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Knowledge of coal combustion kinetics is crucial for burner design. This work aims to contribute on this issue by determining the
kinetics of a particular Brazilian bituminous coal. Non-isothermal thermogravimetry was applied for determining both the pre-
exponential factor and the activation energy. Coal samples of 10 mg and 775 um mean size were used in synthetic air atmospheres
(21 % O,). Heating rates from 10 to 50 °C/min were applied until the temperature reached 850 °C, which was kept constant

until burnout. The activation energy for the primary and the secondary combustion resulted, respectively, in 135.1 kJ/mol and

85.1 kJ/mol.
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INTRODUCTION

This work presents a study on the combustion of a particular
south brazilian mineral coal through thermal analysis. Providing
differential conditions are practicised in thermal analysis, it gives
data related to chemical kinetics and mass transport which are
essentially intrinsic or intra-particle. Therefore, the results of
thermal analysis under differential conditions are relevant to any
coal combustion system since effects external to the reacting
particles are eliminated. Of course, such results must be combined
with the transport conditions of a particular combustion system so
that the real rates of reaction can be found. In this work intrinsic
reaction rate coefficients are obtained for the combustion of coal
under differential oxidizing conditions.

Coal is a chemical and physically heterogeneous mineral,
containing high fractions of carbon and small fractions of sulfur
and nitrogen'. The organic matter in coal includes different
hydrocarbons, which ultimately define its calorific value and
quality?. Literature presents different classifications of mineral
coals, based on a variety of characteristics (physical, chemical,
reactive, botanical, geological, etc)’. A widely used classification
in reaction engineering is related to coal calorific value, where
coals are named, in crescent order of calorific value, as lignites,
sub-bituminous, bituminous, semibituminous, semianthracite and
anthracite. Brazilian coal is sub-bituminous and bituminous, and
present high contents of volatile matter, sulfur and ashes. As
pyrolysed, a significat fraction of its mass is released as gases,
leaving behind a very porous char. It is well known that high ash
low volatile coals burn in a shrinking core mode, while low ash
high volatile coals burn in a progressive conversion mode*. It seems
reasonable to assume that the high ash high volatile brazilian coals
shall burn according to a hybrid mode between shrinking core and
progressive conversion. In this way combustion would occur mostly
in external layers, leaving behind a shell of ashes attached to an
unreacted or partially reacted nucleus.

*e-mail: claumes@usp.br

As heated in oxidizing atmospheres, mineral coals loose
moisture and volatiles, and both homogeneous combustion of
volatiles and heterogeneous combustion of fixed carbon take place.
Besides, mineral matter is oxidized giving rise to ashes. The burning
stages may be either simultaneous or successive depending on
operational conditions, and are affected by heating rate, pressure,
temperature and particulate size. Davine et al.® classified the
ignition of coal particles as homogeneous (volatile matter) and
heterogeneous (solid surface sites). Yong et al.” included a third
class named hetero-homogeneous, accounting for the simultaneous
ignition of volatile matter and solid surfaces. Crelling et al.®
considered two main reactive events taking place during coal
combustion, named primary and secondary combustion. The first
takes account of the combined devolatilization and simultaneous
fixed carbon combustion, while the second takes account of the
following fixed carbon combustion alone. Smith ef al.’ studied the
kinetics of combustion of various coals ranging from lignites to
low volatile bituminous, and found different activation energies
standing for four different regions of combustion related to different
ranges of temperature. Cumming'® confirmed the findings of Smith
et al’, and proposed a procedure for determining a mean activation
energy from the different values found at different ranges of
temperature.

Whatever the equipment used for burning coal, reaction rate
depends on chemical kinetics and mass transport both external
and internal to the particle. There are various resistances to reaction
to account for. Those are due to the transport of the reactive gas
species through the gas film involving the particle, due to the gas
difusion through external layers of ashes, due to the gas difusion
through the porous structure of the particle core, and the chemical
kinetics resistance*. Mass transport external to the particles depend
on fluid mechanics, properties of the particles such as size and
shape, and concentration of particles. Mass transport internal to
the reactive particles depend on intra-particle fluid mechanics,
size and physical structure of the particles (porosity and pore
structure). Chemical kinetics resistance is mainly defined by
process temperature, reacting atmosphere, chemical composition
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and physical structure of the particles (surface areas external and
BET), and particle size. In view of the difficulties for
distinguishing among different intra-particle reaction resistances,
it is common to propose global intrinsic reaction rate coefficients.
Such coefficients comprise effects of chemical kinetics, gas
diffusion through solid reacted layers, and gas diffusion through
the unreacted or partially reacted nucleus of the particle (both
gas-gas molecular diffusion and Knudsen diffusion, i.e. transport
by molecular collisions in capillary walls).

