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Abstract

This study aims to parameterize the effect of self-generated gas on the thermal decomposition
of inorganic solids in an inert gas atmosphere. The kinetics of reversible thermal decomposition
should be described as a function of the temperature and partial pressure of gaseous product in
the reaction atmosphere; however, the partial pressure of evolved gas at the specific reaction
site 1s difficult to measure because of the heterogeneous reaction nature. Extrapolation of the
universal kinetic relationship established over different temperatures and partial pressure of the
gaseous product in the reaction atmosphere to a reaction condition in an inert gas atmosphere
is proposed as a possible method for estimating the effect of self-generated gas on such
reactions in an inert gas atmosphere. This idea was practically demonstrated, as exemplified by
the thermal decomposition of ZnCO3 and CaCOs in a stream of dry N> and air. By setting the
effective partial pressure of CO2 (p(COz)) as a weighted sum of the atmospheric and self-
generated p(CO.), a universal kinetic description of these thermal decomposition reactions
across different temperatures and p(CO.) values including those in an inert gas atmosphere was
achieved, and the contribution of self-generated p(CO2) was parameterized. Furthermore, the
change in the contribution of self-generated p(CO.) as the reaction advanced was evaluated
using consecutive surface and phase boundary-controlled reaction models. The proposed
kinetic analysis approach addresses many issues in the conventional kinetic analysis approach
and provides detailed kinetic insight into the reversible thermal decomposition of solids.

1. Introduction

The reversible thermal decomposition of inorganic solids has been used for various industrial
and technological applications and has significantly contributed to promoting civilization in
history. These old reaction systems have been attracting significant attention for solving today’s
global issues related to energy supply and environmental protection.'"!® For example, such
reversible systems, comprising the endothermic thermal decomposition and exothermic solid—
gas reactions, are promising for developing environmentally friendly technology of
thermochemical energy storage. Solid—gas reactions can be used to absorb unwanted gaseous
species to protect the environment, whereas thermal decomposition reproduces the solid
absorbent.'” Furthermore, the reversible exothermic and endothermic processes construct an
energy storage scheme. A reversible reaction system can also be useful for the storage and
release of fuel such as hydrogen.%!? Therefore, a detailed kinetic understanding of both reaction



processes is essential to realize the future technologies of energy storage and environmental
protection. Such reversible reaction systems include the thermal decomposition of metal
carbonate and the reaction between metal oxide and COz, as typically seen for the thermal
decomposition of CaCOs and the reaction between CaO and COz2 (Ca-looping system).!”> 11-17
The kinetics of both forward and reverse processes have been extensively studied for practical
applications. 18-26 In particular, kinetic study on the thermal decomposition of CaCO3 has a long
history and is one of the most extensively studied systems in this class of reaction.?’** The
reaction is characterized by heterogenous constraints and the significant effect of atmospheric
COz. Thus, the kinetics varies with temperature (7), partial pressure of CO2 (p(CO2)) with
reference to the equilibrium CO2 pressure of the reaction (Peq(7)), and the advancement of the
reaction characterized by the degree of reaction (). Therefore, the basic kinetic equation can

be expressed as follows: 3033 41-47
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where A, Ea, and R denote the Arrhenius preexponential factor, apparent activation energy, and
gas constant, respectively. The function, f{a), denotes the kinetic model function for describing
the changes in the reaction rate as the reaction advances under isothermal conditions. In
addition, h(p(COz2), Peq(T)) denotes the accommodation function (AF) for describing the
change in the reaction rate by p(CO2) and P eq(7) values. Various functional forms of AF have
been proposed to satisfy the universal kinetic description of the subjected thermal
decomposition process.*’*® Recently, an analytical form of AF has been proposed for
universally describing the reversible thermal decomposition of solids and has been

tested with various reaction systems. *%- 4>

=)

where the exponents (a, b) are variables and optimized through kinetic calculations to enable a
universal kinetic description under various temperature and p(CO2) conditions. The AF in eq.
(2) has been derived based on the theoretical consideration of the elementary steps of surface
and interface reactions by selecting one possible rate-determining step with a steady-state
approximation for the other elementary steps.*®: 4% 51335 When (a, b) = (0, 1), eq. (2) becomes
identical to the traditional and most widely used AF, i.e. i(p(CO2), Peq(T))=1-p(CO2)/Peq(T).>*
33.41-45 In addition, most of the previously proposed AF can be expressed using eq. (2) with
individual specific values of (a, b). The formulation of eq. (2) is outlined in the Supporting
Information (section S1, Table S1). We have previously demonstrated that the thermal
decomposition of CaCO3 under various temperature and atmospheric p(COz2) conditions can be
universally described using eqs. (1) and (2).** °->" For a more detailed kinetic description, the
effect of self-generated CO2 by the reaction should be considered in the kinetic equation. When
the contributions of atmospheric CO2 and self-generated COz2 to the decomposition kinetics
were empirically expressed as a linear combination, the universal kinetic relationships
established based on eqgs. (1) and (2) were significantly improved, providing the contributions
of respective CO2 sources and their changes as the reaction advanced.*’

h(p(C02).Pe(T)) = [p(cloﬂ)a




Further concern on the kinetics of the reversible thermal decomposition of solids is the effect
of self-generated gas on the reaction in an inert gas atmosphere. In many previous studies on
the reversible thermal decomposition of solids, significant efforts have been made to diminish
the effects of selfgenerated gas on the kinetics by reducing the sample mass (mo) and heating
rate (f3), as well as increasing the flow rate (gv) of inert gas to purge the evolved gas from the
reaction system. If successful, the kinetic equation can be simplified to a basic kinetic equation
for a single-step reaction by ignoring AF in eq. (1).%%-¢?

do — 2 Ea
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However, the simplified kinetic approach based on eq. (3) occasionally generates issues in
interpreting the kinetics based on physical chemistry. These issues include the variation of the
Arrhenius parameters with experimental conditions such as mo, /3, and gv of inert gas.%****In the
case of the thermal decomposition of CaCOs3, the ideal kinetic relationship of eq. (3) is easily
broken by a small change in the sample mass, even in a low-pressure atmosphere and at a slow
rate of gaseous evolution.*® For the reversible thermal decomposition of solids, the experimental
settings for reducing p(COz) in the reaction system, i.e., smaller mo, slower f, larger gv of inert
gas, and lower atmospheric pressure, generally reduce the reaction temperature. The lowering
of the reaction temperature is always accompanied by a decrease in the evolution rate of CO2
and Peq(T) value. Therefore, the ratio of self-generated p(CO2) (p(COz2)sc) and Peq(T) exhibits
a limited change by any attempt to reduce p(CO2) in the reaction system. In this study, we
propose considering the effect of self-generated CO2 on the thermal decomposition of metal
carbonates in an atmosphere with a negligible CO2 concentration as an alternative kinetic
approach to well-studied reversible thermal decomposition processes. For this purpose, the
thermal decomposition of two metal carbonates, i.e., ZnCO3 and CaCO3, were selected as model
processes, because the effect of atmospheric CO2 has been well described using eqgs. (1) and

