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and multiplying by the (exterior) surface area of the particle, 47r? _,, yields:

0,p03
) 4rr’ _ 6 X

dmrl ce, = “’POuOAH,,Xv - Z exp(—ntt/7,) (60)

’ 3 T*Ty 121

for spherical particles and
2 2 [ ] v 8 = 2 .

477, o€y = 47”0,;,0(70,,70 — Tip0) U0l H"Avw"-'r Z exp(—(2n + 1)°t/7,) (61)

V n=0

for cenospheric particles independent of the assumed accessibility of the central void

(case (I) or case (II)). The result for cenospheres incorporates the approximation:

Topd = Tiw0 1, (62)

To,p0
thereby neglecting the curvature of the cenosphere shell, which is reasonable for the
cenospheres considered in this paper and allows the cenosphere shell to be modelled
as a slab with thickness r, 0 — r; po. The quantity 7, is the characteristic time for

the devolatilization process and is given by:

2

ro, 0
Ty = ——7{21’5 (63a)
4 0 — Iy 2
Ty = (T ’}:2DT ,pO) (63b)
. 2
Ty = (rovpjrzz)rhpo) (63C)

for a spherical particle, and cenospheres with assumed inaccessible and accessible
central voids, respectively. The devolatilization parameters, uoAH,X, and 7,, are
determined from combustion experiments.

Evaluation of the dynamical equations requires the quantites ¢,, v, and F,, which
are determined for fixed time and instantaneous values of the dynamical quantities,
Tp, rip(t), 7op(t), ria(t), 704(t) and ¢(r,t). Equation (46) can be written as:

[r 2 R ), (64)

T Vp — R(T)

which is an algebraic equation for , and is solved as described in the following.
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F,(c,) is defined by Equation (15) and is obtained (as a function of ¢,) by solution
of the boundary value problem given by Equations (3), (6) and (7). Equations (48)
in combination with Equations (34) - {36) yield ¢, as a rational function of ¥;,. Then
Equation (47) expresses Y}, in terms of v, and thus ¢, as a composite function of
Y. Therefore, F,, is also a function of 7,, and Equation (64) (in combination
with Equations (3),(6),(7),(15),(34)-(36),(47) and (48)) is solved for ~,, using a
Newton-Raphson scheme. Equation (47) then yields Yj, directly and ¢, is found
by Equations (48) and (34) - (36), which determines F, by Equations (3), (6), (7)
and (15). The dynamical equations may then be evaluated for a fixed time and
ultimately integrated in time as described above.

An important simplification results by the choice of an intrinsic rate linear in

oxygen concentration. In this case, the intraparticle equation is linear and F, is

proportional to c,, thereby simplifying the solution of Equation (64).
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1 Notation

DESCRIPTION

defined by Equation (36)

stoichiometric coeflicient

oxygen concentration

oxygen concentration at particle surface
specific heat capacity of :'* species
average specific heat capacity of particle
molar heat capacity of :** species
gas-phase diffusion coefficient

diffusion coefficient of volatile species
total energy flux

radiative energy flux

energy flux due to volatile combustion
total mass flux

mass flux due to volatile evolution

total mass flux due to chemical reaction
mass flux of ¢** species (Eq.(25))

mass flux due to particle fragmentation
defined by Equation (74)

defined by Equation (53)

specific enthalpy of 1** species

molar heat of reaction (Eq. (2))

specific heat of combustion for volatile species

defined by Equation (18)
defined by Equation (19)

intrinsic rate coefficient

UNITS

(= 1/24)
gmoles /cm®
gmoles /cm®
cal/g K
cal/g K
cal/mol K
cm?/s
cm?/s
cal/cm?®s
cal/cm?s
cal/cm? s
g/cm?s
g/cm? s
g/cm? s
g/cm? s

g/cm? s

cal/g
cal/g

cal/mol

cal/g

g/cm? s (atm)”
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intrinsic reaction order

particle mass

local conversion variable

value of ¢ at critical porosity, €

radial position

instantaneous outer particle radius
instantaneous inner particle radius
instantaneous outer ash radius
instantaneous inner ash radius

intrinsic rate-per-unit pore surface area
gas constant

temperature

temperature rise due to volatile combustion
temperature rise during t = [0,7,]

time

burnout time

concentration of volatiles

specific internal energy of carbon
volume fraction of ash in carbon matrix
conversion based upon carbon mass
final conversion

extent of volatile combustion

mass fraction of minerals

mass fraction of 1** species

defined by Equation (33)

defined by Equation (45)

effective diffusion coefficient

cm

cm
cm
cm
cm
cm

g/cm?s

s ) =

w

g/cm?

