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Abstract 

This study aims to universally describe the kinetic features of the thermal dehydration of lithium sulfate 

monohydrate across different temperatures (T) and atmospheric water vapor pressures (p(H2O)), as a model reaction 

of the thermal dehydration of crystalline hydrates. Initially, the features of the physico-geometrical consecutive 

process, comprising the induction period (IP)–surface reaction (SR)–phase boundary-controlled reaction (PBR), 

were revealed by tracking the mass-loss behavior during thermal dehydration under various heating and atmospheric 

conditions, as well as through microscopic observation of the reaction particles. Then, the accommodation function 

(AF), accounting for the effect of p(H2O) on the kinetic behavior, was derived based on classical solid-state reaction 

theories. The modified kinetic equation with the AF was successfully applied to both the IP and mass-loss process 

through Arrhenius-type and isoconversional kinetic calculations, respectively, realizing the universal kinetic 

approach. Furthermore, on the basis of the IP–SR–PBR(n) model, kinetic information on the respective reaction 

steps was obtained from isothermal kinetic curves recorded at each T and p(H2O) value. Finally, the universal kinetic 

descriptions for each physico-geometrical reaction step were obtained using the modified kinetic equation with the 

AF. The kinetic features were revealed by comparing the magnitude relations of the resultant kinetic parameters in 

each reaction step and investigating the variations of each kinetic parameter as the reaction step advanced. The 

significance of the proposed universal kinetic approach was discussed to gain further insight into the nature of the 

thermal dehydration of crystalline hydrates. 
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1. Introduction 

The thermal dehydration of inorganic crystalline hydrates has been studied to reveal various specific features of 

solid-state reactions, as well as the solid–gas system. The kinetic behavior has been extensively investigated in 

relation to (i) the topochemical constraints of the reaction geometry, (ii) the nucleation and interface reaction kinetics, 

and (iii) the effect of intensive parameters on reaction kinetics.1-5 The outcomes of these studies have contributed to 

the establishment of the widely recognized theory of solid-state reaction kinetics, which considers changes in the 

reaction rate as the reaction advances and depending on temperature (T). The most fundamental kinetic is expressed 

as an equation in differential form by using the physico-geometrical kinetic model function f(α) and assuming 

Arrhenius-type temperature dependence:6-8 d�d� = �exp 	− ���� ���� (1) 

where α is the fractional reaction defined by the conversion ratio at time t with reference to the total conversion 

value during the reaction. Ea, A, and R are the apparent activation energy, Arrhenius preexponential factor, and gas 

constant, respectively. Advancement of the kinetic theory was promoted by the development of various techniques 

that reveal the characteristics of the process in further detail and track the process to obtain more precise kinetic 

data and advancement of the mathematical processing technology. Thermal analysis has been used as a powerful 

technique, and its advancement has provided the opportunity to improve the procedures of kinetic analysis, 

including kinetic data measurement, kinetic calculation, and consequently, kinetic theory. At each stage of the 

technological innovation, the kinetic study of the thermal dehydration of crystalline hydrates has been repeated for 

establishing up-to-date theory and improving the kinetic analysis procedures of the solid-state reaction. 

 Thermal dehydration of lithium sulfate monohydrate (LSM) is one such crystalline hydrate studied 

extensively as a model reaction:  

In the early 1990s, i.e., at the time when the thermoanalytical instruments were becoming fully equipped with 

personal computer, much research was dedicated to the kinetic study of this reaction. This was in response to a 

proposal from the kinetic committee of the International Confederation for Thermal Analysis and Calorimetry 

(ICTAC; chairman: J.H. Flynn at that time) for establishing the standard procedures for kinetic analysis using 

thermoanalytical techniques.9 With reference to the previously reported kinetic studies for the reaction (Okhotnikov 

et al.,10-13 Koga and Tanaka,14-15 and Galwey et al.,16), variously oriented kinetic studies were conducted using 

different techniques under different sample and measurement conditions, including differing sample characteristics, 

sample masses, atmospheres, and heating conditions,17-26 in which the kinetic results obtained using different kinetic 

calculation methods were also compared.  The major kinetic results reported during that period are summarized in 

Section S1 in the ESI. The reported kinetic parameters were widely distributed, with the Ea values ranging from 22 

to 272 kJ mol−1 depending on the experimental and calculational variabilities, that was accompanied by a 

compensative change in the A value, yielding a linear correlation between ln A and Ea values, known as the kinetic 

compensation effect,27-34 as shown in Figure S1. Although the results exposed many problems related to the reliable 

kinetic analysis of solid-state reactions, various kinetic features of the reaction were identified, making the reaction 

in Eq. (2) a target for further kinetic studies as a model reaction. 

Two differently oriented studies of the reaction have been more recently performed based on the results 

of the work conducted in the early 1990s. One originated from microscopic studies of the surface reaction (SR) and 

Li�SO� ∙ H�O�s�  ⇄  Li�SO��s�  + H�O�g� (2) 
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the subsequent phase boundary-controlled reaction (PBR), as well as the estimated f(α), through formal kinetic 

analysis. Clear evidence of the physico-geometrical consecutive process, comprising SR and subsequent PBR, have 

been shown through microscopic observations.15-16, 35-36 In the formal kinetic analysis of a single-crystal sample, the 

two or three-dimensional PBR has been estimated; whereas, for powder samples, the nucleation and growth model 

of Johnson–Mehl–Avrami (JMA(m))37-40 was empirically selected in many previous studies based on the best fitting 

procedures regardless of the discrepancy between the actual reaction mechanism and the physico-geometrical basis 

of the JMA(m) model. The kinetic modeling of the reaction of powder samples as the physico-geometrical 

consecutive SR–PBR process was initially performed by Valdivieso et al.41 This study was further extended to 

single-crystal samples by Favergeon et al.,42-43 focusing on the applicability of SR–PBR model and kinetics of 

induction period (IP) and surface nucleation. The kinetic modeling of the physico-geometrical consecutive SR–PBR 

process, originally proposed by Mampel,44 was later reformulated as the nucleation and anisotropic growth model 

by Favergeon et al.,45 and the simplified differential kinetic equations for the consecutive IP–SR–PBR process were 

derived by Ogasawara and Koga46 for practical kinetic calculation. Similar physico-geometrical kinetic modeling 

of the reaction was demonstrated recently by Lan et al.47-48 based on the detailed optical microscopic measurements 

of surface nucleation, surface growth, and bulk growth processes. 

The other kinetic approach to the reaction concerns the effect of water vapor pressure (p(H2O)), which is 

the gaseous product of the reaction. The retardation effect of p(H2O) on the overall reaction rate was reported by 

Huang and Gallagher.18 The effect of p(H2O) on the kinetic behavior at a selected temperature at 353 K was 

discussed by Valdivieso et al.41 in connection with the kinetic modeling of the sigmoidal mass-loss curves. Seto et 

al.49 reported the kinetic behavior under isothermal conditions at different temperatures and at different p(H2O) 

values ranging from 0 to 2.7 kPa. Besides the hinderance effect of p(H2O) on the reaction rate above 1 kPa, the 

unusual behavior of an initial decrease and subsequent increase in the rate constant with increasing p(H2O) was 

observed at p(H2O) values lower than 1 kPa, which is known as the Smith–Topley effect.50-52 Favergeon and Pijolat53 

investigated the effect of p(H2O) on the IP for the thermal dehydration of single crystals, observing prolongation of 

the IP duration time with increasing p(H2O) values at a selected temperature of 353 K. The effect of p(H2O) on the 

reaction rate and the possible cause of the Smith–Topley effect were discussed by L’vov et al.54 using an alternative 

kinetic modeling based on a model of dissociative evaporation of the reactant solid, followed by the condensation 

of the solid product.55 An interesting experimental approach for revealing the thermal dehydration kinetics during 

continuous cooling was recently reported by Liavitskaya and Vyazovkin,56-57 where a systematic decrease in the 

isoconversional Ea value as the reaction advanced was observed for the reaction during cooling, as reported 

previously in many articles for the reaction during heating.15, 18-19, 22 The cause of variation in the isoconversional 

Ea value was discussed in connection with the effect of the self-generated p(H2O). 

 Further advanced kinetic approach to the thermal dehydration of LSM can be attempted by integrating the 

kinetic behavior information of the thermal dehydration of LSM, focusing on the physico-geometrical reaction 

mechanism and the effect of p(H2O). A universal kinetic description of the reaction over different temperature and 

p(H2O) conditions is required to reveal the relation between the reaction kinetics and the reaction equilibrium. 

