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This study aims to establish an advanced kinetic theory for the reactions in the solid state and solid-gas system, achieving a universal kinetic description over a range of temperature and partial pressure of reactant or product gas. The thermal decomposition of Mg(OH)2 to MgO was selected as a model reaction system, and the effect of water vapor pressure p(H2O) on the kinetics was investigated using humidity controlled thermogravimetry. The reaction rate of the thermal decomposition process at a constant temperature was systematically decreased by increasing the p(H2O), accompanied by the increase in the sigmoidal feature of mass-loss curves. Under nonisothermal conditions at a given heating rate, mass-loss curves shifted systematically to higher temperatures depending on the p(H2O). The kinetic behavior at different temperature and p(H2O) conditions were universally analyzed by introducing an accommodation function (AF) of the form (Pº/p(H2O)) a [1-(p(H2O)/Peq(T)) b ], where Pº and Peq(T) are the standard and equilibrium pressures, respectively, into the fundamental kinetic equation. Two kinetic approaches were examined based on the isoconversional kinetic relationship and a physico-geometrical consecutive reaction model. In both the kinetic approaches, universal kinetic descriptions are achieved using the modified kinetic equation with the AF. The kinetic features of the thermal decomposition are revealed by correlating the results from the two universal kinetic approaches. Furthermore, advanced features for the kinetic understanding of thermal decomposition of solids revealed by the universal kinetic descriptions are discussed by comparing the present kinetic results with those reported previously for the thermal decomposition of Ca(OH)2 and Cu(OH)2.

Introduction

The thermal decomposition of a solid is the chemical process initiated by nucleation on the reactant surfaces and subsequently advancing at as-generated reaction interfaces. [START_REF] Galwey | Thermal Decomposition of Ionic Solids[END_REF][START_REF] Galwey | [END_REF][3][4] Thus, the fundamental kinetic equation generally comprises terms expressing the temperature dependence of the reaction rate like the Arrhenius-type equation and the change in the reaction rate as the reaction advances. The change in the overall reaction rate as advancing the reaction is caused by variation of the effective area of the reaction interface in the scheme of the linear advancement of the reaction interface controlled by a ratelimiting step. 5,[START_REF] Koga | Thermal analysis of Micro, Nano-and Non-Crystalline Materials[END_REF] This behavior is usually expressed by a function of the fractional reaction α, i.e., f(α), termed the kinetic model function. [START_REF] Galwey | Thermal Decomposition of Ionic Solids[END_REF][START_REF] Galwey | [END_REF][3][4] In addition to the physico-geometrical feature of the heterogeneous chemical kinetics in the solid state, the evolution of a gaseous product is another characteristic of the thermal decomposition of solids. When the product gas presented in the reaction atmosphere causes a distinguishable effect on the reaction rate of the thermal decomposition, an accommodation function (AF) [START_REF][END_REF] is needed in the fundamental kinetic equation. 5,[START_REF] Koga | Thermal analysis of Micro, Nano-and Non-Crystalline Materials[END_REF][8][9][10][11] For the simple thermal decomposition of a solid: A(s) ⇄ B(s) + C(g), the AF may be a function of partial pressure of the product gas p(C(g)) and the equilibrium pressure of the reaction Peq(T), i.e., a(p(C(g)),Peq(T)). The kinetic equation for the singlestep thermal decomposition of solids considering the p(C(g)) is thus expressed as: 9,10 (1)

where dα/dt is the normalized reaction rate. The parameters A, Ea, R, and T are the Arrhenius preexponential factor, apparent activation energy, gas constant, and absolute temperature, respectively. Ideally, eqn (1) implies that the kinetic behavior of the thermal decomposition can be universally described over a range of temperature and p(C(g)) conditions. If the universal kinetic description based on eqn (1) is achieved, further insight into the kinetics of the thermal decomposition of solids via the functional form of the AF and associated parameters can be gained, in addition to the conventional kinetic description via the so-called kinetic triplet, i.e., Ea, A, and f(α). 9,10 The success of the universal kinetic approach based on eqn (1) depends on the AF. The effect of p(C(g)) on the kinetics of thermal decomposition of solids has been investigated for nearly a century. [START_REF] Galwey | Thermal Decomposition of Ionic Solids[END_REF] Various functional forms of AF were derived through theoretical considerations and correlation analysis of the experimental data, 12-21,40- 43 and practically utilized for interpreting the effect of p(C(g)) on the kinetics of thermal decomposition of solids. However, based on our knowledge, the previously derived and examined AF does not necessary describe universally the kinetics over a range of temperature and p(C(g)) conditions based on eqn (1). Recently, the effect of p(H2O) on the kinetics of thermal decomposition of divalent metal hydroxides exemplified by: M(OH)2(s) ⇄ MO(s) + H2O(g) were reexamined through theoretical considerations for finding the possible functional forms of AF. 9,10 In the theoretical considerations, the induction period (IP) and mass-loss process of the thermal decomposition were considered as consecutive processes of various elementary steps, based on the classical theories of surface nucleation and interface reaction, respectively. A series of differential kinetic equations for each reaction process were formulated based on the combined rate-limiting step and steady-state assumptions by selecting an elementary step from the consecutive process and assuming the other elementary steps were at equilibrium. Although various kinetic equations were obtained for each reaction step, these are generalized to eqn (2) with variable exponents (a,b). 9,10 (2) where Pº is the standard pressure. The applicability of eqn (1) with the AF in eqn (2) was examined experimentally for the IP and mass-loss process for the thermal decomposition of Ca(OH)2 and Cu(OH)2. 9,10 In both metal hydroxides, all data points of the average reaction rates for the IP recorded at different constant temperatures and p(H2O) values exhibited statistically significant linear correlations in the modified Arrhenius plot with the appropriate (a,b) values in the AF. Similarly, the mass-loss processes occurring under different heating and p(H2O) conditions were analyzed by the differential isoconversional plots at various α values based on eqn (1) with the AF, providing the (a,b) and Ea values as the kinetic parameters for the universal description. Furthermore, because the mass-loss processes under isothermal conditions exhibited sigmoidal shapes for Ca(OH)2 and Cu(OH)2, the overall thermal decomposition process was characterized by the physico-geometrical consecutive process comprising the IP-surface reaction (SR)-phase boundary-controlled reaction (PBR). [44][45][46][47] For each component reaction step, the rate constants determined for the kinetic curves at different constant temperatures and p(H2O) values were described by a single Arrhenius-type plot based on eqn (1) with the AF. Consequently, kinetic parameters containing the exponents (a,b) in the AF and the Arrhenius parameters were determined for individual reaction steps of the IP, SR, and PBR. Comparing the thermal decompositions of Ca(OH)2 and Cu(OH)2, 9,10 the magnitude relationships between the kinetic parameters in each reaction step and the variation trends of each kinetic parameter as the reaction step advances were characteristic for the respective thermal decomposition reactions. Based on previous observations, results of the universal kinetic approaches for the reactions at different temperatures and p(H2O) values further provide insights into the kinetic understanding of the thermal decomposition of solids. Herein, the kinetics of the thermal decomposition of Mg(OH)2 under different heating and p(H2O) conditions are reported as a third examination of the universal kinetic approaches.