cal/g

cm?/s
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total porosity

volume fraction of ash in carbon matrix

critical porosity (Eq. (12))
emissivity

thermal conductivity of gas-phase
density of gas phase

particle density

average particle density

density of ash

particle density at critical porosity
true carbonaceous dehsity
Stefan-Boltzmann constant

time constant for devolatilization

initial value

oxygen

carbon monoxide
nitrogen

at ambient conditions
ash

carbon

at particle surface

volatile species

cal/cm s K
g/cm?
g/cm?
g/cm?®
g/cm®
g/cm®

g/cm’
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Abstract

Intrinsic oxidation rates of coal chars derived from three bituminous coals
were measured at 500 C, and the effects of char formation temperature, conver-
sion, coal particle size and char particle size on the rates were evaluated. Char-
acterization of the various samples by BET surface area, mercury porosime-
try, mercury and helium densities, heating values and in some cases elemental
analyses were carried out to better understand the roles and interactions of the
various parameters. Optical microscopic observations were also made to verify
assumptions wherever possible. The results show that apparent and intrin-
sic rates as well as heating values are reduced with increasing char formation
temperature. No-BET surface areas increase by an order of magnitude with
conversion and exhibit maxima in the range of temperatures considered (1000 K
to 1600 K). Of similar-sized chars derived from different sizes of coal particles,
those from the smaller coal size fractions had higher apparent reaction rates.
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1 Introduction

The relationship between char reactivity and its physical or chemical properties is
a subject of longstanding. Several authors have reported on the dependence of the

rates of char gasification by O,, H,O, and CO, on rank or chemical composition

].1-3 1,2,4,5
3

of the parent coa mineral matter, and thermal pretreatment.**5 These
experimental studies have, in most instances, employed sufficiently low tempera-
tures and have taken other suitable precautions in order to minimize or eliminate
intraparticle and external diffusion limitations. In the absence of diffusional effects,
the reaction rate divided by the surface area of the char, e.g., the Ny-BET surface
area, provides what is known as the “intrinsic rate” or “intrinsic reactivity.” It is
well known that both total surface area and reactivity vary with the rank of the
parent coal and its thermal pretreatment, although both surface area and reactivity
have not always been measured.

Once a char has been prepared under specified and carefully controlled condi-
tions, the gasification rate becomes a function of temperature, gas composition,
and char conversion only. From the standpoint of process design, the dependence
on conversion is as essential as the dependence on gas composition. Rates of char
gasification by O,, H,0, and CO, have been reported as functions of conversion
by several authors.®~%28 The rate versus conversion curves normalized by the max-
imum or the initial rate were found, in some cases, to be insensitive to reaction
temperature but to vary with the reactant gas. Few workers measured surface area
as well as reaction rate as functions of conversion, to determine whether or not that
ratio remained constant, although the assumption of constant ratio has been widely
employed in modelling work. In a recent investigation!®, oxidation rates of chars
from an anthracite and a bituminous coal (hva) were found to be approximately

proportional to the surface area determined by CO, adsorption at 273K at all con-

versions. The constancy of the intrinsic rate permitted the analysis of the data by
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the random pore model.

In addition to their inherent interest, studies like the ones quoted above are use-
ful in the interpretation of gasification or combustion rates under conditions perti-
nent to applications. At temperatures typical of practical processes, the reactions of
char are quite strongly influenced by external heat and mass transfer and by inter-
nal pore diffusion. The interpretation and extrapolation of high-temperature data
must somehow take into account pore diffusion and pore growth. Some progress has
been made in this area'»!? but the problem is far from having been satisfactorily
treated, especially in regard to swelling coal chars. It is hoped, nevertheless, that
in many cases the conversion dependence of pore structure characteristics and rel-
ative reaction rates measured under diffusion-free conditions can be approximately
applied to high-temperature reaction conditions.

