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Introduction

The surface temperature of pyrolyzing and/or burning coal particles has been
the subject of intensive investigation (1-6) because it is important in the
estimation of the rate of devolatilization and/or carbon oxidation. A number of
models have been established in order to predict the surface temperature of
pulverized coal particles smaller than 200 um diameter. However, few convincing
models for millimeter size coal particles have emerged because of the complication
of temperature gradients within the particle.

The ignition mechanism of coal particles in a hot oxidizing atmosphere is
another subject of debate (5-8). Further experimental work is needed to determine
whether initial ignition occurs homogeneously in the gas phase or heterogeneously
at the particle surface.

The work presented here had three objectives: firstly, to develop a
technique to monitor the transient temperature variations in the gas phase around
a single particle during pyrolysis and/or combustion; secondly, to extrapolate the
data to estimate the particle surface temperature; and thirdly, to analyze the
ignition mechanism of coal and char particles.

Experimental Equipment

A schematic diagram of the equipment is shown in Figure !. For pyrolysis
studies, a flow of prepurified nitrogen was passed over copper at 673 K to remove
oxygen, then through a drierite column to remove water. Dry air was used to study
combustion., The reactor, a horizontal vycor tube of 8 mm internal diameter, is
heated by two enclosing furnaces. The first furnace acts to preheat the in-coming
gas while the second maintains the reactor at the desired temperature.

Details of the sample injection and temperature measurement systems are given
in Figure 2. A single coal particle was introduced by gravity through an
electromagnetically controlled {njector. An electrotrigger was used to energize a
24 volt (DC) solenoild which injects the particle into the reactor.

A new approach was used to measure the transient temperature variations
around the coal particle. A group of extra-fine Chromel-Alumel thermocouples with
0.05 mm diameter was employed to provide precise temperature measurement with
rapid response. The thermocouples were protected by two—hole ceramic tubes. Four
thermocouples were bound together using high temperature cement to form a
thermocouple array (Figure 2). In order to simplify the calculation of the
temperature gradient, the distance between adjacent thermocouples in the array was
always the same. In this study, 0.5 and 1.0 mm spacings were used. The voltage
signals generated by the thermocouple array were amplified then converted into
digital signals in the data scquisition system before being sent to the
microcomputer. When the particle injector was triggered, the computer was
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automatically initialized to record the output of the thermocouples at 2
millisecond intervals and the data stored on disk for later analysis.

Procedure

The characteristics of the Texas subbituminous coal used are shown in Table
1. For each run a | mm diameter coal particle was injected {nto the reactor
containing either preheated nitrogen or air. The bulk gas temperature was held
constant at 873 K for all the experiments reported here. Before particle
injection, the gas flow was stopped so that the experiments were carried out
essentially in a static system. Char particles were prepared by injecting coal
particles into the reactor swept by nitrogen at 873 K for 30 minutes.

Results and Discussion

The temperatures measured by the thermocouple array as a function of time,
and the extrapolated surface temperatures of the single coal and char particles,
are presented in Figures 3, 4 and 5 for coal pyrolysis, coal combustion and char
combustion, respectively. A pyrolysis run illustrated by Figure 3 shows the
temperature variations caused by the transient heat transfer between the hot gas
environment and the colder coal particle. The temperature profiles illustrate the
practical thermal boundary layer in the vicinity of a pyrolyzing coal particle. A
rapid drop followed by a rapid increase in temperature occurred in the spherical
layer | mm away from the particle surface while almost no temperature variation
was detected 4 mm away from the particle surface,

Data for the combustion of coal and char particles are shown in Figures 4 and
5, respectively. A significant aspect of coal combustion in Figure 4 is the
sudden temperature rise in the gas phase about 1,5 mm from the surface of the coal
particle, compared with the much smoother curve for char combustion shown in
Figure 5. Point A in Figure 4 1is significant because it represents a transition
from net heat loss to net heat gain by the gas. The gaseous layer surrounding the
particle experienced a rapid temperature drop prior to point A and a rapid
increase after this point, in contrast with the relatively smooth Lncrease {in the
particle surface temperature. This {mplies that homogeneous ignition occurred in
gas phase rather than heterogeneous ignition at the particle surface. For the
experimental conditions used, the homogeneous ignition temperature was around 830
K with approximately 800 ms induction time, as represented by point A in Figure 4,
This is in general agreement with the calculated results of Annamalai and
Durbetaki (5). The temperture in the homogeneous combustion layer increased
rapidly as the volatile matter was combusted until there was not sufficient
volatile matter evolving from the particle to sustain homogeneous combustion
(point B in Figure 4). The remaining and subsequently~evolved volatile matter
then experienced slower oxidation with a lower heat releaze rate. Consequently,
there was a drop in the temperature in the surrounding gas layer. Because of the
need to exceed both the ignition temperature and volatile matter concentration,
homogeneous combustion was observed only in the thin spherical layer about 1.5 mm
from the particle surface. No rapid gas temperature rise was detected by the
thermocouples closer to, or farther from, the particle surface.

Particle surface temperature and heating rate versus time are given in
Figures 6 and 7, respectively. The heating rate is of interest because it is
related to the rate of devolatilization and char combustion. The significance of
devolatilization on combustion is seen clearly in Figures 6 and 7 which indicate
that during pyrolysis the coal particle heating rate was slow and the particle
temperature never exceeded the reactor temperature. In the case of devolatilized
char particles a higher heating rate was observed up to the equilibrium burning
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temperature of 1075 K, about 200 K higher than the reactor temperature. Figure 7
'shows that coal particles had the same heating rate initially during pyrolysis and
combustion until divergence at point C. This polnt corresponds to that of
homogeneous ignition in Figure 4. After point C the heating rate was higher for
combustion than pyrolysis because the heat from the homogeneous combustion
reactions was transferred to the particle surface.

Two major differences existed between the char and coal during combustion.
Firstly, no temperature rise in the gas was detected at any distance from the char
surface (Figure 5). Secondly, the surface temperature of the char particle
increased at a higher rate than that of the coal particle (Figure 6). This
supports the concept of heterogeneous ignition of the char particles.

Conclusions

A fast response thermocouple array was employed to provide information on the
transient heating processes assoclated with pyrolysis and combustion of 1 mm
diameter coal and char particles at a furnace temperature of 873 K. The measured
temperature variations implied that ignition occurred at the surface of the char
particles but in the gas phase surrounding pyrolyzing coal particles. Homogeneous

ignition occurred at 830 K causing a temperature rise in the gas in a narrow
spherical layer ‘about 1.5 mm from the surface of the coal particle.
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Table 1
Characteristics of Texas Subbituminous B Coal,
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INTRA-PARTICLE HEAT TRANSFER EFFECTS IN COAL PYROLYSIS
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Abstract

Time and spatial temperature gradients within pyrolyzing coal particles can
exert strong effects on devolatilization behavior including apparent pyrolysis
kinetics. This paper mathematically models transient spatial non-isother-
malities within an isolated, spherical coal particle pyrolyzing by a single
first-order reaction. The analysis provides three distinct indices of heat
transfer effects by quantitatively predicting the extent of agreement between:
(a) centerline and surface temperature; (b) volume averaged pyrolysis rate [or
(c) volume averaged pyrolysis weight loss] and the corresponding quantity
calculated using the particle surface temperature for the entire particle
volume. Regimes of particle size, surface heating rate, and reaction time
where particle "isothermality" according to each of criteria (a) through (c)
is met to within prescribed extents, are computed for conditions of interest
in entrained gasification and pulverized coal combustion, including pyrolysis
under non-thermally neutral conditions.

Introduction. Many coal combustion and gasification processes involve
particle sizes and surface heating rates producing temporal and spatial
temperature gradients within the coal particles during pyrolysis. These
gradients may strongly influence volatiles yields, compositions, and release
rates, and can confound attempts to model coal pyrolysis kinetics with purely
chemical rate expressions. Mathematical modelling of particle non-isother-
malities is needed to predict reaction conditions (viz. particle dimension,
surface heating rate, final temperature, and reaction time) for which intra-
particle heat transfer limitations do not significantly influence pyrolysis
kinetics, and to predict pyrolysis behavior when they do. When pyrolysis is
not thermal-neutral, the analysis is non-trivial since local temperature
fields are coupled non-linearly to corresponding local heat release (or
absorption) rates and hence to local pyrolysis kinetics.

Much of the pertinent literature has addressed pseudo steady-state models
for spatial temperature gradients within catalyst particles playing host to
endo- or exothermic reactions, including, for some cases, mathematical
treatment of the attendant limitations on intra-particle mass transfer of
reactants or products [See Ref. (1) and references cited therein]. There
appear to have been few analyses of non-isothermalities within a condensed
phase material simultaneously undergoing non-thermally neutral chemical
reaction(s). Previous work includes rather empirical approaches to fitting
coal weight loss kinetics [see reviews by Howard (2) and Gavalas (3)], and
more refined analyses of spatial non-isothermalities within exploding solids
(4,5). Gavalas (2) calculated regimes of coal particle size where pyrolysis
kinetics should be free of heat transfer effects, and Simmons (6) provided
similar information for cellulose pyrolysis. Valuable contributions are also
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emanating from the laboratories of Essenhigh (7), and Freihaut and Seery (8).

There is need for a generic, quantitative formalism to reliably predict
transient intra-particle non-isothermalities and their effects on pyrolysis,
as a function of operating conditions of interest in modern fuels utilization
technologies. To this end the present paper presents, for an isolated
spherical coal particle pyrolyzing by a single first-order reaction, quantita-
tive predictions of three distinct indices of particle non-isothermality -
namely the extent of agreement between: (1) temperatures at the particle
surface and centerline; (2) the pyrolysis rate [or (3) the pyrolysis weight
loss] averaged over the particle volume and the corresponding quantity
calculated using the particle surface temperature for the entire particle
volume. Each index is explicitly dependent on time and thus accounts for the
temporal as well as the spatial non-idealities in particle "isothermality”.

Method of Analysis. Spatial limitations allow only a brief summary of the
theoretical approach, which is described in more detail with broader applica-
tions, by Hajaligol et al. (9). For an isolated spherical coal particle with
temperature invarient thermal physical properties, pyrolyzing by a single
firgt-order endo or exo-thermic reaction with an Arrhenius temperature
dependency, heated at its surface, and transmitting heat internally only by
conduction, (or by processes well-described by an apparent isotropic thermal
conductivity) a standard heat balance gives the following partial differential
equation for the time and spatial dependence of the intra-particle temperature
field

—E/RT
3Ty _ ot 29T (-2Hpy) Pho € (1)
E) = m (T ) T

Following Boddington et al. (1982) and others, this may be rewritten in
dimensionless form as

(2) = 5 55 O ip) e serlatar) =

Symbols are defined in the nomenclature section at the end of the paper.
Solution of Equation (1) or (2) requires specification of one initial condi-
tion and two spatial boundary conditions. The initial condition prescribes
the temperature field throughout the coal particle at the instant heating
begins

T(ro) =T (3)

6(5,0) =1 (4)

One boundary condition is the mathematical expression for centerline symmetry
of the particle temperature field at all pyrolysis times




=0 (5)
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Four cases are of interest for the second boundary condition in the present
analysis:

or

(1) A finite rate of heat transmission to the particle surface describable in
terms of an apparent heat transfer coefficient

() (7T
P, 8
(f?)j= =- N, (8-6.) ®

This case would be applicable to heating of coal particles in a fluidized bed
or by molecular conduction from a high temperature gas. It also automatically
accommodates cases where the overall rate of heat transfer to the particle is
influenced by extra-particle resistance [i.e. cases of non-infinite Biot
number] .

or

(2) A prescribed constant rate of increase in the particle surface tempera-—
ture:

T@) = T +vt (9)

65(’C) = |-¥YT (10)

This cage is applicable to screen heater reactors or other apparatus where
surface heating rates are maintained essentially constant.

(3) A known, constant surface heat flux density:

. 1
" -\ %)’Efﬂ,: Z/Lmﬂz o

20
(—5_5) fut = - § (12)

This case is especially applicable to fires and furnaces under conditions
where the particle surface temperature remains well below the temperature of
the surroundings, and sample heating is dominated by radiation.

(4) A special limiting case of (1) through (3) above is an infinitely rapid
surface heating rate:
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T® =T (o) , r=R (13)

(]

or

es(t) =O ’ S =1 (14)

This case would approximate the heat transfer characteristics of systems
providing very rapid surface heating of the coal particles, for example shock
tubes, laser and flash lamp reactors, and coal dust explosions, where surface
heating rates are estimated to exceed 10* - 107 C/s.

Equations (1) and (2) were solved numerically for each of the above four
cases of boundary condition, using a procedure based on the method of lines
and on Gear’s method. Only our results for constant surface heating rate,
Case (2) above, will be presented here. Results for other cases are presented
by Hajaligol et al. (9).

The solutions to these two equations are predictions of the spatial
variation of the intra-particle temperature field with pyrolysis time. This
information was used to compute three distinct indices of particle non-
igsothermality:

(1) The extent of agreement between the surface and centerline temperature of
the particle:

ﬂT(t) =[7;(f) - ’EL@)]/ q;(*) (15)

/:(\T('C) = 8“(’(.) — @S(‘C) (16)

or

(2) A time dependent effectiveness factor for pyrolysis rate, defined as the
ratio of: the local pyrolysis rate averaged over the particle volume, to the
pyrolysis rate calculated using the particle surface temperature for the

entire particle volume:
~E/RT(yt)
1
M) = 7[’ # € dv (17)
r :ﬁ" e R T _
or — s — 2
A 3], 2, e FEHETOUT) FUS

1 ()

r - 2 o~*ae+Eg,0)

(3) A time-dependent effectiveness factor for overall pyrolytic conversion
(i.e. weight logs or total volatiles yield) defined as the ratio of: the
volume averaged weight loss, to the weight loss calculated using the particle
surface temperature for the entire particle volume:

(18)

11



{aP[ fl -E/RT(vt) ]}alv

(19)

'L(t'): l-v,
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-,@/[e,e+e 8(5z) ]fd}‘

(20)

';Z\('C')= I—3j {e"‘f’[ }¢
‘ /_[@(f[-[ ¢eﬂ/[é/*5z‘9:(t}dt]j

Results and Discussion. The above analysis was used with boundary condition
(2) [constant surface heating rate] to predict effects of various pyrolysis
parameters on nr{t), nr(t), and nc (t) as a function of pyrolysis time. Unless
otherwise stated the following values of thermal physical and chemical
properties of the coal were employed: p = 1.3 g/cm®, A @ 0.0006 cal/cm-s-C, Cp
= 0.4 cal/g-C, &Hpy = 0 cal/g, ko = 1013 s-1, and E = 50 kcal/g-mole. Effects
of non-zero heats of pyrolysis are discussed later in the paper.

Figures 1 - 3 respectively show the effects of particle size on m(t),
nr(t), and nc(t), for a surface heating rate and final temperature of 10¢ C/s
and 1000 C. For particle sizes > 50 um, the time to relax internal tempera-
ture gradients [i.e. for m(t) to decline from its maximum value to about
zero] increases with roughly the square of particle diameter as expected.
Initially the spatial non-idealities in temperature (Fig. 1) increased with
increasing pyrolysis time, because the time for the surface to reach the final
temperature [Ts,r/m] is much less than the particle thermal response time, and
the intra-particle temperature field is unable to keep pace with the rapidly
rising surface temperature. The magnitude and duration of this initial
temperature transient increases with particle diameter, because the particle
thermal response time increases with particle size.

The rate index of non-isothermality, mnr(t) (Figure 2) tracks the non-
idealities in particle temperature. For a given particle size and thermally
neutral reactions nr (t) indicates spatially non-isothermal kinetic behavior
[i.e. mr{t) < 1] over a broader range of pyrolysis times than does nr(t) [i.e.
for which nr(t) > 0, Fig. 1). The rate index expresses the influence of the
temperature non-idealities on the predicted volume averaged pyrolysis rates
via an exponential function. Thus an amplification of the magnitude and
duration of the temperature non-idealities is not surprising. Furthermore,
when volatiles release rates are of interest, nr (t) is clearly a more reliable
index of particle non-isothermality than is m(t).

The conversion index of non-isothermality, nc (t) (Fig. 3), reflects the
non-idealities in rate, and the exponential increase in conversion with total
pyrolysis time. The latter effect attenuates the former at short and long
pyrolysis times by respectively, denying and supplying the reaction adequate
time to attain completion at the imposed heating rate. Thus for each particle
size there is an intermediate range of reactions times throughout which the
strong non-idealities in pyrolysis rate (Fig. 2) contribute major non-idealit-
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ies in conversion (Fig. 3). The exponential dependencies of conversion on
rate and reaction time, also cause the magnitude of n (t) to change rapidly
with pyrolysis time, resulting in the sharp variations in this index depicted
in Fig. 3. Clearly, in light of the differences in Figures 1 through 3, when
total volatiles yield is of interest, ne (t) is the preferred index of non-
isothermality over either mr(t) or w{t).

Figure 4 shows that at a fixed particle size, .increasing the surface
heating rate increases the magnhitude but decreases the duration of the initial
non-idealities in the particle temperature field. The first effect arises
because, with increasing surface heating rate, the surface temperature
increases so.rapidly during a time equal to the thermal response time of the
particle, that the intra-particle temperature field lags further and further
behind the surface temperature. The shorter relaxation time arises because
the higher initial temperature gradients generated at higher surface heating
rates cause a more rapid attenuation of the initial disturbance. With
increasing heating rate, these sharp initial intra-particle temperature
gradients translate into strong non-idealities in the local pyrolysis rates
and hence into significant departures of w (t) from unity (Fig. 5). With
declining heating rates (Fig. 5) the magnitude of these non-idealities is
attenuated but they remain significant over increasing ranges of pyrolysis
time. These effects respectively arise because decreasing the surface heating
rate reduces the differences between the surface and internal temperatures
(Fig. 4), and because the resulting intra-particle temperature gradients are
lower, and thus provide less driving force for temperature relaxation, thereby
extending the time over which the intra-sample pyrolysis rates exhibit
significant non-idealities. Increasing particle size at a fixed heating rate
exacerbates each of the above effects (Fig. 2).

The impacts of these intra-sample rate variations on the conversion -index
of non-isothermality ne (t), are attenuated strongly in both magnitude and
duration (Fig. 6), due to the interplay of rate and cumulative pyrolysis time
discussed above. The magnitude of the non-idealities in w (t) are worsened
with increasing heating rate, because surface temperature and surface pyroly-
sis rate more and more rapidly outpace the corresponding quantities within the
particle, thus expanding the differences between the extents of conversion
predicted for these two regions at smaller and smaller reaction times.
Conversely, the non-idealities in ne (t) decrease when heating rate decreases,
because the particle temperature field (Fig. 4), and average pyrolysis rate
(Fig. 5), track the surface temperature more and more closely, and because the
greater time required for the surface temperature to attain its final value,
allows intra-particle conversion to proceed further to completion.

For a thermally neutral reaction, a change in the activation energy for
pyrolysis has no effect on intra-particle temperature gradients [and hence on
mi{t)], but Figure 7 shows that increasing E increases the magnitude of the
non-idealities in mny (t), as would be expected since larger E’s imply stronger
dependencies of rate on temperature. Since mr(t) is unaffected by changing E,
any effect of E on w (t) will reflect only E-induced changes in nr{t). Such
effects should be small since at this heating rate (10? C/s) quite large
changes in nr (t) at an E of 50 kcal/g-mole (Fig. 5), are strongly attenuated
in ne (t) (Fig. 6), and the E-induced variations in nr (t) (Fig. 7) are by
comparison, rather small.
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increasing values of either of these thermal parameters. For example, for
aHpy = +50 cal/g coal, these two indices would increase by a factor of 10, for
10 to 15% increases in a or A (Hajaligol et al. 1987).

Figure 9 shows the effects of pyrolysis time on m(t), n(t), and n(t) for
cases where pyrolysis is not thermal neutral. The discussion is simplified by
expressing the results in terms of a dimensionless parameter 3, which reflects
the interaction of chemical kinetic and thermal physical parameters in
determining the impact of chemical enthalpy on particle non-isothermality.
Delta is derived by non-dimensionalizing Eq. (1), see Eq. (2), and physically
can be thought of as the ratio of the average rate of heat generation (or
depletion) at the particle surface from pyrolysis, to the average rate of
conductive transfer of heat into the particle from its surface. Figure 9
shows that for reasonable exo- or endo-thermicities, mr(t) and ne (t) do not
approach perfect ideality, even at long pyrolysis times, while nc (t) goes
virtually to unity (isothermal behavior) in reasonable times. The magnitude
and duration of the non-idealities expressed by nc (t) depend on the ratio of
the pyrolysis time to the particle heat-up time (Hamjaligol et al. 1987). At
long pyrolysis times wr(t) and n (t) attain 3-specific plateaus that are
independent of heating rate or particle size, although both parameters affect
the magnitude and duration of the transients in these two indices.

Figure 10 shows, for thermally neutral pyrolysis, domains of particle size
and surface heating rate where the particle is at least 95% "isothermal”
according to each of the above indices {m(t), nr(t), and nc{t)}. The
temperature index provides a broader range of compliant particle sizes and
heating rates, because it is uninfluenced by devolatilization kinetics. For a
non-thermally-neutral reaction it is much more difficult to define domains of
particle size and heating rate where m (t) meets the 95% ideality criterion -
note the very small 3 values required for nr(t) to approach 0 in Fig. 9.

Figure 8 shows that for constant p and Cp, decreasing either the thermal
conductivity or thermal diffusivity of the coal increases the magnitude and
duration of non-idealities in n (t) and nc (t). For an endothermic reaction
the values of nr(t) and nr (t} at long pyrolysis times would increase with

presents a more narrow domain of isothermality (Fig. 10). Clearly this index,
rather than mr(t) alone, should be considered in evaluating the role of heat
transfer effects in devolatization kinetic data and in designing experiments
to probe intrinsic chemical rates. The conversion index, n (t), provides a
somewhat broader isothermality domain, due to the damping effect of pyrolysis
time discussed above.

Effects of activation energy and thermal physical properties on the
isothermality domains can be inferred from Fig.’s 7 and 8 respectively.
Increasing or decreasing E as in Fig. 7, has no effect on the regions pres-
cribed by mr(t) and nc(t), but respectively decreases and increases the
domains defined by wr (t) (dashed lines of Fig. 10).

{
The rate index [nr (t)]} obviously enfolds kinetic effects, and consequently 1
’

When pyrolysis is not thermally neutral, the domains of particle isother-
mality may, depending on the magnitude of aHpy, shrink from the boundaries
defined in Fig. 10. Regimes of Dp and m meeting each of the above criteria

can still be prescribed by calculating compliant families of curves in Fig. ﬁb(
10, using AHpy as a parameter. Alternatively, the parameter 3 can be used to ’
4
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advantage in a more efficient computation procedure that accounts explicitly
for all parameters contributing to heat of pyrolysis effects. The rate index,
nr (t) shows the greatest effect of aHpy (Fig. 9). Figure 11 shows how mnr (t)
varies with | 3 |, where the upper and lower branches [n (t) > 1, and < 1],
reflect exo- and endo-thermic pyrolysis, respectively. This figure is used to
obtain values of & such that nr(t) indicates a desired extent of isother-
mality, say 95%. With 3 fixed, and fixed thermal-physical properties, the
particle diameter, Dy, final surface temperature Ts, and surface heating rate,
m, become the only adjustable parameters of the system. For preselected
particle diameters, Fig. 10 is then used to define the allowed maximum surface
heating rates for any of the isothermality indices, and the value from Fig. 11
sets the corresponding maximum allowed surface temperature. Alternatively a
desired surface heating rate can be pre-selected with the corresponding
maximun allowed particle diameter and surface temperature being obtained from
Figs. 10 and 11 (via 3) respectively, or a maximum surface temperature can be
pre-chosen with the compliant & value (Fig 11) prescribing the maximum allowed
Dp, and Fig. 10 the corresponding maximum acceptable surface heating rate.
This protocol is conservative in that it is valid for all pyrolysis times, and
utilizes the most stringent of the above isothermality indices, n (t).

Conclusions

1. The extent of coal particle non-isothermality at any stage of pyrolysis can
be quantitatively depicted in terms of numerical indices reflecting not only
spatial non-uniformities of the intra-particle temperature field, but also
non-idealities in the rate and extent of pyrolysis.

2. Mathematical modeling of coupled rates of intra-particle pyrolysis and heat
transmission, relates each index to operating conditions of interest in coal
combustion and gasification including surface heating rate, particle diameter,
final temperature, and pyrolysis time.

3. Domains of surface heating rate and particle diameter where each isother-
mality criterion is met to within 5% at all pyrolysis times are plotted for a
base case of zero heat of pyrolysis.

4, Data and procedures for using these same isothermality maps when pyrolysis
is not thermal neutral are also provided.

5. The analysis shows that diagnosing a pyrolyzing coal particle as "isother-
mal” based upon close agreement between its surface and centerline tempera-
ture, can lead to serious errors in estimates of corresponding volatiles
release rates and total volatiles yields.

6. Each isothermality index exhibits significant temporal variations, showing

that pyrolysis time, and hence extent of conversion must be considered in
assessing particle non-isothermality and its impact on pyrolysis behavior.
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Nomenclature

dp
E
ey
k

‘o 3

2 - D o0

g>—\<<+r]b—~]p.—].'iﬂ

[og

I
-
[+

R

Particle Diameter, Cm

Activation Energy, Cal/g-mole
Effective Heat Transfer Coefficient, Cal/{Cm2-Sec-C)

Reaction Frequency Factor, sec-!
Surface Heating Rate, °K/sec
Biot Number; dp /22
Surface Heat Flux Density, Cal/sec
Gas Constant; 1.987 Cal/gmole‘K
Radius, Cm .
Partice Radius, Cm

Temperature, °K

Initial Temperature, K

Surface Temperature, °K

Final Surface Temperature, °K
Ambient Temperature, K

Time, Sec

Particle Volume, Cm3

Particle Density, g/cm?

Particle Thermal Conductivity, Cal/(Cm-Sec~C)
Particle Thermel Diffusivity, Cm?/Sec
Heat of Pyrolysis, Cal/g

T- T,
Dimensionless Temperature; “f
T -Tr
Dimensionless Surface Tenperature;l gﬂ;}f
e = I,
Dimensionless Center Temperature; M
T -Tof
Dimensionless Ambient Temperature; T, - Ty s
Te -Tsy

Dimensionless Time; o(t/ g.z

Dimensionless Length; T/R,
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™ /M Dimensionless Temperature Index
»7:,'{ Dimensionless Rate Index

7. : Dimensionless Conversion Index

£  Dimensionless Parameter; R T5f [E

A Dimensionless Parameter; R 1‘,12, JE(T-Tss )_ Y

6  Dimensionless Parameter; ( - 8Hpy) /""; ke RT"{/[‘* N(T.= Taf)]
Y Dimensionless Heating Rate; m ol; /4« (T- Ts,¢))

®  Dimensionless Heat Flux Demsity; § /ﬁﬂ Mp(T-Tse)]
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THERMOKINETIC TRANSPORT CONTROL AND STRUCTURAL MICROSCOPIC
REALITIES IN COAL AND POLYMER PYROLYSIS AND DEVOLATILIZATION:
THEIR DOMINANT ROLE IN DUST EXPLOSIONS

By M. Hertzberg, I. A. Zlochower, R. S. Conti, and K. L. Cashdollar

U. S. Bureau of Mines
Pittsburgh Research Center
P.0. Box 18070
Cochrans Mill Road
Pittsburgh, PA 15236

ABSTRACT

The reaction mechanism for coal pyrolysis and devolatilization Involves the
inward progression from the exposed surface of a decomposition wave, whose speed of
propagation determines the pyrolysis rate. The speed is controlled by the heat flux
driving the wave and by thermodynamic transport constraints within the particle.
Microscopic data are presented that reveal the structure of that wave front for
unidirectional laser exposure of both macroscopic coal samples and microscopic dust
particles. At burner-level heat fluxes of 100 to 125 W/cm<, the wave front
thickness is less than 50 um.

New data are also presented for polymethylmethacrylate (PMMA) at flux levels of
12-115 W/cm?@ that give a pyrolysis and devolatilization "rate coefficient" of,

k, = {ﬁ: c(TyaT + aH ),
whose value 1s predictable from thermodynamic transport constraints alone. Except
for the complication of the coal's char-layer residue and its increasing thickness,
which insulates the wave front from the heat source flux that drives it, both coal
and PMMA behave similarly. For PMMA, the decomposition temperature, Tg, is
350-400° C; for coal it is 450-600° C.

There is no substantive evidence to support the traditional viewpoint that the
reaction processes occur isothermally under chemical rate control and that they are
describable by unimolecular, Arrhenius functions of the source temperature.

The volatility yield of a dust and its rate of devolatilization play dominant
roles in the overall mechanism of flame propagation in dust-air mixtures. Data for
the particle size dependences of the lean limits of flammability for coals and
polymers reveal those roles. The above measured rate coefficient for PMMA gives a
reasonable prediction of the coarse size at which the particle devolatilization
process becomes rate limiting in a PMMA dust explosion.

INTRODUCTION

Two theories or models have been used to describe the process of coal particle
pyrolysis and devolatilization. The first is the traditional viewpoint, which
considers the reactlon process to be under chemlcal rate control (1, 2, 3); the
second is a newer viewpoint that considers the reaction process to be under heat
transport control (4, 5, 6, 7). In the traditional model the reaction or reactions
are viewed as occurring isothermally throughout the particle and are described by
classical, unimolecular, Arrhenius functions of the particle temperature, T. The
reaction rate is glven by

LUE L (e R [v(e) - (e, 1)

where V(t) is the volatile yield (in pet) after an exposure time, t; V(=) is the
maximum volatile yleld as t + =; k, is the preexponential factor; E; is the
activation energy; R is the unlversal gas constant; and T is the temperature of the
pyrolyzing particle. Considerable effort has gone into the development of complex,
parallel or sequential reaction schemes to predict the overall rate of pyrolysis and
the ylelds of volatile products. Surprisingly, however, little effort has been
devoted to a realistic analysis of the heat transport processes by which particle
temperatures, initially at Ty, are elevated to the reaction temperature T after
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their exposure to some high temperature source at Tp. Early researchers generally
assumed that the exposed coal particles rapidly reached the high temperatures of the
furnace walls, or the hot gases, or the electrically-heated screens to which they
were exposed. The temperature used in Equation 1 was generally the source
temperature, Tp. A major exception was Zielinski (7), whose independent analysis of
the data of many investigators led to the conclusion that the rate of the heat
transfer from the high-temperature source to the coal particles exerted the dominant
influence on the rate of volatiles evolution. He noted that coal particle
temperature measurements were "very rare indeed," and cautioned researchers against
assigning "the temperature of the heat carrier or the container walls" to the
temperature of "the coal particles themselves." Zielinski's analysis was generally
ignored until the more recent studies of Freihaut and Vastola (8), and the
reanalysis of particle pyrolysis data by Solomon and coworkers (9, 10). Using
direct optical measurements of particle temperatures, Solomon et al. (10) showed
clearly that, during pyrolysis, T was generally much lower than Tp,. For example, 1in
an entrained flow reaction at a source temperature of Ty = 1300° C, coal particles
of 45-75 um diameter were completely devolatilized by the time they had reached
temperatures of only 700-800° C. Their analysis is nevertheless limited to the
problem of heat transfer to the particle; the particle itself is still treated as
reacting isothermally, and uniformly throughout its extent. Internal variations in
temperature and reaction rate are ignored. Since, however, the particle is not
isothermal, one must go even further in the reanalysis. For coal, especially, there
is inevitably a hotter, opaque char layer at the surface of the particle that
surrounds and conceals the lower temperature region of active pyrolysis further
within the particle.

Accordingly, not only must one consider heat transport limitations to the
particle from the external heat source, but also heat transport limitations within
or through the particle; that is, from its surface to its interior. Attempts to
address that limitation lead to the newer viewpoint or model. The situation in its
simplest form is depicted in Figure 1, and the newer theory simply applies the First
Law of Thermodynamics to the system. A planar coal surface is depicted, pyrolyzing
and devolatilizing at a steady-state rate, io, in an incident radiative source flux
of intensity, I. The system depicted is coal, which is complicated by a char
residue above the pyrolysis reaction zone. Initially, it will be simpler to assume
that the reactant is one that devolatilizes completely so that the incident flux is
absorbed directly at the devolatilizing surface. Polymethylmethacrylate (PMMA) is
an example of such a substance. A fraction of the incident flux, rI, is reflected,
and another portion, Iy, is lost to the colder surroundings by conduction,
convectlion, and reradiation. For the steady-state propagation of the pyrolysis
wave, at the liner rate, *o , the First Law requires that the net absorbed flux,
Iabs = I(1-r)—11, first supply the power necessary to bring each element of the
solid reactant with its heat capacity C(T) to the reaction zone or decomposition
temperature, Tg, from its-initial temperature, Ty; and second, supply the heat of
devolatilization. Thus,

. T,
Iabs = 11 - 1) = Ip = %o p []Tz C(T)AT + AHyl. 2)
Solving for the mass devolatilization rate per unit area gives
. . =1
i = % p = kg Tabs = [[1° C(T) dT + AHy1™ Inpg, 3)
o

where the rate coefficlent, k¢, is given by the reciprocal of the net enthalpy
change for the overall heating and devolatilization process.

This newer viewpoint should be contrasted with the traditional one. In this
flux-driven, heat-transport-limited model (Equations 2 and 3), once thé input flux
level exceeds some critical value for the onset of reaction, which is the loss flux,
the predicted rate is not particularly sensitive to the reaction zone temperature of
the pyrolyzing surface. That temperature, Tgs 13 only the upper bound of a heat
capacity integral. The rate coefficient, k¢, 1s much more sensitive to the heat of
devolatillzation or vaporization, AHy,. By contrast, in the traditional viewpoint
(Equation 1), the reaction temperature T is the only variable determining the rate.
In the fluX-driven model, the system 1s nonisothermal and the exact temperature of
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the reacting surface becomes virtually irrelevant once it reaches some threshold
value. The traditional viewpoint, by contrast, focuses on that one intensive
thermodynamic variable, T, and it does so only in one region of the system, the
reaction zone. The newer viewpoint emphasizes extensive thermodynamic variables:
The absorbing flux, Ighg, and the overall enthalpy change for the pyrolysis and
devolatilization process, quite independent of the temperature of any one region of
the nonisothermal system. In the newer model, the driving force for the reaction is
the net energy flux density being absorbed by the reactant. The "barrier" to
reaction is not some obscure activation energy, E, which must be overcome by
raising the temperature of one particular region to a high enough level; rather it
is the "resistance" or thermal inertia of the entire system that must be overcome.

The thermal inertia is J $5 C(T) dT + AHy, and the reciprocal of that resistance
[}

is the "conductivity" of the reaction wave, which is its rate coefficient, k¢.

PYROLYSIS RATES AND STRUCTURAL MICROSCOPIC REALITIES FOR COAL

Kinetic data for the devolatilization rates of microscopic coal particles of
varying diameter, heated in a COp laser beam were reported previously (Y, 5). The
data at a constant input laser flux of 300 W/em2 for particles of 51-, 105-, and
310-um average diameter are shown in Figure 2. The data show clearly that the time
required for complete devolatilization increases monotonically with increasing
particle diameter, as would be predicted by the flux-driven model of Figure 1. The
effect of varying the incident laser flux for a given particle size was also
studied.

For a more careful analysis of the data, it should be noted that the percentage
mass loss versus time curves in Figure 2 have characteristic s-shapes. Since final
volatility ylelds, V(=), are approached only asymptotically as t + =, it is most
realistic to express the rate of the devolatilization reaction in terms of the time
requlired for the particle to devolatilize to half its maximum value. That half life
or ti,p-value corresponds to the inflection point of the s-shaped curve. All the
data are summarized in Figure 3, where the measured t;,, data points are plotted as
a function of the incident laser flux for the three particle sizes studied. For the
cubic particle with sides of width a,, as depicted in Figure 1,

t . 8 _ ap - k'Dp )

2 - %P %,
12 o Fkglaps (T - Ig")

where Ig' is an effective loss flux and K' is a constant of proportionality which is
linearly proportional to the thermal inertia of the devolatilization reaction, but
which is also related to the shape of the particle and its orientation in the beam.
The average particle diameter is D,. The predictions of Equation 4 are also shown
in Figure 3 as the dashed lines. %he effective loss fluxes, Iy', were taken as

50 W/em2 for the 51-um particles, 25 W/cm2 for the 105-um particles, and 10 W/em2
for the 310-um particles. These losses are mainly associated with conduction-
convectlon to the cold surroundings, and their choice is discussed in detail
elsewhere (5, 6). A constant k'-value of 1.46 kJ/cm3 for all sizes gives the best
fit to the data. The reasonable agreement between the data points and the theory
curves predicted by Equation U tends to confirm the reasonableness of its
derivation. It suggests that even on the microscopic level of particles as small as
50 um, the pyrolysis process proceeds at a rate determined by the heat-transport-
limited speed with which the devolatilization wave is driven through the particle by
the heat source flux. The pyrolysis "rate constant" is determined by the
thermodynamic properties of the medium, and no further assumption regarding a
reaction kinetic mechanism appears to be necessary.

In terms of the actual thermal structure of the pyrolysis wave front, the data
containing the most detailed spatial resolution were reported by Lee, Singer, and
Chaiken (11) for large coal cylinders 1.8 cm in diameter and 5 cm high.

Temperatures were measured every 3 mm. Their temperature profiles, obtained with
the same laser but at much lower fire-level heat fluxes, are summarized in Figure 4.
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They also obtained x-ray density profiles which showed that the reaction zone of
active pyrolysis and devolatilization is characterized by a minimum density of 0.2
g/cm3. These minimum density points are shown in Figure 4 superimposed on their
measured temperature profiles. That reaction zone of minimum density is bounded on
the cold side by unreacted coal (p = 1.33 g/em3) and on the hot side by a
consolidated char residue (p = 0.85 g/em3). The reaction zone temperature
corresponding to these minimum density points is 440-475° C,

The minimum density zone may be viewed as a "fizz zone" of active
devolatilization composed of "frothing" liquid bitumen. The liquid bitumen consists
of high-molecular-weight pyrolysis products, and it is frothing because lower
molecular weight gases and tar vapors are bubbling through it. The bubbling "fizz
zone" is also physically transporting the frothing mass of charifying liquid bitumen
into the mass of previously formed char above it. The consolidated char of higher
density is thus a compacted residue of the frothing mass of charifying liquid. Some
secondary char-forming reactions are also occurring in the char layer above the fizz
zone, as pyrolysis vapors diffuse through that cap of higher temperature char.

The data of Lee, Singer, and Chaiken also show clearly that the pyrolysis wave
front propagates inward at a velocity that is proportional to the radiant flux;
however, as the insulating char layer at the surface thickens in time, the surface
temperature increases and flux losses to the cold surroundings increase markedly.

It is not surprising, therefore, that the velocity of their pyrolysis wave front
diminishes in time. Note also that the reaction zone temperature, however, remains
essentlally constant at 440-475° C, quite independent of the magnitude of the source
flux that drives it, or the resultant velocity of the pyrolysis wave front. At
their highest laser flux, the maximum temperature of the char layer at the surface
was 760~800C. Because of the char layer expansion and swelling, the final surface
is at a negative displacement relative to the original surface position at 0.0 cm.

That surface temperature may be considered to be the "source temperature" in
such experiments since it is the char layer at the surface that directly absorbs the
laser flux as time proceeds. Heat is then conducted through that char layer to the
reaction zone below. Thus, although the source temperature is as high as 760-800° C
for the higher flux data, the real temperature of the coal mass that is pyrolyzing
and devolatilizing is only 440-475° C, and it would be incorrect to assign that char
layer temperature to the reacting coal. It should also be noted that if the
temperature of the coal sample or "particle" were measured optically from the
surface spectral radiance, one would, of course, obtain only the surface temperature
of the char residue and not the temperature of the reacting coal.

Structural data will now be presented that reveal the morphological changes in
the coal structure that result from the propagation of such a pyrolysis wave front.
The microscopic data will be presented for fine coal particles such as those used to
obtain the data in Figures 2 and 3, and also for large coal samples comparable in
size to those for which the data in Figure Y4 were obtained. Scanning electron
microscope (SEM) photographs of a coal particle exposed for 100 ms to a laser flux
of 100 W/cm? are shown in Figure 5. The same particle is shown at two
magnifications. The measured weight loss was only about 1 pet, and it can thus be
inferred that the exposure time barely exceeded the induction time required for the
surface of the particle to reach the decomposition temperature. There is,
nevertheless, clear evidence that liquid bitumen was formed near the surface of the
particle. That bitumen was oozing out from between the bedding planes while the
particle was being heated, but after the beam was turned off, the surface cooled and
the bitumen resolidified in the form of ridges. Those ridges are clearly seen to be
oriented parallel to the bedding planes. A few blow holes are visible in those
ridges of resolidified bitumen, but there are many more unbroken bubbles containing
volatiles that were probably never emitted from the heated surface. Most of those
volatiles have recondensed as liquid tars that are probably still contained within
the bubble enclosures. Clearly, although devolatilization may have occurred within
those bubbles, the process was not yet registered as a welght loss since the
volatiles never broke through the bubble walls. The SEM photographs in Figure 5
suggest that the extent of thermal pyrolysis in a particle may be more extensive

27



than that obtained from the devolatilization weight loss. In order to be more
precise, one should therefore distinguish between those two sequential processes.
Pyrolysis or decomposition occurs first, and volatile emission occurs later. The
photographs clearly illustrate the nature of the mass transport limitation involved
in the transition between the generation of volatiles by thermochemical pyrolysis
and their subsequent emission by bubble transport and rupture. It is only after the
latter process is complete that a finite weight loss is registered.

The SEM photograph shown in Figure 6 is a later stage in the same process. It
is a particle exposed for a time of 400 ms at a laser flux of about 125 W/em2.

Based on its mass loss, the particle i1s somewhat more than half devolatilized, and
it has clearly not reacted uniformly throughout its extent. Only the upper half of
the particle (seen in Figure 6 as its right side) has devolatilized. The lower half
of the particle (on the left) is essentially unreacted. It is the original coal
structure. The laser beam was incident on the upper surface of the particle, and
only the upper portion was devolatilized during the exposure time. It devolatilized
into a dome or bubble, and after the volatiles contained within that dome were
vented through blowholes, the whole structure seems to have started to collapse
under its own weight. But, as it was collapsing, the higher molecular weight
pyrolysis products that comprise the dome wall were simultaneously solidifying into
a char. When they did solidify, a wrinkled skin residue was left.

The devolatilization wave thus appears to have traversed more than half way
through the particle by the time the laser beam was turned off. The particle then
cooled, and the devolatilization process was quenched with the pyrolysis wave
"frozen™ in place. Clearly the thickness of the wave front is substantially smaller
than the particle diameter, and one can infer a wave front thickness of no more than
50 um from the SEM photograph. Similar examples of such partially devolatilized
particles are shown in Figure 7. Those particles are somewhat smaller in diameter
and were exposed to a laser flux of about 100 W/cm2 for about 1 s. Based on their
average weight loss, the particles were about two-thirds devolatilized. 1In all four
instances, the particles are viewed from the top, which was the surface on which the
laser beam was inclident. Blowholes and char residues are seen on the top portions
of the particles. Unreacted coal residues with their cleaved edges and ledges are
clearly visible at the bottoms of the particles. Again, the pyrolysis waves are
frozen in place after having transversed only part of the way into the particles.

Experiments were also conducted with macroscopic coal samples of Pittsburgh seam
bituminous coal, and those results are shown in Figure 8. The dimensions of the
sample studied in Figure 8 and its orientation during laser exposure are sketched at
the top of the flgure. The face to be inspected by the SEM was deliberately cleaved
some 20-30° beyond the vertical so that it would be "in the shadow" of the upper,
irradiated surface. Exposure of the samples to a laser flux of 100-125 W/cm< for 2
s resulted in coking of the surface and its upward expansion as the char layer built
up in thickness. Only the edge of the pyrolysis wave front moves down the cleaved
face during that exposure time, and it is the edge that is viewed by the SEM, as
illustrated in the sketch. The SEM photographs of the transition zone between the
coal below and the char above are shown at three magnifications, with the largest
magnification on the right. The transition region appears to be quite sharp.
Despite the complications associated with the viewing angle, the swelling and
frothing of the char layer, and the waviness of the pyrolysis front, one can
estimate a reaction zone thickness for the quenched pyrolysis wave that is no larger
than about 50 um.

One must also realize that there is some thermal inertia in such a wave front so
that its progression does not stop instantaneously after the laser source is turned
off, especially if the wave front is being driven by the temperature gradient and
thermal inertia of a char layer above it. The wave will inevitably progress to some
extent during the decay time, and thermal diffusion during that same period may also
thicken the wave front. The quenched "dead" wave seen in Figure 8 may therefore be
somewhat broader than an active "live'" wave. Such thermal inertia effects are even
more significant for particles that are heated omnidirectionally in a furnace or a
flow reactor than for the unidirectionally-heated particles described here.
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A macroscopic sample of a Wyoming coal with a low-free swelling index (Hannah
seam) was also studied by the same technique, and those results are reproduced in
Figure 9. There was substantial cracking of the sample caused by the mechanical
stresses induced by the high temperature gradient laser exposure (100-125 W/em? for
2 seconds). Those fractures provide a revealing, three-dimensional view of the
structure of the transition zone between the char above and the coal below. The
position of the pyrolysis wave front is indicated in Figures 9A-F by the arrows at
the edges of the SEM photographs. A detailed analysis of the structure is given
elsewhere (6), but again the data give an intrinsic width of the wave front that is
less than 50 um.

These SEM photographs in Figures 5, 6, 7, 8, and 9 clearly reveal the existence
of the pyrolysis wave front and its structural reality on the microscopic scale.
They strongly support the newer viewpoint that the process occurs in the form of the
inward progression of a pyrolysis wave front from the exposed surface. Even for
small particles, these microscopic realities directly contradict the traditional
viewpoint that the reaction process occurs isothermally throughout the particle.

