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bstract

his study examines the thermal decomposition of calcium carbonate, contained in disk-shaped test pieces formed from a mixture of raw materials
f a similar composition and characteristics to those of the mixtures customarily used for the manufacture of white-body wall tile.

The experiments were conducted under isothermal conditions at different temperatures in the range 825–950 ◦C in an air stream free of carbon
ioxide.

The experimental results have been interpreted using the Shrinking Unreacted Core kinetic model, assuming that, at low conversion degrees, the

rocess is only controlled by the chemical reaction step of CaCO3 decomposition, while at high conversion degrees the diffusion of the resulting
O2 through the porous structure of the reacted ceramic layer also affects the process. The derived equations, which relate the conversion degree
f calcium carbonate in the ceramic body to residence time, temperature, and initial porosity of the test pieces, allow the experimental results to
e satisfactorily reproduced.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

The raw materials mixture used to make wall tile bodies typ-
cally contains 8–15% calcium carbonate (by weight) which, on
ecomposing during firing, provides the calcium oxide required
o produce certain crystalline phases, usually involving calcium
ilicates and aluminosilicates (gehlenite, anorthite, and wollas-
onite). These crystalline phases form at temperatures above
70 ◦C as a result of the reaction of CaO with Al2O3 and SiO2
temming from the decomposition of the clay minerals present
n the starting raw materials mixture.1–3

The clays used to fabricate white-firing bodies usually contain
o carbonates, so that an appropriate quantity of calcite particles
with an average radius of 3.5 �m,) is usually added as a source
f CaO, calcite being cheaper than other calcium-containing
inerals, such as wollastonite.4,5
In this process, the uniformly distributed small calcite parti-
les in the green body need to decompose during firing between
00 and 950 ◦C.

∗ Corresponding author.
E-mail address: aescardino@itc.uji.es (A. Escardino).
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The calcite particles decompose above 600 ◦C during the fir-
ng stage, releasing carbon dioxide, according to the following
eversible reaction6:

aCO3(s) ↔ CaO(s) + CO2(g)

This reversible chemical reaction may be expressed, using the
eneralised nomenclature, by the following reaction scheme:

νBB(s) = νPP(s) + νQQ(g) (1)

here B = CaCO3, P = CaO, Q = CO2, and −νB = νP = νQ = 1.
In the firing cycle, this reaction needs to end before the glaze

ealing temperature (i.e. the temperature at which the molten
laze fully covers the body) is reached, to prevent the carbon
ioxide that is being liberated in the body from being trapped
s small bubbles in the molten glaze, and producing various
efects in the outer surface of the end product.7 This decompo-
ition reaction therefore usually takes place in the 825–950 ◦C
emperature range in industrial practice.
The time needed to decompose the calcite in the ceramic
ody, during industrial firing, is usually empirically determined.
t was considered of interest, therefore, to obtain a mathematical
xpression that would relate the progress of the thermal decom-

mailto:aescardino@itc.uji.es
dx.doi.org/10.1016/j.jeurceramsoc.2010.04.014
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Nomenclature

c0
B initial molar concentration of CaCO3 in the test

disk (kmol/m3)
cG
Q molar concentration of CO2 in the gas phase

(kmol/m3)
cG
QS molar concentration of CO2 at the gas–solid inter-

face, gas side (kmol/m3)
cS
Qe molar concentration of CO2 in equilibrium

with the solid at temperature T of the particle
(kmol/m3)

cS
Qi molar concentration of CO2 at the reaction inter-

face (kmol/m3)
cS
QS molar concentration of CO2 at the gas–solid inter-

face, solid side (kmol/m3)
De effective overall diffusivity of CO2 through the

reacted layer (m2/min)
Dy intergrain diffusion coefficient of CO2 through the

reacted layer of thickness Y (m2/min)
D0 pre-exponential factor of Eq. (18)
ED apparent activation energy of Eq. (18)
k rate constant of the direct reaction (kmol/(m2 min)

in Eq. (3)
Kc equilibrium constant (kmol/m3) in Eq. (3)
kG mass transfer coefficient (m/min)
L test disk initial thickness (m)
N0

B initial moles of CaCO3 in the test disk (kmol)
NB moles of CaCO3 in the test disk after time t has

elapsed (kmol)
P0

Q decomposition pressure of calcium carbonate at
temperature T (atm)

R gas constant (8.314 J mol−1 K−1 or
0.082 atm m3 kmol−1 K−1)

Rj decomposition reaction rate in reference to Aj

(kmol Aj/min); (Aj = B, Q, P)
Si reaction interface area (m2)
Ss cross-sectional area of the test piece (m2)
t reaction time (min)
T temperature (K)
vG linear velocity of the gas through the reactor

(m3/s)
V 0

B initial volume of the test disk (m3)
WS

Q CO2 overall flow rate from the reaction interface
to the solid–gas interface (kmol CO2/min)

(WS
Q)

dif
CO2 flow rate by intergrain diffusion from

the reaction interface to the solid–gas interface
(kmol CO2/min)

(WS
Q)

vf
CO2 flow rate by viscous flow from the

reaction interface to the solid–gas interface
(kmol CO2/min)

WG
Q CO2 flow rate from the solid–gas interface to the

gas phase (kmol CO2/min)
X CaCO3 degree of conversion calculated from Eq.

(2)

Y thickness of the reacted layer (m)
�mB mass loss of B in the sample at a given reaction

time (t) (min)
�mBf mass loss of B in the sample at a sufficiently long

time to achieve constant weight, when all calcium
carbonate is assumed to have decomposed

Greek letters
ρ0

B initial molar density of CaCO3 in the test disk
(kmol B/m3 test disk)

υB, υQ, υP stoichiometric coefficients of CaCO3, CO2,
and CaO in Eq. (1)

ε0 initial porosity
μQ CO2 viscosity (kg/(m min))

Table 1
Composition of the raw materials mixture used.

Raw material Content (% by weight)

Clay 60
F
C
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eldspathic sand 25
alcite 15

osition process of the small calcite particles contained in the
nitial mass of the body, to the main operating variables (time,
emperature, body porosity, etc.) in order to be able to calculate
he most appropriate time and temperature range for this process
o unfold in industrial practice.