In this paper we report oxidation rates and physical properties of bituminous
coal chars subjected to devolatilization for two seconds at 1000-1600K. The focus is
on the variation of surface area, reaction rate, and intrinsic reaction rate with con-
version under diffusion-free conditions. Other physical properties reported include
pore volume distribution, elemental composition and heating value. The effects of
devolatilization temperature and particle size of the char and the parent coal are

also examined.
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2 Experimental Procedure

2.1 Char Formation

Chars were made from three bituminous coals with the compositions given in Table
1. At first, the coals were ground in a mechanized mortar and pestle grinder in
air for approximately 30 seconds and then sieved on a mechanical shaker for 10
minutes and classified into the following size fractions: less than 45um, 45 - 53um,
53 - 90um, 90 - 104um, 104 - 125um and greater than 125um.

Chars were then generated from the 45 - 53um and 104 - 125um size fractions
of coal. Fractions of these sizes are narrow enough to minimize the effects of coal
size variability while providing adequate sample quantities. The mean sizes 49um
and 114um were different enough to examine and compare the effects of coal size
on subsequent char combustion.

The coals were pyrolyzed in an electrically heated drop-tube furnace. The fur-
nace consists of an alumina tube having 5 cm. internal diameter heated by Kanthal
heating elements placed in a radiation cavity 20 cm. long. Coal particles were
entrained in a stream of nitrogen at rates of 2 g/hr, using the syringe pump feeder
arrangement described by Senior!® and were injected into the radiation cavity of the
furnace through a wide bore (1 c¢m) water cooled injector. Furnace wall tempera-
tures were measured by thermocouples attached to the outside of the alumina tube.
Gas temperatures were measured using a suction pyrometer. Based on both wall
and gas temperatures, the particle temperature was deduced from a steady-state
thermal energy balance. The carrier gas flow rate was adjusted to achieve residence
times of 2 seconds. The devolatilization loss for the coals ranged between 30-50 %,
depending on the temperature, and varied from coal to coal.

The chars were collected on a filter. To eliminate any tars that might have

condensed, the chars were washed repeatedly with tetrahydrofuran and then dried
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at room temperature for 1 hour. Finally, the tar-free chars were sieve-classified into
the following size fractions: less than 45um, 45 - 53 pm, 53 - 90 um, 90 - 104 um,

104 - 125 pum, 125 - 147 pm and greater than 147 um.

2.2 Rate Measurements with TGA

A DuPont model 920 electrodynamic balance was used to measure the weight loss of
a char sample oxidized at 800 K. In all cases the samples were heated in nitrogen at
50 K/min until the final temperature of 800 K was reached, at which instant oxygen
was admitted. The flow rates of the initial nitrogen stream and the oxidizing stream
( 17 % oxygen by volume ) were kept at 100 cm®/min STP for all runs. This low
flowrate was used to avoid entrainment of the extremely low density samples. The
sample was placed on a platinum pan and its temperature was monitored with
a thermocouple placed directly above. The mass loss, rate of mass loss, and the
sample temperature were continuously recorded by a computerized data acquisition

system. The initial sample masses were in the range 5 - 10mg.

2.3 Surface Area and Helium Density Measurement

Surface areas were measured by a pseudostatic technique by acquiring gas adsoption
isotherms using continous addition of adsorbate gas (N, at 77 K) as described by

[.1* BET and capillary condensation analyses were carried out on the

Northrop eta
resulting isotherms. Calibration of the apparatus was carried out using various
standardized samples of alumina and graphite. Helium densities were determined

on vacuum-dried samples by helium displacement at room temperature. Sample

quantities of at least 0.8 g were used to obtain reliable density values.
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2.4 Mercury Porostmetry

Pore volume distributions were determined by mercury penetration. An Autoscan
porosimeter, Model 33, was used. Low pressure penetration (101 kPa) was imple-
mented to fill the interparticle voids and intraparticle voids with openings larger
than 7 um. High pressure, to a maximum of 227 MPa (30000 psi), was used to
penetrate pores having diameters larger than 6 nm. The Washburn equation!® was
used to calculate pore volume distribution as a function of pore radius from pressure

and intrusion volume measurements under the assumption of cylindrical pores.