PYROLYSIS AND DEVOLATILIZATION OF PMMA

Long cylinders of polymethylmethacrylate (PMMA) with diameters of 0.U45 cm were
oriented on end, and exposed to the same CO, laser beam. The pyrolyzing upper
surface of the rod maintained its circular cross section as the surface regressed
downward along the axis of the cylinder. The weight or mass 10ss per unit area, Am,
was measured as a function of exposure time in a given laser flux. The data are
summarized in Figure 10. The good linearity of the Am versus time curves indicate
that steady-state conditions were obtained. Lines are drawn in Figure 10 for the
least squares fits to the data points at each flux level. The lines are well
represented by the equation

am = (t - 7). 5)

The slope of each line thus represents the steady-state devolatilization rate, m, at
each flux, and the horizontal intercept is the induction time, 1, at that flux.
Clearly, the Induction time is simply the time required for the surface of the
sample to be heated to the devolatilization temperature. The steady-state rates are
plotted in Figure 11 as a function of the net incident flux I(1 - r) = 0.93 I,
where the reflectance, r, 1s taken as 7 pet. A least squares fit to the five sets
of data points in Figure 11 gives

b (mg/cm2s) = 0.72 (mg/J) [0.93 I - 9.8] (W/em?). 6)

The inferred steady-state loss flux is therefore Iy = 9.8 H/cmz, and the rate
coefficlent for the pyrolysis and devolatilization of PMMA 1s therefore k¢ (PMMA)=
0.72 mg/J = 3.01 g/kecal. Its reclprocal, 1/kt = 332 cal/g, is the thermal inertia
of the pyrolysis wave. According to Equation 3, the thermal inertia is given by

fTS C(T)dT + AHy. Taking the decomposition temperature for PMMA as 400 °C (12),
HOO the heat capacity data reported by Bares and Wunderlich (13) give
C(T) dT = 196 cal/g. The calorimetrically measured value for the heat of

depolymerlzation of PMMA (corrected to 400° C) is 126 cal/g (14). The sum,
322 cal/g, 1s therefore the calculated thermal inertia of the system. The
thermodynamically predicted rate constant obtained from Equation 3 for the pyrolysis
and devolatilization of PMMA 1s thus in excellent agreement with the measured value
obtained from Figure 11. Furthermore, the measured slope from Figure 11 for data
obtalned at radiant fluxes of 12-115 W/cm2 is in quite good agreement with the
slopes measured independently by Vovelle, Akrich, and Delfau (15) and by Kashiwagi
and Ohlemiller (12). Thelir data were obtained at radiant fluxes in a much lower
range of 1.4-4,0 w/em2. A detailed analysis of both their data is presented
elsewhere (6). Thelr data were for vertically oriented slabs of PMMA with much
larger cross-sectional areas of 10 x 10 cm2 and 4 x U4 cm2, respectively.
Accordingly, their loss fluxes were only about 1.0 and 1.5 W/cm2, respectively, but
their plotted slopes were essentially the same as those in Figure 11.
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The coal data presented earlier can also be used to obtain estimates for the
coal's ky-value. The macroscopic m versus I curves reported by Lee, Singer, and
Chaiken (11) have also been analyzed in detail elsewhere (6), and their measured
slope gives ky = 0.75 g/kcal for coal. The microscoplc particle data shown in
Figure 3 can also be used to infer a rate coefflcient for coal of ky = p/2k’' =
1.91 g/kecal, which is a factor of 2-3 higher., Clearly those data for coal are
substantially less accurate than the PMMA data. A difference of a factor of 2 or 3
for independently-measured rate coefficients for coal ls probably the best one can
expect considering the complexities associated with the coal's insulating char
layer, the uncertainties in the shape factors for the fine particles, the in-depth
absorption of the laser beam which is significant for particle dimensions but
trivial for large samples, the two orders of magnitude range in incident fluxes, and
the three orders of magnitude differences in sample size. Thus there is
considerable uncertainty in the ky¢-value for coal, but the available data suggest
that it is somewhat lower than the value for PMMA. C(learly, except for the
complication of the coal's char layer reslidue and its more complex devolatilization
thermodynamics, there appear to be no other extraordinary differences in the
pyrolysis and devolatilization behavior for the two substances. Both pyrolysis
rates are describable in terms of the progression of a decomposition wave whose
speed of propagation is controlled by thermodynamic transport constraints.

Returning to the PMMA data, Kashiwagi and Ohlemiller (12) and Kashiwagi (16},
also measured surface temperatures during devolatilization, and those data are shown
in Figure 12. Their data, obtained at two flux levels show that @i-values are
insignificant until some threshold temperature is approached, at which point the
rate becomes exceedingly rapid as the m versus T curve turns vertically upward.
Above the threshold temperature, the rate of pyrolysis and devolatilization becomes
virtually insensitive to the surface temperature. For the exposed surface to reach
the decomposition temperature of 350-400° C, a minimum threshold heating flux is
required in order to overcome the loss flux, Ig. A theory curve is shown in Figure
12 which is a simple step function at T4, and it represents the assumption implicit
in the derivation of Equations 2 and 3.

According to the assumption used for the new model, there is no devolatilization
in the horizontal portion of the curve (m = 0) until the surface temperature of the
sample reaches the decomposition temperature, Tg. Once the surface reaches the
decomposition temperature Tg, the rate becomes finite and one is in the vertical
portion of the step function. The rate is then controlled entirely by the source
flux intensity, and the temperature of the reacting surface becomes both invariant
and virtually irrelevant.

The model represented by Equations 2 and 3 thus uses a step function to
approximate the finite curvature of the transition depicted in Figure 12. 1In the
horizontal portion of the step, the surface is heating up in the input flux, but
there is no devolatilization occurring because the temperature is too low. Once the
temperature reaches Tg and significant pyrolysis and devolatilization begin, one
transits into the vertical portion of the step, and the system is under heat
transport control.

It is also interesting to compare the measured induction times for the onset of
the pyrolysis and devolatilization process for the PMMA samples with those predicted
on the basis of the measured Tg value of 400° C and the exact solution to the time-
dependent heat transport equation. For a semi-infinite solid whose surface is
heated by a constant source flux, Carslaw and Jaeger (17) give:

T= T Cop i (Tg - Ty)2/[1(1-r)-13]12, 7
4

The time required for the surface to reach the temperature Tg is the induction
time, 1. The system is initially isothermal at To = 25° C. The heat capacity, C,
is taken as the average value for the temperature range between T, and Tg, which is
0.52 cal/g °C (13). The density p is 1.18 g/cm3, and the thermal conductivity A is
taken as 4.5 x 1074 cal/em s °C (14). The source flux is taken as

Iaps = I (1-r)-I,.
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The comparison between the measured t-values from Figure 10 and those calculated
from Equation 7 is shown in Table 1. The comparison is made for two cases: one
with the measured steady state loss flux of Iy = 9.8 W/cem?; the other for Iy = O.
Initially at t = 0, the entire sample is at ambient temperature and Iy = 0; however,
as t + 1, Ig » 9.8 W/em2. Clearly during the non-steady-state induction period as
the surface temperature increases from T, = 25° C to Tg = 400° C, the loss flux,
which is due mainly to conduction and convection to the cold surroundings, increases
from O to 9.8 W/cme. The loss flux is clearly time-dependent, but its average value
should vary between those two limiting cases. The table clearly shows that the
measured t-values fall between the two predicted limiting cases. The only exception
is the measured t-value at the highest flux which is about a factor of two higher
than the calculated value. That difference is attributed to the finite absorption
depth of the laser beam. At low fluxes that absorption depth is trivial compared to
the characteristic width of the subsurface temperature profile; however, at the
highest flux, the two may be of comparable dimensions. Such in-depth absorption is
significant at the the highest flux, and a larger mass near the surface is actually
heated by the flux than is calculated from the simple theory from which Equation 7
was derived. As a result, the actual induction time required for the surface to
reach Tgq for in-depth absorption is longer than that calculated on the assumption
that the flux is deposited entirely at the surface.

Table 1. - Comparison of Measured Induction Times for the Laser Pyrolysis of
PMMA with Theoretical Calculations of Equation 7

Laser Flux, W/cme Induction Time, 1, 8
Incident Net Calculated, Equation 7

I I.pe=I{1~r)-I; | Measured | Iy = 9.8 W/cm~ Ip =0
115.0 97.2 0.101 0.057 0.0H7

7n.o 56.2 0.160 0.169 0.123

42.5 29.7 0.50 0.605 0.342

23.2 11.8 1.83 3.84 1.16

12.4 1.73 6.70 178 4,04

It should also be noted that the theory curves in Figure 3 for coal particles
are based on the steady state condition and are uncorrected for such induction time
delays. At the higher fluxes, especially for the larger particles, the
t-corrections are small in comparison to the steady-state tjy,p-values. The
corrections are however significant at the lower fluxes for the smaller particles.
Nevertheless, there is also a decay time correction required, as discussed earlier.
The pyrolysis wave's thermal inertia results in some continuing propagation even
after the source flux is turned off. These non-steady-state corrections for
induction time and decay time would tend to counteract one another.

PYROLYSIS AND DEVOLATILIZATION IN DUST FLAME PROPAGATION

The flame propagation processes in pulverized coal-fired burners or in
accidental dust explosions (18) are examples of combustion processes in which the
pyrolysis and devolatilization of the solid fuel particles play a key role. Flame
propagation in dust-air mixtures involves three sequential processes {19): heating
and devolatilization of the dispersed dust particles; mixing of the emitted
volatiles with air in the space between particles; and gas phase combustion of the
premixed fuel-air mixture. Each sequential process has its characteristic time
constant: T4y, Tpy, and tpp. The resultant burning velocity of the dust-air flame,
Sy, will be given by Sy = (a/1g)1/2 where o is the effective diffusivity for heat
and/or free radical mass transfer across the flame front, and te 18 the effective
time constant for the completion of the above sequence of processes. The slowest of
those processes will be the rate-limiting.process, and accordingly, the resultant 14
will be controlled by the slowest of those t-values.

For very fine dust particles at low, lean-limit concentrations, the first two
processes are so rapid that the propagation rate is controlled by the last process:
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gas-phase combustion. Since that is essentially the same process that controls
homogeneous, premixed, gaseous flames, dust flame behavior in those limits is
virtually identical to that of an equivalent homogeneous gas-alr mixture of the
dust's volatiles (20, 21). Thus for very fine dust particles at lean-limit
concentrations, each particle 1s completely devolatilized within the flame front,
and the lean limit concentration of the dust-air mixture is determined by the total
combustible volatile content of the dust. For example, the lean-limit mass
concentration for fine polyethylene, CH3~(CH2)n-CH3, a dust that devolatilizes
completely in its lean-limit flame, is ldentical to that of homogeneous gas-air
mixtures of the saturated alkanes (20, 21).

For homogeneous gas flames, there exists a minimum burning veloclty for natural
convective quenching of about 3 cm/s, below which normal flame propagation is
impossible (22, 23). For dust flames, the limit burning velocity appears to be
somewhat higher for a variety of reasons (2U4). For a homogeneous gas flame of
burning velocity S,, the characteristic width of the flame front is é=a/S, and the
characteristic time for the completion of the homogeneous gas phase reactions is
Tpm = 8/Sy = a/S,2. Setting a = 0.55 cm/s and S, = 3 cm/s for the limit burning
veloclity gives Tpm = 60 ms. That 60 ms is the characteristic time required for the
completion of the gas-phase reactions, and if the rate processes are slower than
that, the normal high-temperature flame propagation process 1s quenched by natural
convection (23). For heterogeneous dust-air flames the situation appears to be
somewhat more complicated. The limit velocities appear to be about a factor of 2
higher, but at the same time the flame zone thicknesses appear to be broader (24).

A higher S, would, for homogeneous flames, normally be associated with thinner flame
fronts according to the previous equation, &= a/S,;. A higher burning velocity and a
thicker flame front for dusts suggest that the dust flame is always somewhat
accelerated by turbulent vortices which enhance the diffusivity factor, a,
increasing it to a value that is higher than the normal laminar one (24). Those
vortices are associated with the dust fuel concentration, which is intrinsically
inhomogeneous on the scale of elther the particle diameter or the distance between
particles. In any case, that complication for dust flames leaves one with an
uncertainty in the proper cholce for 1, for the heterogeneous flame. It will be
here assumed that for heterogeneous flames, the higher 'S, at the limit and the wider
flame zone thickness (24) give a Te that 1s about a factor of 2 longer than for
homogeneous flames, so that 120 ms is chosen for 1o. That value is thus the maximum
time available for pyrolysis and devolatilization. If the process takes any longer,
the volatiles are emitted in the burned gases, which is too late for them to
contribute to the propagation process within the flame front.

As dust concentrations increase above their lean limit values, or as the dust
particles become coarser, the heating and devolatilization process will begin to
become rate limiting. In the former case, as stoichiometric concentrations (with
respect to the volatiles) are approached, Sy for hydrocarbon-like dusts approaches
its maximum value of about 40 cm/s (25). Since 1o varies as (S,)”2, that order of
magnitude increase in S, reduces 1o by two orders of magnitude: from 120 ms to only
about 1 ms. For such rapidly propagating dust flames, only the surface regions of
the dust particles can contribute volatiles to the flame. The flame "rides the
crest" of a near-stoichiometric concentration of volatiles regardless of the initial
dust loading. That devolatilization rate limitation is responsible for the absence
of a "normal"™ rich limit of flammability for dusts. Although excess fuel volatiles
may continue to be emitted in the burned gases at high dust loadings, they are
emitted too late to dilute the flame front with excess fuel vapor (18, 20, 21).

Data for the particle size dependence of the lean limits of flammability for
coal and PMMA, as measured in a 20-L chamber (26), are shown in Figure 13. They
show clearly how the pyrolysis and devolatilization rate process becomes rate
limiting as the dust particles become coarser. The curves for coal and PMMA have
similar shapes. The initially flat region demonstrates a lean limit that is
independent of particle size as long as the particle diameter is small enough. The
smaller particles can all totally devolatilize in the time available, and the system
behaves as an equlvalent homogeneous premixed gas. As diameters increase, the
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curves turn upward at some characteristic diameter because of the devolatilization
rate limitation, and a size dependence begins to appear. As shown earlier in
Figures 2 and 3, for a given heating flux the devolatilization time increases
linearly with particle diameter. Thus the pyrolysis and devolatilization rate
limitation appears to adequately explain the shapes of the curves. For a fixed
flame flux, the time required for devolatilization t4y will vary linearly with the
particle diameter Dj. Below some characteristic diameter, tqy << Tpp, the particles
can devolatilize completely in the time available, and 1o is controgled by the gas
phase combustion reactions. In that range of fine particle sizes there is no size
dependence. However, as 14y * Tpp, the devolatilization rate process becomes
significant in the overall flame propagation process and a particle size dependence
begins to appear. For still coarser sizes, tTqy >> Tpp, and the rate of
devolatilization becomes rate controlling. Only the surface regions of the coarser
dust particles can then devolatilize in the 120 ms that is available for flame
propagation, and hence, a higher dust loading is required to generate a lean limit
concentration of combustible volatiles. The curves must therefore turn upward.
Eventually, when the particles are so coarse that an excessive dust loading is
required, then other thermal quenching processes become significant, and the
critical diameter is reached above which propagation is impossible even at the
highest dust concentrations. Those critical diameters are the vertical asymptotes
of the curves in Figure 13.

A more quantitative analysis is possible using the pyrolysis and
devolatilization rate constants reported here for coal and PMMA. The coal value was
uncertain by a large factor, but it was nevertheless lower than the ky-value for
PMMA, which was 3.01 g/kcal. According to Equation 3, when exposed for a time t to
a net flux Iapg, a devolatilization wave front will travel a distance x = X5t =
ki Iapg t/p. For dust flames at their limits of flammability, the Ispg and t values
are comparable for the two dusts. For PMMA, the rate constant is higher than for
coal, and its density is only slightly lower. Thus, Equation 3 predicts that the
characteristic diameter for PMMA should be somewhat larger than the value for coal.
The data curves in Figure 13 support that expectation.

A prediction of the absolute magnitude of the characteristic diameter is also
possible. As indicated earlier, the time available for devolatilization within a
heterogeneous flame front propagating at the limit velocity is t = 120 ms. But what
value is one to use for I,hg when the particle is being heated in a flame front?

The major uncertainty in predicting the characteristic diameter is the uncertainty
in estimating, I,phg, the effective or net heating flux to which the particles are
exposed as they approach, enter, and traverse through the flame front. For
homogeneous gas flames, radiation from the burned gases to the unburned fuel is
usually not significant because the unburned gaseous mixture has a trivial
absorptivity. That is not the case for dust particles, so that well before the
particles actually enter the flame front, they will absorb the radiance emitted from
the hot combustion products, which consist of burned gases, soot, and char.
Typically, hydrocarbon flames exhibit a fairly constant limit flame temperature of
1400 to 1500 K, and the Planck radiance at those temperatures is 5-7 cal/em2s. But
for a spherical particle approaching a flame front, that radiance is seen only by
its forward-facing hemisphere. That radiance will however be seen for a
considerably longer time period than the particle's 120-ms residence time in the
flame front. As the particle heats up in that radiance, it will, however, lose an
increasing fraction of that radiance by conductlon and convection to the surrounding
cold air. It is difficult to estimate the effects of that radiant heat transport
process, but it is clear from the previous estimate of the particle loss fluxes,
which were as high as 50 W/em? for 50-pm particles at Tg = 450-600° C, that the
particle temperatures will remain well below the decomposition temperature during
that approach period. The particle could nevertheless be preheated significantly
above ambient temperature as it enters the flame front. Upon entering the flame
front, there is an additional conductive-convective heat flux from the hot gases
within the flame front. That heating flux increases in magnitude as the particle
penetrates into the burned gases. As it begins to devolatilize in that
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conductive-convective flux, the heat transport process becomes exceedingly complex,
and the "blowing effect™ of the emitted volatiles markedly reduces the Nusselt
number. Realistic estimates are difficult to make; however, in (25) it is estimated
that the average power density across a homogeneous, laminar, flame-front is given
by S; C p (Tp-Ty). For the dust flames under limit conditions S, = 6 cm/s, C = 0.35
cal/g K, p=1.5 x 10~3 g/cm3, and T,-T, = 1500-300 = 1200 K. The resultant is an
average conductive-convective flux of about 4 cal/cm?s. If one adds to that flux
about half of the previously estimated radiant flux (since only the forward
hemisphere of the particle sees the flame), one obtains Igpg = 7 cal/cm“s. For
PMMA, the travel distance of the devolatilization wave into the particle during its
exposure within the flame front thus becomes x = ki Izpg Te/p = 21 um. Thus for
PMMA the depth of penetration of the devolatilization wave front in the time
available for flame front passage under near limit-conditions is about 21 um. For a
square particle heated from two opposing faces, the predicted characteristic
diameter would therefore be 42 um. For a spherical particle in an omnidirectional
source flux, the devolatilization of an outer shell 21-um in depth would actually
represent the devolatilization of some 90 pct of the mass of a 75-um-diameter
particle. One should also realize that such omnidirectional heating generates a
converging wave front which will accelerate as heat accumulates within the particle.
Equation 3 was derived for a planar, steady-state wave front. The converging wave
will penetrate farther into the particle during the same exposure time.

Accordingly, one estimates that the measured rate coefficient for PMMA should
correspond to a characteristic diameter of about 80-100 um for spherical particles.
That estimate is also in fair agreement with the data in Figure 13.

CONCLUSIONS

On the basis of a detailed analysis and evaluation of a diverse set of
experimental observations reported by many independent investigators, and on the
basis of the data reported here for pyrolysis rates and microscopic structure, it is
concluded that there is no substantive evidence to support the traditional viewpoint
that the coal particle pyrolysis process proceeds isothermally, under chemical rate
control, or that it is describable by a unimolecular, Arrhenius function of the
source temperature, Th, to which the coal particles are exposed. The overwhelming
weight of evidence shows that the process occurs in the form of a non-isothermal
decomposition wave whose propagation velocity is linearly proportional to the net
absorbed heat flux intensity and inversely proportional to the overall enthalpy
change for the reaction.

The pyrolysis and devolatilization "rate coefficient™ is the reciprocal of that
overall enthalpy requirement for heating and devolatilization. Although the rate
coefficient for Pittsburgh seam bituminous coal is smaller than that for the simple
polymer, PMMA, the pyrolysis and devolatilization behavior of the coal is not
markedly different from that of PMMA, except for the complications associated with
the coal's char layer residue.

At fire and burner level heat fluxes of 10-100 W/cm? and above, the pyrolysis
and devolatilization behavior of coals and polymers is realistically describable by
the thermodynamic transport-controlled model in which the intrinsic rate of
decomposition is described as a simple step-function at the decomposition
temperature, Tg. Below Tg the intrinsic rate is near zero. At Tg, the intrinsic
rate is so rapid that the system is heat transport controlled. There is no
substantive evidence that the temperature of the reactant during pyrolysis and
devolatilization can significantly exceed Tg, regardless of the source temperature,
Th, to which it is exposed. For PMMA, Tg is 350-300 °C; for the coal it is
450-600 °cC.
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Figure 3. — Summary of the measured half lives for coal particles as a function
of laser source intensity for the three coal particle sizes from reference 5.
The data points are compared with the theory based on heat transport
limitations according to the First Law of Thermodynamics.
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Figure 5. - Scanning Electron Microscope (SEM) photographs of the exposed surface

of a coal particle exposed for 100 ms to a laser flux of about 100 w/cmz, seen
at two magnifications.
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Figure 6. - SEM photograph of a coal particle, which is about two-thirds
devolatilized after exposure for 400 ms to a laser flux of about 125 W/cm2,
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Figure 7. - SEM pEotographs of four different particles exposed to a laser flux
of about 100 W/cm® for 1 s. The particles are all about two-thirds devolatilized
by the laser flux incident from above.
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Figure 10. - The measured pyrolysis

and devolatilization weight (or mass)

losses for 0.45 cm diameter, PMMA
cylinders as a function of exposure
time for different input laser
flux intensities in the range 12 to
115 W/em?2,
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Figure 11. - The measured, steady-state
rates of pyrolysis and devolatilization
for 0.45 cm diameter PMMA cylinders, . as
a function of i1nput laser flux corrected

for surface reflectance, r.
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by Kashiwagi and Ohlemiller. Measured
values compared with simplified, step-

function theory using a discrete,
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SPECTRAL EMISSION CHARACTERISTICS OF SIZE-GRADED COAL PARTICLES*

Thomas H. Fletcher, Larry L. Baxter and David K. Ottesen

Sandia National Laboratories, Livermore, CA 94550

The spectral emission characteristics of coal are examined using Fourier transform infrared emission
spectroscopy. The data were collected from a single layer of stationary, narrowly size-classified samples of
coal and graphite placed on a heated NaCl window. Sample temperatures ranged from 120 to 200°C. FTIR
data were coliected at wavelengths between 2.2 and 17 um (between 4500 and 580 cm~!). Particle sizes
ranged from 40 to 120 um and coal rank ranged from lignite to bituminous.

The focus of this work is to evaluate the effects of the nongray emission characteristics of coal on heat
transfer calculations and pyrometry measurements. Chemical functional groups responsible for the features of
the spectral emission are identified but not discussed. Well characterized spectral features from coal samples
are observed and discussed. The intensity of spectral peaks due to chemical functional groups in coal are
analyzed as a function of particle size and extent of reaction. The impact of spectral irregularities on pyrometry
measurements and heat transfer calculations is evaluated. Featureless regions of the infrared emission spectra
of coal are also analyzed and compared to graybody behavior. Reliability of pyrometry measurements in these
regions and effective emissivities of coal particles for heat transfer calculations are discussed.

INTRODUCTION

Spectral and total emission characteristics of coal have been reported in the past, with emissivities
ranging from 0.1 to near unity. Several investigators (1-3) have published results indicating that coal is not
a strong absorber of radiation at infrared wavelengths. Values of the imaginary part of the complex index of
refraction on the order of 0.05 are reported by these authors. Other authors report much larger imaginary
coefficients, of the order of 0.3 (4-6), indicative of higher abosrbance and emittance of radiation.

A strong and irregular dependence of emissivity on wavelength would be expected of an organic com-
pound containing a variety of chemical functional groups, such as coal, if the material is either generally
transparent or very thin. Such results are reported by Solomon and coworkers (3) for particles less than 40
pm in diameter, although the size of the particles is not always well defined in their work. Commonly available
infrared absorption and diffuse reflectance spectra of coal samples are consistent with the spectral features
reported by Solomon. However, these features should become indistinguishable from the diffuse background
absorption as the particle size increases. Solomon noted this trend, but did not define a particle size where the
speciral features of the emission become insignificant compared to the diffuse background radiation. Large
or highly absorbing particles should show less variation of emissivity with wavelength; they should become
approximate gray-bodies.

* Research conducted at the Combustion Research Facility, Sandia National Laboratories, Livermore,
California, and sponsored by the U.S. Department of Energy through the Pittsburgh Energy Technology Center's
Direct Utilization Advanced Research and Technology Development Program.
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The overall emissivity of coal includes diffuse, broadband absorption in addition to peaks associaled
with specific functional groups. The broadband absorption of coal probably arises from electronic excitations
of = electrons in the graphitic, aromatic bonds in the coal matrix (7-9). These electrons are loosely bound by
the nuclei, and can absorb radiation over a continuous wavelength region which extends far into the infrared.
However, the electrons are not entirely free from nuclear attractions, and their emission spectra would not
necessarily be expected to follow Planck's law. Therefore, even the radiation from coat! at wavelengths void of
any identifiable functional groups may not be gray in its characteristics.

The literature cited above indicates that the spectral emission of coal particles at sizes of importance
to pulverized coal combustors (50-150 pm) is potentially nongray and could depend in compticated ways
on particle size, coal rank, temperature and extent of reaction. However, the emission would be expected
to behave more like a graybody with increasing particle size, coal rank, temperature, and extent of reaction.
Although all of the literature suggests that there is some size at which the coal particle emission is nongray,
no study has been sufficiently definitive to quantity such a size for coals of various rank.

IMPACT OF NONGRAY COAL EMISSION ON COMBUSTION

The potentially nongray emission of coal particles impacts combustion in the areas of overall heat transfer
and in the calcutation of particle temperature from pyrometer measurements. An abnormaily low emissivity
due to nongray behavior could impact radiative heat transfer effects and either increase or decrease the rate
of particle heat up, depending on the wall and particle temperatures and the optical depth of the combustion
gases. Data collected in experimental and industrial combustors in which radiation is a signficiant contributor to
the overall heat transfer to the particle may be subject to misinterpretation or error if an inappropriate emission
spectrum is assumed. A particle emissivity which depends on particle size, coal type, and extent of burnout
may be required to accurately calculate radiation heat transfer.

The sensitivity of two-color pyrometry to nongray emissions is illustrated in Figure 1 for three sets of
wavelengths. The effective emissivities of the coal were assumed to be 0.9 and 0.8 at A; and ), respectively.
The same results would apply for any emissivities with a ratio of 9:8. Pyrometry measurements at longer
wavelengths are more sensitive to nongray emissivities. For example, if the ratios of emissivities are 9:8, a
pyrometer operating at 5 and 6 um would indicate the temperature of a 1500 K particle is over 3000 K and
that a 2000 K particle would be measured as over 9000 K. This sensitivity provides practical motivation for
determining the spectral emissivities of coal.

The experimental work reported in this paper analyzes spectral emissivities of various sizes and ranks
of coal particles using emission FTIR techniques. Discussions of the experiment, the functional groups found
in the spectra, and the size, burnout, and rank dependence of the findings follow.

EXPERIMENTAL PROCEDURE
Figure 2 is an illustration of the experimental equipment and optical layout employed in this study. A
single layer of sized particles of coal and graphite were placed on a horizontal window of NaCl mounted in an
aluminum ring. An electric strip heater was wrapped around the mount. The NaCl window was used because
it can withstand higher temperatures without degradation and has a higher thermal conductivity than other
windows that are transparent throughout the infrared spectrum. Temperatures as high as 400°C are possible
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with this arrangement, afthough the temperatures used to oblain the spectra presented in this report seldom
exceeded 200°C. The heated sample, optics, interferometer. and detector were enclosed in a nitrogen-purged
container.

All coal samples were obtained from the Pennsylvania Stale University Coal Bank. The coal samples
were ground in a nitrogen atmosphere, size classified by sieve trays, and some were dried in a nearly inert
atmosphere at 305°C. Graphite samples were prepared similarly  All samples were visually examined and
some were photographed after they were placed on the window to ensure they were well size-classified and
formed a single layer.

The heated sample disc was movable in the horizontal plane, allowing the FTIR instrument to measure
emission from the coal and from the graphite through the heated window, and from the heated window itself.
The field of view of the system, calculated from geometric optics, was 6 mm in diameter at the sample plane.
in practice, a portion of the signa! from the edge of the collecting lens was lost, probably due 1o overfilling the
detector.

The spectra in this paper were produced by averaging 800 interferograms, each with a resolution of 4
cm~!. Approximately 5 minutes were required 1o obtain one spectrum under these condtiions. The large num-
ber of scans produced a high signal-to-noise ratio over most of the infrared region; peaks were observed with
sufficient resolution to allow comparison with literature results. The emissivity of the coal (¢,) was determined
at each wavelength from the following equation:

_ RS/AA_RIU/AW
“F (RQ/AQ_RW/AW>€g 1)

where Ris the measured intensity (radiance and system response}, A is the emitting area, ¢ is emissivity, and
subscripts s, g, and w refer to sample (coal), graphite, and window, respectively. The numerator in Equation 1
represents the energy flux emitted by the sample, accounting for background emission from the window. The
quantily in parenthesis represents the emissivity of the sample relative 1o the emissivity of the graphite, and
hence the right-hand side is multiplied by ¢,. This approach assumes that ¢, is constant over the wavelength
spectrum. The spectral emissivity of the graphite particles was determined by correcting the measured intensity
(Ry) for the system responsivity; the graphite particles exhibit nearly graybody behavior with a total emissivity
of 0.92.

Emission FTIR is subject to interference from atmospheric absorption and emission. This effect was
minimized in this experiment by measuring the emissivity of a reference body (graphite) of the same size
and under the same conditions as the coal. This experimental procedure is roughly equivalent to individually
calibrating the system responsivity for each measurement. Our experience was that this technique, combined
with Equation 1, yielded spectra of superior quality to the more common approach of determining a single
fixed system responsivity for several or all of the spectra.

The emitting areas of the graphite and coal and the transmissivity of the window were determined by
measuring the extinction of a HeNe laser beam as it passed through a sample. The HeNe beam was expanded,
and a central portion of the beam with the same diameter as the diagnostic area (6 mm) was used 1o minimize
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errors from gradients in beam intensity. A power meter with a large detection area was used to measure the
beam intensities and minimize errors due to scatlered light.

The particle temperatures were assumed to be close 1o the window temperature, which were measured
with a type K thermocouple placed on the window itself in the vicinity of the sample. The temperature at the
center of the window was typically 5-10 Kelvins lower than that at the edge. However, the samples were located
equidistant from the window edge to minimize errors due to temperature gradients. The data analysis can be
completed without specifying the actual temperature so long as the window, coal, and graphite temperatures
are equal.

The estimated accuracy of the measured emissivities is £+ 5 relative percent. The major source of
uncertainty in the emissivity was the determination of the actuat emitting surface area. Although the HeNe
laser could accurately measure the cross-sectional area of the samples within the nominal 6 mm sample, there
were indications that a fraction of the signal from this area was not transmitted to the detector.

FEATURES OF THE COAL SPECTRA

Figure 3 is typical of the spectra collected in this study, showing the spectral emissivity of 40 um diameter
particles of a hvA bituminous coal (Pittsburgh #8, PSOC 1451). Peaks from various functional groups are
identified in the figure. One small peak, at about 1850 cm~!, is not typical of coal and has not yet been
identified. The remaining peaks agree precisely with published spectra collected with a variety of instruments
and techniques and validate the expérimental procedure described above. Similar spectrat features were found
in the coals of other ranks. The spectra show maximum emissivities close to unity in regions of functional
group absorption. The absorption of these peaks is typically high for submicron particles (8) and should not
decrease with increasing particle diameter.

Some reaction of the coal was observed when the temperature was held above 150°C for 3 hours or
longer. For example, the evolution of a peak at 1850 cm™! is observed over a 2.0 hour period. Other coal
reactions which were indicated by reductions in peak size include ioss of hydrogen-bound hydroxyl and a
small decrease in the aliphatic carbon. However, consecutive spectra taken within one hour of each other
showed no losses and were reproducible at temperatures betow 170°C. In any case, there was no evidence
that a speclrum changed during the 5 minutes required to collect it.

DEPENDENCE OF EMISSIVITY ON SIZE, BURNOUT AND RANK

The spectral emissivity for 115 um particles of a Pittsburgh seam (high-volatile\ A) bituminous coal is
shown in Figure 4. A comparison of Figures 3-4 shows the dependence of spectral emissivity on coat particie
size. The peaks are broader, the valleys are higher, and the emissivity in the featureless regions has increased
for the larger particles, as anticipated. The emissivity of 115 um particles of this bituminous coal varies. from
0.7 1o 1.0 over the range of 500 to 4100 cm~".

The spectral emissivities for 115 um particles of a subbituminous coal and a lignite are shown in Figures
6 and 7. The subbituminous sample (PSOC-1445d) is a Western coal from the Blue #1 seam, and the
lignite sample (PSOC-1507d) is a lignite from the Beulah Zap seam. These coal samples were sieved and
aerodynamically classified under nitrogen to enhance size classification. These particular samples were not
dried prior 10 analysis.
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The dependence of emissivity on coal rank can be seen by comparing Figures 5-7. The nongray behavior
of the hgnite is more pronounced than in either of the higher rank coals, with emissivity varying from 0.57 to
10 in the region of the infrared indicated. However, litlle indication of aromatic spectral features is present in
either of these samples. interference from water in these undried samples is evident in the spectra.

A spectrum of partially devolatilized bituminous (PSOC 1451) coa! appears in Figure 8. This sample
was prepared by entraining the coal in a 1000 K inert gas stream in a down-fired, laminar flow reactor. The
proximate volatile content of the parent coal is 40 % on a dry, ash-free basis. The weight loss of these samples
has not yet been measured, but it is estimated that devolatilization was nearly completed when the sample
was collected. The unreacted coal particles used in this analysis were those used to generate Figure 5. The
dependence of particle emissivity on coal burnout can be seen by comparing Figures 5 and 8.

The emissivity of these particles is quite constant at 0.8 at wavenumbers above 1900 cm~1. The aliphatic
and hydroxyl groups, which were emitting strongly in the unreacting coal, appear to have either volatilized or
reacted to form other compounds. However, a weak aromatic peak persists at 3000 cm~!. The emissivity of
the aromatic peaks between 500 cm~! and 1900 cm™! slightly exceeds that of the parent coal, possibly due
to the formation of tar. Finally, the emissivily in featureless regions of the spectrum did not change appreciably
from the parent coal.

IMPLICATIONS ON PYROMETRY AND RADIATIVE HEAT TRANSFER

The spectral emissivity shown in Figure 5 can be used to evaluate the potential impact of nongray
emissions on pyromelry measurements. For example, a two-color pyrometer operating at 3333 and 2500
cm~! (3 and 4 xm) would overestimate the temperalture of a 1500 K particle by 200 K. A similar error would
occur if the pyrometer operates at 3333 and 2000 cm~! (3 and 5 zm). If the pyrometer were operating
at 2000 and 1667 cm~! (5 and 6 um), it would underestimate the particle temperature by 700 K. Errors
in pyrometry measurements due to nongray emissivities can be minimized by making one measurement at
a short wavelength (around 1 pmy} or increasing the separation between wavelengths, the former strategy
being more effective than the latter. These trends are shown in Figure 1. However, signal strengths at typical
combustion temperatures decrease sharply with decreasing wavelength in the near infrared and visible regions,
requiring a judicious choice between acceptable signal-to-noise ratios and sensitivity to this type of error.

Total emissivities for use in radiative heat transfer caiculation will depend in a complicated way on coal
rank and on particle size. temperature, and degree of burnout. For high rank coals above 40 pm in size,
the total emissivity could vary between 0 65 and near 1.0. Lignites have a wider variation in emissivity. The
importance of these variations and the effect they have on heating rate depend primarily on the combustor
configuration and flow field. In many instances, devolatilization may be completed before the particle reaches
a high tlemperature, and only the optical properties of the residual char affect combustion behavior.

CONCLUSIONS

An emission FTIR experimental technique is used to study emission characteristics of coal particles.
Coal particles in the size ranges between 40 and 115 um show nongray behavior at wavelengths between 2.2
and 17 ym Spectral emissivities of high rank coals vary from 0.7 to 0.98. Spectral emissivities of lignites may
be as low as 05 at some wavelengths. The particles generally are more gray as particle size, rank and extent
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of burnout increase. The emissivity generally increases with increasing rank and particle size. As burnout
increases, the particie emissivity can either increase. decrease, or remain constant, depending on the region

of the spectrum being considered.

Pyrometry measurements in the 2.2 to 17 um wavelength interval are subject to errors due to nongray
eflects. The errors in temperature measurement vary from a few hundred degrees to many thousands, de-
pending on the wavelengths chosen. Operating one channel of the pyrometer at a short wavelength reduces
the chance for error.

The effect of nongray emissions on heat transfer calculations will depend on the particular combustor
and flow field being used. Total particle emissivities range from about 0.6 to 0.95 for 115 um diameter particles,
depending on particle temperature and coal rank. Smaller particles from low rank coals have lower emissivities.
Partially devolatilized samples of bituminous coal emit as gray bodies over a large portion of the infrared
spectrum, with emissivities of about 0.8.
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Figure 4. Spectral emissivity of 115 ym diameter hvA bituminous coal particles (PSOC 1451) at 182°C.
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The Significance of Transport Effects in Determining
Coal Pyrolysis Rates and Yields

Eric M. Suuberg
Division of Engineering
Brown University
Providence, R.I. 02912
INTRODUCTION

The recent search for robust but mathematically simple models of coal
pyrolysis has led to many significant advances in the area of modeling the wide range of
chemical reactions responsible for many key phenomena (gas release, tar formation). It
has also become clear that transport phenomena cannot be disregarded in such models.
There has emerged a debate concerning the role of heat transfer and various mass
transfer processes in determining both the overall timescales of pyrolysis, and the
compositions of products from these processes. Many of the earlier theories concerning
the role of transport processes in coal pyrolysis were reviewed in various recent
publications (Howard, 1981; Gavalas,1982; Suuberg,1985). It seems appropriate in the
context of this symposium to review some recent developments and conclusions.

ZHE ROLE OF HEAT TRANSFER

IHE HEAT OF PYROLYSIS

It is instructive to consider exactly what is meant by the term "heat of
pyrolysis”. This term has been used in many different ways by many different workers,
and as a result there is some confusion about the magnitude of the term and whether it

even warrants inclusion in any particular analysis. The various possible components of
the heat of pyrolysis are:

1. The sensible enthalpy of heating the coal and its
decomposition products to a particular temperature.

The enthalpy of the actual decomposition reactions.

The heat of vaporization of any condensed phase
decomposition products that ultimately escape the particle
by evaporation {i.e. not all tar molecules evaporate
immediately when formed in the coal- they must diffuse
first to a surface at which they can evaporate).

2

w

Some species essentially evaporate as they are formed (e.g. COz), and it is customary to

lump the heat of evaporation and heat of reaction into a single term (the enthalpy of
reaction) in those cases. Under the conditions of relevance in coal pyrolysis, only in
the case of formation of the heavy tars will the distinction between steps 2 and 3 above
be important. :

Most, though not all workers in the field, have sought to distinguish
between the contributions of items 1 and 2 to the heat of pyrolysis. Few workers have
tried to distinguish between all three effects. Many of the experiments upon which
estimates of the heat of pyrolysis are based simply are not designed so as to permit the
distinctions to be drawn. for example, a calorimetric experiment in which a sample is
pyrolyzed in the interior of a calorimeter (Davis,1924) will not take into account the
heat effect due to item 3 above-in addition to the recondensation of tars inside the
calorimeter, one will also have to generally contend with condensation of water and
lighter oils as well. The corrections due to such condensation effects (which are
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generally unlikely in actual pulverized gasification or combustion processes) may be
difficult to make, even if the composition of the products is known. Other types of
experimental systems have not lent themselves well to separation of sensible enthalpy
and reaction enthalpy effects.Much of the difficulty derives from the fact that the
enthalpy effects due to reaction and evaporation processes are small, and of the same
order of magnitude as sensible enthalpy effects.

The work of Davis and Place(1924) is often cited as evidence that the heat
of pyrolysis is small enough to neglect. These workers however pointed out several
important facts:

1. The net heat of pyrolysis varies quite a bit with rank

2. The heat of pyrolysis that will be reported from any

experiment depends upon the conditions under which

pyrolysis is performed.

3. Related to the above, the heat effects of pyrolysis

involve a series of endo- and exotherms which sum to the

total heat of pyrolysis.
Davis and Place reviewed some earlier relevant literature that suggested many of the
same uncertainties that are cited today--the variabilty of apparent heats of pyrolysis
was large, with values ranging from 1060J/g endothermic to 837J/g exothermic.In their
own calorimetric work, Davis and Place found apparent enthalpies of reaction that were
in all cases less than 400J/g endothermic. The lower ranks of coal were observed to
exhibit the largest endothermic reaction enthalpies, when a correction was applied to
take into account the latent heat of condensation of water. Higher temperatures seemed
to promote the occurrence of more endothermic processes, as did the addition of hydrogen
to the gaseous environment (Davis, 1924). It is important to note that this work
involved slowly heated samples, pyrolyzed at low temperatures. No corrections were
included for the latent heat of evaporation of tars. It is not clear how reliably these
results can be extrapolated to the higher temperature and heating rate conditions of
pulverized coal processing.

Some years later, Mahajan et al.(1975) studied the same problem using
differential scanning calorimetric techniques (DSC). They obtained qualitatively similar
results to those of Davis and Place, in that their enthaplies of pyrolysis ranged from
about 80J/g exothermic to 250J/g endothermic.

Burke and Parry (1927) provided a different viewpoint to the study of this
problem. They distilled coals to 870K in an open retort, such that all the tar that was
evolved from the bed could escape in the vapor state, and thus at least some
contribution of a latent heat of tar evaporation was included. Also, they did not
separate out sensible enthalpy effects from reaction enthalpy and latent heat effects in
their experiments. The net heat consumed by a Colorado subbituminous coal was 1109J/g,
while a Pittsburgh high volatile bituminous coal consumed 946J/g. An attempt was made by
the authors to factor out the contribution of sensible enthalpy, and they concluded that
the values of 16J/g (Pitt. coal) and 198J/g (Colo. coal), both exothermic, were in
reasonable agreement with the results of Davis and Place (not including latent heat
corrections). These values demonstrate very well the difficulty that will be encountered
in any attempt to factor out sensible enthalpies by calculation--the values are
sufficiently large compared to the reaction enthalpy terms that the calculations cannot
be considered reliable, except to provide an order of magnitude estimate.

A number of subsequent attempts have been made to estimate the heats of
pyrolysis, including the sensible enthalpy terms. The work of Kirov (1965) has led to a
correlation for the heat of coking:

Q(J/g)=343+1.20T
where T is the temperature of coking in centigrade (see also Sharkey and
McCartney,1981) . The work of Lee (1968) suggests a similar correlation:
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Q(J/g)=[0.728+8.28x107%T+ (1.38+2.30x1073T)v](T-21)
where V is the volatile matter content of the coal. Using either method yields fair
agreement with the earlier cited data of Burke and Parry, though obviously the first
correlation's use is restricted to coking coals. The success of such simple correlations
must again be ascribed to the fact that sensible enthalpy terms dominate the estimates.

The above viewpolnt is apparently at odds with that of Baum and Street
(1971), who imply that there is a distinct heat of vaporization which has to be supplied
in order for volatiles to escape. The value cited in that work is 627.9J/g of coal, and
is ‘based upon the authors' own experiments. This value is considerably higher than most
estimates of the heat of reaction, and most estimates of the latent heat of tar
volatiles evaporation. It is difficult to obtain data on the latent heats of
vaporization of the heavy tars of interest in coal pyrolysis. Briggs and Popper (1957)
proposed a correlation for the latent heat of vaporization of "tar oils" which has the
form:

AH, (J/g) =S50 (485.8-0.598T)

where S,p is the specific gravity of the tar at 20°C and Ty is its beiling point in K.

The difficulty in using this correlation for coal tars is that their boiling points are
not well known. To address the need for estimates of tar vapor pressures, Unger and
Suuberg (1983) developed a crude correlation as a function of molecular weight alone,
based on limited data on the vapor pressure of ring compounds with sidechains:

PO (atm)=5756exp(-255M- 586/T)
where M is the molecular weight of the tar, T is the temperature in K.A "typical" tar
molecular weight of 600 (see Unger and Suuberg,1984) would be estimated to have
Tp=1250K. This 1s clearly outside the range of applicability of the above correlation.
Instead, applying the Clausius-Clapeyron equation to the vapor pressure equation itself
ylelds

AH, (J/g) =2120470-414
Another similar analysis by Homann{1976) yields:

AH,(J/g) =1960170.346

These correlations give estimates for a typical tar species of 600 molecular weight of
AH=150 to 215J/g.To compare this value to earlier cited estimates of heats of

pyrolysis, one can note that tar yields represent typically no more than 1/4 to 1/3 the
mass of a particle; thus the latent heat of tar evaporation is a sink of order 70J/g
coal 1f all tar had M=600. A lower assumed molecular weight does not change the
conclusion much--e.g. M=200 gives a latent heat requirement of about 100J/g coal. Thus,
the latent heat term is of the same order of magnitude as the measured heats of
pyrolysis reported earlier. .

Estimation of the reaction enthalpy term is also quite difficult, because
there are so many possible contributing processes. Attempts at estimation of this term
by measurement of pyrolysis products, and then comparing heats of combustion of starting
material and final products have been difficult (one such attempt is described in
Suuberg et al.,1978). All that can be said as a result of these efforts is that at high
heating rates (1000K/s}), the general conclusion of near-thermoneutrality seems to still
apply. Recent experiments in which the temperature response of a coal-loaded,
electrically heated wire grid is carefully examined seem, upon rough calculation, to

support the earlier estimates of the magnitude of the heat of pyrolysis as well
(Freihaut and Seery, 1983).

It appears, then, that the weight of evidence still favors the viewpoint
that the heat of pyrolysis is dominated by sensible enthalpy requirements for heating
the particle to reaction temperature, and that the reaction enthalpy requirements and
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latent heat requirements are both modest (not more than 1/4 to 1/2 of the total). This
means that the classical analysis of heat conduction in a solid, in which the reaction
enthalpy and latent heat effects are neglected, still appears reasonable. Under these
circumstances, the characteristic time for diffusion of heat in the absence of reaction
heat effects is:

ty =0 (r2/a@)
where r is the particle radius and a the thermal diffusivity of the particle; the latter
is temperature dependent, but of order 1x10"3ecm?/s at low temperatures (Badzioch et
al.,1964) . The timescale for pyrolysis reaction may be defined:

tp =0 [A exp(-E/RT)]"1
Naturally, the absence of heat transfer limitations during reaction is assured by
tp>>ty, or, approximately:

r<(0.la exp(E/RT)/A)"1
This is similar to the criterion suggested by Gavalas(1982). The selection of A and E
has a significant effect on the conclusions, however. A conservative approach might
involve selection of these parameters for the fastest reaction of interest. This might
be, for example, the initial €O, evolution reactions in pyrolysis of lignites, for which

A=2.lx10115'1, E=151kJ/mol (Suuberg et al., 1978). Selecting as an arbitrary ambient
temperature 1650K, heat transfer limitations are apparently not important only if
r<0.05um! For a temperature of 1200K, r<0.4pum. These radii are considerably smaller than
those calculated by Gavalas, and serve to illustrate the importance of the choice of
kinetic constants in such analyses. Recognizing that coal pyrolysis involves a broad
spectrum of reactions, each with its own kinetic parameters, the so-called distributed
activation energy models have been developed. If one uses a mean activation energy to
obtain a characteristic timescale for all pyrolysis reactions, the conclusions change
markedly. For example, Anthony et al. (1975) report that for pyrolysis of a lignite, the
mean value of E is 204kJ/mol, A=1.07x10105-1, With these kinetic parameters, such a
timescale analysis suggests that at 1200K, r<30um is sufficient to assure the absence of
heat transfer limitations. It is also apparent that the choice of temperature has an
effect on the conclusions reached above. It may legitimately be asked if the use of the
ambient temperature as the characteristic temperature may not be too conservative, since
the particle may be well below this temperature during much of the process. This aspect
will be clarified below.

