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Abstract 

The kinetics of the thermal decomposition of CaCO3 is significantly influenced by atmospheric 
and selfgenerated CO2 due to the reversibility of the reaction. More detailed understanding of 
this well-known phenomenon is desired for establishing an effective Ca-looping in the CaO–
CaCO3 system for energy storage and CO2 capture. This article shows the universal kinetics of 
the thermal decomposition of CaCO3 over different temperatures and partial pressures of CO2 
(p(CO2)) with the aid of an accommodation function (AF) composed of p(CO2) and equilibrium 
pressure. An analytical form of AF with exponents (a, b) was derived based on the kinetic 
considerations for the consecutive elementary steps of the surface nucleation and interfacial 
reaction. The overall kinetics of the thermal decomposition of CaCO3 were described 
universally over different temperatures and p(CO2) values by introducing the AF, in views of 
the isoconversional and isothermal kinetic relationships using the extended Friedman and 
experimental master plots, respectively. The universal kinetic description was extended to the 
kinetic modeling based on the physico-geometrical consecutive process comprising induction 
period (IP), surface reaction (SR), and phase boundary-controlled reaction (PBR). The 
proposed kinetic approach enables parameterizing the CO2 effect via the optimized (a, b) and 
to track changes in the CO2 effect as the physico-geometrical reaction step advanced from IP 
to PBR via SR. Furthermore, using the established universal kinetic description across different 
temperatures and p(CO2) values, a challenge was set to quantify the contributions of 
atmospheric and self-generated CO2 on the kinetics. 

 

1. Introduction 

Thermal decomposition of CaCO3 is one of the most studied processes among other inorganic 
salts because of its potential applications for historical building materials and other industrial 
processes with a mine of natural resources as minerals and those produced by 
biomineralization.1 

 

 

The reversible nature of the reaction is a key functionality of this reaction system accompanied 
by release/adsorption of CO2 and endothermic/exothermic changes, which has recently focused 
on establishing the most effective Ca-looping system for energy storage2-11 and CO2 capture12-



19 technologies. Kinetic behavior of the thermal decomposition of CaCO3 is characterized by 
the significant effect of atmospheric CO2.20-30 Under linearly increasing temperature conditions 
at a fixed heating rate (β), thermogravimetry (TG)–derivative TG (DTG)–differential thermal 
analysis (DTA) curves for the thermal decomposition of CaCO3 shift systematically to higher 
temperatures with increasing the partial pressure of CO2 (p(CO2)) in the reaction atmosphere 
(Figure 1), in which the shift of the reaction initiation temperature is more significant compared 
with that of the reaction ending temperature. Thus, the reaction temperature range under linear 
nonisothermal conditions decreases with increasing p(CO2) value, accompanied by the 
systematic increase in the peak heights of DTG and DTA curves. The reversible nature of the 
reaction explains the well-known thermal decomposition behavior of CaCO3 under different 
p(CO2), which is considered typical behavior due to chemical equilibrium.20-30 In many 
previous kinetic studies, the thermal decomposition of CaCO3 was analyzed using the kinetic 
equation with the single-step approximation and without considering the effect of p(CO2):31-33 

 

where α, A, Ea, and R are the fractional reaction, Arrhenius preexponential factor, apparent 
activation energy, and gas constant, respectively. The kinetic model function f(α) 
accommodates the variation of the reaction rate as the reaction advances and is derived by 
considering the reaction geometry and the linear advancement kinetics of the reaction 
interface.34-36 Application of the kinetic equation (eq. (2)) to the thermal decomposition of 
CaCO3 at different p(CO2) causes different linear correlations of the Arrhenius-type plots 
among the reactions at different p(CO2) values. The formal kinetic results based on eq. (2) are 
sensitive to the sampling and measurement conditions for tracking the thermal decomposition 
process due to changes in the mass transfer phenomena because the self-generated CO2 
contributes to the actual p(CO2) value that effects the kinetics.29 This must be a reason for the 
large discrepancy of the kinetic results reported in previous publications.37-38 

 

Figure 1. TG–DTG–DTA curves for the thermal decomposition of CaCO3 (sample mass: m0 = 2.523 ± 
0.013 mg) recorded at a β of 5 K min-1 in a stream of dry N2, air, or N2–CO2 mixed gases characterized 
by different p(CO2) values at a flow rate (qv) of 300 cm3 min-1. 



 
The introduction of an accommodation function (AF; h(p(CO2), Peq(T))) into the fundamental 
kinetic equation has been investigated for a rigorous kinetic description considering the 
influence of p(CO2).21, 23-25, 39-43 

 

where Peq(T) is the equilibrium pressure of the reaction. Various forms of AF have been 
proposed and examined for describing the kinetics of the thermal decomposition of inorganic 
solids under different partial pressures of evolved gas, including the most commonly used form: 
21, 23-25, 41-43 

 

However, it has been suggested that conventionally applied AFs do not always satisfy the 
universal kinetic description for the thermal decomposition of carbonates under different 
heating and p(CO2) conditions showing different Arrhenius-type plots for the reactions at 
individual p(CO2) values.25 Furthermore, the thermal decomposition of inorganic solids is 
generally described by the physicogeometrical consecutive process of surface reaction and 
subsequent internal reaction in each sample particle.34-36, 44-46 Thus, the effect of the atmospheric 
p(CO2) on the kinetics might be different for individual physico-geometrical reaction steps that 
occur on the surface and at the reaction interface within the sample particles. Recently, we 
achieved a universal kinetic description of the thermal dehydration and dehydroxylation of 
inorganic salts over different temperatures and atmospheric water vapor pressure (p(H2O)) 
values,47-50 by introducing an analytical form of AF into the kinetic equation. The same was 
succeeded for the thermal decomposition of ZnCO3 over different temperatures and p(CO2) 
values.51 Furthermore, the universal kinetic description was applied to each reaction step in 
physico-geometrical consecutive processes of thermal dehydration and decomposition, 
enabling to characterize the effect of p(H2O) or p(CO2) on each reaction step and to track its 
changes as the reaction step progressed.47-51 The effect of p(CO2) on the overall kinetics of the 
thermal decomposition of CaCO3 in perlite concrete and Portland cement could also be 
described universally over different temperatures and p(CO2) values.52-53 However, the effect 
of p(CO2) on the kinetics of the thermal decomposition of CaCO3 reagent is more significant 
than the previously studied processes, even when compared with the thermal decomposition of 
CaCO3 in cement and concrete materials, which is expected from the significant shift of the 
thermoanalytical curves along with the temperature coordinate as the p(CO2) value increases 
(Figure 1). Therefore, achieving the universal kinetic description for the thermal decomposition 
of CaCO3 is a necessary step toward the theoretical reformation of the kinetics of the thermal 
decomposition of solids as functions of temperature, conversion, and partial pressure of product 
gas. Furthermore, deducing from the significant effect of atmospheric p(CO2), the self-
generated CO2 by the reaction as the gaseous product should also be considered for elucidating 
the kinetic features across different temperatures and p(CO2) values. In this article, the universal 
kinetic descriptions of the thermal decomposition of CaCO3 in terms of overall reaction and 
physico-geometrical consecutive process through parameterizing the effect of p(CO2) are 
demonstrated to provide further insight into the well-established understanding of the thermal 