(3) Retardation of the overall reaction rate of the thermal decomposition of Mg(OH)2 by atmospheric water vapor was experimentally demonstrated by Horlock et al. 48 and L'vov et al. 49 Many previous reports for the thermal decomposition 45, were carefully reviewed and the detailed comparison was described in our previous article. 71 Thereafter, the physico-geometrical kinetic features of the thermal decomposition of Mg(OH)2 under a stream of dry N2 gas were investigated systematically. 71 The reaction involved a major mass-loss process and a subsequent reaction tail. Because the reaction tail was interpreted as the removal of trapped water molecules from the poorly crystalline solid product, i.e., MgO, accompanied by its crystal growth on further heating, 57 the major mass-loss process was subjected to a kinetic study of the chemical reaction. Several features of a partially overlapping two-step process were identified from the conventional kinetic analysis for the reaction under different reaction temperature profiles, including isothermal, linear nonisothermal, and controlled transformation rate conditions. [START_REF] Toft Sοrensen | Sample Controlled Thermal Analysis[END_REF][START_REF] Criado | Thermal Physics and Thermal Analysis[END_REF] The multistep reaction features were kinetically characterized by two kinetic calculation procedures: (1) kinetic deconvolution analysis [START_REF] Sánchez-Jiménez | [END_REF][START_REF] Koga | [END_REF][START_REF] Koga | Handbook of Thermal Analysis and Calorimetry[END_REF] assuming a pseudo-independent two-step process composed of SR and subsequent PBR in a single reactant body and (2) multiple nonlinear least squares analysis assuming a consecutive SR-PBR model for assemblages of reactant particles. [44][45][46][47] Although statistically significant kinetic results were obtained in both the physico-geometrical modeling procedures, the latter kinetic approach was considered more relevant by comparing the kinetic results and considering the possible physico-geometrical reaction mechanisms. In this study, the thermal decomposition of Mg(OH)2 in the presence of atmospheric water vapor is investigated in detail through the universal kinetic approaches over a range of temperature and p(H2O) conditions to elucidate the physico-geometrical kinetic features of the reaction. Furthermore, the significance of the proposed universal kinetic approach for understanding the physico-chemical and physico-geometrical features of the thermal decomposition of solids is discussed by comparing the present results with results reported for the thermal decomposition of Ca(OH)2 and Cu(OH)2. 9, 10

Experimental 2.1 Sample characterization

The Mg(OH)2 sample used in this study is a chemical reagent (special grade, > 99.5%, Wako, Japan) identical to that used in our previous study. 71 The characteristics of the sample, as revealed by the powder X-ray diffractometry (XRD), Fourier transform infrared spectroscopy (FT-IR), thermogravimetry (TG)differential thermal analysis (DTA) coupled with mass spectrometry (MS) of the evolved gas, and morphological characterization using scanning electron microscopic (SEM) observation and the Brunauer-Emmett-Teller (BET) specific surface area (SBET) measurement, were already reported in our previous study. 71 In summary, the sample contained agglomerated particles of approximately 50 μm in diameter (SBET = 34.1 ± 0.3 m 2 g -1 ), constructed by submicron-sized crystalline particles. The powder XRD pattern was consistent with the previously reported data for Mg(OH)2, i.e., hexagonal, S.G. = P-3m1(164), a = 3.1498, b = 3.1498, c = 4.7702, ICDD 01-082-2453.77 However, the FT-IR spectrum displayed an absorption peak at 1420 cm -1 , which is attributed to the ν3 mode of CO3 2-, 78 in addition to the major absorption peaks of the O-H stretching vibration mode at 3695 cm -1 and the Mg-O vibration at 447 cm -1 originating from Mg(OH)2. [79][80][81][82][83] Under linearly increasing temperature conditions, the massloss curves for the thermal decomposition of Mg(OH)2 exhibited a gradual mass loss in the reaction tail until approximately 950 K, after the major mass loss in the temperature range of 520-630 K was ended. Most of the evolved gas during the thermal decomposition was water vapor, but a detectable amount of CO2 was present over the mass-loss temperature range. The FT-IR and TG-MS data indicated possible contamination by a poorly crystalline zinc carbonate compound like hydrozincite. 82,84 

Thermal behavior in atmospheric water vapor

To investigate the effect of atmospheric p(H2O) on the thermal decomposition of Mg(OH)2, TGderivative TG (DTG) measurements were conducted under a stream of wet N2 gas characterized by different p(H2O) values. A sample of approximately 3.0 mg (3.00 ± 0.05 mg) was weighed into a platinum crucible (5 mm in diameter and 2 mm in height). The sample was placed in the TG-DTA instrument (TG-8120, Thermoplus 2, Rigaku) and heated to 353 K at β = 5 K min -1 under a stream of dry N2 gas (approximately 400 cm 3 min -1 ). Then, the inflow gas was switched to a wet N2 gas with a controlled p(H2O) value, generated in the humidity controller (HUM-1, Rigaku). 85 After stabilizing the measurement conditions by maintaining the sample at 353 K, TG-DTG curves were obtained by heating the sample to 773 K at β = 5 K min -1 under a stream of wet N2 gas with different controlled p(H2O) values (0.15 kPa ≤ p(H2O) ≤ 7.55 kPa). Details of the instrumental setup for the TG-DTG measurements are described in section S1 of the ESI.

