the ASTM
analysis, there may also have been some influence of particle size on

the ultimate yield. This, in fact is the argument of Gray, et al.lo,



who argue that the increase in volatile production may not be due
solely to heating rate, but may also be influenced by particle inter-
actions. This question is dealt with in more detail by Wegener.ll
Menster, et al.lz, was one of the first group of researchers to
identify and quantify products of coal pyrolysis. Using four bituminous
coals and one subbitumin;us coal, devolatilization by rapid heating
was studied over a tgnﬁerature range of 400 to 1150 °C. Twenty-five
'milligram coal samples were placed on pulse-heated wire screen cylinders,
and heated under vacuum at a rate of 8250 °C/sec. The weight loss data
were recorded, and mass spectrometry analysis performed on the gaseous
products. The four bituminous coals showed a characteristic weight
loss curve (Figure 1) showing volatile loss reaching a peak between
700 to 900 °C. It is of interest to note that the bituminous coals,
regardless of volatile content, display the same temperature depen=-
dent behavior. After reaching a peak volatile loss, the two bituminous
coals with higher aliphatic hydrogen contents, (assuming aliphatic
hydrogen increases as coal rank decreases), display an anomalous behavior
in which the weight loss decreases with increasing temperature over a
range of approximately 400 °C. The higher rank bituminous coals
(numbers 3 and 4 on Figure 1) also display this behavior, but not to
the same extent. The overall weight loss behavior of the bituminous
coals under conditions of rapid heating varies considerably from that
observed under conditions of slow heating. During slow heating, weight
loss increases monotonically with increasing temperature.13 The sub-

bituminous coal showed no peak production, but exhibited a plateau
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between 800 to 1000 °C. (See Figure 1.) This plateau can be attributed
to the competition for aliphatic hydrogen from the hydroxyl groups that
should be more numerous in the subbituminous coal.l4 The principal
stable products in the pyrolysate were HZ’ CHA, and CO. Menster found
that tar formation was favored over gaseous products at low decomposition
temperatures and that tar was the main pyrolysis product at all tempera-
tures up to 1000 °C.* No acetylene was detected in the gaseous pro-
ducts, very likely because of the relatively low temperatures over
which this study was conducted. As in previous work, Menster found
the volatile yield to be greater than that determined from the ASTM
standard test. However, in this instance the enhanced yields were
attributed to the temperature dependence of decomposition reactions
and to recombination reactions. From the appearance of the weight
loss curves, Menster speculated that competitive reactions are occcurring
between bond cleavage and recombination of fragments. Bond cleavage
reactions, that produce the initial decomposition fragments, may be
more strongly temperature dependent than recombination reactions which
can form more stable molecules or lead to repolymerization to coke.
Figure 2 shows the product yield versus temperature for a bituminous
coal as measured by Menster. It can be seen that above 1000 °C, the
increase in gaseous yields appears to be at the expense of the tar
yields.

In contrast to the conditions of the above two studies is that

of Campbell,15 who investigated the pyrolysis of a subbituminous

+In this investigation, tar is defined as all products in the liquid

phase under experimental conditioms.
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coal. Concerned with enhancing the yields from the underground
gasification of sgbbituminOus coal, Campbell investigated coal
pyrolysis under slow heating rates, 0.055 °C/sec. The evolution of
pyrolysis products was studied over the temperature range of 110 to

1000 °C. The coal used in this study had a size distribution of 1.65

to 3.55 mm, two orders of magnitude larger than used in the preceding
two studies.

The coal sample (50 to 60 grams) was loaded into a stainless
steel mesh basket, and placed in the reactor on a mass of ceramic
balls. The reactor, enclosed by a furnace which was linearly programmed
to increase the temperature, was purged continuously with argon at
.1 MPa (1 bar). The ceramic balls served to preheat the argon gas
flow, and a thermocouple, centered in the coal sample, was used to
monitor the pyrolysis temperature.

Campbell, like Menster,l2 discovered that water and tar were the
main pyrolysis products at low temperatures; in this study they began
evolving at 297 °C and were the major products up to 497 °C.+ At these
temperatures, water comprised 75% of the pyrolysate. Carbon dioxide,
the evolution of which began at 250 °C, had two local maxima, omne at

520 °C, the other at 750 °C. The CO, evolution declined to zero by

2
850 °C. Campbell postulated that the first maxima was due to carboxylic
acid decomposition, while the second maxima resulted from carbonate

decomposition of the mineral matter in the coal. Carbon monoxide

fTars were defined as all evolved products condensible at 0 °C at 1 MPa.



evolved similarly to CQ, in that its evolution also displayed two

2
maxima between 497 to 547 °C and 697 to 747 °C. The first maxima is
believed due to the rupture of ether and ketone linkages; the second

maxima is believed due to degradation of heterocyclic compounds, and/or

the product of the Boudouardl6 reaction:

co2 + c(s) — 2C0. . (1.1)

At higher temperatures, hydrogen was the major pyrolysis gas,
representing nearly 40% (by volume) of the total gas evolved. The
volume percentage of hydrogen increased from below detectable amounts
at 350 °C, reached a maximum at 827 °C, and declined to near zero by
1000 °C. Most of the hydrogen is presumably formed from the dehydro-
genation of the coal, the balance from reactions in the char.

A number of light hydrocarbons, principally Cl and 02 species, were
produced and displayed individual maxima in the temperature range of
500 to 630 °C. The evolution of hydrocarbon gases results primarily
from dealkylation; however, methane evolution at higher temperatures
appears to be from char-auto hydrogenation reactions.

Campbell calculated global activation energies and Arrhenius
rate constants for the gaseous products evolved using a decomposition
reaction, first order in the remaining functional group to be evolved.
Except for the evolution of hydrogen, consecutive first order reactions
were required to describe the gas evolution. The technique of con-

secutive first order reactions has also been employed by Suuberg.”’18
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Global activation energies and Arrhenius rate constants as determined
by Campbell are given in Table 1.

It is noteworthy that Campbells weight loss mirrors that of
Menster.12 Over a temperature range of approximately 200 °C, from 540
to 727 °C, there exists a constant rate of gas evolution. Figure 3
shows the combined evolution of CH4, CO and 002 versus temperature.
Although the relative proportions of the gases change, the total amount
remains the same. Also of note is the distinct evolution of CH4 as seen
in Figure 4. From Figure 4 it can be deduced that CH4 evolution is
temperature dependent and independent of coal rank.

Although Campbell's kinetic data on gaseous pyrolysis products
is an important contribution to the understanding of pyrolysis phenomena,
his work with liquid and solid residue is of equal value. Studying
the char formed at various temperatures, Campbell found that sulfur
was preferentially released during tar formation, but that nitrogen
is retained in the char matrix until tar evolution ceases. Surface
area of the char was also measured, and found to increase to a maximum
at 730 °C, before decreasing with increasing temperature. The percent
of products as liquids reached a maximum value at 500 °C and remained
constant at this value with increasing temperature.

Campbell's work provides a plausibly conceptual framework of the
mechanism of gaseous and liquid product formation during very slow
heating rates. Although Campbell did not use functional groups in
evaluating his kinetic parameters, he did identify which functional
groups he felt were contributing to product formatiom at various

temperatures. The observation of different partitioning of sulfur
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and nitrogen between volatiles and char is helpful in understanding

the formation of pollutants. A note of caution is warranted, however.
The uncertainty with regard to the influence of heating rate on total
vield and product distribution makes extrapolation of these results
precarious. Transport phenomena, both internal and external to the coal,
may have a decisive influence on what products are ultimately realized
from pyrolysis.

Tylerzo, at CSIRO {(Commonwealth Scientific and Industrial Research
Organization), conducted devolatilization experiments on a Victorian
brown coal over the temperature range of 400 to 1000 °C at atmospheric
pressure. Two size factioms, (76~104 pm and 44-53 um), were subjected
to heating rates in excess of lOA °C/sec in atmospheres of both nitrogen
and hydrogen. The coal particles, entrained in a stream of gas, were
heated by direct injection into a heated, fluidized bed of sand. A
stream of nitrogen gas at room temperature served as a coolant for the
injection probe, and, by issuing from the probe directly over the
bed, also served as a quenching medium. The residence time of the coal
particles in the bed was estimated to be 300 milliseconds. The resi-
dence time of the gas above the hot zone of the bed was estimated to
be 400 milliseconds.

The effluent products passed from the pyrolyser into a tar trap
cooled with ice or a mixture of C02/alcohol. The tar trap was fitted
with a Soxhlet22 thimble which acted as a filter. The Soxhlet thimble

was reportedly nearly 1007 efficient in removing tar vapors and char
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from the effluent stream. After passing the tar trap, samples of

the effluent stream were taken and analyzed for Cl-cﬁ hydrocarbons

by gas chromatography. Tar and char were recovered by solvent washing
of the pyrolyser outlet, tar trap, and solvent extraction of the
Soxhlet thimble. Tars were defined as the material recovered that
was not volatile under conditions of solvent removal.

Tyler reported pyrolysis yields of Cl-C6 hydrocarbons along with
tar and char yields at various temperatures. When pyrolysis was
performed in an inert atmosphere (nitrogen), tar yields increased rapidly
with increasing temperature, reaching a maximum value of 23% (w/w dry,
ash free basis) at 580 °C, and then declined with increasing temperature.
Total volatile matter increased continuously with increasing temperature,
from 47% at 580 °C to 63% at 900 °C. Gaseous hydrocarbons increased
progressively with temperature, with total Cl-C3 hydrocarbons comprising
8% of the volatile yield at 900 °C. As the pyrolysis temperature increased,
the tar atomic H/C ratio decreased from 1.35 to .85 at temperatures of
435 and 900 °C, respectively.

Subsequent research21 with the same apparatus and methodology
investigated the devolatilization behavior of ten bituminous coals
in helium and hydrogen atmospheres. Tyler found that all coals
studied behaved similarly to the Victorian brown coal used in the
preceding study; gaseous hydrocarbons, tars and total volatile yields
showed the same temperature dependent behavior (see Figure 5). Tyler
correlated tar yields to the H/C ratio of the original coal. Yields

were found to increase with increasing H/C ratio. As in the preceding



60

30

20

YIELDS (WT. % D.A.F COAL)

16

B C,- C3 HYDROCARBONS
@ TARS

| A TOTAL YIELDS A =
A
= A
A
A
o8
- ° s
@
i a o
2
_ m
s
B g I L ]

400 500 800 700 800 S00 1000

Fig. 5.

TEMPERATURE (° C)

Pyrolysis product evolution as a function of tempera-
ture for a brown coal (from 20). '



17

study, the H/C ratio of the tars was similar to that of the original
coal and decreased with increasing temperature.

An interesting aspect of this study is the devolatilization be~
havior of the Pittsburgh seam coal. This coal, supplied by Jack Howard
at M.I.T., had been used in studies discussed later in this text on
devolatilization by rapid heating7’17’18’26’27. The devolatilization
behavior of the coal with respect to temperature is shown in Figure 6;
data obtained by researchers at M.I.T. are also plotted. It can be
seen that Tyler's total volatile yield exceeds that obtained at M.I.T.
This increase in yilelds was attributed in part to tar recovery techmiques
employed by Tyler. It should be noted that the heating rates employed
in these studies are different; 104 °C/sec used by Tyler, 750 °C/sec
used in the M.I.T. studies. Also of interest is the evolution of
methane, shown in Figure 7, and the evolution of tar, shown in Figure 8.
Both species displa§ different evolution behavior with respect to the
studies at M.I.T.; however the evolution behavior observed by Tyler
is similar to that observed by Meusterl2 for bituminous coals. The
reader should note that the M.I.T. work was performed in an atmosphere
at 23 °C while the CSIRO work was conducted in a hot gas environment.
More will be said about this later.

An example of pyrolysis experiments under moderate heating rates
in which complete product distributions were determined is the recent
work of Solomon and Colket.23 Pyrolysis was carried out, (according
to the authors under isothermal conditions after a heat up at 600 °C/sec),

in an electrically heated grid apparatus at times varying from 3 to
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78 sec. Twelve bituminous coals and one lignite were subjected to
vacuum devolatilization over a temperature range of 300 to 1250 °C.
The striking result of this research as shown in Figure 9 is that the
temperature dependent evolution (at a specific heating rate) of a
particular species is similar for all coals, even though the amount
of species may vary substantially from onme coal to another. The
reader is reminded of the weight loss data of Menster12 (Figure 1),

20,21 (Figure 5) which also dis-

and of the data obtained by Tyler
played this temperature dependent behavior. The authors modeled the
evolution of each species by a decomposition reaction, first order in
the remaining amount of species to be formed. The Arrhenius pre-
exponential factor and activation energy for each species did not
change for coals of different ranks. The difference in amount of the
species formed from each coal is attributed to the various mix of
functional groups possessed by that coal. Hence a coal with a higher
aliphatic hydrogen content is predicted to produce more hydrocarbons
than a coal with a lower aliphatic hydrogen content. In modeling
devolatilization, the authors considered tar evolution and parallel
evolution of smaller molecular species. The modeling efforts of the

15 in their consideration of species

authors are similar to Campbell
evolution as a function of the functional groups possessed by the
parent coal. The kinetic parameters, shown in Table 1, are lower
than those normally found in the literature. There is considerable

doubt as to the validity of the kinetic parameters when extrapolating

to temperatures outside the range of this study, or when using heating
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rates not employed in this study, as brought out by Suuberg and Howard
at the Seventeenth Combustion Symposium.