Furthermore, by introducing kinetic modeling of the physico-geometrical consecutive process, kinetics of each 

physico-geometrical reaction step can be described as a function of T and p(H2O), which enable the evaluation of 

changes in the kinetics as the reaction step advances and compare the kinetic characteristics with a comparable 
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series of reactions using kinetic parameters describing T and p(H2O) dependences. The success of the universal 

kinetic description over different temperature and p(H2O) conditions based on the physico-geometrical consecutive 

reaction model is expected to bring the kinetic understanding of the thermal dehydration and decomposition to with 

a new level by categorizing the kinetic behavior with reference to the magnitude relation between the kinetic 

parameters and their variation as the reaction step advances. Recently, we have succeeded in providing the desired 

universal kinetic description for a series of thermal decompositions of metal hydroxides.58-59 The present study aims 

to provide the universal kinetic description in each physico-geometrical reaction step for the well-studied model 

reaction of the thermal dehydration of LSM, as a necessary step toward reaching a new level of kinetic understanding. 

 

2. Experimental section 

2.1 Sample preparation and characterization 

Single crystals with a long axis length in the range from 1.0 to 2.0 mm (Figure S2) were grown from a supersaturated 

solution of an LSM reagent (special grade, >99.0%, Katayama Chem. Ind.). The single crystals of desired size were 

collected from the supersaturated solution and dried in air. The sample was characterized as Li2SO4·H2O via powder 

X-ray diffractometry (XRD) (Figure S3), Fourier transform infrared spectroscopy (FT-IR) (Figure S4), and 

thermogravimetry (TG)–differential thermal analysis (DTA) (Figure S5) before being subjected to the 

thermoanalytical measurements described below. Changes in the XRD patterns of the sample during heating were 

traced by high-temperature XRD measurements (Figure S6) and the dehydration product was identified as Li2SO4. 

Section S2 in the ESI details the sample characterization. 

 

2.2 Thermoanalytical measurements 

Approximately 5.0 mg of the single crystals (5–6 particles) were weighed into a platinum sample pan (5 mm in 

diameter and 2.5 mm in height), whose inner-bottom surface was pre-lined with a small amount of glass wool 

(approximately 0.5 mg) to allow exposure of all surfaces of the sample particles by preventing contact between the 

single crystals and the surface of the pan and other single crystals. The sample was loaded onto a TG−DTA 

instrument (TG-8121, Thermoplus Evo2, Rigaku). The thermal dehydration process was traced in flowing N2 gas 

at a flowrate of 300 cm3 min−1. The water vapor pressure of the outlet gas was monitored using a hygrometer 

(HUHBN-HT20E, NGK Spark Plug Co.) and determined to be 0.26 kPa. The sample was heated according to three 

different temperature program modes including isothermal, linear nonisothermal, and controlled transformation rate 

thermal analysis (CRTA)60-61 conditions. For the isothermal measurements, the sample was heated at a heating rate, 

β, of 10 K min−1 to a predetermined temperature in the range 348–372 K, which was maintained during recording 

of the mass-loss curve. The TG–DTA curves under liner nonisothermal conditions were recorded upon heating from 

room temperature to 523 K at different β values ranging from 0.5 to 10 K min−1. The CRTA measurements were 

conducted with a linear nonisothermal program at β = 2 K min−1, whereas during the mass-loss process, the mass-

loss rate, C, was controlled at different program values in the range 2.5–25 μg min−1.  

 For tracking the mass-loss process during the thermal dehydration of LSM at higher controlled p(H2O) 

values, a humidity-controlled TG–DTA system (TG-8120, Thermoplus 2, Rigaku)62 equipped with a humidity 

controller (HUM-1, Rigaku) for the inflow N2 gas was used. The flowrate of N2 gas was varied in a range 350–400 

cm3 min−1 depending on the controlled p(H2O) value during the TG-DTA measurements. After the sample 



5 

(approximately 5.0 mg) was weighed in the platinum pan with procedure described above and loaded on the 

instrument, the TG–DTA run was started by flowing dry N2 gas to heat the sample to 323 K at β = 5 K min−1. Then, 

the gas flow was switched to wet N2 gas with a certain controlled p(H2O) value, and the sample temperature was 

maintained at 323 K for 30 min to establish the atmospheric conditions. Thereafter, the TG–DTG curves were 

recorded by heating the sample under linear nonisothermal and isothermal conditions. The effect of the atmospheric 

p(H2O) value on the mass-loss process under a linear nonisothermal condition at β = 5 K min−1 was examined 

through the measurements under different controlled atmospheric p(H2O) values in the range 0.8–9.1 kPa. The 

mass-loss curves used for the kinetic calculations were collected at three different controlled p(H2O) values, i.e., 

0.8, 3.7, and 8.7 kPa. Under each p(H2O) condition, the mass-loss curves at different constant temperatures were 

initially recorded by heating the sample from 323 K to a programmed temperature at β = 5 K min−1 and maintaining 

the temperature until the mass-loss process was complete. The temperature range of the isothermal measurements 

was forced to change depending on the atmospheric p(H2O) value, and the available temperature width of the series 

of isothermal measurements at each controlled p(H2O) value narrowed with increasing p(H2O) value. A temperature 

width of 12 K was ensured for the series at the highest controlled p(H2O) value, i.e., 8.71 kPa. Similarly, a series of 

mass-loss curves under linear nonisothermal conditions were collected at different β values in the range 1–10 K 

min−1. The average mass-loss value across all mass-loss curves under different heating and p(H2O) conditions was 

13.97 ± 0.57%, which corresponds to the calculated value according to Eq. (2), i.e., 14.08%. The instrumental setup 

for the measurements is detailed in Section S3 in the ESI. 

 The appearance of the sample in the platinum pan was continuously recorded during the TG–DTA 

measurement under isothermal condition (T = 344 K) in flowing N2 gas (flowrate: 300 cm3 min−1; p(H2O): 0.26 

kPa) using a TG–DTA instrument (TG-8121, Thermoplus Evo2, Rigaku) equipped with a digital video camera 

(SKM-S20C-PC-R, Saitoh Kogaku). Changes in the surface texture of the sample during isothermal heating of the 

sample in the heating stage (STJ-M100-01P-HU-SP, S.T.J) at 351 K in flowing N2 gas (flowrate: 100 cm3 min−1, 

p(H2O): 0.26 kPa) were observed using an optical microscope (BH-2, Olympus).  

  

3. Results and Discussion 

3.1 Effect of water vapor on thermal behavior 

Figure 1 compares the TG–derivative TG (DTG) curves for the thermal dehydration of LSM recorded under 

different p(H2O) values at the same constant temperature, i.e., 373 K. The appearance of a distinguishable IP under 

isothermal conditions is observed irrespective of the p(H2O) values. The IP duration time, tIP, is significantly 

prolonged as the p(H2O) value increases, as reported by Favergeon et al.53 The mass-loss process during the thermal 

dehydration under isothermal conditions is characterized by a sigmoidal shape with the maximum mass-loss rate 

midway through the reaction. The mass-loss rate is retarded by the effect of the atmospheric p(H2O) value. This 

behavior is also observed for the TG–DTG curve recorded under different p(H2O) values during nonisothermal 

heating at a fixed β value, as shown in Figure 2. The TG–DTG curves systematically shift to higher temperatures 

with increasing atmospheric p(H2O) values (Figure 2(a)). The shape of the DTG curves also changes with the 

p(H2O) values, as characterized by the decrease in the temperature interval between the extrapolated onset (Teo) and 

peak top (Tp) temperatures and increase in the DTG peak height (Figure 2(b)). The TG–DTG curves recorded at the 

highest p(H2O) value do not necessarily follow this trend. This is due to the self-cooling effect, which concaves the 
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programmed linear heating of the sample. Within the temperature and p(H2O) conditions examined in this study, 

the inversion phenomena in the relation between the reaction rate and p(H2O), as described by the Smith–Topley 

behavior, cannot be observed.  

 

 

Figure 1. Comparison of isothermal mass-loss curves for the thermal dehydration of LSM as recorded at a constant 

temperature of 373 K in flowing wet N2 gas with different controlled p(H2O) values, i.e., 0.81 and 3.65 kPa. (m0 = 

5.723 and 4.919 mg for the measurements at p(H2O) = 0.81 and 3.65 kPa, respectively.) 

 

 

Figure 2. Effect of p(H2O) value on the mass-loss curves for the thermal dehydration of LSM (m0 = 5.520 ± 0.378 

mg) as recorded under linear nonisothermal conditions at β = 5 K min−1 in flowing wet N2 gas. (a) TG–DTG curves 

and (b) changes in Teo, Tp, and the maximum height of the DTG peak. 