Kinetic measurements

The effect of p(H2O) on the kinetic behavior of the thermal decomposition of Mg(OH)2 was investigated at different p(H2O) values of 0.15, 1.06, and 5.39 kPa. The same sampling procedures with as those described above were also used for the measurements of kinetic data. A series of isothermal mass-loss curves at each p(H2O) were obtained by heating the sample to different programmed temperatures at a β of 5 K min -1 , after stabilizing the measurement system at 353 K under the selected p(H2O) value for 30 min. Subsequently, the sample was held at the programmed temperature until the mass loss ended. Under each p(H2O) value, a series of mass-loss curves under linear nonisothermal conditions were also obtained by heating the sample to 773 K at different β values (1 ≤ β ≤ 10 K min -1 ), after stabilizing the measurement system as in the isothermal measurements.

Results and discussion

Effect of atmospheric water vapor on the mass-loss curve and kinetic measurements

Figure 1 shows TG-DTG curves for the thermal decomposition of the Mg(OH)2 sample at a β of 5 K min-1 under a stream of wet N2 gas at p(H2O) ranging from 0.15 to 7.55 kPa. All TG curves exhibit a well-shaped major mass-loss process and subsequent gradual mass-loss that continues at higher temperature. These are similar to those observed for thermal decomposition of the Mg(OH)2 sample under a stream of dry N2 gas. The observed mass-loss ratios during the major mass-loss process are independent of the p(H2O) conditions examined in this study, with an average of 28.08 ± 0.2%. The subsequent gradual mass-loss process is attributed to the release of water molecules trapped in the MgO, triggered by growth of the MgO crystal. 57 Thus, complete thermal decomposition was achieved during the major mass-loss process. 71 With increasing p(H2O) in the reaction atmosphere, the mass-loss in the TG-DTG curves systematically shift to higher temperatures, accompanied by an increase in the peak top height and decrease in the width of the temperature interval of the DTG peak. This behavior highlights the retardation effect of the atmospheric water vapor on the thermal decomposition of the Mg(OH)2 sample associated with the chemical kinetics. Figure 2 shows the isothermal mass-loss curves at a constant temperature of 580 K under different p(H2O) conditions. Irrespective of the p(H2O) value, the mass-loss curves lack evidence of an IP, which differs from the cases of Ca(OH)2 and Cu(OH)2. 9,10,22 The total mass-loss under isothermal conditions is practically identical with that for the major mass-loss process under linear nonisothermal conditions. The mass-loss rate is apparently restrained due to the effect of atmospheric water vapor (Figure 2(a)). The isothermal mass-loss curves recorded at a higher p(H2O) exhibit sigmoidal curves, with the maximum mass-loss rate midway through the overall process (Figure 2(b)). The mass-loss data associated with p(H2O) values of 0.15, 1.06, and 5.39 kPa were subjected to the kinetic calculations, because the curves under these conditions exhibit characteristic mass-loss behaviors in a series of mass-loss curves recorded under different p(H2O) conditions. Mass-loss curves for the thermal decomposition of the Mg(OH)2 sample at different β values, recorded under a stream of wet N2 gas at three p(H2O) values, are compared in Figure 3. For each series, the mass-loss curves systematically shift to higher temperatures with increasing β values, exhibiting a typical behavior for the kinetic process. The temperature region where the series of mass-loss curves appeared also shift to higher temperatures with increasing p(H2O). The major mass-loss process observed before the reaction tail is then subjected to kinetic calculations. The mass-loss curves were transformed to the kinetic curves by normalizing the mass-loss value at any time (Δm(t)) into a fractional reaction (α) referenced to the total mass-loss (Δmtotal) observed during the major mass-loss process.

(4) Figure 4 shows three series of mass-loss curves of the thermal decomposition of the Mg(OH)2 samples at different constant temperatures, recorded at different p(H2O) values of 0.15, 1.06, and 5.39 kPa. In each series of isothermal mass-loss curves, the total reaction time decreases systematically with increasing reaction temperature. To record the total mass-loss process within an adequate time, the measurement temperature was increased with increasing p(H2O), highlighting a retardation effect due to atmospheric water vapor. A sigmoidal shape of the mass-loss curves is typically observed for isothermal mass-loss curves obtained at higher p(H2O) conditions and lower temperatures. Because the Δmtotal values observed under isothermal conditions correspond to those from the major mass-loss process under linear nonisothermal conditions, the isothermal mass-loss curves were converted to the kinetic curves referenced to the Δmtotal values for the overall process according to eqn (4). 

Formal kinetic analysis without considering the effect of water vapor pressure

As a preliminary approach for the kinetic analysis, the conventional isoconversional method was applied by ignoring the effect of p(H2O) on the reaction, i.e., by applying a(p(H2O),Peq(T))=1 in eqn (1). Considering logarithms on both sides of eqn (1) with a(p(H2O),Peq(T))=1, the equation for the conventional Friedman plot 86 is obtained:

(5) By plotting ln(dα/dt) against T -1 for the data points at a selected α extracted from the series of kinetic curves recorded under different temperature conditions, the Ea is obtained from the slope. Figure 5 summarizes the results of the kinetic calculations based on eqn (5). Irrespective of the selected α value, the Friedman plots show different linear correlations for the kinetic curves derived under different p(H2O) conditions, as exemplified by the plots at α = 0.5 (Figure 5(a)), where the slope systematically increases with increasing p(H2O). Thus, the higher Ea value was evaluated for the reaction with higher p(H2O) (Figure 5(b)). The apparent Ea decreases during the initial part of the reaction and subsequently maintains an almost constant value. The average Ea values for 0.1 ≤ α ≤ 0.9 in each reaction under different p(H2O) conditions are presented in Table 1. By assuming a constant Ea during the reaction, changes in the kinetic behavior as the reaction advances were simulated using an experimental master plot, created by calculating the hypothetical reaction rate (dα/dθ) at infinite temperature at each α value: [87][88][89][90][91][92] (6) with where θ is Ozawa's generalized time implying the hypothetical reaction time at infinite temperature in the Arrhenius equation scheme. 93,94 The shape of the experimental master plot systematically changes with the p(H2O) value (Figure 5(c)), with higher contribution of the initial acceleration period for the reaction process at higher p(H2O). According to eqn (6), the experimental master plot of dα/dθ versus α for each reaction under various p(H2O) values was fitted using the empirical f(α) known as the Šesták-Berggren model, SB(m, n, p). 7, 95, 96 (7) The A value and the kinetic exponents in SB(m, n, p) optimized through fitting are also presented in Table 1.