decomposition process. Moreover, the possibility to estimate the contribution of the self-
generated CO2 to the kinetics is examined on the basis of the established universal kinetic 
description of the thermal decomposition of CaCO3. 

 

2. Experimental Section 

2.1 Sample descriptions  

Commercially available CaCO3 reagent (>99.9%; Wako Pure Chem.) was used as the sample 
without any further purification and sieving. The sample was characterized using powder X-
ray diffraction measurement (RINT-2200V, Rigaku) to have calcite structure (CaCO3, trigonal, 
S.G. = R- 3c(167), a = b = 4.9896, c = 17.0610, α = β = 90.000, γ = 120.000, ICDD PDF 00-
047-1743)54 (Figure S1). The morphology of the sample particles was investigated by 
microscopic observations using scanning electron microscopy (SEM, JSM-6510, JEOL) after 
coated with a thin platinum layer by sputtering. The calcite sample was confirmed as 
agglomerates of sub-micrometer sized cubic shaped particles (Figure S2). The specific surface 
area of the calcite sample was determined to be 6.56 ± 0.01 m2 g-1 by the Brunauer–Emmett–
Teller (BET) single-point method55 using an instrument (FlowSorb II, micromeritics). 

 

2.2 Kinetic data measurements.  

The thermal decomposition process of the CaCO3 sample was investigated using a TG–DTA 
instrument (TG-8121, Thermoplus Evo2 system, Rigaku). An approximately 2.5 mg sample 
(sample mass (m0)) was weighed in a platinum pan (diameter: 5 mm; height: 2.5 mm). The TG–
DTA measurements were performed using different heating program modes such as isothermal, 
linear nonisothermal, and constant transformation rate thermal analysis (CRTA) 56-57 modes in 
a stream of dry N2 gas (p(H2O) < 0.2 kPa), dry air (p(H2O) < 0.2 kPa; p(CO2) = ~5 × 10-2 kPa), 
or N2–CO2 mixed gases characterized by different p(CO2) (p(H2O) < 0.2 kPa) at a flow rate (qv) 
of 300 cm3 min-1. All gases supplied from the respective bombs were passed through drying 
tubes containing a molecular sieve (SA, GL Science). After passing the drying tube, the p(H2O) 
value of each gas was confirmed to be lower than 0.2 kPa using a hygrometer (HUHBN-HT20E, 
NGK Spark Plug). For the measurements in a stream of N2–CO2 mixed gas, the p(CO2) value 
was regulated by controlling the flow rates of dry N2 and CO2 gases to be mixed in a gas mixing 
tube before being introducing into the TG–DTA instrument by monitoring the CO2 

concentration of the outlet gas from the instrument using CO2 meters (LX-720 for low 
concentration (0–5000 ppm) and LX-710 for high concentration (0–20%), IIJIMA). Initially, 
the effect of p(CO2) on the thermal decomposition of the CaCO3 sample was investigated by 
recording TG–DTA curves under linear nonisothermal heating mode at a β of 5 K min-1 under 
different atmospheric p(CO2) conditions (Figure 1). After that, systematic TG–DTA 
measurements were performed under different heating program modes by selecting five p(CO2) 
values of 0, 1, 5, 10, and 20 kPa. Under isothermal heating mode, the sample was heated from 
room temperature to a programmed temperature at a β of 10 K min-1 and the temperature was 
maintained during the mass-loss measurements for the thermal decomposition. The temperature 
ranges of the isothermal temperature programs were 798–833 K, 981–944 K, 1013–1038 K, 
1046–1068 K, and 1084–1104 K for measurements at p(CO2) values of 0, 1, 5, 10, and 20 kPa, 
respectively. The measurements under linear nonisothermal conditions were performed by 



heating the sample from room temperature to 1173 K at different β values of 0.5, 1, 2, 3, 5, 7, 
and 10 K min-1 under respective p(CO2) conditions. In the CRTA mode, the sample was heated 
from room temperature to 1173 K at a β of 2 K min-1, while during the mass-loss process, the 
mass-loss rate was regulated to be different constant rates (C) at 2.5, 5.0. 7.5, 10.0, 12.5, and 
15.0 μg min-1 through feedback control of the sample temperature by monitoring the mass-loss 
rate. 

 

3. Results and Discussion 

3.1 Kinetics of the thermal decomposition in a stream of dry N2 gas  

The reported kinetic results for the thermal decomposition of CaCO3 in an inert gas atmosphere 
vary widely depending on the sample, measurement conditions, and kinetic calculation method 
employed.37 Therefore, the kinetics of the reaction in a stream of dry N2 gas was reexamined to 
show the applicability of the conventional kinetic analysis based on eq. (2) and provide the 
basis for the advanced kinetic approach considering the effect of CO2 on the reaction kinetics 
based on eq. (3). After the TG–DTG measurements under different m0 and flow rate of dry N2 
gas conditions were examined, measurement conditions of m0 = 2.50 ± 0.05 mg and qv = 300 
cm3 min-1 were selected as suitable for collecting the kinetic data.58 TG–DTG measurements 
were performed using isothermal (798 ≤ T/K ≤ 834), linear nonisothermal (0.5 ≤ β/K min-1 ≤ 
10), and CRTA (2.5 ≤ C/μg min-1 ≤ 15) modes under the selected conditions (Figure S3). The 
TG–DTG curves were converted to the kinetic data comprising a series of numerical data (time, 
T, α, dα/dt) by calculating the α value as the ratio of the mass-loss value at a time with reference 
to the total mass-loss value at the end of the reaction. The logarithmic form of eq. (2) was used 
for the kinetic calculation assuming an ideal single-step reaction described by two variables of 
α and T. 