 

 Figure 3 shows the changes in the appearance of the sample crystals during TG–DTG measurement at a 

constant temperature (344 K) in flowing N2 gas (flowrate: 300 cm3 min−1, p(H2O) = 0.26 kPa). During the IP, no 

distinguishable change in the surface texture of the sample particles is observed (A–D). As soon as the mass loss is 

detected, several regions of the surfaces of the selected sample particles start becoming clouded through the 
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formation of a solid product (E). Subsequently, the clouded regions increase in the manner of nucleation and growth 

(F, G), and all of the surfaces are covered by the solid product at a mass-loss ratio of approximately 2.7% (H), which 

corresponds to the fractional reaction of α = 0.19. During the surface reaction, the preliminarily clouded regions 

gradually turn white and devitrify. This observation implies that the reaction interfaces formed by the surface 

reaction successively advance toward the center of the reactant particles. At the same time, there are detectable 

distributions of the fractional reaction between the reactant particles. After the surfaces of all reactant particles are 

covered by the surface product layer, no distinguishable change in the particle appearance is observed during the 

second half of the mass-loss process (H–J). The advancement of the reaction interface toward the center of each 

reacting particle is the predominant process during the second half of the mass-loss process. Figure 4 shows the 

changes in the microscopic views of a selected crystal surface during the isothermal heating at 351 K in flowing N2 

gas (flowrate: 100 cm3 min−1, p(H2O) = 0.26 kPa). Although no distinguishable change in the surface texture is 

observed during the IP (a and b), the IP duration time is variable for the single crystalline particles in the sample 

matrix. The reaction is initiated by random nucleation on the surface and subsequent growth covers the reactant 

surfaces with the solid product (c–f). These observations suggest that the IP duration represents the preparation time 

before initiating the mass-loss process, which is initiated by the surface reaction. The subsequent mass loss is a 

result of movement of the as-produced reaction interface between the surface product layer and the internal reactant 

crystal toward the particle centers. The physico-geometrical reaction mechanisms, as deduced from the 

morphological observations, are perfectly in accordance with the previously reported mechanisms.15-16, 42, 47-48, 53 

 

 

Figure 3. Changes in the appearance of the reactant particles during the measurement of mass-loss curves for the 

thermal dehydration of LSM (m0 = 4.815 mg) at a constant temperature of 344 K in flowing N2 gas (p(H2O) = 0.26 

kPa): (a) mass-loss curve in the initial part of the reaction, (b) mass-loss curve during the overall reaction, and (c) 

appearance of the sample particles at various reaction times suggested in the mass-loss curves in (a) and (b).  
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Figure 4. Changes in the microscopic views of a selected surface of an LSM crystal during heating at 351 K in 

flowing N2 gas (p(H2O) = 0.26 kPa). 

 

3.2 Induction period 

Figure 5 shows the mass-loss curves for the thermal dehydration of LSM recorded at various constant temperatures 

under flowing wet N2 gas with different controlled p(H2O) values, i.e., 0.26, 0.81, 3.65, and 8.63 kPa. At each 

p(H2O) value, the mass-loss curves transform with temperature, indicating that the mass-loss rate increases with 

temperature in an ordinal manner. By comparing the mass-loss curves recorded under different p(H2O) values, 

prolongation of the IP and the retardation of the mass-loss rate at a given temperature are observed with increasing 

p(H2O) values. Because of this behavior, it is necessary to shift the measurement temperature range of the isothermal 

mass-loss curves to higher temperatures at increasing p(H2O) values. 
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Figure 5. Mass-loss curves for the thermal dehydration of LSM recorded at different temperatures in flowing wet 

N2 gas with different controlled p(H2O) values: (a) 0.26 kPa (m0 = 5.403 ± 0.301 mg), (b) 0.81 kPa (m0 = 5.315 ± 

0.313 mg), (c) 3.65 kPa (m0 = 5.227 ± 0.220 mg), and (d) 8.63 kPa (m0 = 5.222 ± 0.292 mg). 

 

 The tIP value is determined for each mass-loss curve using empirical definitions of the zero time and the 

end time of the IP; the zero time is defined as that at which the sample temperature reaches the programmed 

temperature, whereas the end time of the IP is defined as that at which the mass-loss value reaches 0.15% (α = 0.01 

for the mass-loss process). Figure 6 shows the changes in the tIP values with temperature and p(H2O) value. The tIP 

value at each p(H2O) value increases exponentially with decreasing temperature. The temperature versus tIP curves 

shift systematically to higher temperatures with increasing p(H2O) values. The reciprocal of tIP can be interpreted 

as the average rate of the physico-chemical process that occurs during the IP. Therefore, an Arrhenius-type relation 

is expected between the reciprocal tIP and absolute temperature T.46, 63-68 

1�!" = �!"exp 	− ��,!"� � ���!"� (3) 

where AIP, Ea,IP, αIP, and f(αIP) are the apparent preexponential factor, apparent activation energy, fractional 

conversion, and conversion function, respectively, for the IP, and R is the gas constant. Figure S9 shows the 

Arrhenius plots for the IP at each p(H2O) value. The Arrhenius plots exhibit different linear correlations for the IP 

processes at different p(H2O) values, although each Arrhenius plot at a selected p(H2O) value is characterized by a 

statistically significant linear correction, with correlation coefficients greater than −0.9771, even in the worst case. 

The slope of the Arrhenius plots increases with the p(H2O) value, resulting in increases in the apparent Ea,IP and ln 

[AIPf(αIP)] values, as listed in Table S2. The results indicate that the systematic changes in the kinetic behavior of 

the IP with the p(H2O) value should be incorporated into the kinetic description. 

 

 

Figure 6. Changes in tIP values for the thermal dehydration of LSM with temperature and p(H2O) values. Lines are 

drawn by assuming the Arrhenius-type temperature dependence for each series of data points at a specific p(H2O) 

value. 

 

 

 When the IP is understood as the preparation time for surface nucleation, its elementary physico-chemical 

steps can be deduced from the classical nucleation theory.1-3, 69-72 Three elementary steps, which occur successively, 
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can be formulated on the basis of the classical nucleation theory, i.e., (1) desorption of water molecules from the 

surface, (2) creation of water vacancy, and (3) precipitation of the product phase through the combination of Li+, 

SO4
2−, and water vacancy. The hypothetical process of surface nucleation, which is assumed to be a chemical event 

occurring during the IP, is schematically illustrated in Figure S10, and listed in Table 1 using Kröger’s notation.73 

When one of these elementary steps is identified as the rate-limiting step and the other steps are assumed to be at 

an equilibrium condition, three different kinetic equations can be derived, as listed in Table 1. The kinetic equations 

for processes (1) and (2) can be reduced to the following equation in cases where 1 >> K3
1/nK2 or 1 << K3

1/nK2 for 

process (1) and K1 << p(H2O)/P° for process (2): 

$ =  %′ '1 − (�H�O�)*+��� , (4) 

where k’, p(H2O), and Peq(T) are the apparent rate constant, water vapor pressure, and equilibrium pressure for the 

thermal dehydration of LSM, respectively. For process (3), the kinetic equation is simplified to: 

$ =  %′′ 	 )°(�H�O��. /1 − '(�H�O�)*+��� ,.0 (5) 

where k” is the rate constant and P° is the standard pressure introduced to normalize the unit of the pressure terms. 

Both Eqs. (4) and (5) comprise p(H2O) and Peq(T) in the kinetic expression, but these are not involved in Eq. (3). 

Thus, an accommodation function (AF) of a(p(H2O), Peq(T)) should be introduced into the kinetic equation to 

universally describe the kinetic behavior at various p(H2O) values.58-59 1�!" = �!"exp 	− ��,!"� � ���!"�1 2(�H�O�, )*+���3 (6) 

The following AF is formulated as an analytical form based on Eqs. (4) and (5):58-59 

1 2(�H�O�, )*+���3 = 	 )°(�H�O��4 51 − '(�H�O�)*+��� ,67 (7) 

where exponents (a, b) are constants. The analytical form of the AF of Eq. (7) corresponds to the kinetic equations 

in Eqs. (4) and (5) when (a, b) = (0, 1) and a = b, respectively, although the ideal situations are only expected based 

on the simple rate-limiting step and steady-state approximations. By extending the interpretation of the AF, the case 

of a ≠ b can be obtained, indicating more complex interactions between the component elementary steps with respect 

to the p(H2O) value.  
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Table 1. Elementary steps assumed for the surface nucleation of the thermal dehydration of LSM and the kinetic equations derived based on the simple rate-limiting step 

and steady-state approximations 

 

 

 

 

Elementary step Reaction Equilibrium constant, Ki 
Overall rate v for the process controlled by 

the elementary step i 

(1) Desorption step of water 
molecules from the surface 

H�O − �s� ⇄ H�O�g� + �s� 89 = :�s�;(<=>)°:H�O��s�;  $9 = %9 8?9 .@ 8�1 + 8?9 .@ 8� '1 − (�H�O�)*+��� , 

(2) Water vacancy creation H�O<=> + �s� ⇄ H�O��s� + V<=> 8� = :H�O��s�;BV<=>C:�s�;  $� = %� 8989 + (�H�O�P° '1 − (�H�O�)*+��� , 

(3) “Precipitation” of the product 
phase 

EB2LiGH + SO�,I>J + V<=>CK ⇄ EB2LiGH + SO�,I>JC4 8? = 1BV<=>C. $? = %? L 898�(�H�O�P° M
.