According to Laurendeau'’, pore size distribution and the internal
surface area of pores determine intrinsic reaction rates of coals. Pore
structure is usually classified in three categories, i.e. micropores (0.4
to 1.2 nm), mesopores (1.2 to 30 nm) and macropores (30 to 2960
nm). Experiment suggests that pore size distributions are bimodal,
with macropores predominating in low rank coals and micropores
predominating in high rank coals. The development of porosity under
reaction depends on reaction velocity. When reactions are slower
(e.g. involving CO,) the difusion of the reactant gas throughout the
macropores is prone to be fully accomplished giving rise to both
micro and mesopores. Otherwise, faster reactions (e.g. involving O,)
are prone to occur only in those regions of the pore structure which
are more accessible, favoring the development of macropores. In
this case no new porosity is generated, but micro and mesopores are
transformed into macropores.

Dutta and Wen'*"® determined the reactivity of various coals in
atmospheres of CO, and O,-N,. They observed that the reactive
process in CO, atmosphere occurs in two different stages, i.e.
pyrolysis and reaction to CO,. The reactivity during pyrolysis is
mainly a function of volatile fraction and heating rate. The reactivity
during reaction to CO, is mainly a function of coal type. Otherwise,
the reactivity of coals in O,-N, atmosphere is mainly a function of
devolatilization extent. In both atmospheres the reactive process
seems to be mainly controlled by the advance of porosity under
reaction. In CO, atmosphere the development of porosity is quite
diverse for the various coals. In O,-N, atmosphere all the coals
experiment similar high variation of porosity, and their reactive
behavior results closer. Diffusion of O, through the gas film
surrounding the coal particles control reaction for temperatures
between 834 and 1106 °C and O, gas fractions between 0.2 and 2
%. Maloney et al.'* show that in a lower oxygen environment (6 %)
char combustion occurs mostly near the particle surface, while for
higher oxygen contents (12 %) the burning advances into the particle
interior. Murphy and Shaddix® studied the combustion kinetics of
different coal chars in oxygen-enriched environments, in an
entrained flow reactor. Increasing kinetics control was observed as
the concentration of oxygen was raised. Experiment shows that
intrinsic reaction rate coefficients for combustion of various coals
differ by up to four orders of magnitude at a given temperature'.
Fu et al." reported activation energies and Arrhenius pre-exponential
factors for the combustion of a great variety of coals, including
high ash coals. They found that activation energy independs of type
and properties of coals, varying only with temperature. Otherwise,
observed that pre-exponential factors depend on both coal properties
and combustion controlling mechanism.