3 Results and Discussion

3.1 Physical Characteristics

Apparent densities, 04, mercury densities, oy,, corresponding to the solid plus pores
below 6 nm in diameter, and helium densities, og., for the uncombusted chars are
listed in Table 2. Total porosity, €4, and porosity of pores below 64 A | ¢, can be es-
timated from the density values. Pore diffusivities for the initial materials were cal-
culated based on mercury porosimetry, nitrogen capillary condensation and helium
density data. Values of mean pore radii r, were determined from the porosimetry
plots or calculated from the microporosity values. In Fig. 1 are shown the volume
and surface area distributions for the 1200 K and 1600 K chars of PSOC-1451.
These were obtained from mercury intrusion and nitrogen capillary condensation
measurements. An interesting feature of the pore volume and area distributions is
that chars obtained by devolatilization at higher temperatures (1600 K) developed
trimodal distributions, while the low temperature (1200 K) chars developed bimodal
ones. As is evident from the surface area curves in the same figure, pores below
100 A in diameter account for most of the area while contributing very little to the

total volume. On the other hand, the presence of the pores above 1000 A in diame-
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ter is manifested in the volume distribution. Therefore the presence of different pore
ranges can be inferred by examining both the volume and surface area distributions.
For the 1200 K char, the distribution is bimodal, showing appreciable pore volume
in the macropore region and significant surface area in the micropore region. The
same peaks are also evident for the 1600 K char. In addition there is a distinct
peak around 500 A showing development of accessible porosity in the transitional
region. The 1000 K and 1400 K chars for this coal exhibit characteristics similar
to the 1200 K char. Chars of the other coals also exhibited similar behaviour. The
total pore volume penetrated by mercury, Vy,, along with the pore size distribution
is a good indication of the extent of connectivity of the macro and the transitional
pores. The corresponding pore area, Ay, is calculated assuming cylindrical pores.
Also listed are initial BET surface areas, heating values and elemental composition,
expressed as mass fractions, for some of the chars. Data for partially combusted
PSOC-176 1600 K char at 80% conversion are also tabulated. The apparent density
of the partially combusted char has diminished, while its porosity and the pore

volume have increased.

3.2 Heating Values

Higher heating values (HHV) were measured using the 1341 Parr oxygen bomb
calorimeter. The results obtained were reproducible to within 250 J /g or about 1%.
The values obtained for the PSOC-1451 coal and chars are plotted in Fig. 2 as a
function of charring temperature both on a total weight basis and on a dry, ash-free
basis. For both cases the heating values decrease with the increase in pyrolysis
temperature. The reduction of heating value is obviously related to the loss of
hydrogen at higher devolatilization temperatures as shown by the elemental analysis
values listed in Table 2. Dulong!® gives an empirical relationship between coal

heating value and C,H,O and S content. Experimental values agree very well with
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Dulong’s formula as shown in the figure. There appears to be some disagreement for

the 1600 K char. This might be due to a small error in the C:H ratio measurement.

3.3 Rate Calculations

The variation of sample mass with time in the TGA experiments was normalized
with its value at the moment oxygen was admitted. There was some mass loss
due to tar release as the sample was heated. The chars formed at relatively low
temperature (1000 K and 1200 K) lost considerable mass during this period. For
the 1400 K and 1600 K chars, almost all the volatiles were expelled during char
formation, so that the loss during the heat-up period was less than 3%.

In Fig. 3 the apparent reaction rate p,, is plotted versus carbon conversion. The
conversion, X, at any given time is the mass of carbon reacted divided by the mass
of initial carbon.

Minitial — MM

X =

(1)

The apparent reaction rate normalized per unit instantaneous mass, m, of carbon,

Mynitial — Mash

Pm, is defined as

1 dm

m= 2
p m — Mgysh dt ()

. The mass of ash, mg,,,, was measured in each run by carrying out oxidation until
there was no further mass loss.
Another common way to plot the data is also shown in Fig. 3, where p,,, is

defined by normalizing with respect to the initial mass.