'1 − (�H�O�.)*+���. , 
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 The analytical form of AF in Eq. (7) with (a, b) = (0, 1) is equivalent to one of those conventionally used 

as the AF for describing the influence of the partial pressure of the product gas on the overall kinetics of the thermal 

decomposition of solids.50, 74-82 The Arrhenius plot for the IP, modified by introducing the AF, is generally expressed 

by Eq. (8). 

ln P 1�!" ∙ 1 2(�H�O�, )*+���3Q = ln:�!"���!"�; − ��,!"�  (8) 

The Arrhenius plots modified by introducing the AF with (a, b) = (0, 1) are shown in Figure S11. The modified 

Arrhenius plot exhibits different linear correlations for the IP at different p(H2O) values, as is the case for the 

conventional Arrhenius plot (Figure S9). Table S3 lists the apparent Arrhenius parameters determined by the 

modified Arrhenius plot. The apparent Arrhenius parameters are also comparable with those determined by the 

conventional Arrhenius plot (Table S2). Therefore, the Arrhenius plot modified by introducing the conventional AF, 

i.e., Eq. (7) with (a, b) = (0, 1), does not achieve the universal kinetic description of the IP over different p(H2O) 

values. A simple consideration of the successive elementary steps based on the rate-limiting step and steady-state 

approximations also provides the possible form of AF in Eq. (7) with a = b, where the precipitation of the product 

phase is assumed as the rate-limiting step. Figure S12 shows the modified Arrhenius plot with the AF in Eq. (7) 

under the restricted conditions of a = b. By optimizing a and b values (a = b), all data points obtained under different 

temperatures and p(H2O) values can be correlated on the Arrhenius coordinate to the left-hand side of Eq. (8) versus 

the reciprocal temperature (Figure S12(a)); however, an apparent break of the Arrhenius plot is observed at 

approximately 371 K. Therefore, the modified Arrhenius plots are reexamined in two temperature regions, i.e., 

above and below 371 K (Figure S12(b)). The modified Arrhenius plots in the two different temperature regions 

indicate statistically significant linear correlations of better than −0.99. The optimized exponents (a = b) and the 

resulting Arrhenius parameters are listed in Table S4. Larger exponents (a, b) are observed for the IP in the lower 

temperature region. The opposite is observed for the Arrhenius parameters (Ea,IP, ln [AIPf(αIP)]), i.e., smaller 

Arrhenius parameter values are observed in the lower temperature region.  

 Figure 7 shows the modified Arrhenius plots for the IP with the AF without any restriction on the exponents 

(a, b), i.e., a ≠ b. The modified Arrhenius plot again exhibits a break at approximately 371 K (Figure 7(a)). The 

modified Arrhenius plots in the two temperature regions of above and below 371 K exhibit statistically significant 

linear correlations, including all data points for the different temperatures and p(H2O) values (Figure 7(b)). Table 2 

lists the exponents (a, b) and Arrhenius parameters (Ea,IP, ln [AIPf(αIP)]) determined through the modified Arrhenius 

plots shown in Figure 7(b). The optimized exponent a for the IP in each temperature region is nearly identical to 

that calculated under the restriction of a = b. However, the exponent b is determined to be approximately unity in 

both temperature regions, which is a much smaller value than that determined under the restriction of a = b. Because 

the statistical significances of the Arrhenius plots drawn assuming a = b and a ≠ b are comparable, a universal 

description of the kinetic behavior by the modified Arrhenius plot is enabled by the contribution of the first part of 

the AF in Eq. (7) with exponent a. The dispensable role of the second part of the AF with exponent b is explained 

by the relation of Peq(T) and the experimentally controlled p(H2O) value applied in this study. Figure S13 shows the 

Peq values at different temperatures, together with the experimentally applied p(H2O) values. Because the p(H2O) 

values are much smaller than the Peq values over the temperature range of the measurements, the value of 

p(H2O)/Peq(T) is negligible. Therefore, the second part of the AF in Eq. (7) is necessarily unity. A smaller set of 
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values of Arrhenius parameters (Ea,IP, ln [AIPf(αIP)]) were obtained for the IP at temperatures lower than 371 K. The 

boundary temperature of 371 K is close to the boiling point of H2O at the standard pressure. Therefore, the 

absorption/condensation of H2O in some elementary steps of the IP (as listed in Table 1 and illustrated in Figure 

S10) is a possible cause of the different kinetic behaviors in the temperature regions above and below 371 K. In the 

temperature region lower than 373 K and at p(H2O) values lower than 1 kPa, Seto et al.49 observed Smith–Topley-

like behavior characterized by an initial decrease and subsequent increase in the reaction rate of the mass-loss 

process with increasing p(H2O) value. The formation of an amorphous product under the aforementioned 

temperature and p(H2O) conditions and the absorption of the dissociated H2O were discussed as the possible causes 

of this unusual phenomenon. Because the reaction conditions are practically comparable, some consistency between 

the phenomenon observed for the IP in this study and that observed by Seto et al.49 for the mass-loss process can be 

expected. 

 

 

Figure 7. Arrhenius plot modified by the AF in Eq. (7) without any restriction on the exponents (a, b), applied to 

the IP of the thermal dehydration of LSM in (a) the entire temperature region and (b) two separated temperature 

regions of above and below 371 K.  

 

Table 2. Kinetic parameters for the IP of the thermal dehydration of LSM, determined through the Arrhenius plots 

modified by introducing the AF in Eq. (7) without any restriction on the exponents (a, b) 

Temperature region a b Ea,IP / kJ mol−1 ln[AIPf(αIP) / s−1] −γa 

T < 371 K 2.25 1.00 151.4 ± 4.3 31.6 ± 1.5 0.9946 

T > 371 K 1.84 1.03 254.8 ± 6.7 67.8 ± 2.1 0.9935 
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a Correlation coefficient of the linear regression analysis. 

 

3.3 Formal kinetic description for the thermal dehydration process 

The mass-loss processes of the thermal dehydration of LSM under different p(H2O) values are subjected to formal 

kinetic analysis using the mass-loss curves recorded under isothermal and linear nonisothermal conditions at four 

selected p(H2O) values, i.e., 0.26, 0.81, 3.65, and 8.71 kPa, as average values. The isothermal mass-loss curves are 

shown in Figure 5. Figure 8 shows the mass-loss curves recorded at different β values for the reactions under 

different p(H2O) values. Irrespective of the p(H2O) value, the mass-loss curves systematically shift to higher 

temperatures with increasing β value, indicating the general behavior of the kinetic process. Besides the mass-loss 

curves recorded under isothermal and linear nonisothermal conditions, those recorded under CRTA conditions 

applied to the reactions at p(H2O) = 0.26 kPa (shown in Figure S14) are also used for the kinetic calculations. A 

constant mass-loss rate is realized during the mass-loss process by controlling the sample temperature using the 

feedback signal of the mass-loss rate (Figure S14(a)). With increasing C value, the reaction temperature shifts 

systematically to higher values (Figure S14(b)), maintaining the kinetic relation between the reaction rate and 

temperature observed for the mass-loss curves recorded under isothermal and linear nonisothermal conditions. The 

sigmoidal feature of the mass-loss curve observed under isothermal conditions inversely appears as the temperature 

drop in the initial part and temperature rise in the final part of the reaction when the mass-loss rate is regulated to 

be constant in the CRTA. 

 

 

Figure 8. Mass-loss curves for the thermal dehydration of LSM recorded at different β values in flowing wet N2 

gas with different controlled p(H2O) values: (a) 0.26 kPa (m0 = 5.175 ± 0.136 mg), (b) 0.81 kPa (m0 = 5.115 ± 0.112 

mg), (c) 3.65 kPa (m0 = 5.456 ± 0.490 mg), and (d) 8.79 kPa (m0 = 5.147 ± 0.453 mg). 
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 Conventionally, the kinetic behavior of thermal dehydration is described by the fundamental kinetic 

equation presented as Eq. (1), with the assumption of a single-step process and without considering the influence of 

atmospheric p(H2O). Taking logarithms of Eq. (1), one can obtain: 

ln 	d�d� � = ln:�����; − ��� (9) 

Ideally, the plot of ln(dα/dt) versus T−1 applied to the data points at a selected α value, as read from the kinetic data 

converted from the mass-loss curves recorded under different heating conditions, is a straight line because the 

logarithmic term on the right-hand side of Eq. (9), i.e., ln[Af(α)], is constant. Based on the isoconversional plot 

applied to the derivative kinetic data based on Eq. (9), known as the Friedman plot,83 the Ea value at the selected α 

is calculated from the slope, i.e., −Ea/R. Figure 9 shows the results of kinetic calculation based on the conventional 

Friedman plot. Different Friedman plots are obtained for the kinetic data recorded at different p(H2O) values, 

although each Friedman plot at a selected p(H2O) value exhibits statistically significant linear correlations, including 

the data points recorded under different heating conditions, i.e., isothermal, linear nonisothermal, and CRTA 

conditions (Figure 9(a)). The slope of the conventional Friedman plot increases systematically with increasing 

p(H2O) value. This behavior is observed irrespective of the selected α value, as shown in Figure S15 for α values 

ranging from 0.1 to 0.9 in steps of 0.1. Thus, larger apparent Ea values are obtained for the reactions at greater 

p(H2O) values. The variation trends in the slope of the conventional Friedman plots, and thus, the apparent Ea value, 

as the reaction advances also change depending on the p(H2O) value. Generally, irrespective of the applied p(H2O) 

values, a decrease in the apparent Ea value is observed in the initial part of the mass-loss process (Figure 9(b)). 