There is considerable discussion in literature regarding kinetic
models for reactions of complex materials'®. In general, series of
sequential and parallel uni and bi-molecular homogeneous as well
as heterogeneous chemical reactions must be accounted for. In gas-
solid reactions such as coal combustion, for instance, there is also
parallel effects on reaction due to intra-particle mass transport.
Traditional kinetic models for homogeneous reactions do not appear
to be suitable for reactive processes of complex materials. Therefore,
the so called global kinetic analyses have been proposed, where
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the reactive parameters are affected by other effects besides pure
homogeneous kinetics. Definitions of effective parameters such as
apparent activation energy and pseudo order of reaction have been
advanced. The global kinetic models may be sub-divided into
conventional models and distributed reactivity models. The
conventional models aim to establish constant activation energies
representative of a whole reactive process in a wide range of
temperatures. Friedman'®, Coats and Redfern®, Michelson and
Einhorn?' and Kopsch?’, among others, describe different
conventional reactivity models. In general, the conventional models
assume reactions of either pseudo first order or pseudo order n,
and apply Arrhenius’ kinetics and alike. The simpler and most po-
pular models have been generally named power law or nth-order
Arrhenius kinetic models. Also popular is the Langmuir-
Hinshelwood kinetics, which comprises an oxygen adsorption step
in the carbon active sites followed by a CO desorption step. Murphy
and Shaddix" found good fits to their empirical data for both nth-
order Arrhenius and nth-order Langmuir-Hinshelwood kinetics. On
the other hand, Hurt and Calo® observe that both nth-order Arrhenius
and Langmuir-Hinshelwood kinetics fail to provide even the crudest
description of their data. Arrhenius’ kinetics is valid for
homogeneous reactions, and has only a qualitative justification for
being applied to complex reactive processes'®. Nevertheless, the
actual state of knowledge on complex reaction kinetics has not yet
provided a clearly better alternative, and Arrhenius’ kinetics keeps
widely applied. Kissinger*** and Ozawa*?’ present relevant
conventional models making use of TG and DTA results for deriving
kinetic data. Two different approaches may be followed for deriving
kinetic parameters from thermal analysis results?**. One of them
is based on the application of thermo-analytical data on global
reaction rate equations integrated over suitable ranges of
temperature. In the other procedure, more common, global reaction
rate expressions are converted into linear equations, and the kinetic
parameters are derived through linear regression. In the distributed
reactivity models distributions of activation energy are proposed
as a function of temperature. Different functions are assumed such
as Gausian, Weibull, Gama and even arbitrary discrete distributions.
Burnham and Braun'® studied the kinetics of fossil fuels combustion
applying both conventional and distributed reactivity models, and
found similar results. The authors observed that conventional models
of pseudo order n usually produce better results than Gausian
distributed reactivity models for natural materials such as coals.

Studies on chemical kinetics through thermal analysis may be
carried out by either isothermal or non-isothermal methods. There
is considerable literature arguing in favor of each of the procedures,
having in view different reactive processes of different materials®.
Non-isothermal methods have been widely applied for complex
heterogeneous reactions (e.g.”!%?723%) Kok et al** and Solomon
et al.® observe that non-isothermal chemical kinetic studies of coal
combustion are made difficult by the presence of various complex
substances in coals, and due to the high number of consecutive and
parallel chemical reactions that take place. On the other side, Prasad
et al.®? observe that in isothermal analyses the materials physically
change during reaction and suggests that no unique set of kinetic
parameters can be derived for the whole process. Of course, non-
isothermal analyses do not provide a solution for such a difficulty.
In fact, at each temperature of a non-isothermal process there will
be very instantaneous and well defined as well as unknown physical
conditions of the materials. It is clear that, in view of the current
state of knowledge, none of the techniques, isothermal or non-
isothermal, is quite adequate. In this work, for the sake of simplicity,
non-isothermal analysis is applied and a pseudo first order
Arrhenius’ kinetics is assumed.
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EXPERIMENTAL

Non-isothermal TG (thermogravimetry) was applied for
determining chemical kinetic parameters in coal combustion.
Activation energy and the pre-exponential factor were determined
considering first order Arrhenius’ kinetics. Ignition temperature was
established. Also, DTA (differential thermal analysis) was applied
for evaluating the homogeneous or heterogeneous character of the
combustion. The thermogravimetric and thermal differential analyses
were performed on Shimadzu analysers, respectively, TGA-51H and
DTA-50. A particular south brazilian mineral coal from Cricitima-SC
(provided by Carbonifera Metropolitana SA), was utilized. It is a raw
bituminous high ash high sulfur coal from which the so called energetic
coals are produced through grinding and washing. The raw mineral
coal was grinded, mixed, homogenized and selected in narrow size
distributions between subsequent ASTM sieves (e.g, the mean size
775 um results from passing through a sieve with 840 um aperture,
and retention in a sieve with 710 um aperture).