No stepwise behavior of product evolution was noted in this
study; except for CO, product evolution monotonically increased with
increasing temperature to a maximum value where it remained constant
with further increases in temperature.

Infrared analysis of the tar formed showed it to have a mole-
cular structure similar to that of the parent coal; the major difference
was that the hydrogen content of the tar was approximately 20%
greater than that of the parent coal. Analysis of low temperature
char showed it to possess a structure similar to that of the parent
coal. Tar is formed, presumably, by the breakage of weak linkages
between aromatic clusters in the coal molecule. This produces free
radical sites which can recombine for stabilization, or can be stabilized
by the addition of hydrogen. From analysis of the tar, it appears that
stabilization by hydrogen is the preferred kinetic route.

Concurrent research24 by the authors on the evolution of nitrogen
from coal during devolatilization found volatile nitrogen to be distri-
buted between the tar fraction and the gaseous fraction. The nitrogen
content of the tar fraction was identical to that of the parent coal and
remained constant at all temperatures. Initially nitrogen evolves from
the coal in heavy tar molecules, and at higher temperatures it evolves as
a gas from the char. These processes occur by different kinetic
mechanisms and hence have different kinetic rates. Beer,25 in recent

work, shows that there are distinctive differences in nitrogen evolution
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between ranks of coal. This lends support to Solomon and Colket's
hypothesis that species formation is most dependent on the functional
groups possessed by the coal.

A similar apparatus, but a different experimental technique, was

employed by Anthony7 and Anthony et a1,26’27

in an investigation
of devolatilization under rapid heating conditions. Anthony
varied five different parameters to study the influence of each on the
weight loss. Specifically of interest were heating rate, particle
size, temperature, residence time, and total pressure of inert gas
and partial pressures of hydrogen gas. Two different coals were used
in this study, a Pittsburgh seam bituminous coal and a North Dakota
lignite. Weight loss of the coal was measured, but product composition
was left for a follow-up study by Suuberng’la.

For the lignite, Anthony found no difference in ultimate
yields under different heating rates or total inert gas pressure. In-
creasing hydrogen pressure did cause an increase in volatile yields
from the lignite, and volatile yields increased with increasing tempera-
ture. Anthony used several different residence times in his study,
and found maximum weight loss could be achieved in 100 ms when the
lignite was subjected to a heating rate of 10,000 °C/sec. Coal
devolatilization occurred very fast, virtually ceasing within a second
in both inert and hydrogen atmospheres.

The bituminous coal behavior under rapid heating was different

than that observed with the lignite. Increasing inert gas pressure

resulted in decreasing volatile yields at 69 atm pressure. (see Figure
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10). Heating rate had a moderate effect on yields, insofar as
increasing the rate from 6.5xl02 to 104 increased the yields by only
two percentage points. As with the lignite, increasing hydrogen
partial pressure and increasing temperatures resulted in increased
yields.

In attempts to model devolatilization, Anthony also employed
a decomposition mechanism, first order with respect to the amount
of product yet to be formed. Believing multiple reactions to be
occurring, Anthony postulated the use of multiple activation energies,
which for mathematical simplicity, were assumed to have a Gaussian
distribution. This model is somewhat satisfying as it provides a
plausible explanation for the low activation emergies found by a single
step, first order model.8 As demonstrated by Juntgen and Van Heekza,
a set of overlapping, independent, parallel first order reactions can
be approximated by a single first order model having both lower
activation energy and pre-exponential factor than any of the reactions
in the set.

17,18

Suuberg, et al. in their follow-up study to Anthony measured

the product evolution for both lignite and biutminous coals. Five
different phases of lignite pyrolysis were identified:

1) low temperature moisture removal (~100 °C);
2) evelution of COZ and tar {450 °C);
3) evolution of pyrolytically formed water (500-700 °C);

4) evolution of hydrocarbons, carbon oxides, and hydrogen
(700-900 °C);

5) high temperature formation of carbon oxides (1100 °C).
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These observations were made in a baseline study with 1 atm helium
pressure and heating rate of 1000 °C/sec. Bituminous coal pyrolysis,
although not having distinct regions, was broken down into four general
stages:

1) low temperature moisture removal (~100 °C);
2) evolution of pyrolytically formed water (300-400 °C);
3) tar and hydrocarbon evolution (400-900 °C);

4) evolution of carbon monoxide and hydrogen (>900 °C).

In the case of lignite pyrolysis all gaseous yields (Figure 11)
reached their ultimate values around 800 °C, and remained constant with
increasing temperature. These trends all are in qualitiative agreement

Esdn except for carbon monoxide,

with those reported by Solomon and Colket,
which was observed to increase steadily with increasing temperature in
the latter work (see Figure 12). However, this could be attributed to
the increased oxygen content of the coal with respect to that studied by

L1;18 The lignite pyrolysis products are dominated by oxygenated

Suuberg.
species and show a marked stepwise behavior for most of the products.
This behavior has led the authors to postulate that products may be
evolved from more than one structure of the coal via different kinetic
pathways.

Bituminous coal pyrolysis products were dominated by hydrocarbons
and tars. Pyrolytically formed water evolved at lower temperatures
than observed with the lignite, a difference the author attributed to
the difference in chemical nature of the hydroxyl groups in the coals.
The author believes pyrolytically formed water in bituminous coal

devolatilization is characterized by a lower activation energy than

that observed in lignite devolatilization. Methane and tar yields
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were found to reach a plateau above 800 °C; however, if higher tempera-
tures had been studied, it seems likely that both yields may have
decreased.

Sulfur and nitrogen contents of the chars were measured, showing
sulfur to be evolved more easily than the nitrogen from both the
lignite and bituminous coals. Only 1/4 to 1/3 of the nitrogen was
evolved by 1000 °C, whereas 1/2 to 2/3 of the sulfur was converted.

In modeling both the lignite and bituminous coal devolatilizatiom,

Suuberg, similarly to Anthon3,26’27

used multiple first order reactioms
with a distribution of activation energies. The basic difference
between the two modeling schemes is the use of different pre-exponential
factors and consecutive reactions rather than parallel reactions.
Suuberg's analysis uses reactions for each species evolved (i.e., CHA,
COZ, etc.) and employs a first order approximation in remaining species
to be evolved. This is an unrealistic concept in that there is no
proof that methane comes only from identifiable methyl groups in

the coal. Given the present state of knowledge about coal comstitution,
this model at present is useless in predicting product yields a priort
from other coals.

It is interesting to compare Anthony's and Suuberg's bituminous
coal weight loss data with that obtained by Menster.l2 As can be dis-
cerned in Figure 10, Anthony's data do not display the anomalous decrease
in yield with increase in temperature that was observed by Menster for

all four bituminous coals he studied. It is noteworthy that this behavior

has also been observed by Breipohl29 in a shock tube study on the de-
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volatilization of soybean dust and by Johnson30 in a study on the gasifi-
cation of coal with hydrogen and steam. The conflicting results could
be a consequence of the experimental technique. In the case of

23 and Johnson30, the primary volatile matter was surrounded

Breipohl
by an atmosphere of hot gases after ejection from the particle. The
"hot" primary fragments almost certainly undergo secondary reactions;

in reducing atmospheres, these primary fragments can combine to form
aromatic or heterocyclic structures. Once formed these structures

are stable and do not decompose until longer times or higher temperatures
are reached. However, upon achieving higher temperatures, these aromatic
31

structures decompose producing mainly light hydrocarbons and soot.

The following pathway is proposed:

S.F. (light hydrocarbons)
B

Coal ——= R.F, TR'S' ——y S00L (1.2)
2 \ /
R.
S.F. (light hydrocarbons)

where R.F. stands for radical fragments, S.F. stable fragment, and
R.S. recombination species.

When a cold gas surrounds the decomposing coal particle, it can
stabilize the radical fragment more effectively, hence, kinetic
route 1 dominates. In a hot test gas or vacuum, the radical_fragment

is not stabilized as effectively by the surrounding test gas, hence
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kinetic route 2 dominates. Upon an increase in temperature or time,
the recombination species will decompose, yielding light hydrocarbon
gases and soot, which then appear in the pyrolysate. In comparing the

results of‘Cam@bellylz Tyler,20'21 23,24 17,18 ji

Solomon and Suuberg,
becomes apparent that the origin of volatile fragments and their sub-
sequent stability plays an integral role in the ultimate yields of
pyrolysis products and the product distribution. Aliphatic hydrogen
content is believed to play a large role in determining pyrolysis
products. For instance, it may be possible to promote the use of
internally available aliphatic hydrogen in the stabilization of lower
hydrocarbon groups rather than hydroxyl radicals if the heating rate
can be increased to such an extent that the production of small hydro-
carbon fragments competes effectively with the production of hydroxyl
groups. Suuberg and chard18 report that at a heating rate of 1000
°C/sec, water forming reactions are about 90% complete before the omnset
of tar forming reactions while at a heating rate of 2.8 x 105 °C/sec
water reactions are only 35% complete before the onset of tar formatiom,
based on their kinetic parameters. Thus control of heating rate and
pyrolysis temperature alters product yields. An iﬁvestigation that
does show this effect is that of Wegener.ll

Wegener studied the pyrolysis of two bituminous coals using a
single pulse shock tube. The single pulse shbck tube enabled heating
rates in excess of 106 °C/sec to be obtained. Reaction times were

extremely short, normally 1200 usec * 150 psec and cooling rates

exceeded ~1 x 105 °c/sec. Lower (Cl—Cz) hydrocarbons evolved from the
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coal in an inert atmosphere were measured. Methane, ethylene, and
ethane yields displayed similar behavior; increasing yields were ob-
tained with increasing temperature. Unlike the results of previous

15,17,18 yields reached a maximum value, and then declined

investigators,
with increasing temperature. At the onset of the decline in ethane
yields (~ 1000 °C) detectable amounts of acetylene were measured. Above
1300 °C acetylene production increased dramatically, never showing a
decline over the range of temperatures investigated in this study.
Methane and ethylene yields started to decline around 1300 °C. The
yields, as reported by Wegener are shown in Figure 13.

Wegener concluded light hydrocarbon formation was primarily the
result of C-C bond cleavage in the parent molecules with stabilization
by hydrogen. The increase in acetylene production was attributed to
increased C-C bond cleavage and fragmentation reactions of higher
molecular weight hydrocarbons. A decomposition model, first order
in maximum yield to be obtained, predicts an activation energy of 20.7
kcal/mole. Insofar as this value is substantially less than would be
expected from a chemical process, either the process at these heating
rates becomes limited by transport phenomena or a number of reactions
are occurring concurrently.

Polavarapu33, using the same technique as Wegener,ll measured
the evolution of H,S and 802 from bituminous coals. Polavarapu found

2

HZS evolution from pyrolysis of coal to increase with increasing tempera-

ture to 1250 °C whereupon it suddenly decreased to nearly undetectable

amounts. Kinetic analysis yielded an activation energy of 52 + 2 kcal/mole
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for the formation of HZS from coal. This wvalue is in good agreement
with those obtained from the study of model compounds (52 + 3 kcal/

mole), and implies that H,S formation is from the rupture of C-S bonds.

2

The activation energy reported by Polavarapu,33 coupled with
Jungten and Van Heek's28 theory on parallel reactions, provides a
plausible reason or the low activation energy found by Wegener.ll
That is that pyrolysis of coal proceeds by many independent, parallel
reactions, each possessing a different activation energy and Arrhenius
rate constant.

Another factor that may contribute to the anomalous weight loss
behavior is particle size. Seeker, et al.32 studied pyrolysis of
pulverized coal particles to ascertain physical, chemical, and thermal
behavior. Using holography as a diagnostic tool, Seeker was able to
monitor physical effects occurring to the coal particle during pyrolysis.
One of the major findings of this investigation was that physical
effects occurring during devolatilization were dependent upon coal
type and particle size. Larger bituminous coal particles (> 80 um)
ejected a significant portion of volatile matter from the coal in a
single jet. This volatile jet then reacts close to the particle
producing a trail of small solid particles. Scanning electron micro-
graphs showed particles to be relatively spherical with one large
blowhole. Smaller bituminous coal particles, (~40 um) did not
display this behavior; volatile matter tended to diffuse uniformly

from the surface. Seeker suggests that the absence of wvolatile trails

in the smaller particles implies that a critical mass of volatile com-
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ponent 1s necessary to build up an internal pressure within the coal
particle and escape as a jet. Thus, the evolution of volatiles from
the surface of the coal particle may play a significant role in
stabilization versus recombination reactions of volatile fragments.
This concludes the review cof pyrolysis kinetics and mechanisms.

Further discussion is delayed until the end of the chapter.

1.2 Liquefaction and Hydrogasification

A prime objective of coal conversion technologies is to comvert
as much of the carbon and hydrogen in the coal to the synthetic fuels
as possible. Lower Cl-C2 hydrocarbons, benzene, and toluene are de-
sirable products for their heating value and their commercial use. To
obtain the maximum production of these products from coal, the atomic
hydrogen to carbon ratio of coal must be upgraded by some means. The
atomic hydrogen to carbon ratio (H/C) in coal varies from .3 to 1.0,
and generally increases as coal decreases in rank.5 This ratio is
significantly less than the 1.3-1.9 H/C ratio of common fuel oils
and substantially less than the 3.5-4.0 H/C ratio of natural gas.
Thus, a primary requirement of any conversion scheme is to upgrade
the hydrogen/carbon content of the stable products. This can be accom-
plished directly by pyrolysis of coal which produces a hydrogen-rich
volatile fraction along with a carbon rich char. However, one serious
drawback to pyrolysis is the attendant production of H20, HZS’ and NHB'
These species deplete the hydrogen available for bonding with carbon.