Formal kinetic analysis with considering the effect of water vapor pressure

When the effect of p(H2O) on the kinetics of the thermal decomposition is considered by introducing a((p(H2O)),Peq(T)), the Friedman plot is modified according to eqn (8). 9,10 (8) The most widely accepted AF accounting for the effect of the partial pressure of the product gas p(gas) on the thermal decomposition of solids in general is expressed by: [11][12][13][14]18 (9) This simple form of the AF was derived by different researchers on different experimental and theoretical bases. However, the introduction of the AF in eqn ( 9) into the kinetic equation in eqn (8) failed to significantly improve the Friedman-type plots for the reaction at different p(H2O) values (see Figure S3 in the ESI). The Ea averaged over 0.1 ≤ α ≤ 0.9 increases systematically with increasing p(H2O) (Table S1). Therefore, the conventional AF in eqn (9) does not realize the desired universal kinetic description over a range of temperature and p(H2O) conditions. This was also observed for the thermal decompositions of Ca(OH)2 and Cu(OH)2 in our previous studies. 9,10 In Figure S4, the experimentally applied p(H2O) values are compared with the Peq(T) values calculated using a thermodynamic database (MALT2, Kagaku Gijutsu-Sha). 97,98 A critical reason for the inconsistent results is that the p(H2O) values applied to the thermoanalytical measurements are significantly smaller than the Peq values within the temperature region of the thermal decomposition and the actual reaction temperature region is much higher than the equilibrium temperature at the applied p(H2O) values. 9,10 Therefore, results from eqn (9) are approximately unity for all data points. Thus, the analytical form of the AF in eqn ( 2) is introduced into eqn (8) for a universal kinetic approach to the reactions over a range of temperature and p(H2O) conditions. When examining the modified Friedman plot, the exponents (a,b) in eqn (2) were optimized at each α value to obtain the best linearity. Figure 6 summarizes the results of the modified Friedman plot using the AF in eqn (2). All data points at a selected α recorded under different temperature and p(H2O) conditions are on a single straight line (Figure 6 . The Ea variation trend as the reaction proceeds is perfectly synchronized with that of the a value in the AF, which was also observed for Ca(OH)2. 9 The trend is contrary to that observed for the thermal decomposition of the same Mg(OH)2 sample under a stream of dry N2 gas, 71 where a lower Ea value was calculated for the initial part of the reaction compared with the main part. 

Universal kinetic modeling of the physico-geometrical consecutive process over a range of temperature and p(H2O) conditions

The apparent variation of the Ea value accompanied by that of the exponent a in the AF of eqn (2) as the reaction advances indicate a change in the reaction mechanism during the reaction. In our previous study for the thermal decomposition of the same Mg(OH)2 sample under a stream of dry N2 gas, 71 , a consecutive SR-PBR(n) model with an interface shrinkage dimension of 2 or 3 was selected as a possible kinetic model for describing the overall kinetics of the reaction. The reaction, as described by the SR-PBR(n) model, exhibits a sigmoidal mass-loss curve under isothermal conditions, with this also observed for the present study in the presence of atmospheric water vapor (Figures 2 and4). In addition, the sigmoidal trend appears more clearly for reactions at higher p(H2O) conditions. In the kinetic modeling scheme based on the SR-PBR(n) model, the kinetic behavior of the SR and PBR can be separately characterized; thus, a possibility to examine the effect of p(H2O) on each physico-geometrical reaction step exists. 9,10 The kinetic calculation based on the SR-PBR(n) model was performed using the differential kinetic equations derived by assuming a first-order rate law for the SR process and an interface shrinkage dimension n (Table S2). 46 Each experimental kinetic curve recorded at specified temperature and p(H2O) conditions was fitted by the differential kinetic equation, enabling optimization of the rate constants for the SR (kSR) and PBR(n) (kPBR(n)) by the nonlinear least squares analysis with the Levenberg-Marquardt algorithm. The detailed calculation procedures are described in Section S4 in the ESI. Figure 7 shows typical fitting results for different assumed n values. Irrespective of the temperature and p(H2O) conditions, the SR-PBR(3) model represents the most statistically significant fit to the experimental kinetic curve. Each elementary particle of Mg(OH)2 is usually a hexagonal thin plate, and the 2D shrinkage of the reaction interface in each particle, formed initially at the edge surfaces, is consistent with previous studies. 51,[START_REF] Gordon | [END_REF][55][56][57] However, the Mg(OH)2 sample in the present study is characterized as agglomerates of crystalline particles with diameters of approximately 50 μm. 71 The apparent best fit using the SR-PBR(3) model likely indicates the overall kinetics of thermal decomposition of the agglomerates. The optimized kSR and kPBR(3) values at different temperature and p(H2O) conditions are presented in Table S3. The temperature dependences of the rate constants for the individual reaction steps were initially examined using the conventional Arrhenius plot without considering the effect of p(H2O). Figure S6 shows that the rate constants determined at different p(H2O) conditions exhibit varying linear correlations in the conventional Arrhenius plot irrespective of the reaction step. In addition, the calculated Arrhenius parameters show no indication of systematic dependence on p(H2O) (Table S4). As for the modified Friedman plot using the AF in eqn ( 9), the situation remained unchanged despite introduction of the conventional AF. Thus, the Arrhenius plot was modified by introducing the AF in eqn (2). Figure 8 shows the modified Arrhenius plots using the AF in eqn (2) for each reaction step, with the exponents (a, b) in the AF optimized to obtain the best linearity in each Arrhenius plot. In each reaction step, all rate constants determined for the reaction at different temperature and p(H2O) values are described by a single Arrhenius plot. The Arrhenius parameters determined universally for the reactions under different temperature and p(H2O) values are presented in Table 2. In both the reaction steps, the exponent b in the AF exhibits a large value. Thus, the second part of the AF, i.e., ( 

, Ea(SR) < Ea(PBR(3)) and A(SR) < A(PBR(3)).

Superficially, the mutually dependent changes in the Ea and A values as the reaction steps evolve are interpreted considering the kinetic compensation effect (KCE). [99][100][101][102][103][104][105][106] Thus, the relationships of the actual reaction rates should be interpreted by considering the KCE. 