. Materials and experimental procedure

.1. Materials

The present study was conducted with test pieces formed
rom the mixture of natural raw materials detailed in Table 1.

his composition and these types of raw materials are cus-

omarily used in the ceramic industry for manufacturing wall
ile bodies. The chemical composition of the raw materi-
ls used is given in Table 2. The calcite particles used to

able 2
hemical composition, expressed in % by weight of oxides, of the raw materials
sed.

xide Clay Feldspathic sand Calcite

iO2 64.6 88.5 0.2
l2O3 22.1 6.5 0.1
e2O3 2.11 0.15 0.05
iO2 1.10 0.08 –
a2O 0.15 0.13 –

2O 2.00 2.84 0.01
aO 0.23 0.17 55.7
gO 0.28 <0.01 0.20

2O5 0.10 0.02 0.11
nO 0.01 – 0.01

.O.I. 7.20 1.54 43.5



A. Escardino et al. / Journal of the European

p
3

2

w
m
k
i
s
k
b
t
w
v

2

t
t
w
a
d
a
o
w
t
t

t
a
p
fi
i

g
t
p
t
t

3

3
c

p
d
i
b
t
p
S
w
s

A

w
a
r
a
o

a
p
t
t
s
t
t
w

b
n
I
c
t
w

w
c
r
m
t
a
t

i
f
s
n
y
this case, m is the test piece mass that corresponds to any
Fig. 1. Experimental assembly.

repare the raw materials mixture had an average radius of
.5 �m.

.2. Experimental assembly

The calcium carbonate decomposition reaction during firing
as monitored by measuring sample weight loss during isother-
al treatment in a laboratory tubular kiln. Air was fed into the

iln at a controlled temperature and speed. Fig. 1 schematically
llustrates the experimental assembly used. The assembly con-
isted of a refractory steel sample-holder, set in the middle of the
iln firing chamber. The holder was suspended from a single-pan
alance by an alumina rod, so that sample mass could be con-
inuously measured. The balance was connected to a computer
ith the appropriate software to record the pairs of mass–time
alues.

.3. Experimental procedure

The raw materials mixture detailed in Tables 1 and 2 was used
o prepare cylindrical test pieces, 40 mm in diameter and 7 mm
hick, by uniaxial pressing. Pressing powder moisture content
as kept constant at 0.055 kg water/kg dry solid and the pressure

pplied was modified to obtain test pieces with different dry bulk
ensities. The test pieces were preheated for 30 min, in CO2
tmosphere, in an oven that ran at a temperature close to that
f the pre-set operating temperature. The side of each test piece
as sealed with a glaze to prevent any lateral CO2 losses during

hermal treatment, so that CO2 would only be released through
he two faces of the disk.

The experiments were conducted under isothermal condi-
ions, at six different temperatures (825, 850, 875, 900, 925,
nd 950 ◦C), in an air stream free of carbon dioxide. For this
urpose, the reactor and preheater resistances were switched on
rst, and the desired operating temperature set. The airflow rate

nto the reactor was then adjusted.
Once the chosen temperature had been reached, the data log-

ing system was switched on, the test piece was withdrawn from
he oven and rapidly placed in the reactor, where the mass–time

airs of values were recorded. Reaction time continued until the
est piece mass stabilised. The piece was then withdrawn from
he reactor.

r
r
�
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. Experimental results

.1. Determination of the calcium carbonate degree of
onversion during thermal treatment of the test pieces

When wall tile bodies are fired, a further series of decom-
osition reactions occur in addition to calcium carbonate
ecomposition, with the ensuing mass losses. Those reactions
nclude dehydroxylation of the clay minerals used to form the
ody, together with calcite, and oxidation of the organic matter
hat those components usually contain. The mass loss of the test
ieces, determined by the experimental procedure described in
ection 2.3, is thus due to the sum of all those transformations,
hich may be represented by the following overall reaction

cheme:

(s) + B(s) ⇒ P(s) + Q(g) + S(s) + R(g)

here A represents the clay, feldspathic sand, and organic matter,
nd B the calcite (CaCO3) initially contained in the test piece; P
epresents the CaO that forms; Q the CO2 that is released; and S
nd R the (solid and gaseous) decomposition reaction products
f the clay–feldspathic sand mixture.

The results of the simultaneous thermal analysis of the clay
nd feldspathic sand used in this study indicated that the tem-
erature range in which the dehydroxylation of these materials
ook place began around 370 ◦C, with mass loss continuing up
o temperatures above 800 ◦C. As a result, the calcite decompo-
ition reaction, which began at about 600 ◦C, partly overlapped
he decomposition reactions of the clay–feldspathic sand mix-
ure used, together with the calcite, to make the test pieces with
hich the study was conducted.
In order only to obtain the mass loss curves for calcium car-

onate particle decomposition in the test pieces (�mB), it was
ecessary to perform two series of experiments in each case.
n one series, the test pieces were formed from the mixture of
lay, feldspathic sand, and calcite (A − B) and, in the other, from
he same mixture of clay and feldspathic sand (same quantities)
ithout calcite (A).
The series of experiments conducted with test pieces formed

ith the clay, feldspathic sand, and calcite mixture yielded the
urve �mA−B(t) = mA−B0 − mA−B(t) = f(t), of total mass loss with
eaction time, where mA−B0 is the initial test piece mass and

A−B(t) is the test piece mass measured at different reaction
imes. In each case, �mA−Bf = mA−B0 − mA−Bf was determined
t the reaction time where no further mass loss was observed in
he test piece.

The same operation was performed in the series of exper-
ments conducted with test pieces formed with the clay and
eldspathic sand mixture without calcite, which contained the
ame quantity and the same initial mass (mA0) of these compo-
ents as the test piece mentioned in the foregoing paragraph. This
ielded the decomposition curve �mA(t) = mA0 − mA(t) = f(t). In
A(t)
eaction time (t). The test was also continued until the mass
emained practically constant (mAf), with a view to calculating
mAf = mA0 − mAf.
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ig. 2. Evolution of CaCO3 degree of conversion with reaction time for the
ifferent tested vG values.