However, the range of the initial Ea decrease increases with the p(H2O) value. After the initial decrease, the Ea values 

for the reactions at each p(H2O) value are maintained at approximately constant values. Table S5 list the average Ea 

value in the α range of the constant Ea value. The average Ea value also increases with the p(H2O) value. 

For the mass-loss process at the lowest p(H2O) value, i.e., 0.26 kPa, the apparent Ea value is approximately 

constant across a wide α range of 0.1 ≤ α ≤ 0.9, with an average value of 86.4 ± 2.0 kJ mol−1. Thus, the mass-loss 

process at p(H2O) = 0.26 kPa can be approximated as a single-step reaction, whereas the processes at higher p(H2O) 

values are interpreted as a multistep process because of the larger contribution of the initial decreasing Ea part. For 

the single-step reaction characterized by a constant Ea during the overall reaction, the experimental master plot can 

be drawn by calculating the hypothetical reaction rate at infinite temperature at various α values, according to Eq. 

(10).84-89 

	d�dR� = 	d�d� � exp 	 ���� = ����� 
(10) 

with   R = S exp 	− ���� d�T
U  

where θ is Ozawa’s generalized time.90-91 Figure S16 shows the experimental master plot of (dα/dθ) versus α for the 

mass-loss process at p(H2O) = 0.26 kPa. The experimental master plot exhibits a deceleration process that is convex 

in shape. The experimental master plot can be correlated with Af(α) according to Eq. (10). From the shape of the 

experimental master plot, a PBR model, R(n), can be selected as the appropriate kinetic model function. �E�  ∶ ���� = E�1 − ��9W9 .⁄  (11) 

where n is the shrinkage dimension of the reaction interface. The empirical optimization of the n value through 

nonlinear least squares analysis to fit the experimental master plot yield n = 4.14 ± 0.06, which is larger than the 
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theoretically acceptable value, i.e., 1 ≤ n ≤ 3. The possible contribution of the surface reaction process during the 

initial part of the overall mass-loss process, which is inevitable even at the lowest p(H2O) value examined, is 

considered one of the reasons for the discrepancy of the actual rate behavior and the theoretical reaction model. 

 

 

 

Figure 9. Results of the kinetic calculation based on the conventional Friedman plot: (a) Friedman plots at α = 0.5 

and (b) Ea values at various α values. 

 

 

 From the results of the conventional isoconversional analysis, it is evident that the kinetics of the mass-loss 

process of the thermal dehydration of LSM are significantly influenced by the atmospheric p(H2O) value; as such, 

the conventional isoconversional analysis cannot universally describe the kinetic behaviors over different 

temperature and p(H2O) conditions. As in the case of the kinetic analysis for the IP, the introduction of an appropriate 

AF in the kinetic equation for the mass-loss process is one potential way to express the kinetic behavior over 

different temperature and p(H2O) conditions:58-59 d�d� = �exp 	− ���� ����1 2(�H�O�, )*+���3 (12) 

The overall mass-loss process proceeds via advancement of the reaction interface, subsequent to the surface reaction 

process described in Table 1. Therefore, the influence of p(H2O) on the interface reaction process is considered 

based on the classical interface reaction theory1-3, 69-72 as the successive process of five elementary steps, as 

schematically shown in Figure S17. Table 3 lists the equilibrium constant of each component elementary step and 

the kinetic equations derived by selecting one rate-limiting step while assuming that the other elementary steps are 
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at equilibrium. These five kinetic equations are simplified into two kinetic equations, which are equivalent to those 

derived for the IP, i.e., Eqs. (4) and (5). Thus, Eq. (7) is also used as the analytical form of the AF for the interface 

reaction. By introducing the AF, the Friedman plot is modified as: 

ln P	d�d� � ∙ 11 2(�H�O�, )*+���3Q = ln:�����; − ��� (13) 

By combining Eq. (13) with the AF in Eq. (7), all the mass-loss curves recorded under different heating and p(H2O) 

conditions are simultaneously examined by the modified Friedman plot at each α value, through which the exponents 

(a, b) in the AF in Eq. (7) are optimized to provide the best linearity of the plot. 
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Table 3. Elementary steps assumed for the interface reaction of the thermal dehydration of LSM and the kinetic equations derived based on the simple rate-limiting step 

and steady-state approximations 

Elementary step Reaction Equilibrium constant, Ki 
Overall rate v for the process controlled by 

the elementary step i 

(1) Desorption step of water 
molecules from the surface H�O − �s� ⇄ H�O�g� + �s� 89 = :�s�;(<=>/)°:H�O��s�;  $9 = %9 8�8�8Z1 + 8�8�8Z '1 − (<=>)*+ , 

(2) External interface H�O[,\]T + �s� ⇄ H�O��s� 8� = :H�O��s�;BH�O[,\]TC:�s�; $� = %�8�8Z '1 − (<=>)*+ , 

(3) Diffusion of interstitials H�O[,[.T ⇄ H�O[,\]T BH�O[,\]TC = BH�O[,[.TC $? = ^<=>_`U 8�8Z '1 − (<=>)*+ , 

(4) Creation of interstitial at the 
internal interface 

H�O<=> ⇄ H�O[,[.T + V<=> 8� = BH�O[,[.TCBV<=>C $� = %� '1 − (<=>)*+ , 

(5) Creation of a building unit of 
Li2SO4 at internal interface 

EB2LiGH + SO�,I>J + V<=>CK ⇄ EB2LiGH + SO�,I>JC4 8Z = 1BV<=>C. $Z = %Z ' 898�8�(<=>/)°,. '1 − (<=>.
)*+. , 
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 As in the case of the IP, introduction of the conventional AF with (a, b) = (0, 1) in Eq. (7) does not improve 

the conventional Friedman plot (Figure 9). Thus, the (a, b) values are optimized through the modified Friedman 

plot with and without the restriction of a = b. Figure S18 shows typical results of the Friedman plots modified using 

the AF in Eq. (7) without the restriction of a = b at different α values ranging from 0.1 to 0.9 in steps of 0.1. In the 

plots for α ≥ 0.5, all data points recorded under different temperature and p(H2O) conditions are described by a 

single Friedman plot with a statistically significant linear correlation. A bending of the plot at approximately 371 K 

is observed during the initial stage of the reaction, i.e., α < 0.4, similar to the modified Arrhenius plot for the IP 

(Figure 7(a)). Figure S19 shows the optimized (a, b) values and the apparent Ea values at various α values obtained 

by the modified Friedman plots applied to all data points, by neglecting the possible bending of the plots during the 

initial stage of the reaction. Both (a, b) values decrease during the initial stage of the reaction (Figure S19(a)). 

Subsequently, the a value increases slightly toward the end of the reaction, i.e., from approximately 0.5 to 0.75 

during the second half of the reaction. However, b maintains a constant value of approximately 0.5 across a wide α 

range of 0.2–0.95. The apparent Ea value also decreases from approximately 160 to 105 kJ mol−1 during the first 

half of the reaction, and subsequently, increases slightly from 105 to 110 kJ mol−1 (Figure S19(b)). The variation in 

Ea values is apparently synchronized with that of a values in the AF. The results of the modified Friedman plots 

with the restriction of a = b in the AF of Eq. (7) are practically identical to the results obtained without the restriction, 

as shown in Figures S20 and S21. In contrast, a notable difference in the b values is observed between the results 

obtained with and without the restriction of a = b. When the restriction of a = b was applied, the b value is influenced 

by the a value, indicating the major contribution of the a value, thus the first part of the AF, to realize the universal 

kinetic description of the reactions at different temperatures and p(H2O) values. 

For further sophisticated application of the modified Friedman plot with the AF in Eq. (7), the plots are 

examined in the separated temperature regions, i.e., above and below 371 K. Typical results of the modified 

Friedman plots applied without the restriction of a = b are shown in Figure 10 by selecting those at α = 0.1 and 0.5. 