Coal samples of 10 mg and 775 wm mean size were used in the
experiments. Confidence studies on combustion extent showed those
figures are suitable for TG/DTA experiments. It’s been observed that
such settings guarantee homogeneity of ignition and prevents
decripitation (this effect was not observed for particulates bigger than
385 wm mean size)*. Gentziz and Chambers* and De Soete* obser-
ve that coal particulate sizes higher than 100 um and heating rates
below 600 °C/min favor homogeneous ignition. It is known that higher
heating rates cause larger temperature gradients throughout the sample,
thereby affecting kinetics (see for instance?’*). In this work several
heating rates were used in order to evaluate its effect over kinetics.In
the TG experiments heating rates between 10 and 50 °C/min were
applied. In the pyrolysis experiments N, inert atmospheres were used,
keeping a 110 °C isotherm until drying is finished. Then heating is
resumed, and a 950 °C isotherm is kept until the process is over. In
the combustion experiments synthetic air atmospheres were used,
also keeping a 110 °C isotherm until the drying step is accomplished.
Then heating goes on, and a 850 °C isotherm is kept until the end of
fixed carbon combustion. A description of the methodology used in
the experiments of pyrolysis and combustion can be found in Warne®.
In the DTA experiments a heating rate of 30 °C/min was applied in
sintetic air atmosphere until combustiom is finished. No different
heating rates were applied. According to Yong’ the heating rate does
not affect the type of ignition.

In the chemical kinetic studies it is assumed that the global
combustion reaction is pseudo first order regarding the loss of weight
of the sample (see for instance''), and zeroth order regarding the
concentrations of reactive gases (which is quite adequate in view of
the differential conditions that have been imposed). It follows that
d(wditwf)}k(w—wf) (1)

where w is the instantaneous weight of the sample, w, is the residu-
al weight of ashes after combustion is finished, t is the time, and k
is the reaction rate coefficient. As t is time independent,

d
d—‘f=—k(w—wf) @

Assuming Arrhenius’ kinetics,

E
k= Aexp{— Rr:l (3)
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where A is the pre-exponential factor, E is the activation energy, R
is the universal gas constant (8.3145x107 kJ/mol K), and T is the
temperature. It should be noted that the order of reaction regarding
reactant gases does not affect the activation energy but only the pre-
exponential factor.

Still, it is assumed that the non-dimensional time loss of weight
of the sample is constant at a given constant temperature. This
hypothesis is required in non-isothermal transient studies so that at
each instantaneous temperature it is possible to assign a determined
constant value to the reaction rate coefficient. Then,

E
WV _ Aexp| —— |=f£(T
eXp[ RT} (T) (4)

Applying the natural logarithm operator to Equation 4, it follows that
1 dw E|1l
Infl-———|=l|A|-| = |=
|: (W—Wf)dt} lA] [R}T )
. . . 1 dw
Equation 5 shows a linear relation between In| ————< —
(w—w;) dt
and 1/T. As a consequence, In [A] is given by the interception of

the straight line with the ordinate axis as 1/T tends to zero, and
[E/R] is given by the inclination of the line, i.e.

1 dw
A=|-—o W
|: (w-w;) dt};_}o (6)

1 dw
dmf—, 1
{E}_ [n{ w—w,) dt D
R d( T ) ™
T
RESULTS AND DISCUSSION

Table 1 presents the elemental analysis of the coal, while Figu-
re 1 presents its proximate analysis obtained by TG. The high ash
and sulfur contents typical of the raw south brazilian coals are
observed. X-ray difraction analyses indicated that sulfur is present
in the compounds CaSO,.2H,0 and (NH,),.Fe(SO,),. Contrary to
the expected, the analyses did not detect any presence of pyrite/
marcasite (FeS,). Those compounds are generally present in coals
in variable amounts. For instance, it represents in average up to
about 1.7 % of the total sulfur present in north american coals*,
and up to 72 % of the sulfur in Polish coals*. The X-ray difraction
results were confirmed in repeated experiments.

Table 1. Elemental analysis of the coal (mass%)

C % N % 0 % H % S %
50.59 0.90 7.93 3.52 5.14

Figure 2 presents TG results on pyrolysis and combustion which
were used for determining the ignition temperature. The ignition
temperature is assumed to be the average temperature in the last
time interval where both curves coincide’. The determination of
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Figure 2. TG results for pyrolysis and combustion of the coal used for
determining the ignition temperature

ignition temperature through TG showed to be dependent on the
mass of the sample. However, a variation of 100 % on the sample
mass (from 10 to 20 mg) caused a variation of only 3 % on the
temperature of ignition (from 482 to 468 °C).