With the values of mA−B0, mA0, mA−Bf, and mAf, and the pairs
f values of mA(t) and mA−B(t) obtained for each reaction time,
n each experiment, the conversion degree (X) of the CaCO3
ontent in the test piece was calculated from the expression:

= �mB

�mBf

= mB0 − mB

mB0 − mBf

= (mA−B0 − mA−B) − (mA0 − mA)

(mA−B0 − mA−Bf ) − (mA0 − mAf )
(2)

Minimum gas velocity through the reactor at which the CO2
ass transfer step from the test piece surface to the gas phase

oes not influence the overall process rate
In order to determine the gas (air) linear velocity through the

eactor (vG) at which the CO2 transfer step from the surface of
he test pieces into the gas phase no longer influences the overall
rocess rate, several experiments were conducted, maintaining
ll operating conditions constant except gas velocity through the
eactor.8,9

In these experiments, 7-mm-thick test pieces with a dry bulk
ensity of 1850 kg/m3 (ε0 = 0.304) were subjected to isothermal
eat treatment at 950 ◦C. These were the operating conditions
nder which, in principle, the decomposition reaction and car-
on dioxide diffusion rates through the structure of the piece
ere highest in the studied temperature range and under which,

herefore, the mass transfer rate between the surface of the piece
nd the gas phase could be expected most readily to influence
he overall process rate in the temperature range to be tested.
he results obtained have been plotted in Fig. 2.

It may be observed in this figure that the curves of conver-
ion degree versus time coincide in the entire studied vG range.
hese findings indicate that, at very low gas velocities, the mass

ransfer step between the test piece surface and the gas phase
s already much faster than the other process steps, the operat-
ng conditions therefore not influencing the overall process rate,
nder the operating conditions used in the tests described below.

In view of the above, all the experiments that were subse-

uently conducted, whose results are set out in the following
ections, were designed such that vG was 0.0067 m/s or higher. s
Ceramic Society 30 (2010) 1989–2001

.2. Programming of experiments and results obtained

In order to select a representative kinetic model of the decom-
osition process mechanism of the calcite contained in the test
ieces formed with the raw materials mixture used (Table 1),
ith a view to having equations that related the degree of pro-

ess progress to the different operating variables and to reaction
ime, several series of experiments were planned. Each experi-

ent would be conducted under constant operating conditions
temperature, composition of the gas phase, calcite content of
he test pieces, test piece thickness, etc.), X being determined
t different reaction times and one of the following operating
ariables being modified in each series of experiments: temper-
ture and/or compactness or porosity of the piece. Reaction time
ould begin to be counted from the moment the test piece was
laced in the reactor running at the desired reaction temperature.

Eighteen series of three experiments were conducted, using
.0-mm-thick test pieces, 40 mm in diameter, containing 15.0%
by weight) calcite particles, with an average radius of 3.5 �m.
he gas phase used in all experiments was an air stream with a
egligible CO2 partial pressure.

Six temperatures were tested: 825, 850, 875, 900, 925, and
50 ◦C, for three test piece bulk densities: 1850, 1950, and
050 kg/m3 (corresponding, respectively, to initial dry porosi-
ies of 0.304, 0.267, and 0.229 and to initial molar densities
f 2.775, 2.925, and 3.075 kmol of calcium carbonate/m3 test
iece).

The experimental results obtained have been plotted in
igs. 8–13, in the form conversion degree of the calcium car-
onate contained in the test pieces (X) versus reaction time
t).

. Discussion of results

.1. Kinetic model

The following may be observed in the plots of the experi-
ental data X = f(t) in Figs. 8–13:

(a) At each test temperature, there is a section, in the region
of the lowest conversion degrees, in which the curves corre-
sponding to the three green bulk densities (initial porosities)
of the test pieces have practically coinciding paths (the
curve slope decreases slightly at every test temperature when
calcium carbonate molar density increases). This section,
which comprises the conversion degrees (X) from 0.0 to
0.5 at the lowest test temperature of 825 ◦C, increases as
the operating temperature rises, and practically includes the
entire range of values of this composition variable at the
studied peak temperature (950 ◦C).

b) In the curve sections corresponding to the highest ranges of
X values, the reduction in test piece initial porosity reduces
the slope of the X = f(t) curves, which shift towards the x-
In view of these results, and by analogy with previous
tudies,10,11 it was decided to attempt to correlate the experimen-
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al results with the Shrinking Unreacted Core kinetic model12,13

ince this seemed qualitatively to match the behaviour described
n the foregoing paragraphs.

In effect, this model can explain the curve behaviour observed
n the sections of the lowest conversion degrees when, in that
ange of X values, the chemical reaction step of calcium car-
onate decomposition unfolds at a much slower rate than the
arbon dioxide diffusion step through the structure of the reacted
eramic layer of the test piece, which is why it could be the
verall process rate controlling step. According to the Shrinking
nreacted Core kinetic model, at short reaction times, the thick-
ess of the shell in which the calcite (CaCO3) has decomposed
s either zero (when the decomposition process begins at the
urface and moves inwards into the test piece) or very small, so
hat it is quite reasonable for the CO2 diffusion step through the
est piece to unfold at a greater rate than the chemical reaction
tep. This would explain the practical coincidence of the three
urves corresponding to the different initial porosities at short
esidence times and the lowest conversion ranges.

In contrast, at highest conversion degrees, since the shell
entioned becomes quite thick, the CO2 diffusion step through

he test piece can already influence the overall process rate,
ogether with the chemical reaction step. In this case, when
est piece initial porosity decreases, the directly related effective
iffusivity11,14–17 must become smaller, hence also reducing the
lope of the curve as the plots in Figs. 8–13 show.

The fact that at 925 and 950 ◦C (Figs. 8–13) the last sections
f the three X = f(t) curves, obtained at the three tested degrees
f porosity, lie close together in the entire range of X values
ight stem from the fact that, at temperatures above 900 ◦C,

alcium carbonate decomposition pressure exceeds the atmo-
pheric pressure at which the reactor operates, causing CO2
ransport through the porous structure of the shell to occur by
aminar flow, as well as by diffusion, because of the static pres-
ure gradient that develops. As a result, the CO2 flow rate through
his shell must be higher than that which would occur if the
ole transport mechanism were by diffusion, leading to higher
ffective diffusivity values than expected.

