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Abstract

This study aims to universally describe the kindgatures of the thermal dehydration of lithium fatd
monohydrate across different temperatui@ad atmospheric water vapor pressup@d40)), as a model reaction
of the thermal dehydration of crystalline hydratistially, the features of the physico-geometricahsecutive
process, comprising the induction period (IP)—sigfeeaction (SR)—phase boundary-controlled rea¢f®BR),
were revealed by tracking the mass-loss behaviimglthermal dehydration under various heatingatntbspheric
conditions, as well as through microscopic obs@watf the reaction particles. Then, the accommoddtinction
(AF), accounting for the effect pfH-0) on the kinetic behavior, was derived based assital solid-state reaction
theories. The modified kinetic equation with the W&s successfully applied to both the IP and mass{brocess
through Arrhenius-type and isoconversional kinetaiculations, respectively, realizing the univerkaletic
approach. Furthermore, on the basis of the IP-SR{®HBnodel, kinetic information on the respective teac
steps was obtained from isothermal kinetic cureesmded at eachandp(H20) value. Finally, the universal kinetic
descriptions for each physico-geometrical reacitep were obtained using the modified kinetic equatith the
AF. The kinetic features were revealed by compatfiegmagnitude relations of the resultant kineticapneters in
each reaction step and investigating the variat@fnsach kinetic parameter as the reaction steprazbd. The
significance of the proposed universal kinetic apph was discussed to gain further insight intonéiire of the

thermal dehydration of crystalline hydrates.
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1. Introduction

The thermal dehydration of inorganic crystallinetates has been studied to reveal various spéeditires of
solid-state reactions, as well as the solid—gatesysThe kinetic behavior has been extensivelystigated in
relation to (i) the topochemical constraints oftbaction geometry, (ii) the nucleation and integfeeaction kinetics,
and (iii) the effect of intensive parameters orctiea kinetics! The outcomes of these studies have contributed to
the establishment of the widely recognized thedryotid-state reaction kinetics, which considerarayes in the
reaction rate as the reaction advances and degeoditemperaturel§. The most fundamental kinetic is expressed
as an equation in differential form by using the/gto-geometrical kinetic model functidf ) and assuming

Arrhenius-type temperature dependefie:
— — 1)

where is the fractional reaction defined by the conwarsiatio at time with reference to the total conversion
value during the reactioit,, A, andR are the apparent activation energy, Arrheniusypeeential factor, and gas
constant, respectively. Advancement of the kingttgory was promoted by the development of varieahriques
that reveal the characteristics of the processiithér detail and track the process to obtain npoeeise kinetic
data and advancement of the mathematical processthgology. Thermal analysis has been used asvarfad
technique, and its advancement has provided thertppty to improve the procedures of kinetic asay
including kinetic data measurement, kinetic caltolg and consequently, kinetic theory. At eaclystaf the
technological innovation, the kinetic study of thermal dehydration of crystalline hydrates hastrepeated for
establishing up-to-date theory and improving theelit analysis procedures of the solid-state reacti

Thermal dehydration of lithium sulfate monohydrgteSM) is one such crystalline hydrate studied
extensively as a model reaction:

[ ()¢
In the early 1990s, i.e., at the time when thertfmamalytical instruments were becoming fully eqeigppvith
personal computer, much research was dedicatdtet&imetic study of this reaction. This was in @xe to a
proposal from the kinetic committee of the Inteimaél Confederation for Thermal Analysis and Catwiry
: J.H. Flynn at that time) for establishing thenst@rd procedures for kinetic analysis using
thermoanalytical techniquésVith reference to the previously reported kinstiadies for the reaction (Okhotnikov
et al.}%13 Koga and Tanak#;'® and Galwey et alS), variously oriented kinetic studies were conddatsing
different techniques under different sample andsuesament conditions, including differing samplereleteristics,
sample masses, atmospheres, and heating conditiths which the kinetic results obtained using diffierrkinetic
calculation methods were also compared. The nkdjetic results reported during that period are mamized in
Section S1 in the ESI. The reported kinetic paramsawere widely distributed, with tit® values ranging from 22
to 272 kJ mot depending on the experimental and calculationaiabdities, that was accompanied by a
compensative change in thevalue, yielding a linear correlation betweerAlandE, values, known as the kinetic
compensation effeét;**as shown in Figure S1. Although the results expposany problems related to the reliable
kinetic analysis of solid-state reactions, varikingtic features of the reaction were identifiedking the reaction
in Eqg. (2) a target for further kinetic studiesaasiodel reaction.
Two differently oriented studies of the reactiorvédeen more recently performed based on the sesult