To improve the H/C ratio, it is preferred that nearly all of the
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hydrogen bound in coal reacts with the carbon in coal. To accomplish
this, a more complete knowledge of functional groups found in coal and
the mechanism and kinetics of their conversion to stable products is
required.

Other methods of increasing the H/C ratio are hydropyrolysis and
hydrogasification. For a basis of discussion, hydropyrolysis will
be defined as the pyrolysis of c¢oal in an hydrogen atmosphere, hydro-
gasification as the subsequent gasification of char with hydrogen con-
taining gases. This discussion will be concerned primarily with those
results obtained under rapid heating conditioms.

Allowing coal to react in an hydrogen atmosphere generally alters
the product composition and total volatile yield, but it is difficult
to assess the influence of hydrogen. In their review article, Anthony
and Hoﬁardéxreport that high temperatures and high hydrogen partial
pressures give rise to the highes; total yields (liquids and gases).
The production of heavier hydrocarbons (those not in the gaseous state
at 25 °C), is higher with respect to gases at lower temperatures.
Similary, the yields at lower hydrogen partial pressures generally
have lower H/C ratios than do those observed under higher hydrogen
pressures.

Research performed in the 1930's and 1940's, mainly in Germany,
showed coal could be converted to methane when subjected to high
temperatures and high pressures of hydrogen.34 However, the methods
used to obtain these conditions cause severe agglomeration of most
American coals.35 To prevent agglomeration, researchers tried pre-

treating coal by drying it in warm air. This effectively prevented
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agglomeration, but a consequence of pretreatment, as the researchers
discovered, was a severely inhibited coal-hydrogen reaction. Yields
obtained from pretreated coal were not as high as those obtained from
raw coal.36’37
During the 1950's coal research ignored gasification and lique-
faction effects; the main emphasis was placed on low temperature pyrolysis
of coal to produce char to be used as a boiler fuel. Tar and liquids
were by-products of the pyrolysis schemes; but the optimization of their
production was not investigated. More recent investigators38_42
are making use of much of the results of this earlier research in more
directed study aimed at the increase of the hydrocarbon gas and liquid

yield obtained from the reaction of coal and hydrogen.

1.2.1 Liquefaction

Although both gasification and liquefaction can convert coal
to nonpolluting fuels, liquefaction has a higher thermal efficiency,
uses less process water, and its environmental impact is less severe.
Liquid fuels have a higher specific energy content than gaseous fuels,
and hence storage and transportation are less expensive. Production
of liquid fuels from coal can be accomplished via reactions with
hydrogen or a hydrogen donor solvent. The latter process is referred
to as solvent refined coal and is not included in the scope of this
review.

Two different emphases can be placed on coal liquefaction; the
production of synthetic crude oil to be upgraded by a refinery, or the
production of aromatics for use as petrochemical stocks. This review

will attempt to briefly cover both aspects.
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The production of aromatics generally occurs at short residence
times with high partial pressures of hydrogen. For instance, Graff,
et a1.38 conducted experiments on the flash hydrogenation of Illinois
#6 bituminous coal. The influence of heating rate, solids-contact
time, and vapor-product residence time on products produced and pro-
duct distribution were investigated using a novel captive technique.

To demonstrate the effect of hydrogen on product yields and distri-
bution, the authors perf;rmed experiments where the only parameter
varied was the type of gaseous environment. The results, given in

Table 2, show an increase in both gaseous and liquid products when

coal is subjected to flash heating under 100 atmospheres of hydrogen.
The authors, however, did not vary the pressure of hydrogen to

determine what effect, if any, this parameter had on the product

yields and distribution. From the results shown in Table 2 the authors -
concluded that both liquid and gaseous yields were increased by hydrogen.
A consequence of the hydrogen is an increase in saturated gas yields
along with a corresponding decrease in unsaturated gas yields.

The effects of heating rate, solids-contact time, and vapor-product
residence time are also given in Table 2. The researchers concluded
that at a heating rate of 650 °C/sec, a solids-contact time of 10 sec,
and a vapor-product residence time of .6 sec were optimal values for
the production of liquid products.

Subsequent research39 concentrated on the influence of the
reaction temperature on liquid yields. Benzene, toluene, and Xylene

yields increased with increasing temperature, and reached a maximum
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value of 12% (wt %, product/carbomn in coal) at 800 °C. Above 800 °C
liquids declined, and accounted for only 3% of the total products at
1000 °C. On the other hand, methane yields iﬁcreased with increasing
temperature from 5% at 620 °C to 38% at 980 °C. Ethane production
reached a maximum value of 6.8% at 760 °C, then began an abrupt de-
crease to less than .5% at 940 °C. The authors found little, if any,
tars produced. Although substantially all liquids were formed within

2 sec at 800 °C and 100 atm hydrogen pressure, gas yields continued

to climb with longer vapor-product residence times. From Table 2,

it appears the increased gas yields at longer vapor-product residence
times are at the expense of the liquid yields, not due to additiomal
hydrogasification of the char. This indicates a progressive conversion
of liquid fragments to gaseous fragments that are subsequently stabilized
by hydrogen.

Cities Service Co.,40 following the lead of Graff, et al.,
initiated a research program to develop a commercially attractive
process to convert coal to valuable hydrocarbons. The process is based
on the premise that the following three conditions optimize the
product yields:

1) rapid heating of pulverized coal particles by conduction from-
hot hydrogen gas;

2) hydrogenation reactions at 50-900 milliseconds residence time

and at commercially feasible reactor pressures; and

3) rapid quenching of the volatilized products to prevent unwanted

decomposition reactions.

The experimental program employed a free fall reactor surrounded
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by an electric furnace. Dried pulverized lignite particles (50-450 um
diameter) were fed into the reactor where they contacted hot hydrogen
gas. The temperature-time history of the coal was controlled by the
introduction of cryogenically cooled hydrogen via a variable length
probe. The residence time of the coal particles was varied from 100~
3000 msec by use of this probe. Heating rates varied from about 3 x 104
to 105°C, reactor pressures were maintained between 500 and 3000 psi,
and the vapor residence time was varied from .8 to 14 sec. Liquid

and gaseous yields were determined for the temperature range 620-

860 °C.

No tar formation was detected, and the principal products
were benzene, methane and ethane, Liquid yields were approximately
94% benzene, with smaller amounts of napthalene and anthracene.

Gas yields were composed of methane and ethane. At short residence
times (500 msec), carbon conversion to liquids-and gases became inde-
pendent of temperature above 800 °C. Carbon conversion was also

found to increase as heating rate increased; however, as the residence
time was increased the benzene fraction was cracked, ultimately leading
to coke and hydrogen rather than showing increases in methane.

The researchers were able to correlate liquid production to carbom
conversion. Above a carbon conversion of 45%, hydrogasification of the
lignite takes place with methane the principal product. Although
several different hydrogen pressures were employed, the authors did not
comment what effect, if any, this had on conversion to liquids and

26,27

gases in this study. The reader is reminded that Anthony found no
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pressure influence on yields in the pyrolysis of lignite. No comment
was made on the role of the quench temperature which also was varied
during the experimentation.

Further studies41 centered on the hydrogasification of subbituminous
coal. Increases in temperature and time were reflected in increases
in overall conversion and a change in product distribution. At short
residence times CZ-C4 hydrocarbons and light oils are prominent
products; at longer times these products undergo decomposition to form
principally methane and benzene. The researchers found light oil pro-
duction and ethane production to be independent of the reactor tempera-
ture; their production was found to be a function of residence time.
At 855°C, essentially all light oil formed has undergone nearly com-
plete decomposition by 3 seconds while at 880 °C nearly complete decom-
position is accomplished in 1 second. The maximum amount of benzene
formed was also independent of temperature; however, its production
was a function of residence time. Maximum benzene production was obtained
at residence times between 1 and 3 seconds. At higher temperatures,
less time was needed to achieve maximum benzene yields. The researchers
concluded that their process displayed a two stage mechanism; rapid
devolatilization followed by hydrogenation of the coal/char. The
authors state that rapid devolatilization is inhibited by high pressure
and that hydrogenation reactions are controlled by the hydrogen partial
pressure.

Tylet,20'21 whose pyrolysis work was reported earlier, also investi-

gated pyrolysis in an hydrogen atmosphere. The main influence of hydro-
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gen was an increase in methane yields. Tyler found no change in the
quantities of tar or total volatile matter evolved. There was no
difference in yields between pyrolysis and hydropyrolysis carried out
at temperatures up to 700 °C. Above 700 °C, pyrolysis in hydrogen
produced greater quantities of C,-C, hydrocarboms, with CH

172
8.0%. In both hydrogen and nitrogen atmospheres, Tyler

4 reaching

204 found

ethylene production to remain essentially constant up to 600 °C, and
then dramatically increase with increasing temperature. Ethylene pro-
duction in an hydrogen atmosphere was slightly higher than that
observed in a nitrogen atmosphere.

Research dealing with the effects of hydrogen on liquefaction
for the production of aromatics is difficult to find, as this topic
is only now being investigated in depth. At Brookhaven National
Laboratories, research is being conducted on the short residence time
hydropyrolysis of coa1.42 During residence times from -0 to 9 seconds,
it is reported that maximum liquid yields of 20%Z (wt %/carbon in coal)
are obtained at 750 °C and a heating rate of 5 x 104 °C/sec. At this
temperature nearly 50% of the liquid product is benzene.

Rockwell International43 reports the operation of a coal lique-
faction pilot plant based on short residence time technology. Yields
and product distributions have not been reported.

Production of synthetic crude oil from coal generally is con-
ducted at low temperatures (500-600 °C) and normally at longer resi-
dence times. Only the Garrett process (discussed below) makes use

of short residence times. The major goal of the processes described
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in this section is to produce a liquid faction that can be upgraded by
current technology and converted into useful fuel oils.

44 hés devised a method of obtaining

Garrett Research Corporation
high liquid yields by employing entrained-bed, low temperature pyrolysis
with short residence times. Operating at atmospheric pressure with
solids-residence times less tham 2 seconds, researchers have been able
to produce liquid yields of nearly 33%Z of the original coal. This pro-
cess does not produce a substantial amount of hydrocarbon gases; the
major by-product is a low sulfur content char, suitable for use as a
boiler fuel.

The Union Carbide Coalcon Process is another process aimed at
producing liquid fuels.45 The Coalcon process produces liquid yields
of up to 29% of the original coal at residence times between 5 to 1l
min at a temperature of 560 °C and hydrogen pressure of 2000 psi. The
liquid yield from the Coalcon process is approximately a‘function of
the square root of the hydrogen pressure. It is of interest to note
that the Coalcon process under an inert atmosphere produces nearly 11%
liquid yields at 560 °C. As both temperature and partial pressure of
hydrogen are increased, char yields decrease due to hydrogasification of
the char. At an operating temperature of 550 °C, the Coalcon process
will produce hydrogen as a byproduct if the total hydrogen partial
pressure is below 225 psia. Above 225 psia this process begins to
consume hydrogen.

The COED process upgrades the liquid fraction obtained from pyrolysis

to synthetic crude oil by hydrotreatment.46 Usiﬁg a staged reactor



46

gystem, coal is subjected to pyrolysis at temperatures ranging from

288 to 816 °C at pressures varying from 6 to 10 psia. After a residence
time between 1 to 4 hours, liquid yields of 20% and gaseous yields of 15%
are obtained. Liquid yields are then upgraded to synthetic crude oil

by treatment with hydrogen.

All of these carbonization and hydrocarbonization processes are
well into the pilot plant stage; however, no kinetics or mechanistic
routes have been proposed. The main feature of these processes is
the utilization of all products obtained from the conversion scheme,
not the emphasis on ome particular product.

1.2.2 Hydrogasification

Coal conversion schemes can also be geared to the production
of hydrocarbon gases. Reacting coal with hydrogen or hydrogen con-
taining gases can, in principle, produce gases suitable for use in
electrical power generation or as a substitute natural gas. Research
into the effects of hydrogen containing gases on gasification is more
extensive than that on liquefaction.

Coates, et al.47 investigated devolatilization of coal in an
entrained flow reactor. Finely ground coal (less than 200 mesh) was
entrained in either nitrogen or hydrogen gas streams and subjected to
heating rates varying from 4.5 x 103 to 1.3 x 105 °C/sec. Hydrogen
partial pressures varied from .194 to .553 atm. in 1 atm. total pressure;
The main devolatilization products were methane, ethylene, and acetylene.