It was decided, therefore, to test the Shrinking Unreacted
ore kinetic model, applied to flat slabs of finite thickness and

nfinite width and length, even though the test pieces used in the
tudy were 7-mm-thick disks, 40 mm in diameter, whose sides
ere sealed to prevent or reduce lateral CO2 losses.
In order to deduce the corresponding X = f(t) equation, the fol-

owing reaction rate equation was used for the calcite chemical
ecomposition step in the test pieces18,20:

B = (1 − X)1/3Sik

(
1 − CS

Qi

KC

)
(3)

here RB is expressed in kmol B/(min), Si (reaction interface
rea) in m2, k in kmol/(min m2), KC (equilibrium constant) in
mol/m3. In this expression, cS

Qi represents the CO2 molar con-

entration at the reaction interface and X is the calcium carbonate
onversion degree.

Since the resistance corresponding to the CO2 transfer step
rom the test piece surface to the gas phase by turbulent trans-

t
4
i
t
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ort is negligible, as noted above, because sufficiently high gas
elocities through the reactor were used in all experiments (Sec-
ion 3.2), the overall process rate must be solely controlled by
he chemical reaction and diffusion steps. The X = f(t) equation
ndicated above therefore adopts the form (Appendix A, Eq.
A.17)):

dX

dt
=
(

1

Lc0
B

)[
1 − cG

Q/KC

SS/kSi(1 − X)1/3 + LX/4DeKC

]
(4)

here Si, k and KC have been defined above and, X = degree of
onversion of the calcite contained in the test piece determined
rom Eq. (2); (kmol of reacted calcite/kmol of calcite initially
ontained in the test piece), L = thickness of the test pieces (m),
0
B = initial calcite molar concentration in the test pieces (kmol
alcium carbonate/m3), SS = cross-sectional area of the test piece
m2), and De = effective diffusivity of carbon dioxide through the
orous structure of the test pieces (m2/min).

This equation can be analytically integrated from the initial
oundary conditions (X = 0, t0), where t0 is the real initial time
s a result of the induction period (calculated in each series of
xperiments from the experimental data, given further below),
ielding:

= t0 + 3SSLKCc0
B

2kSi(KC − cG
Q)

[
1 − (1 − X)2/3

]
+ L2c0

BX2

8De(KC − cG
Q)

(5)

When the chemical reaction step of calcium carbonate
ecomposition unfolds much more slowly than the CO2 dif-
usion step and is, therefore, the sole overall process rate
ontrolling step, in Eq. (4) the second term of the denominator
f the expression in the second member bracket, which corre-
ponds to the resistance opposed by the CO2 diffusion step, can
e disregarded, yielding the expression:

dX

dt
=
(

1

Lc0
B

)[
1 − cG

Q/KC

SS/kSi(1 − X)1/3

]
(6)

This equation can also be analytically integrated from the
nitial boundary conditions (X = 0, t0), yielding:

= t0 + 3SSLKCc0
B

2kSi(KC − cG
Q)

[
1 − (1 − X)2/3

]
(7)

.2. Application of the proposed kinetic model to correlate
he experimental results

.2.1. First part of the experimental X = f(t) data
In view of the shape of the graphs obtained when the experi-

ental results were plotted, it was assumed that, for the lowest
ange of conversion degrees (X < 0.5), the process might be con-

rolled by the chemical reaction step, as suggested in Section
.1. If this assumption is valid and the proposed kinetic model
s appropriate, Eqs. (6) or (7) should fit the experimental data in
his range of conversion degrees.
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4.2.2. Second part of the experimental X = f(t) data
Using the values of the product (kSi) and of t0 detailed in

Table 3, calculated in the form indicated, Eq. (5) was then applied
to the entire range of experimental data X = f(t), in each series of
ig. 3. Variation of reaction time (t) with [1 − (1 − x)2/3] at 825, 875, and 950 ◦C
or test pieces with ε0 = 0.304.

Since the experiments were conducted in the presence of an
ir stream practically without carbon dioxide, in order to attempt
o correlate the experimental results of X = f(t) it was necessary
o set cG

Q equal to zero in Eqs. (4)–(7). Eqs. (6) and (7) yield:

dX

dt
= kSi(1 − X)1/3

Lc0
BSS

(8)

= t0 + 3SSLc0
B

2kSi

[
1 − (1 − X)2/3

]
(9)

In accordance with Eq. (9), when the experimental data
re plotted on rectangular coordinates, in the form t versus
1 − (1 − X)2/3], an ordinate straight line in the origin t0, of slope
SSLc0

B/2kSi, should be obtained, if the starting assumptions are
llowable.

When these plots were made, for all the conducted series
f experiments, positive ordinate straight lines in the origin,
f positive slope, were obtained at low residence times and
1 − (1 − X)2/3] corresponding to conversion degrees below 0.5.
igs. 3–5 display plots in the form mentioned, by way of exam-
le, of the experimental results obtained at 825, 875, and 950 ◦C.
hey show that when the temperature rises, the length of the
traight stretch in these plots increases, i.e. the range of conver-
ion degrees that they fit.

The results obtained appear to confirm the validity of Eqs.
8) and (9) for correlating the experimental results in the lowest
ange of conversion degrees.

Since the values of the variables L, SS, and c0
B were known

or each experiment, the values of the product (kSi) and t0 in Eq.
9), at each temperature and ε0 conditions, could be determined
rom the value of the slope and the ordinate in the origin of

he corresponding straight stretch. These values were confirmed
hen Eq. (8) was integrated with the fourth-order Runge–Kutta
ethod starting at X = 0, trying different values of the product

kSi) and of t0 until the best fit was found.
F
f

ig. 4. Variation of reaction time (t) with [1 − (1 − x)2/3] at 825, 875, and 950 ◦C
or test pieces with ε0 = 0.267.

The values of the product (kSi) were determined instead of
hose of k, because the interface surface area (Si) corresponding
o the chemical reaction step was not precisely known.