Another analysis that has been suggested as a method of determining whether
heat transfer limitations are significant is that due to Field et al.(1967). In this
analysis, the magnitude of the temperature gradient in a particle is examined (generally
the center of the particle is cooler than the ambient). The magnitude of the surface to
center temperature gradient is, conservatively:

AT =rq/2k
where q is the surface heat flux and k the thermal conductivity of the particle. For a
100um particle being radiatively heated in a 1650K environment, the maximum value of g
is roughly 40W/cm?. Taking a typical k=2.5x10"3W/cm-X' (Badzioch et al.,1964), the
maximum AT is calculated to be roughly 40K. Field et al. cite this as evidence that
pulverized fuel particles, which are generally less than 100um in diameter, may be taken
as essentially spacially isothermal. For any particle that does have an internal
temperature gradient, the relative rates of pyrolysis at its surface and center may be
estimated from:

kg/ke = expl{1/T¢-1/Tg)E/R] = exp [ATE/RT42]
where the k's are rate constants and the subscripts ¢ and s refer to center and surface,
respectively. For E=151kJ/mol and the above AT=40K, apparently the ratioc is 1.65 at
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Tg=1200K or 1.3 at 1650K. Thus the rates throughout the particle are reasonably
constant. The ratio increases with increasing E and decreasing Tg, but even if
E=204kJ/mol and Tg=1200K, the ratio is but 2. Thus the rates at the surface and center
of the particle are both of the same order of magnitude in such a case.

The two different methods of analysis apparently yield contradictory
conclusions about the importance of internal heat transfer limitations for particles in
the 30-100um size range. This is symptomatic of the confusion that exists concerning the
role of heat transfer in pyrolysis. The resolution of the apparent conflict comes in
closer examination of the criteria for heat transfer control.It was noted above that the
use of the ambient temperature in the calculation of characteristic times for reaction
was unduly conservative. The more reasonable approach involves examining the timescales
for pyrolysis of both the center and the surface of the particle, given an estimate of
the actual AT in the particle. Only if the latter quantities differ significantly is
there an important internal heat transfer limitation.

There has also been some confusion caused by imprecise discussion of the
role of external heat transfer limitations. For the purposes of illustration, assume
that pyrolysis can be modeled as a simple first order process with a rate:

dM/dt=-A M exp(-E/RT)
where M is the mass of unpyrclyzed material remaining at time t. Further, assume that
the particle heats up at a linear rate dT/dt=B, then it has been shown numerous times
that it is possible to approximately integrate the rate expression above to obtain
conversion (1-M/Mp) as a function of maximum temperature achieved (Tg):

(1-M/Mg) = exp{-A exp(-E/RTg) [t{+RT2/EB]) (Eqn. A)
where tj is the time of any isothermal period during which the particle is held at Tg.
Since the conversion as a function of time is determined by B, which in turn is a
function of external heat transfer rate, this has in some cases been interpreted as an
example of an "external heat transfer limitation". But it should be noted that chemical
kinetics do indeed play a role in determining the time necessary to achieve complete
conversion. Also, the case in which B is infinite can be recognized as the familiar case
of complete chemical rate control.

A"
From a simple heat balance, the surface heat flux to particles being
uniformly heated at a constant rate B(K/s) must be given by:

q = dpcgB/6 = dkB/6a
where d is the particle diameter. Assuming B=1000K/s, d=75um, and previously cited
values, q=3.lw/cm2, which implies that AT=2.4K. Thus the particles are essentially
uniform in temperature and the many experiments on pulverized particles heated at these
rates {common for heated grids) would be expected to be governed by the nonisothermal
kinetic expressions of the form of eqn. A. These experiments then do indeed yield
information on true kinetiecs. If particles of lmm are examined under the same
conditions, AT~ 430K, and the interpretation of the results in the same terms is
questionable at best.

At a nominal average heating rate of B=104K/s, 75um particles would support
a temperature gradient of about 24K, given the present assumptions. At a surface
temperature of 1000K, the rate of a pyrolysis reaction with 210kJ/mol activation energy
would be 1.8 times as high on the surface as in the center of the particle. However, it
should be noted that about 60% of the mass of the particle is within 10um of its
surface. At a depth of 10um, the temperature will lag that of the surface by only 12K,
and the reaction rate will be only 35% lower. Such small differences in rate would
normally not be apparent within the uncertainty of measurements in such high heating
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rate experiments.

Only at particle average heating rates of 10°K/s and above do internal heat
transfer limitations become important for typical pulverized-size particles. The surface
heat fluxes implied by such heating rates are 300W/cm? for 75 pm particles, and
temperature gradients of order 240K may be expected, based on the above analysis. It is
then not surprising that at such fluxes (produced by laser radiation), Hertzberg and Ng
(1987) observed a particle diameter effect on devolatilization half-life, with particles
in the range 51-105um. At 100W/cm? irradiation, the effect of particle size was seen to
be very small. i i i
ordinary rates (<109K/s or <100W/cm? flux), pyrolysis can be well described by a
standard Arrhenius rate expression that accounts
for the temporal nonisothermality of the process (e.g. equations of the form of A),

At higher fluxes, pyrolysis is expected to exhibit the observed "wave"
character, in which the onset of reaction coincides with penetration of the thermal wave
into the coal. The temperature of the wavefront is easily predicted from equation A,
setting t;=0 and assuming for example that the appearance of the wavefront coincides

with about 50% conversion for the most facile reaction (kinetic parameters cited earlier
for such a reaction were A=2.11x10119'1, E=151kJ/mol) . For a heating rate B=105K/s, the
calculated T,=960K is the apparent wavefront temperature. For B=10%K/s, which would
yield pyrolysis wave behavior only in "large" particles according to the above analysis,
the apparent wavefront temperature is calculated to be about 870K, in good agreement
with the observations of Hertzberg and Ng.

It may be concluded further that for high fluxes or large particles, that
the standard Arrhenius kinetic expressions, combined with standard heat transfer
analysis, are sufficient to describe the rate of pyrolysis, without the need to resort
to the concept of a "decomposition temperature". As shown above, such a temperature
would be a function of heating rate and reaction kinetics, and thus not a fundamental
quantity.

More detailed analyses of the combined heat transfer-reaction processes in
coal are still hampered by the lack of good thermodynamic and transport data on these
systems. Even if the data on heats of reaction and latent heats were available,
construction of a robust heat transfer model would have to wait for simultaneous
development of a mass transfer model, since the location of evaporative tar loss (and
thus the associated heat sink) would not necessarily coincide with the location of the
reaction front in the coal.

IHE ROLE OF MASS TRANSFER

There has recently appeared an extensive review on modeling of mass
transfer limitations in coal pyrolysis (Suuberg,1985), and this material will not be
repeated here. Since the publication of that review, there have been a number of
developments in understanding the processes involved, and these will be briefly
summarized. As usual, a distinction is drawn between processes that are mainly of
relevance in softening coals, and those that occur in the porous structure of
non-softened coals.

M T £ in Sof s Coal

A major unresolved issue is that concerning the handling of bubble
transport of volatiles, and whether it plays the dominant role in determining tar yields
during pyrolysis. It has been shown that models which involve transport of volatiles out
of the coal through bubbling-type behavior can indeed capture many essential features of
the process (Lewellen,1975;0h et al.,1983,1984). However, it has also been shown that a
simple model in which liquid phase diffusion controls the rate of escape of tars might
also explain the tar yield data equally well for pulverized particles (Suuberg and
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Sezen, 1985). Thus it is not yet clear what role the bubbles must play in transporting
tars. Further work on this latter model has, not surprisingly, revealed that liquid
phase diffusion is most likely not fast enough to explain tar yields from particles much
larger than about 100um, under high heating rate conditions. Consequently, the evidence
favors at least some role of bubbles in helping remove the tar from the particles, since
no other convective mechanism is evident. A new, semi-empirical model of bubble
transport has recently been proposed.

This new model of bubble transport of tar volatiles proposes that the tars
are carried out in small bubbles that are nucleated by light gaseous species and oils.
Solomon (1987) proposes an analogy of cups on a conveyor belt-each cup can carry out a
certain amount of tar, as determined by the saturation vapor pressure of the tar. The
effect of pressure on tar yields is seen through the effect on the size of the cups-the
higher the pressure, the smaller the cup, and the less tar it transports. The smaller
the rate of tar transport out via the cups, naturally the longer the residence time of
tars in the particle, and the greater the opportunity for yield reducing cracking/coking
reactions. More formally, each bubble is assumed saturated with respect to all tar
species present in the surrounding liquid. Assuming ideal vapors and liquid solutions,
the total number of moles of a tar species of molecular weight M; in a bubble is:

nj = Pjvp/RT = Pioxi(vg+ZVj)/RT
where v is a volume, with the subscript b referring to the whole bubble, g referring to
the fixed gases in the bubble, and j to the volume contribution of the tars themselves.
The quantity Xj is a liquid phase fraction of species i and Pio is its vapor pressure.
The rate of escape of the tar species i is governed by the rate of escape of bubbles
from the particle, which is given, at constant pressure, by the total volumetric rate of
escape of bubbles:

aNj/dt = (Py0xi/RT)AVy/dt = (p3Oxi/Proc)dN,/dE
where N; is the same as nj multiplied by the total number of bubbles that escape, and Vg
is the total volume of all volatiles, which is related by the ideal gas law to the total
number of moles of volatiles, N¢. The pressure P, is the prevailing ambient pressure.
The implied inverse pressure dependence of the rate of tar escape is the same as was
previously noted based on another model-one in which film diffusion controls the rate of
tar escape (Suuberg et al.,1979,1985; Unger and Suuberg,1981). In that model, the rate
of tar escape was given for a particle of radius R by:

dNj/dt = 4mRDx3P;O0/RT
where the inverse pressure dependence is implicit in the vapor phase diffusion
coefficient of tar in the gas film around the particle (D).Either model will predict a
variation of molecular weight distribution with pressure (see Suuberg et al.1985).

Solomon (1987) has noted that the rate of escape of the bubbles from the
coal should be linked to the size of the particle, the viscosity of the coal melt (pu},
and the pressure difference between bubble and ambient (AP). The latter effect is
proportional to dN¢/dt, leading to the following suggested empirical form for the rate
of tar escape:

dNy/dt=(c1P;O%4 /RPLoth) (dNp/dt) [1/ (Pyo +AP) )

=(c1P1O%§/RPy o) (dNy/dt) {1/ [Prop+cp (AN, /dt) )
As of this writing, equations of this form are being tested.

There has been relatively little new work in this area since it was last
reviewed, except that the standard pore transport analysis has been extended to account
for temporal nonisothermality (Bliek et al.,1985). This area awaits further work on the
question of how pressures affect yields of tar volatiles in non-softening coals. It
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seems clear that pressure affects the rate of convection and diffusion. But is this in
turn affecting tar yields by virtue of an impact on the residence times of vapor phase
species in pores (affecting the residence time for vapor phase cracking/coking) or by
virtue of an impact on evaporation rate of tar species (affecting the residence time for
condensed phase cracking/coking)? It also appears necessary to clarify what role if any,
is being played by microporous transport, under reactive conditions. The distinction
between micropore transport and bulk diffusion remains hazy.
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DIFFUSIONAL CONTRIBUTIONS TO VOLATILE RELEASE IN PYROLYZING COAL PARTICLES
Mahendra K. Misra and Robert H. Essenhigh
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206 Hesi 18th Avenue
Columbus, Chio 43210

Unsteady stats calculations of pyrolvzing coal particles under slow and rapid
heating have been compared with experimental data for particles in the size range 20
microns to 4 mm; and the compar n has shown, contrary to common assumptizn, that
the diffusicnal escape is an important factor in determining the pyrolysis times for
all particle cizss. FPyrolysis times for particles greater than %00 microns range
from 0.1 to 10 sec; erd for particles less than 100 microns range from 0.0% to 7.5
52¢ With an unsexpected overlap in times. This cveriap is unted for by ass
are about 1C0 times

<

that the diffusion coefficients for the escaping volatiles

greater (order of 10 1cz_r}‘/sec') ‘for the larger particles .than for the smaller
particles {order of 10 Scm*/sec). This result raises the questions regarding pursly
kinetic interpretations of pyrolysis rate data far small particles.

1. INTRODUCTION

In this paper we present comparison bhetween calculated and experimental values
of pyrclysis times in the particle size range 20 microns to 4 millimeter. The
experimentzl data were taken from the literature [1-17]. The calculationsz are based
on an unsteady state heat transfer modsl, wWith escape of volatiles after chemical
release inside the particle controlled, we assume, by diffusioral or convective
escape. The model and a number of other results, notably temperature-time
distribution through a particle and profiles of pyrolysis release rates, have been
described earlier [18,193. In this paper, we summarize the elements of the mcdel,
the equations and computational procedures; focus here is on the contribution of the
diffusicnal escap=.

In past evaluation of pyrolysis studies, it has gensrally been concluded that
escape of pyrolysis products from particles below about 100 microns is so0 fast as to
be effectively “instantanecus”. This conclusicn, however, is not in fact supported
by values of pyrolysis times in the larger data base now available; and, as we shall
show 1in this paper, we have only been able to obtain gcod agreement between the
experimental values and our predictions for the times, and their variations with
diameter, when a significant diffusional escape factcr 1is included in the
calculations, even for particles as small as 20 microns. This result clearly raises
questions regarding the purely kinetic interpretations of pyrolysis rate data for
small particles presented in the past.

2. EXPERIMENTAL DATA BASE

A data base consisting of total pyrolysis times under different conditions
from the 1literature was compiled for compariscn with cur predicted values of times
and their variation with particle size. The experimental methods used included
(mostly) Drop-tube and or Heated-grid experiments, carried cut in inert atmospheres;:
and from experiments performed in the presence of oxidizing' atmospheres (mostly
flame experiments). A summary of the data along with the investigators and the
nature of experimentaticn is given in Tables 1 and 2 and in Figure 1.

In the majority of the measurements on captive particles [13 (650 values) ceal
particles were cemented to silica fibers and burnt between two electrically heated,
flat spiral coils. The burning times of the volatiles were determined using a PE
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cell, and these times were assumed to be equal to the pyrolysis times. The
experiment was carried ocut for 10 different coals with particle sizes in each case
ranging from about 700 microns to 4 millimeters. For each ccal type, the pyrolysis
time and the particle size cculd be related by the expressicn

t = xd" ()

v v o
The values of K_ and n are listed in Table 2; it can be seen that the values of K
are about 100 c.g.s units, and the index n is abocut 2. A similar result was obtaine
by Kallend and Nettleton £2] in a similar experiment, but with the particles mounted
on thermocouples. Figure 1 shows that the results of the two experiments are in
close agreement. Other data are for particles smaller than 200 microns and have been
taken mostly from some of the Drop-tube, Heated-grid,and flame experiments. The
pyrolysis times in these cases have been defined as the time period between the 1%
and 99% loss by weight of the ultimate yieldgof Volatile Matter. The data collected
are for heating rates ranging from 10° to 10° deg.K/sec.

Figure 1 shows an unexpected overlap in the pyrolysis times between the larger
particles below 100 microns, and the smaller of the captive particles above 700
microns. A continuous curve from a single equation passing approximately through all
data sets would be a dog-leg, which is unexpected. Also unexpected is the apparently
strong dependence of pyrolysis times on diameter below 100 microns, contrary to the
common belief. It is these two aspects of behavior, in particular, that we are
addressing in this paper.

3. PHYSICAL MODEL

The model is that of a particle plunged into an enclesure whose temperature is
rising. Heat transfer can be jointly by conduction (cconvection) and by radiation.
The calculaticns show that, in the case of the captive particles, radiation only
dominated over conduction for particles greater than 2 millimeters. The behavior is
an unsteady state so that temperature ncn-uniformities can exist through the
particles, resulting in variable rates-of pyrolysis at different points. Escape of
the products is treated phenomenologically as a diffusional process, either actual,
and dependent on concentration differences, or effective, where the actual driving
force may be pressure differences. Cne objective here is to establish the actual or
apparent diffusion coefficients required to account for the experimental results as
targets for further mechanistic analysis using approximate pore and pore-tree
models.

4. MATHEMATICAL MODEL
4.1 Governing Equations:
Heat Transfer: For a particle in a thermal enclosure, the dimensicnless equations
for heat transfer inszide and outside the particle, describing the change in
temperature, 6, as a function of radial distance, n, and time, 1, is

R, 30/37 = (1/n% yarn? 36/3n1/3n - C exp(-1/6)8 (2)

where the dimensionless groups are defined as

8 = RI/E (3)
= 2 H =
T (ap /r0 it n (r/r0 ) (4)
RC =1 fornd¢l; RC = up /ua for n > 1.

and § =1 forn (1 ; §=0 forn> 1
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The quantity C is

C = ok_r 2AH(V_ - V)/a ’ (5)
oo o P

The initial conditions are (for v = 0):

for 0 <(n<1l, 8 =1 and for 1 < n ¢ m, 8=8
and the boundary conditions are

[ae/anlnzo =0 ; [e]nzm =0 (6)
At the particle surface, the temperatures of the particle and the gas are equal, and
the heat flux to the particle is the sum of heat flux from the gas and the net
radiative heat flux frcm the enclosure. This shows that the radiation appears as a
boundary condition at the particle surface.

Pyrolysis 1is assumed to be a first-order, one-step reaction: and the heat
absorbed in pyrolysis is

h = Ukoexp(-E/RT)(AH)(VO - V) (7)

Mass Transfer: The governing equations for the diffusion of volatiles through the
coal matrix are of the same form as the heat transfer equations and can be written
as

am/at = (1/r2)a(rzniam/af)/ar + &m (8)
where g

mn_ = o k exp{~-E/RT}(V_ ~ V) (9)
and g po ©

§=1,D =D forr<r_ ; 8§=0, Di = Da for r > ro.
The boundary confitions are

[em/arl =0 - 0
[D Smlar] = [D_dm/3rd__ and n =m_. (10)

a r-ro part air
amlar =0 at r =m,

Mass Loss: At any instant of time, the flow rate of volatiles ocut of the particle
surface is

4Hr D [amlar] -r (11)

and the total mass loss oger a period t is given by
Mt = Io mtdt (12}

4.2 Solution Procedures Egn.(2) is transformed into appropriate difference forms
for solution using a Central difference approximation on the spatial coordinate, and
a backward difference approximation on the time co-ordinate. Equations 2 and 8 can
be written in the common dimensionless, difference form

o+l z n+l
Mgy o00ey /0t ¢ IRI/AT 5 (n: o+ ni L )/antlelT -
2 n+l n
Nisrs9s1/00 = &Cnlexp(-1/80) + niR_ef/at (13

The relevant difference equations were then solved numerically using a
fully implicit backward-difference scheme and iterating at each time step for the
non-linear terms.
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5. RESULTS
5.1 Pyrolysis Times: Instantanecus__Escape__of Volatile Matter: The results of
earlier attempts to predict pyrolysis times and their variation with particle size
with only chemical kinetics in the model and diffusional escape omitted, are
presented in Fig. 2, with the experimental data of Fig., 1 included for compariscon.
These results are obtained by selecting D. = o,

It can be seen in Figure 2 that the™ predicted curve is sigmoid shaped ~-
largely under-predicting times for large particles (greater than 2000 microns) and
over-predicting times for small particles. The shape of the curve also indicates
that pyrolysis times are insensitive to the variation of particle size in the small
size range. The predictions are good for a small intermediate range (1000 microns to
2000 microns) but this agreement would now appear to be fortuitous. Increasing the
kinetic rate by decreasing the activation energy from 30 kcal/mole to 25 kcal/mole
did not improve the predictions. Though the pyrolysis times were reduced, the
calculations still over-predicted times for small particles and under-predicted for
large particles.

Examination of the calculated temperatures of the small particles during
pyrolysis showed that the particles would heat up to a final temperature of about
950 K without significant pyrolysis, and that they then pyrclyzed at constant
temperature; it was also found that the temperature gradients within the small
particles (less than 500 microns) were insignificant. At constant temperature,
pyrolysis is a volumetric process; the pyrolysis time then depends on the
temperatures of the particles, and is independent of the particle size. The final
temperatures attained by the small particles were about the samz. This is the scurce
of the flattening of the predicted curve in the small particle range. Although this
supports the common belief that pyrolysis being independent of particle size below
100 microns, it 1is «clearly contrary to the facts. It also emphasizes the
inadequacies of the assumptions, and the need to re-examine them (fcllowing).

The under-prediction of pyrolysis times for large particles indicated by Fig.
2 suggests that escape time is important for such particles. When this assumption
Was incorporated in the model equations, it was then found to be applicable to all
particle sizes.

5.2 Pyrolysis Times: Diffusion of Pyrolysis Products: With diffusional escape
included in the mecdel, the results illustrated in Fig. 3 were obtained. Figure 3
shgws 3 diffusional escape times, using diffusion coefficients of 10 °, 10 “, 107°
cm”/sec. To obtain the 1lines shown, an adjustment tc the velocity constant
coefficients was necessary; otherwise, the calculated times were high by one or two
arders of magnitude. The fit was cbtained by reducing the activation energy from 30
to 12 kcal/mole. This is substantially below the values quoted for individual
reactions in a multiple pyrolysis model, but it is of the typical magnitude found by
fitting a single step to multiple reactions £33,

The fit then shows that the separate trends of the large and the small
diameters can be accounted for by attributing the major differences to the different
diffusion rates. Second order variations, to the extent that these can be
identified, can be attributed to differences in the actual kinetics.

6. DISCUSSION

The principal problem then remaining is to account for the very different
diffusion coefficients ( by two orders of magnitude) between the "large" and the
"small" particles. It is not a matter of oxidizing or non-oxidizing ambient
atmospheres since the small particle group include some values obtained in flames.
Two possible explanations can be advanced. One factor that can be significant is the
extent of swelling. It is now generally agreed that (small) particles heating
rapidly swell only marginally or not at all [191. With the large particles, swelling
was very evident -~ with the exception of the anthracite -~ with measured swelling
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factors average 1.5 for all the coals (except for the anthracite) [201. This
explanation, however, does not account for the behavior of the non-swelling
anthracite whose large-particle pyrolysis times do not differ significantly from
those of the bituminous ceoal.

If swelling is not responsible for the differences we must postulate, it would
seem, some unidentified differences in the mechanical properties of the coals that
are solely particle size dependent, and which include anthracite. One such property
could be microcracks in all particles greater than about 100 microns so that the VM
escape rate in smaller particles can be diffusion-dominated, generating the left-
hand data set of Fig. 3. If the VM escape through the microcracks of larger
particles was then instantaneous, all pyrolysis times of particles about 100 microns
would level off at about 0.5 sec.,and the line would become horizontal in the right-
hand segment of the graph. If escape through the microcracks is not instantaneous,
and is governed by some form of diffusion mechanism, the line to the right would
then rise with particle size, as it does in fact.

The same qualitative result is obtained if we assume, alternatively, an array
of microcracks at all particle sizes, and with microcrack size diminishing with
particle size.

This is all hypothetical at this time but it doces indicate the 1line of
thinking that would appear to be necessary at this time to account for the observed
results.

7. CONCLUSIONS

1. The experimental data on the variation of pyrolysis times with diameter
clearly show influence of particle size over the size range 20 to 4000
microns.

2. The dependence of pyrolysis times on diameter is inferpreted at this time
as being due to the influence of (diffusional) escape in the pyrolysis
mechanism. This is in agreement with conventional wviews of pyrolysis
greater than 100 microns; but it contrary to those views for particles less
than 100 microns.

3. A single line or band drawn (empirically) through all the data has a
sigmoid (dog-leg) shape that cannot at this time be accounted for,
theoretically, by any model that excludes diameter-dependent parameter
coefficients.

4. The two extreme segments of the sigmoid curve can be predicted by
arbitrarily assuming that values of a diffusion coefficient governing VM
escape differ by two orders of magnitude.

5. Mechanistic reasons for any such difference in diffusion coefficients are
not clear at this time. Some factors, such as the influence of the
composition of the ambient atmosphere (oxidizing or non-oxidizing) can
apparently be ruled out. A tentative explanation in terms of microcracks is
suggested but this needs to be tested by approximate analytical
developments and physical examinations.
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NOMFNCLATURE
D. : diffusion coeff. in air {(cm°/s) D, : diff. coeff. in particle (cm*/s)
E® : activation energy (kcal/mole) k¥ . rate constant (s )
ko : preexponential factor (8 7) 3 m : mass conc. of VM (g/cc)
L volatile generation rate (g/cm’s) q. radiative heat flux (cal/cm®s)
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10.

11.

13.

14.

: radial distance (cm) r : radius of a particle (cm)
: gas constant (cal/mole deg.X) t : time (s)
: Temperature (deg.K)

: Initial Temperature (deg.X) A ¢ volatile yield (%)
: ultimate volatile yield (%) o : thermal diffusivity in air
: thermal diffusivity in particle o8 : heat of reaction (cal/gram)
: dimensionless radial distance AL thermal conductivity of air
: thermal conductivity of ccal a + density of air {gram/cc)

. a : . :
+ density of coal (gram/cc) T + dimensionless time
: dimensicnless temperature
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Table 1: Pyrolysis Times from Drop-tube (DT)
Heated -grid (HG), and Flame (F) Experiments.

Investigators Particle Size Heating Rate Pyrolysis

(microns) (deg.K/sec) Time (sec)

Anthony €3] . 53-83 10* 0.1 HG
3% 10° 0.3

Nsakala £9] 64 8y 107 0.2 ot
Niksa LB 125 10°-10 0.5 HG
Kobayashi [61  37-44 > 10 0.1 T
Howard €53 ¢ 200 10* 0.2 F
Smeot £133 21 10* 0.05 F
Thring [15) < 100 - 0.1 F
Ubhayakar [16) ¢ 74 > 10° 0.011 pT
Seeker [12] 80 10° 0.08 Shock Tube
Peter [101 1200 200 3.5 -
Desypris [41 126 - 0.5 HG

44 - 0.5
Maloney L7 62 - 0.17 oT
Solomon [143 $3-74 10* 0.064 or

44-74 3 ¥ 10* 0.02

44-74 4 x 10 0.023
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Tables 2: Valuss of the volatile combustion conatants (Kv and n ).
(Source: Ref. 1)}
{(The errors in l(v are between Z and 5% , the errors given against n are in
percentage.)

COAL
1. Starllyd
Z. Five ft.
3. Two ft. Nine
4. Red Vein
5. Garw
6. Silkstone
7. Winter

8. Cowpen
9. High Hazel
10. Lorraine

PYR TINE(SEC)

vMx (d.a.f) Kv (c.g.s units) n
9.9 44.6 1.82 * 4.13%
14.9 80.0 2.32 * 4,37%
28.8 120.0 2.63 * 3.33%
23.3 B86.6 2.19 t 4.22%
30.6 96.8 2.06 * 2.14%
41.5 91.6 2.19 t 3.86%
39.3 93.6 2.24 * 3.18%
40.2 91.4 2,15 * 3.28%
40.7 134.0 2.28 * 2.79%
40.2 98.9 2.14 + 2.55%
1e? T r
Kallend's data
1L
1@ J
[ d
%
Essenhigh's data
le°' / 1
+ » 7
. 7
| ///
-1L
10 . 4 :cq / .
*
1072 ° .
-3 e N
1o
10! 182 10° 1ot

DIAC(MICRONS)

Figure 1. Experimental values of variation of total pyrolysis times

with particle size. Values are listed in Tables 1 and 2.
® Anthony. ® Nsakala. ¢ Niksa. ¥ Howard. A Kobayashi. # Smoot.

¢ Thring. W Solomon. » Maloney. +Desypris, 0 Ubhayakar.
o Peters. ¢ Seeker.
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Figure Z. Comparison of the calculated and experimental variation of
pyrolysis times with particle size. The calculations do not
include the diffusional escape of VM.
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Figure 3. Comparison of calculated and experimental variation of
pyrolysis times with particle size. The calculations include
the diffusional escape of VM.
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INTRODUCTION

Reaction engineering experiments with coal or heavy oil fractions typically allow observation of only global
kinetics and the yields of lumped product fractions; the controlling reaction fundamentals are obscured by the com-
plexity of the reactant and its product spectra. This limitation has motivated experiments with model compounds
to help resolve the fundamental reaction pathways, kinetics, and mechanisms involved. These fundamentals are
of the model compound reactions, however, and their relation to the reactions of the moieties they mimic in a
complex reactant can be vague. Model compound results are often used in the analysis of the reactions of coal or
asphalienes in a qualitative fashion. The object of this paper is to report on a mathematical model of asphaltene
pyrolysis which serves as a quantitative bridge bet model compounds and actual asphaltenes by combining
model-compound deduced reaction pathways and kinetics with aspects of asphaltene structure.

BACKGROUND

Asphaltenes are operationally defined as a response to a solvent extraction protocol. However, the functional
groups and chemical moieties they comprise have been probed by numerous spectroscopic and pyrolytic investiga-
tions (1-5), and structural scenarios typically include condensed aromatic and heteroaromatic cores to which are
attached peripheral alkyl, naphthenic, and heteroatomic substituents. Several of these substituted aromatic cores,
referred to as unit sheets, can be bonded together in macromolecular fashion to form an asphaltene particle.

Of the covalent bonds in asphaltene, those in heteroatomic peripheral substituents are the most thermally
labile; they are also present in relatively low proportions. C-C bonds in aromatic rings, on the other hand,
constitute a large fraction of asphaltene bonds, but they are stable even at very high temperatures. Aliphatic
C-C bonds in alkylaromatic, alkylhydroaromatic, and alkylnaphthenic positions are both abundant and reactive
and thus constitute the most prevalent thermally scissile groups in asphaltene. Therefore, the reactions (6-
10) of the model compounds n-pentadecylbenzene, n-dodecylbenzene, n-butylbenzene, 2-ethylnaphthalene, n-
tridecylcyclohexane, and 2-ethyltetralin, mimics of these scissile moieties, seemed a relevant probe of the thermal
reactions of the basic hydrocarbon framework of asphaltenes. These model compound data were combined with
asphaltene structural information to simulate the pyrolysis of a generic, hypothetical, fully hydrocarbon asphaltene.
Structural data used in the model were selected from an overall understanding of asphaltene composition and
constitution (8) and were not obtained from spectroscopic characterization of any particular asphaltene. Note
however, that the model can readily incorporate structural data from any asphaltene of interest and simulate its
pyrolysis specifically.

MODEL DEVELOPMENT

Reactant Asphaltene.

The simulated asphaltene is illustrated schematically in Figure 1. Asphaltenes were regarded (8) as a blend
of hydrocarbon particles, defined as covalently bonded oligomers of unit sheets with a degree of polymerization
ranging from 1 to 5. The unit sheets comprised between 2 and 30 six-membered rings which could, in turn, be
either aromatic or saturated. The maximum number of aromatic rings in a unit sheet was 15, and the number of
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saturated rings never exceeded the number of aromatic rings. Peripheral aromatic and saturated carbon atoms
in a unit sheet were, respectively, 45% and 25% substituted by aliphatic chains containing from 1 to 25 carbon
atoms. A fraction of these chains served as the covalent links which bonded unit sheets into particles, and the
balance were terminal substituents.

Four probability distributions describing, respectively, the alkyl substituent chain lengths, the number of
aromatic and the number of saturated rings in a unit sheet, and the degree of polymerization of asphaltene
particles are displayed in Figure 2. These data were selected such that the average structural parameters for the
reactant asphaltene were consistent with values reported in the literature.

In the simulations, the reactant asphaltene consisted of a collection of particles containing the model’s basis
of 10,000 unit sheets, assembled in a stochastic process. The first step of this assembly was to determine the
number of unit sheets in each particle by comparing a random number between O and 1 with the integrated
probability distribution describing the particle’s degree of polymerization (i.e. Fig 2d). The numbers of aromatic
and saturated rings in each of the unit sheets in the particle were then determined by comparing independent
random numbers with the integrated probability distributions in Figures 2b and 2¢c. Each saturated ring in the
unit sheet was then individually categorized as either hydroaromatic or naphthenic based on whether it was fused
to an aromatic ring or exclusively to other saturated rings, respectively. This was accomplished by comparing a
random number with the probability, Py, of a saturated ring being fused to an aromatic ring. Py was estimated
from Equation 1 on the basis that the type of ring (saturated or aromatic) to which a saturated ring was fused
was directly proportional to the number of aromatic, Ng,, or saturated, Ny, rings in the unit sheet.

N
== 1
P = N N =1 ®

The numbers of internal and peripheral aromatic and saturated carbon atoms in the unit sheet, defined
respectively as those bonded to 3 and to 2 other cyclic carbon atoms, were calculated according to the method of
Hirsch and Altgelt (11,12). The number of peripheral atoms of each type was then multiplied by their appropriate
degrees of substitution (0.45 and 0.25 for aromatic and saturated carbons, respectively) to calculate the number of
peripheral positions containing substituents. The number of peripheral aromatic carbon atoms bearing alkyl chains
was then calculated as the total number of substituted aromatic carbon atoms minus the number of peripheral
aromatic carbon atoms in hydroaromatic rings. Assembly of the unit sheets was finally completed by comparing a
random number with the integrated probability distribution in Figure 2a to determine the number of carbon atoms
in each aliphatic substituent. The steps outlined above were repeated for each unit sheet until an entire particle
had been constructed. Additional particles were then assembled until 10,000 unit sheets had been included.

Pyrolysis Simulation.

The model compound pyrolyses (8) revealed that ring-opening reactions were of minor consequence for even
the saturated rings. Therefore, the polycyclic portion of the unit sheet was modeled as being thermally stable
and, hence, conserved during pyrolysis. The only effect of pyrolysis was then to break C-C bonds in the peripheral
alkyl substituents and the inter-unit sheet links.

Asphaltene pyrolysis therefore amounted to accounting for the temporal variation of the distribution functions
of Figure 2. This was accomplished by 1.) developing differential rate equations for the three reactive moieties
(i.e. alkylaromatic, alkylnaphthenic, and alkylhydroaromatic), 2.) integrating these equations numerically with
model-compound-deduced rate constants as parameters, 3.) updating the integrated probability distributions to
reflect the effects of pyrolysis, and 4.) using the updated distributions to stochastically assemble 10,000 unit sheets
which represented the reaction products.

The rate of reaction of an alkylaromatic chain, 4;, of length i in a constant-volume batch reactor was given
as Equation 2 where kg, is the first-order rate constant.

dA; 25—1

;

= = Fadi+ E 1: Vairiikaig; Aies @
=

The two terms on the right hand side account for, respectively, the cleavage of alkylaromatic substituents with
i carbon atoms, and the formation of alkylaromatics with i carbons from alkylaromatics containing i+j carbon
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atoms where vy, ;, is the stoichiometric coefficient. Completely analogous equations described the rate of reaction
of the alkylnaphthenic, N;, and alkylhydroaromatic, H;, moieties.

The rate of formation of aliphatic products, AP;, with i carbon atoms is given by Equation 3, where k and
v are rate constants and stoichiometric coefficients, respectively. Note that secondary reactions of the primary
aliphatic products were neglected.

dAP‘ 26~1
a Z (Vaiesskais  Aivi + Vi sk  Hivs +vneg kg Novs) (3
=1

Finally, cleavage of the inter-unit sheet links in the oligomeric particles was described by Equation 4. In
modeling the depolymerization kinetics, all inter-unit sheet linkages were treated as alkylaromatic chains. That is,
the rate constant for breaking an inter-unit link was the same as that for cleaving an alkylaromatic substituent.

dP; B-i
= = ~kaRG-1)+ ’;mﬂﬂﬂ- @

The two terms on the right hand side account for the depolymerization of particles containing i unit sheets,
F;, and the formation of such particles from those with more than i unit sheets, Pi,;, respectively.

The rate tants and stoichiometric coefficients required for numerical solution of Equations 2-4 were ob-
tained from the model compound pyrolyses (6-9). For example, the initial product selectivities in pentadecylben-
sene (PDB) pyrolysis (8,9) showed that bond scission occurred at the § position about 35% of the time, at the
position 15% of the time, and at each of the other 12 bonds roughly 4% of the time. These relative proportions for
cleavage of each aliphatic bond were modelled to apply to all other alkylaromatics. Similarly, the initial selectiv-
ities observed for tridecylcyclohexane (TDC) and 2-ethyltetralin (2ET) pyrolyses (8) provided the stoichiometric
coefficients for the alkylnaphthenic and alkylhydroaromatic moieties, respectively.

A unique rate constant for each of the 3 reactive moieties containing from 1 to 25 aliphatic carbons was
calculated from the rate constant for the relevant model compound scaled by the square root of the carbon
number, as suggested by the apparent first-order rate constant for a Rice-Herzfeld (13) chain. For example, all 15
carbon atom alkylaromatic chains were assumed to follow the pyrolysis kinetics of PDB, and rate constants for
alkylaromatic chains with i carbon atoms were calculated as

Iy
ka = kﬂm(l—‘,))'/2 (5)

Although only approximate, Equation 5 correlated available experimental data quite well (8).

To summarise, this mathematical model simulated asphaltene pyrolysis by simultaneously solving 105 differ-
ential rate equations; 25 each for cleavage of alkylaromatic, alkylnaphthenic, and alkylhydroaromatic moieties, 25
for the formation of aliphatic products, and 5 for depolymerisation of asphaltene particles. The kinetic parame-
ters in these equations were deduced through model compound pyrolyses. The structural data in the probability
distributions, shown in Figure 2 for the reactant asphaltene, were then updated to reflect the effects of pyrolysis,
and 10,000 unit sheets were assembled as reaction products.

Reaction Products.

The simulated pyrolyses produced aliphatics, via scission of peripheral moieties on the asphaltenic unit sheet,
and product particles containing at least one unit sheet. The product particles were stochastically assembled using
the procedure described previously for the reactant asphaltene particles, and they differed from their precursors
only in their degree of polymerization and in the length and number of their terminal aliphatic constituents. The
polycyclic portion of the unit sheet was thermally stable and hence unaltered by pyrolysis.

To allow comparison with experimentally observed (9,10) temporal variations of solubility-based product
fractions from asphaltene pyrolysis, each reaction product from the simulated pyrolyses was assigned to either a
gas, maltene, asphaltene, or coke product fraction. Aliphatic products were assigned to the gas fraction if they
contained 4 or fewer carbon atoms and to the maltene fraction if they contained more than 4 carbon atoms.
The product particles were assigned to one of the solubility-based product fractions on the basis of combinations
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of molecular weight and H/C atomic ratio as shown in Table 1. These two parameters provided a physically
significant yet convenient means of correlating particle solubility with chemical composition and structure in this
model.

MODEL RESULTS

The simulations were of the constant-volume, isothermal, batch pyrolyses of a generic asphaltene and not the
particular off-shore California asphaltene used in the experiments. Quantitative agreement between the model
and experimental results should not be expected in all cases and treated as a coincidence when found. Note that
detailed spectroscopic analysis of any one asphaltene could permit prediction of its reactions, however. Model
predictions are presented in terms of the temporal variation of average structural parameters and solubility-based
product fractions.

Structural Parameters.

The model monitored the number of each type of aliphatic, aromatic, and naphthenic carbon and hydrogen
atoms in the 10,000 unit sheets so that average structural parameters could be determined for the collection of
asphaltene particles. The values of selected structural parameters for the reactant asphaltene are reported in Table
2 and are clearly consistent with the ranges of these parameters typically reported in the literature (2,3,14-19) for
petroleum asphaltenes.

Figure 3 presents the temporal variation of the particle and unit sheet number average molecular weights,
whereas Figure 4 displays the particle molecular weight distribution parameteric in time for simulated asphaltene
pyrolysis at 425°C. The particle molecular weight decreased very rapidly and approached the unit sheet average
molecular weight, suggesting essentially complete asphaltene depolymerization. Figure 4 shows that the molecular
weight distribution for the reactant asphaltene was broad and possessed a high average value and that a significant
reduction in average molecular weight and a narrowing of the distribution occurred for asphaltene pyrolysis even
at short reaction times.

Experimental data are lacking for a direct quantitative comparison of the model results in Figures 3 and
4, but previoua experiments (8) do allow limited scrutiny as followa. Asaphaltene pyrolyses at 400°C for 30
min significantly reduced the average molecular weight of the sulfur- and vanadium-containing compounds in
asphaltene and shifted the molecular weight distribution to lower valuea. These results, if generally true for all of
the asphaltenic constituents, are in qualitative accord with the model’s predictions.

The temporal variation of the H/C atomic ratio and the fraction of carbon atoms being aromatic, fa, from
simulated asphaltene pyrolyses at 425°C are portrayed on Figure 5. The H/C atomic ratio decreased from 1.20
initially to 0.85 at 120 min. The value of f,, on the other hand, increased from an initial value of 0.42 to 0.61 at
120 min. The predicted variation of the H/C ratio is in good accord with the experimental results from asphaltene
pyrolysis at 400°C shown in Figure 6. No experimental data were available for comparison with the temporal
variation of fg.

Product Fractions.

Figure 7 presents the temporal variations of the yields of the gas, maltene, asphaltene, and coke product
fractions from simulated asphaltene pyrolyses at 400, 425, and 450°C. Experimental data are provided in Figure
8 for comparison. The simulations at 400°C predicted the experimentally obaerved induction period for coke
production, and maltene and gas yields of the correct order. No experiments were performed at 425°C, but
the resulta of simulated pyrolyses at this temperature closely resembled the experimental results at 400°C. This
corroborates the qualitative trends predicted by the model, and further suggests that the model of a generic
asphaltene underpredicted the reactivity of the off-shore California asphaltene used in the experiments. The
agreement between the model predictions and the experimental temporal variations of the product fractions at
450°C was almost quantitative. Essentially complete asphaltene conversion at 30 minutes, an ultimate coke yield
of about 60% that decreased with time, and an ultimate yield of maltenes and gases of about 40% are all common
features.

DISCUSSION

The model predictions were consistent with the available experimental data on a qualitative basis without
exception, and on a quantitative basis in several instances. This agreement between model and experimental
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results is striking because the model deals with a simplified asphaltene structure, includes only model-compound-
deduced reaction pathways and kinetics, and contains no kineticsa parameters regressed from experiments with
actual asphaltenes. The overall consistency of the experimental and simulated asphaltene pyrolyses suggest that
the model included many key features of asphaltene structure and its thermal reactivity, and that the pyrolysis
kinetics of the model compounds mimicked those of the related moieties in asphaltene.

The model results showed that dealkylation of the asphaltene unit sheets caused the particles to become in-
creasingly hydrogen deficient and more aromatic thereby suggesting an attendant change in their toluene-solubility.
Thus as reactant asphaltenes, toluene soluble because of their aliphaticity, were cleaved of their peripheral sub-
stituents their toluene solubility diminished, and they eventually appeared as coke in the pyrolysis simulation.
The modeling results thus demonstrate that severe overreaction of primary products is not necessary to predict
high yields of coke. This corroborates our previous interpretation (10) of the coke fraction as, mainly, a primary
pyrolysis product containing the polycyclic cores of asphaltenic unit sheets.

Finally, the model results also permit speculation into the role of pyrolysis in nominally catalytic asphaltene
hydroprocessing reactions. The simulations showed that asphaltene depolymerization occurred even at short
reaction times and that many particles existed as single unit sheets rather than covalently bonded oligomers
thereof. These individual asphaltene unit sheets, which are much smaller than the macromolecular particles, will
be major participants in catalytic reactions because they can more readily diffuse within the porous catalyst. This
suggests that catalytic hydroprocessing at high temperatures will be of thermally derived asphaltene fragments
and not the asphaltene particle itself.
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TABLE ONE

CRITERIA FOR ASSIGNING PARTICLES TO

peripheral aromatic carbons
(degree of substitution of
aromatics in unit sheet)
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PRODUCT FRACTIONS

Operational Definition

heptane

heptane
toluene

toluene

Model

4.93

0.45

soluble

insoluble
soluble

insoluble

Literature

1.09

0.30

Criteria Product Fraction
MW ¢ 300 and H/C > 1.0 Maltene
M¥ > 300 and H/C > 1.0 Asphaltene
MW ¢ 300 and H/C ¢ 1,0
MW > 300 and H/C ¢ 1.0 Coke
TABLE TWO
AVERAGE STRUCTURAL PARAMETERS FOR PETROLEUM ASPHALTENE
Parameter Significance
H/C atomic ratio
fa fraction of C atons
in aromatic rings
fn fraction of C atoms
in saturated rings
Ha fraction of H atonms
in aromatic rings
Hn fraction of H atons
in saturated rings
c/c, peripheral aromatic carbons
P total aromatic carbons
(shape of aromatic core)
c /c tota)l saturated carbons
s’ “sa
saturated carbons o to ring
(average alkyl chain length)
Csalcp saturated carbons e to ring

0.39

1-5

1.29

0.61

0.24

8.4

0,65



Figure 1: Structural Hierarchy in Pyrolysis Model
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INTERPRETING RAPID COAL DEVOLATILIZATION AS AN EQUILIBRIUM
FLASH DISTILLATION DRIVEN BY COMPETITIVE CHEMICAL KINETICS

Stephen Niksa

High Temperature Gasdynamics Laboratory
Mechanical Engineering Department
Stanford University
Stanford, CA 94305

Introduction

As the ambient pressure for a coal devolatilization process is reduced, ulti-
mate yields of tar increase substantially. For high volatile bituminous coals, tar
yields from vacuum pyrolysis can be fifty percent greater than from high-pressure
pyrolysis. This behavior has long been attributed to competitive secondary chem- )
istry in the gas phase occurring on a time scale dictated by transport of volatile
matter through the particle surface. Among the escape mechanisms compatible with
coal's complex physical structure, bulk and Knudsen pore diffusion, external film
diffusion, continuum flow, and bubble growth in viscous melts have been treated, as
reviewed recently by Suuberg (1).

These models correlate the reduced ultimate yield for increased ambient
pressures, but important features of pyrolysis over a range of pressure remain unex-
plained. First, the measured rate of weight loss for identical thermal histories is
the same for pressures between vacuum and 3.45 M Pa (2). Second, tar deposition
exerts a negligible influence on both yields and evolution rates throughout all
pressures of practical interest, based on the scaling from an independently-measured
tar cracking rate and a measured volatiles escape rate (3). Third, the molecular
weight distributions (MWD) of tar shift toward lower molecular weights as the ambi-
ent pressure is increased (1,4,5).

