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Abstract

Kinetic parameters of coal activation with oxidizing gases are depended of coal characters. In this work, activation of Iranian coal char with steam
and CO; is studied to find kinetic parameters of the reactions. These parameters are determined by unification of thermogravimetric analysis (TGA)
data. Mathematical modeling of the reaction with random pore model also is investigated in this study to predict carbon conversion. Formulation
of this model in the mixed controlling regime gives coupled partial differential equations, which has no analytical solution. In this work, a new and
simple analytical-numerical solution method is presented to solve these complex equations with a good accuracy. The results show good agreement

of this solution with the experimental data.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Kinetic studies of different coal chars activation have been
subject of many theoretical and experimental works [1-5]. These
studies show that reaction rate and kinetic parameters of acti-
vation reaction are dependent on type and origin of coal as
raw material. The kinetic parameters of this reaction (activation
energy and pre-exponential factor) are used to predict carbon
conversion and pore development in the char during the reaction.

There are many attempts to modify these dynamic changes
through various normalizing parameters such as half-life time
(t1/2), reactivity (dx./dt) or surface area (Sg). According to the
unification approach, char activation progresses at different con-
ditions can be unified to a single curve when carbon conversion
(xc) is plotted versus dimensionless time (t=1#/t;2) [5]. The
kinetic parameters of the char activation can be evaluated using
this curve successfully.

The activation of char with oxidizing gas is a heteroge-
neous gas—solid reaction that pore structure and surface area
of the solid particle are changing due to the reaction. These
structural variations and other phenomena such as film mass
transfer, pore diffusion and chemical reaction have to be con-
sidered in the modeling of the reaction simultaneously. Several
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mathematical models are commonly used to describe these spec-
ifications of gas—solid reactions [6—11]. Random pore model
is an enhanced model to study pore structural variation of
char during activation reaction. This mathematical model gives
coupled partial differential equations which are mole balances
on the gas and solid components of reactants. This formu-
lation has no analytical solution, thus approximate solutions
are investigated to account the adequate accuracy and fast
calculation.

In the present study, an Iranian coal as a raw material is used
for activation experiments. Kinetics of the char activation with
oxidizing gases is studied at different temperatures. The kinetic
parameters are obtained perfectly by normalizing the parameters
and data unification procedure. These parameters are used in the
modeling of the activation. We apply a new analytical-numerical
solution method to solve the equations of random pore model
successfully.

2. Experimental study

An Iranian coal sample from Goltoot coal mine in Kerman
region is selected as raw material. Because of high ash content of
the as-received coal, this coal sample is washed by heavy media
method to reduce its ash content [12]. Comparison of proximate
analysis of the as-received and clean coal samples (before and
after the coal washing process) is presented in Table 1.
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Nomenclature

C dimensionless gas concentration (Ca/Cas)

Ca reactant gas concentration

Cas gas concentration on the external surface of the
solid particle

D, effective diffusivity

De¢o initial effective diffusivity

D" dimensionless diffusivity (De/Deg)

E activation energy

h Thiele modulus (Ro(ksppSeo/12De0)’)

km film mass transfer coefficient

ks surface reaction rate constant

ko pre-exponential factor

r solid particle radius

R initial radius of solid particle

R. carbon reaction rate

R. average carbon rate

Ry unified reaction rate

Sq0 initial specific surface area of solid

Sh Sherwood number (kyR/De)

T reaction temperature

t reaction time

tin half-life time of reaction

Xe local carbon conversion

X overall carbon conversion

2y ratio of solid volume after reaction to that before

Greek symbols

B model parameter (ksop(1 — £0)/6D,Sg0)

€0 initial porosity of solid

& dimensionless radius (#/R)

Pp particle density

T dimensionless time (#/t1/3)

v structural parameter of RPM

The clean coal sample is undergone pre-oxidation at tempera-
ture 230 °C for 4 h with air and then carbonized in a nitrogen gas
stream at temperature 425 °C for 1.5 h prior activation. These
conditions are adequate to avoid char caking and softening at
high temperature condition of the activation step [12].

The experiments of the char gasification are carried out in
a thermogravimetric analyzer apparatus (Reometriec scientific,
model TGH-1500). An excess gas flow (1 I/min) is found suf-
ficient to eliminate the external mass transfer limitation and
ensuring constant bulk gas concentration. High pure CO, gas
(99.9%) from a pressurized tank is introduced to the system. A
glass bubbler floated in hot water bath along with inert gas (N3)

Table 1

proximate analysis of the as-received and clean coal samples

Coal sample  Moisture ~ Ash  Volatile matter ~ Fixed carbon  Sulfur
As-received 2.5 565 16 25 1
Clean 1.5 85 31 59 0.4
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Fig. 1. Experimental data of the char activation with steam at three temperatures.
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Fig. 2. Experimental data of the char activation with CO at three temperatures.

generates water vapor. Partial pressure of water vapor in this gas
stream can be controlled with the bath temperature and inert gas
flow rate. During the activation, weight loss of the sample is plot-
ted against the reaction time continuously. Figs. 1 and 2 show
variation of carbon conversion with time in different temperature
of activation with steam and CO;,, respectively.