 

From eq. (5), the kinetic relationships are represented in the 3D coordinates of T-1, α, and 
ln(dα/dt). The kinetic data recorded under different heating modes systematically covered a 
curved surface in the 3D kinetic coordinate (Figure S4). Figure 2 shows the results of the 
conventional kinetic analysis for the thermal decomposition of CaCO3 in a stream of dry N2 
gas. The isoconversional kinetic relationship occurs in the 2D plane of ln(dα/dt) versus T-1, 
perpendicular to α. The graphs of ln(dα/dt) versus T-1 at a selected α value (Friedman plot59) 
exhibited statistically significant linear correlations, including all data points that originated 
from the kinetic data under different heating modes (Figure 2(a)). The slope of the Friedman 
plot was practically invariant irrespective of α value. Therefore, the constant Ea value was 
obtained during the reaction except the very beginning and ending of the reaction (Figure 2(b)), 
which was characterized by the average Ea value of 186.5 ± 0.6 kJ mol-1 in 0.1 ≤ α ≤ 0.9. The 
revealed isoconversional kinetic relationship approximately satisfies the single-step assumption 
showing a constant Ea during the reaction. For such a kinetic process, the isothermal kinetic 
relationship appears in the 2D plane of ln(dα/dt) versus α perpendicular to T-1. One of such an 
isothermal plane appears at an infinite temperature (T-1 → 0). The isothermal relationship at 
infinite temperature is reproduced by an experimental master plot of (dα/dθ) versus α:60-65 



 

 

where θ denotes hypothetical reaction time at infinite temperature (Ozawa’s generalized time66-

67). The experimental master plot for the thermal decomposition of CaCO3 in a stream of dry 
N2 gas was characterized by the deceleration rate behavior as the reaction proceeded after a 
short acceleration period at the beginning of the reaction (Figure 2(c)). According to eq. (6), 
the A value was determined by fitting the experimental master plot using appropriate f(α). For 
the overall process (0.01 ≤ α ≤ 0.99), an empirical kinetic model known as the Šesták–Berggren 
model with three kinetic exponents (SB(m, n, p))68-70 was used to fit the experimental master 
plot characterized by the maximum rate at α = 0.19. 

 

Since the acceleration period is limited (α ≤ 0.19) and the subsequent process is characterized 
by deceleration with a convex shape, the experimental master plot in 0.30 ≤ α ≤ 0.90 was also 
fitted using the phase boundary-controlled model (R(n)). 

 

where n originally referred to the dimension of the interface shrinkage. In both fitting 
examinations using SB(m, n, p) and R(n), the statically significant fit was obtained with the 
determination coefficient of the nonlinear least-squares analysis (R2) better than 0.99. The 
kinetic exponents in SB(m, n, p) or R(n) and the corresponding A values determined through 
the model fitting are listed in Table 1. The formal kinetic analysis results indicate a consecutive 
physico-geometrical process comprising the surface reaction and the subsequent phase 
boundary-controlled reaction characterized by the acceleration and deceleration periods, 
respectively. Although a more detailed kinetic analysis may be possible, the overall kinetic 
behavior of the thermal decomposition of CaCO3 in an inert gas atmosphere can be formally 
described by the conventional kinetic approach without considering the effect of CO2 when the 
kinetic data were measured with due attention to reducing unavoidable influences of mass and 
heat transfer phenomena. 



 

Figure 2. Formal kinetic analysis of the thermal decomposition of CaCO3 in a stream of dry N2 gas: (a) 
Friedman plots at different α values, (b) Ea values at different α, and (c) experimental master plot of 
(dα/dθ) versus α and fit curves using SB(m, n, p) and R(n) functions. 

 



 

3.2 Kinetics of the induction period at different p(CO2) values  

Figure 3 shows the TG–DTG curves for the thermal decomposition of CaCO3 under isothermal 
conditions at various temperatures in a stream of N2–CO2 mixed gas characterized by different 
p(CO2) values, i.e., 1, 5, 10, and 20 kPa. The induction period (IP) was observed irrespective 
of p(CO2) value, which was not detected for the reaction in a stream of dry N2 gas. Sigmoidal 
shape of the subsequent mass-loss curves was a specific feature. The reaction temperatures 
suitable for measuring the entire mass loss process under isothermal conditions were 
systematically shifted to higher temperature regions by increasing the p(CO2) value. 

 

Figure 3. TG–DTG curves under isothermal heating mode for the thermal decomposition of CaCO3 in 
a stream of N2–CO2 mixed gas characterized by different p(CO2) values (qv = 300 cm3 min-1): (a) 
0.99±0.03 kPa (m0 = 2.479±0.061 mg), (b) 5.00±0.01 kPa (m0 = 2.517±0.066 mg), (c) 10.01±0.02 kPa 
(m0 = 2.461±0.140 mg), and (d) 20.03±0.04 kPa (m0 = 2.524±0.039 mg). Time zero was defined as the 
time at which the temperature reached to the programmed temperature. 
 



The IP duration (tIP) was empirically determined from the TG–DTG curves by reading the time 
interval from when the sample temperature reached the programmed temperature to the 
extrapolated onset time of the DTG peak. Figure 4 shows the conventional kinetic analysis for 
the IP without considering the effect of p(CO2). In each p(CO2) value, tIP value increased 
exponentially with decreasing the temperature (Figure 4(a)). The temperature range in which 
the IP was recorded was systematically shifted to higher temperatures with an increase in the 
p(CO2) value. Since the reciprocal value of tIP can be the average rate of IP, the temperature 
dependence of tIP

-1 at each p(CO2) value was examined using the conventional kinetic equation 
based on the Arrhenius equation: 46, 71-75 

 

where AIP and Ea,IP are the preexponential factor and activation energy for the IP, respectively. 
The conversion of IP is empirically expressed by αIP, and the function f(αIP) expresses the 
change in the reaction rate as the IP process proceeds. The ln(1/tIP) versus T-1 plots at each 
p(CO2) value exhibited a statistically significant linear correlation (Figure 4(b)). However, 
approximate trend of the increase in the slope with an increase in the p(CO2) value was 
observed. The Ea,IP and AIP values determined from the Arrhenius plot without considering the 
effect of p(CO2) value are listed in Table S1. Both Ea,IP and AIP values exhibited significantly 
large values that cannot be acceptable because of physico-chemical considerations based on eq. 
(9) and increased dramatically with increasing p(CO2) value, i.e., (Ea,IP/kJ mol-1, ln[AIP‧f(αIP)/s-

1]) = (1826, 225) at p(CO2) = 1 kPa and (3253, 353) at p(CO2) = 20 kPa. 