Methane yield was found to increase to a maximum at 927 °C and then

decrease with increasing temperature. Acetylene production increased
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with increasing temperature while ethylene production decreased.
The main effect of hydrogen partial pressure was to decrease the
amount of carbon dioxide produced, and increase the amount of methane
produced. It is interesting that the presence of hydrogen causes the
available carbon to be used more effectively. 'Although the increase
of hydrogen partial pressure has little, if any, effect on the production
of acetylenme and ethylene, overall the influence of hydrogen is to increase
hydrocarbon yields, a finding at variance with Anthony and Howard'35
model. {(Discussed elsewhere in the text). The effect of hydrogen
partial pressure on conversion to light hydrocarbons is given in Figure
14. ’

Coates also varied the residence time of the coal particles from
12 to 343 milliseconds at reaction temperatures between 827 and 1027 °C.
Methane and ethylene yields increased to a constant value after 100
milliseconds; however, acetylene yields decreased with increasing
residence time. The authors did not record weight loss data, but
the increase in methane and ethylene at longer residence times is not
accounted for by the decrease in acetylene. Since acetylene production
from coal pyrolysis is normally not seen at these temperatures, acetylene
fragments could be reacting further to yield aromatics or other recom-
bination products. Coates determined that optimal yields of hydrocarbons
would be obtained at residence times less than 50 milliseconds, since at
this residence time nearly all of the methane and ethyleme is produced
and acetylene production has not decreased substantially. The authors

made no attempt to model their results or postulate possible mechanisms.
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Zahradnik and Glenn,43 reported on the direct methanation of coal
with steam and synthesis gas. Using data obtained by Mosely and
49 50 51
Patterson, , Lewis et al. and, Glenn and Grace, they developed
a model to predict the methane formation in the presence of hydrogen

gas. The model equation is

f(1-2w, ) (k,P_,/k,)
Amc = Aw, + 1~ 1 H2 2

i 1+ kIPHZIkZ

(1.3)

where ch = methane yield appearing per gram of carbon in coal,

Aw, = weight of carbon lost by initial devolatilization per gram

of carbon in cozl,

k. .k, = Arrhenius rate constants for methane formation and deactiva-

tion by active intermediates,
P,, = partial pressure of hydrogen,

weight of active intermediate per gram carbon in coal

Hh
~
i—l
!
[
€
-
~r
n

at time zero.

This model is based on the premise that carbon forms anractive
intermediate that both the methanation reaction and inactive-char
forming reactions compete for. Although temperature dependence of
active carbon formation as a variable parameter is not included in
equation (1.3), the authors have not neglected this parameter in their

analysis. The authors state that the value of Aw, is dependent on

i
temperature, and the value corresponding to the specific temperature
of interest must be employed when evaluating equationm (1.3). Temperature

dependence of active site formation is also included with a value chosen

for f ranging from 0 to 1.0.
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When the value of klPHZIkZ
is proportional to hydrogen partial pressure. If k.P_ /k

1 H2 2

than 1, methane formation becomes independent of hydrogen partial

is much less than one, methane formation

is much larger

pressure. Since kl should have an appreciable activation energy com-
pared to kz, the rate constant for radical-radical recombination or
radical-molecule reaction, the model predicts that methane production
will be first order at higher temperatures and under lower hydrogen
pressures, but will tend to zero order at higher hydrogen pressures.
Anthony and Howards, in their review, questioned the validity of this
model because they believed that the authors had ignored the temperature
dependence of the formation of the active intermediate. As was pointed
out earlier in this discussion, that was not the case.

In place of models like that given in Eq. (1.3), Anthony and

Howard5 propose the following correlation based on a material balance

of reactive volatile species in a coal particle:

1+ P, P
ORI B Rl % x +k, P (1.4)
ar r [1+ kllkc PT + kzlkc PHz PT] 3 H2
where PHZ = partial pressure of hydrogen (atm),
PT = total system pressure (atm),
V:: = nonreactive volatiles lost from particle up to t==,
V:* = amount of reactive volatiles formed up to t==,

k. = overall rate constant for hydrogenation of reactive volatiles

(sec-l atmdl),
k, = overall rate. constant for deposition reactions (sec_l),

k., = rate constant for rapid rate methane formation (secﬁl atm—l),



51

kc = pressure independent overall mass transfer coefficient

(atﬁ+1'sec-l)}

Equation (1.4) predicts a minimum yield in volatiles between 1 and 10
atm. hydrogen pressure, and the authors use the results shown in

Fig. 15 as a basis for justifying the acceptability of the model.
Nonetheless, close examination of the data reveals that only the most
tenuous conclusions can be drawn regarding whether in fact the weight
loss follows the model predictions. The authors contend that the
minimum predicted by the model results from the opposing influence

on yields by decomposition and hydrogenation reactions. The authors
then state that both decomposition and hydrogenation are favored at
increased hydrogen partial pressures, which would then imply that the
increase in yields at higher pressures is due solely to hydrogenation of
the remaining char. This model is not very satisfying conceptually,
especially the predicted minimum behavior. Although this model predicts
an increase in yields as hydrogen pressure is decreased from 1 atm to 10.
atm, the reader is reminded that CoateSA? saw an Increase in yields with
an increase in hydrogen pressure at these levels. It is possible in

the case of Anthony'326’27

research, that the hydrogen may not have
had a chance to react with the radical fragments before they stabilized
in the cold bath gas.

One severe omission in this model is the contribution of what the
authors term non-reactive volatiles, those species evolved from the coal
which are stable. When subjected to a sufficiently long residence at

elevated temperatures or hotter conditions at shorter residence times,

these species can decompose to yield reactive fragments that also can be



52

(¢ woig) cyopow Jo uoyrldrpaid aury
PITos ‘sjupod [ejuawiiadxs v *aanssaiad uadoapdy jo uorjouny e se ssol IySyam Tejol

(W1V) 3UNSS3Yd

" ool ol | ro 100 1000 10000

| | | 1 ¥ T L]

*CT 814

ov

(V02 40 % 1M) SSOT LHIIIM




53

stabilized by hydrogen. The reader is reminded that the thermal de-
gradation of coal produces a variety of organic products. Depending
on the time frame and temperature of the experiment, these organic
products can also undergo decomposition producing lighter molecular
weight hydrocarbons or soot.

Hydrogasification of coal is a rapid process, usually described
by two steps, hydrogenation of volatiles followed by hydrogasification

of the char. Data of Anthony et 31.5'26’27

indicate that rapid hydro-
genation of volatiles occurs in a time frame comparable to pyrolysis.
The rate of char gasification by hydrogen is much slower than the
hydrogenation reactions. Anthony and Howard,5 contend that heating
rate does not significantly alter the path of secondary reactioms or
affect the reactivity of the residual char; thus conversions at a
given partial pressure of hydrogen will converge in time for different
heating rates.

In concluding this review, the two general mechanistic theories
on coal pyrolysis and the influence of hydrogen on these theories will

be discussed. Anthony and Howard5’26-27

postulate that tars and liquids
evolve first from the coal particle, followed by evolution of gaseous
products. The tars and liquids evolving contain radical sites that can
be stabilized by radical-radical recombinations to form repolymerization
products. At higher temperatures, the tars and liquids underge second-
ary reactions to form coke and hydrogen. Thus, the effect of an hydrogen

atmosphere would be to inhibit repolymerization at lower temperatures

and thus increase the tar and liquid yields. At higher temperatures
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the hydrogen would have no effect on the secondary reactions of

the tar and liquids, but would react with the highly active coke or
char to produce light hydrocarbon gases. At the same time the hydrogen
would stabilize the radical sites of the gaseous products evolved from
the coal particle.

Solomon and Colketzs’24

, however, believe that heavier molecular
weight hydrocarbons and gases evolve independently of each other; each
is dependent upon the relative distribution of certain functional groups
found in coal. Primarily, they speculate that tar and liquid production
are dependent on the aliphatic hydrogen content of the coal. Thus, in an
inert atmosphere there is competition between the tar and liquid
free radical fragments with the gaseous free radicals for stabilization
by the available aliphatic hydrogen. It is their view48 that hydrogen
external to the coal should have little influence on the yields under
modest hydrogen pressures. Only if the hydrogen can be made to
penetrate into the pores of the coal particles will it have an effect.

In summary, the effect of hydrogen is to increase the amount of
gaseous hydrocarbons, but this may be due solely to hydrogasification
of the char. There is not enough evidence to conclusively decide if
there is an effect on liquid yields. The exact mechanism of coal
devolatilization is not known; however, there is some evidence to support
a functional group theory. The following observations can be discerned

from this review:

1) Heating rate may or may not have an effect on total volatiles
realized; however, at higher heating rates hydrocarbon yields
may increase at the expense of 520 if aliphatic hydrogen can
be utilized effectively.
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2) Anomalous weight loss behavior over limited temperature ranges
most likely is a function of experimental technique coupled
with secondary reactioms of primary volatile fragments, and the

composition of the solid material.

3) First order models based on functional groups may be more
accurate in predicting yields from all types of coals than those

models based on consecutive reactions.

4) The similarity of behavior at many different heating rates and
residence times suggests that if even shorter residence times
were employed, comparable yields could be achieved under higher
heating rates. Additionally, shorter residence times will be

necessary to avoid repolymerization to char and soot.
5) Even at the highest heating rates heretofore studied, yields

of HZS suggest that results are not limited by tramnsport

phenomena, but are kinetically controlled. In concert with
this observation is that lower activation energies obtained
by first order decomposition models are indicative of parallel

reactions.

1.3 Objectives

The objective of this study is to determine what effects temperature,
residence time, and partial pressure of hydrogen have on pyrolysis
product yields and product distributions. Experiments at various
temperatures and residence times will be conducted in an inert (argon)
atmosphere to establish baseline product yields and product distributioms.

Use of the single pulse shock tube for these experiments will pro-
vide ultra rapid heatup, thereby promoting very quick volatile
evolution with a minimum of deposition. Experiments will be conducted

in the free stream eliminating packed bed problems. Lower CI-C2 hydro-
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carbons, benzene, and toluene will be measured by gas chromatography;
solid residue will be recovered and sent to an independent laboratory

for analysis.
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2.0 EXPERIMENTAL

2.1 The Single Pulse Shock Tube

The single pulse shock tube (SPST) is ideal for use in combustion
studies requiring temporal resolution of short duration (3 msec or less)
phenomena, The SPST provides a means by which test gases or solid
suspensions can be elevated to high temperatures and pressures very
rapidly; furthermore, use of the region behind the reflected shock
wave provides an experimental zone essentially free of temperature,
velocity and concentration gradients.

The SPST, as designed and constructed by Seeker,52 differs from
a conventional shock tube by the addition of a dump tank at an oblique
angle. The SPST, whose schematic is given in Fig. 16, is a device
in which a plane shock wave is generated by the sudden rupturing of a
diaphragm separating high pressure gas from sub—atmospheric gas. The
addition of the dump tank allows for the test gas and/or solid sus-
pension to be processed by only one reflected shock wave. Upon
rupture of the diaphragm, a number of accoustic waves are successively
formed in the low pressure gas. Each accoustic wave travels at the
speed of sound of the gas into which it propagates. With its passage,
each of these isentropic waves increase infinitesimally the temperature,
pressure and, density of the gas. Therefore, succeeding waves travel
through test gases that have been heated by the passage of previous
waves. Insofar as each wave travels with the local speed of sound,

the waves coalasce to form, ultimately, a non-isentropic shock wave,
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travelling at several times the speed of sound in the still undis-
turbed test gas. At the same time, an isentropic rarefaction or
expansion wave, travelling at the speed of sound of the undisturbed
high pressure gas, is generated by the diaphragm rupture. A time-
distance or x-t diagram, showing the displacement of various waves
within the shock tube as a function of time, is given in Fig. 17.

The incident shock wave raises the temperature of the test gas
within several nanoseconds and accelerates the gases to speeds that
can be greater than the sonic speed with respect to laboratory coordi-
nates. The bulk gas motion disperses the coal particles into the test
gas. Kaufmann,53 in a recent study on grain dust, showed that grain
dust particles with diameters ranging from several microns to nearly
100 microns rapidly accelerate to the bulk gas velocity. In the wave
diagram, (Fig. 17) this velocity is identical to that identified with
the contact surface, the idealized interface between test gas and
driver gases. The incident shock wave reflects from the end wall, and
because it is proceeding now into a column of gas with a bulk velocity
of perhaps 900 m/sec, the reflected shock velocity with respect to
laboratory coordinates is much less than that of the incident shock
wave which propagated into a stagnant gas. The reflected shock wave
further increases the temperature, the pressure, and the density of
the test gas. Additionally, both test gas and particles are brought
nearly to rest with respect to laboratory coordinates; hence,
behind the reflected shock wave forms an ever lengthening column of

stagnant, high temperature, high pressure test gas in which the coal

particles are suspended.