(2), where a more significant effect of CO2 has been observed for CaCQ3.4% >3
ZnCO3(s)=Zn0(s) + COz(g)
(4)
(AHg25 = 66.7 KJ)
CaCO5(s)=Ca0(s) + CO,(g)
(3)

(AHago = 171.4 K])

Initially, the results of the conventional kinetic approach based on eq. (3) are demonstrated for
both reactions in a stream of dry N2 gas and air to overview the effect of self-generated COo.
Then, with reference to the previously established universal kinetic description under various
temperatures and atmospheric p(COz2) (p(CO2)at™) conditions for individual reactions, the
effect of self-generated COz2 on the reactions in a stream of dry N2 or air is parameterized using
egs. (1) and (2) with an empirical expression of the effective p(CO2) as a weighted sum of the
atmospheric p(CO2)at™ and self-generated p(COz2)sc. The kinetic approach is further extended
to the physico-geometrical kinetic description for the consecutive surface reaction (SR) and



subsequent phase boundary-controlled reaction (PBR),%-% through which the changes in the
effect of self-generated CO2 as the physico-geometrical reaction step advanced from surface
reaction to phase boundary-controlled reaction are evaluated.

2. Experimental

2.1 Sample description

ZnCO3 was prepared in our laboratory by hydrothermal treatment of precipitated hydrozincite
in a NaHCO3 solution. The preparation and characterization have been described in detail in
our previous article. °> CaCOj3 was purchased from Fujifilm-Wako Pure Chem. Co. (> 99.9%),
which was also used in our previous study that focused on the kinetics of thermal decomposition
at various atmospheric p(CO2) values* and the effect of atmospheric water vapor on the
kinetics.* Characterizations for the ZnCOs; and CaCO3 samples used in this study are
summarized in section S2 in Supporting Information (Figure S1).

2.2 Influences of measurement conditions on the thermoanalytical curves

The thermal decomposition of ZnCO3 and CaCOs3 was traced using a thermogravimetry (TG)—
differential thermal analysis (DTA) system (TG-8121, Thermoplus Evo2 system, Rigaku)
equipped with a CO2 concentration meter (LX-720 (0-5000 ppm), IIJTIMA) for detecting CO2
evolution. The sampling was performed in a Pt pan (diameter: 5 mm; depth: 2.5 mm) with
varying m0 in the range of 0.5-10 mg. TG—derivative TG (DTG)-DTA curves and the CO2
concentration (c¢(CQOy)) in the outlet gas from the instrument (evolved gas analysis (EGA)) were
simultaneously recorded by linearly heating the sample at a # of 5 K min! in a stream of dry
N2 gas (p(H20) < 0.2 kPa) at a gv of 300 cm® min™'. The scanning temperature ranges for the
TG-DTG-DTA-EGA(c(CO2)) measurements for the ZnCO3 and CaCOs3 samples were 300 K-
873 K and 573 K-1173 K, respectively. Under the same heating conditions (8 =5 K min™), the
TG-DTG-EGA(c(COy)) curves for ZnCOs of 3.0 mg or CaCOs of 2.5 mg were also recorded
by varying the ¢y value in the range of 50—-500 cm® min™'.

2.3 Measurements of kinetic data

TG-DTG-EGA(c(CO2)) curves for the thermal decomposition of ZnCO3 of 3.0 mg or CaCOs
of 2.5 mg were recorded under different heating conditions of isothermal, linear nonisothermal,
and controlled transformation thermal analysis (CRTA) %% modes in a stream of dry N>
(p(H20) < 0.2 kPa) or air (p(H20) < 0.2 kPa) at a gv of 300 cm® min'!. For the measurements
in an isothermal heating mode, the sample was initially heated to a programmed temperature at
a B of 10 K min"! and maintained at that temperature until the thermal decomposition process
is completed. A series of TG-DTG-EGA(c(CO.)) curves were systematically recorded by
varying the programmed constant temperature: 534 < 7/K < 578 and 553 < 7/K < 590 for the
thermal decomposition of ZnCOs in a stream of dry N> and air, respectively; 805 < 7/K < 833
and 845 < T/K < 872 for the thermal decomposition of CaCOs3 in a stream of dry N> and air,
respectively. The TG-DTG-EGA(c(COy)) curves for these thermal decomposition processes
under linear nonisothermal conditions were systematically recorded at different f values (0.5 <
A/ K min™! < 10): scanning temperature ranges for the thermal decomposition of ZnCO? in a
stream of dry N> and air were 423 K—823 K and 473 K-873 K, respectively; those for the
thermal decomposition of CaCOs in both a stream of dry N> and air were 573 K—1173 K. In the
measurements under CRTA modes, the sample was linearly heated at a f of 2 K min’!, whereas,
during the thermal decomposition process, the mass loss rate was regulated to be different
constant values (C) in the ranges of 3—18 pg min! and 2.5-15 pg min! for the ZnCOs and



CaCOs3 samples, respectively. The TG-DTA instrument was calibrated prior to the sample
measurements regarding the measured temperature and mass change value using standard
methods.®’ The sample temperature was calibrated using the DTA signal for the melting of Ga,
In, Sn, Pb, Zn, Al, and Ag (purity > 99.99%, Nilaco) at a f of 5 K min! in a stream of dry N»
(gv = 300 cm® min''), whereas the mass change value was calibrated using a standard weight
of 2.00 mg and further validated using mass loss curves for the thermal decomposition of
CaC204-H>0 (mo = 5.0 mg, > 99.9985%, Alfa Aesar) recorded by heating linearly at a f of 5 K
min! in a stream of dry N> (gv = 300 cm® min™'). The CO, meter was also calibrated using
standard gas of N2 (> 99.999%) and N>—CO:, mixed gas (c(CO2): 4000 ppm).