Interpretation of the apparent kinetic results

Both kinetic approaches examined by introducing the AF in eqn (2), i.e., the kinetic analysis based on the modified isoconversional analysis and that based on the physico-geometrical consecutive SR-PBR(n) model, achieved universal kinetic description over a range of temperature and p(H2O) conditions, with linear kinetic plots (Figures 6(a) and8). However, the apparent kinetic results from the two approaches are characterized by significant discrepancies. The effect of p(H2O) was accommodated by the first part of the AF with the exponent a for both. However, opposite trends occur for the a values as the reaction advances for the two approaches. The isoconversional kinetic approach shows gradual decrease in the a values during the first-half of the overall reaction (Figure 6(b)). Contrarily, in the kinetic approach based on the SR-PBR(3) model, the primary SR yield a lower a value compared with that for the subsequent PBR(3). The opposite trend is also observed for the apparent Ea values. The Ea values determined by the modified Friedman plots gradually decrease, synchronizing with the variation of a values in one approach (Figure 6(c)), whereas, the lower Ea value was obtained for the SR in comparison with that for the PBR(3) in the other approach (Table 2). The kinetic results obtained by the modified isoconversional kinetic approach can be further validated by reexamining the theoretical basis of the kinetic calculation method. 5,[START_REF] Koga | Handbook of Thermal Analysis and Calorimetry[END_REF]86,93 In any isoconversional kinetic approach, an invariant physico-geometrical reaction mechanism covering the reaction conditions is a prerequisite. For the thermal decomposition of the Mg(OH)2 sample in the presence of atmospheric water vapor, the apparent Ea values, evaluated for the reactions under different heating conditions at a selected p(H2O) without considering its effect, exhibits systematic variation as the reaction advances (Figure 5(b)). This suggests that the mechanistic feature of the reaction varies with heating conditions even at constant p(H2O). Furthermore, the shapes of the isothermal mass-loss curves gradually transform to more apparent sigmoidal shapes as the p(H2O) value increases (Figure 4), as prominently illustrated by changes in the experimental master plots for reactions at different p(H2O) conditions (Figure 5(c)). This observation indicates that 395 the mechanistic feature of the reaction also changes with the p(H2O) value. Strictly, the expected variations of the physico-geometrical reaction mechanism with temperature and p(H2O) do not satisfy the prerequisite of the isoconversional kinetic approach, producing the apparent variation of Ea as the reaction advances. In the kinetic equation of eqn (1), the AF in eqn ( 2) is introduced as a preexponential term. The AF acts as the correction term for the A value, universally expressing the reaction rate at different p(H2O) values, with the functional form of f(α) invariant over the range of the reaction conditions applied to the kinetic calculation. When the mechanistic feature of the reaction varies with p(H2O) value, the variations in the f(α) value for the data points recorded at different p(H2O) conditions are also accommodated by the AF, providing the best linearity for the isoconversional kinetic plot by optimizing the exponents (a, b). Accordingly, the exponents (a, b) determined by the modified Friedman plots at the various α values are the apparent values, with the mechanistic features changing depending on the p(H2O) value, as well as the heating conditions. The apparent (a,b) values directly influence the intercept of the modified Friedman plot, i.e., ln[Af(α)], further inducing a compensative change in the slope of the plot, and thus, the apparent Ea value like the KCE. [99][100][101][102][103][104][105][106] The correlation between the exponents (a,b) and the Ea value determined by the modified Friedman plot is evident for the synchronized variations between a and Ea in Figure 6(b) and(c). In cases like the thermal decomposition of the Mg(OH)2 samples in the presence of atmospheric water vapor, the exponents (a,b) determined through the modified Friedman plot cannot be directly correlated to the effect of p(H2O). The variations of the mechanistic feature of the reaction is explained by changes in the kinetic contributions of the SR and PBR to the overall reaction with varying p(H2O). In the kinetic approach based on the SR-PBR model, the changes in the kinetic contributions are considered during kinetic fitting of the isothermal mass-loss curves, and the rate constants for SR and PBR are separately optimized at each set of temperature and p(H2O) conditions. Thus, the variation of the mechanistic feature does not affect the optimized rate constants and the modified Arrhenius plots for each reaction step. For the thermal decomposition of the same Mg(OH)2 sample under a stream of dry N2 gas, previous study indicates that the apparent Arrhenius parameters (Ea/kJ mol -1 , ln(A/s -1 )) for the SR and PBR(3) determined using the conventional Arrhenius plot were (135.3 ± 2.6, 22.2 ± 0.6)SR and (247.2 ± 7.3, 49.1 ± 1.6)PBR(3), respectively. 71 The magnitude relationships of these sets of Arrhenius parameters for the SR and PBR(3) are identical to those determined for the reaction under the presence of atmospheric water vapor in this study. The correspondence between the kinetic results obtained for the reaction under a stream of dry N2 gas and under the presence of the atmospheric water vapor is interpreted as evidence for evaluating the kinetic description based on the SR-PBR model. However, the values determined for the reaction over a range of temperature and p(H2O) conditions are higher than those in a dry N2 atmosphere. Although the difference for the Arrhenius parameters in each reaction step between the reactions under different atmospheric conditions are superficially correlated via the KCE, [99][100][101][102][103][104][105][106] it must be acknowledged that these Arrhenius parameters were determined on different bases of kinetic modeling. Alternatively, the kinetic parameters determined through the modified Arrhenius plot with the AF in eqn (2) represent these physico-chemical meaning only when the exponents (a,b) are accompanied. Considering the mutual dependence of the kinetic parameters, the introduction of the AF influences the apparent A value, and interacts with the apparent Ea value in the KCE scheme.