 



 

Figure 4. Conventional kinetic analysis for IP without considering the effect of p(CO2): (a) duration of 
IP at different temperatures at each p(CO2) value and (b) Arrhenius plots for IP at each p(CO2) value. 
The broken lines in (a) were calculated using the kinetic parameters determined in (b). 
 
The unexpectedly large Arrhenius parameters determined for the IP at each p(CO2) value and 
their variations with the p(CO2) value indicate that the p(CO2) should be considered in the 
kinetic description. The p(CO2) terms can be introduced into the kinetic equation for the IP 
process as an AF.47- 51 

 

However, no distinguishable improvement of the Arrhenius plots could be observed when the 
conventional AF (eq. (4)) was introduced into eq. (10). Therefore, possible forms of the AF for 
the IP of the thermal decomposition of CaCO3 was explored by considering the consecutive 
elementary steps of the surface nucleation based on the classical nucleation theory, which is 
composed of (1) creation of the interstitial CO2 defect in the CaCO3 crystal surface, (2) 
consumption of the interstitial CO2 defect, (3) desorption of CO2 molecule, and (4) consumption 
of the defects and formation of the O element in CaO crystal. Then, one of the elementary steps 
was considered the rate-limiting step (rate-limiting step approximation), and the other 
elementary steps were assumed to be at equilibrium (steady-state approximation). Table 2 
summarizes elementary steps of surface nucleation (Kröger’s notation76), the equilibrium 
constant of each elementary step, and kinetic equations derived by selecting an elementary step 



as the rate-limiting step. The equilibrium constant (K) for the overall IP process is expressed 
by: 

 

where K1–K4 are the equilibrium constants for the elementary processes (1)–(4), respectively. 
ΔrG° is the standard Gibbs energy of the thermal decomposition of CaCO3. Peq(T) (atm) is the 
equilibrium pressure of the reaction in eq. (1) at a T. Therefore, all the kinetic equations listed 
in Table 2 are composed of p(CO2) and Peq(T). Figure S5 shows the temperature dependence of 
Peq(T) for the thermal decomposition of CaCO3, which was calculated based on eq. (11) using 
a thermodynamic database (MALT2, Kagaku Gijutsu-Sha).77-78 With reference to the Peq(T) 
versus T curve, the observed IP process proceeds at a higher temperature than the equilibrium 
temperature at each controlled p(CO2) value and a lower p(CO2) value than the Peq(T) value at 
the respective measured temperatures. 





 

Two different forms of the kinetic equation were derived from the considerations based on the 
rate-limiting step and steady-state approximations.47-50 

 

where k’ and k’’ are the apparent rate constant at a T. Notably, all pressure terms in eqs. (12) 
and (13) are expressed with the unit in atm. Thereafter, an analytical form of the AF, h(p(CO2), 
Peq(T)), with variable exponents a and b were derived by combining eqs. (12) and (13).47-50 

 

where all pressure terms are in the unit of atm. Considering the role of the atmospheric CO2, 
the first factor of the AF, i.e., p(CO2)-a, is also the necessary term to express the retardation 
effect depending on the p(CO2) value. Therefore, different values of a and b were allowed as 
the formal kinetic expression in this study. The Arrhenius plot for the IP based on eq. (10) 
accompanied by the AF in eq. (14), i.e., the plot of ln [tIP‧h(p(CO2), Peq(T))]-1 versus T-1, was 
examined, during which the exponents (a, b) in eq. (14) were optimized to provide the best 
linear correlation of the Arrhenius plot. Figure 5 shows the extended Arrhenius plots 
considering p(CO2) as a parameter to determine the reaction rate. With the optimized exponents 
(a, b) = (10.3, 31.5), the Arrhenius plots exhibited the statistically significant linear correlation 
(correlation coefficient γ = -0.9996) over all data points recorded at different temperatures and 
p(CO2) values. From the extended Arrhenius plot, the Arrhenius parameters (Ea,IP/kJ mol-1, ln 
[AIP‧f(αIP)/s-1]) were determined to be (1893 ± 10, 186 ± 1). Therefore, using the optimized 
kinetic exponents (a, b) and the apparent Arrhenius parameters, the kinetic behavior of the IP 
at different temperatures and p(CO2) values can be universally described. The linear correlation 
over all data points at different p(CO2) values could not be achieved when the first part of the 
AF, i.e., p(CO2)-a, was canceled by setting a = 0. However, the large value of b = 31.5 cannot 
have any physical significance. A comparable linear correlation with γ = -0.9995 was obtained 
when the Arrhenius plot was reexamined by fixing b = 1 (Figure 5). With (a, b) = (9.50, 1), the 
Arrhenius plot provided the Arrhenius parameters (Ea,IP/kJ mol-1, ln [AIP‧f(αIP)/s-1]) = (1752 ± 
10, 173 ± 1). The unexpectedly large Ea,IP value should be interpreted by considering the rate-
limiting step and steadystate approximations used for modeling the universal kinetic description 
over different p(CO2) values. Namely, the Arrhenius-type plots in Figure 5 reflect both the 
temperature dependence of the average reaction rate of the IP (tIP

-1) and Peq(T) via a complex 
combination of the phenomena expressed by eqs. (10) and (11). The optimized a value was 
significantly larger than the previously reported a values for the IP processes of the thermal 
dehydration and dehydroxylation of inorganic hydrates and hydroxides over different p(H2O) 
values.47-49 The larger a value indicates a more significant retardation effect on the IP process. 
An empirical trend has been observed that the larger the a value results in the larger increase in 
the Ea,IP value from that in a stream of dry N2 gas comparing the four reported cases of the 
universal kinetic description for the IP process including the present result. 



 

Figure 5. The extended Arrhenius plots based on eqs. (10) and (14) for the IP of the thermal 
decomposition of CaCO3 over different temperatures and p(CO2) values. 
 