3. Results and Discussion

3.1 Influence of experimental factors

Figure S2 depicts the TG-DTG-EGA(c(CO»)) curves for the thermal decomposition of ZnCO3
and CaCOs with different mo values recorded under linear nonisothermal conditions at a fixed
B of 5 K min™! in a stream of dry N» gas at a fixed gv of 300 cm® min™'. The thermoanalytical
(TA) curves for both samples shifted systematically to higher temperatures as the mo value
increased, indicating that the TA curves were reflected by the reaction behavior of the sample
assemblage rather than each sample particle. For the thermal decomposition of ZnCOs (Figure
S2(a)), the reaction initiation temperature detected by TG and DTG curves was practically
invariant irrespective of mo, and the shift of the TG and DTG curves to higher temperatures
became more significant as the reaction advanced. An increase in the thickness of the sample
bed can be one of the causes of the temperature shift when the reaction is constrained
geometrically, characterized by the initiation at the top surface of the sample bed and the
advancement of the reaction interface toward the bottom.%* 77! The EGA(c(CO,)) of the outlet
gas from the reaction chamber exhibited a smooth peak during the reaction, and the peak height
increased systematically as myo value increased. Note that the measured c(COz) value is
associated with the evolution rate of CO., although the actual ¢(CO2) value in the sample pan
has been diluted by the dry N> gas flowing at a fixed gv. No matter, it is expected that the
p(CO») value in the sample matrix and pan is larger during the reaction of the sample with a
larger mo value. The effect of self-generated CO- on the kinetics of the reaction is also a possible
cause of the shift of TA curves to higher temperatures as the m0 value increased. In the case of
the thermal decomposition of CaCOs (Figure S2(b)), the shift of TA curves with increasing m0
was more obvious than that of ZnCOs. The shift of the reaction initiation temperature to higher
temperatures with increasing m0 value was specifically observed for the thermal decomposition
of CaCOs. Because the phenomenon cannot be explained by the geometrical constraints owing
to the sample bed, the effect of self-generated CO> on the SR in the early stage of the reaction
may be one of the possible causes of the initiation temperature shift. Figure S3 shows the
variations of TG-DTG-EGA(c(CO»)) curves by the effect of the gv of dry N> gas. The CO
concentration in the outlet gas during the thermal decomposition process increased as the gv
value decreased in both reactions because the evolved CO; is diluted by the flowing dry N> gas.
This implies that decreasing the gv value increases the CO2 concentration retained in the sample
pan. For the thermal decomposition of ZnCOs (Figure S3(a)), the shift of the TA curves with
gv did not occur systematically. This can be interpreted as the cooling effect of the reaction
system increasing with increasing gv value, in addition to the retardation effect of CO,.
Conversely, the TA curves for the thermal decomposition of CaCOs shifted systematically to
higher temperatures as the gy value decreased (Figure S3(b)). Therefore, it was expected that
the retardation effect caused by the retained COz in the sample pan was more significant for the



thermal decomposition of CaCO3. Figure 1 compares the TG-DTG-EGA(c(CO.)) curves
recorded in a stream of dry N> and air (gv = 300 cm® min™!) for individual reactions. For the
thermal decomposition of ZnCOs (Figure 1(a)), a slight retardation of the reaction initiation
temperature in air was detected. However, the TG and DTG curves for the subsequent reaction
were practically invariant between the dry N> and air atmospheres. A more significant
retardation in the entire reaction process, including the reaction initiation temperature, was
observed for the thermal decomposition of CaCOs in air as a shift of the reaction temperature
to higher temperatures (Figure 1(b)). Thus, the thermal decomposition of CaCOs is sensitive to
a slight increase in ¢(COy), i.e., ca. 500 ppm. Under the conditions of a larger mo, smaller gv,
and larger S, the increase in ¢(CO>) retained in the sample pan during the majority of the
reaction in a stream of dry N gas is expected to exceed the difference in ¢(CO3) in dry N> and
air, indicating that the thermal decomposition of CaCOs in a stream of dry N> gas is influenced
by the self-generated COa.
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Figure 1. Comparison of TG-DTG-EGA (c(CO2)) curves recorded at a f of 5 K min-1in a
stream of dry N2 and air (gv= 300 cm3 min-1) for individual reactions of (a) ZnCO3 (mo=~2.93
mg) and (b) CaCOs3 (m0~2.50 mg).

Based on the preliminary TG-DTG-EGA (c(CO2)) measurements under different measurement
conditions (Figures 1, S2, and S3), the mo values of 3.0 and 2.5 mg were selected for the thermal
decomposition of ZnCO3 and CaCOs3, respectively, to record the kinetic curves of the individual
thermal decomposition processes. The gv value was fixed as 300 cm® min' under both
conditions of a stream of dry N2 and air. Notably, these measurement conditions were selected
as the best to reduce the effect of self-generated CO2 on the thermal decomposition processes



by minimizing the thickness of sample bed and maximizing the purge efficiency of the evolved
CO2 during the reactions, while maintaining the stability and reproducibility of the measured
thermoanalytical curves. Figure 2 shows the TG-DTG- EGA(c(CO2)) curves under isothermal
and linear nonisothermal conditions and TG—temperature profile— EGA(c(CO2)) curves under
CRTA conditions for the thermal decomposition of ZnCO3 in a stream of dry N2 and air. The
same for CaCOs is shown in Figure 3. In both reactions, irrespective of the atmospheric
condition, the TA curves systematically shifted with changes in the heating parameters (7, £,
and C) in the respective heating modes. Notably, the EGA(c(CO2)) signal is proportional to the
corresponding DTG signal and systematically increased with increasing 7, £, and C. In the
general kinetic approach to the thermal decomposition of solids based on the basic kinetic
equation (eq. (3)) without considering the effect of self-generated gas, it is recommended to use
a series of TA curves recorded at different heating parameters in the kinetic calculation to obtain
reliable results.®* However, in a strict sense, this approach is successful only when the effect of
the self-generated reaction environment caused by the evolved gas and the enthalpy change of
the reaction, as well as changes in the self-generated reaction environment with the heating
parameters, are negligible. Comparing the TA curves recorded in a stream of dry N2 and air, the
larger retardation effect of COz in air (approximately 500 ppm) was observed for the thermal
decomposition of CaCOs3 in all heating program modes. Notably, no evidence of the induction
period was observed in both reactions under isothermal conditions even though the thermal
decomposition of CaCOs3 exhibited an obvious induction period at higher atmospheric p(CO2)
values. 40 For each TG-DTG curve, a and its time derivative (da/df) were calculated with
reference to the total mass loss values observed in each TG curve.
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Figure 2. TG-DTG-EGA(c(CO2)) or TG-temperature profile—-EGA(c(COz2)) curves for
thermal decomposition of ZnCOs3 in a stream of dry N2 gas ((a)—(c)) or air ((d)—(f)) (gv= 300
cm3 min-1) under different heating modes: (a) isothermal (mo = 3.01 + 0.10 mg), (b)
nonisothermal (mo= 3.04 £ 0.09 mg), (c) CRTA (mo= 3.01 + 0.03 mg), (d) isothermal (n0=
2.94 + 0.06 mg), (e) nonisothermal (0= 2.98 £ 0.08 mg), and (f) CRTA (m0=2.99 + 0.02 mg).
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Figure 3. TG-DTG-EGA(c(CO2)) or TG-temperature profile—-EGA(c(COz2)) curves for
thermal decomposition of CaCOs3 in a stream of dry N2 gas ((a)—(c)) or air ((d)—(f)) (gv= 300
cm3 min-1) under different heating modes: (a) (mo=2.52 + 0.02 mg), (b) (mo=2.56 £ 0.09 mg),
(c) (mo=2.50 £ 0.05 mg), (d) (mo=2.50 £ 0.03 mg), (e) (mo=2.48 £ 0.06 mg), and (f) (mo=
2.52 £0.02 mg).