The reaction model introduced here (FLASHKIN) correlates the reduced ultimate
yields, predicts evolution rates which are independent of pressure, and explains the
observed shifts in tar M&D for varied ambient pressures. It interprets coal de-
volatilization as a single-stage equilibrium flash distillation driven by competi-
tive chemical kinetics. While the mathematical formulation accommodates rate-limit-
ing mass transport resistances, homogereous chemistry is excluded and mass transport
resistances are deemed negligible for the particle sizes considered in the compar-
isons with data. In this respect, FLASHKIN advances a minority viewpoint rooted in
the parallels between pyrolysis and evaporative drying drawn by Peters and Bertling
(6), and the aspects of phase equilibrium included in the models of James and Mills
(7) and Niksa (8).
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Reaction Mecharisms

The reaction mechanisms ir. FLASHKIN develop an analogy between coal pyrolysis
and a single-stage equilibrium flash distillation. 1In any flash distillation, an
equilibrium relation (such as Raoult's law in the simplest case} describes the par-
titioning of chemical species into the vapor and condensed phases at fixed pressure
and temperature. The portion of the feedstream which evaporates is determined by a
mole balance among the feed and product streams. Usually the composition and
throughput of the feedstream and the temperature and pressure of the flash chamber
are known, so that the composition and efflux of the vapor and 1iquid streams can be
determined.

In the coal pyrolysis reaction system, there is no feedstream per se; rather,
the coal macromolecule disintegrates into fragments which range in size from hydro-
carbon gases having an average molecular weight of 25 g/mole to polymeric pieces of

coal of molecular weight to, perhaps, 104-106

g/mole. The rate at which theses
species are introduced into the system is determined by the primary thermal re-

actions.

The flash chamber is, of course, the porous fuel particle. 1In softening coals,
the vapor is fully dispersed throughout the melt as bubbles in a viscous 1liquid;
otherwise, the vapor is dispersed throughout a pore system which delineates solid
subunits of a few hundred angstroms in size (the size of mesopores). Regardless of
the form of the condensed phase, we assume that their composition is uniform
throughout the particle, because the characteristic dimension of the subunits of
condensed matter is so small. The temperature of the system is externally imposed
and, under the restriction of negligible internal heat transfer resistances, the
particle is isothermal. But the internal pressure reflects the reaction dynamics.
In actuality, the internal pressure reaches a level compatible with the generation
rate of gases and the resistance to escape. Despite the modeling discussed earlier,
the internal pressure remains ambiguous because coal's physical structure admits
several plausible transport mechanisms, and also because the transport coefficients
are uncertain. We assert that the time scale for mass transport is much shorter
than the primary decomposition time, as applicable to continuum flow driven by a
pressure gradient, and deduce that the internal and ambient pressures are nearly
equivalent.

Since the primary decomposition fragments encompass 1ight gases and high poly-
mers, the vapor is regarded as a binary mixture of (a) noncondensibles, restricted
to molecular weights below 100 to represent light gases, and (b) a continuous mix-
ture of vapor fragments of molecular weight from 100 to infinity, to represent tar.
The tar vapor is represented by a continuous MWD. The condensed phase is envisioned
as a binary mixture of nonvolatile char and a continuous mixture of evaporating com-
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pounds of molecular weight greater than 100; again, the condensed-phase continuous
mixture is represented by a continuous MWD.

Equilibrium is asserted between the vapor and condensed cortinuous mixtures on
the basis of scaling the molar concentrations in the vapor and condensed phases.
Since the densities of gaseous and condensed species differ by three to four orders
of magnitude, the accumulation of vapor within the particle is entirely negligible.
In other words, the vapor composition is in quasi-steady equilibrium with the chang-
ing condensed phase composition. The time scale on which the phase equilibrium is
established is the shortest in the system.

The compositioris of the continuous mixtures in the vapor and condensed phases
are related by a generalization of Raoult's Taw. This simple form is in keeping
with the lack of data on high molecular weight coal products such as tar. Neverthe-
less, the formulation in FLASHKIN is more advanced than previous renderings of
Raoult's law in pyrolysis modeling (7-9}).

Until very recently, multi-component phase equilibrium was analyzed in terms of
discrete pseudo-components presuming that basic thermodynamic relations expressed in
terms of the mole fractions of the species apply, computational burdens notwith-
standing. Their obvious Timitation is that discrete mole fractions for mixtures as
complex as coal tar are impossible to measure. “Continuous thermodynamics" circum-
vents this deficiency by recasting the conditions for phase equilibria in terms of
continuous distributions of macroscopic characteristics such as aromaticity, carbon
number, normal boiling point and, most pertinent to this model, molecular weight.
Recent publications by Prausnitz and coworkers (10,11) and Ratzsch and Xehlen (12)
develop the results used in FLASHKIN and access the literature on the general
theory.

Finally, to complete the analogy between pyrolysis and a flash distillation,
the efflux of vapor and Tliquid “products" must be specified. The efflux of vapor
species is simply the sum of the evolution rates of gas and tar. Within the con-
straints of negligible mass transport restrictions and negligible vapor accumulation
noted above, the escape rate of light gases must match the generation rate of gases
from the primary thermal reactions; i. e., gases escape at their rate of production
by chemical reaction. The tar evolution rate is also specified by this rate, with
the additional constraints that mole fractions for the binary vapor sum to unity,
and that phase equilibrium is maintained.

0f course, no condensed phase species leave the particle. But their efflux
rate is analogous to the rate at which the condensed continuous mixture forms an
involatile char. Lacking guidance from experiment, we assume that the char forma-

tion rate is indeperdent of the molecular weight of the components in the mixture.
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The basic structure of coal pyrolysis, especially tar evolution, shares many

similarities with a single stage equilibrium flash distillation. The amourt of tar
in the vapor phase within the fuel particle is in equilibrium with a continuous mix-
ture of high molecular weight fragments in either the solid subunits or viscous
melt. Generation rates and the efflux of intermediates and products are established
by chemical reaction rates. As elaborated in the full paper, the evolution rates of
tar and light gases, and the tar MWD are completely specified by closing the mole
balance among the reaction species.
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A GENERAL MODEL OF COAL DEVOLATILIZATION

P.R. Solomon, D.G. Hamblen, R.M. Carangelo, M.A. Serio and G.V. Deshpande
Advanced Fuel Research, Inc., 87 Church St., East Hartford, CT 06108 USA
INTRODUCTION

Coal devolatilization is a process in which coal is transformed at elevated
temperatures to produce gases, tar* and char. Gas formation can be related to the
thermal decomposition of specific functional groups in the coal. Tar and char
formation is more complicated. It is generally agreed that the tar formation

includes the following steps which have been considered by a number of
investigators.

1. The rupture of weaker bridges in the coal macromolecule to release smaller
fragments called metaplasts (l).

2. Possible repolymerization (crosslinking) of metaplast molecules (2-14).

3. Transport of lighter molecules to the surface of the coal particles by
diffusion in the pores of non-softening coals (5,8,15,16) and liquid phase or
bubble transport in softening coals (17-19).

4. Transport of lighter molecules away from the surface of the coal particles by
combined vaporization and diffusion (4,14).

Char is formed from the unreleased or recondensed fragments. Varying amounts of

loosely bound "guest” molecules, usually associated with the extractable material,
are also released in devolatilization.

The combined chemical and physical processes in devolatilization were recently
reviewed by Gavalas (20) and Suuberg (21). While gas formation can be accurately
simulated by models employing first order reactions with ultimate yields (3,22-29),
success in mechanistic modeling of tar formation has been more limited. Predicting
tar formation is important for many reasons. Tar is a major volatile product (up
to 40% of the coal's weight for some bituminous coals). In combustion or
gasification, tar is often the volatile product of highest initial yield and thus
controls ignition and flame stability. It is a precursor to soot which is
important to radiative heat transfer. The process of tar formation is 1linked to
the char viscosity (9,17,30,31) and subsequent physical and chemical structure of
the char and so is important to char swelling and reactivity. Also, because they
are minimally disturbed coal molecule fragments, primary tars provide ilmportant
clues to the structure of the parent coal (27,28,32).

This paper presents a general model for coal devolatilization which considers
the evolution of gas, tar, char and guest molecules. The general model combines
two previously developed models, a Functional Group (FG) model (25-29) and a
Devolatilization-Vaporization—Crosslinking (DVC) model (12,13,33-36). The FG model
considers the parallel independent evolution of the light gas specles formed by the
decomposition of functional groups. Alternatively, functional groups can be
released from the coal molecule attached to molecular fragments which evolve as

*Tar is defined as the room temperature condensibles formed during coal
devolatilization.
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tar. The kinetic rates for the decomposition of each functional group and for tar
formation have been determined by comparison to a wide variety of data (25-29). To
a first approximation, these rates are insensitive to coal rank. The FG model uses
an adjustable parameter to fit the total amount of tar evolution. This parameter
depends strongly on the details of the time-temperature history of the sample, the
external pressure, and the coal concentration and, therefore, varies with the type
of experiment performed.

The variation in tar yield with the above mentioned parameters can be
predicted by the DVC model (12,13,33-36). In the DVC model, tar formation is
viewed as a combined depolymerization and surface evaporation process in which the
pyrolytic depolymerization continually reduces the weight of the coal molecular
fragments through bond breaking and stabilization of free radicals, until the
fragments are small enough to evaporate and diffuse away from the surface. This
process continues until the donatable hydrogens are consumed. Simultaneously,
crosslinking can occur. The model employs a Monte Carlo technique to perform a
computer simulation of the combined depolymerization, vaporization and crosslinking
events. Until now, internal mass transport limitations have not been included.
However, current research shows that considering the transport limitations of
surface evaporation and film diffusion alone are not sufficient to predict the
reduced tar yields when devolatilization occurs at low temperatures. An empirical
expression for internal transport has, therefore, been added to the DVC model.

These two models have been combined to eliminate their respective
deficiencies. The DVC model is employed to determine the yield of tar and
molecular weight distribution in the tar and char. The FG model is used to
describe the gas evolution, and the functional group compositions of the tar and
char. The crosslinking is predicted by assuming that this event can be correlated
with gas evolution.

The paper describes the two models and how they have been combined. The
predictions of the FG-DVC model are compared to published data for product yields,
extract yields, volumetric swelling ratio (determined by crosslink density) and
molecular weight distributions for the devolatilizations of Pittsburgh Seam coal
(2,3,9,12,28). The predictions are in good agreement with the data.

MODELS
General Description of Coal Devolatilization

The general outline of devolatilization employed in this work was recently
presented by Solomon and Hamblen (27) and Serio et al. (28). Fig. 1 from Ref. 28
presents a hypothetical picture of the coal's or char's organic structure at
successive stages of devolatilization. The figure represents: a) the raw coal, b)
the formation of tar and light hydrocarbons during primary pyrolysis, and c¢) char
condensation and crosslinking during secondary pyrolysis. The hypothetical
structure in Fig. la represents the chemical and functional group compositions for
a Pittsburgh Seam bituminous coal as discussed by Solomon (32). It consists of
aromatic and hydroaromatic clusters linked by aliphatic bridges. During pyrolysis,
the weakest bridges, labeled 1 and 2 in Fig. la, can break producing molecular
fragments (depolymerization). The fragments abstract hydrogen from the
hydroaromatics or aliphatics, thus increasing the aromatic hydrogen concentration.
These fragments will be released as tar if they can get to a surface and vaporize,
since they are small enough to vaporize under typical pyrolysis conditions,
assuming the vaporization law proposed by Suuberg et al. (l4) is correct. The
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other two fragments are not small enough to vaporize.

The other events during primary pyrolysis are the decomposition of functional
groups to release CO;, light aliphatic gases and some CH; and HyO. The release of
CHy, COp, and HpO may produce crosslinking, CH, by a substitution reaction in which
the attachment of a larger molecule releases the methyl group, CO2 by condensation
after a radical is formed on the ring when the carboxyl is removed and Hy0 by the
condensation of two OH groups to produce an ether link (labeled 3 in Fig. lb). The
crosslinking is important to determine the release of tar and the visco-elastic
properties of the char.

The end of primary pyrolysis occurs when the donatable hydrogen from
hydroaromatics or aliphatics is depleted. During secondary pyrolysis (Fig. lc)
there is additional methane evolution (from methyl groups), HCN from ring nitrogen
compounds, CO from ether links, and Hy from ring condensation.

Functional Group Model

The Functional Group (FG) model developed in this laboratory has been
described in a number of publications (25-29). It permits the detailed prediction
of volatile species concentrations (gas yileld, tar yield and tar functional group
and elemental composition) and the chemical and functional group composition of the
char. It employs coal independent rates for the decomposition of individual
assumed functional groups in the coal and char to produce gas species. The
ultimate yield of each gas species 1s related to the coal's functional group
composition. Tar evolution is a parallel process which competes for all the
functional groups in the coal. In the FG model, the ultimate tar yield is an input
parameter which is adjusted for each type of experiment since the model does not
include the mass transfer effects or char forming reactions which lead to tar yield
variations.

FG Model Devel t - The FG model development was initiated by Solomon and
Colket (25). A series of heated grid experiments were performed on a variety of
coals in which individual products (gas specles and tar) were monitored. It was
noticed that while the ultimate yields of specles varied from coal to coal and
could be related to the coal's composition, the evolution rates for individual
specles were, to a good first approximation, independent of coal rank. Solomon and
Hamblen examined a variety of literature data and found the insensitivity of
individual species evolution rates to coal rank to be a general phenomenon (37). A
similar conclusion was reached in a recent study by Xu and Tomita (38).

In subsequent work using entrainéd flow reactors (26-28) and a heated tube
reactor (29), it was found that the general assumptions of the FG model were good,
but that the original single activation energy rates derived from the heated grid
experiments (25) were inaccurate. The use of a distributed activation energy rate
expression, a wide variety of heating rates, and particle temperature measurements
has provided more accurate and reactor independent kinetic rates for the present
model (26-29). The general rates and specific composition parameters for
Pittsburgh Seam coal are presented in Table I.

FG Model Formulation — The mathematical description of the functional group
pyrolysis model has been presented previously (25-29). The evolution of tar and
light gas species provides two competing mechanisms for removal of a functional
group from the coal: evolution as a part of a tar molecule and evolution as a
distinct gas species. Each process assumes a first order reaction,
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dW;(gas)/dt = kyWy(char), (¢9]

where, dHi(gas)/dt is the rate of evolution of species i into the gas phase, ky is
its rate constant and Wj(char) is the functional group source remaining in the
char. Note that Wi(char) also is decreased by evolution of the source with the
tar, according to,

dWg(tar)/dt = ki, Wy(char). (2)
The reduction of Wy(char) is thus,
-dW;(char)/dt = dW;(gas)/dt + dWy (tar)/dt (3)

The kinetic rates, ky and kygy, for each functional group employs a distributed
activation energy of the form used by Anthony et al. (2).

The Depolymerization—Vaporization—Crosslinking (DVC) Model

The Depolymerization-Vaporization—Crosslinking model has been described in a
number of publications (12,13,33-36). It predicts the tar yield, the tar molecular
weight distribution, the char yield, the char molecular weight distribution, the
extract yield and the crosslink density.

DVC Model Development - The model had its beginning in a study of polymers
representative of structural features found in coal (33). The objective of that
study was to develop an understanding of coal pyrolysis by studying a simpler, more
easlly interpretable system. The polymers were studied in a series of pyrolysis
experiments in which tar amounts and molecular weights were measured. A theory was
developed to describe the combined effects of: 1) random bond cleavage in long
polymer chains (similar to Gavalas et al. (39)), ii) molecular weight dependent
vaporization of the fragments to produce tar (similar to Unger and Suuberg (4)),
and 1ii) a limitation on the number of breakable bonds which depended on the
availability of donatable hydrogens to cap the free radicals formed by the
cleavage.

The model was subsequently improved by Squire et al. (35,36) by adding the
chemistry for the consumption of donatable hydrogens to cap free radicals along
with corresponding carbon-carbon double bond formation at the donor site. In the
polymers which were studied, the ethylene bridges were identified as a source of
donatable hydrogen with the formation of a double bond between the bridge carbons
(35,36). The double bond formation was assumed to remove a breakable bond. This
improvement in the model removed the donatable hydrogen as an adjustable parameter.
It should be noted that hydroaromatic groups are also a source of donatable
hydrogen with aromatization of the ring, however, for simplicity, the DVC wodel
assumes all donatable hydrogens are in bridges. The model was further improved by
the implementation of a Monte Carlo method for performing the statistical analysis
of the bond breaking, the hydrogen consumption and the vaporization processes. A
single kinetic rate described the random bond breaking. This kinetic rate (35)
employs an activation energy which is in agreement with resonance stabilization
calculations (40,41) and an overall rate which agrees with previous measurements on
model compounds (42). The rate determined for the breaking of ethylene bridges
between naphthalene rings is in good agreement with the rate for tar formation from
coal (28,29). The model predicted the observed wolecular weight distribution and
dependence of yleld with the availability of donatable hydrogen. The results for
wodel polymers compared favorably with many of the details of tar formation in
softening coals. However, in the version of the model reported in Ref. 35, there
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was no explicit char forming reaction. Char consisted of molecular fragments which

were too heavy to vaporize and thus remained after the donatable hydrogen had been
consumed.

Crosglinking Reactions - The next improvement in the model to be reported
(12,13,35) was the addition of char forming repolymerization (crosslinking)
reactions. These reactions are important in describing the rank and heating rate
dependence of the tar molecular weight distributions and yields. Work has been
performed to define the reactions which cause crosslinking (43-45). Under the
assumption that the crosslinking reactions may also release gas species, the
molecular weight between crosslinks or crosslink density (estimated using the
volumetric swelling technique developed by Larsen and co-workers (46-48)) was
correlated with the observed evolution of certain gas species during pyrolysis.
Likely candidates were CO; formation from carboxyl groups or methane formation from
methyl groups. Suuberg at al. (48) also noted that crosslinking in low rank coals
is correlated with COj evolution. Both reactions may leave behind free radicals
which can be stabilized by crosslinking. Condensation of hydroxyl groups to form
water and an ether link is also a possible reaction.

For a series of chars, the loss of volumetric swelling ratio in pyridine was
compared with COy evolution for a Zap, North Dakota lignite and CH; evolution for a
Pittsburgh Seam bituminous coal (44). The lignite reaches maximum crosslinking
before the start of methane evolution and the Pittsburgh Seam bituminous evolves
little CO2. On a molar basis, the evolution of CO; from the lignite and CH; from
the bituminous coal appear to have similar effects on the volumetric swelling
ratio. The results suggest that one crosslink is formed for each CO; or CHy
molecule evolved. No correlation was observed between the volumetric swelling
ratio and tar yield for either coal. A correlation with water yield appears valid
for the Zap, North Dakota lignite, but not for the Pittsburgh Seam bituminous coal.

DVC Model Description - In the current DVC model, the parent coal is
represented as a two-dimensional network of monomers linked by strong and weak
bridges as shown in Fig. 2a. It consists of condensed ring clusters (monomers)
linked to form an oligomer of length "n” by breakable and non-breakable bridges.
The clusters are represented by circles with molecular weights shown in each
circle. The breakable bridges (assumed to be ethylene) are represented by single
lines, the unbreakable bridges by double lines. "m" crosslinks are added so that
the molecular weight between crosslinks corresponds to the value reported in the
literature (49) for coals of similar rank. Unconnected "guest” molecules (the
extract yield) are obtained by choosing the value of n. The ratio of ethylene
bridges (two donatable hydrogens per bridge) to non-breakable bridges (no donatable
hydrogens) is chosen to obtain the appropriate value for total donatable hydrogen.
The parameters for a Pittsburgh Seam coal are presented in Table II.

Figure 2b shows the molecule during pyrolysis. Some bonds have broken, other
bonds have been converted to unbreakable bonds by the abstraction of hydrogen to
stabilize the free radicals and new crosslinks have been formed. Char formation in

the DVC model can occur by crosslinking at any monomer to produce a two dimensional
crosslinked network.

Figure 2c shows the final char which is highly crosslinked with unbreakable
bonds and has no remaining donatable hydrogen.

The Combined FG-DVC Model

A detalled description of the pyrolysis behavior of coal is obtained by
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combining the DVC model with the FG model. The FG model predicts the gas yields,
and using the correlation developed for crosslinking with gas yields, it also
deternines the rate and number of crosslinks formed, assuming one crosslink is
formed per CO; or CH; molecule evolved, for the DVC model. The DVC model supplies
the tar yield to the FG model, replacing what was previously an adjustable
parameter. It also supplies the number of new methyl groups formed and the
concentration of CyH, and CyHy bridges.

FG~DVC Model Description — The model is initiated by specifying the Functional
Group composition and the parameters (number of breakable bridges, starting
oligomer length n, number of added crosslinkings, m, and the monomer molecular
weight distribution). The starting DVC molecule is represented in Fig. 2a. The
monomers are assumed to have the average elemental and functional group composition
given by the FG model. Each computer simulation considers a coal molecule
consisting of 2400 monomers. The model has been programmed in Fortran 77 and run
on an Apollo DN580 computer.

Once the starting coal molecule is established, it is then subjected to a
time-temperature history made up of a series of isothermal time steps. During each
step, the gas ylelds, elemental composition and functional group compositions are
computed using the FG model. To determine the change of state of the computer
molecule during a time step, the number of crosslinks formed is determined using
the FG model, and then input to the DVC model. These crosslinks are distributed
randomly throughout the char, assuming that crosslinking probability is
proportional to the molecular weight of the monomer. Then the DVC model breaks the
appropriate number of bridging bonds (assuming a distribution of activation
energles for the bond breaking rates) and calculates the quantity of tar evolved
for this time step using the vaporization law. The modified expression of Suuberg
et al. (14) 1s now employed for the vaporization law rather than that of Unger and
Suuberg (4). A fraction of the abstractable hydrogen is used to stabilize the free
radicals formed by bridge breaking and the appropriate fraction of breakable
bridges is converted into (unbreakable) double-bonds. Tar formation is complete
when all the donatable hydrogen is consumed. A typical simulation for a complete
time temperature history takes about ten minutes.

Internal Transport Limitations - When comparing the predictions of the model
to available data it was found that tar ylelds were overpredicted when
devolatilization occurred at low temperatures. This was observed for either low
heating rate experiments (28) or experiments with rapid heating to relatively low
temperatures (9). As discussed in the Results Section, it appears that the lower
yields were the result of the additional transport limitations within the particle.
This limitation can be: 1) the transit of bubbles contalning tar from the interior
of the particle to the surface; 1i) the transport of tars within the liquid to the
bubble; 1ii) the stirring action of the bubble. In the absence of sufficient
information to accurately model these processes, the simple assumption was made
that tars are carried out of the particle at their equilibrium vapor pressure in
the light devolatilization products.

Then,
(dny/dt)ey = Pgy X3 Y, (dng/dt)cpen _r “)
light P, + AP
products

where (dny/dt)y, is the transport rate for tar component i, of number in the
particle ng. (dnj/dt).pep 18 the rate of production of component 1. P, 1s the
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ambient pressure, Py is the equilibrium vapor pressure for component i (given by
Suuberg et al. (16)3 and AP 1s the average pressure difference in the particle
which drives the transport. X; is the mole fraction of component i in the
metaplast. For the highly fluid Pittsburgh Seam bituminous coal, we have
considered the upper limit to this rate where P, »>» AP. Then all the terms in
Eq. 1 can be determined by the combined FG-DVC model.

The net rate for tar transport is calculated by assuming that the resistance
to internal and external transport occur in series. For melting coals AP is
proportional to the coal's viscosity and so, will become important for less fluid
coals. It 1s also important when P, is small.

Summary of FG-DVC Model Asgumption - Assumptions a-c are made for the FG
model and d-n for the DVC model.

(a) Light gas species are formed from the decomposition of specific
functional groups with rate coefficients which depend on the functional group but
are insensitive to coal rank. The evolution rate is first order in the remaining
functional group concentrations in the char. The rates follow an Arrhenius
expression with a Gaussian distribution of activation energies (2,26,27).

(b) Simultaneous with the production of light gas species, 1s the thermal
cleavage of bridge structures in the coal to release molecular fragments of the
coal (tar) which consist of a representative sampling of the functional group
ensemble. The instantaneous tar yield is given by the DVC model.

(c) Under conditions where pyrolysis products remain hot (such as an
entrained flow reactor), pyrolysis of the functional groups in the tar continues at
the same rates used for functional groups in the char, (e.g., the rate for methane
formation from methyl groups in tar is the same as from methyl groups in the char).

(d) The oligomer length, n, the number of crosslinks, m, and the number of
unbreakable bonds are chosen to be consistent with the coal's measured extract
yield, crosslink density and donatable hydrogen concentration.

(e) The mwolecular weight distribution is adjusted to best fit the observed
molecular weight distribution for that coal, measured by pyrolysis of the coal (in
vacuum at 3°C/min to 450°C) in a FIMS apparatus (50). Molecular weights 106, 156,
206, 256, 306, 356 and 406 (which are 1,2,3,4,5,6 and 7 aromatic ring compounds
with two methyl subgtituents) are considered as representative of typical monomer
molecular weights.

(£) During pyrolysis, the breakable bonds are assumed to rupture randomly at
a rate k, described by an Arrhenius expression with a Gaussian distribution of
activation energies. Each rupture creates two free radicals which consume two
donatable hydrogens to stabilize and form two new methyl groups.

(g) Two donatable hydrogens (to cap free radicals) are availlable at each

breakable bridge. The consumption of the donatable hydrogen converts the bridge
into an unbreakable bridge by the formation of a double bond.

(h) Tar formation continues until all the donatable hydrogens are consumed.

(1) During pyrolysis, additional unbreakable crosslinks are added at a rate
determined by the evolution of CH; and CO3. One crosslink is created for each
evolved molecule. The rate of CHyg and CO7 evolution is given by the FG model.
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(1) The crosslinks are distributed randomly, with the probability of
attachment on any one monomer being proportional to the molecular weight of the
monomer .

(k) Tar molecules are assumed to evaporate from the surface of the coal
particle at a molecular weight dependent rate controlled by evaporation and gas
_phase diffusion away from the particle surface. The expressions derived by Suuberg
et al. (14) are employed.

(1) Internal transport resistance is assumed to add to the surface transport
resistance. A simple empirical expression (Eq. 4) was used to describe bubble
transport resistance in softening coals. This appears to be the step most in need
of further work.

(m) Extractable material (in boiling pyridine) in the char is assumed to
cousist of all molecules less than 3000 AMU. This can be adjusted depending on
the solvent and extract couditioms.

(n) The molecular weight between crosslinks, M. is computed to be the total
molecular weight in the computer molecule divided by the total number of
crosslinks. This assumption will underestimate M, since broken bridges are not
considered.

RESULTS

The model predictions have been compared to the results obtained from a number
of experiments on the pyrolysis of a Pittsburgh Seam coal at AFR and MIT
(2,3,9,28). The coal composition parameters are presented in Tables I and II. It
should be noted that different samples of Pittsburgh seam coal from different
sources were employed. While the elemental compositions were similar, extract
yields varied substantially depending on the sample source. The oligomer length
was chosen to fit an extract yleld of 30%. It is expected that yields may vary
slightly from predictions for other samples, but the predicted rates should be
sample independent. Comparisons are considered for gas yilelds, tar yields, tar
molecular weight distributions, extract yields and volumetric swelling ratio.

Volatile and Extract Yields

Extensive comparisons of the FG model with gas ylelds have been presented
previously (27-29) and won't be repeated here. The Functional Group parameters and
the kinetic rates for the Pittsburgh Seam coal are those published in Ref. 28. The
methane parameters for the Pittsburgh Seam coal were adjusted (methane X-L = 0.0,
methane-L = 0.02, methane-T = 0.015, unchanged) to better match yield of Refs. 2,
27 and 28 (see Fig. 20c in Ref. 28). A second modification is that the CHy-—
aliphatic rate in Ref. 28 applies to the observed gas specles (paraffins, olefins,
CoHg, C2H4) only. The aliphatic material in the CH,-aliphatic group is assumed to
be made up of bridges which volatilize only when attached to a tar molecule (i.e.,
Kpridge = 0)+ Results for methane are considered because the methane is associated
with crosslinking. The C0; yields are not considered im this paper since they are
too low in the Pittsburgh Seam coal to cause significant crosslinking.

Figure 3 compares the FG-DVC predictions to the data of Fong et al. (9) on
total volatile yield and extract yield as a function of temperature in pyrolysis at
0.85 ATM. The experiments were performed in a heated grid at heating rates of
approximately 500°C/sec, variable holding times and rapid cool down. The
predictions at the two higher temperatures (3c and 3d) are in excellent agreement
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with the data. Having fixed all the rates and functional group compositions based
on previous work, the only adjustable parameters were the number of labile bridges
(which fixes the donatable hydrogen concentration) and the monomer distribution,
assumed to be Gaussian. The predictions for the two lower temperatures were not
good when internal transport limitations were neglected. The dashed line in Fig.
3a shows the predicted yield in the absence of internal transport limitations. The
predicted ultimate yield ia clearly too high. The data suggest that the low yields
are not a result of unbroken bonds (which would result from a lower bond breaking
rate), since the extract yields at low temperatures are equivalent to those at the
higher temperatures. The low ylelds thus appear to be a result of an additional
transport limitation.

Equation 4 was employed for the internal transport resistance and the number
of labile bridges were readjusted for the 1018°K case. The predictions are the
solid lines in Fig. 3. The internal transport limitation is important when
pyrolysis occurs at low temperatures and jf{gh: dnj/dt is small. It is much less
important for the 1018K and 992K cases, making only a small difference in the
predicted yields.

There still is a discrepancy between the prediction and the data at early
times for the two lower temperatures (Figs. 3a and b). While it is possible that
the rate k for bond breaking is too high, adjustment of this rate alone
significantly lowers the extractable yield, since the lower depolymerization rate
is closer to the methane crosslinking rate. In addition, both the methane and
depolymerization rates appear to be in good agreement with the data at even lower
temperatures, as shown in Fig. 4 (discussed below). Another possibility is that
the coal particles heat more slowly than the nominal temperatures given by Fong et
al. (9). Such an effect could be caused by having some clumps of particle which
would heat more slowly than isolated particles, by reduction in the convective heat
transfer due to the volatile evolution (blowing effect), or by endothermic tar
forming reactions. A firm conclusion as to the source of the discrepancy cannot be
drawn without further investigation.

It is also seen in Figs. 3a and b that the crosslinking rate is higher than
predicted. This can be due to additional methane from methyl groups created during
tar formation, which is not yet counted in the model, or to other crosslinking
events not considered. These possibilities are currently under investigation.

Figure 4 presents comparisons of devolatilization yields at slow (30°C/min),
heating rates in a thermogravimetric analyzer with Fourier transform infrared
analysis of evolved products (TG-FTIR). This reactor has been previocusly described
(51). The model predictions and experimental results are in excellent agreement.
The agreement validates the assumed rates for depolymerization and crosslinking
produced by CH, at low temperatures. Also, the use of Eq. 4 appears to predict the
appropriate drop in tar yield (maximum value 17%) compared to 30% when
devolatilization occurs at high temperature.

Pressure Effects

The predicted effect of pressure on the tar molecular weight distribution is
illustrated in Figs. 5a and b. The average molecular weight and the vaporization
“"cut-off” decrease with increasing pressure. The trends are in agreement with
observed tar molecular weight distributions shown in Figs. S5c¢c and d. The spectra
are for previously formed tar which has been collected and analyzed in a FIMS
apparatus (50). The low values of intensity between 100 and 200 mass units is due
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to loss of these components in collection and handling due to their high
volatility.

Pressure effects on ylelds have been examined. Figure 6 compares the
predicted and measured pressure dependence on yield. Figure 6a compares to the
total volatile yield data of Anthony et al. (2) while Fig. 6b compares to the tar
plus liquids data of Suuberg et al. (3). The agreement between theory and
experiment is good at one atmosphere and above, but of overpredicts the yields at
low pressure. Below one atmosphere, it 1s expected that AP within the particle
will become important compared to the ambient pressure, Pg.

CONCLUSIONS

A general model for coal devolatilization which combines a functional group
model for gas evolution and a statistical model for tar formation has been
presented. The tar formation model includes depolymerization, vaporization,
crosslinking and internal transport resistance. The crosslinking is related to the
formations of COz and CH, specles evolution, with one crosalink formed per molecule
evolved. The predictions of the tar formation model are made using Monte Carlo
methods .

The general model predictions compare favorably with a variety of data for the
devolatilization of Pittsburgh Seam coal, including volatile yields, extract
yields, and tar molecular weight distributions. The variations with pressure and
devolatilization temperature were accurately predicted. While film diffusion
appears to limit surface evaporation and the transport of tar when devolatilization
occurs at high temperatures, internal transport appears to become dominate when
devolatilization occurs at low temperatures.
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Devolatilization Product Yield

idine Insoluble
m -
0 T T T T
0.0 0.5 1.0 L5 2.0 25 0.0 0.5 1.0 1.5

Seconds

Figure 3. Comparison of FG-DVC Model Predictions (lines) with the Data of
Fong et al (9) (symbols) for Pittsburgh Seam Coal. a) 813K @ 470 k/s, b) 858K
@ 446k/s, c) 992K @ 514k/s and d) 1018K @ 640k/s. P=0.85 atm. |The
Dashed Line in a Shows the Predicted Yield in the Absence of Internal
Transport Limitations.
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TABLE II

PARAMETERS FOR DVC MODEL

Wy (wt.X)

Wy* from FG model (wt.X)
W3 from FG model (wt.Z)
(2/28)w;

o #/monomer

n #/oligomer

a #/monomer
b #/monomer
MOLECULAR WEIGHTS

Fixed at 28
Distribution® Maugs (67
From FG model
Predicted in model

from vaporization law
Fixed at 26

* Carbon in aromatic rings plus non-labile bridges

+ Gaussian'Distribution
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KINETIC MODELING OF COAL PYROLYSIS IN A LAMINAR-FLOW REACTOR SYSTEM

William S. 0'Brien, Juh Wah Chen, Asadollah Moslehi and Rong-Chein Richard Wu

Mechanical Engineering and Energy Processes Department
Southern I11inois University at Carbondale
Carbondale, I11inois 62901-6603

INTRODUCTION

There will soon be an intense competition in the energy marketplace among oil,
natural gas, coal, nuclear fission and the newly developing alternatives of solar,
wind and waste utilization. The charge to the energy-entrepreneurs is to intensify
their search to recognize and exploit the most economical and technically expedient
manner of converting these raw energy sources into acceptable forms for the public's
use.

Coal will certainly play a leading role in supplying the future energy needs
of this nation's industrial and commercial ventures. But coal is an extremely
complex heterogeneous material, composed of a number of distinct organic entities,
called macerals, and inorganic minerals. Coals from different coal seams and even
from separated points in the same seam often behave quite differently in a
gasification reactor because of the unique associations of the maceral and mineral
species in the coal matrix.

When the coal particle is first injected into the hot gasifier, the associated
water is rapidly evolved. This drying mechanism is usually modeled as being
independent of the other subsequent reactions; however, intuition says that a severe
drying action could alter the particle's surface characteristics which in turn would
significantly alter the later devolatilization and gasification reactions. As the
dry coal particle is then rapidly heated, bound water, carbon oxides and hydrocarbon
fragments are thermally cleaved from the coal's organic matrix and evolves into the
surrounding gas phase. The amount and composition of this “volatile matter" are
significantly controlled by the heat and mass transfer conditions in that pyrolysis/
devolatilization zone. The physical severity of those devolatilization reactions,
sometimes resembling mini-explosions, drastically affects the rate of the subsequent
char-gasification reactions. .

Today's most commercially-successful coal gasification processes completely
shatter the coal's organic structure into blends of carbon monoxide and hydrogen,
syngas mixtures that can be reassembled into a variety of desired gaseous and
1iquid products (1). Although proven to be technically and economically feasible in
the present energy-market atmosphere, that destruction and reconstruction method of
converting coal to useful energy and feedstock forms may not have the highest
thermodynamic efficiency compared to other yet-to-be commercialized coalconversion
mechanisms. In a return to the controlled destructive distillation of the old coke-
making era, research emphasis is now re-examining low-temperature, "mild
gasification” methods which can skil1fully carve a suite of desirable products from
the coal-structure, such as specific specie blends of gaseous feedstocks and/or
highly aromatic condensibles, along with specially-formed chars (2).

In order to recognize the most expedient paths to perform these selective
coal-radical slicing, one must understand fully the individual pyrolysis/
devolatilization reactions of that particular coal. A laminar flow reactor has some
advantages 1in studying coal devolatilization, such as precise control of
experimental conditions 1ike the flow rate and composition of the carrier-reactant
gas. Also, both the reactor temperature and particle residence time can be easily
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varied to evaluate the effects of changes of the heating rate of the coal-particle.
There are also disadvantages to analyzing the data from such a laminar-flow reactor
system, mainly associated with the need to mathematically compute the particle
temperature and then to isolate the chemical reactivity from the mass transfer
resistances. Many of the original studies using laminar-flow reactors used rather
high temperatures where the particle heatup time was negligible. This permitted the
particles to be considered at steady-state temperature for the entire particle
residence time in the reactor. However, studies of the coal devolatilization in the
6509 to 1100%K range in inert or non-igniting atmospheres reveal significant time-
lags before devolatilization weight-loss starts.

In this presentation, experimental weight-loss data from the develatilization
treatment of a Herrin (I11inois) No. 6 coal in a laminar-flow laboratory reactor
are examined and the observed reaction behavior are used to outline criteria for a
coal-pyrolysis kinetic model.

EXPERIMENTAL REACTOR SYSTEM

The concept of the Jaminar-flow reactor design derives from those used by
Badzioch and Hawksley (3), Kobayashi (4), Nsakala et al. (5) and Agreda et al.
(6). Modifications were made in the design of the coal-feed inlet and the
exiting-solids collector tube to permit a smooth 0.46 gm/min flow of coal
solids, to expose the solids to reactor temperatures up to 1073% with particle
residence times up about 400-500 msec, and to collect and quickly quench-cool
the coal-char solids immediately as they leave the hot-zone of the reactor. This
reactor system, described in detail by Wu (7) and Moslehi (8), is illustrated in
Figure 1.

In this reactor system, the hot nitrogen-gas stream enters the top head of
the reactor into the shell-annulus surrounding the coal-feeder tip. This gas is
then directed down into the main reactor tube chamber through a flow-
straightener formed from a 3.8 ¢m (1.5-inch) thick disk of Corning "Macor"
machineable glass-ceramic through which 2.2 mm diameter holes were drilled to
form a 38% voidage ratio across the primary gas flow region. The vertical
reactor chamber body was formed of a nominal two-inch, Schedule 40, Type 316
stainless-steel tube twenty inches long surrounded by a tube furnace. After
passing through the heated reactor zone, the solids enter the throat of the
char-solids collector where a cool-flush of nitrogen flowing inward through a
permeable sintered stainless-steel tube at the collector tip quickly quench-
cools the solid-particle and dilutes the surrounding reactive gases. The solids
are separated in mini-cyclones and the condensible and permanent gases collected
for quantification and analysis. The collector assembly tube was designed with a
slip-joint around its outside diameter so that the uppermost tip of the
collector could be positioned at any desired distance below the coal-inlet
feeder tip. Thus, the coal particle reaction path-length, which determines the
particle résidence time, can be varied from almost zero to more than 50 cm.

The Herrin (I11inois) No. 6 coal used in the experiments was extracted from !
a west-central I11inois underground mine and had a dry-analysis of 43.3%
volatile matter, 9.8% ash and 46.9% fixed carbon, along with a 4.2% total sulfur |
content. The coal was vacuum-dried and ground to an average particle diameter of
about 75 micrometers before being fed to the reactor. The operating conditions
of the reactor during the processing of this coal are listed in Table 1. |

EXPERIMENTAL RESULTS AND DISCUSSION !

0 The pyrglysis reactions were examined at three reactor temperatures; 4500, ‘
600" and 800°C; and at three particle flow path lengths; 10, 20 and 30 cm. The !
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total residence times of the coal-particles, computed using the reactor
operating conditions existing at these nine temperature-length combinations, are
listed in Table 1, the values ranging from 137 to 473 msec. The overall weight-
loss data from these experiments, computed by an ash-content balance and
expressed on a dry ash-free basis, are shown in Figure 2. The reasoning and
procedures of all the computational analyses have been detailed by Wu (7) and
Moslehi (8).

It can be seen in Figure 2 that for a given temperature, the weight loss
increases with time almost exponentially, approaching a maximum value. This
maximum weight loss value is definitely a function of temperature, with a value
in the upper 40% (daf weight loss) approached at 600°C, while the maximum weight
Toss at 800°C is in the upper 50% range. .

Although the five-stage succession of devolatilization reactions detailed
by Suuberg et al. (9) is probably the most chemically realistic, the single-
reaction first order decomposition model discussed by Howard (10) can be
utilized in approximating the coal's devolatilization behavior for quick
comparison with those described in previous literature-reported studies. This
model is stated as;

dW/dt = k (W°-W) 1.

where W represents the weight-loss of the coal-particle (expressed on a dry ash-
free basis) and W is the weight ToSs after an infinite exposure time at the
reaction temperature, gas flow rate and other operating conditions. Badzioch and
Hawksley (3) and other investigators realized that there was negligible weight
Toss until the dry coal particie was heated to about the 300°-to-500°C
temperature range where the weight loss reactions became significant. They
incorporated a particle heating time into their model;

Total Time = Heatup Time + Reaction Time. 2).

In order to simplify the mathematics, they assumed there to be no reactions
taking place during this heatup time, even though the particle would be heating
slowly through the entire devolatilization temperature range up to the steady-
state temperature of the reactor.

Using the relationships derived by Kobayashi (4) in a mathematical analysis
of the temperature and velocity flow in a similar laminar-flow reactor, which
were modified and used by Agreda et al. (6) and Felder and coworkers (11) in
their studies, particle heatup times were computed to be in the range of 24 to
27 msec for the three experimental reactor temperatures. The values of the
pseudo rate constant, k , yielded a reasonably straight 1ine on an Arhennius
plot. This experimental data correlates by the expression;

k = k, exp (-E/RT) 3).

with the pre-exponential factor, ko, » being equal to 16035 sec™! and the
apparent activation energy, E, being equal to 68.12 KJ/mole (16.27 kcal/mole).
This activation energy value compares quite well with the results found by
Felder et al., (11) who, when devolatilizing a western Kentucky No. 11 coal in a
similar reactor system, found the value of the apparent activation energy to be
80 KJ/mole (19.12 kcal/mole).

For use as a comparison with the experimental results of this study as
shown in Figure 2, the devolatilization weight loss data reported by Felder et
al. (11) for the western Kentucky Seam No. 11 coal is plotted in Figure 3. It
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should be noted that the western Kentucky coal Seam No. 11 is believed to have
been deposited in the same geological time-period aa the Herrin (I11inois) No. 6
seam. The 1ines sketched in both Figures 2 and 3 are merely to depict a trend-
connection of the points, not to suggest a specifically derived model path.

The 450°C and the 600° weight-loss lines of Figure 2, along with the 600°
line of Figure 3, demonstrate that there is a definite effect of reactor
temperature on the heating time of the particle. The mathematical analysis of
Kobayashi (4) used to approximate the particle heatup time in this study was
originally derived for coal devolatilization at much higher reactor temperatures
than those of these experiments. Both the 800° 1ines in Figure 2 and 3 could
approach zero reaction within the 20-30 msec range predicted by the Kobayashi
relationship. At the Tower temperatures, however, the onset of devolatilization
is much affected by reactor temperature as well as by other reactor operating
conditions. The Felder et al. data for the 600° experiments in Figure 3 indicate
that no weight Toss occurred for almost 200 msec, while at 600° in this study,
the reactions seem to have started before 100 msec.

Note also that reactor operating conditions, other then the temperature
effect, seem to cause differences in the maximum asymptotic weight loss at each
reactor temperature. In this study at 600°C, the maximum daf weight Toss was
around 40%, while the 600° 1ine in Figure 3 was leveling in the 15% range. At
800°C the data in Figure 3 demonstrated a maximum weight loss of around 49%,
which was about I.11 times the ASTM Proximate Analysis Volatile Matter of that
coal. In the study reported in this paper, the coal's weight loss after 300 msec
had reached almost 60% (1.24 times the ASTM Proximate Volatile Matter) and the
maximum weight-loss asymptote had not been reached.

An examination of the approached asymptotes of W at the various
temperatures suggests the validity of the "multiple reactions" model develoged
by several investigators and discussed by Howard {10). In Figure 2, the 450 and
the 600° data appear to be approachipg ultimate W "values that are very close
together, while the 800°C value of W is more than 20% higher. The data_ of
Felder et al. (11) in Figure 3 indicates that the maxipum weight loss W at
800°C is almost three times larger than the value of W at 600°, with weight
loss curve at 700°C stil11 increasing after 1000 msec of reaction exposure time.
Suuberg et al. (9) in their 1isting of the five stages of devolatilization
states that carbon oxides, hydrocarbons, tar and hydrogen are released in the
fourth stage from 700° to 900°C. It would be logical to suggest that the
reactions occurring in this temperature range would be strongly influenced by
variations in the mass and heat transfer mechanisms caused by differences
between reactor operating conditions. Also, the primary volatile hydrecarbon
species being evolved in this temperature range would be susceptible to
secondary decomposition and/or cracking reactions. Thus, the pyrolysis reaction
chain probably includes a complex mix of both parallel and successive reactions.

CONCLUSIONS

A Herrin (I11inois) No. 6 coal was devolatilized in nitrogen in a laboratory
laminar flow reactor system. The reactions took place at 450°, 600° and 800°C for
reaction residence times ranging from 130 to 480 msec at Reynolds Numbers of 235
-308. The experimental data can bg reasonably approximated by a single reaction
decoTposition model; dW/dt = k (W - W); with the pre-exponential found to be 16035
sec™t and the apparent activation energy being equal to 68.12 KJ/mole {16.27 kcal/
mole). This reactor system stimulates a rather efficient reaction as evidenced by
the fact that, after only 300 msec exposure at 800°C, the coal's weight loss had
reached almost 60% (1.24 times the ASTM Proximate Analysis Volatile Matter) and the
maximum weight-loss asymptote had not been reached.
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At the lower temperatures of this experimental study, 450° through 600°C,
knowledge of the particle heatup time is quite important. Estimates by previous
investigators of the time-period before the "onset of devolatilization weight
loss” occurs were substantially smaller than the actual experimental valtues
observed in this study. There is considerable evidence that the particle heating
rate and the flow conditions within the reactor system have a significant
bearing on not only the pyrolysis rate, but also on the maximum weight loss of
the coal which could be achieved at each reactor exposure temperature. Also,
implications are that the overall devolatilization is both a parallel and a
successive series of reactions, each influenced by the interrelated mass and
heat transfer mechanisms occurring in that specific reactor system.