1 dm

Pma = — 3
™ Minitial — Mash dt 3)

Plotted in this fashion, the reaction rate exhibits a distinct maximum at a certain
conversion that varies with char type, and particle size.
Fig. 4 shows the reaction rate p,,, as a function of conversion for two sizes of

the 1600 K char of PSOC-1451. The two curves are indistinguishable, consistent
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with the absence of diffusion limitations concluded from the calculations given in
the discussion below. Optical microscope photographs of PSOC-176 1600 K char at
conversions of 0, 65 and 90% show that the particle size is independent of conversion

as would be expected for regime I reaction.

3.4 Surface Areas

The surface area, Ar, for the PSOC-176 1600 K char is shown in Fig. 5 as a function
of conversion. The area reported corresponds to the carbonaceous matter inasmuch
as the surface area of the ash was measured to be only 2 - 3m?/g, in good agreement

with values reported by Smith and Tyler!’.

It can be seen that the surface area
increases rapidly with conversion and at about 60% conversion, reaches a maximum
value of 450m?/g, which is almost higher by an order of magnitude than the initial
value 50m?/g. At higher conversions the area stays constant or decreases slightly.

Similar trends have been observed for other coals!®.

Surface areas of the three
chars are plotted as a function of char pyrolysis temperature in Fig. 6. The top
three curves give the areas of the chars after partial oxidation to 50% conversion,
while the fourth curve shows the variation of the uncombusted area of the PSOC-
176 char; areas for the other two 1600 K uncombusted chars are also shown. The
area of the PSOC-176 char at zero conversion increases with pyrolysis temperature.
There are two competing effects that affect surface area. While volatiles and tars
released at higher temperatures leave a larger pore volume accessible to nitrogen,
thermal annealing and structural reorganization of the carbon matrix at higher
pyrolysis temperatures lead to closing of pore mouths and pore coalescence, thus
reducing surface area. Which effect will dominate is not predictable a priori. In
the present case experimental evidence suggests that for PSOC-176, the former

does. The surface areas of partially combusted PSOC-176 and 1451 chars initially

increase with pyrolysis temperature, reach a maximum and then drop. The high
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surface area of the PSOC-176 char indicates that it has more small pores accessible
to Ny at 77 K. In contrast,the surface area of the PSOC-282 char is approximately
constant initially but later increases with pyrolysis temperature. Reduction of areas
at higher charring temperatures may result from closure of the finer pores because of
structural ordering of the carbon that increases with temperature of exposure. This
hypothesis is supported by x-ray diffraction studies on semi-anthracite reported by
Smith and Tyler!”. The anomaly presented by the 1000 K char is probably due to

the presence of heavy tars in the material.

3.5 Diffusion Limitations

Three distinct processes must be examined to ensure that the measured rates are
free of diffusional limitations. They are diffusion in the boundary layer between the
flowing oxidizer stream and the bed of particles, diffusion through the particle bed,

and pore diffusion inside the particles. Each will be examined briefly.

1. Bed Boundary Layer Diffusion: As a very simple approximation, the flow of
oxidizer over the pan was modelled as flow past a flat plate, neglecting the
effects of the pan walls, pan leading edge and the confining reactor tube walls.
For the conditions of the experiment, the Reynolds number (based on average
velocity at the reactor temperature and pan length) is about 1.5 and hence the
flow is laminar. The time for diffusion across the boundary layer is negligible
compared to the characteristic reaction time computed as p,! (see Table 3).
Therefore, it is safe to assume that there is no limitation imposed by diffusion

in the bed boundary layer.