Table 3 details the values of t0 and of the product (kSi) from
he best fits obtained, corresponding to the first sections (straight
tretch) of the plots resulting from the application of Eq. (9) to the
xperimental data. The value of t0 (induction time of each exper-
ment) ranged from 0.7 to 1.1 min, depending on the operating
emperature and initial porosity of the studied piece.
ig. 5. Variation of reaction time (t) with [1 − (1 − x)2/3] at 825, 875, and 950 ◦C
or test pieces with ε0 = 0.229.
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Table 3
Values of t0 and of product kSi obtained in the best fits with Eq. (9); (L = 0.007 m; Ss = 0.00125 m2).

T (◦C) T (K) dap (kg/m3) ε0 c0
B (kmol/m3) t0 (min) kSi (×106 kmol/min)

825 1098 1850 0.304 2.775 0.9 1.75
825 1098 1950 0.267 2.925 0.8 1.75
825 1098 2050 0.229 3.075 0.9 1.75
850 1123 1850 0.304 2.775 1.0 2.35
850 1123 1950 0.267 2.925 0.8 2.35
850 1123 2050 0.229 3.075 1.0 2.35
875 1148 1850 0.304 2.775 1.0 3.1
875 1148 1950 0.267 2.925 0.9 3.1
875 1148 2050 0.229 3.075 0.8 3.1
900 1173 1850 0.304 2.775 0.9 4.1
900 1173 1950 0.267 2.925 1.0 4.1
900 1173 2050 0.229 3.075 0.8 4.1
925 1198 1850 0.304 2.775 0.9 5.2
925 1198 1950 0.267 2.925 0.9 5.2
925 1198 2050 0.229 3.075 0.8 5.2
9
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Table 4 presents the values of X02 and of t02, as well as those
of De resulting from the best fits obtained on applying Eq. (11)
to the second sections of the experimental data plots. The table
also gives the values of KC used in each case, calculated from

Table 4
Values of X02, t02, and De obtained in the best fits with Eq. (11); (L = 0.007 m;
SS = 0.00125 m2).

T (◦C) ε0 t02 (min) X02 De (m2/min) Kc (kmol/m3)

825 0.304 9.50 0.555 0.00030 0.0039
825 0.267 10.7 0.580 0.00019 0.0039
825 0.229 11.00 0.580 0.000115 0.0039
850 0.304 9.50 0.700 0.00033 0.00534
850 0.267 9.50 0.680 0.00021 0.00534
850 0.229 9.68 0.652 0.00013 0.00534
875 0.304 8.10 0.754 0.00037 0.0081
875 0.267 8.00 0.729 0.000235 0.0081
875 0.229 8.20 0.716 0.000145 0.0081
900 0.304 6.95 0.816 0.00041 0.0114
900 0.267 7.00 0.757 0.00026 0.0114
900 0.229 8.00 0.780 0.00016 0.0114
925 0.304 6.00 0.850 0.00046 0.0155
925 0.267 6.50 0.880 0.00029 0.0155
50 1223 1850 0.304
50 1223 1950 0.267
50 1223 2050 0.229

xperiments performed, in order to attempt to correlate these, in
ach case trying different values of De.

Since the experiments were conducted with cG
Q = 0, Eq. (5)

dopted the following form:

= t0 + 3SSLc0
B

2kSi

[1 − (1 − X)2/3] + L2c0
BX2

8DeKC

(10)

Using this equation and trying different diffusivity (De) val-
es did not provide satisfactory results, because the resulting
lots did not fit well the experimental data in the entire range of
est temperatures.

As a result, Eq. (4) was only applied to experimental data
orresponding to the highest values of X, at which the test piece
hell in which the calcite had decomposed might already be
ufficiently thick for the carbon dioxide diffusion step through
t to affect the overall process rate, applying Eq. (9) only to the
xperimental data corresponding to the lowest conversion range.

hen this approach was adopted, very satisfactory results were
btained, which are detailed below.

Eq. (4) was analytically integrated from initial boundary con-
itions (X = X02, t = t02), setting cG

Q = 0, which yielded:

= t02 + 3SSLc0
B

2kSi

[(1 − X02)2/3 − (1 − X)2/3]

+ L2c0
B

4DeKC

[
X2

2
− X2

02

2

]
(11)

here X02 and t02 must be a pair of values corresponding to the
urve obtained for application of Eq. (9) to the same operating
onditions.

The values of X02 and of t02, as well as the corresponding
alue of De, were determined by trial and error in each exper-

ment, applying Eq. (11), starting with a pair of X and t values
btained from Eq. (9) applied to the corresponding operating
onditions. Using Eq. (11), different values of De and different
orresponding pairs of values of X − t obtained from Eq. (9) were

9
9
9
9

2.775 1.1 6.7
2.925 0.8 6.7
3.075 0.9 6.7

ried until the best fit of Eq. (11) to the last section of the experi-
ental data plot was found. These values were confirmed when
q. (4), setting cG

Q = 0, was integrated with the fourth-order
unge–Kutta method from initial boundary conditions (X = X02,
= t02), trying different values of De and different corresponding
airs of values of X − t obtained from Eq. (9) until the best fit
as found.
The starting pair of X and t values used in the trial-and-error

rocedure must be located, roughly, in the region in which it
as visually observed that Eq. (9) ceased to fit the experimental
ata.
25 0.229 7.50 0.910 0.00018 0.0155
50 0.304 5.25 0.886 0.00051 0.0215
50 0.267 5.76 0.945 0.00032 0.0215
50 0.229 6.25 0.963 0.00019 0.0215
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ig. 6. Variation of kinetic parameters De and kSi of Eqs. (9) and (11) with
emperature (K).

he equation:

C = P0
Q

RT
(12)

here KC is the equilibrium constant (kmol/m3) of the reversible
hemical reaction of calcium carbonate thermal decomposition,
is the gas constant (0.082 atm m3 kmol−1 K−1) and P0

Q is the
hermal dissociation pressure of calcium carbonate (in atm) at
emperature T (in K), calculated from the equation19,20:

0
Q = (1.3158 × 10−3)(1010.4022−8792.3/T ) (13)

The magnitude of the values obtained for De in the range of
emperatures 825–900 ◦C (Table 4) is of the same order as that
f the values determined experimentally in the study of black
ore oxidation, with air, during the firing of ceramic ware of an
nalogous nature to that of the test pieces used in this study, in
he same temperature range.11

In that study, in which the oxidation process of carbon
contained in the black core) was solely controlled by molec-
lar counter diffusion between O2 (reactant) and CO2 (carbon
xidation product) through the shell of the oxidised body,
perating at temperatures of 850 ◦C (1123 K) and 900 ◦C
1173 K), the values 1.907 × 10−2 cm2/s (1.14 × 10−4 m2/min)
nd 2.23 × 10−2 cm2/s (1.34 × 10−4 m2/min) were respectively
btained for effective diffusivity in test pieces whose poros-
ty, after firing, was 0.256. Those values are practically of
he same order as the values in Table 4 (1.3 × 10−4 and
.60 × 10−4 m2/min) at the same temperatures, in test pieces
hose initial dry porosity was 0.229. Dry porosity usually being

ower than fired porosity in bodies of the type studied here.