3.2 Formal kinetic analysis

The basic kinetic equation for the single-step reaction (eq. (3)) was primarily assumed to
analyze the series of kinetic curves composed of data points (time (¢), temperature (1), a, da/dr):
59.61-62.72 The Jogarithmic form of the kinetic equation is expressed as follows

da Ea

111(5) =In[Af(a)] — 77 (6)

Based on eq. (6), the kinetic relationships can be described in the three-dimensional (3D)
coordinate of (T4, a, In (da/dr).”® The kinetic data obtained by the systematic TG
measurements (Figures 2 and 3) covered a curved surface in the 3D kinetic coordinate in both
the thermal decomposition processes of ZnCO3 and CaCOs3 under each atmospheric condition
(Figures S4 and S5). The formal kinetics was characterized in a stepwise manner by analyzing
the isoconversional relationship that appeared on the plane perpendicular to the o axis in the
3D coordinate and then the isothermal relationship that appeared on the plane perpendicular to
the T-1 axis. Figures 4 and 5 show the results of formal kinetic analysis for the thermal
decomposition of ZnCO3 and CaCOs3, respectively. The isoconversional relationship was
examined using the Friedman plot of In (da/df) versus 7-1 at various selected o values73 (Figures
S6 and S7). For the thermal decomposition of ZnCOs3, the data points at a selected a value
formed the respective straight lines for the reactions in a stream of dry N2 and air (Figures 4(a)



and S6), with detectable deviation of the data points from the straight line for the reactions
under isothermal conditions in a stream of air. This caused a slightly larger slope of the entire
Friedman plot for the reaction in a stream of air. In the thermal decomposition of CaCOs3, the
Friedman plots at a selected a exhibited significantly different slopes for the reactions in a
stream of dry N2 and air (Figure 5(a)), with a larger slope observed for the reaction in a stream
of air. Irrespective of a, an ideal linear correlation was observed for the reaction in a stream of
dry N2; meanwhile, in a stream of air, a curved plot with a convex shape was detected (Figures
5(a) and S7). In both reactions, irrespective of the atmospheric condition, the Ea values
calculated from the slope of the Friedman plots were approximately constant during the
reactions (Figures 4(b) and 5(b)). For the thermal decomposition of ZnCO3, slightly larger Ea
values were obtained for the reaction in a stream of air (Figure 4(b)). The same trend of the
difference in the FEa values in a stream of dry N2 and air was observed for the thermal
decomposition of CaCOs3 (Figure 5(b)); however, the difference in the Ea values was
significantly larger than that for the thermal decomposition of ZnCO3. The average FEa values
for each reaction under individual atmospheric conditions are listed in Table 1. Notably, the
apparent kinetic parameters determined for the individual reactions in a stream of dry N2 are
practically identical with those obtained in our previous studies.* >3
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values; (c) experimental master plots of (da/df) versus a and the fit curves using SB(m, n, p)
(0.01 £a<0.99) and R(n) (0.40 <a <0.95) models.
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Figure 5. Formal kinetic analysis for the mass loss process of the thermal decomposition of
CaCOs1in a stream of N2 and air: (a) Friedman plots at a = 0.50; (b) Ea values at different a

values; (c) experimental master plots of (da/df) versus a and the fit curves using SB(m, n, p)
(0.01 £a<0.99) and R(n) (0.30 < a <0.95) models.

Based on the analysis of the isoconversional kinetic relationship, the isothermal kinetic
relationship was examined by drawing experimental master plots at an infinite temperature. The
rate behavior extrapolated to an infinite temperature can be simulated by calculating the
reaction rate (da/d6) at the infinite temperature and different a values: "+7°



e _(4) e 2) - a1

L Ea
with a8= fexp( - ﬁ]dt,

0

(7)

where @ represents Ozawa’s generalized time denoting the hypothetical reaction time at an
infinite temperature. %-%! In practice, da/d@ values at different o values were calculated using
the average Eavalue in the a range of 0.1-0.9 for each reaction and under different atmospheric
conditions. For the thermal decomposition of ZnCOs3, the experimental master plots of do/df
versus a for the reactions in a stream of dry N2 and air had comparable shapes (Figure 4(c)),
even though slightly larger da/d6 values were obtained in a stream of air. Each master plot was
fitted using an empirical f{ar) known as the Sestdk-Berggren model (SB(m, n, p)). 5%

SB(m,n,p):f(a) = a™(1 — a)"[ =In(1 — a)]” (®)

Because of the superior flexibility of SB(m, n, p) to fit various types of isothermal rate behavior,
both experimental master plots under different atmospheric conditions were perfectly fitted by
optimizing the kinetic exponents (m, n, p) and A values (Figure 4(c) and Table 1). Although
the kinetic exponents optimized for the thermal decomposition of ZnCO3in a stream of dry N2
and air were practically comparable, the larger A value was obtained in a stream of air.
Considering the reaction geometry of the thermal decomposition of solids, a contracting
geometry model can be applied to the deceleration stage of the reaction. Thus, the deceleration
part of the experimental master plots was also fitted using a phase boundary-controlled model
(R(n)).%

R(n):f(a) =n(1—a)t=1/" (9)

The deceleration part of the experimental master plots (0.40 < a <0.95) in a stream of dry N2
and air was best fitted with n =1.75 and 2.09, respectively, indicating two-dimensional interface
shrinkage controlled by the chemical reaction. For the thermal decomposition of CaCO3, the
shapes of the experimental master plots in a stream of dry N2 and air significantly differed
(Figure 5(c)). The da/d@ values for the reaction in a stream of air were larger by four-order than
those in a stream of dry N2. The individual experimental master plots were perfectly fitted by
SB(m, n, p), but the optimized kinetic exponents differed significantly between the reactions in
a stream of dry N2 and air (Table 1). Meanwhile, fittings of the deceleration part of the
experimental master plots (0.30 < a < 0.95) using the R(n) model provided n =1.42 and 1.67
for the reactions in a stream of dry N2 and air.



Table 1. Results of formal kinetic analysis for the thermal decompesition of ZnCO; and CaCO; in a stream of dry N- and air

(da/dg) = Af (a)

Sample Atmeosphere E,/ k] mol-*
Ran Alfs™t m bl P R*>*
ZnCO; N, 107.2+09 SB(m. n.pr® (1.38+0.02)x 10° =257+0.15 1.54+0.06 275015 0.9963
Rin)e® (8.192007)x 106 ——-- 1.75+£003 - 0.9777
Air 1142+ 18 SB(m, n. py® (6.15+0.11)x 10° =228 +0.15 154+006 251+014 0.9978
Rin)® (289x004) x 1080 —— 209+005 - 09818
CaCO; N 1834+06 SBim. n. pr® (390+0.05)x 107 063 +£0.10 0.16 £0.04 =0352+0.10 0.9943
R )¢ (23300 x 107 —— 142+001  —-- 09994
Air 259769 SBim. n pr® (1.09x002)x 10 172015 -0.03 £ 0.06 -149+0.14 09931
Rin)d (448 x001) x 101L 167001 —- 0.9992

* Averaged range: 0.10 = <= 0.90

® Fitted range: 0.01 = a=0.99.