Figure 3 shows DTA results of combustion which allow to evaluate
about the type of ignition. Flatter curves indicate homogeneous
combustion, while sharp pics are indicative of heterogeneous
combustion®. The figure shows a very sharp pic in the exothermic
event, indicating a predominant heterogeneous combustion.

Figure 4 shows results of TG experiments carried out for
determining the reaction rate coefficient, i.e. the pre-exponential factor
and the activation energy. Figure 5 presents DTG curves obtained by
time derivation of the TG curves from Figure 4. Two main reactive
events take place which are identified as primary and secondary
combustion®. Those events are well characterized through the observed
changes of behavior of the DTG curves from ignition, which happened
around 470 °C for all the heating rates. Results showed that at higher
heating rates both primary and secondary combustion are more
pronounced. Also, the higher the heating rate the higher the
temperature where the maximum reaction rate takes place.

For the primary combustion step it follows that

d
d—vtv=—kl(w—wr) ®)

where w_is the residual weight of the sample as primary combustion
is finished, and k| is the reaction rate coefficient for the primary
combustion step. For the secondary combustion step it follows that

Temperature (°C)

Figure 4. TG results on combustion of the coal for the chemical kinetics analysis

—=—k,(w-w,) ©9)

where w, is the residual weight of the sample as secondary
combustion is finished, and k, is the reaction rate coefficient for the
secondary combustion step.

From the TG and DTG results for the various heating rates

1 dw 1 dw
————~— | and Inj—-——~— are
(w-w,)dt (Ww—w,) dt

obtained as a function of 1/T, for both primary and secondary
combustion steps. Those are plotted in Figure 6. The Arrhenius
analysis of the primary and secondary combustion stages were made
excluding transition regions, namely from drying to primary
combustion, from primary to secondary combustion, and from
secondary combustion to burnout.

By applying least squares regression to both the primary and the
secondary combustion regions, pre-exponential factors and activation
energies are obtained. It can be observed from the plots that the higher the
heating rate the lower the resulting activation energy in both combustion
stages. Accounting for all the data for all the heating rates, the Arrhenius
fits for the primary and the secondary combustion steps result, respectively

135.1
k, =65271exp| ———— S”
1 XP[ RT } ( ) (10)

considered ln{—

85.1
k, =8.3951 -— i
2 exp{ RT } (S ) (an
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Figure 5. DTG curves obtained from the TG curves of Figure 4

Hakvoort et al.* observes that the stage of reaction where volatiles
combustion take place (primary combustion) is characterized by lower
activation energies as compared to fixed carbon combustion alone
(secondary combustion). Contrary to that, in the present work the
activation energy was lower for the combustion of fixed carbon alone.
Such is a consequence of the transient nature of the non-isothermal
experiments that have been performed, in which the physical structure
of the coal is continuously changing during reaction. At higher
temperatures, where secondary combustion takes place, the reaction
tends to be controlled by intra-particle diffusion. As combustion
proceeds carbon is continuously removed from the particles thereby
opening pores and reducing diffusion resistances. A progressive
conversion mode of combustion may also become dominant, thereby
enlarging the fraction of a particle actually available to reaction.
Those effects enhance reaction rate and contribute to a decreasing
activation energy. Alongside with decreasing diffusion resistances,
BET surface area is supposed to be reduced by both changing of
micro and mesopores into macropores, and sintering. Considering
the above trends, and in view of the presently observed reduction of
activation energy in the secondary combustion stage, it appears that
the effect of reducing diffusion resistances predominates over the
opposite effect of loosing BET surface area. It could be argued that
the higher temperatures and consequent decreased kinetic resistances
would be the only reason for enhanced reaction and decreased
activation energy in the secondary combustion stage. However, the
proposition of a decreasing diffusion resistance suits better the results
of the present work. The TG curves of Figure 4 show that the reaction
rates, as primary combustion ends, quickly change to higher levels
and keep mostly constant throughout the whole range of increasing
temperatures as secondary combustion develops. It seems that the
activation energy depends very much on the evolving particle
structure, so that a correlation better than Arrhenius’ should be sought
if coal combustion kinetics is to be more accurately addressed.