.2.3. Variation of the rate constant (k) and the effective
iffusivity (De) with temperature

Fig. 6 presents the plots, on semi-logarithmic coordinates,
f the variation of the product (kSi), which includes the kinetic
onstant of the direct reaction of the chemical step, as well as
hat of the diffusion coefficient De, for each of the three test
iece bulk densities, versus the inverse of operating temperature,

xpressed in K.

The resulting plots display straight lines of negative slope
hich were fitted to Eq. (14) for the product (kSi) and to Eqs.

15)–(17) for De in the test pieces with initial porosities of 0.304,

c

D

ig. 7. Variation of D0 and of the apparent activation energy ED of Eqs. (15)–(17)
ith ε0.

.267, and 0.229, respectively.

Si = 0.866 exp

(
−119689

RT

)
(14)

e = 0.05583 exp

(
−47835

RT

)
(ε0 = 0.304) (15)

e = 0.0318 exp

(
−46858

RT

)
(ε0 = 0.267) (16)

e = 0.01767exp

(
−45857

RT

)
(ε0 = 0.229) (17)

The resulting apparent activation energy of the reaction chem-
cal step, which was 119689 J/mol (Eq. (14)), is of the same
rder as the values proposed by some researchers21 for calcium
arbonate thermal decomposition (118,000 J/mol), though it is
onsiderably lower than the value we found for the decomposi-
ion of isolated calcite particles of the same type as those used
n this study18 (175,000 J/mol).

.2.4. Relationship between effective diffusivity and initial
orosity of the test pieces

In the foregoing section, three equations were obtained that
elate De to temperature, corresponding to the three initial test
iece porosities tested, of the following form:

e = D0exp

(
−ED

RT

)
(18)

It may be observed that, in these equations, De and ED

ecrease slightly when test piece initial porosity decreases.
With a view to having a single expression for De that was valid

or any test piece bulk density within the range of bulk density
alues studied, the possibility was tested of relating the values
f the pre-exponential factor D0 and of the apparent activa-
ion energy ED of these equations by empirical expressions that
elated these kinetic parameters to test piece initial porosity (ε0).
n acceptable alignment was obtained, using semi-logarithmic
oordinates, as Fig. 7 show.
The following equations were obtained from the plots:

0 = 5.277 × 10−4 exp(15.34 ε0) (19)
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Fig. 10. Fit of the experimental data with Eqs. (9) (red line) and (11) (blue line).
dap = 1950 kg/m3 (ε0 = 0.267). T = 825, 875, and 925 ◦C.
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ig. 8. Fit of the experimental data with Eq. (9) (red line) and (11) (blue line).

ap = 1850 kg/m3 (ε0 = 0.304). T = 825, 875, and 925 ◦C.

D = 4.031 × 104 exp(0.563 ε0) (20)

Substituting Eqs. (19) and (20) in Eq. (18) yielded a single
xpression representing the variation of De with temperature (T)
nd test piece initial porosity (ε0), which was valid for the tested
ange of operating conditions, of the following form:

e = 5.277 × 10−4 exp(15.34ε0)

exp

[
−4.031 × 104 exp(0.563 ε0)

RT

]
(21)

.2.5. Comparison between the experimental data and the
alues calculated from Eqs. (9) and (11): validity of the
quations obtained for reproducing the experimental results

With a view to verifying the validity of Eqs. (9) and (11),
btained from the proposed kinetic model using the procedure
escribed in Sections 4.2.1 and 4.2.2, the six studied operating
emperatures and the three initial porosities were successively
ntroduced into these equations, starting with the respective val-
es of t0 shown in Table 3 and switching from Eq. (9) to (11)
or the corresponding t02 and X02 values detailed in Table 4.
or each test temperature and initial porosity, the values of the

inetic parameters Kc, kSi, and De were used, calculated from
qs. (12) to (17), respectively, using the values L = 0.007 m,
S = 0.00125 m2, and c0

B equal to 2.775, 2.925 or 3.075 depend-
ng on the initial porosity of the test pieces used.

ig. 9. Fit of the experimental data with Eq. (9) (red line) and (11) (blue line).

ap = 1850 kg/m3 (ε0 = 0.304). T = 850, 900, and 950 ◦C.

E
t
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t

F
d

ig. 11. Fit of the experimental data with Eqs. (9) (red line) and (11) (blue line).

ap = 1950 kg/m3 (ε0 = 0.267). T = 850, 900, and 950 ◦C.

The X = f(t) curves obtained in the form mentioned, have been
lotted in Figs. 8–13 together with the corresponding experimen-
al values.

Eq. (9) fits the experimental data very well, at all test tem-
eratures and test piece initial porosities, for conversion degrees
elow 0.5 (first section of the red lines). As may be observed, the
pper limit of the range of conversion degrees in which Eq. (9)
an be applied increases when the operating temperature rises.
q. (9) fits the 925 and 950 ◦C experimental data in practically
he entire range of conversion degrees.
The curves corresponding to the best fits obtained with Eq.

11) (second section of the blue lines), also fit the experimen-
al data very well, in the highest range of conversion degrees.

ig. 12. Fit of the experimental data with Eqs. (9) (red line) and (11) (blue line).

ap = 2050 kg/m3 (ε0 = 0.229). T = 825, 875, and 925 ◦C.
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In order to obtain a representative rate equation of the overall
process, it is necessary to take into account the rate at which the
chemical reaction step of CaCO3 decomposition unfolds and
the rate of the two transport steps of the CO2 resulting from
ig. 13. Fit of the experimental data with Eqs. (9) (red line) and (11) (blue line).

ap = 2050 kg/m3 (ε0 = 0.229). T = 850, 900, and 950 ◦C.

he extent of this range decreases when operating temperature
ncreases.