¢ Fitted range: 040 = g=0.95.

4 Fitted range: 0.30 = @< 0.95.

¢ Determination coefficient of the nonlinear least-squares analysis.



3.3 Effect of self-generated CO2 on the overall kinetics

The results of the conventional kinetic analysis for the thermal decomposition processes of
ZnCOs3 and CaCOs indicated the detectable effects of atmospheric CO2 even in a stream of air
with a limited p(CO2). Thus, the kinetic equation in eq. (1) considering the effect of p(CO2)atT™
in the AF (eq. (2)) should be used to describe the thermal decomposition in a stream of air.*":
49-51.53. 55 With an extended definition of (a, b) as independent variables, eq. (2) can be used as
an analytical function to estimate the physico-chemical feature of the effect of p(CO2) using the
optimized exponents (a, b). Furthermore, the contribution of the self-generated COz2 should be
considered to reveal the effect of p(CO2) on the kinetics of the thermal decomposition even in
a stream of dry N2 gas, as expected from the changes in the COz2 concentration in the outflow
gas during the thermal decomposition of ZnCO3 and CaCO3 (Figures 2, 3, S2, and S3). The CO2
partial pressure attributed to the self-generated COz2, i.e., p(CO2)sG, can be a certain value
proportional to the evolution rate of CO2. Thus, the p(CO2) value in eq. (2) is expressed using
a weighted sum of p(CO2)sc and a portion of the atmospheric p(CO2)atm.*

da
p(C0z) = p(CO2)s + d - p(CO2) ypy = (EJ +d - p(CO2) ymy (10)

where ¢ represents the proportional constant in the relationship of p(CO2)sc versus (da/df), and
d represents the contribution of p(CO2)atm. Notably, the parameters (c, d) are the empirical
values that change depending on the mo and gv of atmospheric gas. By introducing the AF (eq.
(2)) with p(CO2) in eq. (10), eq. (1) universally describes the kinetics of the thermal
decomposition over different p(COz2) values considering both p(CO2)sG and p(CO2)at™. The
isoconversional kinetic relationship for the thermal decomposition under different p(CO2)
conditions is expressed using the logarithmic form of eq. (1):#*49-1:33.55

[«

h[P [C Gi]ipeq(T}}

(11)

In

Ea
= n[Af (@)] - 7

Ideally, at a selected a value, all data points should be on a single straight line when plotting
the lefthand side of eq. (11) versus the reciprocal temperature (i.e., the extended Friedman plot).
To achieve an ideal single linear plot, the parameters in h(p(CO2), Peq(T)), i.e., (a, b, c, d),
should be optimized during the extended Friedman plot at individual a values.

In our previous studies on the kinetics of the thermal decomposition of ZnCOs3 and CaCO3 at
various atmospheric p(COz2) values, **>* the exponents (a, b) in eq. (2) were determined without
considering the contributions of p(CO2)sG (Table S2). The previously reported exponents (a, b)
were used as the initial values for the extended Friedman plots considering the contributions of
p(CO2)sGin addition to p(CO2)at™m. Figures 6 and 7 show the results of the extended Friedman
plots considering both p(CO2)sG and p(CO2)atm for the thermal decompositions of ZnCO3 and
CaCOg, respectively. Irrespective of the a value, the extended Friedman plots exhibited a single
straight line that include all data points recorded in a stream of dry N2 and air (Figures 6(a) and
7(a)) by optimizing the parameters (a, b, ¢, d). The optimized exponents at different o values
exhibited approximately constant values during the respective reactions (Figures 6(b) and 7(b)).
The Ea values calculated from the extended Friedman plots were also constant during the



majority of the reactions (0.10 < a <0.90 and 0.20 < a < 0.80 for the thermal decomposition of
ZnCOs3and CaCO:s, respectively) (Figures 6(c) and 7(c)). Averaged values of the parameters (a,
b, ¢, d) in the AF and Eavalues are listed in Table 2. Ea values were recalculated using the
average parameters (a, b, ¢, d) in Table 2 for the extended Friedman plots at different a values,
which improved the constancy of FEa values at different o values. The average Ea values
recalculated using the average (a, b, ¢, d) values were 227.0 + 0.8 kJ mol™ (0.10 < a < 0.90)
and 1145 + 6 kJ mol™! (0.20 < & < 0.80) for the thermal decomposition of ZnCO3 and CaCOs3,
respectively (Figures 6(c) and 7(c)). Notably, the Ea values determined by considering the
effects of p(CO2)sG and p(CO2)at™ for the individual reactions in a stream of dry N2 and air

closely correspond to those determined for the reactions at greater p(COz2)atm values in our
previous studies.*" >
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Figure 6. Results of the extended Friedman and master plot analyses for the thermal
decomposition of ZnCOs3 in a stream of dry N2 and air considering the effect of self-generated
and atmospheric CO2: (a) extended Friedman plots at different o values; (b) optimized
parameters (a, b, ¢, d) in AF (egs. (2) and (10)) at different o values; (c) Ea values at different
a values; (d) extended experimental master plot of (da/d@)/h(p(COz2), Peq(T)) versus a.
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Figure 7. Results of the extended Friedman and master plot analyses for the thermal
decomposition of CaCOs in a stream of dry N2 and air considering the effect of self-generated
and atmospheric COz2: (a) extended Friedman plots at different a values; (b) optimized
parameters (a, b, ¢, d) in AF (egs. (2) and (10)) at different a values; (c) Ea values at different
o. values; (d) extended experimental master plot of (da/d@)/h(p(CO2), Peq(T)) versus a.
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In the extended Friedman plot based on eq. (11) examined using the analytical form of AF (eq.
(2)), the contribution of (p(CO2)/Peq(T))» was limited compared with (1/p(COz2))a in both
ZnCOs3and CaCOs. Therefore, the optimized exponent b can have an arbitrary value. Although
the exponents (a, b) were set to be independent for analytical purposes in examining the
extended Friedman plots presented in Figures 6 and 7, identical values of @ and b have been
theoretically justified while deriving the AF based on the multistep chemical process of
interfacial reaction,*® *>-° The identical values of @ and b in the AF is derived for the interfacial
process controlled by an elementary step of the consumption of interstitial CO2 defects and
formation of the solid product building unit, where a (= b) value denotes the coefficient of the
defect in the chemical equation of the elementary step. Reexamination of the extended
Friedman plots with the restriction of a = b provided comparable results with the previous
examination by assuming independent a and b values, as depicted in Figures S8 and S9 for the
thermal decomposition of ZnCOs3 and CaCOs, respectively. Only the b value changed to be
identical to the previously determined a value by assuming independent a and b values in both
reactions, whereas the exponent a and the apparent Ea values were practically unchanged, as
listed in Table 2. Under this calculation condition, the extended Friedman plot simultaneously
examines the temperature dependences of (da/df) based on the Arrhenius relationship (eq. (3))
and that of a-th (= b-th)-powered Peq(T) based on the van’t Hoff plot:
ah H® alAS®