2. Bed Diffusion : Although sample quantities were small and spread uniformly
over the pan, the effect of bed diffusion could become important at high

temperatures. A modified Thiele modulus based on bed parameters and the
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apparent reaction rate can be formulated?® as shown below:
2

CODB ? (4)

K=N

where N is the apparent reaction rate per unit bed volume (g/cm3-s), Cy is
the oxygen concentration in the ambient (g/cm?® ), H is the bed thickness (cm)
and Dp is the bed diffusion coefficient (cm?®/s), given by Satterfield®* as

DmEO
— ¥

Dp (5)

.
where D,, is the molecular or bulk binary diffusion coefficient of oxygen in
nitrogen at the proper temperature, ¢, is the void fraction of the bed normally
in the range 0.35 - 0.4 and 7 is the bed tortuosity, commonly taken equal to 2.
Bed diffusion is negligible?® for K < 1. For the 45 - 53 um size fraction of the
PSOC-1451 1600 K char, the sample size was 5 mg. and its apparent particle

3. The apparent rate was 25x107% g/cm®-s. The pan

density was 0.98 g/cm
area was 0.3 cn® Hence, the thickness of the bed, H, was 0.017 cm. Assuming
a mean particle size of 50 um, the average bed depth was only 3.4 particles.
At 800 K the value of D, is 1.88 cm?/s and, therefore, Dp is 0.33 cm?/s,
assuming € to be 0.35. At an oxygen mole fraction of 0.17, Cy is 6.03x107°

g/cm®. The resulting Thiele modulus, K, is 3.64x107*; hence, bed diffusion

does not significantly influence the reaction in these experiments.

3. Pore Diffusion : The present chars are extremely porous, having pore open-
ings with length scales ranging from a few microns down to a few angstroms.
The type of diffusion taking place covers the range from bulk diffusion in the
macropores to Knudsen diffusion in the smaller meso and micropores with a
combination of the two in pores of intermediate size. It is essential, therefore,
to know the pore size distribution of the material before the pore diffusional
resistance can be assessed. In the present study all micro and mesopore diam-

eters were smaller than the mean free path of oxygen, approximately 0.3um for
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the experimental conditions and thus, the diffusivity was that corresponding

to Knudsen diffusion®®,
T 0.5
D = 9.7x103rp<ﬁ> : (6)

For the pores that have diameters comparable to the mean free path of oxygen,

the transition regime diffusivity was applied i.e.?®,

1 _ 1 ()
D, D, Dk’

Finally the total effective diffusivity was calculated by adding the contribu-

tions from the different pore sizes, and the resulting values varied from 0.02

to 0.2.

3.6 Reaction Rates

As shown in Fig. 3, pn, increases sharply during the first 3-4% carbon conversion.
The principal reason for this phenomenon is that the gas composition over the bed
gradually changes from pure nitrogen to a final mixture of 17% O, in nitrogen.
Jenkins etal..! also suggest that oxygen complex formation at the surface and char
activation may be important at this early stage of conversion. After this initial delay,
the oxygen concentration reaches a steady value and the apparent rate increases
slowly with conversion until the completion of combustion.

Following the procedure outlined by Smith,!® an effectiveness factor n defined
as the ratio of actual reaction rate to the rate found in the absence of restrictions

due to pore diffusion can be calculated as:

(m+ 1) _ Y pmoa(m + 1) ®)
2 2D,.C, ’

ne*

where ¢ is the pore Thiele modulus and « is the characteristic length defined as the

ratio of particle volume to external area. Thus, the right side of Equation (8) can be



389

calculated and 7 can be calculated by the relationships between 7 and n¢*(m + 1)/2
given by Mehta and Aris?®. The effectiveness factors calculated for the uncombusted
chars, using suitable diffusion parameters, are equal to unity, in agreement with
findings by Knill and others®! for similar conditions. This calculation also shows
that there are no pore diffusion limitations. The order of magnitude increase in
the surface area after partial combustion indicates the opening of a vast micropore
network. A worst-case calculation, assuming that all pores have diameters of 10 A,
yielded an effectiveness factor n, which was still close to unity.