Comparison with the reactions of the other metal hydroxides

In comparison with other metal hydroxides studied previously, 9,10 the thermal decomposition of the Mg(OH)2 sample in the presence of atmospheric water vapor exhibits specific kinetic features. A distinguishable difference is the lack of an IP before the mass-loss process begins. Significant IPs were observed for thermal decomposition of Cu(OH)2 irrespective of the presence or absence of atmospheric water vapor and for Ca(OH)2 in the presence of water vapor. The variation features of the mass-loss curves with increasing p(H2O) also differ for the thermal decompositions of these metal hydroxides. The thermal decompositions of Mg(OH)2 and Cu(OH)2 display the sigmoidal mass-loss curves under isothermal conditions irrespective of the presence or absence of atmospheric water vapor; whereas, the behavior was only observed in the presence of water vapor for Ca(OH)2. When the conventional isoconversional method is applied without considering the effect of the atmospheric water vapor, the apparent Ea values increase with increasing p(H2O) value for all thermal decompositions. The Ea values for the thermal decompositions of Mg(OH)2 and Cu(OH)2 at each p(H2O) value are approximately constant during the main part of the reaction (Figure 5(b) and Table 1); while, systematic variation of Ea value as the reaction advances is evident for Ca(OH)2. The difference between the thermal decompositions of Mg(OH)2 and Cu(OH)2 emerges in the experimental master plots of (dα/dθ)/(dα/dθ)0.5 versus α at different p(H2O) values drawn using the apparent Ea values obtained by the conventional isoconversional method (Figure 5(c)). Although the experimental master plots for the thermal decomposition of Cu(OH)2 are practically similar irrespective of the p(H2O) value, those for the thermal decomposition of Mg(OH)2 display systematic changes with increasing p(H2O), with the variation indicating the increasing kinetic contribution of the SR on the overall kinetics. The introduction of the AF in eqn (2) into the Friedman plot enabled universal kinetic analyses for the mass-loss process of the thermal decompositions of each metal hydroxide over a range of temperature and p(H2O) conditions. The optimized sets of exponents (a,b) in the AF and variations as the reaction advances seen in the results characterize features of the effect of p(H2O) on kinetics of the mass-loss process. The second part of the AF in eqn (2) involving the relative magnitude of p(H2O) with reference to Peq(T) and exponent b, evaluating the distance of the actual reaction from the equilibrium condition for temperature and p(H2O). When the p(H2O) value is significantly lower than Peq(T) value, the contribution of the second part of the AF to the universal kinetic description under different p(H2O) conditions is limited. This is further evidenced when the empirically optimized b value is unexpectedly high. In the universal approach using the modified Friedman plots, such unexpectedly large b value was obtained for the thermal decompositions of Mg(OH)2 and Cu(OH)2, i.e., b > 8. These reactions occur at much lower p(H2O) value with reference to Peq(T) value in the actual reaction temperature region. Alternatively, the actual reaction temperature region is much higher than the equilibrium temperature at the applied p(H2O) value. For the thermal decomposition of Ca(OH)2, b values are almost constant, with an average of 1.28 ± 0.07 (0.04 ≤ α ≤ 0.97) obtained from the isoconversional kinetic analysis. Although, even in this case, the contribution of the second part of the AF to achieve the universal kinetic description at different temperature and p(H2O) conditions is limited in comparison with the first part of the AF, the second part corrects the slope of the Arrhenius-type plots. In all these thermal decompositions, the first part of the AF with the exponent a predominantly influenced the achievement of the universal kinetic description. However, the exponent a, optimized through the modified Friedman plots at various α values, exhibits different variation trends for the reactions. The a values were almost constant, with an average of 0.36 ± 0.03 (0.04 ≤ α ≤ 0.97) characterizing the effect of p(H2O) on the kinetics of thermal decomposition of Cu(OH)2 based on the isoconversional kinetic relationship. For this process, the Ea was also approximately constant during the reaction, with an average of 148.1 ± 3.3 kJ mol -1 (0.05 ≤ α ≤ 0.95). Conversely, the optimized a values change systematically as the reaction proceeds for the thermal decomposition of Mg(OH)2 and Ca(OH)2. This variation is accompanied by changes in the apparent Ea values with similar variation trend. Two possible reasons account for the synchronized variations in the a and Ea values as the reaction progresses. The first is the change in the effect of the p(H2O) value as the reaction proceeds, probably caused by the physicochemical reaction mechanism during the reaction. The second is the change in the mechanistic feature of the overall reaction with the applied p(H2O) value, as discussed previously for the thermal decomposition of Mg(OH)2. In the latter case, the preliminary assumption of the isoconversional kinetic approach, i.e., the invariant f(α) among the reactions under the examined conditions, is not fulfilled, producing the apparent values of the exponent a and Ea. Probably, in some cases, the synchronized variations of a and Ea values also result from the coupled effects of changes in the physico-geometrical reaction mechanism with α and p(H2O), as well as heating conditions. Thus, the kinetic results from the modified Friedman plot with the AF in eqn (2) requires careful interpretation for the physicogeometrical reaction mechanism and the applicability of the isoconversional method. For the thermal decompositions of these metal hydroxides in the presence of atmospheric water vapor, the mass-loss processes under isothermal conditions are satisfactory described by the SR-PBR(n) model. With this model, the possible variation of the mechanistic feature of the reactions with reaction temperature and p(H2O) conditions can be treated as changes in the kinetic contributions of the SR and PBR(n). Application of the modified Arrhenius plot using the AF in eqn (2) to the optimized rate constants for each physico-geometrical reaction step produced the universal kinetic description for each reaction step under different temperature and p(H2O) conditions. However, the relationship of the resulting kinetic parameters between SR and PBR(n) and those corresponding to the kinetic parameters determined by the modified Friedman plot are different for the mass-loss processes for the metal hydroxides. For comparison with the present results for the thermal decomposition of Mg(OH)2 (Table 2), previously reported kinetic parameters for the thermal decompositions of Ca(OH)2 and Cu(OH)2 are presented in Table S5. Regarding the optimized exponents (a, b) in the AF, the magnitude relationships between (a, b) values in each reaction step are comparable with those determined by the modified Friedman plot for reactions of three metal hydroxides. For the thermal decompositions of Ca(OH)2 and Cu(OH)2, the changes in the a values as the reaction advances from SR to PBR(n) also follow expected trends from the modified Friedman plot, i.e., a(SR) > a(PBR( 2)) for Ca(OH)2 and a(SR) ≈ a(PBR( 1)) for Cu(OH)2. However, the magnitude relationship of a(SR) < a(PBR(3)) observed for the thermal decomposition of Mg(OH)2 is the opposite expected from the modified Friedman plot exhibiting systematic decrease in the a value as the reaction proceeds. The same magnitude relationship observed for the a values for SR and PBR(n) in each reaction for the metal hydroxides is observed for the Ea values, i.e., Ea(SR) > Ea(PBR( 2)) for Ca(OH)2, Ea(SR) ≈ Ea(PBR( 1)) for Cu(OH)2, and Ea(SR) < Ea(PBR( 3)) for Mg(OH)2, with that for Mg(OH)2 opposite that expected from the modified Friedman plot. The A values for SR and PBR(n) also follow the same magnitude relationship in each reaction like the a and Ea values. Thus, the thermal decompositions of those three metal hydroxides in the presence of atmospheric water vapor are characterized by different magnitude relationships between the exponents (a, b) in the AF of eqn (2) and the variation trends of the kinetic parameters, including the (a, b) values and the Arrhenius parameters, as the reaction advances from SR to PBR. These kinetic parameters reflect the characteristics of the kinetic behaviors changing with the heating and atmospheric conditions. Therefore, patterns and trends of the parameter relationships in each reaction step and between different reaction steps provide indexes for the classification of the kinetic characteristics of thermal decomposition of solids, considering the effects of temperature and partial pressure of the product gas. Further studies on the kinetics of different thermal decomposition reactions using the universal kinetic approaches are necessary for establishing novel theoretical basis for understanding kinetics.