ﬂ]nPEq{T] = = ? + R

(12)

where ArH° and ArS° denote the standard enthalpy and entropy of the reaction, respectively.
Subtracting eq. (12) from eq. (11) with the AF (eq. (2), a = b), we obtain the following equation:

ln[(dml p(co,)*

at)p (1" - p(co,)*

E, — alAH® ad,s®
] (13)

=-— T_I_ ln[ﬂf{ajexp( -~

When p(CO2)*/(Peq(T)" - p(CO2)*) can be approximated to be a constant value, the intrinsic Ea
value (Eaint) based on the Arrhenius relationship is expressed as follows. 4032 86-89

Eiint = E3 — alAH® (14)

Based on eq. (14), the Eaint values are roughly estimated to be 152 and 259 kJ mol™ for the
thermal decomposition of ZnCO3 and CaCOs, respectively, using the experimentally
determined exponent a and apparent Ea values listed in Table 2 and the ArH° value calculated
using thermodynamic software (MALT2, Kagaku Gijutsu-Sha®**!): AtHs25 k = 66.7 kJ mol’!
for ZnCO3 and ArH°900k = 171.4 kJ mol™! for CaCOs. These Ea. int values are significantly larger
than those determined without considering the effect of self-generated COz2 for the reactions in
a stream of dry N2 gas for both reactions of ZnCO3 and CaCOs3 (Table 1), but are expected to be
invariant for the reactions at different temperatures and p(COz2) values.

By introducing the AF into eq. (7), the experimental master plot universally describing the
isothermal kinetic relationship under different temperature and p(CO2) conditions can be
formulated according to eq. (15). 40-3357



(%) (&)=l
h(p(C02).Peg(T)) ~ h(p(CO2),Peg(T)

The values of the left-hand side of eq. (15) were calculated using the AF of eqgs. (2) and (10)
with average values of (a, b, ¢, d) (Table 2) and Ea at different a values. For both reactions, the
extended experimental master plots of (da/d@)/h(p(CO2), Peq(T)) versus o exhibited a
maximum reaction rate midway through the reaction (at & = 0.39 and 0.21 for the thermal
decomposition of ZnCO3 and CaCOs3, respectively; Figures 6(d) and 7(d)). The shapes of the
extended experimental master plots are significantly different from the conventional
experimental master plots drawn without considering the effect of p(CO2) (Figures 4(c) and
5(c)), with the acceleration and deceleration stages being more distinguished. Notably,
practically the same rate behavior was estimated from the examination of the experimental
master plot by assuming a = b in the AF (eq. (2)), as depicted in Figures S8(d) and S9(d) for
the reactions of ZnCO3 and CaCO3, respectively. Such rate behavior observed for the thermal
decomposition of inorganic solids constrained by the contracting geometry reaction scheme can
be described by the physico-geometrical consecutive process comprising the SR and PBR as
formulated by the Mampel-type models.% %23

(15)

) =Af(a)

3.4 Effect of self-generated CO2 on physico-geometrical consecutive reaction steps

The kinetic analysis based on the SR-PBR model originated from Mampel’s model.”
Ogasawara and Koga derived the differential kinetic equations under isothermal conditions by
assuming the first-order process for the SR and different shrinkage dimensions for the PBR
process (Table S3).%° The results of the kinetic analysis based on SR-PBR(#) models for the
thermal decomposition of ZnCO3 and CaCO3 under isothermal conditions in a stream of dry N2
and air are depicted in Figures 8 and S10 for ZnCOs3 and Figures 9 and S11 for CaCOs. The
different SR-PBR(n) models were fitted to each experimental kinetic curve by optimizing the
rate constants for the SR and PBR(n) processes, i.e., ksr and kpBrm). For both reactions,
irrespective of atmospheric conditions, statistically significant fits to experimental kinetic
curves were achieved using the SR-PBR(2) (Figures 8(a), (b) and 9(a), (b)) and SR-PBR(3)
(Figures S10(a), (b) and S1l(a), (b)) models. Given the residual sum of square and
determination coefficient (R2), using the SR-PBR(2) model resulted in slightly better fitting in
both reactions (Tables S4 and S5).

Tentatively, the individual temperature dependences of optimized ksr and kpBr(n) values were
examined using the conventional Arrhenius plot.

E

E
111R=111A—ﬁ (16)

The conventional Arrhenius plots for ksr and kpBr(n) exhibited different linear correlations for
the processes in a stream of dry N2 and air (Figures 8(c), (d) and S10(c), (d) for ZnCO3 and
Figures 9(c), (d) and S11(c), (d) for CaCO3). Irrespective of the physico-geometrical process, a
larger difference in the slope of the Arrhenius plots for the reactions in a stream of dry N2 and
air was observed for the thermal decomposition of CaCOs3. The apparent Arrhenius parameters
for the SR and PBR(n) processes determined by the conventional Arrhenius plot are
summarized in Table S6. The apparent values of Arrhenius parameters were larger in a stream
of air than in a stream of dry N2 in both SR and PBR(n) processes. Although this trend was
observed in both reactions of ZnCO3 and CaCOs, the thermal decomposition of CaCO3



exhibited the larger increase in the apparent values of Arrhenius parameters by the change in
the atmospheric conditions from dry N2 to air. Comparing the apparent Arrhenius parameters
for the SR and PBR(n) processes, opposite magnitude relationships were observed for the
thermal decomposition of ZnCO3 and CaCO3: (Ea, InA)sr > (Ea, InA)PBR(1) for ZnCO3 and (Ea,
InA)sr < (Ea, InA)PBR(n) for CaCOs3.
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Figure 8. Kinetic analyses using the SR-PBR(2) model for the thermal decomposition of
ZnCOs3 under isothermal conditions in a stream of dry N2 and air: (a) typical fitting to the
isothermal kinetic curve (7'= 559 K) in a stream of dry N2; (b) typical fitting to the isothermal
kinetic curve (T = 566 K) in a stream of air; (¢) conventional Arrhenius plots for SR; (d)

conventional Arrhenius plots for PBR(2).
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Figure 9. Kinetic analyses using the SR-PBR(2) model for the thermal decomposition of
CaCOs3 under isothermal conditions in a stream of dry N2 and air: (a) typical fitting to the
isothermal kinetic curve (7'= 826 K) in a stream of dry N2; (b) typical fitting to the isothermal
kinetic curve (7' = 861 K) in a stream of air; (¢) conventional Arrhenius plots for SR; (d)
conventional Arrhenius plots for PBR(2).