Since the particles oxidize in the kinetically controlled regime I as shown earlier,

an intrinsic reaction rate p; can be defined by

Pm

p=to, (9)
Table 3 shows the intrinsic rate of PSOC-176 1600 K char at various degrees of
conversion. Values for the areas were taken from Fig. 5 and values of the apparent
rate from Fig. 3. It can be seen that after approximately 5% of conversion the
intrinsic rate becomes essentially independent of conversion, providing a justification
for employing the N,-BET surface area A7 for the definition of p;. Approximately
constant intrinsic rates after the first 5% conversion were obtained for the PSOC-
1451 chars as well. The small increase in the rate at the highest conversions could
be attributed to experimental error, particularly in the area measurement of very
small samples. It could also be due to the decrease in the particle conductivity with
increasing porosity, causing local hot spots with high reaction rates.

The fact that the intrinsic rate is nearly constant with conversion makes possi-
ble the comparison of the intrinsic reactivities of chars at any conversion for which
surface area values are available. In the present study, all rates have been compared
at 50% conversion. Figure 7 shows the apparent reaction rate at 50% conversion
for the three chars for two size cuts, 104-125um and 45-53um . It is evident that

the reaction rates of all chars increase with decreasing pyrolysis temperature, pos-



390

sibly because of the residual volatile matter of higher reactivity or to less complete
structural ordering that leaves a larger number of sites available for reaction with
oxygen. The figure also shows that the apparent rate is independent of char particle
size.

The effect of parent coal size on the apparent combustion rate was investigated
for PSOC-1451 chars for the two size cuts 45-53 and 90-104 um, both produced from
coal size cuts 53-90 um, and from coal fines below 45 um in diameter. This effect of
parent coal size can be quite important, as the fractionation of coal leads to selective
segregation of the different maceral types in certain sizes??. The presence of macerals
of different chemical compositions affects the morphology, structure and reactivity
of the char. Figure 8 shows the oxidation rates of chars derived from different size
fractions of the parent coal. The oxidation rates of the char fraction derived from
smaller coal particles appear to be 10-20% higher. This fraction was characterized
by a more pronounced cenospheric structure and higher mineral matter content,
the latter possibly causing some catalytic enhancement of the oxidation rate.

Intrinsic reaction rates for two size cuts of the three chars are presented in Fig.
9. The intrinsic rate for two of the chars decreases with pyrolysis temperature, most
probably due to the increased structural ordering of the carbon matrix with tem-
perature. The rate of the PSOC-1451 char decreases the least, suggesting minimal
structural changes. It is interesting to note that the intrinsic rates of the three chars
are equal at the lowest devolatilization temperature but deviate as much as 30% at
higher devolatilization temperatures. One reason may be that structural ordering
at the lower temperature is minimal in all three chars, while as the temperature in-
creases, changes become more pronounced and differentiated among the chars. The
fact that the intrinsic rate follows similar trends with the heating value of the chars
suggests that the loss of hydrogen at higher devolatilization temperatures reduces

the number of active sites for oxidation. This is in agreement with results reported
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by Khan,*” showing a correlation between hydrogen content and rate of oxidation.
y g

4 Conclusions

Increasing the pyrolysis temperature of three bituminous coals from 1000 K to
1600 K resulted in (i) decrease of the H:C ratio of the resulting char by a factor of
2 to 2.5; (ii) decrease of the heat of combustion of the char by 10-15%; (iii) change
in the pore volume and pore surface distributions from bimodal to trimodal with
the creation of porosity in the mesopore range. The apparent oxidation rate (at
800K) decreased by about 50% as the pyrolysis temperature increased from 1000 K
to 1600 K.

The N;-BET surface areas of the char increased from 10-50 m?/g in the first few
percent of conversion to 300-500 m?/g at the highest conversions measured. The
surface area at 50% conversion varied irregularly with the pyrolysis temperature.

The intrinsic char oxidation rate defined in terms of the N;-BET surface area
was approximately the same for all coals pyrolyzed at 1000 K but varied with the
parent coal for the higher pyrolysis temperatures. The intrinsic reaction rate after
the first 5% of conversion was found to be approximately independent of conversion
for all chars examined.