Assuming a unique combustion step the reaction rate coefficient,
obtained from the plotting of Figure 7, results

104.2
k=96.157 E— i
exp[ T } (<) (12)

Table 2 presents some literature data of activation energy on
combustion of coals and chars in comparison to the present result
for a brazilian coal. It is seen that the present result falls inside the
common range of activation energies reported in literature, which
was expected since the activation energy is supposed to be independent
of coal type and properties'’. Ilic er al.” studied the kinetics of

Figure 6. Arrehenius plot fo TG combustion of the coal for both primary and
secondary combustion step

Table 2. Some literature data of activation energy on combustion
of coals and chars considering n-th order (power law) Arrhenius
kinetics

E* (kJ/mol)
104.2

Reference Fuel

Present Work  Brazilian bituminous

51 Various coals and chars 149.5 (average)
12 Various coals and chars 129.8 (average)
16 Various coals and chars 100 - 167
11 Various coals and chars 129.8 - 167.5
10 LignitesBituminousAnthracites 56 - 65
72 -114
108 - 153
49 Various coals 108 — 142
50 Brown coal 93.3
52 Various coals 120-140
53 Various coals 155 (average)
30 Two coal chars 133, 143
15 Two coal chars 73, 63.8

combustion of a high ash brown coal (21.7% ash, 32.5% volatiles,
36.9% fixed carbon) and found an activation energy of 93.3 kJ/mol.
This figure is very close to the present result of 104.2 kJ/mol found
for a high ash brazilian bituminous coal (44.50% ash, 19.25%
volatiles, 35.44%), in spite of the differences on the proximate analysis
of the two coals. Also, the present result is inside the range reported
by Cumming' for bituminous coals (72 - 114 kJ/mol).

Regarding the pre-exponential factor, comparisons to literature
data are quite difficult since the parameter varies widely even for
the same coal in different reaction stages. Besides, it is quite
dependant on the order of reaction regarding reactant gases. It is
clear from Figure 7 , as well as from literature, that even very
slight changes on the activation energy cause huge changes on the
pre-exponential factor. In the present experiments the pre-
exponential factor resulted 65271 s for the primary combustion
step, and 8.3951 s for the secondary combustion step. Those
numbers differ to each other by 4 orders of magnitude. Therefore,
besides the dependence on coal type, the pre-exponential factor
shows to be quite sensitive to the reaction stage as well.

CONCLUSIONS AND REMARKS
A TG non-isothermal chemical kinetic study was undertaken

for the combustion of a brazilian raw mineral coal. DTA figures
showed a very sharp pick of temperature in the exothermic event,
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Figure 7. Arrehenius plot fo TG combustion of the coal for a unique
combustion step

indicating heterogeneous combustion. X-ray difraction analyses of
the coal indicated the presence of sulfur in the compounds
CaSO,.2H,0 and (NH,),.Fe(SO,),. No pyrite (FeS,) was found.

TG results showed that at higher heating rates both primary
and secondary combustion are more pronounced. The higher the
heating rate the higher the temperature where the maximum reaction
rate takes place. Also, higher heating rates produced lower activation
energies. Contrary to some literature data, the activation energy
resulted lower during the secondary combustion stage as compared
to the primary combustion step. It was concluded that such shall be
a consequence of decreased intra-particle diffusion resistances
owing to the changing structure of the coal particles as temperature
is raised. A decreased kinetic resistance was ruled out as a cause
for the enhanced reactivity in the secondary combustion step since
reaction rate keeps mostly constant throughout the whole range of
increasing temperatures as reaction develops.

As well known, non-isothermal studies are relevant for reactive
processes where only truly kinetic effects take place. In high ash
high volatile coal combustion, however, other effects happen which
must be accounted for. Those are mainly related to intra-particle
mass transfer and structural changes affecting the availabilitity of
carbon active sites for chemical reaction. The unknown evolution
of porosity and BET surface area during reaction is a major difficulty
to overcome. The kinetic parameters derived in this work come from
reaction rates characterized only by temperature, irrespective of mass
transfer and structural transient variations. In fact, at each
temperature of the process there were very instantaneous and well
defined as well as unknown conditions of porosity and BET surface
area. The kinetic parameters presented in this work must be
approached with care since they were determined in a process under
changing conditions other than temperature. Notwithstanding, the
activation energies found in this work are inside the common range
for coals and chars reported in literature.
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