To realize a universal kinetic description for each physico-geometrical reaction step in a stream

of dry N2 and air, the AF in eq. (2) is introduced into the basic Arrhenius equation % 49-51-33. 55
57

k =InA L
(p(cﬂz)]” RT

In
(17

Peq(T)

s |

In addition, the effective p(CO2) value was assumed to be the sum of the contributions of
p(CO2)sG and p(CO2)at™. Furthermore, the p(CO2)sG value was set to be proportional to the k
value with the proportionality constant (c). *°

p(C03) = p(CO2)g; +d - p(CO2) ypy = ¢ -k + d - p(CO2) oy (18)

Initially, the exponents (a, b) in eq. (2) determined through the extended Friedman plot were
introduced into eq. (17), and the parameters (c, d) in eq. (18) were optimized to produce the
best linearity of the extended Arrhenius plot (eq. (17)) including all ksr or kpBr(n) values in a
stream of dry N2 and air. After that, using the parameters (a, b, c, d) as the initial values, all
parameters were further optimized to produce the best linear correlation. Figures 10 and 11



show the extended Arrhenius plots of the individual physico-geometrical reaction steps of the
SR-PBR(2) model for the thermal decomposition of ZnCO3 and CaCOs3, respectively. The
counterpart results based on the SR-PBR(3) model are shown in Figures S12 and S13,
respectively. In each physico-geometrical reaction step, all k values determined at different
temperatures in a stream of dry N2 and air generated a single straight line with a statistically
significant linear correlation after optimizing a—d values.
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Figure 10. Extended Arrhenius plots for individual physico-geometrical reaction steps (SR—

PBR(2)) of the thermal decomposition of ZnCO3 under isothermal conditions in a stream of dry

N2 and air: (a) SR and (b) PBR(2) processes.

e

In [(Appp,
®



) P (ThY 7'

ey
et
0
= !
=
i Wi
£
a
1.25
wn
= PER(Z)
=
an
=
-
-
=,
=
& =
o
£ 1.25

P10t K

Figure 11. Extended Arrhenius plots for individual physico-geometrical reaction steps (SR—
PBR(2)) of the thermal decomposition of CaCO3 under isothermal conditions in a stream of dry
N2 and air: (a) SR and (b) PBR(2) processes.

Table 3 lists the kinetic parameters including the Arrhenius parameters and exponents a—d in
the AF (egs. (2) and (18)) determined for the individual physico-geometrical reaction steps of
the thermal decomposition of ZnCO3 and CaCOs3in a stream of dry N2 and air. In both reactions,
the kinetic parameters determined based on SR-PBR(2) and SR-PBR(3) were comparable in
each physico-geometrical reaction step. The Arrhenius parameters, Ea and InA, determined by
the extended Arrhenius plots increased and decreased as the reaction step progressed from SR
to PBR for the thermal decomposition of ZnCO3 and CaCO3, respectively. The smaller Eavalue
for the SR than PBR observed for CaCO3 seems to have originated from the specific
characteristics of the CaCOs3 sample used in this study, which has a small particle size (Figure
S1(b), 0.4 + 0.3 um) and a large specific surface area (Sser= 6.6 + 0.1 m? g').? The higher
reactivity of the CaCOs3 sample surface in comparison with the other calcite samples with larger
particle sizes has been confirmed in view of reaction initiation temperature in our previous
study.’ The Ea value for the PBR process agreed with that determined by the extended
Friedman plot in both reactions (Table 2). The exponents a and b in the AF were also
comparable with those determined through the extended Friedman plot. These a and b values
were also coincident with those determined for the reactions in a higher p(CO2) value range in
our previous studies.** 3 Therefore, the AF in eq. (2) with these exponents a and b can be



universally applied to the respective thermal decomposition of ZnCO3 and CaCOs3 over a range
of p(CO2) from self-generated p(CO2) to atmospheric p(CO2) of up to 20 kPa. When
considering the effective p(CO2) as a weighted sum of the p(COz2)sc and p(CO2)atm, the
contribution of the p(CO2)sG was parameterized as the parameter ¢, as in the case of the
extended Friedman plot (Figures 6 and 7). In both reactions, the parameter ¢ increased as the
physico-geometrical reaction step advanced from the SR to PBR. During the SR process, the
self-generated CO2 is immediately removed from the reaction site, restricting its contribution.
However, in the PBR process, CO2 produced at the internal reaction interface is removed by
diffusion through the surface product layer. Accordingly, the larger contribution of the
p(CO2)sa to the effective p(COz2) is expected for the PBR process. The expected trend of the
change in the contribution of the p(COz2)sG to the kinetics is more evident for the thermal
decomposition of CaCO3, where the parameter ¢ is negligible for the SR process and
approaches unity for the PBR process. The parameter ¢ for the PBR process is also coincident
with that determined through the extended Friedman plot (¢ = 0.89 £ 0.01).

Table 3. Kinetic parameters including the Arrhenius parameters and exponents a—d in the AF, determined through the extended Arrhenius plots for

individual reaction steps of the thermal decomposition of ZnCO; and CaCQOj; in a stream of dry N, and air

Sample Model Condition Step a b c d Efkmol™  In[(A/MpCO,). P Dis™] -y @
ZnCO; SR-PBR(2) a# b SR 1.09 1.56 0.52 048 275+ 18 434+39 0.9590
PBR(2) 1.15 1.56 0.90 0.12 2417 31414 0.9929
a=h SR 1.09 0352 048 275+ 18 435+39 0.9590
PBR(2) 1.15 0.90 0.12 2417 314x14 0.9929
SR-PBR(3) a¥ b SR 1.10 1.36 0.62 0.38 271+ 15 420+31 09719
PBR(3) 1.15 1.56 0.90 0.10 2388 302+18 0.9883
a=b SR 1.10 0.62 0.38 27115 421x31 09719
PBRI(3) 1.15 0.90 0.10 237+8 301+18 09883
CaCO; SR-PBR(2) a¥ b SR 5.67 439 0.04 0.13 931 +44 T18+63 0.9893
PBR(2) 5.09 439 0.98 0.20 1150 =15 107322 0.9991
a=h SR 567 0.04 0.13 021 +43 702+62 0.9893
PBR(2) 5.09 0.98 0.20 1152 £ 15 107622 0.9991
SR-PBR(3) a® b SR 5.57 439 0.01 0.02 928+ 73 627+1035 0.9704
PBR(3) 499 439 107 018 1161 +24 1087+34 09979
a=b SR 53.57 0.01 0.02 92073 61.6x 104 0.9704
PBR(3) 499 1.06 0.18 1166 + 24 1094+34 0.9980

* Correlation coefficient of the linear regression analysis for the extended Aurhenius plot.