At α = 0.1, the two Friedman plots applied to the data points in the different temperature regions exhibit apparently 

different slopes, where the slope for the higher temperatures is larger than that for the lower temperature region. 

Note also that the statistically significant linear correlations of the data points in each temperature region are enabled 

by the different sets of (a, b) values. At α = 0.5, the modified Friedman plots in the different temperature regions 

are characterized by parallel straight lines. However, the set of (a, b) values that realize the linear correlation in each 

temperature region differ between the two plots. Figure S22 shows the modified Friedman plots (a ≠ b) for the data 

points in the different temperature regions at various α values from 0.1 to 0.9 in steps of 0.1. Slopes of the plots in 

the different temperature regions gradually become parallel as the reaction advances and coincide at α > 0.4. Thus, 

the specific kinetic behavior in the temperature region below 371 K and p(H2O) region below 1 kPa revealed for 

the IP process is continuously observed in the initial stage of the mass-loss process (α < 0.4) under the same 

temperature and p(H2O) conditions. From the physico-geometrical consideration of the thermal dehydration, the IP 

and subsequent initial part of the mass-loss process characterize the kinetic feature of the SR process. If the specific 

kinetic behavior is relevant to the Smith–Topley-like behavior observed under the same reaction conditions as those 

described by Seto et al.,49 the impact of p(H2O) on surface nucleation and the subsequent growth of the nuclei on 

the reactant surfaces can be considered as a possible cause of the exotic rate behavior dependence of atmospheric 

p(H2O). Figure 11 shows the optimized (a, b) values and the apparent Ea values at various α values obtained by the 
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modified Friedman plots applied to the different temperature regions. The variation trends of (a, b) with α are similar 

in both temperature regions (Figure 11(a) and (b)). The a values initially decrease at α < 0.4, and subsequently, 

increase slightly toward the end of the reaction. The b values exhibit wavy fluctuations in both temperature regions, 

although the magnitude of the fluctuations is not significant. Both (a, b) values for the lower temperature region 

(Figure 11(a)) is larger than those for the higher temperatures (Figure 11(b)), for which the difference in b values 

between the different temperature regions is distinguishable. The difference in the variation trends of the apparent 

Ea values for the different temperature regions is of particular note. The Ea value for the lower temperature region 

is approximately constant during entirety of the reaction, with the average value of 96.9 ± 2.5 kJ mol−1 (0.1 ≤ α ≤ 

0.9). On the other hand, in the higher temperature region, the apparent Ea values initially decrease during the first 

half of the reaction and approach to the value of the lower temperature region, which is expected based on the 

changes in the slopes of the modified Friedman plots as the reaction advances (Figure S22). The average Ea value 

during the second half of the reaction at temperatures above 371 K is determined to be 115.6 ± 2.6 kJ mol−1 (0.50 ≤ 

α ≤ 0.95). The observed variation in Ea values for the mass-loss process at temperatures above 371 K indicates a 

possible change in the mechanistic features of the reaction as the reaction advances (against the assumption of an 

invariant f(α) form irrespective of the heating and atmospheric conditions being fulfilled). In this case, the exponents 

(a, b) in the AF play the role of accommodating the changes in the f(α) value in an empirical manner, in addition to 

accommodating the influence of the p(H2O) value in the kinetic description. Note that the apparent Ea values 

obtained for this case using the modified Friedman plots do not have a reliable physico-chemical meaning. The 

modified Friedman plots with the restriction a = b indicate the same trends, except for the b value, as shown in 

Figures S23 and S24. 
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Figure 10. Typical modified Friedman plots with the AF in Eq. (7) (a ≠ b) for the mass-loss process of the thermal 

dehydration of LSM in the separated temperature regions above and below 371 K: (a) α = 0.1 and (b) α = 0.5.  
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Figure 11. Results of the modified Friedman plots with the AF in Eq. (7) (a ≠ b) for the mass-loss process of the 

thermal dehydration of LSM in the individual temperature regions above and below 371 K: (a) (a, b) values for the 

reaction at temperatures below 371 K at various α values, (b) (a, b) values for the reaction at temperatures above 

371 K at various α values, and (c) comparison of Ea variations with α for the reactions in the two temperature regions. 

 

 

3.4 Universal kinetic modeling based on the physico-geometrical consecutive IP–SR–PBR(n) model 

For the mass-loss process of the thermal dehydration of LSM at temperatures above 371 K, a possible change in the 

mechanistic feature of the reaction with the applied p(H2O) value is expected from the results of the conventional 

Friedman plot applied without considering the influence of p(H2O). This is, especially true for the different variation 

trends of the apparent Ea value between the reactions at different p(H2O) values as the reaction advanced (Figure 

9(b)). An initial decrease in the Ea value appears when the reaction occurs at p(H2O) values above 0.81 kPa, and the 

α range of the initial Ea decrease is systematically extended with increasing p(H2O) value. Comparing the isothermal 

mass-loss curves at different p(H2O) values, the sigmoidal shape is more distinguishable for the process at higher 

p(H2O) values, which is accompanied by the prolongation of the IP. The physico-geometrical consecutive process 

comprising the initial SR and subsequent PBR, i.e., the Mampel-type model, is a possible explanation for the 
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sigmoidal mass-loss behavior.41,42,44,46-48,65,92-97 In the scheme of the consecutive SR–PBR model, the variation in 

the mechanistic feature with the p(H2O) value, as appearing in the sigmoidal shape of the mass-loss curves, is 

interpreted by the change in the relative contributions of the SR and PBR on the overall kinetics. Thus, a separate 

characterization of the kinetic behaviors of the SR and PBR for each mass-loss curve recorded under specific 

temperature and p(H2O) conditions is required to explain the influence of p(H2O) on the kinetics of the mass-loss 

process. For the thermal dehydration of LSM, the IP is the preliminary process for the subsequent SR–PBR process. 

The differential kinetic equations for the consecutive IP–SR–PBR model at constant temperature have been derived 

by Ogasawara and Koga46 by considering different dimensions, n, of the shrinkage of the reaction interface during 

the PBR, as listed in Table S6. These kinetic equations comprise three rate constants for the IP, SR, and PBR(n), 

which are kIP(= 1/tIP), kSR, and kPBR(n), respectively. During the kinetic calculation based on the differential kinetic 

equations of the IP–SR–PBR(n) models, these three rate constants for each isothermal kinetic curve recorded under 

different temperature and p(H2O) conditions are optimized through fitting via nonlinear least squares analysis to 

minimize the squares sum of differences between the experimental and calculated data. 

a =  b /	d�d� �*cd,[ − 	d�d� �e�f,[0�g
[h9  (14) 

where N is the number of data points in a kinetic curve. At the same time, the most appropriate n value for the 

PBR(n) is estimated by comparing the determination coefficients (R2) of the fittings using the kinetic equations 

assumed different n values (= 1, 2, or 3). Before the mathematical optimization run, the initial values of kIP and 

kPBR(n) were calculated from the aforementioned results of formal kinetic calculations for the IP (Figure S9 and Table 

S2) and overall mass-loss process (Figure 9 and Table S5), which do not consider the influence of p(H2O), 

respectively. After setting the initial kIP and kPBR(n) values, the initial kSR value was selected by graphically comparing 

the fitting of the calculated curve to the experimental kinetic curve. 

 The isothermal mass-loss curves recorded at three different p(H2O) values, i.e., 0.81, 3.65, and 8.63, were 

subjected to the kinetic calculations based on the IP–SR–PBR(n) models. Figure 12 shows typical fitting results 

using the kinetic equations with different n values. Irrespective of the n value, a nearly perfect fit is observed for 

the integral kinetic curves. Comparing the fits to differential kinetic curve, the fits of the kinetic models with n = 2 

and 3 are more satisfactory than that obtained with n = 1; however, the priority of the kinetic models with n = 2 or 

3 cannot be determined through statistical comparison. The expected interface shrinkage dimension of n = 2 or 3 is 

well explained when considering the shape of the LSM crystals used as the sample (Figure S2), which is a hexagonal 

thick plate, i.e., differing from an ideal cylindrical (n = 2) or cubic/spherical (n = 3) shape. Similar results were 

obtained for all isothermal kinetic curves for the thermal dehydration of LSM at various temperatures and under 

different p(H2O) values larger than 0.81 kPa. Tables S7 and S8 list the rate constants of kIP, kSR, and kPBR(n) optimized 

based on the IP–SR–PBR(2) and IP–SR–PBR(3) models, respectively. 
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Figure 12. Typical results of the nonlinear least squares analysis for fitting the isothermal kinetic curves for the 

thermal dehydration of LSM using IP–SR–PBR(n) models: (a) n = 1, (b) n = 2, and (c) n = 3. 