60

Fig. 17. A time versus distance wave diagram
for a conventional shock tube.
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The suspended coal particles are heated by conduction from the
hot test gas. Assuming the thermal conductivity, k, of the coal particle
is sufficiently large so that the particle remains at a uniform tempera-
ture throughout the heatup period, the net rate of energy transfer to
the particle assumes the form

dT
= hA T -T ] 2.1

DP CP vp at

where

v_ = particle volume (= wdp3/6),
A = external particle surface area (= ﬁdpz),

p_ = particle density,

c_ = particle heat capacity,

T = gas temperature,

T = particlé temperature,

h = convective heat transfer coefficient,

dP = particle diameter.
Using the definition of the Nusselt number and assuming spherical

particles, Eq. (2.1) becomes

dT 6 Nu k
L2 (T-T), (2.2)
dt 2 g p
cp d
PPP
where
hd
Nu=E£ , (2.3)
g

Integration of Eq. (2.2) yields

T -T 6 Nuk t
@Ay, F (' 2 ] 2]
g P o de

PPP
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To evaluate the Nusselt number the form for Stokes flow54 is used,

/2 143

Nu = 2 + 8(Re)T % (pr)t/3 (2.5)

where B is a constaﬁt determined experimentally to be about .69, Re

is the particle Reynolds number with respect to the gas, Pr is the
gas Prandtl number. If there is no relative motion between the
particle and the test gas, (i.e., both the gas and particles are
stationary behind the reflected shock wave (Re=0)), the Nusselt

number then becomes two. Additional information on this topic can

be found in Appendix K of Reference 54. The temporal response of
particle temperature as a function of diameter, calculated by Eq. (2.4)
using a Nusselt number of 2 is given in Fig. 18 for a gas temperature
of 1285°K. The temperature response for particles of 25 um diameter

is also shown for Nu = 4 that corresponds to a particle Re = 192 and

a velocity relative to the test gas of 89.0 m/s. This calculation
assumed an initial particle temperature of 600 K, the temperature to
which the particles are elevated by passage of the incident shock

wave. As can be seen in Fig. 18, this analysis predicts that it takes
over one millisecond for 25 um diameter particles to reach the

gas temperature. Insofar as the velocity relaxation is slower for
larger particles,54 the larger particles may be expected to heat faster
than predicted by the foregoing analysis. Evidence of this has been
accumulated during previous experimentation in this laboratory.52 Tempera-
tures deduced from pyrometry measurements of radiation from Illinois #6
coal (number means diameter of 4.1 um) dispersed in nitrogen at three

different temperatures are shown in Fig. 19. The measurements indicate
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that the polysuspension relaxes to the final reflected shock tempera-
ture in approximately 200 usec.

Depending on the configuration of the shock tube, the reflected
shock wave will first interact with the contact surface following
several meters behind the incident shock wave or with the rarefaction
fan. Comprehensive examination of the resulting wave behavior is
beyond the scope of this thesis, and the interested reader is referred

6,52

to specific treatment of shock wave mechanics by Seeker and Gaydon
and Hurle,55 or to more general discussions of wave interactions by
Shapiro.56

It may be briefly stated, however, that if the relative lengths
of the shock tube sections are appropriate, the oncoming contact sur-
face will be bfought nearly to rest by the reflected shock wave. If
not, serious mixing of the reacting gases behind the reflected shock
wave with colder gases in the contact layer will ensue. Ideally, the
reacting mixture is cooled quickly by the rarefaction fan at rates
approaching -5 x 105°K/sec. The SPST used in this study was designed
so that the rarefaction fan overtakes the contact surface before the
latter enters the test section, although for certain combinations of
conditions some mixing undoubtedly occurred. The approximate axial
dispersion of the particles with respect to time is shown in Fig. 20.

In this study, it is the time between the passage of the reflected
shock wave and the rarefaction fan at a specific axial location that

is defined as the dwell period. Near the end of the test sectionm,

(see Fig. 21), where the experiments in this study were conducted, this
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dwell period can vary between less than 100 usec to more than 2.5 msec,

depending on the relative lengths of the driver and driven sectioms.

2.2 Shock Tube Operation

The SPST employed in this study was modified to allow for the
collection of solid and liquid residues. A new test section, shown
in Figs. 21 and 22 was constructed of type 304 stainless steel.
Twenty-éeven cm. in length and 5.7 cm in inside diameter, the test
section allows for the insertion of aluminum liners. The aluminum
liners, 5.08 cm inside diameter, can be removed after completion of an
experiment. The test section contains two radial access ports. The
first port, located 7.66 cm downstream from the isolatiom ball valve,
is used to introduce the coal sample. The second port, 20.3 cm down-
stream from the ball valve, is used for venting of the gaseous products.

The individual steps followed to prepare the SPST for an experi-
ment are given in Appendix A. Helium, (Airco, 99.995% purity) was used
as the driver gas in all experiments. The length of the driver section
was varied from 1 to 3 m to produce different shock dwell periods. A
variety of gases, listed in Table 3, were used as test gases. Inas-
much as the original shock tube was designed with air, nitrogen or
argon as test gases, some modification to the driven section of the
shock tube had to be undertaken when using test gases with hydrogen
contents of 40% (by volume) or more. The driven section was shortened
to 5.5 m to enable temporal experiments of 1 msec or less to be per-
formed with high hydrogen content test gases. The observation time,

or dwell period available, depends upon the reflected shock wave and
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its interaction with the contact surface or rarefaction fan. If, at

the observation location the rarefaction fan has not overtaken the
contact surface, the reflected shock wave will then first interact

with the contact surface. The reflected shock wave can produce three
different wave systems upon its interaction with the contact surface;
abruptly bringing the contact surface to rest, slowing down the contact
surface, or reversing the direction of the contact surface.55 If the
direction of the contact surface is reversed, the dwell period will
increase over that obtained with a stationary contact surface because
the rarefaction fan is now propagating into a column of gases travelling
towards the driver. Due to momentum considerations, the velocity of the
rarefaction fan will then decrease. Reducing the length of the driven
section reduces the amount of time between the interaction of the reflected
shock wave and rarefaction fan.

To minimize contamination of the solids recovered, 0.0406 mm
aluminum diaphragms were used in place of mylar diaphragms. Upon
rupturing, mylar diaphragms tend to shatter, allowing minute particles
to be carried downstream into the test section. Tests determined that
the mylar particles, even in low concentrations, caused significant
interference in the infra-red absorption spectra of the coal residue.
The aluminum diaphragms, when properly scored, petal back and do not
fragment upon rupturing. The only difficulty encountered with aluminum
diaphragms was the inability to consistently reproduce shocks.

To further minimize contamination, filters were installéd on all

incoming gas lines. The filters, containing activated charcoal and
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molecular sieve 5A, absorbed any moisture or hydrocarbons present in
the gases. A molecular sieve foreline trap (Veeco) was installed

on the vacuum line to absorb any oil vapors formed by the operation
of the pumps.

To determine the speed of the incident shock wave and the re-
sulting pressure history of the test gas, two diagnostics were
employed. A piezoelectric pressure transducer, (Kistler, Model 603A),
is mounted into the end flange of the test section. The output of
the transducer is displayed on a Tektronix Type 7623A storage oscillo-
scope and photographed with a Tektronix C-5B oscilloscope camera.

From the oscillogram, (Fig. 23), any non-uniformities in the pressure
history of the shock wave can be discerned, along with a good estimate
of the dwell period. Two platinum thin film gauges are used to record
the speed of the incident shock wave. The voltage pulses from the thin
film guages are fed into an amplifier, which then transmits the signals
to a digital counter (Fluke, Model 1952B). The signal from the first
thin film gauge starts the counter, the signal from the second thin
film gauge stops the counter and triggers the oscilloscope.

All runs were conducted with 40 + 0.8 mg Illinois #6 coal.

The coal, the analysis of which is given in Table 4, had been sieved
to =400 mesh. A size distribution of the ceoal, as supplied by
Dutcher,s7 is given in Fig. 24. To avoid absorption of gases and
water vapor the coal was stored in a dessicator. The coal sample
was introduced into the shock tube by means of a dispersion plate

suspended from a saddle block. (See Fig. 21.) The saddle block was
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Fig. 23. Typical oscillogram showing pressure trace and a dwell
period of approximately 2.3 ms between the reflected
shock (RS) and rarefaction wave (RW).



Table 4. Analysis of Illinois #6 Coal.

57

Proximate Analysis
Volatile Matter
Fixed Carbon
Moisture
Ash

Ultimate Analysis
Carbon
Hydrogen
Oxygen
Nitrogen
Sulfur
Ash

Water

37.77
49.82

2.07
10.34

66.95
4.49
10.64
1.23
3.27
10.52
2.90

o8 3 e M M e M ¥ e 0
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Fig. 24, Size histogram of Illinois #6 coal. (From 57).
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designed to meet flush with the inner surface of the shock tube.

" An experiment was initiated by the mechanical rupturing of
the diaphragm. Immediately after rupture, the ball valve (see
Fig. 21) was closed, isolating the test section from the rest of
the shock tube. The test section was isolated for one hour to
allow gaseous products to achieve an uniform composition axially.
The final pressure in the shock tube and time on the digital timer
were recorded. The Mach number of the incident shock wave was cal-

culated from

<l

M, = L, (2.6)

1 g
where Vl was calculated from the time required for the shock wave to
traverse the distance between the thin film gauges, 0.2032 mm and ay,
the local speed of sound of the undisturbed test gas mixture, was
determined for each mixture as listed in Table 3.
The temperature and pressure behind the reflected shock wave are
determined from ideal shock relations:55

T, (20%0-1) + 3 - V1 [Gr=D ¥ - 2(-D)]

5
=l > (2.7)
T (y+1) 2 Mlz
2 2
P [2yM.° = (y=1)1 [(3y-1) M.” = 2(y-1)]
52 = ! +1 12 ’ (2.8) "
1 R [(r-1) M2 + 2]

where subscript one refers to initial conditioms, subscript five
refers to reflected shock conditions, and y is the specific

heat ratio, the determination of which is covered shortly.
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Equation (2.7) was derived on the assumption of constant specific
heats, an assumption clearly violated by the use of diatomic gases.
While the specific heat ratio of argon is constant because there are
no rotational or vibrational degrees of freedom, the specific heats
and the specific heat ratio of molecular hydrogen are strong functions
of temperature. To determine this dependence, a fourth order polymomial

8 The form of the =2cuation and

fit to specific heat data was used.
the coefficients specific to hydrogen are shown in Table 3.+

To account for the variable specific heats, an iterative procedure
is required wherein the reflected shock temperature is predicted first

using the specific heat ratio at 298 °K. Following Wittig,59

the average
of the specific heat ratio from 298 °K to T5 is then used in subsequent
iterations until the degree of convergence desired is reached. It has
been observed, however, that very little error is intraduced if the
average specific heat ratio between 298 and 1300 °K is used. This is

because the vibrational and rotational levels are nearly completely

‘excited above 1000 °K. Thus,

Y +y
(298) {1300)
avg = 2 (2.9)

was used in the determination of the reflected shock temperatures in

+It should be noted that the pressure and temperature behind the re-

flected shock waves can, of course, be calculated without recourse to
specific heats if the enthalpies are used with the three conservation
equations and the perfect gas law. However, both the incident and

the reflected shock velocities must be measured insofar as the non-ideal
reflection of the shock wave from the end wall cannot be accounted for
from first principles.
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this study. The specific heat ratios calculated by Eq. (2.9) are

given in Table 3. A study by Vaughn60 on the decomposition of n-

butane, showed temperatures calculated in this manner to be within

+ 50 °K of the temperature determined from the kinetic rate data for n-

butane decomposition. Measurements were alsoc made by Vaughn of the

incident and reflected shock velocities, from which the reflected shock

temperatures may be computed directly from the conservation equations.

Vaughn also determined that the introduction of the dispersion plate,

used to load the coal, did not significantly affect the temperatures.
Although the products of reaction and particles were cooled at

rates greater than —105 °K/sec, this is still not fast enough to quench

reactions with Arrhenius activation energies of approximately 30 kcal/

mole or less. Some contribution to the product distribution will occur

during the quench for these type reactiomns. Vaughn,60 in his study

on n-butane decomposition, provides the following scheme to account

for the increase from the cooling down period. An effective reaction

dwell time is defined,

= At'
e, =t 1+ . ) (2.10)

where

tr is the effective reaction time,

to is the measured dwell period, and

J R'-E/RT(t) dt
t

1T =, o
At = -E/RTS ‘ (2.11)

L
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The corrected rate constant at any temperature, kc can then be deter-

mined from:
k -1
< . Ae!,
. (1 + : Yy, (2.12)
o © 0
where ko is the rate constant found using the measured dwell period.
This correction factor (At') would be 1.8 msec for a reaction at 1700 °K

with an activation energy of 55 kcal/mole (from 18). Thus, the

corrected rate constant for a 1.0 msec measured dwell time would be

o
]

k, (2.8)71 (2.13)

or

k
c

.36 ko' - (2.14)
Figure 25 shows the dwell time cofrection versus temperature for
various activation energies.

After the gaseous products reached a uniform composition, heating
tape, wrapped around the test section, was used to heat the test
section to an internal wall temperature of approximately 66 °C to
drive off any products volatile at this temperature at a total pressure
of 3.5 atm or less. A 75 cm3 gas sample was extracted through a 2 um
stainless steel filter into a previously evacuated stainless steel
bottle. The rest of the gaseous products were vented first through a
2 um stainless steel filter, and then through an activated charcoal
filter at a flow rate of 1 liter per minute. A schematic of the

sampling system is given in Fig. 26. Stainless steel filters were

used to trap any unreacted cocl or particle fragments greater than
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2 um diameter. The activated charcoal filters served as lipophylic
traps, absorbing all hydrocarbons greater than C4 that were present

in the effluent stream. Gas chromatographic analysis of the effluent
stream after passing through the activated charcoal filters showed

no hydrocarbons greater than C2 present. When complete venting was
accomplished, the end flange was removed. Any solids deposited on the
flange were recovered and weighed. The inline filters were dismantled
and filter elements were weighed. Surfaces of the gas venting block
and dispersion plate block were wiped clean of residue and the residue
weight was recorded. The aluminum liner was then removed, the ends capped,
and placed in a shipping canister. The aluminum liners were refluxed
by an independent laboratory, where the amounts of solid and liquid

products present were determined.