3.3 Kinetics of the mass-loss process at different p(CO2) values 

In addition to the mass-loss curves recorded under isothermal conditions at different p(CO2) 
values shown in Figure 3, those recorded under linear nonisothermal and CRTA conditions 
were used for the kinetic calculation for the mass-loss process. These mass-loss curves are 
shown in Figures 6 and 7, respectively. In both heating program modes, a systematic shift of 
the reaction temperature to higher temperatures was observed with increasing p(CO2) value, in 
addition to the systematic shift of the reaction temperature with increasing β and C values at 
each p(CO2) value. 

 

Figure 6. TG–DTG curves for the thermal decomposition of CaCO3 under linear nonisothermal heating 
mode at various β values in a stream of N2–CO2 mixed gas characterized by different p(CO2) values (qv 
= 300 cm3 min-1): (a) 1.03±0.06 kPa (m0 = 2.5.03±0.061 mg), (b) 5.00±0.02 kPa (m0 = 2.492±0.022 mg), 
(c) 10.04±0.15 kPa (m0 = 2.514±0.037 mg), and (d) 20.08±0.08 kPa (m0 = 2.515±0.029 mg). 



 

 

Figure 7. TG–DTG curves for the thermal decomposition of CaCO3 under CRTA heating mode at 
different C values in a stream of N2–CO2 mixed gases characterized by different p(CO2) values (qv = 
300 cm3 min-1): (a) 1.01±0.02 kPa (m0 = 2.503±0.025 mg), (b) 5.00±0.01 kPa (m0 = 2.464±0.106 mg), 
(c) 10.01±0.01 kPa (m0 = 2.538±0.088 mg), and (d) 20.01±0.05 kPa (m0 = 2.486±0.096 mg). 
 
The mass-loss curves for the thermal decomposition of CaCO3 under different heating 
conditions, including isothermal (Figure 3), linear nonisothermal (Figure 6), and CRTA (Figure 
7) modes, were analyzed simultaneously using the formal kinetic analysis procedure via the 
isoconversional analysis and subsequent master plot method without considering the effect of 
p(CO2), as shown in Figure 8. The Friedman plots exhibited approximately linear correlations 
for the data points at each p(CO2) value, although these were characterized by a convex shape 
(Figure 8(a)). The slope of the Friedman plot systematically increased with an increase in the 
p(CO2) value. These were observed irrespective of α value (Figure S6). The apparent Ea values 
determined from the slope of the Friedman plot systematically increased with an increase in the 
p(CO2) value irrespective of α value (Figure 8(b)). At each p(CO2) value, the variations in the 
Ea value were observed in the initial part (α < 0.3). The Ea variation was characterized by a 
systematic decrease at p(CO2) = 1, 5, and 10 kPa, while at p(CO2) = 20 kPa by a slight but 
detectable increase. Note that the Ea values were unexpectedly large compared with those 
determined for the mass-loss process in a stream of dry N2 gas (Figure 2(b)). The experimental 
master plot of (dα/dθ)α/(dα/dθ)0.5 versus α for the reaction at each p(CO2) value was calculated 
using the average Ea value in the α range of 0.1–0.9 as an approximation by assuming the 
single-step reaction (Figure 8(c)). Although a slight difference in the shape of the experimental 
master plot was observed in the first half of the reaction between those at different p(CO2) 
values, the experimental master plots were characterized by the maximum reaction rate that 
appeared midway through the reaction, which was largely different in shape from that in a 
stream of dry N2 gas (Figure 2(c)). Table S2 lists the apparent kinetic parameters for the mass-



loss process at each p(CO2) value obtained from the formal kinetic analysis without considering 
the effect of p(CO2). 

 

 

Figure 8. Conventional kinetic analysis for the mass-loss process of the thermal decomposition of 
CaCO3 at individual p(CO2) values performed without considering the effect of p(CO2): (a) Friedman 
plots at α = 0.5, (b) Ea values at different α, and (c) normalized experimental master plots of 
(dα/dθ)α/(dα/dθ)0.5 versus α. 
 
 
The necessity of the kinetic approach considering the effect of p(CO2) on the kinetics of the 
mass-loss process of the thermal decomposition of CaCO3 is apparent from the results of 
conventional kinetic analysis for the following reasons: (i) the different isoconversional 
relationships are observed between the reactions at different p(CO2) values, (ii) the 
conventional isoconversional relationship in each reaction at a selected p(CO2) value is inferior 



to the ideal linear correlation, and (iii) the apparent Ea values increase dramatically with an 
increase in the p(CO2) value. Thus, an appropriate AF for describing the effect of p(CO2) on 
the kinetics of the mass-loss process was explored based on the classical interface reaction 
theory. For the interfacial process of the thermal decomposition of CaCO3, five consecutive 
elementary steps were assumed: (1) creation of the interstitial CO2 defect at the internal 
interface, (2) diffusion of the interstitial CO2 defect from the internal to the external interface, 
(3) consumption of the interstitial defect at the external interface, (4) desorption of CO2 
molecule, and (5) consumption of the defects and formation of the CaO building unit at the 
internal interface. As in the case of the IP process, one elementary step was selected as the rate-
limiting step, and the other elementary steps were assumed to be at equilibrium conditions. The 
equilibrium constant and the rate of the elementary step derived based on the rate-limiting step 
and steady-state approximations are listed in Table 3. The two kinetic expressions, which are 
the same as those presented in eqs. (12) and (13), were obtained. Therefore, the analytical form 
of AF in eq. (14) was applied to the kinetic analysis of the mass-loss process by introducing it 
into eq. (3). As aforementioned, the first factor in the AF, i.e., p(CO2)-a, is also needed as a 
concentration term of the retardant. Therefore, the different values of a and b in the AF were 
allowed for an empirical approach. The analytical form of AF (eq. (14)) is also the same as 
those derived for the mass-loss process of the thermal dehydration and decomposition of 
inorganic salts.47-51 





 

 

Taking logarithms of the kinetic equation with the AF considering the effect of p(CO2) (eq. 
(3)), the isoconversional plots were examined for the kinetics curves over different p(CO2) 
values.47- 53 

 