3. Kinetic parameters determination

The overall reaction rate of activation experiments can be
expressed as following general equation, when temperature is
only variable parameter:

dx.

Re = — = ksCa f(xc) ()
dr

where R, is activation rate, x. the carbon conversion, ks the

surface reaction rate constant and Cy is the reactant gas concen-

tration.

Based on the unification method, when carbon conversion is
plotted versus dimensionless time t (=t/t1/2), the curves in differ-
ent condition (such as temperature, char properties and gas type)
can be approximated by a single curve. Because of one-to-one
correspondence between carbon conversion and dimensionless
time, the reactivity parameter (dx./d7) is a function of only x..
This means dimensionless reaction rate (R,) defined in Eq. (2)
is a constant for all activation conditions, which has found to be



H.H. Rafsanjani, E. Jamshidi / Chemical Engineering Journal 140 (2008) 1-5 3

CO2 activation

6 -
—§ 'y
:IE 5

H20 activation
4 x
3 T T 1
8 8.5 el 9.5
1/T*10000

Fig. 3. The Arrhenius plots of half-time in three temperature for two oxidizing
gas.

Table 2
The kinetic parameters of the coal char activation with steam and CO,

Activation energy (J/mol) Pre-exponential factor )

CO; activation 32,118 327,000
Steam activation 21,153 5,500
around 0.38 [1]:
Udx
Ry = / —dx. =0.38 )
0 dr

The average reactivity (R.) for a particular activation run is
as follow:

_ ! dx !
Re =/0 5 We =kCa /0 flxe)dxe = ksCa(A) @)

R, and R, have the same definition, therefore comparison of
Egs. (2) and (3) and using Arrhenius functionality of the surface
reaction rate constant (ks), gives following expression:

0.38 1
028 1 JE/RT ()

t =
12 ACA ko

where ko is the pre-exponential factor and E is the activation
energy.

Eq. (4) is a perfect relation to evaluate the kinetic parameters
from only the half-life data in a few temperatures. The concen-
tration of oxidizing gas is assumed independent of the carbon
conversion and is predetermined with Ny gas stream along the
experiments. The value of parameter A in Eq. (4) is determined
by using the experimental data numerically. Arrhenius plot of
Eq. (4) (In(z12) versus 1/T) for the TGA data are shown in Fig. 3.

The activation energy and pre-oxidation factor of the coal
char activation with CO, and H;O is determined from slope
and intercept of the lines in Fig. 3, respectively. The determined
kinetic parameters are reported in Table 2.

4. Structural gasification model

There are several regimes such as film mass transfer, pore
diffusion and chemical reaction in the activation process which
affects on the overall reaction progressing. In addition, changing
in the pore structure of char particle makes more complica-
tion in the modeling of the process. The mixed control regime,
which should be considered both chemical reaction and pore

diffusion effects, occur in the most cases of the activation con-
ditions. Mathematical study of this regime is complex. There
are several structural models, which are developed to predict
the reaction progressing and pore development. Random pore
model is widely used in the modeling of char gasification. This
model is developed in terms of a pore size distribution with a
randomly overlapping set of cylindrical pores. Bhatia and Perl-
mutter [6,7] have derived equations for non-overlapping surface
and volume of the reaction surface with conversion. Then they
related these to the overlapping (or actual) properties. The model
formulation was derived in two chemical reaction and diffusion
controlling regimes. The latter occurs in the most cases of acti-
vation condition. The model equations describing gas and solid
concentrations within char particle in the dimensionless form
are [7]:

dr
dx. C(1 — x¢)/1 — Y In(1 — x¢)

1 d(epdCy _adx
szds< ds)_h ®

—= ©)
dr 14 B (YT=9 I —x) — 1)
The initial and boundary conditions are
dc
att=1 D*— =Sh(1-0C) (7a)
dg
dc
tE=0 — =0 7b
at§ a (7b)
att=0 x.=0 (7¢)

where the dimensionless parameters are defined in the nomen-
clature.

By integrating the local values of carbon conversion in the
char particle (x;), the overall carbon conversion (X) can be
obtained. This integration is

1
X=3 / xcE2 dg (®)
0

In the chemical reaction control regime, profile of oxidizing
gas concentration within the char particle is expected constant
and equal to gas concentration on the external surface of the char
particle (Cas). In this case, Eq. (6) can be solved alone analyti-
cally with C =1 and the following equation is derived to describe
carbon conversion variation with time during activation:

1 v Bzv 2
XC:l_eXp ‘(p_13222<\/1+ﬁzv‘c_(1_1//>)
)

When reaction temperature increases, both diffusion and
chemical reaction affect on the overall reaction rate. To predict
the solid conversion-time behavior of the reaction in this mixed
controlling regime, the coupled partial differential equations of
the model (Egs. (5) and (6)) have to be solved simultaneously.
Unfortunately, there is no analytical solution of these equa-
tions. Numerical solution of these equations is tedious and needs
high programming skills and long computational time. There-
fore alternative solution method that requires shorter time and
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provides good accuracy is presented as the quantize solution
method.