A predictive model useful in representing the reactive behavior of high-
volatile coal at relatively low temperatures must incorporate a consideration of
the very complex mix of mass and heat transfer effects. The development of such
a model is the next stage of this continuing investigation.
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TABLE 1
EXPERIMENTAL REACTOR OPERATING CONDITIONS

REACTOR TEMPERATURE

Reactor Temperature 723 K 873 K 1073 K
{450°¢) {600°C) {800°C)
Dried Coal Feed Rate (gm/min) 0.46 0.46 0.46
Nitrogen Gas Flow Rate (L/min at 20°C, 1 atm)
Main Gas Stream 20 20 20
Solids-Carrier Gas Stream 1 1 1
Combined Gas Velocity,(m/sec) 0.412 0.497 0.574
Total Gas Flow Reynolds Number 308 274 235

Coal-Solids Residence Time, msec
Particle Flow Path Length

10 cm 186 155 137

20 cm 336 280 227

30 em 473 393 318
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The Role of Coal Devolatilization in Comprehensive Combustion Models
B. Scott Brewster, Larry L. Baxter, and L. Douglas Smoot

Brigham Young University, Provo, UT 84602

Introduction

Pulverized coal combustion is a complex interaction of several processes, including
particle dispersion, gas-phase mixing, particle heatup and mass transfer, particle and gas
reactions, recirculating and swirling fluid mechanics, radiative heat transfer, mineral matter
phase transformations, and pollutant formation and destruction. Comprehensive models
which include submodels for many of these processes have been developed by several
investigators (1-4) to predict local conditions inside combustors. This paper focuses on the
role of coal devolatilization submodels in such predictions.

Previously reported studies of the effects of devolatilization kinetics on overall
combustor characteristics have demonstrated that combustion efficiency, flame front location,
and fluid dynamical structure, are all sensitive to devolatilization rate over the range of
published values (5). Similar ettects were noted in this study. Based on these findings, the
rate of mass evolution during devolatilization is considered to be important to fiowfield and
particle predictions. However, devolatilization rates are currently not well established, and
this paper will not address this issue further.

The objectives of this paper are (1) to present theoretical results from an investigation
of several thermal effects on devolatilization for single particles and in a comprehensive
predictive model and (2) to illustrate the importance of considering chemistry/turbulence
interactions when extending the model to allow for variable composition of the coal volatiles.
The comprehensive model that was used is PCGC-2, Pulverized Coal Gasification or
Combustion—2 Dimensional (axisymmetric). Thermal effects that were investigated include
variable particle heat capacity, particle emissivity, heat of reaction during devolatilization, and
volatiles heating value.

Variable Particle Heat Capacity

Merrick (8) suggested the following function for coal heat capacity:
R 380 1800
G=A\g)|o\T) 2\ T

z
e

2
(ez-1)]

1)
where g4 is given by

91 (Z) =

z 2)

These equations can be used for both coal and char and predict a monotonic increase in ¢y
with temperature. However, because composition varies with time, the increase in ¢, for a
heating and reacting particle may not be monotonic due to changes in average atomic weight
(8). The high temperature limit for Equation 1 is 3R/a, which agrees with principles of
physical chemistry.

Using Equation 1, Merrick obtained agreement between predicted and experimental
values within about 10% over the temperature range of the available data (0-300°C) for
various coal ranks (15-35% volatile matter). Graphite and char heat capacities were
correlated within 5% over the range 0-800°C.
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Calculations were carried out for single particles of 40 and 100 microns and for coal-
water-slurry to test the effect of variable heat capacity on particle temperature and
devolatilization rate. Particle heaf capacities were calculated as the weighted sum of the
heat capacities for raw coal, char, and ash. Gas temperature was assumed constant at 2100
K. Constant heat capacity cases were calculated using heat capacities calculated at 350 K
and 525 K for the coal and char components, respectively. The two-equation mode! was
used for devolatilization, with coefficients suggested by Ubhayakar et al. (7). The average
atomic weights for the coal and char were assumed to be 8.18 and 12.0, respectively, with
the latter corresponding to pure carbon. The heat capacity of ash was taken to be (8)

c, = 593.3+0.586 T 3
The heat capacity of the particles at constant pressure was assumed equal to the heat
capacity at constant volume. Radiative heat transfer and particle blowing were taken into
account. However, oxidation was neglected to more clearly illustrate the effects of heat
capacity.

Profiles of temperature and devolatilization rate for the 100-micron particles are shown
in Figure 1. The gas temperature is also shown for comparison. Calculations for the 40-
micron coal particles and coal-water slurry droplets showed similar effects of variable heat
capacity during particle heatup. The initial heatup rate for the 100-um paricles is
approximately 1.6 x 105 K/s for both constant and variable ¢,. As particle temperature
increases, heatup of the particle with vanable ¢, is retarded by the increasing value of ¢p, as
shown in Figure 1a, resulting in a temperature difference between the two particies of as
much as 500 degrees K. This temperature lag resuilts in a 50 percent increase in the time
required for particle ignition and a slight decrease in the devolatilization rate, as shown in
Figure 1b. The slower heatup rate during devolatilization allows a greater portion of the
particle to devolatilize via the low-temperature reaction, thus giving an ultimate volatiles yield
that is approximately 5 percent fower than for the particle with constant ¢,

“As shown in Figure 1a, the heatup rate decreases markedly during devolatilization,
due to the blowing effect. This effect was similarly predicted by Ubhayakar and coworkers
(2). The asymptotic temperature of both particles is approximately 200 degrees less than the
gas temperature, due to radiative heat losses to the walls of the reactor, which were assumed
to have a temperature of 1000 K.

Calculations were also performed with the comprehensive code (PCGC-2) for
particles with"constant and variable heat capacity. Contour plots of temperature for the
constant and variable cp cases are shown in Figures 2a and 2b, respectively. As shown, the
temperature fields are similar, except that the temperature is somewhat tower in the variable
cp case. This can be seen by noting that the isotherms in Figure 2b are generally shifted
toward the exit and centerline. The lower gas temperature was predominantly a result of the
decrease in volatile yield from the coal. The delay in particle ignition caused by variable cp is
also apparent in Figure 2b on the centerline at the inlet.

The effect of variable heat capacity on total burnout is shown in Figure 3. The curve for
variable ¢p is shifted to the right, resulting in a decrease of approximately 3 percent in particle
bumout at the exit of the reactor. This effect is consistent with the delayed ignition and
slightly slower devolatilization rate observed in the single particle calculations. Interestingly,
the decrease in burnout is approximately equal to the decrease in ultimate volatiles yield
predicted for the single particles, even though particle oxidation was not ignored in the
comprehensive predictions.

Particle Emissivity _

Total emissivities for coal particles have been reported with large variation, as
summarized by Solomon et al. {8). Measurements by Brewster and Kunitomo (9) for micron-
sized particles suggest that previous determinations of the imaginary part of the index of
refraction for coal may be too high by an order of magnitude. If so, the calculated coal
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emissivity for these particles based on previous values may also be too high. However, the
experimental work of Baxter et al. (1Q) indicates that the effective emissivity of 100-micron
coal particles of several ranks of coal at low temperatures is probably not less than 0.7.

To investigate the sensitivity of devolatilization to coal emissivity, calculations were
again performed for single particles and with the comprehensive code. For the single particle
cases, emissivity was varied between 0.9 and 0.1. In the comprehensive code calculations,
emissivity was varied from 0.9 to 0.3. The wall temperature was 1250 K in the former and
1000 K in the latter.

Little effect of emissivity was noted in either set of calculations. The high gas
temperature in the single particle caiculations made convection/conduction the principal
mode of heat transfer. In the comprehensive code simulations, the secondary air was swirled
(swirl no. = 2), and the flow field was recirculating. Thus the particles were heated largely by
contact with hot recirculating gases and not by radiation. In larger furnaces, or in reactors
where the particles do not immediately contact hot gases, radiation may contribute
significantly to particle heating, and in this case, greater sensitivity to the value of particle
emissivity would be expected.

Heat of Reaction

A similar investigation was initiated on the effect of heat of reaction for devolatilization.
Investigators disagree on both the magnitude and sign of the heat of reaction. Reported
values range from -65.3 kJ/kg 1o +334 KJ/kg (8,11). Merrick (8) speculates that the source of
the disagreement is related to the effect of variable heat capacity. The heat of reaction
probably varies with coal type. However, our preliminary conclusions are that devolatilization
calculations are insensitive to this parameter, which agrees with the conclusion of Solomon
and Serio (11). Investigation of the effect of heat of reaction is continuing.

Volatiles Heating Value

The: heating value of the coal volatiles must be known in order to calculate the energy
released by gas-phase reactions. This heating value is a function of volatiles composition,
which is a function of burnout. However, in comprehensive combustion simulations that treat
the effects of chemistry/turbulence interactions (discussed in the next section), both heating
value and composition of the volatiles are often assumed constant.

The effect of variable heating value was not tested-in single particle calculations,
because gas-phase reactions were not inciuded in this model. The sensitivity of the
comprehensive code to changing volatiles heating value was tested in an approximate
manner by increasing the heat of formation of the coal. Since the volatiles enthalpy is
calculated from a particle heat balance, and over 80 percent of the total particle mass loss
was due to devolatilization, increasing the the heat of formation of the coal effectively
increased the volatiles heating value. A value was chosen such that the adiabatic flame
temperature of the coal at a stoichiometric ratio of unity was increased by about 200 K. Since
the simulations were performed for fuel-lean (combustion) conditions, the actual gas
temperatures increased by 50-75 K.

The results of this investigation are shown in Figures 2 and 3. As shown in Figure 2c,
the gas temperatures are seen to be higher with the increased heat of formation of coal.
Otherwise the temperature fields are quite similar. The higher temperatures are due to a
combination of higher heating value and greater volatiles yield. The latter effect dominates
everywhere except in the near-burner region. The higher temperature significantly affects
coal burnout, as shown in Figure 3, with a large portion of the impact coming from the volatile
yield in the early regions of the reactor. The magnitude of the variation of the offgas heating
value was arbitrary in this case, but is regarded as representative of actual coals and
possibly conservative.
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Volatiles Composition

The variation of char and coal offgas composition with burnout has been correlated by
both simple and complex reaction schemes (12-14). Accounting for this variation is not
difficult for the particles. However, dealing with this variable composition and its interplay
with gas phase turbulent mixing and kinetics is both complex and computationally expensive.

The successful prediction of turbulent and mean flow properties is a difficult
proposition in typical combustion environments (15). Although reasonable success has been
achieved for some simple flows, the complexity of reacting, swirling, turbulent flows often
exceeds the capability of even sophisticated turbulence models. The added complexity of
chemical effects on these predictions and the effect of turbulence on the mean reaction rates
compounds the problem. Indeed, combustion investigators have identified this problem as
one of the cntical needs of combustion research (16).

Several approaches to the problem have been proposed. Some of these were
recently reviewed and compared to data by Smith and Fletcher (1Z). The approach used in
the current paper is the statistical, coal gas mixture fraction model. The detailed theory and
assumptions of this model are given elsewhere (1). Only a brief discussion is given here.

The statistical, coal gas mixture fraction model involves convolving instantaneous
properties over the turbulent statistics of the mixture to get time-mean properties. The
statistics of the mixture is represented by the multivariate probability density function of a
number of independent progress variables. The instantaneous mixture properties must all be
represented as functions of only these progress variables.

The current code PCGC-2 allows for two progress variables. One progress variable is
typically used for the inlet gas mixture fraction and the other is used for the coal offgas
mixture fraction. The coal offgas composition is therefore assumed constant. Chemical
kinetics are assumed fast for major gas species (intermixing of fuel and oxidizer is rate-
limiting), so that the mixture is in local instantaneous equilibrium, and local properties
depend only on the local elemental composition and enthalpy. With the two mixture fractions,
the local composition is specified. Enthalpy fluctuations are assumed to be correlated with
fluctuations in the stoichiometric ratio, as given by the two mixture fractions. Time-mean
properties are therefore calculated by a double integral over the joint probability density
function of the two mixture fractions. The evaluation of this integral consumes a significantly
greater fraction of the computational time than any other single task in the code, even though
a table of equilibrium properties is used to minimize the time spent performing equilibrium
calculations.

Additional progress varnables are required if coal offgas composition is to be allowed
to vary. Each group of elements that are evolved from the coal must be tracked
independently. Each additional progress variable for which the statistical variance is taken
into account will increase the computational burden of this approach substantially. An
investigation of the importance of variable coal offgas composition in a comprehensive code
that treats chemistry/turbulence interactions has never been reported. Such an investigation
would determine the extent to which such effects should be taken into account. It may be
possible to ignore the turbulent fluctuations of some or all progress variables when allowing
offgas composition to vary. If so, the computational burden would be reduced significantly.

The computational effort involved with the convolutions is not the only significant
consideration in treating large numbers of progress variables. A multi-variate probability
density function is required to perform the convolution. However, transport equations are
typically written to describe individual probability density functions. To the extent that the
fluctuations in the mixture fractions are independent of each other, the multi-variate pdf's will
be equal to the product of the individual pdf's. However, as the number of progress variables
increases, this independence will be difficult to maintain. Predicting the correlation
coefficients will be difficult and the relevance of the model could be compromised.

A study of the impact of turbulent fluctuations on overall predictions was conducted to
evaluate their importance. In this study, the fluctuations were either arbitrarily neglected or
included, and the results of the comprehensive predictions under these assumptions were
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compared. Similar results are shown by Smith and Fletcher (17). These results are an
extension of their work, focusing on the effect of the coal offgas fluctuations. Figures 4, 5,
and 6 show the results of ignoring turbulent fluctuations in the coal gas mixture fraction on
gas temperature, total particle burnout, and centerline NOx concentration. The coal gas

mixture fraction n represents the degree of mixing between the coal volatiles and the inlet
gas. As expected, neglecting the fluctuations in inlet gas mixture fraction had little effect on
the calculations, since both the primary and secondary streams were air at 300 and 589 K,
respectively.

The effect of ignoring the fluctuations in n on gas temperature can be seen by
comparing Figures 2a and 4. Ignoring the fluctuations caused a high temperature ridge at
the location of mixing between the primary and secondary streams, as can be seen by the
higher concentration of isotherms in Figure 4. Taking the fluctuations into account smoothed
the high temperature peaks. Similar observations were made by Smith and Fletcher (17)
when they ignored turbulent fluctuations in both mixture fractions. Because the rate of mixing
of fuel and oxidizer is reduced when turbulent fluctuations are ignored, the particle burnout is
lowered as shown in Figure 5.

The above results were obtained assuming that the mixing is rate-limiting. The
kinetics of NOy formation and destruction are of the same order of magnitude as the turbulent
mixing rates. Therefore, both mixing and kinetic considerations must be made to predict NOx
concentrations. The model used to do so has been previously reported (18) and
incorporated as a submodel in PCGC-2.

Figure 6 shows the effect of the fluctuations on pollutant predictions. In Figure 6a,
turbulent fluctuations were ignored both in the calculation of major species, and in the
calculation of the pollutant species, which are decoupled from the calculation of major
species. In Figure 6b, turbulent fluctuations were taken into account for both calculations. As
shown, the predicted NO levels are quite sensitive to rigorous accounting for the effects of
turbulence on chemistry. When turbulent fluctuations are taken into account, oxygen from the
secondary mixes more rapidly with the primary, and more NOy is formed. Although data were
not available for comparison with this calculation, previously reported calculations have
shown that solutions taking the turbulence into account agree more closely with data (18).

Conclusions

Coal devolatilization is typically responsible for flame ignition and the ignition point
and volatile yield of the devolatilization reactions have large impacts on overall combustion
characteristics. .

The temperature and composition dependence of particle heat capacity alters
comprehensive code predictions of particle temperature, particle ignition, particle burnout,
gas ignition and combustion efficiency. The effect is predominantly linked to the predicted
ignition point of the coal and the extent of devolatilization.

For typical operating conditions of entrained-flow reactors (cold walls, hot gas), the
value of coal particle emissivity does not significantly affect comprehensive code predictions.
Preliminary results indicate that predictions are also insensitive to heat of devolatilization, but
further investigation of this effect is needed. These conclusions may be different in situations
with less dominant conductive/convective heat transfer.

The heating value of the coal offgas affects coal burnout and, to a lesser extent, gas
temperature. This effect is attributed to the volatile yield of the coal under different heating
conditions. Correlations of offgas heating value with particle burnout may improve
comprehensive code predictions.

Turbulent fluctuations have an important impact on the mean reaction rate of coal
offgas with the gas mixture. Further investigation of the importance of variable coal offgas
composition in comprehensive codes and the importance of including the effect of turbulent
fluctuations is proceeding.
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List of Symbols

a average atomic weight of coal or char (kg/kg-mol)
Cv constant volume heat capacity (J/kg-K)

g1 function defined by Equation 2

R universal gas constant (8314.4 J/kg-moV/K)

T temperature (K)

z parameter in Equation 2
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Introduction

To help produce advances in gasification technologies it is necessary to generate data on the
effect of coal properties and operating variables on the pyrolysis/gasification behavior of coals under
conditions similar to those in advanced-concept gasifiers; usually a high temperature-high pressure
environment for entrained coal particles. Since relatively little data are available on coal
pyrolysis/gasification at elevated pressure, especially in entrained flow systems, the primary objective of
this study was to provide information on the effect of pressure on product yield and composition during
pyrolysis. :

The thermal decomposition of coal produces solid char or coke plus liquid and gaseous volatile
matter (1):

coal —hea_lh solid (char or coke) + liquid (tar) + gas (CO, CO2, CH4, etc)

The char consists mainly of carbon along with small amounts of hydrogen, oxygen, nitrogen
and sulfur as well as the ash produced from the mineral matter. Tars are vapors at the pyrolysis
temperature and pressure. The quality and quantity of char, tar and gases produced during pyrolysis
depend on coal type, temperature, heating rate, pressure, residence time and particle size (1).

Two general techniques have been used for coal pyrolysis studies (2): captive sample, where
the coal is stationary or fixed during a run, and entrained-flow, where the coal is fed and products
withdrawn continuously. Most data on pressure effects have been obtained using captive sample
techniques (3-9). For example, Anthony et al. found a substantial reduction in weight loss with
increasing pressure for the pyrolysis of a bituminous coal above 873 K (4). Suuberg et al. also reported
a reduction in weight loss and tar yield with increasing pressure (7).

The entrained-flow technique, however, has been used more in recent years by researchers (10-
16). Sundaram et al. examined the effect of pressure on pyrolysis of a sub-bituminous coal under
various inert gas pressures (Ar, He and N2) in an entrained-flow reactor (12). They reported that the tar
yield increased with increasing pressure of helium, while it decreased with increasing pressure of argon.
They also reported that the total carbon conversion went through a maximum before decreasing with
increasing pressure. Serio et al., on the other hand, reported a reduction of about 25% in tar yield with
increasing pressure for four different coals(13). A study similar to the one reported here on Montana
Rosebud coal under the same pressure conditions but at higher temperatures and residence times has
also been reported by Bissett (14).

Experimental

An entrained-flow reactor, which was capable of subjecting pulverized coal particles to
temperatures and pressures of 1373°K and 1000 psig respectively for a range of particle residence times
was used in this study. The reactor, which is equipped with a computerized data acquisition system for
accurate monitoring of the experimental conditions, is shown schematically in Figure 1. Pulverized coal
is injected into the furnace by entrainment in a cold gas stream (primary gas) as it passes through a
semi-venturi. The coal laden gas flows through a water-cooled injector probe fixed at the top of the
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furnace. A secondary gas stream which is preheated during its passage upward through an annular
region surrounding the reactor tube enters the furnace near the tip of the injector probe. Char is collected
by a water-cooled probe which can be adjusted over a range of distances from the bottom of the furnace.
This gives the flexibility to change the pyrolysis residence time. Another method of changing residence
times is to adjust the gas flow rates of the gases passing through the furnace.

Char is separated from the product stream in a filter vessel installed downstream of the collector
probe. The particle-laden stream enters the cylindrically-shaped vessel tangentially and at a point
midway up the vessel. The solid char falls into a sample vessel at the bottom of the cylinder, while
much of the tar is trapped by a 20 pm stainless steel filter at the top of the vessel. The solid pyrolysis
products and the material trapped by the filter both were extracted in a conventional Soxhlet apparatus
using tetrahydrofuran (THF) as the solvent. The THF solubles, which are used to represent the tars
produced during pyrolysis, were obtained by evaporating the solvent after extraction. The THF
insolubles are used to represent the char yield.

Proximate analyses were performed on the chars using a Leco MAC-400 analyzer. Ultimate
analyses were also performed on chars and tars using a Leco CHN-600 analyzer. Sulfur contents were
measured by a Leco sulfur analyzer. The gas stream leaving the collector vessel is routed through an
on-line Carle gas chromatograph which is capable of monitoring the following gases: H2, N2, O2,
H3S, CO, CO2, CH4, C2H2, C2H4, C2H6, H20, SO2, and C3 + C4 hydrocarbons. An infrared gas
analyzer is used to continuously monitor the carbon monoxide concentration in the outlet gas stream to
determine when the reactor has reached steady-state operation. Gas composition measured by the GC is
then determined for steady-state pyrolysis. The furnace is operated from a remote control panel and
monitored by computer.

Samples of sized Montana Rosebud sub-bituminous coal, with mean particle size of 57um, were
used in this study. Proximate and ultimate analyses of the raw coal are shown in Table 1. Pyrolysis
experiments were performed at a temperature of 1189°K, applied N2 pressures of 100-900 psig and
residence times between 0.1 to 1.7 seconds. Coal particle residence times in the furnace were
determined by using a computer flow model, which is a modified version of the one developed by Tsai
for entrained-flow reactors operated at atmospheric pressure (17). We modified the flow model
programs for use under our high-pressure entrained-flow reactor conditions.

Weight loss due to pyrolysis was calculated by using ash as a tracer. On a dry-ash-free basis,
the governing equation is:

A (100-A)
AW = 100% 1-u
A, (100-A,)

where AW is the calculated weight loss on a daf basis, A is the proximate ash content of the dry coal
and A is the proximate ash content of the dry char produced during pyrolysis. An assumption in this
calculation is that mineral matter in the coal does not undergo transformations during the pyrolysis
which would change the quantity of ash produced upon ashing the chars (15). Tar yields were
calculated from the total amount of THF solubles collected, about 5-15%, and expressed as weight
percent of coal (daf) fed into the reactor. Total gas yields were calculated from the difference between
the weight loss and tar yield.

Results and Discussion

The effect of pressure on weight loss for pyrolysis at 1189°K, 0.3-1.0 seconds residence time
and up to 900 psig applied N2 pressure is shown in Figure 2. It is observed that at short residence
times (0.3 and 0.5 seconds) increasing the pressure reduces the weight loss, but at a longer residence
time (1.0 seconds) increasing the pressure increases the weight loss slightly afier going through a
minimum at 178 psig. The weight loss of the Montana Rosebud coal increased steadily with increasing
residence time and reached a maximum at 1.0 seconds.
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Figure 3 shows the effect of pressure on tar yield at 1189°K, 0.3-1.0 seconds residence time
and up to 900 psig applied N2 pressure. The tar yield increased significantly with pressure up to 178
psig for all residence times and, with the exception of short residence time (0.3 sec) tar, then continued
to increase with increasing pressure but at a slower rate. The data are in agreement with those of
Solomon et al., who reported similar tar yields for the Montana Rosebud coal at 1089°K and 0.47
seconds residence time (16). The data are also in general agreement with those of Sundaram et al. (12)
who reported an increase in tar yield from a sub-bituminous coal with increasing pressure of helium.

Yields and composition of gaseous products are shown in Figures 4 and 5, respectively.
Comparison of Figures 2, 3 and 4 indicate that the trend for total gas yield is consistent with the effect of
pressure on weight loss and tar yield. The total gas yield drops as the pressure increases from 100 to
178 psig then increases slightly with further increase in pressure. This is also in a good agreement with
the data of Solomon etal. At short residence time (0.3 seconds) CO and CO? yields increased
significantly with increasing N2 pressure while the CH4 yield decreased. Reduction in CH4 yield with
increasing pressure has been reported by Serio et al. (13) In the experiments carried out at residence
times higher than 0.3 seconds CO concentrations were higher than CO2, and the concentration of CH4
was higher than that of CoH4 which, in turn, was higher than C2Hg. This is in good agreement with
the data of Sundaram et al. (12) but agrees with that of Serio et al. (13) only for the CH4, C2Hg and
CaHg hydrocarbon gases.

The effect of pressure on the C/H ratio of the tar and char produced from pyrolysis is shown
graphically in Figure 6 and 7, respectively. It can be seen in Figure 6 that the C/H ratio of the tars
remains relatively constant except at short residence times where there is a significant drop in the C/H
ratio at 178 psig. Figure 7, on the other hand, shows that the C/H ratio of the char decreases
significantly as pressure increases. At short residence times the C/H ratio of the char drops from over
1.8 at 100 psig to below 1.4 at 178 psig then remains relatively constant. At the longer residence time
the C/H ratio decreases gradually from over 2.2 at 100 psig to 1.8 at 900 psig N2 pressure.

Conclusions

Pyrolysis of a Montana Rosebud subbituminous coal in a high pressure entrained flow reactor
revealed the following:

1. Based on the weight loss, tar and gas yield, and C/H ratio of the tar and char, it appears that
a significant change in pyrolysis behavior occurs at a pressure between 100 and 178 psig.

2. Weight loss and gas yield decrease with increasing pressure up to about 200 psig, and above
this pressure there is no significant effect.

3. Tar yield is most affected by the pressure, increasing significantly with increasing pressure
up to 200 psig.

4. The maximum tar yield was observed at a low residence time (0.3 seconds) and 178 psig
applied N2 pressure.

5. The CH4 and CoHg yields decreased significantly with increasing pressure, with CoHg
diminishing above 300 psig pressure for a residence time of 1.0 second.
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Table I

Characteristics of Montana Rosebud Subbituminous

Coal Used in Pyrolysis. Experiments

i nalysi wit% (dry)
Moisture -
Volatile Matter 42.7
Ash . 9.7
Fixed Carbon (by diff.) 47.6
Ultimate Analysis wt% (daf)
Carbon 74.3
Hydrogen 6.0
Nitrogen 1.0
Sulfur 1.5
Oxygen (by diff.) 17.2
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MODELING OF COAL PYROLYSIS UNDER THE CONDITIONS OF AR ENTRAINED PHASE
REACTOR

W. Wanzl, P. KaBler, K.H. van Heek, H. Jintgen
Bergbau-Forschung GmbH, D-4300 Essen 13, West Germany

INTRODUCTION

Experimental laboratory work has shown that yield and quality of
liquid products from coal pyrolysis can be controlled and optimized to
a certain extent by suitable coaction of the primary thermal coal de-
composition reactions and the secondary cracking or hydrocracking of
the volatiles. The results indicate that favorable process conditions
are provided in an entrained phase transport reactor which enables
high heating rates for fast primary coal pyrolysis together with opti-
mum residence time of the volatiles for secondary cracking and hy-
drocracking in the heated reactor zone. From that point of view the
question arises how thermal coal decomposition can be described at
high heating rates and whether transport limiting processes are invol-
ved in the overall reaction step. Especially for reactor design it is
necessary to clarify to what extent experimental kinetic data gained
at low heating rates can be applied to heating conditions like in a
fluidized bed or in an entrained phase reactor.

KINETIC EXPERIMENTS

Low Heating Rates - Thermobalance Experiments

For experimental investigations of the influence of heating rate
on the kinetics of coal pyrolysis three different types of equipment
have been used as shown in Fig. 1. In previous work at low heating
rates the course of product formation - total weight loss, tar, and
gas - depending on temperature was measured in non-isothermal experi-
ments in a thermobalance /1/. The low heating rate of some K/min in
the thermobalance allows, beside the recording of the decrease in mass
of the coal sample, a continuous analysis of the product gases (inclu-
ding detection of H,0) and, by difference between total mass loss and
total gas formation, the calculation of tar formation.

The mass loss curve as well as the curves for the different
gaseous components show a certain structure which indicates that the
volatiles are liberated in several single reactions for each compo-~
nent. The reactions can in a first order regarded as a set of indepen-
dent parallel reactions. This model of non-isothermal reaction kine-
tics allows a mathematical description of product formation . With
the model equations the measured curves can be described by fitting
activation energy E and frequency factor ko-

High Heating Rates - Grid Heater Experiments

The verification of the measured kinetic data at high heating
rates has been carried out in experiments with a grid heater and with
a Curie-point pyrolysis equipment. Schwandtner /2/ used a grid heater
in the vacuum chamber of a time of flight mass spectrometer and ap-
plied heating rates up to 3000 K/s. The fast response signal of the
mass Spectrometer enabled kinetic measurements at high heating rates.
According to theoretical calculations with the equations describing
the non-isothermal reaction kinetics Schwandtner found a significant
influence of the heating rate on the gas formation curves, which were
shifted towards higher temperatures, respectively towards later times.
But additionally, the gas release was shifted with rising particle
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size as shown in Fig. 2. For coal grains exceeding 0.4 mm in diameter
furthermore a tailing at the end can be noticed. With further enlarge-
ment of the grain size up to 1 mm and more the gas formation rate be-
comes independent of time. This means a reaction order of 0, which ex-
presses the increasing influence of heat conductivity at these experi-
mental conditions. This effect can be explained by the assumption that
the heat transfer into the grain limites at certain heating rate and
particle size the overall pyrolysis reaction. By a simple calculation
of the temperature profile in the coal particle and integration of the
total gas formation in the particle on the basis of a shell model the
measured curves can be fitted as shown in Fig. 2.

High Heating Rates - Curie-Point Experiments

By using a different heating technique similar investigations were
carried out with a pressurized Curie-point equipment which allows high
heating rates above 10,000 K/sec and by that nearly isothermal pyroly-
sis experiments /3/. The method for measuring the critical particle
diameter above which the transition from chemical reaction control to
transport rate control occurs, involves measuring the yield of pyroly-
sis products, mainly the tar, at incomplete coal decomposition reac-
tion. At a given heating rate and pressure, mass loss is independent
of particle diameter at low particle size. By increasing particle size
a distinct drop in the mass loss is noted as shown in Fig. 3, indica-
ting that mass and/or heat transfer effects inhibit the escape of the
volatiles from the particle. The critical particle diameter can, the-
refore, be determined by the change in the trend of mass loss versus
particle size and finally plotted as function of heating rate (Fig.4).

HEAT TRANSFER CALCULATIONS

In order to achieve a more precise separation between the experi-
mentally measured mass and enthalpy transport effects and their rele-
vance for the measurement of kinetic pyrolysis data, model calculati-
ons were performed. The model assumes a spherical coal grain with its
surface heated time dependently. It includes reaction enthalpies uni-
formly distributed in the coal particle. Intraparticle temperature
profiles are then calculated using boundary conditions specific to the
different heating methods in each apparatus.

The result of a calculation reproducing the conditions in the Cu-
rie-point measurements at a heating rate of 6.000 K/s for grain sizes
at and above the critical radius (0.1 mm and 2 mm respectively) is
shown in Fig. 5. The temperature profiles show quite clearly the exi-
stence of the measured critical diameters being in a first approxima-
tion a result of heat conduction within the coal. These radii are the
limit up to which the heating rate can cause intra particle tempera-
ture gradients. The thermobalance uses a heating rate of 3 K/s, slow
enough to prevent temperature gradients within the particle. With
grain sizes below 0.1 mm also the pyrolysis yields of the Curie-point
apparatus at heating rates up to 10,000 K/s may be evaluated without
having to account for non-isothermal coal grains (Fig. 6).

As a consequence, looking at temperature profiles in a grain with
the surface heated up instantaneously, as an upper limit for the con-
ditions in an entrained phase reactor, internal temperature profiles
die out after some ten miliseconds. These are time increments of the
order of magnitude needed to reach thermal equilibrium between gas and
coal within the very beginning of the reaction tube. The description
of reaction kinetics in such a reactor type should therefore be possi-
ble on the basis of experimental data gained with the thermobalance
and the curie point apparatus.
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EFFECT OF HEAT TRANSFER ON TAR AND LIGHT GASES FROM COAL PYROLYSIS
J. D. Freihaut, W. M. Proscia, D. J. Seery

United Technologies Research Center
East Hartford, CT 06108

INTRODUCTION

Recent evidence has demonstrated that the products of coal pyrolysis vary
with the conditions of heating. Both the reactivity of the char and the
chemical composition of the evolved species vary with thermal flux during
pyrolysis. Because of the inherent complexity of coal, it is difficult to
uncouple the actual heat transfer process and the effects of variations in
individual parameters in most pyrolysis experimental designs. Typical ranges
of heat transfer rates available in a number of devolatilization reactor
systems are indicated in Fig. 1. A particular reactor system may have
additional constraints imposed by the nature of the heat flux source or
transfer media - acceptable particle size of the parent coal, ambient pressure
in which devolatilization can be performed, spectral distribution of a radiant
source, residence time in the heat transfer field, etc. Some practical size
constraints of wire grid and entrained flow reactor systems are noted in
Figure 1.

This report presents the results of a study of coal pyrolysis in three
different reactors covering a wide range of heating conditions. The specific
purpose of the investigation was to determine if the rate of heat delivery to
a high volatile bituminous coal during the tar formation and evolution phase
has a significant effect on the tar yields and molecular weight distribution
for a high volatile bituminous coal. From the point of view of understanding
coal devolatilization and the development of fundamental kinetic models, the
investigation is geared to determining whether the same tar formation and
evolution processes are occuring in widely different regimes of heat transfer
rate and modes of heat transfer. The heavy hydrocarbons yields and chemical
characteristics provide a type of observable monitor, to generate a
microscopic model of the devolatilization/pyrolysis process.

EXPERIMENTAL

Reactor Characterization

The influence of transport on coal devolatilization necessitates the
characterization of reactor heat transfer properties in detail. Figure 1
displays the power density regimes required for a given heating rate of inert,
spherical particles having thermal capacities equivalent to coal. Also shown
are the range of power density capabilities of the heated grid and flash lamp
reactors employed in this investigation and the corresponding regimes for
entrained flow reactors. The heated grid Eystem employed in this investigation
gengrates power densities of 1-6 watts/cm” at grid temperatures between
600 K and 1200 K. The flash lamp system generates power densities, in the
form of fransient irradiance levels. ime averaged levels from 200
watts/cm” to greater than 700 watts/cm” were employed. Entrained flow
reactors generally operates in the 10-100 watts/cm™ regime. Final particle
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temperatures of 1000°K or greater can be obtained in each system, but for
significantly different transient times.

UTRC Heated Grid (HG)

The heated grid experiments are conducted by imposing a controlled voltage
across a folded No. 325 mesh stainless steel screen. The screens are
prefired, then loaded with 20-30 mg of coal by evenly distributing the coal
between the folds of the screen. Simultaneous, real time measurements of
applied voltage across the screen, current flow, and temperature of the screen
are made by a rapid data acquisition system. The grid, char and tar are
quenched by impingement of high velocity helium jets on the grid at the end of
the heating program. The light gases evolved are measured by a FT-IR gas
analysis system attached directly to the heated grid cell. Details of the
UTRC heated grid apparatus have been given previously (Ref. 1, 2). The power
density fields in vacuum conditions consist mainly of irradiance, whereas in
the presence of ambient gases there can be significant gas conduction
depending on the thermal conductivity of the gas. The power density fields
were determined by synchronously measuring delivered current and voltage while
measuring the temperature of the screen at pseudo steady-state conditions, and
normalizing with respect to screen surface area. Depending on the heat
transfer and heat capacity properties of the sample relative to the screen and
ambient gas, the sample can couple to the local power density field. Such
coupling has been demonstrated to change the observed temperature trajectory
of the screen relative to an unloaded screen area (Ref. 1, 2). The main
element of interest is the magnitude of the power density levels established
by the heated prid system in the 600°K to 1000°K screen temperature
regime, the temperatures of tar formation and evolution in such heating
systems (Refs. 3, 4, 5).

UTRC Flash Lamp (FL)

Details of the flash lamp reactor have been given previously (Ref. 6).
Under the range of capacitor voltage levels used in this investigation and
with the particular match of lamp characteristics and driving circuit
parameters the shape of the pulse did not vary significantly. The magnitude
of the irradiance level delivered to the inside of the reactor was controlled
by varying the neutral density filter and/or the capacitor bank voltage
levels. The real time irradiance levels of the flash pulse were monitored by
fast response pyrolelectric detectors. The detectors employed were calibrated
with NBS irradiance standard lamps and a NBS traceable radiometer system used
in conjunction with a chopped Argon ion laser. Pyroelectric detectors have a
nearly constant response to wavelength from the UV to IR spectral regimes.
Because of the possibility of inducing photochemical reactions with the UV
component of the flash pulse, the reactors employed were pyrex, as were the
neutral density filters. The delivered radiation is characterized by
wavelengths ranging from 0.4 to 2.0 microns with peak intensities between 0.8
and 1.1 microns.

Entrained Flow Reactor (EF)

In the entrained flow reactor, coal is entrained in a primary gas and
injected into a hot wall furnace, through which a preheated secondary gas is
flowing whose temperature is matched with the wall. Entrained coal/char
particles flow in a pencil-1like stream down the center of the furnace tube and
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are collected by a water cooled probe. Figures 2, 3 and 4 display the overall
reactor design, aerosol-char separation device and the aerosol and char
separation trains. Approximately 75% of the total reactor flow is diverted to
the aerosol train. Both the cyclone (char) train and impactor (aerosol) train
are followed by final filters. These filters consist of porous metal disks to
ease in removal of tar species. Approximately 90% of the tar mass appears to
collect on the final filters, with some deposition on stages 7 and 8 of the
impactor train. SEM analysis of the impactor and cyclone stages as well as
the final filters reveal the phase separator extracts particulates and
aerosols less than 2 microns from the particulate flow at 75% gas flow
removal. Tar material deposited on the final filter substrates consists
almost entirely of condensed heavy hydrocarbons having no particulate boundary
structure. Particulate material is efficiently removed by the impactor and
cyclone stages.

Because the coals were initially size separated by aerodynamic means, it
was originally thought that the size specific ASTM ash could be used as the
basis for calculating mass fraction loss via the ash tracer technique.
However, using this value gave negative weight loss results for the low wall
temperature runs. Inspection of the gas analysis system data and the filter
stages of the cyclone and impactor trains indicated substantial
devolatilization was occurring. It became apparent that the feed system was
not delivering coal particles having the same average ash content as measured
for the gross sample for this particular size cut. Consequently, the reactor
system was operated in the cold wall, cold flow mode with the delivered coal
particles collected in stage 0 of the cyclone separator considered as
representative of the actually delivered samples. It was noted that
immeasurably small samples of fines were deposited in the impactor train or
subsequent stages of the collection system.

Tar Sampling and Handling

Tar yields in the heated grid reactor are determined by weighing the
condensible material deposited on the inside of the reactor walls and filters
placed between the reactor and FT-IR gas cell. Tar ylelds in the flash lamp
reactor are defined as the THF soluble portion of the condensibles found
inside the reactor and on the filters placed between the reactor and FT-IR gas
cell. These tars may contain material extracted from char particles in
addition to "desorbed" (vaporized molecules, ejected molecular clusters and
colloidal fragments) species evolved in the flash heating process. Relative
molecular weight distributions of tars were determined with the THF soluble
(room temperature, ten minute ultrasonic bath) portion of the evolved species.
Entrained flow reactor tars were defined as the THF soluble portion of the
material removed from the filtering system. All samples were passed through a
0.5 micron filter before injection into the SEC system. The details of the
SEC have been given previously (Ref. 7).

RESULTS AND DISCUSSION

Tar yields and relative molecular weight distributions were obtained for
PSOC1451. The elemental analysis for the mesh and aerodynamically separated
coal samples are given in Table Ia. Table Ib lists the elemental compositions
observed for the 20 - 30 micron cut of the parent coal PSOC 1451 D sample, the
delivered particles captured in stage O of the cyclone collector, and the
residual particles remaining in the feeder bed after several runs. Obviously,
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the feed system delivers 20 - 30 micron particles having lower average mineral
densities than that observed for the gross parent sample. The residual
particles, that is, the particles left in the feeder bed have higher average
mineral densities than the gross parent sample. Despite the fact that the
size separation system and the feeder system both employ aerodynamic
principles, segregation does occur In the reactor feed process. As a result
it was deemed necessary to perform cold flow runs with each sample to generate
baseline ash data for determining mass raction ylelds by ash tracer
calculations. Results for tar yields, number average (Mn), and weight average
(Mw) molecular weights are summarized in Table II. The data have been
arranged in order of increasing net power density. The incident power density
has been estimated from reactor property measurements indicated above and heat
balance calculations assuming coal particles are spherical, with emissivity
and absorptivity of 0.9, and heat capacity of 0.3 cal/gm-C. The particle
sizes listed are an arithmetic average diameter of the high and low cutoff of
the mesh range. The entrained flow tar yields are estimates based on one
atmosphere runs performed in the flash lamp and heated grid reactor where
particles were heated to the same final temperatures.

The limits of the molecular weight distributions range from 100-3500 for
the heated grid and entrained flow tars, and from 100-5000 for the flash lamp
tars. Previous Investigators have obtained similar results for average
molecular weights and for the range of the MWD's of various coal tars, and
coal extracts (see Table III).

Pressure Effect in a Particular Reactor

Heated grid and flash lamp experiments were conducted at atmospheric
and low pressures. The entrained flow reactor was operated at one
atmosphere only. Comparisons of heated grid and flash lamp data given
above (Table II) reveal a highly coupled dependency between mass and heat
transfer parameters in determining molecular weight characteristics of the
evolved tars. Larger MWD moments are obtained with the heated grid
apparatus under low pressure conditions relative to atmospheric pressure
for a given power program input (Fig. 5). The low pressure tars obtained in
this apparatus have a significantly larger fraction of high MW species
than the corresponding atmospheric pressure tars. Tar yields are reduced
by 30% or more, depending on specific conditions, while molecular weight
moments are reduced. These results are consistent with the results of Unger
and Suuberg (Ref. 8) and others (Ref. 9, 10).

The same MWD pattern emerges at the lowest power density inputs employed
with the flash lamp apparatus. That is, the low pressure tars have
significantly higher molecular weight moments than the corresponding tars
formed in one atmosphere of heliumzor argon (Fig. 5). However, at the next
highest irradiance level (285 w/cm®) the tars formed in one atmosphere of
helium have larger moments than the corresponding low pressure conditions.
These results can be understood relative to the variation in heat transfer
conditions. Particles subject to a radiant pulse in low pressure conditions
can only cool by an ablative process whereas particles radiantly heated in the
presence of an ambient gas are cooled by conduction across a boundary layer as
the particle temperature rises. In low pressure conditions the tars formed
within the heating particle become hot enough to undergo some secondary
cracking reactions in the evolution process. Depending on 1ts thermal
conductivity, the moderating influence of the ambient gas can be appreciable,

132




T T AP T AR T - =

]
y

resulting in a lowering of the net power density delivered to the particles.
Consequently, the lowest irradiance level employed was not sufficient to heat
the 50 micron particles, in the presence of helium, to desorb more than 5 to
10% of the coal mass as tars. In vacuum conditions, on the other hand, the
observed tar yield was ~23% for the lowest irradiance level. In one
atmosphere of argon the yield was ~19% with MWD moments similar but somewhat
lower than the corresponding vacuum run. The results also iEdicate that Ehe
change in irradiance level from an average level of 225 w/cm® to 285 w/cm

in low pressure conditions results in thermal cracking reactions of the tars
as they are evolving from the correspondingly hotter particles. Light gas -
CHA, co, C H2, C HA’ HCN-yields associated with such high

temperaturé reac%ions of tars are also increased. Although increases in CH
and CO are observed in the heated grid gas yields when the tar evolution
process is performed in pressure as opposed to vacuum, significant changes in
C,H, and HCN are not obsexved for this coal type with a change in ambient
preSsure alone.

Variation in Molecular Weight Distributions with Power Density Level

The influence of power density on tar yields and MWD's was explored by
utilizing the multi-reactor approach discussed previously. The effect of large
differences in power density is explored by comparing results from different
reactors for a particular ambient gas environment (Figure 6). The heated grid
tars, which were devolatilized at the lowest incident power fields are
observed to have lower number average and weight average molecular weights
than the flash lamp tars, devolatilized at the highest power densities, The
main mode of energy transfer is radiation in these reactors when operated in
low pressure conditions, although the wavelength distribution of the radiation
is shifted to the visible and near IR for the flash lamp relative to the
heated grid. The molecular weight moments of the entrained flow reactor tars
vary substanially with residence time. In order to compare results to the
other reactors, the shortest residence time tars should be examined since
these presumably will have experienced the smallest degree of gas-phase
secondary reactions. The tars produced in the 900 C, 40 msec residence time
conditions have slightly lower molecular weights than the atmospheric pressure
heated grid tars while the 1000°C, 40 msec tars show similar moment
characteristics. In both cases the initial tars (low residence time) show
molecular weight moments less than the vacuum tars formed in the heated grid.
Relative to the flash lamp tars generated in either vacuum or pressure
conditions the EF reactor tars have lower moment and distribution
characteristics.

Devolatilization Modeling and Coal Structure

For a given set of heat transfer conditions and particle size, it can be
difficult to distinguish between mass and heat transfer effects on volatiles
product distributions and characteristics (Ref. 11). Both phenomena can
appear to effect any one observable similarly by introducing intraparticle or
extra-particle (particle-gas boundary layer or entrainment stream) secondary
reactions in evolving tar species. Lumped parameter measurements - tar yleld,
char yield, gas‘yield, weight loss - are not informative and can even be
misleading for a microscopic understanding of coal devolatilization. Kinetic
comparisons based on one yield characteristic or product type grossly
oversimplify the complexity of the process and can be even more misleading.
The results reported in this investigation indicate that detailed
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characteristics of tar species generated under one set of reactor conditions
can give more insight into the devolatilization process, but only if careful
consideration of reactor conditions are included and detailed comparisons are
made to results obtained with other reactors on the same analytical bases. A
combination of tar characteristics and light gas yields and composition for a
wide range of reactor conditions are necessary before a comprehensive
understanding of coal devolatilization can be established.