2.3 Gas Chromatograph Analysis

Lower (Cl-Cz) hydrocarbons, benzene and toluene were analyzed by
a Tracor 550 gas chromatograph equipped with dual flame ionization de-
tectors. Operating parameters are given in Table 5, The gas chromato-
graph was calibrated with a known standard each time samples were
analyzed. The calibration standard yielded a factor of grams/count as
determined by the integrator. Thus, determining the number of grams

of component i in the gas sample was easily accomplished via,

m, =CFxec (2.15)

i i

where m, is the number of grams of component i, ¢y is the number of

counts of i, and CF is the calibration factor.
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Table 5. Gas Chromatograph Operating Conditions.

Species

Column

Column Temp.

Inlet Temp.

FID Temp.

Carrier Gas Flowrate
Hydrogen Flowrate
Air Flowrate

Calibration Gas

8%y
Carbosieve B
150 °C

175 °C

175 °C

45 ml/min

35 ml/min
400 ml/min

CZHZ in Nz

Aromatics

ov-101

70 °C

175 °C

175 °C

35 ml/min

35 ml/min

400 ml/min

CdBg
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To relate the number of grams in the sample to the initial amount
of coal loaded, the perfect gas law was employed. First, the number
of moles of product gas contained in the test section was determined

from the final equilibrium pressure of the shock tube as

PV
np = —%EB . (2.16)
where
np = pumber of moles,
PP = final pressure of the shock tube,
VP = yolume of the test sectionm,

R = universal gas constant,
T = ambient temperature.

Since Vp, R, and T are constant for all experiments this simplifies to:
n, = B (2.446 x 1072) moles (2.17)

when Pp is given in atm.

The number of moles contained in the sample injected is found in
the same manner. For all samples injected this value is 8.179 x 10“6
moles. Since the concentration of species i in the sample is the same
as the concentration of species i in the test section, the following

relation holds

. (2.18)
]

=] |m=:l
]
_UH Lcﬂ

Thus, the mass of component i in the test volume can be deter-

mined by -2
(2.4462 x 10 “)(P_)(m )
w = +—E ; (2.19)
(8.17 x 10 )
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To convert this to weight percent of Initial coal loaded, the
mass of product was divided by the initial charge of coal, and multiplied

by 100.
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3.0 EXPERIMENTAL RESULTS

In order to assess the influence of an hydrogen atmosphere on
pyrolysis of pulverized coals, a baseline investigation of coal
pyrolysis in an inert (argon) atmosphere was undertaken to establish
maximum product yields and product distributions as a function of
time and temperature. The technique of response surface methodologyel
was employed in the experimental design. The experimental conditions

that were desired are listed im Table 6.

3.1 Coal Pyrolysis in an Argon Atmosphere

A series of experiments were performed.at various temperatures
and residence ﬁimes at a total reaction pressure of 10 + 1 atm.

(Total reaction pressure is defined as the pressure to which the test
gas is elevated by passage of the reflected shock wave.) Temperatures
were varied from 1000 to1l900 K and residence times from .3 to 3.0
milliseconds. Temperatures listed in all tables and figures are those
temperatures to which the test gas is elevated by passage of the re-
flected shock wave. Residence times cited refer to the length of

time between passage of the reflected shock wave and arrival of the
rarefaction wave at the end wall of the test section.

Initial experiments concentrated on establishing the new solids
recovery technique. During this phase of the experimentation, it was
determined that the method employed operated satisfactory; however,
use of mylar diaphragms caused interference in the absorption spectra

obtained by infrared spectrometry of the liquid products. To eliminate



Table &. Experimental Design Based on Response Surface

87

Methodology.
Run Hydrogen Temperature Residence
Number Pressure (°K) Time
{atm) (Milliseconds)
1 0 1550 .52
2 0 1100 .52
3 0 1550 1.92
4 0 1100 1.92
5 0 1285 1.00
6 0 1285 1.00
7 0 1285 1.00
8 0 1285 1.00
9 0 1000 1.00
10 0 1800 1.00
11 0 1285 .30
12 0 1285 3.00
13 1 1550 .52
14 1 1100 .52
15 1 1550 1.92
16 1 1100 1.92
17 2 1285 1.00
18 2 1285 1.00
19 2 1285 1.00
20 2 1285 1.00
21 2 1000 1.00
22 2 1800 1.00
23 2 1285 .30
24 2 1285 3.00
25 2 1285 1.00
26 2 1285 1.00
27 6.4 1285 1.00
28 .624 1285 1.00
29 4 1550 .52
30 4 1100 .52
31 4 1550 1.92
32 4 1100 1.92
33% 2 1285 1.00
34 2 1800 2.00
35 2 1800 2.00
36 2 1800 2.00
37 1 1550 3.00
38 1 1550 3.00
39 1 1550 3.00
40 4 1550 3.00
41 4 1550 3.00
42 4 1550 3.00

=
Deseret coal in place of Ill. #6.
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this interference, aluminum diaphragms were substituted for the mylar
diaphragms. Due to partial adsorption of 02 hydrocarbons on the
activated charcoal filters, the gas sampling technique was modified.
Stainless steel gas sample bottles were connected to the test section
by a three way ball valve. Sample bottles were evacuated during
evacuation of the test section. Upon completion of an experimental
run the pressure in the shock tube and volume of the sample bottle
were recorded. Gaseous products were then directed to the sample
bottle; sufficient time was allowed for the sample bottle and t;st
section to reach an equilibrium pressure. The remaining gaseous pro-
ducts were then vented through the activated charcoal filter at flow
rates of 1 liter/minute. The number of moles of product gas contained
in the sample bottle was determined using Boyle's law and the perfect

gas law. For an ideal gas at constant temperature Boyle's law is:
v

P, =—2P (3.1)
Ve

where
P_. = final pressure (absolute),

P_ = the pressure in the test section upon completion of a
run (absolute),

V_ = volume of test section,
V. = final volume (= Vp + Vb),

V. = the volume of the sample bottle.



Table 7. Effect of post-shock heating on gas analysis.

T P . Moles 6 Moles 6 Moles Hold time

(k) (atm) (msec)CH4 x 10 CZHZ x 10 C2H4 x 10 at 128 °C
1452 9.11 1.0 7.40 1.10 5.19 No heat
1452 9.11 1.0 7.21 1.08 5.15 1 Sec
1596 10.5 1.0 13.8 5.41 8.31 1 Sec
1596 10.5 1.0 13.5 5.34 8.14 10 min.
1601 10.6 1.0 12.2 4,09 6.55 10 min.
1601 10.6 1.0 11.9 4,03 6.43 20 min.

89



Thus the final pressure of the gas sample bottle is found by

VP
v o (3:2)
p b

90

The number of moles of product gas contained in the sample bottle

is then found from the perfect gas law:

PV
fb
ns RT (3.3)

where

R is the universal gas comnstant,

T is the ambient temperature.

A test wasrundertaken to establish what effect, if any, heating
of the test section to drive off volatile products had on subsequent
gas analysis.? Three consecutive experiments were performed under
identical experimental conditions. Two gas samples were taken from
each experimental run after a known period of heating and analyzed

by gas chromatography. As can be seen in Table 7, heating of the

test section did not induce secondary reactions, or change the distri-

bution of ;he pyrolysate.

Upon establishing gaseous, liquid, and solid recovery techniques,

a series of pyrolysis runs in an argon atmosphere was undertaken.
Lower Cl-C2 hydrocarbon gases, benzene, and toluene present in the

pyrolysate were measured by gas chromatography. Table 8 lists the

1;

tures just above 298 °K and at pressures up to 3.5 atmospheres.

Volatile products are those species in the gaseous phase at tempera-
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pyrolysate products obtained for 37 rums in order of ascending
temperature. Methane was the dominant pyrolysis product at tempera-
tures up to 1600 K, thereafter methane and acetylene were in approxi-
mately equal abundance.

Analysis of the gaseous products obtained is divided into two
regimes; the first regime up to 1550 K assumes all light hydrocarbon
gases are a result of coal pyrolysis only, the second regime, above
1550 K assumes decomposition of heavy hydrocarbons (benzene, toluene,
and light oils) takes place enhancing the yield of light hydrocarbon
gases obtained. For the sake of kinetic analysis, the quantity V* is
defined as the maximum amount of methane that could be formed if all
of the volatile carbon in the coal was converted to methane. For
experimental runs with 40 mg. of Illinois #6 coal, (see Table 4), this
value is 5.71 x 10_4 moles CH4. Thus, a decomposition model, first
order in amount of light hydrocarbons to be formed for regime one takes

the form:+

dv

—2 - L
e kl (v* Vg) . (3.4)

+First order decomposition models do not reflect the actual varied processes
occurring during coal devolatilization. Jungten and Van Heekza, however,
have reported that multiple parallel reactions can be expressed by a
single reaction with an activation energy and pre-exponential factor

that are lower than those of the parallel reactions. Since coal pyrolysis
involves the simultaneous cleavage of various bonds, identifying the
multiple parallel reactions and determining their kinetic parameters
would be a herculean task. The main goal of this model is to predict

the extent of devolatilization for Illinois #6 coal at the conditions

of this experimentation. Extrapolation to higher or lower temperatures,
or use of different heating rates may result in erroneous predictionms.
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Assuming Arrhenius behavior, the substitution k, = A exp(-El/RT)

1

can be made yielding

dav
—& = . *e
It [A exp(-E,/RT)] [V Vg] (3.5)
where
dav
EEE = instantaneous rate of production of light hydrocarbon
gases, (moles/sec) at temperature T,
El = global activation energy for regime one, (kcal/mole),

universal gas constant (kcal/mole K)
T = temperature (K),
A = Arrhenius pre-exponential factor (sec—l).
Integration of Eq. (3.5) yields
-1n(V*-Vg) . + ln(V*-Vg) - = A (exp—(El/RT)) £ (3.6)

At t=0, Vg=0 and Eq. (3.6) simplifies to

V-V
-1n (—2) = A (exp-(E,/RT)) t. (3.7)
1 Vi<V
Values for A and E1 can be obtained from a plot of ln- {E{ln (_V;_&)}
versus lu This is plotted in Fig.27 for experiments up to 1550 K,

T
along with data obtained by Wegener for Pittsburgh seam coal and

Il1linois #6 coal. A least squares fit of the data yields a global

activation energy of 24.7 kcal/mole with a pre-exponential factor of

5 1

2.93 x 10° sec ~ for this study. Values obtained for Wegener's data

are an activation energy of 22.6 kcal/mole and 20.7 kcal/mole for
Pittsburgh seam and Illinois #6 respectively, with pre-exponential

factors of 2.73 x 105 sec_l and 1.25 x 105 sec-l.
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Pyrolysis gas yields obtained at different residence times and
temperatures are shown in Fig. 28 along with projected yields pre-
dicted by the model for various residence times. Based on the model,
approximately complete conversion of volatile carbon to methane could
be achieved in 45 milliseconds at 1600 K, and nearly 50% conversion
could be obtained at 1500 K, and 6.4 milliseconds. Hence high con-
versions to gaseous products can be achieved at much shorter residence
times than heretofore believed.

To distinguish between temperature effects and time effects on
pyrolysis products and product distribution, the rate of gaseous products
evolved with respect to temperature is displayed in Fig. 2; for methane,
ethylene, and acetylene. Rates were obtained subject to the assumption
thﬁt the increase in product yield was directly proportional to time.
Upon examination of Fig. 29 it can be seen that methane and ethylene
show similar temperature dependent behavior. Both gases display an
increase in yield with increasing temperature up to 1500 K. Maximum
yields of both gases occur between 1500 and 1600 K. Above 1600 K yields
of both gases begin to decline. Acetylene yields display a different
behavior than that of methane and ethylene; acetylene yields steadily
increase with increasing temperature over the temperature range employed
in this study. Regime one methane evolution (up to 1550 K) is thought
to be primarily a result of recombination of methyl radicals and hydrogen
produced during devolatilization. Initial ethyleme production is thought
to be due to recombination of radical fragments from larger molecules

decomposing and from the decomposition of ethane via
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CH, = C,H, + Hy. (3.8)

Acetylene production inrregime one most likely is also due to
radical stabilization. Regime two methane and acetylene production
is attributed to decomposition of heavier hydrocarbons (benzene,
toluene, and light oils). Acetylene production in this regime also

is due in part to ethylene decomposition via

CZHZ&:: 027:12 + HZ. (3.9

The main effect of residence time on gaseous pyrolysis yields
was to increase product yields as residence times were increased.

At extremely short residence times methane was the principal pyrolysis
gas present; as residence times increased methane yields increased and
ethylene and acetylene appeared in the pyrolysate.

Liquid yields behaved differently than gaseous products. Benzene
yields began appearing in the pyrolysate when temperatures above 1350 K
were attained. Although benzene yields do show a dependence on tempera-
ture, they display a much stronger dependence with time. Shorter
residence times generally produced increased benzene yields. Maximum
benzene production occurred at 1593 K and 2.0 milliseconds residence
time. Above this temperature benzene yields decrease, reaching
nearly zero at 1732 K and 2.0 milliseconds. Benzene yields at 1878 K
and 1.0 millisecond are approximately one order of magnitude less
than the maximum value obtained. A study by Vaughn63 on the decom-—
position of benzene shows nearly 70% of benzene undergoes decomposition
at 1700 K and 2.4 + .4 milliseconds residence time. Thus, the decrease

in benzene above 1600 K is attributed to decomposition, not to the
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primary kinetic pathways of coal devolatilization. Benzene yields
obtained during pyrolysis of coal with respect to temperature are in-

cluded in Fig. 30.