Using the AF in eq. (14), the isoconversional kinetic relationship over different temperatures 
and p(CO2) values was evaluated at each α value by optimizing the exponents (a, b) in the AF 
to provide the best linear correlation of the left-hand side of eq. (15) versus reciprocal 
temperature (extended Friedman plot). Figure 9 shows the results of the kinetic analysis based 
on eq. (15) accompanied by the AF in eq. (14). At each α value, the extended Friedman plot 
showed a statistically significant linear correlation over the data points at different temperatures 
and p(CO2) values (Figure 9(a)), owing to the optimized exponents (a, b) in the AF (Figure 
9(b)). The a and b values rapidly decreased in the initial part of the mass-loss process (α < 0.1). 
i.e., from approximately 7.0 to 5.5 and from 7.8 to 5.8, respectively. During the established part 
of the mass-loss process, those values gradually decreased to approximately 5.0 and 3.6 at the 
end, respectively. Notably, the a value maintained constant in the α range of 0.3–0.9 with the 
average value of 5.11 ± 0.05. The Ea values calculated from the slope of the extended Friedman 
plot showed an initial decrease from approximately 1350 to 1025 kJ mol-1 (α < 0.3) and 
subsequently maintained a constant value to the end of the reaction with average Ea = 1016 ± 5 
kJ mol-1 (0.3 ≤ α ≤ 0.9). Similar variation trends as the reaction advanced were observed for the 
a and Ea values, indicating the close correlation. Considering the close correlation observed 
between exponents (a, b) and Ea value, the isoconversional plots were reexamined using the 
average (a, b) values in the α range of 0.1–0.9, i.e., (5.17 ± 0.12, 4.39 ± 0.25). No significant 
deterioration in the linear correlations of the extended Friedman plots was observed when using 
the average (a, b) values. The Ea value, thus obtained, exhibited relatively small variation as the 
reaction advanced, characterized by the average Ea of 1023 ± 6 kJ mol-1 in 0.1 ≤ α ≤ 0.9 (Figure 
9(b)). The large apparent Ea value compared with that for the reaction in a stream of dry N2 gas 
should be explained by considering the contributions of temperature dependence of the rate 
constant and Peq(T) into the linear relationship of the extended Friedman plots because of the 
rate-limiting step and steady-state approximations introduced into the kinetic equation, as in the 
case for IP process. The rigorous explanation of the apparent Ea value determined by the 
extended Friedman plot using the intrinsic Ea and enthalpy of the reaction (ΔrH) is a future 
challenge. Currently, several discussions on the physical meaning of the apparent Ea value in 
relation to the intrinsic Ea and ΔrH have been reported for the simple case characterized by (a, 
b) = (0, 1).40, 79-81 Similar discussions have also been made for the solid–gas reactions with (a, 
b) = (-1, 0) and (-1, -1).82-83 



 

Figure 9. Kinetic results of the isoconversional kinetic analysis considered the effect of p(CO2) for the 
thermal decomposition of CaCO3: (a) extended Friedman plots applied to all data points over different 
temperatures and p(CO2) values, (b) optimized kinetic exponents (a, b) in the AF and Ea values at 
different α values, and (c) the extended experimental master plot. 
 
 
The AF should also be considered in the experimental master plot to describe the kinetic 
behavior universally over different temperatures and p(CO2) values.51, 53 

 



Based on the single-step assumption, the average Ea value of 1023 ± 6 kJ mol-1 (0.1 ≤ α ≤ 0.9) 
was used for calculating the extended experimental master plot, with the average (a, b) values 
(0.1 ≤ α ≤ 0.9). The extended experimental master plot exhibited the maximum rate midway 
through the reaction at α = 0.39 (Figure 9(c)). The rate behavior expected from the experimental 
master plot is different from a simple contracting geometry model for the thermal 
decomposition of solids and indicative of the physico-geometrical consecutive process 
comprised surface reaction (SR) and phase boundarycontrolled reaction (PBR). 44-46 
 

3.4 Kinetic analysis based on the IP–SR–PBR model at different p(CO2) values  

The appearance of the IP under isothermal conditions irrespective of p(CO2) values and the rate 
behavior characterized by a sigmoidal mass-loss curve with the maximum rate midway through 
the reaction indicate the possible kinetic model as described using the physico-geometrical 
consecutive process comprising the IP, SR, and PBR. The mathematical formalization of the 
consecutive IP–SR–PBR process has been achieved by Ogasawara and Koga46 for the process 
under isothermal conditions based on Mampel’s model.44 The mathematical modeling for the 
consecutive SR–PBR process was also achieved by Favergeon et al.45 For the thermal 
decomposition of CaCO3 under isothermal conditions at various p(CO2) values, differential 
kinetic curves were fitted with the calculated curves based on the kinetic equations for the IP–
SR–PBR(n) models with different interface shrinkage dimensions n in the PBR process (Table 
S3) by optimizing the rate constants for the IP, SR, and PBR(n), i.e., kIP, kSR, and kPBR(n), 
respectively. For this mathematical procedure, the initial kIP and kPBR(n) values were determined 
based on the preliminary kinetic analyses for the IP and mass-loss processes summarized in 
Tables S1 and S2, respectively. The order of the initial kSR value was empirically estimated by 
graphically comparing the experimental kinetic curve and the calculated curve after the initial 
kIP and kPBR(n) values were introduced in the kinetic equation. After that, the kIP, kSR, and kPBR(n) 
values were optimized via nonlinear least-squares analysis based on the Levenberg– Marquardt 
algorithm. The results of the nonlinear least-squares analysis exhibited the superior fitting of 
the calculated curve to the experimental kinetic curve when the kinetic equation for the IP–SR– 
PBR(2) or IP–SR–PBR(3) model was applied irrespective of p(CO2) value, in which the IP–
SR– PBR(2) model indicated a slightly better fitting because of the determination coefficient 
(R2). Figures 10 and S7 show typical results of the fitting using the IP–SR–PBR(2) and IP–
SR–PBR(3) models, respectively. Because the CaCO3 sample was the agglomerate of 
submicrometer-sized cubic crystal powders (Figure S2), the interface shrinkage dimension 
between 2 and 3 can be expected as the actual shrinkage dimension in the PBR process. 



 

Figure 10. Typical fitting results of the kinetic curves with the IP–SR–PBR(2) model for the thermal 
decomposition of CaCO3 under isothermal conditions at different p(CO2) values: (a) 0.96 kPa (T = 957 
K), (b) 5.01 kPa (T = 1019 K), (c) 10.02 kPa (T = 1055 K), and (d) 20.04 kPa (T = 1095 K). 