The significant change in relative MWD's of desorbed tars with heat
transfer rate in low pressure conditions strongly implies a wide distribution
of bonding types, ranging from predominantly physical association to covalent
bonding, among a wide distribution of organic structure sizes, molecular to
colloidal. The "tar" characteristics depend on the rate (power density field)
at which thermal energy is delivered to the organic matrix, the mode of energy
delivery and mass transport conditions. Such behavior is not unlike that
exhibited by large, thermally labile organic molecules which are observed to
desorb from a given substrate intact, via pyrolysis fragmentation, or in both
forms, depending on the specific mass and heat transfer conditions and the
nature of the molecular interactions between the adsorbed molecules and
substrate (Ref. 12-19). From a devolatilization perspective high volatile
bituminous coals behave as if they contain a wide range of organic structures,
molecular and colloidal, attached to a polymeric-like substrate by a variety
of physical and chemical bonding types. The presence of specific fractions of
physically and chemically bonded species has been postulated to interpret the
plastic behavior and generation of intraparticle pyridine extratables during
the rapid heating of an Appalachian provide high volatile bituminous coal (4,
40) . The size characteristics of the desorbed species varies depending on
whether pyrolysis fragmentation or desorption of relatively large species is
emphasized by the heating conditions employed in devolatilization as well as
mass transport related parameters.
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TABLE Ia

PSOC 1451 (HVA BIT - Appalachian Province)
Elemental Composition

Mesh -270+325 -100+140 50470 25435

<d> 49 127 254 604

$DAF

c 82.38(0.47)% 82.26(0.36) 82.28(0.36) 80.66(2.80)
H 5.44(0.03)  5.54(0.03)  5.58(0.02) 5.71(0.28)
N 1.60¢0.03)  1.62(0.02)  1.63(0.01) 1.56(0.08)
S+0 10.58(0.55) 11.10(0.45) 10.48(0.37) 12.26(3.30)
Ash 5.89(0.55) 10.78(0.69)  9.11(1.32) 24.39(18.9)

* Numbers in parentheses represent one standard deviation.

<d> = Arithmetic average of particle range in microns

TABLE Ib

-20+25
774

78.40(4.87)
5.69(0.20)
1.52(0.14)
14.13(4.83)

32.50(29.6)

ELEMENTAL COMPOSITION OF PARENT, DELIVERED AND RESIDUAL PARTICLES:

PSOC 1451D, 20 - 30 MICRON PARTICLES

SAMPLE %C sH &N $S+0
PARENT -1 75.19  4.94 1.48 9.66
PARENT-2 75.25 4.95 1.45 9.52
PARENT-3 75.00 4.91 1.45 9.82
PARENT -4 75.06 4.90 1.45 9.78
DELIVERED-1 78.49 5.08 1.53 10.08
DELIVERED-2 78.54 5.08 1.50 10.36
DELIVERED-3 78.56 5.12 1.51 10.09
DELIVERED-4 78.59 5.08 1.48 10.01
RESIDUAL-1 74.46 4.91 1.41 9.49
RESIDUAL-2 74.42 4.89 1.43 9.84
RESIDUAL-3 74.45 4.90 1.45 9.99
RESIDUAL-4 74.44  4.91 1.45 9.78
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TABLE II

TAR YIELDS AND MOLECULAR WEIGHTS

POWER

REACTOR/ PARTICLE  ATM. DENSIEY Mn Mw % TAR RUN I.D.
PARAMETERS SIZE { m] {W/CM™} YIELD
HG 450/2 * 49 vAC 0.62 626 839 14.2 229B
HG 550/2 49 AR 0.74 510 703 14.9 238A
HG 600/10 49 VAC 0.88 594 775 25.1 239A
HG 550/2 49 VAC 0.94 664 960 35.3 232¢
HG 600/10 49 HE 1.3 522 692 12.7 242A
HG 350/1 49 VAC 1.8 655 948 20.0 224B
HG 800/2.5 49 VAC 1.9 621 855 21.0 221A
HG 800/2.5 49 VAC 1.9 610 843 24.4 237B
HG 800/2.5 254 VAC 2.0 639 869 25.1 246A
HG 800/2.5 127 VAC 2.1 616 841 28.4 245A
HG 800/2 774 . VAC 2.3 616 875 24.3 253A
HG 800/2.5 774 VAC 2.3 632 869 23.3 247A
HG 800/2.5 49 AR 2.3 520 734 17.5 235C
EF 900/3 ** 64 N2 50.0 485 698 *kk K 017
EF 900/9 64 N2 - 490 709 - 018
EF 900/22 64 N2 - 382 560 - 019
EF 1000/3 64 N2 80.0 531 766 dekkk 020
EF 1000/9 64 N2 - 406 596 - 021
EF 1000/22 64 N2 - 275 407 - 022
FL 1.8/30 **x 49 HE 225(32) 686 1059 6.0 7053
FL 1.5/60 49 HE 285(40) 784 1184 12.0 703C
FL 1.5/90 49 HE 430(60) 699 1134 19.0 704B
FL 2.2/60 49 HE 730(96) 545 898 17.0 706E
FL 1.8/30 49 AR 225(122) 714 1121 19.0 707¢C
FL 1.8/30 49 VAC 225 764 1180 23.0 709B
FL 1.5/60 49 VAC 285 663 1054 28.4 713B
FL 2.2/60 49 AR 729(293) 630 955 22.0 708B

Footnotes:

* HG X/¥Y =

** EF X/Y =

#*%% FL X/Y =

dkedkdkk -

heatgd grid with 1000 Césec ramp to X C, hold for Y sec, then
1000" C/sec ramp to 800 C, hold fog 2.5-Y sec. The 600/10
runs are an exception: ramp to 600 C and hold for 10 sec.

entrained flow with X C gas temperature and Y" sampling position
900 g: 3"= 40 msec; 9" = 110 msec; 22" = 250 msec
1000°C: 3"= 40 msec; 9" = 100 msec; 22" = 230 msec

flash lamp with X KV capacitor bank voltage and Y% neutral
density filter. Values are time-averaged delivered irradiance;
values inside parentheses are time-averaged net power density
calculated from heat balance considerations. See Table III for
characteristics of flash pulses.

Not measured directly; at 3" residence time is estimated be about
20% (daf) of the parent coal mass from heated grid and flash lamp
investigations. This yield represents the major fraction of the
total volatile yields (Ref. 25) in 40 msec.
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TABLE III

COMPARISON OF MOLECULAR WEIGHTS OF COAL DERIVED COMPOUNDS

SAMPLE TECHNIQUE Mn Mw MWD RANGE INVESTIGATOR(S)
Pitt #8 SEC this work
THF

1 atm HG tar 500-525 675-750 100-3500

vac HG tar 575-675  775-975 100-3500

EF tar 275-550 400-775 100-3500

1 atm FL tar 550-800 900-1200 100-5000

vac FL tar 650-775 1050-1200 100-5000

Pitt #8 SEC/VPO Oh (1985)

pyridine

HG tars:

1 atm 350 - 100-1200

vac 400 - 100-1200

HG char

extracts;

1 atm 450 - 100-1500

vac 500 - 100-1500

Pitt SEC/VPO Unger & Suuberg
Bruceton THF (1984)

HG tars:

1 atm 500-700 - 100-4000

vac 750-900 - 100-4000

HG 1 atm char )

extracts: 750-1000 - 100-4000+

Pitt #8 SEC Ballantyne et al.

C02 laser (1983)

1 atm tar THF 2237 3947 60-3000

Low Beam Ebullio- 870 - - Dormans &

Shaw 84.2% C  scopy van Krevelen

115°¢ pyridine (1960)

pyridine .

raw coal

extract
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Pyrolysis of Coal at High Temperatures

Peter F. Nelson, Ian W. Smith and Ralph J. Tyler
CSIRO Division of Fossil Fuels, PO Box 136, North Ryde 2113, Australia
Introduction

Pyrolysis of coal at high heating rates is the initial step in its utilization by
combustion, gasification or liquefaction. This involves the thermal decomposition
of the coal's organic structure and the release of volatile products, which may
account for up to 70% weight loss of the coal. Knowledge of the behaviour of the
many volatile species liberated during pyrolysis is warranted, since their compos-—
ition, rate of release and secondary reactions will have an important influence on
such practical considerations as ignition, rate of combustion and trace gaseous and
particul ate emissions.

For many coals the condensed volatile species, or tar, comprise a major part of the
volatile yield in coal devolatilization(l). They have been suggested as an
important source of soot during coal combustion(2,3), and they have potential as
models of coal structure. Thus an understanding of secondary reactions of tars is
necessary for a complete model of coal devolatilization to be developed. The tars
can crack to form soot, char and gases. Secondary reactions of the char involving
ring condensation and gas evolution (mainly €0 and HZ) will influence reactivity of
the char towards gasification or combustion.

This paper presents data on the pyrolysis of a subbituminous coal and of tar prod-
uced by the rapid pyrolysis of this coal in a small fluidised bed reactor and in a
shock tube. Kinetic parameters for light gas formation from secondary reactions of
the tar have been determined. The results also provide evidence that secondary
reactions of the tar are a source of polycyclic aromatic hydrocarbons (PAH) observed
during pyrolysis. Data are also presented to show the effect of preparation cond-
itions on the combustion kinetics of chars produced by rapid pyrolysis.

Experimental

The design and operation of the fluidised bed pyrolyzer has been described
previously(l,4,5), as has the shock tube used for the high temperature cracking
(6,7). Light gases were analyzed by gas chromatography. Tar components were
recovered from the fluidised bed pyrolyzer by filtration through a Soxlet thimble
held at liquid nitrogen temperature, extracted with dichloromethane and analyzed by
high resolution gas chromatography(5). Millmerran subbituminous coal was used for
all experiments (analysis wt%Z; C, 79.1; H, 6.5; N, 1.2; S, 0.6; 0 (diff.), 12.6).

Chars for the combustion studies were prepared, using a large-scale fluidised bed
pyrolyser at temperatures of 540, 600 and 800°C. The product char was separated hot
from the pyrolyser product gas, cooled, sampled, and then sieved to give size-graded
fractions. The combustion reactivity of the char was determined using a flow
reactor, and an ignition apparatus(10). The char samples contained appreciable
amounts of volatile matter, the 600°C material having a standard VM yield of 16.6%
(daf), and a hydrogen content of 4.0%.

Results

Kinetic parameters for secondary cracking of tar

Pyrolysis reactions of the coal under rapid heating conditlons were separated from

decomposition reactions of the tar to allow the vapour phase cracking reactions to

be investigated free from influences of the original coal or char. This was
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achieved by linking a fluldised bed pyrolyzer, operating at a low temperature
(600°C) to minimise secondary reactions, to a shock tube capable of providing
temperatures up to 2000K and residence times of 1-2 ms.

Arrherius parameters for the rates of formation of CHy, CpHy, CoHg, C3Hg, CgHg and
CO0 were determined and are presented in Table l. Rates of production of CZHA and
CiHg yielded activation energies of 230 and 260 kJ mo1~! respectively and are thus
in excellent agreement with typical Arrhenius parameters obtained for the pyrolysis
of long chain gaseous hydrocarbons(11,12). Thus the likely precursors of these
alkenes are long chain n-alkyl groups. Recent studies(l3) have shown that
Millmerran flash pyrolysis tar contains at least 23 wtZ n-alkyl groups of which
about 407% are present as free alkanes and alkenes and the balance are bound to other
structures, probably as substituted aromatics. Yields of CyH,; and C3Hg observed
from the tar cracking are in excellent agreement with this n-~alkyl content.

Kinetiecs for the lumped disappearance of long chain alkanes and alkenes have also
been determined for pyrolysis in the fluid bed reactor. These results are presented
in Fig. 1 and give an activation energy of 237 kJ mol™!l in good agreement with
literature values for the decomposition of n-octane(ll) and n-hexadecane(12).

Activation energies for the formation of CHéI Cng and 00 from the tar cracking are
low and in the range 110 - 140 kJ mol ~. his implies that many different
functional groups in the tar contribute to the formation of these species with very
different rates leading to a low apparent activation energy.

Formation of Polycyclic Aromatic Hydrocarbons (PAH)

Tar reactions have been identified as a source of the soot produced in both
pyrolysis and combustion systems(2,3). Recent results(5) have also shown that the
predominant components of the tar produced at temperatures greater than 800°C in the
fluid bed reactor are PAH with up to five rings.

Mechanisms postulated for the formation of PAH in the combustion of simple hydro-
carbons in flames include both ionic(l4) and free radical(l5) processes. The
species observed, and which are regarded as important intermediates in the formation
of the larger aromatic species, include phenylacetylene, styrene, indene, naphth-
alene and acenaphthalene. The free radical mechanisms involve addition reactions of
aromatic radicals {(predominantly benzyl and phenyl) to unsaturated aliphatics such
as acetylenic species and stabilisation of the adduct by the formation of simembered
rings. Recently Homann(1l6) has shown that these species occur in approximately
equivalent relative amounts in flames burning a very wide variety of fuels.

The predominant species produced from coal pyrolysis at high temperatures where tar
cracking is important are remarkably similar to those found in the flame studies.
Fige 2 shows yields of phenylacetylene, styrene and indene obtained from the
pyrolysis of Millmerran coal-in the fluid bed reactor. Analysis of the tar by FTIR
shows that acetylenic species have also undergone addition reactions with the larger
aromatic species.

The similarity of the species distribution observed for the coal pyrolysis products
and the flame products strongly suggests that a common mechanism is responsible for
the formation of PAH in these two systems. Thus in addition to their importance for
soot formation, secondary reactions of volatiles are an important source of PAH
formed in combustion.

Char reactivity

The combusion reactivity of the three chars determined in the flow reactor (prod-
uction temperatures 540, 600 and 800°C respectively) is given in Fig. 3(a). At a
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combustion temperature of ~700°C the reactivities of the chars show an inverse
relatlonship to their preparation temperature the lower the preparation temperature
the higher the reactivity(l7). At 1000°C these differences have largely disappeared.

The question then arises as to the relative contributions to the observed reactivity
by the consumption of the volatile and solid components of the char. The data in
Fig. 3(a) were determined using a flow reactor when the particles and hot gas were
mixed some distance before the burning suspension passed the positions in the
reactor where rate measurements were made. There is some indication(l7) that the
volatile matter is evolved rapidly, and that the burning rate data are for the
consumption of the solid char after the volatiles have been released.

Support for this view is given by Rybak et al.(10) where the reactivity of the 600°C
char was determined from a measurement of particle ignition temperature. It was
found that the ignition temperature was affected by the volatile content of the char
- the more times the char was cycled through the heated ignition reactor (in the
absence of oxygen), the higher the ignition temperature ultimately measured. Fig.
3(b) shows that the reactivity of the char reduces with increasing heating time
(increasing number of cycles through the reactor) in a manner similar in relativity
to the reactivity change with pyrolysis temperature shown in Fig. 3(a). After eight
cycles the reactivity is close to that measured in the flow reactor (and in a quite
different reactor at the Sandia Laboratories(18)).
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Table 1 Kinetic parameters for formation of products from tar cracking
in the shock tube.

Species Formed a/s7! E,/kJ mo1~!
CH,, 7 x 108 110
C,H, 5 x 107 220
Col, 2 x 1012 230
CaHg 5 x 1013 260
CeHg 7x 103 110
€0 2% 10 140
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LOW TEMPERATURE ISOTHERMAL PYROLYSIS OF ILLINOIS NO. 6 AND
WYODAK COAL

Francis P. Miknis, T. Fred Turner, and Lonny W. Ennen

Western Research Institute
Box 3395, University Station
Laramie, Wyoming 82071

INTRODUCTION

Despite what appear to be sufficient supplies of petroleum and natural gas to
meet current U.S. energy needs, it is almost certain that future U.S. energy demands
will be met in part by synthetic fuels produced from solid fossil fuels. The vast
U.S. reserves of coal, in particular, have and will continue to receive considerable
attention as a source of synthetic fuels. There are, however, certain fundamental
constraints that limit the efficient processing and conversion of coal to synthetic
fuels. Besides their chemical and physical heterogeneity, coals have highly
aromatic chemical compositions. The high carbon aromaticity means that coals are
hydrogen-deficient and as such do not readily convert to 1liquid and gaseous
products. Consequently, innovative approaches are required to efficiently convert
these hydrogen deficient materials to useful synthetic fuels.

Most coal conversion processes require thermal processing; therefore, pyrolysis
is an important initial step in all coal utilization and conversion processes.
Although coal pyrolysis has been studied extensively for several decades (1-4) it
continues to be an active area of coal research. In part, this is a result of coal
researchers' awareness of the need to understand pyrolysis in relationship to the
basic structure of coal.

As a first step towards a systematic approach to understanding the relationship
between coal structure and its conversion during pyrolysis, isothermal decomposition
studies in the temperature range of 375°C to 425°C have been conducted on I1linois
No. 6 and Wyodak coals. While prevailing attitudes favor the use of nonisothermal
techniques to study coal pyrolysis, these techniques do not easily allow direct
measurement of all the reaction products. Consequently, detailed chemical analyses
of the reaction products are usually absent in such studies. In particular,
intermediate states such as the metaplast are seldom measured directly.

With isothermal methods, it is possible to measure all the products of thermal
decomposition including soluble intermediates. In addition to obtaining the overall
weight conversions to products, detailed chemical and spectroscopic analyses can be
obtained for each product class. For example, elemental analyses of all the
products provide detailed carbon, hydrogen, sulfur, nitrogen, and oxygen balances.
Solid and 1liquid state !3C NMR measurements can be used to determine the
partitioning of aliphatic and aromatic carbon in the products.

EXPERIMENTAL
Coal Samples

Isothermal pyrolysis experiments were conducteg on I1linois No. 6 high volatile
bituminous and on Wyodak subbituminous coal samples. Both coals were crushed and
screened to obtain a 20/45 mesh particlg>size distribution. The initial crushed
sample was thoroughly mixed and succegsively riffled to obtain aliquots of
approximately 22 grams. Pyrolysis stud#f&€s were conducted on samples taken from
these aliquots. Ultimate and proximate analyses and carbon aromaticities of the two
coals are given in Table 1. -
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Table 1. Analyses of Coal Samples

I11inois No. 6 Wyodak
Proximate (% mf)
Ash 8.1 8.0
Volatile Matter 39.0 47.0
Fixed Carbon 52.9 45.0
Ultimate (% mf)
Hydrogen 5.3 5.5
Carbon 74.0 67.5
Nitrogen 1.0 0.8
Sulfur 3.4 0.7
Oxygen (diff) 8.3 17.5
Ash 8.1 8.0
Carbon Aromaticity 0.673 0.657

Pyrolysis Reactor System

The isothermal pyrolysis studies were carried out in a heated “sind-bath reactor
system described in detail elsewhere (5). In this system, nominally 10- to 20-gram
samples were heated to reaction temperature by quickly immersing a tube reactor
containing the coal sample into a preheated fluidized sand-bath. Typically, the
coal sample reached the predetermined reaction temperature in less than 2 minutes.
The reaction was quenched by removing the reactor from the sand bath and spraying
liquid CO; on its surface., A helium sweep gas flow rate of 30 cc/min was used to
remove the products from the reaction zone. The liquid product was collected in a
dry-ice trap. Gaseous products were analyzed by gas chromatography, either by
collecting the total gaseous product in an evacuated vessel or by analyzing the
product gas on-line.

Material balances were calculated by measuring the weight change of the coal
sample, the weight of collected 1liquid, the volume of collected water, and the
weight of each gas component. The gas evolution curves were integrated, taking into
account analytical system delays and backmixing, to calculate the total amount of
gas evolved during each experiment. The reactor material balance closures were
typically 100.2 + 0.72.

Product Analyses

Elemental analyses (CHN and S) were obtained on the solid and liquid reaction
products using standard instrumental techniques. Molecular weights were determined
by vapor phase osmometry, using pyridine or methylene chloride as a solvent. Liquid
state 13C NMR measurements were made on a Varian CFT-20 or a JEOL 270 MHz NMR
spectrometer. Solid state 13C NMR measurements of the solid products were obtained
at the NSF Regional NMR (Center at Colorado State University. Gas analyses were
obtained on a Hewlett Packard 5830 gas chromatograph modified to obtain complete gas
analyses as frequently as every 3 minutes.
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RESULTS AND DISCUSSION

Soluble Intermediate

One objective of this work was to investigate the transient nature of
intermediate products that are formed during pyrolysis. Generally, global models of
coal pyrolysis involve some form of intermediate (6-9). The simplest of these
models can be written (9),

coal # intermediate » products 1)
'S k2

The intermediate is often referred to as “"thermobitumen" (10) or "metaplast"
(6). Thermobitumen is the primary tar or bitumen formed during the initial stages
of pyrolysis and acts as a plasticizer for the coal. Metaplast refers to coal which
has been transformed into a fluid mass via depolymerization reactions, i.e., a
metastable, plastic state. Neither material is defined in terms of solubility in a
given solvent as, for example, the term bitumen is in 0il shale pyrolysis. In fact,
van Krevelen et al. (11) preferred the term metaplast to avoid the connotation that
thermobitumen is a completely soluble material 1in a common petroleum solvent.
Nevertheless, the properties and kinetic behavior of the soluble portion of the
z’ntermfdiate are known to affect the plasticity and conversion behavior of coals
12,13).

In this work, the residue coal from each isothermal pyrolysis experiment was
extracted with chloroform to obtain information about the chloroform soluble portion
of the intermediate. Chloroform was chosen over other commonly used solvents, such
as pyridine, because it does not appreciably dissolve the raw coal and gives fairly
high yields of soluble products from pyrolyzed caking coals (12).

Only small amounts of material were extractable with chloroform at any stage of
pyrolysis for either coal (Figures 1 and 2). In the context of the simple model
(Equation 1), the data in Figures 1 and 2 illustrate that either 1) ky >> ki, and
the soluble material is not retained long enough to plasticize the coal or 2)
significant devolatilization occurs directly from the raw coal, without involving an
intermediate state. The latter has been suggested to account for the increase in
volatile matter with pyrolysis temperature, as well as development of fluidity in
coal (9). We have observed a similar behavior of soluble intermediates during
isothermal pyrolysis of New Albany shale from Kentucky, and have concluded that the
greater the carbon aromaticity of the source material, the greater is the direct
conversion of source material to products {(primarily residue) (14).

Properties of Residue Products

Global models of coal pyrolysis, such as that depicted by Equation 1, do not
incorporate any components of coal structure, although the ultimate yields of
pyrolysis products are determined to a large degree by the carbon structure of the
raw coal. With isothermal pyrolysis methods and solid state 13C NMR techniques, it
is now possible to measure changes that occur in the carbon structure of coal as a
function of time and temperature. In addition, by obtaining the ultimate and
proximate analyses of the residue coals, it is possible to monitor these changes
quantitatively on a mass basis. These data were collected during the 425°C
experiments for Wyodak and Illinois No. 6 coals (Figure 3).

The data in Figure 3 confirm that the aliphatic carbon weight loss behavior is
similar to that of the total carbon. Conversely, the aromatic carbon remains
relatively constant with time. Chou et al. {15) have observed a similar behavior of
chars produced from flash pyrolysis of I1linois No. 5 coal at charring temperatures
from 300°C to 800°C. These data support the theory that coal devolatilization
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involves primarily the breaking of aliphatic carbon bonds and that the aromatic
carbon tends to remain in the residue (16).

Total Aromatic Carbon in Products

During pyrolysis of fossil fuels, a net increase always occurs in the amount of
aromatic carbon in the products (tar plus residue) over that in the starting
material. This increase results from aromatization reactions of aliphatic moieties
and the associated release of 1light, high hydrogen-content aliphatic species.
Aromatization of hydroaromatic structures, such as tetralin, is a likely mechanism
for contributing to the increase in aromatic carbon.

The extent of aromatization during pyrolysis can be determined by combining
solid and liquid 13C NMR measurements and the carbon mass balance data (Figures 4
and 5). For some experiments NMR carbon aromaticity and/or total organic carbon
measurements were not obtained because insufficient quantities of tars were
produced. In these cases the amount of aromatic carbon in the tar was estimated
using the weight percent of produced tar and the average values of organic carbon
and/or carbon aromaticities from other experiments at the same temperature. These
data are denoted by the symbol © (Figures 4 and 5). The increases in aromatic
carbon content for the I1linois No. 6 and Wyodak coals are about 18% and 10%. The
reason for the low values is that only about 10% of the raw coals was converted to
tars at the longest time (480 min) and highest temperature (425°C) studied.

An interesting feature of the data is that the net production of aromatic
carbon approaches its limiting value during the early stages of pyrolysis (Figures 4
and 5). For example, at 425°C the net production of aromatic carbon for the
Ilinois No. 6 coal has reached 95% of the limiting value within 2 minutes (Figure
4c). Similar behavior is noted for the Wyodak coal. Thus, aromatization of the
aliphatic moieties appears to be a very facile chemical reaction; however, it is not
possible from these data to determine to what extent these reactions occur directly
in the solid coal or in the produced tars.
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CHANGES IN THE DEGREE OF SUBSTITUTION
OF PAC FROM PYROLYSIS OF A HIGH VOLATILE BITUMINOUS COAL

Mary J. Wornat, Adel F. Sarofim, and John P. Longwell

Department of Chemical Engineering, Massachusetts Institute of Technology
77 Massachusetts Avenue, Cambridge, Massachusetts 02139

INTRODUCTION

When pyrolyzed, cosl forms a complex mixture of polycyclic aromatic compounds
(PAC), many of wbich carry functional groups as substitutes for ring hydrogen.
Further subjection of PAC to pyrolytic conditions causes changes in their composi—
tion—manifested partly by changes in the degree of substitution. The presence or
absence of substituent groups is of importance to environmental issues concerning
both the sources of environmental PAC and their health effects. Researchers
(22,26,36,45) studying PAC in the air, water, and soil have tried to deduce infor-
mation about the PAC source fuels and their process temperatures from relative
abundances of certain alkylated and unalkylated PAC.

Focussing particularly on alkyl and amino substituents, several researchers
(14,18,30,31,32,54) have attempted to establish a link between biological activity
(i.e., carcinogenicity or mutagenicity) and the presence or absence of substituent
groups. Results to date indicate that biological activity is a complex function of
the identity of the parent PAC, the nature of the functional group, the size of the
functional group (18,32), and the position of the substitution (2,3,21,33,34,47)~—
all factors that influence the electron distribution within the compound. It is
logical that these factors should also be the ones that govern PAC reactivity under
pyrolytic conditions, but a thorough investigation of all of these influences lies
beyond the scope of any single work. It is our objective to determine how the de—
gree of substitution and the nature of the substituent groups influence the pyrol-
ysis behavior of coal-derived PAC.

Previous work has already revealed some information about pyrolysis—induced
changes in substitution of PAC from coal pyrolysis. Serio (46) has used nuclear
magnetic resonance spectroscopy (NMR) to show that increasing pyrolysis severity by
either temperature or time effects an increase in aromaticity and a decrease in the
presence of functional groups. Employing Fourier transform infrared spectroscopy
(FT-IR), Solomon, et al. (50) and Freihaut and Seery (13) report that high temper-
ature coal tar exhibits a considerable reduction (as compared to lower temperature
tar) of IR absorption in the regions associated with functional group attachment to
aromatic rings. Other researchers (5,25,53) have used gas chromatography-mass
spectrometry (GC-MS) to identify some specific alkylated PAC produced in coal py—
rolysis experiments. We are unaware of any work to date that reports total mass
yields of substituted and unsubstituted PAC from coal pyrolysis.

EXPERIMENTAL EQUIPMENT AND PROCEDURES

To produce the PAC of this study, 44-53 ph particles of PSOC 997, a Pittsburgh
Seam high volatile bituminous coal, are fluidized in argon and fed at a rate of 2.5
g/hour into the laminar flow, drop-tube pyrolysis furnace of Figure 1. Details of
the furnace appear elsewhere (41). An optical pyrometer is used to measure fumace
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temperature, which can be set to values of 1000 K to 2000 K by adjustment of the
electrical power input. Particle residence time, or "drop distance,” is controlled
by adjusting the vertical position of the water—cooled collection probe. As pyrol-
ysis products exit the reaction zone at 5.3 std 1/min, they encounter 17.1 std
1/min of argon quench gas at the top of the collection probe and another 4.8 std
1/min through the walls of the probe inner tube as they travel the length of the
collection probe. Leaving the probe, they enter an impactor for size—separation of
the solid pyrolysis products. Char particles, the larger of these, deposit on the
first stages; aerosols (i.e., PAC-coated soot) end up on the lowest impactor
stages and the Millipore teflon filter (hole size, .2 pm) following the impactor.
After passing through the filter, the gases are channeled to infrared detectors for
measurement of CO and CO, and to a flame ionization detector for measurement of
hydrocarbon volatiles. A smdll portion of gas is diverted to a 750 ml glass bulb
for subsequent GC-MS analysis.

After all products are weighed, the aerosols are placed in teflon-capped,
30ml amber glass bottles of Caledon distilled-in-glass HPLC grade dichloromethane
(DCM) and sonicated for five minutes. Syringe-fulls of the particle/liquid suspen-
sion are passed through a Millipore teflon filter (hole size .2 um) to remove the
soot particles from the PAC/DCM solution. The mass of the residué soot is taken
and subracted from that before sonication to give the mass of the PAC. Triplicate
1007u1 aliquots of the PAC/DCM solution are removed, evaporated, and weighed
according to the procedure of Lafleur, et al. (27) to verify the PAC yields. This
latter procedure gives > 90% recovery for naphthalene and 100% recovery for species
of > three rings, so negligible PAC mass is lost during evaporation since, in our
experiments, one-ring aromatics and lighter hydrocarbons stay in the gas phase;
only aromatics of > two rings condense onto the soot.

The PAC/DCM solutions undergo analysis by GC-MS, HPLC, and FT-IR. The GC com-—
ponent of the GC-MS system is a Hewlett-Packard Model 5890, equipped with a Quadrex
Super Cap Series, methyl silicone (film thickness .10 pm) high temperature, alumi-
num clad capillary column (15 m x .2 mm i.d.). Semple volumes of .1 jul are intro—
duced into the splitless injector, maintained at 300 C. The detector” is kept at
320°C, and the column temperature is programmed from 40°C to 320°C at 10°C/min.
The mass spectrometer, Hewlett-Packard Model 5970, operates in electron impact mode
at an ionizing voltage of 70 eV. Mass spectra are taken at a frequency of .77
scane/second, over a mass to charge ratio range of 41 to 600,

The HPLC system, fully described elsewhere (28), consistse of a Perkin-Elmer
Series 4 quaternary solvent delivery system coupled to a Model LC-85B variable
wavelength ultraviolet (UV) detector. 1.5 ml/min of DCM (same grade as above)
flows through the steric exclusion column (50 cm long x 10 mm i.d.), which is
packed with 500 A Jordi-Gel poly(divinylbenzene). Samples are injected through
either a 67p1 or a 100-pul Rheodyne injection loop, and a microswitch on the injec—
tor actuates the data system to insure reproducible starting times. As
demonstrated in another publication (28), substituted PAC elute in the first 23.9
ml; unsubstituted, afterward. The proportions of the UV response areas before and
after 23.9 ml are taken to represent respectively the proportions of substituted
and unsubstituted PAC. (To alleviate uncertainty about the relative UV response
factors for the two classes of PAC, we have collected the eluates before and after
23.9 ml for one sample, concentrated them under nitrogen, and subjected them to the
microbalance weighing procedure (27) mentioned above. Because the UV area technique
gives good agreement with the weighing procedure, this latter, more time-consuming
procedure is unnecessary.)
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For FT-IR analysig§, drops of the PAC/DCM solutions are placed on KBr discs (20
mm x 2 mm), and the solvent is allowed to evaporate. The discs are placed in an IBM
Model IR/32 Fourier Transform Infrared Spectrometer, equipped with a Globar source
and a mercury-cadmium telluride detector. The resulting absorbance spectra repre-
sent 64 scans, taken at a resolution of 8 cm ~. To insure that the PAC composition
is uniform over the surface of the disc, each disc is rotated slightly two times
for additional determinations.

RESULTS AND DISCUSSION

Figure 2 displays the yields of soot and PAC collected on the aerosol filter
for the two sets of experiments: Set l, constant drop distance (6 in) and variable
temperature, and Set 2, constant temperature (1375 K) and varisble drop distance.
First, it should be noted that our maximum PAC yield of "9% lies significantly
below the 24-26% primary tar yields obtained from experiments conducted under less
severe conditions (7,46). Our maximum PAC yield or "zero point" thus corresponds
to a significant degree of primary tar conversion ("65%). Evident from Figure 2
are the drop in PAC yield and the compensating rise in soot yield as pyrolysis con-
ditions increase in severity--by an increase in either temperature or distance.
The constancy of the sum of PAC and soot yields (21.34% + 0.97% for Set 1: 19.86%
+ 1.09% for Set 2) supports the previously reported notion that PAC serve as pre-
cursors to soot (9,17,24,42,52)., It should be borne in mind, however, that our
experiments and ones done prior to them (41) also show small temperature~ and
time-induced decreases in the yields of char, COZ' and hydrocarbons and an increase
in that of CO.

To better understand this apparent transformation of PAC to soot, it is neces-
sary to investigate the compositional changes in the PAC that accompany their
conversion. We have chosen to describe compositional changes of the PAC in terms
of their aromatic ring number distribution and their degree of functional group
substitution. A discusgion of changes in the ring number distributions of
coal-derived PAC will appear elsewhere (55); this paper focusses on
pyrolysis—-induced changes in the degree of substitution.

The question of how the degree of substitution changes can be partially
answered by the GC~MS total ion chromatograms in Figure 3, featuring PAC from three
Set 1 experiments. Since PAC elute in the order of decreasing wvolatility or of
increasing molecular weight, addition of & functional group brings about a small
increase in retention time; eaddition of an aromatic ring, a large increase.
Readily apparent from Figure 3 is the loss of compositional complexity as tempera-
ture is raised. The lowest temperature sample is comprised of a multitude of
peaks, many unresolved, which correspond to unsubstituted PAC and their substituted
homologs. !'As temperature increases, the number of peaks diminishes drastically.
Large gaps emerge between clusters of unsubstituted PAC isomers-~indicating a
marked depletion in the substituted species.

Even though GC-MS can easily give a qualitative picture of substitutional
differences in PAC from coal, it is extremely difficult to use GC-MS quentitatively
due to the unresolvability of some peaks, the uncertainty of response factors, the
limited number of species included in available mass spectra libraries, and the
virtual indistinguishability of mass spectra of some isomeric PAC (at least for
mass spectra from systems with electron impact ionization sources (6,19,23)). Even
if all of these difficulties are surmounted, the usefulness of GC-MS still extends
only to the portion of the PAC sample that is gas chromatographable, i.e., to the
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vaporizable components. (It should be noted that this vaporization limitation of
GC-MS systems promises to soon be eliminated by the introduction of new supercriti-
cal fluid chromatography-MS systems (35).)

Unlike GC, HPLC is limited in applicability only by component solubility in
the mobile phase; but, except for microcolumn HPLC techniques (43), the price for
the wider range of component applicability is the loss of separation efficiency as
evident in peak resolution. This "drawback" can be an advantage in analyzing mix—
tures as complex as fossil fuel products, however, because HPLC methods can be
tailored to make bulk separations according to one or two structural parameters.
We have recently developed a method with a steric exclusion HPLC column that tekes
advantage of a nonexclusion effect to separate substituted from unsubstituted PAC
(28). Non-nitrogen-containing PAC with alkyl, phenyl, hydroxyl, carbonyl, car-
boxyl, etheric, esteric, cyano, or nitro functional groups elute as size-excluded
species. Unsubstituted PAC are adsorbed onto the column and elute later (28).
Nitrogen—conteining PAC are also delayed by adsorption unless they have a substi-
tuent group that sterically blocks the N atom from the adsorption site (29).

Figure 4 presents the results of applying this technique to the PAC from the
two sets of experiments. Yields of substituted PAC fall monotonically with either
increasing temperature or drop distance. Over the temperature interval investigat-
ed in Set 1, the drop is by two orders of magnitude; over the distance interval in
Set 2, the drop is by almoat an order of magnitude. Yields of unsubstituted PAC,
on the other hand, exhibit a dual behavior. They appear to be insensitive to pyrol-
ysis conditions at temperatures < 1312 K for Set 1 and at distances < 4 inches for
Set 2. Beyond these "critical values," however, they too decay with an increase in
either temperature or distance. Again the decline is more dramatic for the experi-
ments in Set 1.

The qualitative similarity of the curves in Figure 4a to those in 4b suggests
that the data of the two sets of experiments be compared as plots versus a parame-—
ter of pyrolysis severity--such as total PAC yield-—-that accounts for both
temperature and time effects. The result of combining Figures 2 and 4 appears in
Figure 5, which contains data from Sets 1 and 2 as well as experiments conducted at
combinationa of temperature and distance not covered by these Sets.

The fact that all the data (to a first approximation) lie on the same lines
suggests the following for the ranges of temperature (1125 to 1473 K) and time (ap-
proximately .050 to .325 sec particle residence times, corresponding to drop
distances of 2 to 6 in) investigated:

1) The split between substituted and unsubstituted PAC is solely a func~
tion of PAC yield (or conversion) and depends on temperature or time
only as much as these variables affect PAC yield (or comversion).

2

~

Since pyrolysis at long time and low temperature can give the same
results as at short time and high temperature, the PAC conversion reac-
tions have a narrow distribution of activation energies.

3) It is more practical to relate substituted and unsubstituted PAC yielda
to total yield than to temperature and residence time, quantities whose
measurements tend to be more system- and method-—dependent.

It is convenient to approximate the S (substituted PAC) and the U (unsubsti-
tuted PAC) curves in Figure 5 as two line segments of different slope, intersecting

16l



at a critical PAC yield Y , tbe point after which there is net loss of unsubstitut-
ed PAC. The value of Y is 4.5 massZ of coal--corresponding to 48% PAC conversion
if the point of maximum PAC yield is taken as 0% conversion. Since both § and U
must be 0 at Y = O, the equations for the lines can be obtained easily in terms of
Y., the total PAC yield:

Regime 1: Y oYY Uu=10 S=Y-1
o—="¢c o o

Regime 2: ¥ Y20 U= (UO/YC)Y s = (1- UO/YC)Y

Thus for these experiments, once the critical yield Y and the initial yield of
unsubstituted PAC U_have been experimentally determired, the yields of substituted
and unsubstituted PRC can be calculated solely from measurement of Y. The equa-
tions imply a ratio of S to U that, in Regime 1, decreases with decreasing Y and,
in Regime 2, stays constant. The data match these approximations much better at
large Y than at small Y, however, because the relative error of the straight line
approximations for S and U becomes greater as Y decreases. Since secondary pyro-
lytic reactions depend much less on the parent coal than do the primary pyrolytic
reactions, one might expect PAC from other coals (especially other bituminous
coals) to exhibit the seme "two line" behavior of U and S yields (albeit with dif-
ferent values of Y _ and Uo).

The transition from Regime 1 to Regime 2 in Figure 5 suggests a change in the
nature of the functional groups associated with the substituted PAC. Figure 6 dis-
plays the FT-IR spectra of samples from three Set 1 experiments--each labeled with
the functional groups conventionally assigned (4,48) to peaks at particular bands.
Tbese spectra appear unretouched, i.e., their baselines have not been "corrected"
to screen out the drift allegedly due to scatter (44,49,51). The pgfminent func-
tional group absorbances_?ccur at 2850-2980 cm and 1370-1460 cm for alkz}
groups; at 3150-3550 cm = for OH or the NH of amides or amines; at 1260-1280 cm
for etheric C-0; and at 1690-1730 cm = for carbonyl groups. The three oxygen-
containing groups—-hydroxyl, ether, and carbonyl--are the same as those reportedly
found in coals of > 80% carbon (1).

Socrates (48) cautions against comparing changes in relative intensities of
functional groups' bands to get changes in their relative amounts because signals
associated with particular functional groups can be augmented (and sometimes shift-
ed) by certain adjacent atoms or functional groups (e.g.. the intensity of the C-H
aromatic stretch band at 1600 cm = can be enhanced by either ring nitrogen or
hydroxyl groups (51)). Nevertheless, we can make some qualitative observations
from the spectra in Figure 6, Most noticeable is that the OH or NH groups respon-
sible for the 3150-3550 cm = band in Figure 6a disappear by 1312 K (6¢) and remain
absent from the spectra of samgles produced at higher temperatures. This observa-
tion is consistent with the "H NMR determination of a temperature—induced drop in
hydroxyl content of the bituminous coal tars of Collin, et l. (8). If, as recom-
mended (50), argmatic H is represented by the 700-900 cm = band and aliphatic. by
the 2800-3000 cm ~ band, then Figure 6 also reveals a reduction in aliphatic (or
hydroaromatic) hydrogen relative to aromatic hydrogen—-a reduction comsistent with
the results of Solomon, et al. (50) for tars of another Pittsburgb Seam bituminous
coal. Figure 6 also implies a relative decrease in etheric functiopalities and a
relative increase in carbonyl functionalities as temperature increases. PAC thus
appear to adhere to the following order of reactivity:

hydroxyl— and/or amino-substituted PAC > alkyl- and ether-substituted PAC >
unsubstituted PAC and PAC with carbonyl groups.
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It is instructive to compare this experimentally observed order of reactivi-
ties with what might be predicted from frontier orbital theory. According to this
theory (11), the bonding between two reactants participating in any of a number of
kinds of reactions (e.g.. concerted, free radical, ionic) occurs by overlap of the
highest energy occupied molecular orbital (HOMO) of one species with the lowest
energy unoccupied orbital (LUMO) of the other. Reactions are most energetically
favored for high HOMO energies and low LUMO energies. If the reactant providing
the LUMO is fixed, then the reactivities of compounds reacting with this species
will follow the order of the compounds' HOMO energies. Except for a minus sign,
ionization potentials are "roughly the energies of the HOMOs" (11), so lower ioni-
zation potentials denote higher energy HOMOs and higher reactivities. Figure 7
displays the values of ionization potentials, measured by photoionization mass
spectrometry, as reported by Franklin, et al. (12) for a variety of one- and
two-ring PAC. Figures 7a, b, and e show that the reactivity of an aromatic species
is increased by an increase in either the number of alkyl substitutents or the
number of carbons within an alkyl substituent. Figure 7c reveals the strongly
activating effect (relative to benzene) of an amino N attached directly to the aro-
matic ring. Figure 7d shows the activating effect of etheric or hydroxyl groups
and the slightly deactivating effect of the carbonyl group. Thus PAC reactivity,
as inferred from ionization potentials, follows the order:

aromatic amines > aromatic ethers ¥ multialkylated PAC = phenols >
monoalkylated PAC > unsubstituted PAC > carbonyl-substituted PAC,

congistent with our experimental observations.

The above order helps to explain the behavior of the § curve in Figure 5. In
Regime 1, the substituted PAC are composed of a significant portion of very reac-
tive compounds with hydroxyl and/or NH, etheric, and alkyl functional groups. The
S curve falls steeply as these very reactive substituted PAC disappear. By the end
of Regime 1, the total mass of substituted species——especially that of the most
reactive ones--is severely reduced. The slope of the § curve thus becomes less
steep.

Interpretation of the U curve in Figure 5 is less clear-cut. In addition to
the values in Figure 7, Franklin, et al. (12) provide ionization potentials for
some PAC of > two rings (e.g., anthracene, 7.55 eV; benzolc]phenanthrene, 8.12 eV;
and acenaphthylene, 8.73 eV), which indicate a variation in reactivity among the
unsubstituted PAC as well. Two alternatives emerge to account for the behavior of
the U curve.

Alternative 1 holds that there it a significant difference between the reac-—
tivities of the unsubstituted PAC and the substituted PAC with the more activating
functional groups (amino, hydroxyl, ether, multialkyl). While these highly reac~
tive substituted PAC are present (Regime 1), soot formation is dominated by the
conversion of these species. There may be conversion reactions within the unsub-
stituted PAC class to accomodate differences in individual species' reactivities,
but there is negligible transfer into the class from conversion of substituted PAC
or out of the class from conversion of unsubstituted PAC to soot in Regime 1. At
the end of Regime 1, however, the remaining substituted species are much less reac-
tive than those initially present, and there is no longer a large disparity between
the reactivities of the substituted and unsubstituted PAC. The unsubstituted PAC
begin to convert to soot too, and the U curve declines in Regime 2,
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Alternative 2 suggests that, although the substituted PAC are more reactive as
a class than the unsubstituted PAC, there are certain unsubstituted PAC with reac-—
tivities comparable to those of the more reactive substituted PAC. These more
reactive unsubstituted PAC convert to soot in Regime 1, where their loss is of fset
by a gain in unsubstituted PAC produced by reactions of substituted PAC. As pyro-
lytic conditions become more severe (Regime 2), conversion of unsubstituted PAC to
soot prevails over production of unsubstituted PAC, The balance is upset, and the
U curve declines. ’

The two Alternatives represent fairly extreme cases. It is certainly likely
that the true interpretation lies somewhere between these extremes, but our data
do not permit us to be any more exact at this time.

The three pronounced peaks between 700 and 900 cm-1 in the spectra of Figure 6
arise from aromatic C~H out-of-plane deformation. The pogition of each peak
denotes the_Tumber of adjacent ring hydrogen atoms; 830-900 cm ~, one lone H atom;
800-860 cm =, two adjacent H atoms; 735-820 cm ~, three to five adjacent H atoms
(40,48) ., Figure 8 portrays the variation in distribution of aromatic hydrogen for
the six samples analyzed. Although selective removal of PAC with substituents at
certain positions would have some influence on the distribution of aromatic K
atoms, one might expect the overall loss of substituted PAC to cause a general
shift toward a higher number of adjacent H atoms. Figure 8 displays a slight
decrease in the fraction of lone H--more pronounced in Regime 1 (8.7>Y>4.5)--that
could be considered consistent with the loss of substituted PAC. Less amgnable to
explanation, however, is the increase in two adjacent H at the expense of the three
adjacent H in Regime 2 (¥<4.5)--a sign, perhaps, that other factors are also at
work, e.g., destruction of heterocyclic structures and ring build-up processes that
can form PAC of larger ring number and a higher degree of peri-condensation.
Figure 8 allows no conclusions to be drawn about the relative reactivities of dif-—
ferent positional isomers of substituted PAC.

EXTENSION: IMPLICATIONS FOR SOOT FORMATION
The conversion of PAC to soot can be approximated by the following scheme:
Sub. PAC — L Unsub. PAC
R2 R3
Soot
where the three reactions are depicted as irreversible since our experiments never
show a net production of substituted PAC or a net destruction of soot. Although
many uncertainties remain about the relative dominance of the three reactions, the

data imply the following about this network:

1

~

In both Regimes, at least one of either R2 or R1-R3 must occur.
2) R3 must occur in Regime 2. It occurs in Regime 1 only if Rl = R3.

3) If soot forms via the combination R1-R3, then Rl = R3 in Regime 1 and
Rl < R3 in Regime 2.

4) If soot cannot form via the combination RI-R3, then R2 must occur
throughout Regimes 1 and 2; and R3 must occur only in Regime 2.
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It would appear that if conversion of substituted PAC to soot does first
entail conversion to unsubstituted PAC, then it does not merely involve removal of
the substituent group: Lewis and Edstrom (38) report 7,12-dimethylbenz[a]l-anthra-—
cene to form significantly more soot than benz[alanthracene. Davis and Scully (10)
and Glassman (16) report the alkylated naphthalenes and benzenes to have higher
sooting tendencies than their unalkylated homologs. If benzene, naphthalene, and
benz [a]anthracene are less likely to form soot than their alkylated derivatives,
then it is unlikely that conversion of an alkylated PAC to soot proceeds via the
removal of the alkyl group to form the unalkylated homolog.