Conclusions

Thermal decomposition of Mg(OH)2 occurred at a lower p(H2O) value with reference to the Peq(T) at the reaction temperature region, which was much higher than the equilibrium temperature at the applied p(H2O) value. The reaction rate was significantly reduced by atmospheric water vapor, as evidenced by prolongation of the reaction time at constant temperature and systematic shift of the mass-loss curves recorded at a β to higher temperatures with increasing p(H2O) values. Under isothermal conditions, a sigmoidal shape of the mass-loss curve was more distinguishable with increasing p(H2O) value and decreasing reaction temperature. The reaction in this study also showed no IP for temperatures and p(H2O) values examined. The changes in the kinetic behaviors with heating and atmospheric conditions were universally demonstrated by introducing the analytical form of the AF in eqn (2) into the fundamental kinetic equation. In the isoconversional kinetic approach, the universal kinetic description was achieved by the modified Friedman plot at each α value through optimizing the exponent (a,b) in the AF, exhibiting statistically significant linear correlations for all data points at a given α recorded at different heating and p(H2O) conditions. The predominant role of the exponent a over b for achieving the universal kinetic description emerged as a characteristic of the present reaction. However, both the exponent a and Ea values determined through the modified Friedman plot decreased in the first-half of the reaction as the reaction advanced, followed by approximately constant values in the second-half of the reaction. The overall mass-loss curves recorded under isothermal conditions were adequately described by the physico-geometrical consecutive SR-PBR(3) model, as expected from the sigmoidal shape of the mass-loss curves and the variation of the Ea value determined by the isoconversional method as the reaction advanced. Based on the SR-PBR(3) model, the universal kinetic description over a range of temperature and p(H2O) conditions were achieved for each physico-geometrical reaction step by the Arrhenius plot modified by introducing the AF in eqn (2). This enabled us to separately evaluate the effect of p(H2O) on the various reaction steps. However, the magnitude relationships of a(SR) < a(PBR(3)) and Ea(SR) < Ea(PBR(3)) estimated by the modified Arrhenius plots showed trends opposite the expectations from results of the modified Friedman plots. The discrepancies were interpreted as caused by the change in the mechanistic feature of the reaction with the applied p(H2O) value; thus, the application of the modified Friedman plots at different p(H2O) values does not fulfil the preliminary requisite of the isoconversional methods. In comparison with the previously reported results of the universal kinetic description based on the SR-PBR(n) model for the thermal decompositions of Ca(OH)2 and Cu(OH)2, the three reactions including that of Mg(OH)2 exhibited different magnitude relationships between the optimized kinetic parameters in each reaction step and different physico-geometrical reaction steps. The patterns and trends of the parameter relationships are used for characterizing the kinetics of the thermal decomposition of solids in the scheme of universal kinetic description at different temperatures and partial pressures of the product gas, based on the physico-geometrical consecutive reaction models.

Figure 1 .

 1 Figure 1. TG-DTG curves for thermal decomposition of the Mg(OH)2 sample (m0 = 2.95 ± 0.08 mg) at a β value of 5 K min -1 under a stream of wet N2 gas with p(H2O) ranging from 0.15 to 7.55 kPa (flowrate: approximately 400 cm 3 min -1 ).

Figure 2 .

 2 Figure 2. Mass-loss curves for thermal decomposition of the Mg(OH)2 sample (m0: approximately 3.0 mg), recorded at a constant temperature of 580 K under a stream of wet N2 gas with a controlled p(H2O) of 1.06 or 5.39 kPa 190 (flowrate: approximately 400 cm 3 min -1 ): (a) comparison of mass-loss curves recorded at p(H2O) of 1.06 and 5.39 kPa and (b) overall shape of the mass-loss curve and its derivative, recorded at p(H2O) of 5.39 kPa.

Figure 3 .

 3 Figure 3. TG-DTG curves for thermal decomposition of the Mg(OH)2 sample under a stream of wet N2 gas with different controlled p(H2O) values recorded at β values of 1 ≤ β/K min -1 ≤ 10: (a) p(H2O) = 0.15 kPa (m0 = 2.95 ± 0.07 mg), (b) p(H2O) = 1.06 kPa (m0 = 3.02 ± 0.13 mg), and (c) p(H2O) = 5.39 kPa (m0 = 3.03 ± 0.07 mg).

Figure 4 .

 4 Figure 4. Isothermal mass-loss curves for thermal decomposition of the Mg(OH)2 sample under a stream of wet N2 gas with different controlled p(H2O) values recorded at different constant temperatures: (a) p(H2O) = 0.15 kPa; 545 ≤ T/K ≤ 559 (m0 = 2.98 ± 0.05 mg), (b) p(H2O) = 1.06 kPa; 564 ≤ T/K ≤ 579 (m0 = 3.06 ± 0.10 mg), and (c) p(H2O) = 5.39 kPa; 580 ≤ T/K ≤ 594 (m0 = 3.07 ± 0.14 mg).

Figure 5 .

 5 Figure 5. The results of the formal kinetic analysis for the thermal decomposition of the Mg(OH)2 sample, performed by ignoring the effect of atmospheric p(H2O): (a) conventional Friedman plots at α = 0.5, (b) Ea values at various α, and (c) experimental master plot of (dα/dθ)/(dα/dθ)0.5 versus α.

Table 1 .

 1 Apparent kinetic parameters for the thermal decomposition of the Mg(OH)2 sample at different p(H2O) values, determined without considering the effect of atmospheric p(H2O).