. Conclusions

In this paper, the Shrinking Core kinetic model has been pro-
osed to interpret the experimental results obtained in studying
he thermal decomposition process, under isothermal conditions,
f calcium carbonate as calcite particles with an average radius
f 3.5 �m, uniformly distributed throughout the mass of test
isks formed with the same type of natural raw materials mix-
ure as that used in industrial practice to form the green bodies
f white-firing earthenware wall tiles.

Starting with this kinetic model and using a rate equation
roposed in a previous study for the CaCO3 chemical decom-
osition step, in isolated calcite particles of the same nature as
hose used in this study, a differential equation has been deduced
hat relates the conversion degree of the calcium carbonate con-
ained in the test pieces to the studied operating variables: time,
emperature, and effective diffusivity (intimately related to the
nitial porosity of the studied test pieces).

Using this expression and assuming that, at the highest con-
ersion degrees of the calcium carbonate contained in the studied
est pieces, the overall process rate is simultaneously influenced
y the chemical decomposition reaction step and by the diffusion
tep of the CO2 resulting from this reaction through the porous
tructure of the reacted ceramic layer and that, at low conver-
ion degrees, the overall process rate is only controlled by the
hemical reaction step, the experimental data have been satisfac-
orily correlated. The equation proposed for each reaction period
llows the experimental data, obtained under isothermal condi-
ions in the tested range of operating conditions, to be reproduced
ith sufficient precision.
The CO2 effective diffusion coefficients, obtained by fitting

he experimental data with the proposed equations, are practi-
ally of the same order as those obtained previously in the study
f carbon oxidation in black cores present in ceramic bodies of a

imilar nature to that of the bodies tested here, during the firing
rocess. An expression has been obtained that relates the CO2
ffective diffusion coefficients to the initial porosity of the test
ieces.
Ceramic Society 30 (2010) 1989–2001
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ppendix A.

.1. Application of the Shrinking Unreacted Core kinetic
odel to the studied process

Applying this kinetic model, it is assumed that CaCO3 (B)
ecomposition in the test pieces used, characterised as flat slabs
f infinite width and length and finite thickness, occurs from the
wo slab outer surfaces inwards. In addition, it is also assumed
hat the two reaction interfaces are also flat, the solid being
ssumed to behave isotropically in relation to the chemical reac-
ion, and that the CaCO3 decomposition rate is sufficiently high
o be able to assume that this reaction only occurs in two layers
flat in this case) of negligible thickness, located on either side
f the piece parallel to the middle plane (reaction interfaces).
herefore, the thickness of each of the two layers [inert solid

I) + CaO (P)] that form is assumed to be uniform and identical
n both sides of the piece (Fig. A.1).

It is also assumed that the CO2 released at the reaction inter-
aces moves through pores of the regions of the piece where
ecomposition has already occurred, filling them completely. At
emperatures above 897 ◦C, in the reaction interfaces, where car-
on dioxide pressure must be equal to the CaCO3 decomposition
ressure at reaction interface temperature (P0

CO2
), CO2 pressure

an become even higher than the total pressure at the solid–gas
nterface and in the gas phase. As a result, above this tempera-
ure, CO2 may move by a laminar flow mechanism through the
eacted layer of the piece, as well as by the diffusion mechanism.

.2. Overall rate equation
Fig. A.1. Test piece cross-section.
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his reaction, which occur simultaneously and consecutively:
a) movement of CO2, from the reaction interface, through the
inert solid + CaO] layer, to the solid–gas interface and (b) tur-
ulent transport of CO2 from that interface into the gas phase.
he inert solid mentioned is assumed to consist of the mate-

ials (other than calcite) initially used to form the ceramic
ody, which have lost some constituents during thermal treat-
ent.

.2.1. CaCO3 chemical reaction rate
It is assumed that the chemical reaction unfolds at the

wo reaction interfaces illustrated in Fig. A.1, as previously
escribed.

It was experimentally established that the rate at which the
alcium carbonate chemical decomposition step unfolds, in the
alcite particles contained in the raw materials mixture used to
orm the test pieces in this study, can be represented by Eq. (3).

Assuming that this equation could also be applied to the
ecomposition of the CaCO3, uniformly and homogenously
istributed throughout the mass of the test pieces, one obtains:

B = νB(1 − X)1/3Sik

(
1 − Cs

Qi

KC

)
(A.1)

here all the variables have already been defined.

.2.2. CO2 transport from the reaction interfaces to the
olid–gas interface in the test piece

With regard to CO2 movement through the inert solid layer
Fig. A.1), two possibilities are considered: (a) diffusion trans-
ort (at operating temperatures below 897 ◦C); and (b) transport
y laminar or viscous flow (at temperatures above 897 ◦C), in
ccordance with what has been set out in the last paragraph of
ection A.1. At temperatures above 897 ◦C, CO2 transport is

ikely to occur by both mechanisms, the latter predominating as
he temperature rises because the decomposition pressure (CO2
ressure at the reaction interface) increases considerably with
emperature.

In order to express the corresponding rate equation, in prin-
iple, only one half of the laminar test piece (from the middle
lane to the outer surface of the test piece) is considered, the
esulting expression then being applied to both halves.

For diffusion transport in a quasi-steady-state regime, taking
nto account that a slab of parallel faces is involved, the following
quation is obtained20:

(WS
Q)

dif

2
= SS

DY

Y
(cS

Qi − cS
QS) (kmol Q/ min) (A.2)

here (WS
Q)

dif
/2 is the molar flow of Q (through the [inert

olid + CaO] layer corresponding to the considered slab half),
S is the piece cross-section parallel to the two flat faces that
ound the slab; cS

Qi = PS
Qi/RT , where PS

Qi = P0
CO2

(calculated
t the reaction interface temperature); cS
QS is the concentration of

at the solid–gas interface, on the solid side, and DY is the inter-
rain diffusivity of CO2 through the reacted layer of thickness
(see Fig. A.1).