 

Tables S4 and S5 list the optimized kIP, kSR, and kPBR(n) values for each kinetic curve based on 
the IP–SR–PBR(2) and IP–SR–PBR(3) models, respectively. Preliminarily, the temperature 
dependence of the rate constants in each physico-geometrical reaction step was examined based 
on the Arrhenius equation without considering the effect of p(CO2). 

 

Irrespective of the physico-geometrical reaction step, the conventional Arrhenius plots 
exhibited the different linear correlations between the reactions at different p(CO2) values 
(Figures S8 and S9 for the kIP, kSR, and kPBR(n) values determined based on IP–SR–PBR(2) and 
IP–SR–PBR(3) models, respectively). The universal description of the temperature and p(CO2) 
dependence of the k values in each reactions step was attempted by introducing the AF 
described in eq. (14) into the Arrhenius equation. 

 

Figures 11 and S10 show the extended Arrhenius plots for the kIP, kSR, and kPBR(n) values 
determined based on the IP–SR–PBR(2) and IP–SR–PBR(3) models, respectively. Through 
optimizing the exponents (a, b) in eq. (14), the Arrhenius plots of ln [k/h(p(CO2), Peq(T))] versus 
T-1 exhibited the statistically significant linear correlations for the k values over different 



temperatures and p(CO2) values in each reaction step. Table 4 lists the kinetic parameters for 
each reaction step determined by the extended Arrhenius plots. The kinetic parameters for the 
IP process coincided with those obtained by the extended Arrhenius plots for the average rate 
of the IP (Figure 5). The exponents (a, b) for the SR and PBR(n) process corresponded to those 
values determined through the extended Friedman plot at the initial and established part of the 
overall reaction, respectively. The Ea and A values decreased as the physico-geometrical 
reaction step advanced from IP to PBR(n) via SR. The decreasing trend of Ea value as the 
reaction advanced was also in agreement with that revealed by the extended Friedman plot 
(Figure 9). 

 

 



Figure 11. The extended Arrhenius plots for the kIP, kSR, and kPBR(2) values determined based on the IP–
SR–PBR(2) model for the respective reaction steps of the thermal decomposition of CaCO3 at different 
temperatures and p(CO2) values: (a) IP, (b) SR, and (c) PBR(2). 

 

 

 

3.5 Influences of atmospheric and self-generated p(CO2)  

Despite the success of the universal kinetic description for the thermal decomposition of CaCO3 
at different temperatures and atmospheric p(CO2) values, as shown by the kinetic analyses 
based on the isoconversional relationship (Figure 9) and IP–SR–PBR(n) model (Figure 11), the 
linear correlation of the universal kinetic plots, i.e., the extended Friedman and Arrhenius plots, 
was inferior to the ideal linearity as was previously achieved for the thermal dehydration of 
inorganic hydrate, thermal decomposition of metal hydroxides, and the thermal decomposition 
of ZnCO3.47-51 The universal kinetic plot for the IP process was exceptional, giving a superior 
linear correlation (Figure 11(a)). The difference between the mass-loss process and the IP 
process is the evolution of CO2 accompanied by the reaction. Therefore, the contribution of the 
self-generated CO2 should be considered for the universal kinetic description for the mass-loss 
process. The contribution of the self-generated p(CO2) (p(CO2)SG) can be assumed to be 
proportional to the evolution rate of CO2. The effective p(CO2) (p(CO2)EF) that influences the 
mass-loss process can be expressed by the weighted sum of the reaction rate and atmospheric 
p(CO2) (p(CO2)ATM) with the respective contributions of c and d. 

 

The extended Friedman plot was reexamined using the p(CO2)EF instead of atmospheric p(CO2) 
by simultaneously optimizing the exponents (a, b) in eq. (14) and the contributions (c, d) in eq. 
(19). Figure 12 shows the results of the extended Friedman plot modified with the contribution 
of p(CO2)SG. The linearity of the Friedman plots at all α values was significantly improved 
(Figure 12(a)). The a value was gradually increased from approximately 9.2 to 11.4 at α = 0.74 
as the reaction advanced, followed by a decrease at the end of the reaction. Conversely, the b–
d values were approximately constant in the major part of the reaction (0.1 ≤ α ≤ 0.9) with the 
average values of b = 8.38 ± 0.73, c = 1.19 ± 0.09, and d = 0.31 ± 0.03. The possible contribution 
of the self-generated CO2 was expected from the constant c value during the reaction. The 
slightly decreasing trend of d value in the final part of the mass-loss process was indicative of 



the limited contribution of the atmospheric CO2 in the internal reaction of the sample particles. 
As the reaction progressed, the resulting Ea value increased from approximately 1680 to 2060 
kJ mol-1, followed by a decrease at the end of the reaction. Note, the variation trends of a and 
Ea values were comparable, indicating the necessity to clarify the physico-chemical relationship 
between a and Ea for interpreting the significance of the unexpectedly large Ea value.  

 

Figure 12. The results of the extended Friedman plots over different temperatures and p(CO2) values, 
modified with the contributions of the self-generated CO2 and atmospheric CO2 with the coefficients c 

and d, respectively: (a) modified extended Friedman plots at different α values from 0.1 to 0.9 in steps 



of 0.1, (b) the exponents (a, b) in the AF and the coefficients (c, d) at different α values, and (c) Ea values 
at different α values.  

 

Similarly, for the extended Arrhenius plots for the SR and PBR processes, the p(CO2)SG is 
considered approximately proportional to the kSR and kPBR(n) values.  