Char particles in the same size fraction obtained from coal of different size
fractions differ in properties. The cenospheric char produced from the smaller coal
particles was 10-15% more reactive than the char of equal size produced from the

larger coal particles.
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8 List of Symbols

SYMBOL

Any

Po,

€o

€4

DESCRIPTION

specific Mercury area|N,;-BET]
specific total area

ambient oxygen concentration
oxygen concentration at particle surface
particle diameter

bed diffusivity

Knudsen diffusivity

molecular diffusivity

pore diffusivity
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true order of reaction

molecular weight

apparent order of reaction
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TABLE I:

COAL DATA

COALS 282 176 1451
RANK Bit. HVB | Bit. HVB | Bit. HVA
MOISTURE (%) 5.7 0.8 2.5
ASH (%) 6.8 6.5 13.5
CARBON (%) 75.0 78.4 71.5
HYDROGEN (%) 5.3 5.4 4.7
OXYGEN (%) 8.7 5.5 7.0
NITROGEN (%) 1.7 1.3 1.3
SULFUR (%) 1.6 2.9 1.3
VOLATILE

MATTER (%) 35.7 40,2 33.5
HEATING VALUE

(DRY BASIS) cal/g 7407 7910 6965

86¢



TABLE II: PROPERTIES OF COALS AND CHARS

% °% PORE PORE HEATING
TYPE OF COAL| Oa | Ohg | OHe | €a € Vg | Swg | Seer| oyl Hiw | con | VALUE
OR CHAR  l(g/cm®) | (g/cm®) |(g/em®) | <Tum <32} |(cm¥g) | (m¥g) | (m¥rg) (cal/g)
o [ COAL 066 | 107 | — | ~38 | — J 075 | 15.7 | — 7407
[09)
o | 1000K 0.6 1.35 | 1.63 63 17 09% | 119 | —
g | 1200k 0s2 | 1.4 1.59 67 12 09 | 138 | —
& | 1400K 0.6! 1.556 | 1.53 60 | ~0 1.0 15.1 —
L 1600 K 063 | 155 | 1.84 66 16 094 | 150 | 15.3
[ CoAL 1.25 | 1.4 1.25 1 ~0 0.08 6.8 95 7910
2 | 1000 k 068 | 1.4 1.34 49 | ~o0 074 | 129 | 175
; 1200 K 060 | 1.43 | 1.39 57 | ~0 1.47 | 16.37 ] 20
o Wit loas | 176 | — | ~72 | — | 153 | 147 | —
0 | 1400k 065 | 1.68 | 163 61 | ~0 1.62 {2693 ] 31
| 1600 K 076 | 1.8 1.85 51 3 0.8t | 28.02] 56
[ COAL 1.18 r42 | —— 17 | — ] 0.14 7.9 | — 6965
1000 K 1.084] 1.8 1.28 8 | ~0 04 |148 | — | 66.8 2.8 1.9 6242
1200 K 1.0 1.8 1.50 33 |~0 043 | 116 | — |69.9 18 | 3.1 6123
=| 100K 09 1.86 | 1.50 a0 | ~o0 057 | 1ta | — | 1.0 1.1 5.6 5965
< ((53-90um
T lrromenes| 076 185 | 185 59 | ~0 078 209 | — | 73.4 0.9 6.8 5594
oY I55580um |
Q [« | 4 From 098 | 1.81 1.85 ar 2 046 | 147 | 27.8
$3-90um
a § S3Tsopm |
Ol oM, | 126 | 19 1.85 32 |~0 0.40 } 145 | —
125 147um |
FROM 092 | 1.5 1.85 a7 19 035 | 149 | —
90-125um

66¢




TABLE III: VARIATION OF RATES WITH

CONVERSION FOR PSOC—-176 1600K CHAR

APPARENT RATE

CONVERSION INTRINSIC RATE
% P, (3/9-sec) P, (g/cm?-sec)
5 1.9 x1073 7.0x40°10
10 2.06 x 1073 7.2x10710
15 2.34 x10°3 7.1 x10710
20 2.52 x1073 7.45x 1070
25 2.67 x1073 7.1 x 10710
30 2.84 x1073 7.1 x 10710
35 2.96 x 1073 712 x 1070
40 3.15 x 1073 7.3 %107
67 3.64 x 1073 7.9x 10710
90 371 x1073 8.0 x 10710

00r
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Figure 1: Pore volume and surface area distributions for PSOC-1451 chars

1200 K (b) 1600 K.
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