 

 As a preliminary examination, the conventional Arrhenius plot was applied to the optimized rate constants 

at different temperatures without considering the influence of p(H2O) value. 

ln% = ln� − ��� (15) 

Irrespective of the component reaction steps, the individual Arrhenius plots were obtained for the reactions at each 

p(H2O) value, as shown in Figures S25 and S26 for the rate constants optimized on the basis of the IP–SR–PBR(2) 

and IP–SR–PBR(3) models, respectively. The apparent Arrhenius parameters for each reaction step at each p(H2O) 

value, determined by the Arrhenius plots shown in Figures S25 and S26, are summarized in Table S9. Irrespective 

of the reaction step, the apparent Ea value tends to increase with the p(H2O) value, except for the values determined 

for the SR and PBR(3), where the largest value is observed at p(H2O) = 3.64 kPa. Introduction of the AF concerning 

the p(H2O) value is again necessary for the universal kinetic description in each physico-geometrical reaction step 

of the thermal dehydration of LSM:58-59 

% = �exp 	− ���� ���� ∙ 1 2(�H�O�, )*+���3 (16) 

Thus, 
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ln P %1 2(�H�O�, )*+���3Q = ln� − ��� (17) 

The analytical form of the AF in Eq. (7) is applicable for modifying the Arrhenius plots. When the exponents (a, b) 

in Eq. (7) was set to be (0, 1) in line with the conventional AF, no distinguishable improvement of the Arrhenius 

plots were observed, as shown in Figures S27 and S28 for the rate constants optimized on the basis of the IP–SR–

PBR(2) and IP–SR–PBR(3) models, respectively. The apparent Arrhenius parameters for each reaction step at each 

p(H2O) value, determined by the modified Arrhenius plots shown in Figures S27 and S28, are summarized in Table 

S10. Figure 13 shows the modified Arrhenius plots with the AF in Eq. (7) for each reaction step examined under the 

condition of a ≠ b for the rate constants optimized on the basis of the IP–SR–PBR(2) model. The counterpart results 

determined with the restriction of a = b are shown in Figure S29. In both cases, the modified Arrhenius plots for 

each reaction step exhibit a statistically significant single linear correlation for the data points over different 

temperature and p(H2O) conditions. The same is observed for the rate constants optimized based on the IP–SR–

PBR(3) model as shown in Figures S30 and S31 for the cases with and without the restriction of a = b, respectively. 

Table 4 lists the kinetic parameters determined through the modified Arrhenius plots with the AF in Eq. (7). When 

the modified Arrhenius plots are applied without restricting the (a, b) values, slightly improved linear correlations 

of the Arrhenius plots are obtained in all reaction steps as compared to those with the restriction of a = b, although 

the differences are negligible. Comparing the (a, b) values optimized with and without the restriction of a = b, the 

change in the a value is apparently smaller than that in the b value. This implies that, with the restriction of a = b, 

the b value is exerted by the a value. The resulting Arrhenius parameters obtained with and without the restriction 

of a = b are comparable, within the standard error of each parameter. Therefore, it is likely that the a value plays an 

important role in realizing the universal kinetic description of each reaction step over different temperature and 

p(H2O) conditions. As shown in Figure S13, the applied p(H2O) value is much smaller than the Peq(T) value in the 

actual temperature range of the reaction; therefore, the value of p(H2O)/Peq(T) takes a small value and the second 

part of the AF in Eq. (7) has limited contribution. Even so, because a smaller b value is optimized in all reaction 

steps under the condition of a ≠ b, the contribution of the second part of the AF slightly increases in comparison 

with that under the condition of a = b. Comparing the Arrhenius parameters determined based on the IP–SR–PBR(2) 

and IP–SR–PBR(3) models, those for the PBR(n) steps exhibit significant differences, i.e., the apparent Arrhenius 

parameters for PBR(3) are larger than those for PBR(2), whereas those for the IP and SR steps are comparable. Thus, 

determination of the shrinkage dimension n for the PBR is necessary for a more exact description of the kinetic 

behavior. However, the actual shrinkage dimension of the reaction interface may not be the integral dimension. The 

shape of the original single crystals is neither cylinder nor spherical/cubic. The linear advancement rate of the 

reaction interface may depend on the crystallographic direction. The reaction interface may not be a smooth plane. 

Thus, as has been reported in many previous articles,98-100 a non-integral or fractal dimension for the reaction 

interface shrinkage with a value between 2 and 3 is expected for the thermal dehydration of LSM. 
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Figure 13. Modified Arrhenius plots using the AF in Eq. (7) without any restrictions for a and b applied to the rate 

constants for the respective reaction steps over different p(H2O) values, optimized on the basis of the IP–SR–PBR(2) 

model: (a) IP, (b) SR, and (c) PBR(2). 

 

Table 4. Arrhenius parameters for describing the kinetics of respective reaction steps over different temperatures 

and p(H2O) values. 

Condition Model 
Reaction 

step 

Exponents 
Ea / kJ mol−1 ln(A / s−1) −γa 

a b 

a = b IP–SR–PBR(2) IP 1.65 1.65 235.4 ± 7.2 62.1 ± 2.3 0.9928 

 SR 1.10 1.10 163.1 ± 5.6 39.2 ± 1.8 0.9909 

 PBR(2) 1.66 1.66 226.9 ± 9.7 58.0 ± 3.1 0.9858 

IP–SR–PBR(3) IP 1.65 1.65 235.4 ± 7.2 62.1 ± 2.3 0.9928 

 SR 1.07 1.07 158.5 ± 5.6 37.9 ± 1.8 0.9903 

 PBR(3) 1.90 1.90 264.6 ± 14.0 68.9 ± 4.5 0.9783 

a ≠ b IP–SR–PBR(2) IP 1.56 0.86 229.9 ± 6.9 60.8 ± 2.2 0.9930 

 SR 1.06 0.83 160.4 ± 5.4 38.7 ± 1.8 0.9910 

 PBR(2) 1.64 1.42 225.9 ± 9.6 57.8 ± 3.1 0.9859 

IP–SR–PBR(3) IP 1.56 0.86 229.9 ± 6.9 60.8 ± 2.2 0.9930 

 SR 1.07 1.06 158.4 ± 5.6 37.9 ± 1.8 0.9903 

 PBR(3) 1.86 1.29 262.0 ± 13.9 68.2 ± 4.4 0.9784 
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a Correlation coefficient of the linear regression analysis. 

 

3.5 Interpretation of the kinetic behavior and significance of the universal kinetic approach 

As demonstrated above, the introduction of the AF presented in Eq. (7) enables kinetic descriptions of the thermal 

dehydration of LSM over different temperature and p(H2O) conditions in both the component IP and mass-loss 

process. Compared to the conventional kinetic analysis performed without considering the effect of p(H2O), the 

results of the universal kinetic characterization provide additional information on the kinetic behavior of the reaction. 

The change in the kinetic behavior observed at approximately the boiling point of water in both the IP and 

initial stage of the mass-loss process (Figures 7, S18, and S20) is an important characteristic of the thermal 

dehydration of LSM. If the possible condensation of water vapor generated by the reaction is considered for the 

reactions at a temperature lower than the boiling point, the contribution of the condensed water to the elementary 

surface process of water molecular desorption is considered a possible cause of the phenomenon observed in both 

the IP and SR processes. In the mass-loss process, this phenomenon is observed as the bending of the Friedman-

type plots in the first half of the overall process (Figures S18 and S20). This is illustrated through the change in the 

apparent Ea value and a value in the AF evaluated by the modified Friedman plots, where the kinetic behavior of 

the reaction at higher temperatures (T > 371 K) gradually approaches that of the reaction at lower temperatures (T 

< 371 K) (Figures 11 and S24) as the mass-loss process advances. If the condensation of water vapor is the possible 

cause of change in the kinetic behavior of the reaction at the higher temperatures as the reaction advances, the 

contribution of the condensation/evaporation of water during the elementary step of diffusional removal through 

the surface product layer should also be considered for the reaction at lower temperatures and for the second half of 

the reaction at higher temperatures. The diffusion length of the water vapor from the internal reaction interface to 

the surface of the reacting particle increases as the reaction advances. Under a postulated high pressure in the 

diffusion path, condensation/evaporation of water vapor is a provable phenomenon. 