 

The introduced approximation means the constant contribution of the self-generated p(CO2) 
during the reaction. Figures 13 and S11 show the extended Arrhenius plots over different 
temperatures and p(CO2) values, modified with the contributions of p(CO2)SG and p(CO2)ATM 
for the k values derived based on IP–SR–PBR(2) and IP–SR–PBR(3) models, respectively. 
Significant improvements in the linearity of the Arrhenius plots were observed in both the SR 
and PBR(n) processes. Table 5 lists the kinetic parameters determined by the extended 
Arrhenius plots modified with the contributions of p(CO2)SG and p(CO2)ATM. The exponents (a, 
b) in the AF (eq. (14)) and the apparent Arrhenius parameters (Ea, ln A) determined by the 
Arrhenius plots were twice as large as those determined without considering the contribution 
of p(CO2)SG. Despite the complex kinetic results, the coefficients (c, d) provided useful 
information for interpreting the specific features of the SR and PBR processes. In the modified, 
extended Arrhenius plot for SR, the d value was determined to be unity, implying the direct 
influence of the atmospheric CO2 because of the direct contact of the reaction sites with the 
atmosphere. Simultaneously, the c value was also determined to be approximately unity, 
indicating that the effect of p(CO2)SG is not negligible from the SR process. In comparison with 
SR, the coefficients (c, d) for PBR(n) were characterized by the increase in the c value and the 
decrease in the d value. The changes in the (c, d) values as the reaction step advanced from SR 
to PBR are reasonable because the PBR is the internal process where the surface product layer 
intervenes in the direct contact of the atmosphere and the reaction interface. Note that when the 
same calculation was applied to the IP process, we exactly obtained the values of (c, d) = (0, 1) 
because the evolution of CO2 does not occur.  

 



 

Figure 13. The extended Arrhenius plots over different temperatures and p(CO2) values, modified by 
considering the contributions of p(CO2)SG and p(CO2)ATM for the k values derived based on the IP– SR–
PBR(2) model: (a) SR and (b) PBR(2) processes.  

 





4. Conclusions 

Kinetic analysis of the thermal decomposition of CaCO3 under carefully selected sampling and 
measurement conditions for reducing the negative effects of mass and heat transfer phenomena 
represented ideal results as a single-step kinetic process in views of the constancy of the 
isoconversional Ea values during the reaction (Ea = 186.5 ± 0.6 kJ mol-1) and the correspondence 
of the experimental master plot to the physico-geometrical reaction feature (R(1.39 ± 0.01)) 
with A value in the order of 107 s-1. The presence of CO2 in the reaction environment changed 
the kinetic behavior substantially, resulting in a significant retardation effect. Under isothermal 
conditions, the appearance of IP and subsequent sigmoidal mass loss behavior, in addition to 
the systematic shift of the reaction to the higher temperature with increasing p(CO2), were 
observed, indicating changes in the physico-geometrical reaction mechanism by the effect of 
atmospheric CO2. Individual linear correlations of the Arrhenius-type temperature dependency 
were observed for the reactions at each p(CO2) value when the IP and mass-loss processes were 
investigated using the conventional kinetic calculation methods without considering the effect 
of p(CO2). The resulting apparent Ea values increased systematically with increasing p(CO2) 
and reached unexpectedly large values of Ea,IP = 3253 ± 571 kJ mol-1 and Ea = 1421 ± 15 kJ 
mol-1 for the IP and mass-loss processes at p(CO2) = 20 kPa, respectively. The universal kinetic 
descriptions of these kinetic processes over different temperatures and p(CO2) values were 
examined by introducing AF composed of p(CO2) and Peq(T). An analytical form of AF with 
variable exponents (a, b) (eq. (14)) was derived based on the consecutive elementary steps in 
surface nucleation and interface reaction with rate-limiting step and steady-state assumptions. 
The introduction of the AF in the conventional kinetic equations realized the linear correlations 
of the Arrhenius-type plot for the IP process and the isoconversional plots for the mass-loss 
process including all data points recorded across different temperatures and p(CO2) values, by 
optimizing the exponents (a, b) in the AF. The kinetics of IP and mass-loss processes were 
characterized universally by Ea,IP = 1752 ± 10 kJ mol-1 with (a, b) = (9.50, 1) and average Ea = 
1023 ± 6 kJ mol-1 with average (a, b) = (5.17 ± 0.12, 4.39 ± 0.25), respectively. Furthermore, 
the rate behavior of the mass-loss process at a constant temperature was described universally 
by the extended experimental master plot considering the AF, exhibiting the initial acceleration 
and subsequent deceleration features with the maximum rate midway through the mass-loss 
process. Therefore, the overall process under isothermal conditions was successfully described 
by the physico-geometrical consecutive IP–SR–PBR(n) models with n = 2 or 3, irrespective of 
p(CO2). The kinetics of each physico-geometrical reaction step were universally described over 
different temperatures and p(CO2) values by examining the temperature dependence of the kIP, 
kSR, and kPBR(n) values using the extended Arrhenius plots with the AF. As a result, the universal 
kinetic features of the physico-geometrical consecutive process were characterized by 
systematic decreases in the exponent a and apparent Ea values as the physico-geometrical 
reaction step advanced from IP to PBR(n) via SR (Table 4). The universal kinetic plots for the 
mass-loss process were further improved by considering the contribution of self-generated CO2 
with empirical expressions of the effective p(CO2) as the sum of the contributions of self-
generated and atmospheric p(CO2) (eqs. (19) and (20)). The ideal linear correlations of the 
extended Friedman plots for the mass-loss process and the extended Arrhenius plots for SR and 
PBR(n) processes were achieved by optimizing the contributions (c, d) of the self-generated 
and atmospheric p(CO2), respectively, together with exponents (a, b) in the AF. In the modified, 
extended Friedman plots, the constant c value during the reaction and the decrease in the d value 
in the final stage of the reaction were indicative of the possible contribution of the self-generated 
p(CO2) and the decrease in the contribution of the atmospheric p(CO2) in the latter stage of the 



reaction, respectively. The extended Arrhenius plots for the SR and PBR(n) processes showed 
more clearly the changes in the contributions of the self-generated and atmospheric p(CO2), 
characterized by the increase in the c value and decrease in the d value as the physico-
geometrical reaction step advanced from SR to PBR(n).  
The kinetics of the thermal decomposition of CaCO3 can be described universally over different 
temperatures and p(CO2) values by introducing the AF considering p(CO2) and Peq(T) values. 
The universal kinetic approach can be used as an empirical tool to parameterize the magnitude 
of the effect of p(CO2) on the kinetics via the exponents (a, b) in the AF. The universal kinetic 
description and parameterization of the effect of p(CO2) can be applied to each reaction step in 
the physico-geometrical consecutive reaction of IP–SR–PBR(n), enabling the detection of 
changes in the universal kinetics and the effect of p(CO2) as the reaction step advanced from IP 
to PBR(n) via SR. Using the proposed universal kinetic approach, possibility of estimating the 
effect of self-generated p(CO2) on the kinetics was also examined, obtaining a promising result. 
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