A

p

Ceramic Society 30 (2010) 1989–2001 1999

For transport by viscous flow, when the system temperature
s higher than 897 ◦C (P0

Q > 1 atm abs.), an equation can be

btained of the following form20:

(WS
Q)

vf

2
= cS

Qi − cS
QS

2μQY/SSkpRT (cS
Qi + cS

QS)
(kmol Q/ min) (A.3)

here (WS
Q)

vf
/2 is the molar flow of Q (through the CaO layer

orresponding to the considered slab half) solely due to the vis-
ous flow mechanism, μQ is the viscosity of Q (kg/m min), kp is
he permeability of the reacted layer of the test piece (m2), and

is the gas constant (R = 0.082 atm m3 kmol−1 K−1).
At T > 897 ◦C, CO2 viscous flow is probably accompanied

y CO2 diffusion transport, both phenomena developing in a
arallel manner. In this case, the total CO2 flow that moves
rom the reaction interface to the solid–gas interface, through
he [inert solid + CaO] layer corresponding to one of two slab
alves being considered (Fig. A.1), is equal to the sum of the
ow rates corresponding to transport by viscous flow and by

ntergrain diffusion. Eqs. (A.2) and (A.3) yield:

WS
Q

2
=

(WS
Q)

fv

2
+

(WS
Q)

dif

2

= cS
Qi − cS

QS

2Y/(SS[(kp/μQ)RT (cS
Qi + cS

QS) + 2DY ])
(A.4)

If one sets

kp

μQ

)
RT (cS

Qi + cS
QS) + 2DY = 2De (A.5)

n Eq. (A.4), this becomes:

WS
Q

2
= SS

De

Y
(cS

Qi − cS
QS) (kmol Q/ min) (A.6)

In accordance with Eq. (5), De (overall effective diffusivity
temming from the two mechanisms considered) must be larger
han the diffusion coefficient DY, which only corresponds to the
ntergrain diffusion mechanism, at working temperatures above
97 ◦C.

.2.3. Turbulent transport of CO2 from the solid–gas
nterface into the gas

If one half of the slab is considered, the corresponding flow
ate equation will be of the form:

WG
Q

2
= SSkG(cG

QS − cG
Q) (kmol Q/ min) (A.7)

here kG is the corresponding mass transfer coefficient of CO2
m/min).
.2.4. Overall rate equation
The relationship that exists between the reaction rate (decom-

osition) of calcium carbonate (B) and the CO2 (Q) formation
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ate is given by the expression:

RQ

νQ

= RB

νB

(A.8)

On the other hand, since all the CO2 that is released in the
ecomposition reaction needs to move to the outside of the parti-
le, in a quasi-steady-state regime, the following must be obeyed
or any value of t throughout the process:

Q = WS
Q = WG

Q (A.9)

Solving for RB, Eqs. (A.8) and (A.9) yield:

B = RQ

(
νB

νQ

)
= WS

Q

(
νB

νQ

)
= WG

Q

(
νB

νQ

)

Taking into account the values of the stoichiometric coeffi-
ients in reaction scheme (1) (−νB = νQ = 1), this gives:

RB = RQ = WS
Q = WG

Q (A.10)

f a quasi-steady state is assumed.
Eqs. (A.10), (A.1), (A.6) and (A.7) yield:

−RB = 1 − cS
Qi/KC

1/(kSi(1 − X)1/3)

= cS
Qi/KC − cS

QS/KC

Y/(2SSDeKC)
= cG

QS/KC − cG
Q/KC

1/(2SSkGKC)
(A.11)

Regrouping terms, applying the property of proportions to the
oregoing equation, and assuming that, in this case, cS

QS = cG
QS

Fig. A.1) is obeyed, gives:

RB = 1 − cG
Q/KC

1/(kSi(1 − X)1/3) + Y/(2SSDeKC) + 1/(2SSkGKC)
(A.12)

From Fig. A.1, it is deduced that: Y = (L − �)/2
On the other hand: X = (L − �)/L As a result:

= 2Y

L
or also Y = LX

2
(A.13)

Eqs. (A.12) and (A.13) give:

RB =
1 − cG

Q
/KC

(1/(kSi(1 − X)1/3)) + (LX/(4SSDeKC)) + (1/(2SSkGKC))
(A.14)

hich represents the overall process rate relating to component
(CaCO3).

.3. Correlation between the degree of transformation
rogress and reaction time

.3.1. Balance of B
In the flat laminar disk being considered, it is assumed that
aCO3 (B) is uniformly dispersed in an inert solid, in the form
f small-sized particles (below 3.5 �m). Therefore, ρB (molar
ensity of B) is expressed as the number of kmol of CaCO3 (B)
ontained in a cubic metre of test disk.
Ceramic Society 30 (2010) 1989–2001

Applying the law of conservation of matter to component B
ontained in a test disk, assuming the disk behaves as a discon-
inuous reaction system, and taking into account that a flat slab
s involved, one obtains:

B = dNB

dt
= N0

B

(
−dX

dt

)
= ρ0

BV 0
B

(
−dX

dt

)

= c0
BSSL

(
−dX

dt

)
(A.15)

here ρ0
B is the initial molar density of CaCO3 in the test piece,

aking into account that ρ0
B = c0

B.

.3.2. Correlation between the degree of reaction progress
nd t, under isothermal conditions

The differential equation that enables the degree of reaction
rogress to be related to t is obtained by setting the last member
f Eq. (A.15), with changed sign, equal to the second member
f Eq. (A.14). By operating, this gives:

dX

dt
= 1

Lc0
B

[
1 − cG

Q
/KC

(SS/(kSi(1 − X)1/3) + (LX/4DeKC) + (1/2kGKC)

]
(A.16)

When the process unfolds under conditions such that the CO2
urbulent transport step, from the solid–gas interface into the gas
hase in contact with the test disk, unfolds much more quickly
han the chemical reaction and CO2 diffusion steps through the
eacted layer, the third term of the denominator of the foregoing
quation, representing the resistance opposed by this step, can
e discarded, yielding:

dX

dt
= 1

Lc0
B

[
1 − cG

Q/KC

(SS/(kSi(1 − X)1/3)) + (LX/4DeKC)

]
(A.17)
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