Comparisons of the results obtained by the universal kinetic approaches based on the formal 

isoconversional method and the physico-geometrical reaction models provide further insight into the kinetic 

characteristics of the reaction. For the IP, the results of the modified Arrhenius plots with the AF based on (i) the 

formal procedure (Table 2) for the process at temperatures higher than 371 K (Table 4) and (ii) the IP–SR–PBR(n) 

model for the process at higher p(H2O) values (p(H2O) ≥ 0.81 kPa) are comparable, exhibiting similar magnitude 

relation among the (a, b), Ea, and A values, although some differences in the value of each kinetic parameter are 

evident because of the slightly different temperature and p(H2O) ranges of the kinetic data subjected to these kinetic 

calculations. On the other hand, for the mass-loss process, the results of the universal kinetic analyses based on (i) 

the modified isoconversional method with the AF (T > 371 K, Figure 11) and (ii) the modified Arrhenius plots with 

AF for each physico-geometrical reaction step of IP–SR–PBR(n) model (p(H2O) ≥ 0.81 kPa, Table 4) indicate 

significant contradictions. In the isoconversional kinetic approach, gradual decreases in a and Ea values during the 

first half of the overall mass-loss process are observed, followed by nearly constant values of a and Ea in the second 

half of the reaction. Whereas, the b values in the AF are approximately constant during the overall mass-loss process. 

In contrast, in the results based on the IP–SR–PBR(n) model, all (a, b), Ea, and A values increase as the mass-loss 

process proceeds from the primary SR to the subsequent PBR. 

In this situation, the applicability of the universal kinetic analysis based on the isoconversional plots 
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should be reconsidered with respect to a preliminary requisite, i.e., the invariance of f(α) among the kinetic data 

subjected to the kinetic calculation. This prerequisite is not always fulfilled in the isoconversional kinetic approach 

to the kinetic data of the thermal decomposition of solids recorded under different heating conditions, resulting in 

apparent variations in the calculated Ea value as the reaction advances. When the kinetic data recorded under 

different heating and atmospheric conditions are subjected to the universal kinetic description, as in the present 

study, changes in the physico-geometrical reaction mechanism, as expressed by f(α), may be more probable because 

of a wider range of reaction conditions covered by the series of kinetic data. The thermal dehydration of LSM is 

one such example, where the physico-geometrical reaction mechanism changes with the heating and p(H2O) 

conditions. The mechanistic change can be expected from the change in the apparent shape of the isothermal mass-

loss curves. Besides the prolongation of the IP, the sigmoidal shape of the isothermal mass-loss curve becomes more 

apparent with increasing p(H2O) value (Figures 1 and 5). Because the mass-loss process is composed of the SR and 

PBR occurring consecutively and with a distribution of the fractional reactions of each single crystalline particle in 

the sample matrix (Figures 3 and 4), the change in the shape of the isothermal mass-loss curve is interpreted as 

resulting from the variation in the contribution range of the SR in the overall α owing to the effect of the atmospheric 

p(H2O) value. This trend appears in the results of the conventional Friedman plot applied to the kinetic data at each 

p(H2O) value as the variation of the α range for the initial decrease in the Ea value. Even for such a case, the modified 

Friedman plots with the AF in Eq. (7) exhibit statistically significant linear correlations among the data points 

recorded under different heating and p(H2O) conditions (Figures 10, S18, S20, S22, and S23). When the mechanistic 

change depending on the p(H2O) value is apparent, the exponents (a, b) in the AF also accommodate the variation 

of f(α), besides the effect of the p(H2O) value on the reaction rate. Thus, the obtained exponents (a, b) and Ea values 

should be considered as superficial values with limited physico-chemical meaning. 

A decrease in the Ea value in the initial stage of the thermal dehydration of LSM, determined by the 

isoconversional method, has been reported in some previous studies. The variation trend itself is understood as an 

empirical indication of the change in the physico-geometrical reaction mechanism from the SR by the nucleation 

and growth to the PBR by the shrinkage of the reaction interface as the mass-loss process advances. In the kinetic 

approach based on the IP–SR–PBR(n) model, the rate constants for each reaction step are determined for each 

isothermal kinetic curve recorded under specific temperature and p(H2O) conditions as the initial step of the kinetic 

calculation. Through this calculation procedure, the kinetic information for each reaction step is separately extracted 

from the overall kinetic curve. If this kinetic calculation step is successful, the subsequent kinetic calculation step 

of the simultaneous evaluations of the temperature and p(H2O) dependences through the modified Arrhenius plots 

can be performed without considering the changes in the overall reaction mechanism caused by the variations in 

heating and atmospheric conditions.  

It is highly likely that the results of the universal kinetic analysis based on the IP–SR–PBR(n) model 

provide information on (i) kinetic behavior of each reaction step over different temperature and p(H2O) conditions 

and (ii) variations in the kinetic behavior as the reaction steps advance. The magnitude relation between the 

exponents (a, b) in each reaction step may characterize the type of effect that atmospheric water vapor has on the 

kinetics. The variations in the (a, b), Ea, and A values as the consecutive reaction steps advance may account for the 

characteristics of the overall consecutive process. To achieve such an advanced state of kinetic characterization of 

the thermal decomposition of solids, sufficient examples of the kinetic results obtained by the proposed kinetic 
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approach for a series of reactions are necessary to establish a classification for the different types of kinetic behavior. 

The magnitude relations between exponents (a, b) in each reaction step and the variations in the Arrhenius 

parameters observed for the thermal dehydration of LSM should be interpreted as an example. However, the present 

study clearly indicates that the thermal dehydration of crystalline hydrates provides suitable model reactions for 

challenging the advanced kinetic understanding via the universal kinetic approach over different temperatures and 

partial pressures of the product gas, as well as for the thermal decomposition of metal hydroxides reported 

previously.58-59 

 

4. Conclusions 

The thermal dehydration of LSM exhibits specific kinetic behaviors in the presence of atmospheric water vapor. 

The reaction is accompanied by the distinguishable IP, which is prolonged with increasing p(H2O) values at a 

constant temperature and with decreasing temperature at a constant p(H2O) value. The subsequent mass-loss process 

is also retarded by atmospheric water vapor, which is typically seen as the prolongation of the overall reaction time 

at a constant temperature and the shift of the reaction temperature region to higher values under linear heating at a 

given β value with an increasing p(H2O) value. All these behaviors are explained by the reversible feature of the 

reaction. Under isothermal conditions, a typical sigmoidal feature is observed for the mass-loss curves, which is 

further enhanced at increasing p(H2O) values. The mass-loss process is physico-geometrically characterized by the 

consecutive SR and subsequent PBR, as supported by microscopic evidence. In a sample matrix of single crystalline 

LSM particles, distributions of the reaction initiation time, and thus, the fractional reaction of each reacting particle 

in the sample matrix are also evidenced. To account for the kinetic behavior over different p(H2O) values, Eq. (7) is 

derived as an analytical form of the AF to be introduced into the conventional kinetic equation. 

The modified kinetic equation with the AF was successfully applied to both the IP and mass-loss process 

over different temperature and p(H2O) conditions, realizing a universal kinetic description. Formal kinetic analyses 

using the modified kinetic equation revealed changes in the kinetic behavior for both the IP and mass-loss process 

at approximately 371 K, from which possible contributions of the condensation/evaporation of the evolved water 

vapor in some elementary steps were expected for the reaction at lower temperatures (T < 371 K). During the second-

half of the mass-loss process, the kinetic behavior over the entire temperature region examined was universally 

described, owing to the gradual variation of the kinetic behavior at the higher temperature region to that at the lower 

temperature region. A contribution of the condensation/evaporation of the evolved gas was also expected in the 

second half of the reaction over the entire temperature region examined. 

 Furthermore, each isothermal kinetic curve recorded at a specific temperature and p(H2O) value was 

analyzed by applying the physico-geometrical consecutive reaction model (IP–SR–PBR(n) model), through which 

the IP–SR–PBR(2) or IP–SR–PBR(3) model was selected as the most appropriate kinetic model and the rate 

constants for each physico-geometrical reaction step were determined simultaneously. In each reaction step, the rate 

constants for the reactions under different temperature and p(H2O) conditions were universally described by a single 

Arrhenius-type plot based on the modified kinetic equation with the AF. The determined kinetic parameters, 

including the exponents (a, b) and the Ea, and A values, in the respective reaction steps were compared in view of 

the magnitude relation between the kinetic parameters in each reaction step and the variation in each kinetic 

parameter as the reaction step advanced. The predominant role of exponent a in the AF for the universal description 
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over different temperature and p(H2O) values in all reaction steps was revealed as a characteristic of the present 

reaction. The magnitude relations of all kinetic parameters among those for different reaction steps with PBR ≥ IP 

> SR were also identified as kinetic features of the reaction. 

 This study demonstrated that the kinetic feature of the thermal dehydration of LSM is universally described 

over different temperature and p(H2O) values. The kinetic results provide further insight into the nature of the 

reaction, i.e., beyond those obtained by the conventional kinetic analysis under a specific reaction condition. 

However, to highlight the true value of the universal kinetic approach, sufficient examples of the universal kinetic 

results for a series of reactions with various specific features are required. One such series of reactions is the thermal 

dehydration of crystalline hydrates. 

 

Footnotes 
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