  (a)), confirming a universal kinetic description. The statistically significant linearity of the modified Friedman plots using the AF in eqn (2) are observed irrespective of the α value (Figure S5). The respective exponents (a,b) in the AF of eqn (2), optimized when examining the modified Friedman plot, exhibit different trends as the overall reaction advances (Figure 6(b)). The exponent b above 8 during the main part of the reaction, followed by much lower b values (0.5-1.5) in the initial part of the reaction (α ≤ 0.08). Since the p(H2O) value is much lower than the Peq(T) value for all data points, the second part of the AF in eqn (2), i.e., 1-(p(H2O)/Peq(T)) b , is approximated to unity in the main part of the reaction with such a large b value. Thus, the universal description of the kinetic behavior over a range of temperature and p(H2O) conditions is achieved by the first part of the AF in eqn (2), i.e., (Pº/p(H2O)) a . The exponent a decreases gradually from approximately 1.5 to 0.7 during the first-half of the reaction (0.01 ≤ α ≤ 0.60) and subsequently converges to an approximately constant value of 0.68 ± 0.02 (0.60 ≤ α ≤ 0.95). The Ea values calculated from the slope of the modified Friedman plot at different α values also gradually decrease from approximately 300 kJ mol -1 to 235 kJ mol -1 (0.01 ≤ α ≤ 0.60), and subsequently attain a constant value of 233.8 ± 2.8 kJ mol -1 (0.60 ≤ α ≤ 0.95) (Figure 6(c))

Figure 6 .

 6 Figure 6. Results of the modified Friedman plot with the AF in eqn (2), applied universally to the kinetic curves derived for the thermal decomposition of the Mg(OH)2 sample under different temperature and p(H2O) conditions: (a) the modified Friedman plot at α of 0.5, (b) the optimized exponents (a,b) in the AF of eqn (2) at various α values, and (c) the Ea values at various α values.

Figure 7 .

 7 Figure 7. Typical fitting results for the experimental kinetic curve (T = 589 K; p(H2O) = 5.39 kPa) by the SR-PBR(n) model: (a) n = 1, (b) n = 2, and (c) n = 3.

  1-(p(H2O)/Peq(T)) b ), is approximated to unity, and the effect of p(H2O) is accommodated in the universal kinetic expression, owing to the first part of the AF in eqn (2), i.e., (Pº/p(H2O)) a . The a values for the SR and PBR(3) steps are significantly different with a magnitude relationship, i.e., a(SR) < a(PBR(3)), indicating different effects of p(H2O) on various reaction steps. Similar magnitude relationships are evident for the Ea and A values, i.e.

Figure 8 .

 8 Figure 8. Modified Arrhenius plots with the AF in eqn (2) for the reaction steps of (a) SR and (b) PBR(3).

Table 2 .

 2 Exponents (a,b) of the AF in eqn (2) and the Arrhenius parameters determined by the modified Arrhenius plots for the individual reaction steps
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S1. Instrumental setup

Measurements of the mass-loss curves under controlled p(H2O) conditions were performed using a controlled humidity TG-DTA system (HUM-TG, Thermoplus 2, Rigaku). 84 Figure S1 shows the system comprises a horizontally configured thermobalance (TG-8120, Thermoplus 2, Rigaku) with an electric furnace surrounded by a water jacket, a water circulator with a temperature controller (F-25, Julabo), a humidity controller (HUM-1, Rigaku), and a transfer tube with a temperature controller between the humidity controller and the thermobalance, and a dry N2 gas supply line connected from a N2 gas cylinder equipped with a pressure regulator. Before measurement, the electric furnace of the thermobalance and an anterior chamber connected to the furnace tube were warmed up by circulating water of controlled constant temperature ranging from 293-353 K. A purge gas of dry N2 flowed through at a rate of 50 cm 3 min -1 from the back of the balance system. After the sample was set on the sample holder in the thermobalance, the sample was heated to 353 K at a heating rate of 5 K min -1 under a stream of dry N2 gas at 400 cm 3 min -1 introduced from the forefront of the furnace via the anterior chamber and held at the programmed temperature for 30 min.

Immediately after the sample reached the programmed temperature, the dry N2 gas from the front of the furnace was switched to wet N2 gas at a controlled p(H2O) value. The wet N2 gas was generated in the humidity controller by bubbling N2 gas in a temperature controlled water bath. The wet and dry N2 gases were mixed and transferred in the anterior chamber of the furnace at a rate of 400 cm 3 min -1 via a transfer tube heated at a temperature ranging from 308-373 K. In the anterior chamber, the relative humidity and temperature of the wet N2 gas were continuously measured, with the relative humidity signal returned to the humidity controller for the control of flowrates of the wet and dry N2 gases to be mixed, so as to regulate the relative humidity in the anterior chamber to be the programmed value. The p(H2O) value of the wet N2 gas in the anterior chamber was calculated using the temperature and relative humidity values. The wet N2 gas with the controlled p(H2O) value was passed over the sample and ejected through the part of the furnace linked to the balance room, together with the dry N2 gas that purged the balance room. After stabilized the measurement system under a stream of wet N2 gas with the controlled p(H2O) value for 30 min, the mass-loss curves for the thermal decomposition of the Mg(OH)2 sample were obtained at the set p(H2O) value under isothermal and linear nonisothermal conditions. Typical records of the mass change measurements are depicted in Figure S2. The measured onset temperatures of the DTA endothermic peaks for the melting of these pure metals were calibrated with reference to values in the literature for those melting points. In addition, the calibrated temperature was confirmed as applicable to the measurements under a stream of wet N2 gas with different p(H2O) values through measurements of the DTA endothermic peak for melting of In under various p(H2O) conditions. S2. Before fitting the experimental kinetic curve by that calculated according to the kinetic equations, the initial value for kPBR(n) was calculated with reference to the kinetic parameters determined preliminary using the isoconversional kinetic analysis without considering the effect of p(H2O). After the initial value of kPBR(n) was set in the kinetic equations, the order of kSR initial value was determined by graphically comparing the experimental and calculated kinetic curves. Then, the simultaneous optimizations of kPBR(n) and kSR via nonlinear least squares analysis were run to minimize the squares sum, F.

S2. Formal kinetic analysis without considering the effect of water vapor pressure

(S1) where M is the number of data points in each kinetic curve. The most appropriate kinetic model was selected by comparing the statistical significances of the fittings obtained using different kinetic models in Table S2. Irrespective of the kinetic curve, the experimental kinetic curves were best described by the SR-PBR(3) model. Table S3 lists the optimized kSR and kPBR(n) values for the reaction at different temperatures and p(H2O) values. The universal kinetic analysis of each physico-geometrical reaction step over different temperature and p(H2O) conditions are demonstrated using the optimized kSR and kPBR(n) values and described in the main article.