3.2 Coal Pyrolysis in an Hydrogen Atmosphere

A series of 42 experiments involving various hydrogen partial
pressures, temperatures, and residence times were conducted. Total
reaction pressure was maintained at 10 + 1 atm when possible. Use of
test gas mixtures containing' 407 or more hydrogen by volume resulted
in slightly lower total reaction pressures. Table 9 lists the product
yields obtained from hydropyrolysis in order of ascending temperature.

The main feature of the hydropyrolysis experiments is a slight
overall increase in product yields obtained over that obtained during
pyrolysis. Figure 31 displays the total gaseous hydropyrolysis yields
obtained at different temperatures; no distinction is made between
various partial pressures of hydrogen for reasons to be explained
shortly. Gaseous yields begin to exceed those obtained under pyrolysis
at temperatures above 1400 K. More information can be obtained from
an examination of the individual gaseous products, the mole fractiomns
of which are tabulated in Table 10 for nine experiments. As can be
discerned from Table 10, the various proportions of the gaseous products
are changing with variations in hydrogen partial pressures. This
variation is most evident at temperatures of approximately 1700 K, where
methane fractions in hydrogen are twice that of pyrolysis while acetylene

ratios are half that of pyrolysis.
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Table 10. Yields of hydrocarbon gases {mole fractions) from the
pyrolysis of I1l., #6 coal in argon and hydrogen/argon

mixtures.
Time Temp. Hydrogen Mole Mole Mole
{milli- {°K) Partial fraction fraction fraction
seconds) Pressure CH4 C2H2 C2H4
(atm)
2.0 1129 0 1.00 .00 .00
2.0 1133 1.02 1.00 .00 .00
2.0 1127 3.87 .78 .00 .22
2.0 1593 0 .53 .24 .23
2.0 1623 .914 .68 .22 .10
2.0 1592 3.43 .66 .18 .16
2.0 1732 0 .38 .53 .08
2.0 1742 1.56 .62 <31 .08
2.0 1704 3.30 .65 .23 .12

*
Numbers do not sum to 1.0 because of rounding.
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Another method of discerning the effect of an hydrogen atmosphere
is to examine the ratio of unsaturated gases to saturated gases. The
logarithm of the ratio of acetylene to ethylene concentrations is plotted
in Fig. 3é“for both pyrolysis and hydropyrolysis. Examining Fig. 32
reveals that ratios do not deviate significantly from one atmosphere
to another atmosphere. To better discern the effect of hydrogen on
pyrolysis products and product distribution, the rate of individual
gaseous products evolved is plotted in Fig.33p és a function of tempera-
ture. In comparing Fig. 33 with Fig.29 , it can be seen that the rate
of ethylene formation is unaffected by hydrogen until temperatures
greater than 1700 K are attained. Likewise the rate of formation
of acetylene shows little or no effect due to hydrogen until tempera-
tures greater than 1700 K are reached. Methane is the gaseous con-
stituent that is most affected by the hydrogen atmosphere; yields
of CH4 in hydrogen are approximately 60%Z greater than those obtained
in an argon atmosphere. Liquid yields began appearing at lower
temperatures than in pyrolysis experiments, and generally displayed
an increase over that obtained during pyrolysis. Although Virk,
et al.63 state pyrolysis of benzene is unaffected by hydrogen atmo-
spheres of up to 100 atm pressure, the presence of hydrogen in these
experiments may have had an inhibiting effect on benzene pyrolysis.

In assessing the influence of hydrogen on pyrolysis products and
product distributions, two mechanisms were proposed; chemical reaction
of hydrogen and radical fragments or stabilization of vibrationally

excited radical fragments through recombination reactions using hydrogen
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as a third body. If hydrogen is participating chemically, the evolution
of gaseous hydropyrolysis products can be described by the sum of a
reaction nth order in hydrogen partial pressure plus the contribution

from the coal decomposition. The resulting equation is

gﬁ = k) (VA=Y )+ Ky (V*-V) 932 ; (3.10)
where Vg* is defined in Section 3.1,
dv
EE& = instantaneous gas phase composition (moles/sec)
kl = Arrhenius rate constant for pyrolysis (sec-l),
PH2 = partial pressure of hydrogen (atm),

k2 = Arrhenius rate constant for the contribution to the gaseous
yields by reaction with hydrogen (sec-atm‘l),

n = order of model.
Using differgnt values of n, an attempt was made to determine k2,
the rate constant for the contribution due to the influence of
hydrogen. Values of 1, 1/2, -1/2, 3/2, 2, .1, .2 and -2 were sub-
stituted in Eq. (3.10) for n, but no acceptable correlation for k2
could be obtained. Thus it was concluded that at the very least the
influence of hydrogen could not be discerned by this method, and perhaps
that hydrogen was not influencing the gas yields through chemical re-
action. However, another explanation is equally as plausible.

It has been shown64 that in mechanisms of atom and radical com-
binations, the reaction will appear to be zero order with respéct to
the third body if the third body concentration is much greater than the

reactants.
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Furthermore, even if hydrogen were to react chemically with radi-

cal fragments through a global reaction such as Eq. (3.10), the
reaction will appear to be zero order in hydrogen if its concentration
is much in excess of the reaction partner. Any change in product
distribution should appear in such instances with the first incre-
mental addition of hydrogen. 1In Table 10, it appears that this is,

in fact, the case since the greatest changes in the methane mole
fraction occurs between an argon atmosphere and the first addition

of hydrogen at the two higher temperatures where chemical interaction
of hydrogen is more likely. The total amount of H2 in the test
section at 1 atm and 1285 °K is 5.7 x 10—3 moles, much greater than
the concentration of volatile carbon (5.7 x 10—4 moles), hence it is
justified to use a model equation identical to Eq. (3.4) to determine
kinetic parameters. Kinetic parameters determined by the model are an
activation energy of 21.9 kcal/mole and a pre-exponential factor of

1.50 x 105 sec-l.

The resulting best fit line is shown in Fig. 34,
along with experimental data points. The first order rate constant
is slightly greater than that obtained under an argon atmosphere,
but lower than that obtained by fitting Wegener's data obtained in a
nitrogen atmosphere. Table 11 lists first order rate constants ob-
tained by use of the first order model for this study and that of
Wegener.ll If, indeed, stabilization through a third body mechanism
is the dominant influence, the rate constants should have the same

global activation energies (to within experimental uncertainty) but

different pre—exponential factors. Using the method reported by
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Breipohl,29 a standard deviation of 1.09 kcal/mole was determined for
the activation energy. A more extensive discussion on stabilization
effects and implications is included in the discussion section of this
chapter.

Yields of benzene from pyrolysis in an hydrogen atmosphere increased
over those from pyrolysis in an argon atmosphere. Detectable amounts
of benzene began appearing in the hydropyrolysate at low temperatures
(ca. 1000 K) and very short residence times (< .5 msec). The relatively
low temperature appearance of benzene suggests that chemical reaction
with hydrogen is not occurring, but does not preclude this observationm.
Kershaw and Barram$5 performed an investigation of coal hydrogenation
using deuterium to elucidate the mechanisms involved. 1In a preliminary
report on experiments conducted at 450 °C, they report that the relative
increase in various hydrogen types on hydrogenation indicates that
hydrogenation of aromatic rings is not the major process occurring.
Hence, it is more likely the increase in benzene in an hydrogen atmos-
phere is due to stabilization effects, not chemical effects.

Above 1700 K, hydrogen does have a chemical influence on the
pyrolysate products. In comparing the ethylene and acetylene yields
above 1700 K in argon and hydrogen/argon atmospheres, the decomposition
of ethylene to acetylene is apparently inhibited by the presence of
hydrogen. This influence can be explained by the principal of Le Chatelier
which states that a system, when subjected to a perturbation, responds
in a way that tends to eliminate its effect. Thus the increase in
hydrogen tends to promote an increase in ethylene to maintain an

equilibrium position through Eq. (3.9).
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3.3 Discussion

The objectives of this investigation were to determine what
ylields could be achieved in inert and hydrogen atmospheres at short
residence times, and under what conditions optimal benzene formation
occurs.,

Figure 35 displays the yield of light hydrocarbon gases obtained
in this investigation in an inert atmosphere along with data from
two other investigations conducted in inert atmospheres at longer
residence times. As can be seen in Fig. 35, yields from this investi-
gation lie in between those of the other investigations. Hence, com-
parable yields of gaseous products can be obtained at high heating
rates and short residence times. Based on the model described in Sec. 3.1,
yields identical to those reported by Tyler could be achieved at 1500 °K
and 7.5 msec. The model predicts nearly 947 of the volatile carbon in
the coal (corresponds to 16.7 wt. percent of the coal) would be con-
verted to methane at 1000 °C and 300 milliseconds, a yield that exceeds
that obtained by Tyler.

An interesting aspect of Fig. 35 is that the yields reported for
Tyler and Suuberg are for the same coal. What is the reasomn for the
increased yields observed by Tyler over that of Suuberg? Is it a
function of the heating rate, or an artifact of the experimental
technique? To answer these questions, the fundamental processes of
coal devolatilization must be addressed.

Thermal decomposition of coal involves the cleavage of bonds

between molecules to yield radical fragments. Once clear of the char
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these radical fragments, many of which are vibrationally excited, re-
combine with similar small radical fragments to form hydrocarbon gases
or with larger radical fragments to form heavier fractions or even
soot. Figure 36 displays coal particles before shock heating and

Fig. 37 after shock heating. The shock heated coal contains many blow
holes, indicating that volatile release is most likely a violent,
jetting actionm. Seeker,32 has reported evidence that volatiles are
ejected from the coal particle in a single stream. Thus, for most
cases, the volatiles that escape must recombine in the gaseous atmo-
sphere surrounding the coal particle, away from the surface of the coal
particle. If, however, as in the case of Anthony, et al.zy, and Suuberg,

l.18’17 the surrounding atmosphere has penetrated the pores of the

et a
coal particle prior to the onset of decomposition, the radical fragments
can then be stabilized within the pores of the coal particle, leading,
perhaps, to larger volatile species and lesser amounts of light hydro-
carbons. An important aspect as discussed in Chapter one, is the
rapidity with which the surrounding gas can de-excite energetic re-
combination species. Anthony and Suuberg both used cold bath gases in
which these energetic molecules were quenched effectively before further
decomposition could ensue. Figure 8 displaying the tar yields obtained
by both Suuberg and Tyler, shows increasing tar yields for Suuberg over
the range that Tyler reported a decrease. Tyler's tar yields decrease
because the hot surrounding gas cannot quench the "hot" tar molecule,
hence the tar decomposes to light hydrocarbon gases and socot. The

reason Tyler's light hydrocarbon yields exceed those of Suuberg is

basically due to experimental technique.
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Fig. 36. Illinois #6 coal before shock heating. Full width
of photograph corresponds to 9 microns.
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Fig. 37. Illinois #6 coal after shock heating.
Full width of photograph corresponds
to 9 microns.
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Yields obtained in an hydrogen atmosphere exceeded those obtained
in an argon atmosphere, and are shown in Fig. 38 along with yields ob-
tained by Tyler and Coates in hydrogen atmospheres. As in the case of
an inert atmosphere, Tyler's yields exceed those obtained in this study,
but yields obtained by Coates are close to those obtained in this study.
Based on the model given in Sec. 3.2, yields comparable to Tyler can be
attained at 1500 °K in 7.9 milliseconds.

What specifically is the mechanism for increased yields in
an hydrogen atmosphere over an inert atmosphere? Tyler22 investi-
gated pyrolysis of coal in both hydrogen and helium atmospheres.

For Liddell B coal, Tyler observed an increase in methane to 11.5%
in an hydrogen atmosphere compared to methane yields of 77 in an
helium atmosphere. Since the yields obtained in helium were quite
close to those obtained in nitrogen, Tyler concluded that the
hydrogen influence was of a chemical nature because the thermal
conductivities of hydrogen and helium are nearly the same. Based on
the current experimentation, this appears incorrect. While thermal
conductivity affects the heat up of solid particles in a hot sus-
pension, residence times of 300 msec in a fluidized bed should be
more than adequate for the particle to achieve the ultimate reaction
temperature. Even at a heating rate of lO4 K/sec, the particle reaches
a final temperature of 900 °C in less than 100 msec. Thermal con-
ductivity of gases has nothing to do with the ability of the gas to
absorb energy, it reflects on its ability to transfer thermal energy.

A gas molecule can absorb energy from an excited collision partner in a
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rotational mode, translational mode, or vibrational mode. The more
available modes to absorb energy that a molecule possesses reflects on
its ability as a third body. A third body enters into a chemical
reaction by being the means by which the excess emnergy of the reaction
is dissipated. For instance, if an excited methyl radical combines with
an hydrogen atom to form methane, the methane will dissociate unless
there is a means by which the excess energy can be removed.

In comparing the yields obtained by Tyler at 800 °C, methane
yields are 8.6%Z in hydrogen, 4.2%7 in helium. The ratio of these values
is 2.05. The third body efficiency of the hydrogen atmosphere (relative
to a pure hydrogen atmosphere) is .77, while the third body efficiency
of the helium atmosphere is .39. (Third body efficiencies are cal-
culated for the gas mixture in the pyrolyser, hence they include any
effects introduced by the nitrogen quench gas.) The ratio of the third
body efficiencies is 1.97, quite close to the ratio of the yields.
Thus, the effect of hydrogen on coal pyrolysis may be only a stabili-
ziation effect, not a chemical effect.