Notably, the results of the extended Arrhenius plot did not vary when the restriction of a = b in
the AF was introduced for optimizing a—d in both reactions, except for the change in the b
value to be equal to the a value, as in the case of the Friedman plot (Figures S14-S17, Table
3). For the PBR(n) processes, the same discussion concerning the Ea,int value based on egs. (13)
and (14) was possible in both reactions, obtaining an Ea,int value comparable to that determined
by the extended Friedman plot for individual reactions, e.g., 164 and 280 kJ mol-1 based on
PBR(2) for ZnCO3 and CaCOs3, respectively. For the SR process, however, a more realistic Ea,int
value was obtained from the results of the extended Arrhenius plot without the restriction of a



= b and using the optimized b value instead of the a value in egs. (13) and (14). For the SR
process of ZnCO3, an Eaint value of 171 kJ mol! was obtained, which is slightly greater than
that for PBR(2). In the case of the SR process of CaCO3, we obtain a negative Ea,int value from
the results of the extended Arrhenius plot with the restriction of @ = b. Besides, the results of
the extended Arrhenius plot without the restriction of a = b yielded an Eaint value of 179 kJ
mol ! using the optimized b value as the coefficient of the van’t Hoff relationship (eq. (12))
instead of the a value. The Eaint value is significantly smaller than that for PBR(2), but it closely
corresponds to the Eavalue determined using the conventional kinetic equation (eq. (3)) for the
reaction in a stream of dry N2. Although the discussion concerning the Eaint value may be useful
for correlating the kinetic analysis considering the effect of p(COz2) to the conventional one
under a defined condition of the negligible effect of p(COz2), the refinement of the rough
estimation of FEaint using eq. (14) should be a necessary future task crucial for obtaining
universal kinetic descriptions at different temperatures and partial pressures of evolved gases
for various reversible thermal decomposition reactions, along with the theoretical justification
of the empirical kinetic procedure with strict consideration of the physical meaning of the AF
and its exponents.

4. Conclusions

The kinetics of the thermal decomposition of ZnCO3 and CaCOs3 in a stream of dry N2 and air
was reinvestigated to empirically parametrize the effect of self-generated gas on the kinetics of
the reversible thermal decomposition of inorganic solids. Comparing the kinetic behavior of the
thermal decomposition in a stream of dry N2 and air, a retardation effect of CO2 in the reaction
atmosphere was evidenced in both ZnCO3 and CaCOs3, with a more significant retardation effect
observed for CaCOs3, as was expected from previous studies on the effect of atmospheric CO2
in a range of atmospheric p(COz2) values greater than 1 kPa. In both reactions, the kinetic
characteristics of the thermal decomposition in a stream of dry N2 were approximately described
by conventional kinetic analysis without considering the effect of CO2 in the reaction
atmosphere. However, the presence of CO2 (= 500 ppm) in the reaction atmosphere, which is
expected to be smaller or comparable to the increase in the COz2 concentration caused by the
evolution as the gaseous product of the reaction, made applying conventional kinetic analysis
difficult. In addition, the kinetic characteristics systematically varied with varying sample mass
and flow rate of purge gas even in a stream of dry N2. These observations indicate the necessity
of an advanced kinetic approach considering the effect of both atmospheric and self-generated
COz2. In this study, an empirical procedure for parameterizing the effect of unmeasurable
p(CO2)sc on the kinetics of the thermal decomposition of ZnCO3 and CaCO3 was examined by
considering the effective p(CO2) value during the reaction as a weighted sum of the
contributions of p(CO2)sG and p(CO2)atm (eq. (10)). Within the framework of the universal
kinetic description at different temperatures and p(CO2) values formalized by introducing an
analytical form of AF (eq. (2)) into the general kinetic equation (eq.(1)), the established kinetic
relationships in the relatively higher p(CO2)at™ values (> 1 kPa) were extrapolated to the
smaller p(CO2)atwm, i.e., in a stream of dry N2 and air. Thereafter, the individual contributions
of p(CO2)sG and p(CO2)at™ to the effective p(CO2) value were optimized to obtain the best
linear kinetic relationship with regard to the extended Arrhenius-type plots. The thermal
decomposition processes of ZnCO3 and CaCOs3in a stream of dry N2 and air could be universally
described by optimizing the exponents (a, b) in the AF (eq. (2)) and the contributions (c, d) of



p(CO2)sc and p(CO2)at™ (eq. (10)), respectively. The apparent Ea values determined using the
extended Friedman plots with the optimized parameters (a, b, ¢, d) were approximately constant
during individual reactions: 227 and 1150 kJ mol! for ZnCO3 and CaCOs, respectively.
Through the isoconversional kinetic approach, the parameter ¢ that empirically expresses the
contribution of p(CO2)sG was optimized to be 1.85 and 0.89 for the reactions of ZnCO3 and
CaCOs, respectively, indicating the actual contributions of the self-generated CO2 to the
kinetics. Considering the contribution of the temperature dependence of Peq(7) to the extended
Friedman plot, the Ea values intrinsic in the Arrhenius relationship were roughly estimated to
be 152 and 259 kJ mol! for the thermal decomposition of ZnCO3 and CaCO3, respectively.

Furthermore, the extended experimental master plots considering the effect of p(COz2) exhibited
different shapes from those drawn without considering the effect in both reactions. These
extended experimental master plots were characterized by the maximum reaction rate midway
through the reaction, indicating the consecutive SR and PBR processes as a suitable
physicogeometrical reaction model. The isothermal kinetic curves were well-fitted by the SR—
PBR(2) or SR— PBR(3) model in both reactions by optimizing the ksr and kpBr values at
individual temperatures. The temperature and p(CO2) dependence of ksr and kpBr values were
simultaneously evaluated using the extended Arrhenius plot by optimizing (a, b, ¢, d) values.
The respective linear kinetic relationships of the extended Arrhenius plots were established for
the SR and PBR processes, where the apparent Ea value for the PBR process agreed with that
determined by the extended Friedman plot. The universal kinetic description for the SR-PBR
process indicated the increase in the contribution of the self-generated COz2 to the kinetics as
the reaction progressed from the SR to PBR(2) considering the variation in the parameter ¢, i.e.,
from 0.52 to 0.90 for ZnCOs and from 0.04 to 0.98 for CaCOs. The proposed kinetic analysis
approach to the reversible thermal decomposition of solids based on kinetic descriptions at
different temperatures and partial pressures of evolved gas can serve as a method for empirically
estimating the effect of self-generated gas and gaining further kinetic insight into physico-
chemical features. This kinetic analysis approach considering both effects of selfgenerated and
atmospheric gases enables the universal description of the kinetic characteristics of reversible
thermal decomposition of solids with a fixed series of kinetic parameters including the
parameters (a, b, ¢, d), by avoiding unwanted variations in kinetic parameters with a small
change in the reaction conditions caused by the variation in the effect of self-generated gas.
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