I1f, as asserted by others (20,24,37), the conversion of PAC to soot involves
the formation of a reactive free radical, then PAC reactivity should correlate with
the ease of radical formation. The formation of a g-type radical (e.g., phenyl,
naphthyl) by abstraction of a ring-attached H atom or methyl group requires approx-—
imately 100 kcal/mole (37)--a high bond dissociation energy due to the localization
of the resulting f£free electron. To form f-type radicals like benzyl, however,
requires only about 77 kcal/mole because the resulting unpaired electron is reso-
nance-stabilized (37). Alkyl-substituted PAC would then be expected to be more
reactive than unalkylated PAC.

Substituted PAC with hydroxyl groups can evidently form radicals even more
easily. Gavalas (15) reports the profound activating effect of a hydroxyl group
substituted in the ortho or para position of an aromatic unit (Ar) linked by a
methylene bridge. Because of keto—enol tautomerism, dissociations of the type

HO~-Ar-CH,_-X

2 HO-Ar-CH," + X° (X = H, CH

2

4 Ar, CHZ—Ar)

are very highly energetically favored over the type

Ar—CHz-x Ar—CHz' + X,
Activation energies for the dissociation of aryl and aryl/alkyl ethers lie in the
same range as those of aromatics with alkyl substituents or methylene bridges (15).
Thus our experimentally observed order of depletion of PAC parallels that suggested
by ease of radical formation: hydroxyl-substituted PAC > alkyl- and ether- substi-
tuted PAC > unsubstituted PAC.

CONCLUSIONS

As observed in previous studies in our laboratory (42), there is a constancy of
summed PAC and soot yields that indicates a conversion of PAC to soot.

The ability to separate substituted PAC from unsubstituted PAC reveals differences
in their pyrolysis behaviors: At 1low temperatures (< 1312 K at 6 in) or short
times (drop distances < 4 in at 1375 K), yields of substituted PAC £fall markedly
with an increase in either temperature or time; yields of unsubstituted PAC remain
constant. Both classes of PAC react away, however, at higher temperatures or
longer times.

Plotting substituted and unsubstituted PAC yields versus total PAC yield Y recon-
ciles deta taken at constant distance and varisble temperature with those taken at
constant temperature and variable distance. Because substituted and wunsubstituted
PAC yields prove to be solely functions of Y, Y aptly serves as a single parameter
for pyrolysis severity since it accounts for variations in composition due to
either temperature or time.
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For the bituminous cogl investigated, the yields of substituted and unsubstituted
PAC suggest two PAC conversion regimes. Although reactivities may vary from spe-
cies to species within a class, at low PAC conversions, substituted PAC as a class
clearly display a much higher decay than the unsubstituted PAC: Substituted PAC
yields fall by a factor of “3.5; whereas the unsubstituted PAC show no net change.
Though still evident at high PAC conversion, differences in the two classes' decays
are much less promounced. Unsubstituted PAC yields remain appreciably above those
of the substituted PAC, but both classes undergo significant conversion to soot.

Conversion of PAC corresponds to differences in the kinds of functional groups
present. At high wvalues of Y, FT-IR showe that there are significant amounts of
PAC with alkyl, ether, carbonyl, and hydroxyl and/or emino groups. Further pyrol-
ysis, however, effects selective removal of the hydroxyl- and/or smino-substituted
PAC. As the unsubstituted PAC become more prevalent, relative contributions from
alkyl and ether functionalities go down and carbonyl substitution becomes slightly
more significant.

Without specifying the kind of reaction mechanism, we can apply frontier orbital
theory to PAC conversion reactions. This theory, along with values of ionization
potentials found in the literature (12), suggests that PAC reactivity follows the
order:
aromatic amines > aromatic ethers ¥ multialkylated PAC ¥ phenols >
monoalkylated PAC > unsubstituted PAC > carbonyl-substituted PAC,

which is consistent with our experimental results.

If we restrict the PAC conversion reactions to involve free radical formation, then
we again see agreement between theory and experiment. Less energy is needed to
form free radicals from PAC with hydroxyl. aslkyl, and ether substituents than from
unsubstituted PAC,
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THERMOLYSIS OF SURFACE-ATTACHED 1,3-DIPHENYLPROPANE: IMPACT OF SURFACE
IMMOBILIZATION ON THERMAL REACTION MECHANISMS

A. C. Buchanan, III and C. A, Biggs

Chemistry Division
Qak Ridge National Laboratory
P. 0. Box X
Oak Ridge, Tennessee 37831-6197

INTRODUCTION

Attempts to understand the thermal chemistry of coal at the molecular level are
severely complicated by its inherent properties: a diverse array of structural units
(e.g., aromatic, hydroaromatic, and heterocyclic aromatic clusters connected by short
aliphatic and ether links) and functional groups (e.g., phenolic hydroxyls, car-
boxyls, and basic nitrogens) in a cross-1inked macromolecular framework with no
repeating units (1,2). One simplifying experimental approach has been the study of
individual model compounds that highlight structural features in coal. A compli-
cating feature in the interpretive extrapolation of model compound behavior to coal
is the possible modifications in free-radical reactivity patterns resulting from
restricted translational mobility in the coal where breaking one bond in the macromo-
lecular structure will result in radical centers that are still attached to the resi-
dual framework. We are modeling this phenomenon by studying the thermolysis of model
compounds that are immobilized by covalent attachment to an inert surface. Previous
studies of surface-immobilized bibenzyl (1,2-diphenylethane) showed that immobiliza-
tion can profoundly alter free-radical reaction pathways compared with the
corresponding fluid phase behavior (3). In particular, free-radical chain pathways
became dominant decay routes leading to rearrangement, cyclization, and hydrogenoly-
sis of the bibenzyl groups. In this paper we describe preliminary results on the
effects of surface immobilization on the thermolysis of 1,3-diphenylpropane, whose
fluid phase behavior has been extensively investigated (4-8).

EXPERIMENTAL

Surface-immobilized 1,3-diphenylpropane (~~DPP) was prepared at saturation
coverage by the condensation at 225 °C of excess p-HOPh(CHy)3Ph with the surface
hydroxyl groups of a fumed silica (Cabosil M-5, Cabot Corp., 200 mz/g) according to
the procedure described previously for surface-immobilized bibenzyl (3). Excess phe-
nol was removed by heating at 300 (Batch A) or 270 °C (Batch B) for 0.5 h under a
dyramic vacuum. The lower temperature used for Batch B appears to minimize a trace
amount of reaction (ca. 0.02%) that occurs during this purification stage. GC analy-
sis following a base hydrolysis assay procedure (3) gave coverages of 0.586 (Batch A)
and 0.566 (Batch B) mmol ~~DPP per gram of final product. The starting phenol was
prepared by the acid catalyzed condensation of cinnamyl alcohol (PhCH=CHCH,0H) and
phenol (9) followed by catalytic hydrogenation (10% Pd/carbon) of the olefinic inter-
mediate.

Thermolysis (in sealed, evacuated tubes) and product analysis procedures have
been thoroughly described elsewhere (3). Typically 0.3-0.4 g of surface-attached
material (0.17-0.23 mmol ~~DPP) are employed, and volatile products are collected in
a cold trap and then analyzed by GC and GC-MS. In a separate procedure surface-
attached products are liberated as phenols following digestion of the silica in 1 N
NaOH, silylated to the corresponding trimethylsilyl ethers, and analyzed as above.




RESULTS AND DISCUSSION

Thermolyses have been performed at 345 and 375 °C, and the product distributions
for the four major primary products and the major secondary products are shown as a
function of ~~DPP conversion in Figure la. The two lowest conversion runs (1.50 and
1.943) were obtained at 345 °C, while the remainder of the data was obtained at 375
°C. Results from the two different high coverage batches of ~~DPP were consistent in
terms of products detected and their relative yields. The only difference observed
was a slightly slower reaction rate for batch B (ca. 30%) perhaps reflecting a
slightly higher purity as a result of purification at the lower temperature (see
experimental section).

We find that at low conversions (<-3%) ~~DPP cracks to form four major products
in essentially equal amounts as shown below.

~~Ph(CH,)4Ph > ~~PhCHy + PhCH=CH, + ~~PhCH=CH, + PhCH, 1)
1 2 3 4

Thermolysis of liquid DPP at very low conversions also gave a correspondingly simple
product distribution as shown in Eq. 2 (4).

Ph(CH2)3Ph * PhCH3 + PhCH=CH2 2)

Hence at 1ow conversions, the surface-immobilized DPP is reacting in an analogous
fashion to 1iquid DPP. The additional product pair observed in the thermoiysis of
~~DPP results from the fact that the two ends of the DPP molecule are no longer
equivalent upon covalent surface attachment. The initial rate of the ~~DPP reaction
is 15-20% h=1 at 375 °C for the two batches (based on a 2,3-3.0% conversion after a

9 min reaction period), and this decomposition rate is comparable to that measured
for liquid DPP (ca. 19% h-1) (4). This further indicates that surface immobilization
at high coverage is not perturbing the initial reaction behavior of the DPP moiety.

The facile decomposition of liquid DPP was demonstrated to arise from a radical
chain route whose chain propagation steps are shown in Eqs. 3 and 4 (4). In the case

PhCH2 + PhCHZCHZCHzPh + PhCH, + PhCHCHZCHZPh 3)

3
PhCHCHZCHzPh * PhCH=CH2 + PhCH2 4)

of ~~DPP, two distinct benzylic radicals can be formed by hydrogen abstraction

(Eq. 6) following a small amount of initial homolysis (Eq. 5). Each radical can then
undergo a rapid 8-scission process (Eqs. 7 and 8) to produce the surface bound and
free styrene products (3 and 2 respectively) analogous to Eq. 4. The free and
surface-immobilized benzyl radicals propagate the chain by reacting with ~~DPP

(Eq. 6; R = PhCHZ) to form the free and surface bound toluene products (4 and 1
respectively) while regenerating 5 and 6.

~~PhCH2 + PhCHZCH2 5a)

~~Ph(CH2)3Ph

“PhCHZCHZ + PhCH 5b)

2
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~~PhCHCH2CH2Ph + RH 6a)

(or ~~RH)
~~Ph(CH,) ;Ph + R» 5
{or ~~R+) .
~~PhCH,CH,CHPh + RH 6b)
{or ~~RH)
6
~~PhCHCH,CH,Ph  » ~~PhCH=CH, + PhCH, 7)
5
~~PhCH,CH,CHPh  +  ~~PhCH, + PhCH=CH, 8)
6

No selectivity is observed for the two possible decay routes that form the product
pairs 1 and 2 or 3 and 4. This suggests that at low conversions, radicals 5 and 6 are
formed with equal probability and that their 8-scission reactions (Eqs. 7 and 8)

occur at equal rates. Trace quantities of other primary products (each <0.05 mol1% of
the products) including free and surface bound PhCypHg (Eq. 6; R = PhCoHa) and free
bibenzyl (from benzyl radical coupling) are also detected.

As the conversion of ~~DPP increases, there is a divergence in the yields of the
four main products (Fig. la), and several secondary products are formed in small but
increasing yields. The most significant of these (reaching about 2.8 mol % of the
products at 23% conversion) is ~~Ph(CHp)3Ph~~, 7 (identified by GC-MS as the
corresponding bistrimethylsilyl ether after workup). The formation of this doubly
attached product arises from a secondary reaction that consumes 3, perhaps via addi-
tion of surface-attached benzyl radical (which would normally have reacted to form 1)
to the surface-attached styrene. Additional secondary products observed at higher
conversion include several unidentified isomers of composition corresponding to
~~Co3Hpo~~. These products also involve the consumption of surface bound styrene
(and a ~~DPP) and have a formal analog, 1,3,5-triphenylpentane, amongst the secondary
products detected in the thermolysis of Tiquid DPP (4). However even at the highest
conversion studied (23%), the secondary products sum to only 5 mol % of the total
products. The radical chain decomposition of surface-immobilized DPP is a very effi-
cient process with an estimated kinetic chain length (c.1.= (PhVi + ~~PhVi)/4PhEt) of
200 at 345 °C., This calculation assumes that there is no selectivity in the initial
homolysis (Eq. 5) and that all PhCpHge start chains.

One of the most interesting features to emerge from this study is an observed
selectivity for the radical chain reaction path that forms 1 and 2 relative to that
which forms 3 and 4 as the conversion increases. This is most clearly seen in
Fig. 1b where the styrene to toluene yield ratio (these products are not consumed in
secondary reactions) is used as an indicator of this selectivity. The ratio
increases monotonically from a value of 1.00 (+0.02) indicating no selectivity at
conversions <4% to a value of 1.41 (x0.04) at 23% conversion. We previously observed
in the case of surface-immobilized bibenzyl that reaction rates of radical chain
pathways are very sensitive to changes in surface coverage (3). These studies also
indicated that unimolecular steps such as Eqs. 7 and 8 should be unaffected by such
surface coverage changes. The observed regiospecificity in the reaction of ~~DPP at
higher conversions may indicate that, as the molecules of ~~DPP become spread apart on
the surface, hydrogen abstraction at the benzylic carbon that is farthest from the
surface is becoming favored, i.e., selectivity for formation of 6 (Eq. 6b) relative
to 5 (Eq. 6a). However the complication resulting from the formation of secondary
products, which likely involve the reaction of 5 and 6, does not allow a firm
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conclusion to be reached at this time. Additional insights into the cause of this
regiospecificity should be gained from current studies being performed at tower ini-
tial surface coverages.

CONCLUSIONS

Covalent attachment of organic compounds onto an inert silica surface has proven
to be a successful methodology for exploring the thermal reaction chemistry of coal
model compounds under surface-immobilized conditions at temperatures relevant for
coal thermolysis. Previous studies of surface-attached bibenzyl showed that restric-
tions on free-radical mobility can have a significant impact on reaction rates and on
the nature and composition of the reaction products when compared with fluid phase
behavior. The current investigation of the thermolysis of surface-immobilized
1,3-diphenylpropane has shown that facile decomposition of the trimethylene link by
means of a radical chain process can still occur under surface-immobilized con-
ditions. For ~~DPP no selectivity is observed at Tow conversions for the two com-
peting radical chain decay pathways that cycle through benzylic radicals 5 and 6.
However at higher conversions, a selectivity is observed favoring the radical chain
route cycling through 6. Experiments are in progress to determine if this selec-
tivity is a result of regiospecific hydrogen transfer on the surface at lower surface
coverages.
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THE ,CASE FOR INDUCED BOND SCISSION DURING COAL PYROLYSIS

Donald F. McMillen, Ripudaman Malhotra, and S. Esther Nigenda

Department of Chemical Kinetics, SRI International
333 Ravenswood Ave., Menlo Park, CA, 94025

INTRODUCTION

Most coal pyrolysis models invoke spontaneous thermal scission of inherently
weak bonds as the sole pyrolytic reaction leading to depolymerization of coal
structures (l). In this view, bond scission is dependent only on temperature;
the only additional chemical factors that impact the "net" cleavage are
scavenging and crosslinking of thermally generated radicals, which can be
affected primarily by varying heating rates and other factors that affect heat
and mass transport. In contrast to this traditional picture, data obtained by
various researchers (partly in the context of coal liquefaction), when taken
together, provide a strong argument that induced scission of strong bonds plays a
significant role during coal pyrolysis. In this paper we attempt to summarize
this argument.

The types of bond cleavage occurring during pyrolysis have been obscured in
part because of the inherent difficulty of obtaining mechanistically significant
pyrolysis activation energies. It is now well appreciated (3,4) that the
apparent activation energy for a mixture that decomposes by a sequence of
parallel first order reactions can, under conditions of rising temperature, lie
below that of any member of the sequence. This factor is evidently responsible
for reported activation energies as low, or lower than, 15 }fcgl/mole1 us, when
coupled with plausible unimolecular scission A-factors (101 ‘7 to 10 5. ) and a 5
to 15 kcal distribution of activation energies, rates measured under non-
isothermal conditions have been shown to correspond to mean activation energies
of 50 to 65 kcal/mol (5). This result has quite naturally been taken as evidence
supporting the original presumption of weak bond thermolysis. However, 50 to 65
kcal/mol activation energies in no way exclude bond scission that is chemically
induced by other components in the pyrolyzing substrate. In the following
paragraphs, we outline some of the evidence that such induced bond scission can
take place under pyrolysis conditions, and show how including them helps explain
certain coal conversion phenomena.

EVIDENCE FOR THE OCCURENCE OF INDUCED BOND SCISSION DURING PYROLYSIS

Analogy with Coal Liquefaction. Since the acceptance of the weak-bond-
scission/radical-capping model in coal pyrolysis has followed in large part on
the acceptance of a similar model in coal liquefaction, and it has now been shown
that such a model is inadequate (6-9) for liquefaction, it should also be
considered whether the model is inadequate for pyrolysis. The traditional model
relegates the liquefaction solvent to a role of merely scavenging thermally
generated radicals. However, liquefaction effectiveness of various polycyclic
aromatic hydrocarbons (PCAH) has been shown very distinctly not to correlate with
scavenging, or radical-capping, effectiveness (6,9). For instance, 9,10-
dihydroanthracene and its parent hydrocarbon are generally seen to be

y Sy

*In the most mechanistically complete model of coal pyrolysis presented to date,
Gavalas and co-workers have included bond scission induced by ipso attack of H-
atoms on linkages to aromatic rings (2). Their sugpestion seems to have been
either largely ignored, or considered to be a minor side reaction in the
production of volatiles. ‘ )
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substantially inferior to dihydrophenanthrene and dihydropyrene, even though
dihydroanthracene is a markedly better scavenger. The inferiority of anthracene
is most pronounced in the case where the solvent has no hydroaromatic hydrogen to
transfer to the coal, but can only assist in shuttling hydrogen from one part of
the coal structure to another (10-12). Under these conditions, the traditional
mechanism requires in-situ formation of hydroaromatic, which then acts as the
capping agent. Dihydroanthracene is not only the most effective scavenger (13)
but because of thermochemical and kinetic considerations, is the hydroaromatic
most readily formed by hydrogen transfer from coal structures. Nonetheless, it
is typically much less effective than either of the other two PCAH.

Since it is clear that the hydrogen being "shuttled" is not serving merely
to scavenge fragments of bonds that have already been broken, it is very likely
that this hydrogen shuttling is actually inducing bond scission. It is
interesting to note that liquefaction under shuttling conditions not only
provides the most striking examples of the inadequacy of the traditional
liquefaction mechanism, but also resembles coal pyrolysils, in that all of the
hydrogen demand must be supplied by the coal itself.

Strong Bond Cleavage by Solvent Mediated Hydrogenolysis. We have used model
compound studies (6,8) to show that in hydroaromatic-aromatic PCAH systems,
hydrogen-transfer-induced bond scission (hydrogenolysis) of bonds too strong to
thermolyze can be significant on liquefaction time scales, even in the absence' of
H, pressure., In addition, we have used hybrid coal/model-compound studies to
show (7) that such cleavage tends to be accelerated by the presence of coals, and
moreover, to occur by a hydrogen transfer process that does not involve the
production of free H-atoms. This "radical hydrogen-transfer" (RHT) occurs in a
direct bimolecular process from cyclohexadienyl "carrier" radicals formed from
PCAH solvent or coal structures.

Coal H Coal

'—é——>z@w 2)

The existence of this reaction was for a long time obscured by the fact that it
is often in competition with elimination and addition reactions of free H-

atoms. Evidence for RHT has now been presented by several groups (l4-16). While
an addition-elimination sequence can yileld the same products as RHT, side
reactions (H, formation and ring hydrogenation) are assoclated with elimination
addition. For this reason, a shift in the competition between H-transfer by the
RHT process and an élimination-addition process can have a substantial impact on
the utilization efficiency of solvent or coal hydrogen (6). Thus, we suggest not
only that hydrogen-transfer-induced bond scission may be important in coal
pyrolysis as well as in liquefaction, but also that the mode of hydrogen transfer
may be more critical in pyrolysis, where the available hydrogen is limited to
that which can be transferred from the relatively hydrogen-rich portions of the
coal structure. The importance of hydrogenolysis mediated by solvent radicals
(or coal radicals) moves such radicals from the category of species for which the
only goal 1s to prevent retrograde reactions, to specles which can, in addition,
be sources of bond cleavage activity.

Strong-Bond Scission in Pyrolysis of Coal Models. Direct evidence for
induced scission of alkyl-aryl linkages in the nominal absence of solvents can be
seen in the pyrolyses of polymeric coal models consisting of aliphatic linkages
between PCAH clusters. Solomon and co-workers have pyrolyzed a series of
polymers (-Ar-CHz-CH2-)n at 400 to 430°C and analyzed the tars by field
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ionization mass spectrometry (17). This analysis revealed that polymeric coal
models purposely synthesized to decompose entirely by thermolysis of the weak

central bond, provide, in addition, a small but significant amount of product

indicative of cleavage of the much stronger aryl-alkyl linkage.

g g EE. 8 8

Oligomeric Counterparts

~10%
BDE = ca 55 kcalimol "\ BDE = ca, 97 kclimol ~90% o

12 Requires scision of other
hall lite (400°C) ~ 150 s hall life (400°C) ~ 10 h than benzylle linkages

The known strengths of the two bonds (18) are such that at 400°C, the thermolysis
half-1life of the weaker bond is several hundred seconds, whereas the half-life of
the stronger bond would be 10™ times longer -- wholly unobservable if
thermolysis were the only available cleavage route.

These results with weakly bonded polymers are parallel to those of Buchanan
(19) and co-workers who have shown that when bibenzyl is immobilized by bonding
to a silica surface, induced bond-scissions become substantially more important
than they are in the liquid phase. The yield of benzene and ethylbenzene ranges
from about 40 to 70% of the yleld of toluene. 1In other words, for every one to
two bibenzyl linkages that break spontanecusly, there is another, very strong
bond whose scission is induced by hydrogen transfer. As discussed by Buchanan,
the restraint provided by the bonding makes radical-radical reactions less
likely, and unimolecular reactions such as rearrangement and H-atom elimination
more likely. The latter reaction can then lead to hydrogenolysis of an adjacent
bibenzyl structure.

So{Qroseld) <+ 30 . (O .
6 - 15%

Ls_. —— O - %O 5)
1.9 - 36% 15 - 2.9%

Similarly, earlier work by Van Krevelen (20) on polymers that contained no
weak linkages whatsoever had shown that when heated in a nitrogen stream at
3°C/min, these single methylene bridged polymers were roughly half converted into
volatile material during the 30 minute passage through the 450 to 550°C
temperature range.

wz e %Gs ) % o ovr o ©

BDE = ca. 85 kcal/mo!

73 ~50 wi%
half life (500°C) > 10 h

For the case of the methylene-bridged naphthalene polymer, where the central
linkage has a bond stgength of ~ 85 kcal/mol (18), the thermolysis half-life even
at 550°C would be >10° hours.
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Pyrolysis of O- and C- Alkylated Coals. Various groups have shown that the
methylation of coals (17,21), particularly low-rank coals, prior to pyrolysis
improves the yields of the volatiles. These yield increases have been
attributed to inhibition of retrograde reactions involving phenolic -OH, but they
can also reflect an increased contribution from induced bond scission
processes. This has been illustrated recently by Stock and co-workers (22) who
have examined the product of O- methylated and O- and C- benzylated coals and
found not only the expected cleavage (thermolysis) of the weak O-benzyl and C-
benzyl bonds, but also the cleavage of the much stronger phenyl-C bond.

D@, o R, - @, K

(ca. 6:1)

IMPORTANCE OF INDUCED BOND SCISSION

The above results provide a very clear demonstration that induced scission
of strong bonds in known structures does take place under pyrolysis conditions.
These results suggest, but do not prove, that such cleavages also take place in
coals during pyrolysis. However, the pertinent question we have to ultimately
consider is whether such cleavage is of any significance to the practice of coal
pyrolysis. 1In the following paragraphs we show that the same competing H-
transfer steps we have found to be important under liquefaction conditions can
account for striking variations in the yields of oil and gas resulting from
modest changes in pyrolysis conditions.

Oil and Gas Yield Variations in Hydropyrolysis. Gorbaty and Maa have
reported (27) that the product distribution in a fixed-bed hydropyrolysis is
critically dependent upon whether the reaction temperature exceeds the threshold
above which there is a pronounced exotherm. The incremental yields obtained by a
switch of the pyrolysis gas from N, to Hy, go almost exclusively to oil if the
temperature remains below this threshold, but go almost exclusively to gas if the
threshold temperature 1s exceeded. These results are shown in Figure 1. As
indicated by the authors, the higher temperatures produced in the exotherm
evidently result in more ring hydrogenation and ring opening (followed by
cleavage of the newly produced side chains), yielding more gas.
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Higher gas production with increasing temperature is, of course, a well known
trend in hydroliquefaction. The question is, what factors are responsible for
the change, and what makes it so sharp. In the most general terms, it is clear
that a shift in product distribution is a result of a shift in competing reaction
types. More specifically, we suggest that it results from a changing competition
between free H-atom addition and the H-transfer via the radical hydrogen-
transfer (RHT) process. Both of these processes, in that they put an H-atom on
the ipso positions of aromatic structures bearing critical linkages, can lead to
the fragmentation necessary to produce oils. However, under conditions where
free H-atoms dominate, hydrogen is transferred much more unselectively to aroma-
tic ring positions, regrardless of whether or not they bear linkages. Conse-
quently there are, as suggested in reactions 9 and 10, many more side reactions
that lead to excessive gas formation.

To understand why dominance by free H-atoms leads to very inefficient use of
transferred hydrogen to cleave linkages, it is necessary to consider the fate of
the "non-ipso" radicals -- cyclohexadienyl radicals in the coal structure formed
by H-transfer to positions not bearing any linkage. In contrast to the ipso-
radicals, which result in rapid and irreversible cleavage of the linkage, the
non-ipso radicals are sufficiently long-lived to allow subsequent bimolecular
reactions. Either the initial hydrogen transfer can be followed by further
hydrogen transfers to produce reduced-but-uncleaved product, or the non-ipso
radical can transfer a hydrogen transfer back to an aromatic by RHT (6) leading
to no net change.

H X H
et g ‘x 11)

radical

X X
non-ipso + Ar —_— @@ + ArH- 12)
H H

Haen

*Cleavage of the ipso radical ArX‘ will generally be so rapld as to be
Airreversible regardless of the nature of X°. For instance, we estimate, from the
known bond strengths (18,24), that elimination of an unstablized primary radical
(a simple alkyl chain) from the 9-position of a phenanthrene ring has a half-life
at 400°C of about 10°° seconds; that is, sufficilently short to make transfer of a
second hydrogen from any available source (Aer, H-, H2, ArH') uncompetitive.
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The effectiveness of the aromatic pool in regaining "wastefully" transferred
hydrogen is a function of the nature and concentration of the aromatic and the
temperature. At a given temperature, the rate of this retrieval of hydrogen
increases with increasing aromatic concentration in the solvent (or in the coal
if there is no solvent). On the other hand, to the extent that the concentration
of aromatic is too low, the non-ipso radicals will obtain a second hydrogen
(e.g., from another molecule of ArH,) to yield uncleaved dihydro product. At
higher temperatures, the endothermic reactions

ArH" - Ar + H° AH° (Ar = PCAH) > 25 kcal/mol 14)

are shifted to the right, and any given Ar becomes less effective as a
"reservoir” for H-transfer activity. This means that the non-ipso radicals will
have a greater opportunity to obtain a second hydrogen to form dihydro-
aromatics. Such dihydronaphthalene-type species are very reactive and will be
rapidly further reduced to tetrahydro products. The dihydro and tetrahydro
products are then subject to ring-opening and loss of all or part of the newly
formed chains as C; to G, hydrocarbons.

What helps make the shift in incremental yields from oil to gas so dramatic
is the fact that the decreasing effectiveness of the aromatic pool with
increasing temperature provides the system with marked feedback potential. When
the temperature reaches the point where ineffectiveness of the solvent pool in
regaining H-atoms allows sufficient ring hydrogenation such that the heat evolved
exceeds the fixed-bed heat transfer capability, the temperature begins to rise
faster. This rise further decreases the ability of the aromatic pool to regain
wastefully transferred H-atoms, ring hydrogenation is further promoted, the
temperature goes up still faster, and so on, in an accelerating manner.

Role of Coal Fragments in Induced Bond Scission. All of the results
summarized here support, in one way or another, the hypothesis that aromatic/
hydroaromatic reaction media, and H, as well, serve not only to scavenge coal
radicals, but also to generate hydrogen transfer activity. Making the very
probable assumption that the connections in coals consist of some weak covalent
linkages, which will undergo thermal scission regardless of the reaction medium,
and some linkages so strong they will cleave only when induced to do so by
hydrogen transfer, it becomes clear that the radicals generated by scission of
the weak links have a much more important role to play than merely being "capped"
by hydroaromatic species (or Hy). To the extent they are non-hydroaromatic
radicals (eg., benzyl), these radicals typically have no hydrogenolysis activity:
they cannot transfer a hydrogen to a cleavable substrate because they cannot, iIn
so doing, form an aromatic system. If not capped, such thermally generated
radicals may indeed become involved (as the conventional view would have it) in
retrograde reactions. The important point however, and the one not included in
most pyrolysis pictures, is that when the scavenger is a hydroaromatic, the
capping process actually contitutes a chain transfer step that converts a radical
with no hydrogenolysis activity into a radical that can induce hydrogenolysis.

ArCHz' + PhenH2 - ArCH3 + PhenH® AH®° = -5 kcal/mol 15)

The potential role of coal radicals in providing hydrogenolysis activity suggests
that the high reactivity of coals in the initial stages of conversion may result
from a "burst" of coal radicals that is large compared to the steady state level
of ArH' supplied by the hydroaromatic media. If this is the case, then the
conversion of inactive, non-donor radicals into ArH® carrier radicals (by either
the solvent or by hydroaromatic coal species) could help explain the initial high
reactivities of coals. If the number of initiating radical species is too high
to' be quickly disposed of via the normal termination pathways of the medium
(i.e., radical disproportionation), then there should be a significant increase
in activity., In hybrid studies involving mixtures of coals and model compounds,
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we observed (7) that the addition of coal substantially increases the model
compound hydrogenolysis rate. At 400°C, the rate in the modest liquefaction
solvent, tetralin, was increased by a factor of about forty. In the more
effective solvents, dihydrophenanthrene and dihydropyrene, the rate was increased
by a factor of two to three. Thus, under the liquefaction conditions of these
experiments, some specles generated by the coal (presumably free radicals) very
clearly were a source of bond cleavage activity, not merely something to be
scavenged. In the absence of evidence to the contrary, it is reasonable to
assume that the same phenomenon occurs under pyrolysis conditions.

Coal Pyrolysis in Reactive Vapors. An awareness of the triple role of
aromatic/hydroaromatic media (radical scavenger, agent for conversion of inactive
radicals into hydrogenolytically active radicals, and retriever of wastefully
transferred hydrogen) ralses questions about the relative merits of two different
approaches to augmenting hydrogenclysis activity in ccal pyrolysis: the use of
high pressure hydrogen and the use of hydroaromatic PCAH vapor.

The use of hydrogen pressure to augment volatiles ylelds during coal
pyrolysis is not a new approach. H, 1s, of course, a thermodynamically powerful
reducing agent. However, owing to the strength of the H-H bond, H, is
kinetically ineffective at low temperatures (in the absence of a catalyst).
Unfortunately, the low temperature range of coal pyrolysis (300 to 500°C) is
precisely the region in which coals become highly reactive and in which they seem
particularly suuceptible to oxidative retrograde reactions. In fact, it is
already well appreciated (26) that the presence of Hy actually tends to decrease
volatiles yields (relative to pyrolysis in a vacuum) at temperatures below about
600°C. Consideration of the kinetics of the reaction by which H-atoms are
produced from H, emphasizes why this 1s the case.

ArCHy- + Hy -+ ArCH; + W AH®° = +16 kcal/mol 16)
log kyg 400l m™ls™) = 1.7

For Ar = phenyl, this reaction is 16 kcal/mol endothermic (18) in contrast to the
analogous "scavenging" reaction shown above (reaction 15), which is 5 kcal/mol
exothermic, and at least 100 times faster at 400°C (at equivalent concentrations
of the respective "scavengers").

log kys 400l m 1s7l) = 3.8

While the hydrogen carrier radical generated (ArH') is not nearly as active as H°
on a per molecule basis, it, as discussed above, is much more efficient in
transferring hydrogen selectively to places where it is utilized for cleavage,
and it cannot abstract another H-atom to uselessly form Hy. 1In addition, in the
low temperature pyrolysis region, near-molar concentrations of such PCAH and
their hydroaromatic derivatives can be generated at pressures in the vicinity of
one atmosphere, whereas, maintenance of 1M [H,] requires about 800 psi. Finally,
the Ar/ArH, mixtures are themselves sources o% these hydrogenolytically active
radicals (by reverse radical-disproportionation (25,26) that can rival in numbers
the radicals thermally generated from the coal structures. Thus, it seems likely
that heating the coal in the presence of ArHy/Ar vapors (or with "pre-loaded"
Ar/ArH,) could offer some of the conveniences of pyrolysis, and be, in the 350 to
500°C temperature range, a more effective way of inducing hydrogenolysis in the
coal structures than is provided by heating in hydrogen pressure. The recent
work of Gorbaty and co-workers (27) will presumably shed some light on the
practicalicy of this approach, as well as providing data that will help to unify
the chemical pictures of coal liquefaction and gasification.
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CONCLUSION

In summary, experimental evidence now strongly supports the hypothesis that
induced cleavage of strong bonds is a significant part of coal pyrolysis as well
as liquefaction. Furthermore, conversion results indicate that shifts in the
modes of hydrogen transfer affect hydrogen utilization efficiency and product
distribution, and that variations in reaction conditions do indeed have an impact
on the induced bond scission processes. Therefore we suggest that the most
fruitful working hypothesis for coal pyrolysis/gasification research is that such
induced bond scissions can be substantial and are subject to manipulation, and
assert that attempts at manipulation are more likely to be successful to the
extent that we obtain an improved understanding of the chemistry of these
cleavage processes.
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tvo. Each represents the distribution of the addfctional ylelds obteined as s
result changing from one aet of conditions to another.

Cond. 1. 372 -» 465°C, 35 min, Ny
Cond. 2. 372 -> 465°C, 35 min, “2
Cond. 3. 372 -» 525°C, 85 min, Hy

Taken from the data of Gorbaty and Maa, 1986.

Figure 1. Incremental Yields Resulting from Gas and Temperature
Changes in Coal Pyrolysis
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Modelling the Thermal Reactions of Benzyl Phenyl Sulfide

by

Martin A. Abraham! and Michael T. Klein*
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The reactions of benzylphenylsulfide (BPS) neat, in benzene, in
tetralin and with added thiophenol were studied. A free-radical
mechanism described the neat pyrolysis of BPS to the wmajor
products toluene, thiophenol, diphenyldisulfide, and diphenylsul-
fice. An analytical rate expression decduced from this mechanism
was consistent with results from both neat pyrolysis and reaction
with additives. The secondary reactions of primary products were
detailed.

Our interest in the resolution of reaction fundzmentals in supercritical fluid
(SCF) solvents has motivated careful study of the thermolysis pathways,
kinetics and mechanisms that will generally occur in parallel with any
possible solvolysis. Since reactions with a SCF solvent of compounds con-
talning oxygen (Lawson and Klein, 1985; Townsend and Klein, 1983) and nitrogen
(Abraham and Klein, 1985; Tiffany, et al., 1984), but not sulfur, have been
reported, our interest extended to the reactions of benzylphenylsulfide (BPS).
Herein we report on a mathematical model of BPS pyrolysis that is based on our
own experiments and also the literature base on which our work is built.

Previous studies suggest that neat pyrolysis of 3PS proceeds by a free-radical
mechanism (Attar, 1978). The mechanism likely involves fragmentation of the
C-S bond to a free-radical pair followed by stabilization through hydrogen ab-
straction, from either a hydrogen donor source, such as tetralin, or other hy-
drocarbon molacules in the reazction mixture. Fixari and coworkers (1984) py-
rolysed BPS in benzene and in tetralin. For reaction in beazene, they postu-
lated that B?S cleaved to a benzyl-phenylthiyl radical pair, which stabilized
primarily by recombination. For reaction in tetralin, hydrogen abstraction
was from tetralin, which led to a tetralyl radiczl intermeciate whose dispro-
portionation ultimately led to naphthalene. Huang and Stock (1982) also de-
scribe a free-radical mechanism for BPS decomposition. Thus the literature
proviées a good foundation from which to model the reaction of BPS.

Our investigation into the reactions of BPS addressed its neat pyrolysis
first. Special attention was paid to deriva:zive experiments, used in a de-
tailec probe of the mechanism, which included rezction in the hydrogen-donor
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Departrent of Chemical Engineering
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solvent tetralin, reaction in the inert solvent benzene, reaction with the ad-
dition of thiophenol, and the pyrolysis of diphenyldisulfide. This provided a
basis with which to summarize the experimental results in terms of plausible
reac:ion pathways and a reaction model.

EXPERIMENTAL

Tne reactants, solvents, and GC standards were all commercially available and
used as received. A typical experimental procedure was as follows: the reac-
tants, solvent, and the demonstrably inert (Townsend and Klein, 1985) internal
stancard biphenyl were loaded into batch "tubing bomb" reactors comprising one
Swagelok port connector and two caps of 1/4" nominally sized stainless steel
parts. The tubing bombs were sealed and immersed in a constant temperature
sandbath. 1In approximately two min, the reactors reached the nominal reaction
temperature and, after the desired time had passed, reactions were quenched by
insertion of the reactor into a cold water bath. A representative initial
concentration of BPS was 0.5 mol/L.

Spectrophotometric-grade acetone or reagent-grade tetrahydrofuran was used to
collect all material from the reactors in one phase. Product identification
was accomplished on an HP 5970 series GC/MSD equipped with a 60m DB-5 fused-
silica czpillary column. Quantitation of individual product yields was by GC
using an HP 5880 instrument with the same type of capillary column and a flame
ionization cetector. Response factors were estimated from analyses of stan-
dard mixtures, which allowed quantitative calculation of product yields and,
hence, an observed product index (OPI1). This was the sum of the mass of
identified GC-elutable products divided by the inizial mass of reactant
charged.

RESULTS

The reactions of benzylphenylsulfide (BPS) with a set of coreactants comple-
mented the study of its neat pyrolysis and allowed a deeper probe of operative
pathways and mechanisms. Reaction in the hydrogen-donor solvent tetralin
highlighted unirolecular fission steps, whereas reaction in benzene allowed
deterzination of the overall reaction order. Experiments with added thiophe-
nol probed a major non-primary pathway, and the secondary reaction of
diphenyldisulfide (DPDS) was investigated through its neat pyrolysis. The
experimental conditions and major products are sumrarized in Table 1.

The presentation of the results is organized into sactions that describe,
respectively, neat pyrolysis and the derivative copyrolysis experiments.
Within each section, the identity of all products and the temporal variation
of the yields (r; = ny/ngpg,) of major products are presented first. Tals is
folloved by exarination of product selectivity (yy/x) and the effect of the
loading of additive i (S; = n;,/ngpgy) - Likely pathways and their kinecics
are presented in the discussion.

Neat ovrolvsis. Toluene was the major product of the neat pyrolysis of BPS.
Other major products were DPDS, diphenylsulfide (D2S), and thiophenol;
diphenylmethane and bibenzyl were minor products. The temporal variations of
the yields of major products from pyrolysis at 300°C are shown in Figure 1,
which indicates, by their initially positive associated slopes, that toluene,
DPDS end thiophenol were primary products. OPI was greater than 0.9 at a BPS
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conversion x = 0.9, which occurred after 120 min. The pseudo-first order rate
constants and associated Arrhenius parameters for the disappearance of BPS
during neat pyrolysis are summarized in Table 2.

Reaction in_tetralin. Thermolysis of BPS in tetralin led to toluene and thio-
phenol as major products along with minor amounts of diphenylmethane and DPDS.
The temporal variations of the yields of the major products from thermolysis
at 340°C are shown in Figure 2, which indicates, by their initially positive
slopes, that both toluene and thiophenol were primary products. OPI remained
above 0.9 at a BPS conversion of 0.95, which occurred after 120 min. BPS
disappearance in tetralin was described by the pseudo-first order rate
constants indicated in Table 2. For reaction at 300°C, k., = krpr/KNEAT =
0.087, indicating that BPS reaction in tetralin was much slower than its
disappearance during neat pyrolysis.

The effect of tetralin loading on the reaction of BPS was studied over the
range S = nppr,/nppg, from 0.0 to 2.0 at 300°C. Increasing S simultaneously
decreased BPS conversion (x) and increased selectivity (si - yi/x) to the
major products toluene and thiophenol. This is illustrated in Figure 3, where
X and y;/x are plotted vs. Sy for a constant reaction time of 50 min. During
neat pyrolysis (S7 = 0) of BPS, x was approximately 0.9 after 50 min, whereas
it was only 0.15 at St = 2.0 after the same reaction time. The selectivity to
toluene increased from 0.4 to 1.0 and the selectivity to thiophenol increased
from 0.1 to 0.8 as Sy increased from 0.0 to 2.0.

Reaction in Benzene. Reaction of BPS in benzene at 275°C at varying initial
BPS concentrations allowed determination of an apparent overall reaction or-
der. The resulting pseudo-first order rate constants for the disappearance of
BPS are plotted vs. initial BPS concentration in Figure 4. The best-fit
straight line has a slope of approximately 0.2, indicating an overall reaction
order of 1.2 in BPS concentration over the range of conditions examined. The
pseudo-first order rate constant correspondigg to the neat pyrolysis concen-
tration of 0.6 mol/L in Figure 4 is 4.47x10°”° min ™ *, somewhat less than the
experimentally determined neat pseudo-first order rate constant of 0.0l min~
at the same concentration.

Reaction with Thioohenol. Pyrolysis of BPS at 300°C in the presence of thio-
phenol with initizl molar ratios [STHP = "THPo/nBPSo] ranging from 0.0 (neat
pyrolysis) to 1.68 yielded toluene, DPDS, and DPS zs major products; diphenyl-
methane and bibenzyl were minor products. Figure 5 summarizes the temporal
variation of product yields for Styp = 1.68. The disappearance of BPS in the
presence of thiophenol was characterized by a pseudo-first order rate constant
of 0.0445 min™", comparable to that observed from neat pyrolysis.

The effect of added thiophenol on BPS decomposition is illustrated in Figure
6, a plot of BPS conversion and major product selectivities vs. § for a
constant reaction time of 20 min at 300°C. As Spyp increased from 0 to 1.68,
x decreased from approximately 0.83 to 0.7, whereas toluene and DPDS se-
lectivity (yTOL/xBPS; yDPDS/xBPS) increased from 0.3 to 0.7 and 0.6 to 1.3,
respectively. Evidently thiophenol functioned as a hydrogen donor to the ben-

zyl radical, and the thus-formed phenylthiyl radical underwent termination by
coupling.
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Neat pvrolvsis of Diphenvldisulfide., Neat pyrolysis of DPDS at 300°C yielded
DPS as a primary product; thiophenol was a minor product. OPI was 0.9 at 60
min, vhich corresponded to a DPDS conversion and DPS yield of 0.7. Thus the
selectivity of the reaction of DPDS to DPS was essentially 1.0, which implies
the formation of elemental sulfur. The disappearance of ?PDS vas character-
ized by a pseudo-first order rate constant of 0.0196 min~

DISCUSSION

The literature and present results for neat pyrolysis and reaction in tetralin
combine to provide the basis for development of the mathematical model.

BPS Thermolvsis Mechanism. The decomposition of BPS is reasonably interpreted
as a set of free radical steps like those described by Attar (1978), Miller
and Stein (1979), and Huang and Stock (1982). TIllustrated in Figure 7a, a
consistent sequence of steps is initiated through fission at the relatively
weak (bond dissociation energy = 53 kcal/mol (Fixari et al., 1984)) C-S bond.
BPS consumption also occurs through hydrogen abstraction by the initiation-
generated benzyl or phenylthiyl radicals, which leads to toluene or thiophenol
and a BPS radical. Abstraction of hydrogen from thiophenol by a benzyl radi-
cal will produce toluene and a phenylthiyl radical. Termination by radical
recombination can involve: two phenylthiyl radicals, yielding DPDS; two benzyl
radicals, producing bibenzyl; or other radicals (BPS radicals, for example),
yielding unobservable, higher-molecular-weight oligomers. An additional ele-
mentary stap is required to account for the minor amounts of diphenylmethane
observed znd also the secondary conversion of DPDS to DPS. Note that the lat-
ter might not actually occur in a single elementary step.

Pseudo-steady state analysis of the elementary steps of Figure 7 allows
derivation of an analytical rate expression. Under the condition of a steady
state, the rate of initiation must equal the rate of termination of radicals;
we also consider the concentration of each radical By By, and p to be in a
pseudo-steady state. Thus, with the overall BPS reaction rate as in Eq. 1,

r = [BPS} (k) + kofy +kqfy) (1)

the balances on By and ), which yield Eq. 2 and 3 for g; and By,
respectively,

By = kq[BPS]/(ky[BPS] + kg[THP]) (2)
k4 [BPS) BPS) : 3
BZ:.‘Z. ’iz'kT’“ _kﬁz_k4_ +F2;G‘SB‘ (THF] + k(BPS))

allow formulation of the overall rate of decomposition as in Eq. 4.
8 K,
=k (8PS 14 % (8PS k,[BPSl k‘ -1 ()
REPS TR AR "zla’s“'slw’l
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For very low loadings of thiophenol, or at low conmversion during neat pyroly-
sis, the rate expression of Eq. 4 reduces to

e
r=2k,_'BPSZ—(k3ffs') (\/1 Sk ky —1) (5)

-
4 ky* BPS|

Thus the overall BPS reaction rate is a combination of a first-order term and
higher-order terms and is therefore consistent with the experimentally deter-
mined reaction order of 1.2.

The dependence of r (Eq. &) on the addition of thiophenol to the reaction
mixture provides further scrutiny of the mechanism of Figure 7. This is the

derivative of the rate with respect to thiophenol concentration, shown as Eq.
6.

dr ky k; ks [BPS)° ] 1

GTHPI (i, (BPS] + kg (THP))? . Bk kg [THP] ] 6)
+
]

1
K& (BPS\ K (BPS]+ K (TP

Since the square root term in Eq. 6 is greater than unity, the term in the
braces must be positive. Thus the rate of reaction decreases with increases
in thiophenol loading. This is consistent with the observed decrease in
conversion with the increase in thiophenol loading illustrated in Figure 6.
The observed effect of thiophenol loading on product selectivities also probes

the candidate mechanism. According to Figure 7, the rate of toluene formation
is

d[TOL}/dt = kyB1(BPS] + k3B {THP: (7)
which, after substitution for 8; from Eq. 2 reduces to
d{TOL)/dt = k,[BPS] (8)
It is convenient to use the instantaneous selectivity s, = dyqg /dx as a
vehicle with which to analyze the overall selectivicy Sp = YroL/*. Since r =
[BPS],cx/d:z and d{TOL]/dt = {BPS]odyTOL/dt, sy is given as Eq. 9.
sy = d[TOL}/r = ky([BPS]/r (9)
Differentiztion with respect to thiophenol concentration, holding [BPS} con-
stant &s in the present experiments, provides Eq. 10 as the sensitivity of the
instantaneous selectivity to the addition of thiophenol.
dsq,/d{THP] = -kl[BPS]r'z(dr/d{THP}) (10)
Thus, since dr/d[THP] is always negative, as shown in Eq. 6, sy will always
increase with increases in [THP]. Hence the increzse in s, observed ex-

perimentally is consistent with the mechanism of Figure 7.