5. Quantize solution method

Quantize method is a new analytical-numerical approximate
solution method which is recently developed to solve coupled
partial differential equations. This method was applied in sev-
eral gas—solid reaction models including particle-pellet model
[13,14], volume reaction model [15], nucleation model [16],
and single particle model [17] successfully.

Finite difference form of the coupled partial differential Eqgs.
(5) and (6) leads to a large set of coupled algebraic equations. At
these equations C(i, j), C(i+ 1, j), C(i — 1, j), C(i, j+ 1), xc(i, J)
and x.(i,j + 1) are related to each others where i and j are position
and time node counter, respectively. Thus, much computational
efforts are required to obtain the results. In quantize method,
an independency between the variables at different times and
positions is assumed. This means that the variables C and x. are
related only in the node (i, j) state and they are independent in
term of (i — 1, j) and (i, j — 1) states. By replacing C(i, j — 1)
with C(i, j) in Eq. (6) and x.(i, j — 1) with x.(7, j) in Eq. (5) as an
approximation, this equations can be solve analytically. Treated
of Egs. (5) and (6) with this assumption, the following algebraic
equations obtain:

C— 1 sinh(h&)

" aEsinh(h) (10)
% (1—’3;;) [\/1 —in(l — xc)—l} —ﬂvzfvln(l - xc)zc(il)

where
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Fig. 4. The comparison of the solutions of RPM with experiment of CO; acti-
vation at 960 °C.
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Fig. 5. The comparison of the solutions of RPM with experiment of CO, acti-
vation at 930 °C.

are solved with both analytical solution (in chemical reaction
control regime) and quantize solution and then compared with

a=1+ .917 [h cot (

The algebraic Egs. (10) and (11) are used to predict the
carbon conversion (x;) and gas concentration (C) versus acti-
vation time within the porous particle when both chemical
reaction and pore diffusion regime are affected. By elimination
of variable C from Eqgs. (10) and (11), an implicit expression is
derived to calculate time variable profile of x. radially. Over-
all carbon conversion (X) is obtained using this profile and

Eq. (8).
6. Results and discussion

The overall reactivity of the coal char is showed in
Figs. 1 and 2. Slope of these curves indicates overall reaction rate
and it changes with reaction conditions. Rate of steam activation
is faster than the CO; activation. The kinetic parameters of the
reactions describe this dependency. In addition, Activation rate
increase with increasing temperature that is because of faster
reaction rate in the higher temperature. Mathematical modeling
of the overall reaction explains this behavior.

Overall reaction rate of the coal char activation is stud-
ied with random pore model (RPM) by using the calculated
kinetic parameters. The model equations of CO; activation

V(20 = 5oy T=9TT = %)) / (14+(Bz/9) [VT=I T =50-1]) /(A== DXL = e0)xe)/e0)) ~1] -

experimental data. This comparison is presented in Figs. 4-6 at
different temperatures.

In these figures, it is clear that the quantize solution presented
more accurate prediction of the reaction behavior than the solu-
tion of the equations models in the kinetic control regime. In
addition, this accuracy increases with temperature increasing.
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Fig. 6. The comparison of the solutions of RPM with experiment of CO; acti-
vation at 900 °C.
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Table 3

Maceral analysis of the coal sample

Maceral analysis vol.%
Vitrinite 80.1
Liptinite 0.0
Inertinite 1.8

The modeling of activation in the chemical reaction control
regime gives an analytical expression (Eq. (9)) which does not
consider diffusion effect and therefore this expression has less
validation especially at the high activation temperature. In this
temperature range, the pore diffusion resistance increases and
therefore it should be considered, but the problem is solution
of the model equations (Egs. (5) and (6)). Quantize method is a
good solution method to consider both effects of chemical reac-
tion and pore diffusion during the char activation successfully.
This is reason of adequate precision of quantize method. In addi-
tion, a part of the deviation is assumption of the model regardless
of the solution (such as pore geometry). Another advantageous
of quantize method is simplicity of calculation that is clear with
comparison of Eqs. (10) and (11) with Egs. (5) and (6).

Comparison of kinetic parameters determined in this work
(Table 2) with those reported in the literature shows that val-
ues of these parameters are different with coal type and origin.
The heterogeneity of coal and variation of coal components spe-
cially coal maceral clarify the difference. Because of oxygenrich
and moderately aromatic structure of Vitrinite and carbon rich

and highly aromatic structure of Inertinite, the reaction behav-
ior of these maceral groups with oxidizing gas is different. The
Liptinite maceral group has hydrogen rich and highly aliphatic
structure but the Liptinite content of the coal is close. Maceral
composition of the coal sample determined with XRF analyzer
is reported in Table 3.

In addition, the trace elements such as sulfur and chlorine are
affects on the reaction rate.
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