The fact that stabilization plays a dominant role in pyrolysis is
displayed by the work of Banerjee et al.66 Banerjee investigated coal
pyrolysis at 1150 °C in atmospheres of nitrogen, argon, deuterated
benzene, and in a vacuum. Pyrolysis yields obtained in all atmospheres
exceeded those obtained in vacuo, with yields obtained in benzene
exceeding those obtained in argon. Of more significance is that in-
frared spectrometry of the gaseous products cobtained from pyrolysis in

an atmosphere of benzene displayed no stretching modes characteristic of
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the C-D bond. Thus, the increase in yields in the benzene atmosphere
was apparently not due to chemical interaction.

In this investigation it has been noted that ethylene yields are
unaffected by the hydrogen atmosphere. If the influence of hydrogen is
mainly a chemical effect, ethane yields would be expected to increase at
the expense of ethylene. This phenomena is not evident in the gas
analysis. The reader is reminded of the benzene yields at low tempera-
tures in an hydrogen atmosphere which are, perhaps, indicative of
stabilization, but do not conclusively reject chemical interaction of
hydrogen.

In summation, substantial gas and liquid conversions can be ob-
tained at short residence times. Conversions of up to 50% of the
volatile carbon to gases could theoretically be attained within 7
milliseconds at 1500 °K. Liquid yields are a strong function of time;
optimal yields can be achieved in 1 millisecond. The maximum rate of
benzene formationm, 2.58 x 10_3 moles/sec occurred at 1386 K in an argon
atmosphere. Benzene yields appeared in the pyrolysate at approximately
1000 K in hydrogen atmospheres; the maximum rate of benzene production,
1.50 x lO_3 moles/sec occurred at 1623 K and 2.0 milliseconds. De-
composition of benzene appeared to be inhibited by the presence of

hydrogen.
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4,0 RECOMMENDATIONS

Further studies to elucidateithe role of hydrogen and other
gaseous atmospheres on coal pyrolysis products and product distri-
butions is warranted. Specifically, it is important to establish
if third body stabilization plays a dominate role in coal pyrolysis
or if chemical effects due to the surrounding atmosphere are most
important. If third body stabilization is the dominate mode, greater
pyrolysate yields and a change in pyrolysate product distributions
could then be obtained by use of gases with better third body effi-
ciencies (e.g., 002, HZO)'

Present technology is to maximize liquid yields by pyrolysing
coal in hydrogen at short residence times. If increased liquid
yields are attributed to third body effects, other less expensive
gases could be substituted for hydrogen in these processes, while in-
creasing or maintaining the liquid yield.

For conclusive proof to be obtained, it is suggested that further
experiments be conducted with deuterium or deuterated water. Deuterium
has a third body efficiency of approximately one, deuterated water
approaches a third body efficiency of 15 (relative to hydrogen).

Mass spectrometric analysis of the pyrolysate products will show

if deuterium is being incorporated into the pyrolysis products (re-
flecting a chemical effect) or if deuterium is absent in the pyroly-
sate products (reflecting stabilization). To prevent random shuttling
of hydrogen and deuterium in the pyrolysate products, experiments

should be conducted at temperatures below 1400 K.
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Liquid yields from coal pyrolysis appear to have a strong
dependence on time, decreasing as time increases. It is suggested
that a series of experiments be conducted at residence times less
than or equal to one millisecond to determine maximum liquid
yields. It has been postulated that liquid yields are a function of
the aliphatic hydrogen content of the coal and that yields are inde-
pendent of the surrounding gaseous atmosphere. If this is so, no
deuterium will be present in the liquid yields obtained. To establish
if 1iquid yields do correlate with aliphatic hydrogen content, experi-

ments should be performed with coals of different ramk.
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APPENDIX A

Experimental Procedure

To insure minimum contamination of solid products recovered and

unambiguous gas samples, the following operatiomal sequence is recom=-

mended,

1)

3)

4)

3)

6)

7)

8)

9)
10)
11)
12)

13)

Separate all shock tube segments at flanges and clean flanges

of mylar particles. (Clean and re-grease O-rings if needed).

Open dump tank, remove aluminum blocks, clean dump tank of
mylar particles. Clean tube length joining dump tank and
shock tube with paper towels and acetome; blow out tube
length with compressed helium. Clean aluminum blocks and re-

place in dump tank. Reassemble dump tank.
Reassemble shock tube segments to length desired.

Mount test section, place oxidation blocks in place, and

mount end wall.

Insert aluminum diaphragm, check that all inlet valves are

closed, open valves to pumps, and evacuate shock tube.
Check for leaks, re-tighten bolts at flanges if necessary.

When shock tube is evacuated to less than }.0-3 torr, close

valves to vacuum pumps.

Open valve on oxygen/argon gas mixture, open valve to gas in-
let line, open gas inlet line valve to shock tube and fill low

pressure section to 40 torr with oxygen/argon mixture.
Close all valves, and close valve to vacuum gauge.
Fill driver section with 225 psia helium gas.

Recheck all inlet valves; all valves must be closed.
Burst diaphragm.

Vent shock tube.



14)

15)

16)

28)

29)
30)

31

32)
33)

34)
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Repeat steps 5 through 13.

Remove end flange, and clean test section of any mylar

particles.

Repeat steps 5 through 15 until there is no visible con-
tamination by mylar.

Insert alumiﬁum diaphragm.

Insert aluminum sleeve into test section.

Replace 2 um stainless steel filter into gas venting line.
Replace-Z um stainless steel filter into gas sampling line.
Mount gas venting saddle block on shock tube.

Mount end wall.

Mount gas sample bottle on gas sampling line.

Mount gas sampling line on shock tube.

Weigh dispersion plate.

Place 40 mg coal on dispersion plate.

Mount dispersion plate into saddle block, and mount
saddle block on shock tube,

Close all inlet valves to shock tube, and open valve to gas
sample bottle.

Evacuate shock tube to 10-3 torr.
Close valve to gas sample bottle, and close valve to pumps.

Fill low pressure section to desired pressure with argon

gas.
Close off dump tank.
Re-evacuate shock tube and gas inlet line.

When shock tube is evacuated to less than ll'.)'.3 torr close

valves to pumps.



33)

36)

37)

38)

40)
41)

42)

43)

44)

45)

46)
47)

49)

50)

51)

52)
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Fill low pressure section to desired pressure with desired

test gas mixture.

Check that all inlet valves to the shock tube are closed,

and close valve to vacuum gauge.

Reopen dump tank to shock tube.

Fill driver section with helium to desired pressure.
Recheck that all valves are closed.

Reset digital timer and set trigger on oscilloscope.
Rupture diaphragm.

Shut isolation ball valve isolating test section from rest

of shock tube.
Allow test section to remain isolated for one hour.

While test section is isolated mount activated charcoal

filter into gas venting line.

Wrap heating tape around test section, and place thermo-

couple between heating tape and shock tube wall.
Place insulation over heating tape.

Vent shock tube upstream from ball valve.

Remove ruptured diaphragm.

Insert new diaphragm.

After test section has been isolated for ome hour, heat

test section to an outside wall temperature of 128 °C.

Immediately after reaching desired temperature, open valve
to gas sample bottle. Allow time for gas sample bottle

and test section to reach an equilibrium pressure.

Weigh fresh kim wipe*in preparation for cleaning saddle

blocks and end flange.

TTrademark of Kimberly Clark Corporation.



53)

54)

55)

56)
57)

58)

59)

60)
61)

62)

63)

64)
65)
66)
67)
68)
69)
70)
71)

72)
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Close valve to gas sample bottle.

Open valve on gas venting line, vent gas over charcoal filter

at a flow rate of 1 liter/min using flow control valve.

After complete venting, remove activated charcoal filter and

cap ends.
Remove gas sample bottle.
Remove 2 um filter elements from venting line and sampling line.

Remove dispersion plate saddle block, and remove dispersion
plate and weigh. Wipe off any residue on saddle block using
kim wipe.

Remove gas venting saddle block, and wipe off any residue present

using kim wipe.
Remove end flange, and wipe off residue on end flange.
Weigh filter elements.

Reweigh kim wipe, determine amount of residue that has been de-

posited on saddle blocks and end flange.

Using the sleeve extractor, gently remove aluminum sleeve from

test section. Cap ends of sleeve.

Tape openings on sleeve, place sleeve in shipping cannister.
Reopen isolation ball wvalve.

Clean test section and ball valve with paper towels and acetone.
Replace end flange and saddle blocks.

Open valves to pumps, evacuate shock tube.

Repeat steps 6 through 13.

During (69) clean dispersion plate and weigh new coal sample.
Begin again at (17).

When shipping cannister is full, purge with argon gas.
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APPENDIX B

Error Analysis

The global activation energies determined in Chapter 3.0 have

an associated error due to uncertainties in experimental data used

to determine these energies. The major source of error in the cal-
culation of activation energies is due to the temperature measure-
ment which can deviate as much as 50 K.63 Using the method of pro-
gressive error as discussed by Breipohl,29 a standard deviation for
the activation energy is determined by the standard deviations of the
parameters used in the activation energy calculation. The expression

used to calculate the activation energy was given as

E
1 o n (E=VE,L _ A
1n {t (-in ( o )} = 1lnA RT (B1)

The independent variables are t, T, V* and Vg. Taking the partial

derivative of EA with respect to each of these variables yields

3E
s =R {m (& (-1n {2278, -m} ; (B2)

3E

A _RT

e 0 3 (83)
%E, a1 | [ Vg ] (B4)
aVv* Vk-Y 2 !

(7)) L vy,

°Ey _(_-mr ) (__1t J (85)
Vg

(V,vg)) lln(%;—"%}
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The standard deviation o_ of the activation energy is

E
9E y2 9E,y2 3E 2 dE V2 1/2
A 2 A 2 A 2 A 2
g9, = {[BT ] o+ [at J g+ [BV*] v, + [EEEJ ovVg } (B6)

vwhere o, ©_, G, and O__ are the standard deviations of the sub-

T> t’ V= vg
scripted variables. The uncertainties in T and t are 50 K and 4.0 x lO-a
sec respectively, the uncertainty of V, is assumed to be 10% of V,
and the uncertainty of Vg is 10% of the mean value obtained over the
temperature range used in this experimentation. Solving Eq. (B6) at

a time of 2 msec and a2 temperature of 1285 K yields a standard deviation

of 1.09 kcal/mole.
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ABSTRACT

An investigation of the devolatilization behavior of a bituminous
coal during short residence times in atmospheres of argon and argon/
hydrogen mixtures was conducted in a single pulse shock tube. De-
volatilization behavior was studied over the temperature range of 1000
to 1900 K and at residence times varying from .5 to 3.0 milliseconds.
Total reaction pressure was maintained at 10 + 1 atm; hydrogen partial
pressures were varied from .62 to 4.1 atm. Gaseous and liquid pyrolysis
products were collected and analyzed by gas chromatography for lower
Cl—C2 hydrocarbons, benzene, and toluene. Solid samples were recovered
and analyzed by infrared spectrometry.

Major devolatilization products from pyrolysis in an argon atmos-
phere were methane, ethylene, acetylene and benzene. Methane and ethylene
yields increased with increasing temperature up to 1550 K where they
reached their maximum values of 3.6 and 2.5 w/w (carbon in coal) before
declining. Acetylene yields increased with increasing temperature,
never declining over the temperature range studied. Maximum acetylene
yields were 3.0 w/w at 1732 K and 2.0 milliseconds. Maximum benzene
yields occurred at 1593 K and 2.0 milliseconds; however benzene pro-
duction displayed a strong dependence on time, generally displaying
increased yields at very short residence times.

Major devolatilization species from pyrolysis in hydrogen/argon
mixtures were also methane, ethylene, acetylene, and benzene. Ace-
tvlene and ethylene yields showed little or no increase over yields

obtained in an argon atmosphere. Above 1400 K methane yields began



exceeding those obtained in an argon atmosphere, reaching a maximum
value of 4.45 w/w at 1509 K, 3.0 milliseconds, and an hydrogen partial
pressure of .98 atm, Benzene yields did not greatly exceed those ob-
tained in an argon atmosphere; however, benzene began appearing in the
pyrolysate at lower temperatures than in an argon atmosphere.

Global activation energies and pre-exponential factors were
determined using a decomposition model, first order in light hydro-
carbon gases yet to be evolved. Argon pyrolysis yielded a global
activation energy of 24.7 kcal/mole with a pre-exponential factor
of 2.93 x 105 sec-l. Hydrogen/argon pyrolysis yielded a global
activation energy of 21.9 kcal/mole and pre-exponential factor of
1.50 x 105 sec*l. Of primary importance is the finding that given
sufficiently fast heating rates, yields of volatile products com-
parable to those observed in previous studies at much longer residence
times can be obtained in only 3 msec. Although the effect of an hydro-
gen atmosphere is to increase product yields, it has not yet been con-
clusively shown whether the hydrogen influence is a chemical effect or a
stabilization effect. Comparison of the results of this study with
those of previous investigators suggests the increase in product
yields in an hydrogen atmosphere to be due to more effective stabili-

zation of the devolatilization products by third body collisions with

hydrogen.