Likewise, the elementary step leading to DPDS suggests £q. 11 for its
formation rate.
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d[DEDS]/dE = k,B,2 (11)

This combines with the pseudo-steady state concentration of By from Eq. 3 to
allow formulation of Eq. 12

!
\ (12)

d (DPDS) _k{ k(B8PS k, [B°S) ’ZN[BPS] k, [THP)
dt 2| T2k 2k, A |k aos1+usrn-|=1

for the overall rate of formation DPDS. This, in turn, allows the determina-
tion of s; for DPDS and, hence, ds)/d[THP] for DPDS as Eq. 13.

(d[DPDS]J

gt ky ka ks [BPS]? . 1

d (THP) (kg [BPS] + ks [THP]? 8k, K, [ ks [THP] ) (13)
\/ " e\ | G BPSI g (TP

Eq. 13 predicts that the selectivity to DPDS will increase as the concen-
tration of thiophenol in the reaction mixture increases. This was observed
experimentally, as shown in the plot of s, for DPDS vs. thiophenol loading of
Figure 6.

Thermolysis of BPS in tetralin is by the neat pyrolysis steps and additional
steps involving tetralin and its derived radicals. These are illustrated in
Figure 7b, steady-state analysis of which allows formulation of the overall
BPS reaction rate as Eq. l4:

k,(8PS]
=k, (BPS]) kZIBDS]-I-ksmPlH%lTEn
(14)
& (k (8PS +k, [TET]) L ks (TP -1
TR, (i, (8PS +k, (1202 TSR

In the limit of high tetralin loading, Eq. 14 reduces to r = k 1[BES], less
than one-half the rate predicted for neat pyrolysis. This is con51sbent vith
the experimentally determined rate constants listed in Table 2. Under these
conditions, the rates of toluene and thiophenol formation are given by Eq. 13,

d[TOL]/ét = d[THP]/dt = k;[BPS] (15)

which shows that added tetralin will increase the selectivity to both toluene
and thiophenol.

194

~




e g —

CONCLUSIONS

1. Neat pyrolysis of benzylphenylsulfide was through a free-radical mechanism
to toluene, thiophenol, and diphenyldisulfide. Pseudo-steady state analysis
of consistent elementary steps allowed formulation of the rate expression as:

_ k(8PS K[BPS) sigk, [ K mA
R W TR R\ M[m[m ] ! %)

Results of experiments with a set of co-reactants were consistent with the
rate expression and aided in the elucidation of the mechanism.

2. The overall reaction order for pyrolytic decomposition of BPS was 1.2.
This is consistent with the theoretical rate expression derived from the pos-
tulated mechanism.
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NOMENCLATURE
kg rate constant
ny mole number of i
OPI Observed Product Indef Zwetght /welghtpps,
r reaction rate, mol L™~ min
Si coreactant loadlng, n; . /Npps
51 instantaneous selectivity of i, dy;/dx
Sy integral selectivity of i, y;/x

convers%on, 1'“5PS/HBPSO
molar yield of i, n1/111BPSO
1] concentration, mol

Chemical Species

BPS Benzylphenylsulfide, PhCH,SPh
DPDS Diphenyldisulfide, PhSSPh
DPS Diphenylsulfide, PhSPh
THP Thiophenol, PhSRH

TOL Toluene, PhCH3

Greek Symbols

By benzyl radical

B, phenylthiyl radical

N BPS radical

Subscripts

o initial condition
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Table 1: Experimental conditions for the reactions of
Benzyl Phenyl Sulfide.

Additive  Temperature Major Products
(Q))

Neat 275-386 Toluene, Thiophenol
Diphenyldisulfide,
Diphenylsulfide

Tetralin 300-386 Toluene, Thiophenol

Benzene 275 Toluene, Thiophenol
Diphenyldisulfide,
Diphenylsulfide

Thiophenol 300 Toluene, Diphenyl-
disulfide, Diphenyl-
sulfide

Table 2: Pseudo-firsi-order rate constants
summarizing the reactions of Benzyl Phenyl Sulfide.

Temperature Neat Pyrolysis In Tetralin

Qo))

275 0.0182+0.0039 -
300 0.0334%0.0019  0.0029+0.0006
340 0.175£0.045  0.0269%0.0008
386 0.530£0.046  0.3467+0.0284

logipa(min™ly  7.25 13.4

E*(keal/mol) 22.6 41.7

197




1.0—

. e gps
0.9+ © o+ TOL
0.8‘3 , o THP

: s DPS
0.74 x DPDS
0.5 5

1 ]

i

yl 0.5+ )

1

o.Hé . .
0.3 |
0.2 L ) ' !
0.1 o : : ;
A .
g *e ° i ;
0.0 —+——~ T T ¥
0 20 40 60 100 12

Reaction time (min)

Figure 1: Tecporal variation of the yields of the products of neat BPS

pyrolysis st 300°C.

0.6 -
Yi = Ni/NBPSo
0.4 1
0.2
0.0 [ -
] 20 40 60 100
Reaction time (min)
Figure 2: Temporal variation of th

in terralin ac 3i0°c,

198

e yields of the products of BPS thermolysis

120

¥

|
i
,
!
4




-

| e jee]
0.8+ ; e * 0.83
. )|
> [ . T
Tosd AN A Lo.63
L i o / . i . o
3 1 /’ R P sHo- g
/ - =]
o0 4 ¢ -0.43
3 ~;7I |
e i/ ' -
Ly 24 . . ——//;{ r0.2
bl S
v :
0.0+ . —0.0

0.0 0.4 0.8 1.2 1.6 20
Tetralin Loading St = Nygpmaps

Figure 3: Depencence of product selectivizy and 5PS conversion on tetralin
concentration during reacrion at 300°C.

-2.6-
-2.7+
-2.8-
-2.9+

-3.0-
—3J{
-3.2-
—3$i
—3.4'[
_3.5 Y T T T T B T T T v T 0 T T T
-3.0-2.6-2.2-1.8~1.4~1.0-0.6-0.2

log{pseudo—~1st—order k)

fog (BPS,)

Figure &4: Overall order of reaction of BPS in benzene.

199




n /maps, and e/ Mg

Recclion Time (Min.)

Figure 5: BPS pvrolysis &t 300°C with added tniophenol: Stup = Aryp/Mpps =

1.68.

o
w

BPS Convorslon or product selocllvily
(=)
(=]
.\\
\

(=) .
R

[T T Y T R WP
~

0.0~

Thiophenol Loading

Stup = N THp/NBPS

Figure 6: Dependence of product selectivizy &nd 5PS conmversion on thiophenol

concentration during reaction at 300°C.

200

0.0 0.2 0.4 0.6 0.5 1.0 1.2 1.4 1.6

o —



o 0 — o,
(A} (3]
| 2+ A — 0 +
B 1 T A '—-—i—-ﬁb' ; SN
) Oy
2 5 , —_— (:jr,s-s
3., + P —5> B, +
2u ____f___g,.

b'5,+03 7

{r]

t

T
T

Figure 7: Free-radical steps for BPS reaction: (a) Keat pyrolysis; (b) Addi-

tional steps for reaction with tetralin.

—— [P

201



A NOVEL APPLICATION OF 31P NMR SPECTROSCOPY TO THE ANALYSIS
OF ORGANIC GROUPS CONTAINING -OH, -NH AND -SH FUNCTIONALITIES
IN COAL EXTRACTS AND CONDENSATES
A. E. Wroblewski, R. Markuszewski, and J. G. Verkade
Fossil Energy Program, Ames Laboratory
and
Department of Chemistry, lowa State University, Ames, lowa 50011

Abstract

Over one hundred model organic compounds including phenols, aliphatic
alcohols, aromatic acids, aliphatic acids, amines, and thiols have been
derivatized with two members of a phgsgholgge 8eries of phosphorus-containing
reagents, namely, c160CH Csz and C1POCMe ,CMe ,0. Measurement of proton-decoupled
31p chemical shifts of tﬁese derivatives reveals that, in general, the resonances
fall into well-separated regions for derivatized classes of these organic
compounds. Both phosphorus reagents were also tested on pyridine extracts of
IMlinois No. A coal, revealing the presence of various phenols, carboxylic acids,
and aliphatic alcohols, Similar derivatization of a low-temperature pyrolysis
condensate from 111inois No. 6 coal showed no detectable concentrations of
carboxylic acids, a relatively small amount of aliphatic alcohols, but
considerable quantities of a variety of phenols. The current scope and
limitations of this NMR technique and its applicability to the quantitation of
-0H, -SH and -NH functionalities in organic solutions of coal-derived materials
are discussed.

Introduction

Analysis of coal-derived materials, such as low-temperature pyrolysis
condensates, is usually carried out by GC/MS methods. However, these techniques
are relatively non-routine and time consuming. As an alternative as well as
complementary approach, IR and NMR spectroscopic procedures have been developed
in recent years. Although direct analysis of complex mixtures obtained in coal
processing can sometimes be performed,! derivatization of certain classes of
compounds with suitable reagents is advantageous in NMR spectroscopy if the
reagent introduces an NMR-reactive label that gives a resonance signal specific
for the component being analyzed.

Previous determinations of OH functionalities in coal-derived materials have
been performed by silylation2-6 or acetylation®:7 followed by IRS, FT-IR2s7
and/or 1R 25326 295i 4 and 13C NMR2»6 measurements. In other studies,
derivatization of various phenols with hexafluoroacetone allowed observation of
19F NMR signals associated with the adducts.628°9 The 31P nucleus is also
suitable for NMR monitoring. The P(V) reagents diethylchlorophosphate and
chloro(dimethyl)thiophosphinate have been used for the derivatization of variety
of phenols; however, the resonances of the respective aromatic esters spanned
regions of only about 1 ppm.10 In contrast, three P(III) organophosphorus
reagents were examined previously in this laboratory, of which
2-chloro-1,3,2-dioxaphospholane appeared to be very promising in terms of
widening the chemical shift range to achieve better peak separation.!l

In this report, we present preliminary results on the scope and limitations
of 2-chloro-1,3,2-dioxaphospholane (1)12 and its 4,4,5,5-tetramethyl analogue
(2)13 as reagents for the derivatization and analysis by 31p NMR
spectroscopy of a variety of phenols, aliphatic alcohols, carboxylic acids,
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amines, and thiols. In addition, the applicability of both reagents to the
identification of components bearing -OH, -NH, and -SH functionalities in coal
extracts and pyrolysis condensates is assessed. The condensates were obtained
from a low-temperature preheating step intended to modify a chemical leaching
process for desulfurization of coal.l®

Experimental

An NMR tube (10 mm) was charged under N, with chloroform-d (2.0 mL),
chlorophospholane (1, 0.20 mL or 2, 0.25 mL), and triethylamine (0.31
mL). For qualitative measurements, the standard solutions were reacted at room
temperature with model compounds (a drop of liquid or a few crystals of solid).
31p NMR spectra were recorded after successive additions of different model
compounds until the reagent was almost exhausted. For application to coal-derived
materials, approximately 100-200 mg of the coal extracts or pyrolysis condensates
were added to the standard solutions, and 3P NMR spectra were recorded after 15
minutes.

The extracts and condensates were prepared from an I11inois No. 6 coal. For
preparation of the extract, about 1 g of coal was refluxed for 2 hr, with dry
pyridine under N,. The condensate was obtained by pyrolyzing another sample of
the same I11inoiS No. 6 coal at 455° for 45 min. in a protective atmosphere of
N, and collecting the volatiles condensing in an air-cooled column packed with
g?ass beads. For a 25~-g charge of coal, the yield of condensate was about 1-2 q.

Results and Discussion

Regions associated with the 3!P NMR resonances for representative model
phenols, aliphatic alcohols, carboxylic acids, amines, and thiols derivatized
with 1 and 2 are shown in Figures 1 and 2, respectively.

Derivatization of phenols with 1 at room temperature afforded the
respective 2-aryloxy-1,3,2-dioxaphospholanes instantaneously., Most of these
compounds gave 31P NMR resonances in a rather narrow region (128.5 to 129.1 ppm),
Only derivatives of di-ortho substituted phenols showed signals at lower field
(131.0 ~ 131.5 ppm), with a low-field 1imit of 136.42 ppm for 2,6-di-t-butyl-4-
methylphenoxy-1,3,2-dioxaphospholane. With reagent 2, better separation of
the 31p NMR signals of derivatized phenols (138.0 - 139.7 ppm) and di-ortho
substituted phenols (142.9 - 143.7 ppm) was achieved. In these cases, the
reaction was completed at room temperature in less than five minutes, except for
2,6-di-t-butyl-4-methylphenol which did not react at all, presumably because of
its bulky nature.

Carboxylic acids rapidly reacted with 1 and 2 to give derivatives

displaying 31p NMR signals between 127.4 and 129.5 ppm, and between 134,8 and
136.2 ppm, respectively. Although the sets of resonances for phenols and
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carboxylic acid derivatized with 1 were partially superimposed, good
separation of these regions was observed when 2 was used as the derivatizing
reagent.

Aliphatic hydroxy functionalities can also be analyzed by 31P NMR
spectroscopy after derivatization with the reagents 1 and 2.
Alkoxyphosphites derived from 1 presented 3P NMR signals between 133.4 and
136.0 ppm, while those obtained from 2 revealed absorptions from 146.4 to
148.8 ppm, with exception of derivatives of tertiary alcohols {triphenylcarbinol
and t-butanol) which resonated far upfield (both at 142.8 ppm). In both cases
the regions of absorptions for derivatized aliphatic alcohols are well separated
from those of phenols and carboxylic acids.

31p NMR resonances of amines derivatized with reagents 1 and 2 are
widely spread, overlapping regions represented by aliphatic alcohols, phenols and
carboxylic acids. On the other hand, 3!P NMR signals of compounds having the P-N
bond are significantly broader than those from other derivatives, thus making
their assignment to amines easy.

The few thiols examined showed that the 3!P NMR signals for their reaction
products with 1 and 2 {190 to 210 ppm and 210 to 220 ppm, respectively)
are downfield from the regions observed for phenols and aliphatic alcohols.
Thus, the technique shows good promise for identification of SH-bearing groups.

Derivatization of a low-temperature pyrolysis condensate from I11inois No. 6
coal with 1 and 2 revealed the almost exclusive presence of a variety of
phenols (Figures 3 and 4, respectively). In addition, residual quantities of
aliphatic hydroxyl groups were detected at 135 - 135.5 ppm and 147 - 148 ppm,
respectively. No carboxylic acids were found, however. An identification of
phenols was carried out by the addition of selected authentic compounds to the
derivatized condensate containing an excess of 2. This procedure allowed us
to tentatively assign most of the prominent signals to specific substituted
phenols (Figure 4). The presence of such a variety of phenolic compounds is
consistent with the well-documented role that phenols play during low-temperature
pyrolysis of coal,l15»16

A pyridine extract of Illinois No. 6 coal was derivatized with both reagents
to give deep-brown opaque solutions. Examination of these solutions by 31P NMR
spectroscopy showed broad absorptions (Figures 5 and 6), which revealed the
presence of mostly phenols (at 138-140 ppm), together with a small amount of
di-ortho substituted phenols (at about 143 ppm), In addition, significant
amounts of carboxylic acids were found in the extract at 135-136 ppm,
Identification of particular phenolic and/or acidic components was precluded by
the breadth of signals. Furthermore, the extract derivatized with 1
displayed apparently significant amounts of aliphatic OH functionalities (at
about 135 ppm), while the extract derivatized with 2 showed only a relatively
small quantity of this functionality. This contradictory result is currently
under further investigation,

Conclusions
Reagents of the type 1 and 2 provide improved 31P chemical shift

dispersion for compounds derived from carboxylic acids, phenols, alcohols,
amines, and thiols., Therefore, they offer considerable promise for the
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identification (and possibly quantification) of coal-derived organic moieties
bonded to -OH, -NH, and -SH functionalities. Such a capability will be extremely
useful in characterizing coal extracts, pyrolysis condensates, and liquefaction
products.
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INTRODUCTION

Most coal devolatilization studies so far have focussed on the determination of
reaction rates for reactions occurring under widely different conditions
encountered in liquefaction, gasification, coking or combustion processes.
Published rates on more or less comparable coals may differ by several orders of
magnitude, especially when obtained at high temperatures (>1000 K) and/or high
heating rates (102-10% K/s) (1,2).

At the present state-of-the-art in coal devolatilization research, more emphasis
should perhaps be placed on elucidating the mechanisms of the chemical reactions
underlying the observed phenomena. When studying thermal conversion reactions in
coal it seems correct to concentrate first on the so-called "primary" reactions
before attempting to elucidate the many possible secondary reaction pathways.
This is especially true since most secondary reaction pathways are strongly
influenced by reactor design and experimental conditions.

The devolatilization behavior of coal will be determined primarily by the chemical
composition of coal and secondly by the experimental conditions. Under properly
designed vacuum micropyrolysis experiments working with sufficiently small
particles (<50 y diameter), it is possible to avoid mass and heat transport
limitations (3) and minimize the secondary reactions. Using premium coal samples
from Argonne National Laboratory (4) the chemical composition can be well defined
and possibly characterized by major factors such as rank and depositional
environment (5). Recent advances in pyrolysis mass spectrometry (Py-MS), viz,
time-resolved Py-MS (TR Py-MS), along with multivariate analysis techniques enable
extraction of underlying chemical components {6) from a single experiment; thus
reducing the uncertainty due to varying reactions conditions in different
experiments. This paper demonstrates the feasibility of obtaining valuable
mechanistic and kinetic data using microgram amounts of carefully selected coal
samples under properly designed reaction conditions using TR Py-MS techniques in
combination with advanced multivariate data analysis methods.

EXPERIMENTAL

A sample of hvAb Pittsburgh #8 coal was picked up in large chunks from the mine
mouth and subsequently ground and sieved under nitrogen. Ultimate and proximate
analysis data are shown in Table I. Sample preparation was discussed earlier (7)
in detail.

(Time-Resolved Pyrolysis Mass Spectrometry)

Time-resolved Py-MS analyses were done under the following conditions: Curie-point
temperature 610°C, temperature-rise time 5.4 s, total heating time 10 s, electron
energy 12 eV, mass range scanned 50 to 200 amu, scanning speed 1000 amu/s, number
of scans 41, total scan time B s. Each spectrum scanned was stored separately in

the IBM 9000 computer.
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{Multivariate Data Analysis)

In order to give all the variables an equal contribution, and for reasons ex-
plained by Malinowski (8), factor analysis was done on the "“correlation around the
origin" matrix. For this study, the number of factors used was selected by
determining the leveling off of the slope (8) and the ratio of the eigenvalue (9).
Deconvolution of the components was performed by using a combination of "pure mass"
(8,10) and "variance diagram" (VARDIA) (6) techniques.

(Kinetic Analyses)

Kinetic analysis was based on the total ion current plot. The assumption was made
that each maximum in the bimodal curve reflects a single rate process and that a
first order rate equation describes the process. The parameters computed based on
the maximum rate of generation at the peak of the curve are listed in Table I. The
distributed activated energy model (11) was used as an alternative approach.

RESULTS AND DISCUSSION

The time-resolved total jon current (TIC) profile of the Pittsburgh #8 coal sample
is shown in Figure 1b. The TIC profile has a distinctly bimodal character with a
pronounced low temperature maximum near 370°C and a larger, high temperature
maximum near 5600C. These temperatures, estimated from the temperature/time
profile of the blank Curie-point pyrolysis filament (shown in Figure la) are
believed to be accurate within 5%. The time-integrated spectrum of the coal
sample, shown in Figure 2, shows that the most abundant homologous ion series in
the pyrolysis mass spectra of fresh whole coals are the “phenols". Other major
components dominating the spectra are the "benzenes", "naphthalenes" and the short
chain aliphatic hydrocarbons. This matches with the results from this laboratory
obtained on 102 Rocky Mountain coals (5).

Using the multivariate data analysis procedures, mentioned before, the evolution
profiles of the components (separate groups of correlated mass peaks) were
obtained. These profiles, labeled A, B, C and D are shown in Figure 1c. The
corresponding numerically extracted spectra showing the composition of each com-
ponent along with the total variance percentage are shown in Figure 3a, b, ¢ and d.

The Tow temperature component A appears to represent a vacuum distillable oil
consisting largely of aromatic hydrocarbon series ("benzenes", "naphthalenes" and
"biphenyls/acenaphthenes"). Bench scale vacuum extraction studies of a hvBb
Hiawatha coal showed the naphthene rich distillable fraction to represent approx.
4% of the fresh coal (12). It is now rather widely accepted that coal deposits go
through an "0i1 formation window" during their coalification history in a similar
manner observed for 0il shale deposits. Maximum oil generation is 1ikely to occur
in coals of high volatile bituminous rank. Interestingly, in our experience this
component is not readily observed under typical thermal analysis conditions.

Components B, C, and D together make up the main pyrolysis event in Figure 1b.
Component B appears at a somewhat lower temperature than components C and D. The
near symmetrical shape of the intensity profiles of components B and C indicates a
depolymerization {such as found in thermoplastic materials) degradation behavior
leading to rapid, complete pyrolysis without major charring tendencies. Component
D, however, behaves more 1ike a crosslinking substance (such as found in thermo-
plastic materials) with a wider temperature profile and a slow, high temperature
tai) indicating incomplete pyrolysis, presumably accompanied by char formation.

Which structural moieties, if any, are represented by components B, C and D?
Identification of component D is relatively straightforward. As shown in Figure
3d, this component is dominated by a strong series of alky)l substituted phenols and
resembles the Py-MS patterns of pure vitrinites (13) and fossil wood (14) samples.
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Highly similar patterns have been observed in numerically extracted component
spectra of various coal data sets obtained by Py-MS (15). Consequently, component
D appears to represent the abundant vitrinite macerals present in the Pittsburgh #8
coal sample.

Component B is the early component in the "depolymerization" region (see later) and

is characterized by branched or alicyclic hydrocarbons. This component is also
characterized by a prominent ion series at m/z 60, 74, 88, 102, etc. (most
prominent in the corresponding loading spectra, not shown here), as marked by stars
in Figure 3b and thought to represent short chain fatty acids. Patterns similar to
Figure 3b can be observed in Messel shale (16) as well as in sporinite concentrates
(13) and may represent liptinitic structural moieties present in several different
coal macerals.

The numerically extracted spectrum of component C (Figure 3c) reveals an entirely
different chemical structure consisting nearly exclusively of aliphatic hydrocarbon
moieties. On the basis of previously reported Py-MS studies of model compounds and
maceral concentrates (13), this component is believed to consist primarily of
straight chain alkanes, alkenes and alkadienes. Under the low voltage electron
jonization conditions used in this experiment, short chain alkanes (<Cy5) produce
mainly the alkene and alkadiene molecular ion series as well as various fragment
jon series, which are visible in Figure 3c. Mixtures of straight chain aliphatic
hydrocarbons such as seen in Figure 3c are typical of the pyrolyzates of
polyethylene-1ike structures such as found under vacuum micropyrolysis conditions
in liptinitic macerals derived from fossil plant cuticles (17) and or algal
materials (16).

1t should be mentioned, however, that by selecting a limited mass range (m/z
50-200) many important small molecules (e.g., CHgq, NH3, Hp0, HCN, CO, CH20,

CH30H, H2S, HC1, CO» and various Cp compounds) are ignored in addition to

many large organic molecules. This limits the characterization of the char forming
process, as well as making it hard to compare our data with the data of other
workers on the kinetics of evolution of small molecules (18, 19).

In spite of these limitations, the data obtained on the kinetic parameters seem to
match very well with our understanding of the events marked by the two distinct
humps in Figure 1b. The activation energy of 10 Kcal mol1-1 is reasonable to
expect for the thermophysical kinetics related to "desorption" of the mobile
phase. The latter value of 62 Kcal mo1-1, which also matches with the value
calculated using the distributed activation energy model, is expected for thermo-
chemical kinetics for breaking of ethylene bridges between aromatic rings and
agrees well with reported values for this step (2).

The observation of three different types of thermal behavior, as judged from the
shape of the deconvoluted components, namely "desorption" (vacuum distillable
component A), "depolymerization" (thermoplastic components B and C), and "thermal
degradation" (thermosetting component D) points to the need for a kinetic model
with at least three different reaction order terms. The desorption process is
1ikely to have a reaction order between 0 and 1. The thermosetting (char
formation) terms, on the contrary, would be expected to exhibit reaction orders
substantially greater than 1. Only the two thermoplastic components (B and C)
should follow first order unimolecular decomposition pathways under our vacuum
micropyrolysis conditions. We are working on the development of a devolatilization
model based on these TR Py-MS observations. In principle, this methodology can-be
applied to the "pure" maceral constituents of coal. Once the kinetic models for
each maceral type are well established, a useful devolatilization model for the
"mixture" coal might be within reach. In conclusion, computer-assisted TR Py-MS
techniques enable deconvolution of chemical components, thereby allowing more
insight into the chemistry of coal devolatilization.
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TABLE I
ANALYSIS OF COAL

c H N S 0 H/C | BTU/1b
Ultimate Analysis (DAF){83.75[5.46 |1.56]2.15|7.08} 0.78[ 13,976
ey e ——e— — -— — ] — — — R B e
Moisture Ash Volatile Matter
Proximate (as rec'd) 0.57 7.27 37.86
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TABLE II
KINETIC PARAMETERS CALCULATED FROM TIME-RESOLVED PY-MS DATA

Energy of Activation,
Kcal mol~

Frequency Factor, 571

Thermal Extraction Bulk Pyrolysis
Step Step
10 62(60)*
105 1012(1013**)

Figure 1.
profile of blank Curie-point

pyrolysis filament (T.=6100C);
(b) total ion count profile of
Pittsburgh #8 coal sample; {c)

deconvoluted components (A, B, C,
D).

TOTAL ION COUNTS (x 10)

* reference (2)

** Distributed Activation Energy Model
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Figure 2. Time-integrated spectrum obtained by summing all 41 spectra recorded
during time-resolved pyrolysis MS run. Note dominant series of homologous mole-
cular ions characteristic of rank (hvAB) as well as of depositional environment and
weathering status. Compare with deconvoluted spectra in Figure 3.
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EPR STUDY OF THE CATALYTIC EFFECTS OF
MINERALS ON FREE RADICAL FORMATION DURING COAL PYROLYSIS

M.S. Ali and W.R.M. Graham

Department of Physics, Texas Christian University
Fort Worth, Texas 76129

A systematic in situ study of free radicals in Pittsburgh No. 8, acid treated
coal (ATC) as a function of temperature and residence time has been carried
out using the electron paramagnetic resonance (EPR) technique at temperatures
up to 900 K. The catalytic effects of pyrite, pyrrhotite, calcite, and clays
on free radical formation during pyrolysis have been examined.

INTRODUCTION

Various investigators have reported that the inherent mineral matter in
coal may have a positive effect during conversion processes (1-3). Pyrite and
pyrrhotite are of particular interest since pyrite, which is the major iron-
sulfur compound in coal, is known to affect various stages in coal processing,
and pyrrhotite, which is formed from pyrites under 1iquefaétion conditions,
has been found in one study (4) to influence conversion efficiency, although
other work is in disagreement with this conclusion (5).

Since the formation of free radicals by the rupture of coal bonds during
pyrolysis is believed to be an important step in liquefaction, the EPR tech-
nique has been used to advantage in studies on pyrolyzed and heat-treated
coals (6,7). Recently Srinivasan and Seehra (8,9) have reported results of
studies on the effects of pyrite and pyrrhotite on free radical formation in
two West Virginia coals which were heated to ~900 K. Observing that the maxi-
mm increase in the number of free radicals occurred at ~800 K for coal
samples containing 8% added pyrite, with a somewhat smaller increase for
pyrrhotite, they concluded that both the conversion of pyrite to pyrrhotite
and pyrrhotite itself contributed to the enhancement in the number of free
radicals. An overall increase in the number of free radicals which was
smaller on heating in H, than in vacuum, was interpreted as indicating that
free radicals were stabilized by hydrogen.

An important point to note about the studies so far (8,9) on the effects
of pyrite and pyrrhotite on free radical formation, is that the EPR measure-
ments were carried out on coal samples which had been sealed in evacuated or
gas-filled sample tubes, heated in a furnace, and then cooled. This procedure
may preclude the observation of information on transient effects, which may be
lost on cooling down the sample before EPR measurements are taken. A siglnifi-
cant objective of the present work therefore, was to examine mineral effects
on radical formation in situ during pyrolysis at temperatures up to 900 K. A
step in this direction was recently reported by Seehra and coworkers (10) who
carried out in situ measurements on samples of raw coal, and were able to de-
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tect several distinct stages in pyrolysis based on the variation in spin con-
centration as the temperature increased during pyrolysis.

EXPERIMENTAL PROCEDURE

The coal samples used in this work were derived from a ground sample
(C19825 in reference 14) from the Pittsburgh No. 8 seam, a high volatile bitu-
minous coal, which has been the subject of several previous EPR investigations
in this laboratory (11-13) and has been otherwise extensively characterized
(14). Mineral samples used include pyrite from Custer, South Dakota, pyrrho-
tite from Falconbridge, Ontario, and calcite., Standard clay samples of well
crystallized kaolinite (KGa-1), illite (IMI-1), and montmorillonite (SCa-2)
were obtained from the Clay Minerals Society.

Small samples for EPR studies were prepared by thoroughly grinding
mineral/coal mixtures so that the average particle size was much smaller than
the microwave skin depth (15). The coal and mineral were dispersed in KBr in
the ratio 1:100 (16), and then ground further in a ball grinder using plexi-
glass vials and balls to avoid metal contamination. Samples were placed in
vacuum and usually used immediately following grinding; however, when neces-
sary, they were stored for 24 h under nitrogen, with no observable deterior-
ation in the EPR spectrum.

The low temperature ash fraction (14.5%) from the Pittsburgh No. 8 coal
has been analyzed to contain 16% pyrite, 25% calcite, 8% quartz, with the re-
maining 54% composed of kaolinite, illite, expandable clays, and other miner-
als. For experiments designed to study the evolution of free radicals in the
absence of the inherent mineral matter, acid treated samples were used. These
were prepared by boiling Taw coal with 5M HC1 for 30 minutes, thoroughly wash-
ing with acetone and ethanol, and then drying at 375 K for 8 h. Subsequent
preparation proceeded as already described for raw coal.

Prior to carrying out the EPR measurements, each coal sample was placed
in a 4 mn o.d. quartz sample tube which was evacuated through a side arm. The
sample tube was inserted into a double~walled quartz dewar inside the micro-
wave cavity. Nitrogen gas heated by passage over a series of two chromel-
alumel heater elements flowed through the dewar. By suitable adjustment of
the gas temperature and flow rate, the sample temperature, as measured by a
chromel-alumel thermocouple, could be raised to 900 K with a stability of
11 K. The Varian TE 102 mode cavity was maintained at room temperature by
means of refrigerated water circulating inside a jacket which surrounded, and
was in good thermal contact with the cavity. The signal intensity from a
sample of DPPH fixed to the cavity wall was unchanged by heating the sample
inside the dewar, confirming that the sensitivity of the cavity was not
affected.

EFR measurements were made at ~9 GHz using a Varian V-4500 spectrometer
equipped with 100 kHz field modulation. The arrangement for pyrolysis exper-
iments has already been described; low temperature experiments on the acid
following demineralization were done using a Varian variable temperature
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accessory. Field measurements were made using a Harvey-Wells NMR gaussmeter
and a Hewlett-Packard frequency counter. The spectrometer is interfaced to an
IBM XT computer which is used for data acquisition, calibration, storage, and
analysis.

RESULTS AND DISCUSSION

Figure 1 shows plots of the absolute temperature (T) versus the product
of the temperature and the intensity of the EPR absorption obtained by numeri-
cal double integration of the observed line profile (IT). The results illus-
trated are for a sample of raw Pittsburgh No. 8 coal and for two other sam-
ples, coal + 8% pyrite and coal + 8% pyrrhotite, heated for 20 minutes at ~40
K intervals. In the case of raw coal there is no significant change in free
radical concentration until ~600 K, after which it rises, but at a slower rate
than the curves for the samples with mineral added. Both of the latter sam-
ples show evidence of an intermediate step in which a small increase in con-
centration is followed by a decrease, before the onset of the steep rise at
~600 K. The preliminary step is similar to that observed by Seehra et al.
(10) for in situ measurements on three raw coals, but was not observed in
their earlier study (8,9) on the effects of the addition of pyrite and
pyrrhotite in which measurements were made after heating outside the cavity.
The number of free radicals increases faster for added pyrrhotite than for
pyrite until it reaches a peak at 800 K and then drops rapidly thereafter.
The pyrolysis of the raw coal and coal + 8% pyrite continues to ‘yield addi-
tional free radicals up to the cutoff in the data at 900 K. This continued
enhancement of the free radical yield in coal + 8% pyrite samples contrasts
with the earlier observations for samples pyrolyzed outside the cavity and
recorded cold (8,9), where all three samples showed a decline in free radical
concentration back to prepyrolysis levels, and suggests the importance of in
situ observations in monitoring the dynamic process. The observation that at
temperatures up to 800 K the coal + 8% pyrrhotite sample shows higher concen-
trations of free radicals than pyrite, which then continues to enhance free
radical formation as the yield from pyrrhotite declines, suggests that the
catalytic activity of the pyrrhotite has been depleted, while in the coal + 8%
pyrite sample the pyrite continues to convert to pyrrhotite which then en-
hances the free radical yield. This tends to support the view that the con-
version to pyrrhotite as well as the mineral itself are positive influences.

A significant question is the possible influence of the inherent mineral
matter on radical yield. In an attempt to investigate this possibility sam-
ples of acid treated coal were studied. Figs. 2(a) and (b) show the EPR
spectrum of the raw coal at room temperature (296 K) and after heating at 814
K, respectively. The room temperature spectrum shows evidence of Fe?t at g =
4.4 which is probably contained in clays, and a broad weak signal underlying
the free radical signal at g ~ 2.0, which may be from metallic iron. Pyrite,
with Fe2+, has no EPR spectrum; however, after heating, conversion of pyrite
to pyrrhotite has occurred, and a strong ferromagnetic resonance signal is
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observed at center field. The spectrum shown in Fig. 2(c) of ATC-1 at room
temperature shows that the Fe“'-bearing mineral has been removed, and Fig. 2
(d) recorded at 869 K shows no evidence of converted pyrrhotite. Finally,
when 8% pyrite is added to ATC-1, heating to 871 K again reveals the presence
of pyrrhotite as shown in Fig. 2 (e). The spectrum shown in Fig. 2 (f) of a
glass of the HC1 which was used in the demineralization, shows evidence of the
iron extracted from the coal.

Figure 3 shows the IT versus T curves obtained for two samples of acid
treated coal (ATC-1 and ATC-2) which were heated in situ for ~85 min at ~40 K
intervals, compared to the curve for the same ground ssmple of raw coal before
acid treatment which was heated for ~20 min at each interval. The consistent-
ly higher concentration of free radicals generated in the pyrolysis of the raw
coal compared to the ATC supports the contention that the inherent mineral
component contributes to the radical yield.

Prior to examining the influence on free radical yield of adding specific
minerals to the ATC, a series of experiments was carried out to determine the
effect of residence time. Figs. 4(a) - (e) show the time evolution of radical
concentration for ATC with added pyrite, pyrrhotite, calcite, clays (4% kao-
linite, 2% illite, 2% montmorillonite), and a mixture of calcite and pyrite.
In each case the results were obained by pre-heating the dewar in the cavity
to ~830 K, inserting the sample tube, and beginning to record observations
after 5 minutes residence. It is seen that the maximum in free radical con-
centration occurs for widely different residence times for the various coal/
mineral combinations. In particular, the radical concentration for ATC-1 + 8%
pyrrhotite reaches a maximum efter only 10 min, while at least 50 min are re-
quired for ATC-1 + 8X pyrite. This again points to the importance of conver-
ed pyrrhotite. A mixture of 4% calcite + 4% pyrite added to ATC appears to be
even more effective. Radical concentration increases rapidly in the first 5
minutes, and after 30 minutes has reached a maximum. By contrast, the addi-
tion of clays, pyrite, or calcite separately, appears to produce no drametic
increases.

Plots of the the relative concentration of free radicals as a function of
temperature for ATC and ATC with the five minerals mentioned earlier are shown
in Fig. 5. At temperatures up to ~825 K the number of free radicals produced
is generally best for a mixture of calcite and pyrite. Pyrrhotite also en-
hances free radical yield, but only up to ~800 K. Pyrite appears to be much :
less effective when added to the ATC than it was when added to the raw coal. !
Pittsburgh No. 8 coal does, of course, contain calcite, and these results at .
least raise that this inherent calcite and the pyrite together play a role in
the observed increase in free radical concentration shown in Fig. 1.

CONCLUSIONS

Several conclusions may be drawn from the results reported here. The
increase in radical concentration observed on the addition of pyrrhotite to
ATC in contrast to the relative ineffectiveness of pyrite supports the view
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that the conversion of pyrite to pyrrhotite and pyrrhotite itself are respon-
sible, Of interest, is the apparent positive influence of calcite on free
radical yield. In studies on the pyrolysis of Pittsburgh No. 8 coal in helium
and hydrogen at temperatures up to 1300 K Franklin et al. (17,18) found strong
effects by calcium minerals. In particular, they concluded that CaCOa and its
decomposition product during pyrolysis CaO, are especially active in cracking
oxygen functional groups and aromatics. We note however, that the free radi-
cal yield shows substantial enhancement only when in the presence of pyrite.
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COPPER CATALYZED LOW-TEMPERATURE PYROLYSIS AS A MEANS FOR
UPGRADING LOW-RANK SOLID FUELS

S. Stournas, M. Papachristos and G. B. Kyriakopoulos

Chemical Engineering Department, National Technical University
42 Patission Street, 106 82 Athens, Greece

ABSTRACT
Low-rank solid fuels (lignite and peat) are characterized by a
high oxygen content on a DAF basis. a large proportion of which
belongs to carboxyl and hydroxyl groups. These grouprs being

thermally 1labile, the oxygen content of low-rank coals can be
substantially decreased (and their heat content per unit mass
correspondingly increased) by subjecting them to simple pyrolytic
treatment.

It has been found that the behavior of certain types of lignite
and peat is similar to that of simple carboxylic acids, in that the
thermal decarboxylation process can be catalyzed by specific metal
ions. Thus when lignite and peat, in the presence of small amounts
of copper, are pyrolyzed at low temperatures (160°-200° C), they
readily undergo decarboxylation and dehydration and their higher
heating values on a DAF basis show increases of the order of 30%.
When uncatalyzed, these same reactions require temperatures in
excess of 300° C.

INTRODUCTION
Among the known fossil fuel reserves those of the low-rank
coals (i.e. lignite and peat) remain underutilized, despite their
significant potential as a readily recoverable energy resource. The

main problem associated with these solid fuels is their low heat
content per unit mass. which in turn is due to the nigh moisture and
ash content but also to the relatively low heating value of the DAF
coal itself.

It has been a well known fact for many years* that, on moving
from high rank to low rank coals. the ratio of oxygen content to
carbon content increases substantially; it is not unusual for a
lignite coal to contain around 30% oxygen on a DAF basis, whereas
peat approaches 40%.

It is evident that the upgrading of lignite and peat to forms
that come close to hard coal in properties and performance may
involve:

a. Moisture removal through the various drying pProcesses=

b. Ash removal through Processes such as leaching™ and

flotation®

c. Oxygen removal from the DAF coal
The first +two approaches deal with the separation of the fuel
component (DAF coal) from extraneous materials (moisture and ash),.
whereas the third approach is concerned with the chemistry of the
fuel component itself.

The higher oxygen content of low-rank coals is coupled with
marked differences in the relative contents of the various oxygen
functionalities. This is particularly pronounced in the case of the
carboxyl garoup., which is one of the main oxygen functionalities
occuring 1in lignite and peat but is almost totally absent in coals
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of bituminous and higher ranks.®+* An efficient means
xylation, therefore, could lead to a significant impro
overall properties, and particularly the heat content o
peat.

The decarboxylation of low-rank coals can be
heating the coal at a high enough temperature. Thus, s
of lignite to about 330° C leads to decarboxylation and
of about 21% in the gross calorific value of the co
results were obtained by heating low-grade solid fuel
400° C either in the presence of base® or in the presen
whereas processes involving even higher temperatures h
reported.*©-3*1?

It 1is apparent that, for thermal decarboxylation

of decarbo-
vement of the
f lignite and

achieved by
imple heating
an increase
al.” Similar
s at about
ce of acid.®
ave also been

of low—-rank

coals to take place to any significant extent, temperatures in
excess of 300° C are required. However, it has been known for a long

time that copper will catalyze the decarboxylation o
acids,*=+*= and the mechanism of this reaction has bee
detail.*=-*= The purpose of the present study was to
possibility of wutilizing copper as a catalyst for
xylation of lignite and peat at low temperatures, thu
process energetically more efficient.

EXPERIMENTAL

Three types of <coal were used in this study,
lignite, Ptolemais lignite, and Philippi peat: their ch

f carboxylic
n studied 1in

assess the
the decarbo-—
s making the

Megalopolis
aracteristics

are given in Table I. The experimental procedure was similar to that

described in a preliminary report on the heat—treatment
two of the above coals'* and is summarized below.
Samples of about 10 g of each coal (40 to 200

behavior of

mesh) were

«slurried with 20 mL of a dilute agqueous solution of cupric sulfate:

the copper content was equal to 1% or 3% of the DAF
sample. An amount of sodium carbonate equivalent to
sulfate was dissolved in distilled water and was a
previous slurry with stirring. The coal was then filte
mild suction and washed with distilled water. This met
an intimate mixture of the coal under study with coppe
of cupric carbonate. The treated coal was then trans
porcelain crucible and placed in an oven at the desired
(140° - 400° C) for a period of 30 minutes. This lengt
found adequate for 1low temperature pvrolysis after
experiments with varying heating durations. For compari
blank samples of coal (i.e. containing no copper) were
exactly the same procedure, except that the initial sl
with distilled water.

RESULTS AND DISCUSSION

The measured higher heating values of the wvari
before and after heat treatment, are shown in Tables I
IV. It can be seen that thermal treatment invariably
heat content of Megalopolis lignite and Philippi peat:

coal of the

the copper
dded to the
red off under
hod achieved
r in the form
ferred to a

temperature
h of time was
a series of
son purposes,
subjected to
urry was made

ous samples,
I, II1I, and
increases the
the magnitude

of the increase, however, depends both on the temperature of the

treatment and on the presence of copper as the de
catalyst. This behavior can be more easily visualized
to figures 1 and 2, which illustrate the increase in h
value as a function of temperature and copper content.
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TABLE 1
COAL CHARACTERISTICS

Megalgpolis Philippi Ptolemais

Lignite Peat Lignite
As Received Basis
Moisture (%) 45.0 16.1 56.3
Volatile Matter (%) 24 .4 45.8 18.0
Fixed Carbon 12.5 16.7 12.1
Ash (%) 18.1 21.4 13.7
HHV (MJ/Kg) 9.02 12.72 7.05
DAF Basis
C % 60.4 56.7 63.2
H% 5.9 5.5 5.2
S % 2.9 1.1 1.6
N % 1.8 1.8 1.6
O % (by difference) 29.0 34.9 28.4
HHV (MJ/Kg) 24.42 20.36 23.43

TABLE 11

CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT
TEMPERATURE AND COPPER CONTENT
MEGALOPOLIS LIGNITE

Treatment Temperature(°C) Higher Heating Value (MJ/Kg)
No Cu 1% Cu 3% Cu
No Heat Treatment 24 .42 24.25 24.28
140 24.45 24.64 24.70
160 26.06 30.43 30.08
200 26.74 30.98 31.24
250 27.67 31.62 31.82
300 33.34 34.07 33.16
TABLE III

CHANGE 1IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT
TEMPERATURE AND COPPER CONTENT
PHILIPPI PEAT

Treatment Temperature(°C) Higher Heating Value (MJ/Kg)
No Cu 1% Cu 3% Cu

No Heat Treatment 20.36 20.25 20.38
140 20.38 20.39 20.56

160 20.44 20.57 21.83

200 20.55 23.87 25.63

250 21.38 24.36 26.12

300 25.84 28.05 28.79

In the case of Megalopolis lignite (Figure 1) it is evident
that the presence of copper is of minor significance up to about
140° C. the temperature beinag too low even for the catalyzed decar-—
boxylation to take place. Starting at around 160° C. however. the
catalytic effect of copper becomes sianificant and an increase of
the order of 20% is observed in the higher heating value of the
heat-treated lignite. Increasing the concentration of copper from 1%

229



to 3% appears to have essentially no effect on its catalytic
activity. When the heat-treatment temperature reaches 300° C, the
role of copper becomes much less significant, inasmuch as the rate
of decarboxylation is gquite fast even in the absence of catalyst.

In the case of Philippi peat (Figure 2) the experimental
results display a similar pattern, except that the onset of signi-
ficant catalytic activity of the added copper does not occur until
the heat-treatment temperature has reached about 200° C. It is also
worth noting that in this particular case the catalytic effect of
copper is more pronounced at the higher metal concentration (3%).

TABLE IV
CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT
TEMPERATURE AND COPPER CONTENT
PTOLEMAIS LIGNITE

Treatment Temperature(°C) Higher Heating Value (MJ/Kg)
No Cu 1% Cu 3% _Cu

No Heat Treatment 23.51 23.22 23.43
160 23.56 23.90 24.06

200 25.26 25.54 26.36

250 25.66 26.34 26.58

280 - - 25.64

300 26.35 27.34 23.73

320 26 .88 28.35 22.95

340 - - 22.50

370 29.66 29.27 22.59

400 - - 22.66

As can be seen in Table IV and Figure 3, the behavior of
Ptolemais lignite 1is gquite different than that of the other two
coals under the exrverimental conditions that were employed. In the
presence of 1% copper. the increase in higher heating value of the
pyrolysis residue is only slightly higher than the one occuring in
the absence of catalyst. 1In the presence of 3% copper the results
are even more remarkable., 1in that the higher heating value of the
residue starts decreasing at around 250° C and falls below that of
the unheated sample at temperatures above 300° C. It thus appears
that, 1in the case of Ptolemais lignite, the presence of copper can
lead to the evolution of combustible gases in addition to carbon
dioxide and water. The exact nature of this reaction is currently
under investigation in our laboratory.

Due to the loss of volatiles (mostly carbon dioxide and water).,
the mass of the fuel that is recovered after heat treatment is lower
than the original one: this loss of mass increases with increasing
temperature. The recovery of total heat content., however., is almost
quantitative (over 98% in most cases) up to a