of the work conducted in the early 1990s. One patgd from microscopic studies of the surface r@a¢SR) and
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the subsequent phase boundary-controlled readdBR), as well as the estimatéd), through formal kinetic
analysis. Clear evidence of the physico-geometdgatecutive process, comprising SR and subseR@#thave
been shown through microscopic observatir&.35-26n the formal kinetic analysis of a single-crystample, the
two or three- ereas, for powder samples, the nucleation and growdel

of Johnson—Mehl-Avrami (JMAtf))3"-*°was empirically selected in many previous stutlesed on the best fitting
procedures regardless of the discrepancy betweesctinal reaction mechanism and the physico-gemakbasis

of the JMAf) model. The kinetic modeling of the reaction ofwmger samples as the physico-geometrical
consecutive SR-PBR process was initially perforingd/aldivieso et at! This study was further extended to
single-crystal samples by Favergeon et focusing on the applicability of SR-PBR model aigetics of
induction period (IP) and surface nucleation. Timetic modeling of the physico-geometrical conseeusR—PBR
process, originally proposed by Mamflyas later reformulated as the nucleation and &mwisic growth model
by Favergeon et at®,and the simplified differential kinetic equatidios the consecutive IP-SR—-PBR process were
derived by Ogasawara and Kdéf#or practical kinetic calculation. Similar physigeometrical kinetic modeling
of the reaction was demonstrated recently by Lah€t*® based on the detailed optical microscopic measemésn
of surface nucleation, surface growth, and bulkagingorocesses.

The other kinetic approach to the reaction conctraeffect of water vapor pressupéH20)), which is
the gaseous product of the reaction. The retama&fifect ofp(H-O) on the overall reaction rate was reported by
Huang and Gallaghé#. The effect ofp(H-O) on the kinetic behavior at a selected tempegaair353 K was
discussed by Valdivieso et&lin connection with the kinetic modeling of thersigidal mass-loss curves. Seto et
al.*° reported the kinetic behavior under isothermalditions at different temperatures and at diffengiii.O)
values ranging from 0 to 2.7 kPa. Besides the mamdee effect op(H-O) on the reaction rate above 1 kPa, the
unusual behavior of an initial decrease and sules#ducrease in the rate constant with increapiityO) was
observed gb(H-0) values lower than 1 kPa, which is known as thél8-Topley effect®-52Favergeon and PijoFgt
investigated the effect @{H>O) on the IP for the thermal dehydration of singlgstals, observing prolongation of
the IP duration time with increasipgH-0) values at a selected temperature of 353 K. Tfketef p(H20) on the
reaction rate and the possible cause of the Snuhiey effect were discussed by L'vov ebélising an alternative
kinetic modeling based on a model of dissociativaperation of the reactant solid, followed by tlemdensation
of the solid produc® An interesting experimental approach for reveatimg thermal dehydration kinetics during
continuous cooling was recently reported by Lidaig and VWazovkiRé->” where a systematic decrease in the
isoconversionaE, value as the reaction advanced was observed érdhaction during cooling, as reported
previously in many articles for the reaction durlmepting'® 18-1° 22The cause of variation in the isoconversional
Ea value was discussed in connection with the efiéthe self-generatep(H20).

Further advanced kinetic approach to the thermahjdration of LSM can be attempted by integrathng t
kinetic behavior information of the thermal dehydrma of LSM, focusing on the physico-geometricahgton
mechanism and the effect pfH>0). A universal kinetic description of the reactimver different temperature and
p(H20) conditions is required to reveal the relatiomwen the reaction kinetics and the reaction dwyuilin.
Furthermore, by introducing kinetic modeling of thleysico-geometrical consecutive process, kinaifceach
physico-geometrical reaction step can be descilseal function off andp(H20), which enable the evaluation of

changes in the kinetics as the reaction step adgaacd compare the kinetic characteristics witloraparable



series of reactions using kinetic parameters dasgril andp(H20O) dependences. The success of the universal
kinetic description over different temperature ad-O) conditions based on the physico-geometrical @cuis/e
reaction model is expected to bring the kineticarathnding of the thermal dehydration and decortipagio with

a new level by categorizing the kinetic behaviothwieference to the magnitude relation betweenkthetic
parameters and their variation as the reactionatepnces. Recently, we have succeeded in providendesired
universal kinetic description for a series of tharaecompositions of metal hydroxid&$° The present study aims

to provide the universal kinetic description in leghysico-geometrical reaction step for the wellg&d model

reaction of the thermal dehydration of LSM, aseassary step toward reaching a new level of kingttterstanding.

2. Experimental section

2.1 Sample preparation and characterization

Single crystals with a long axis length in the fipm 1.0 to 2.0 mm (Figure S2) were grown frosupersaturated
solution of an LSM reagent (special grade, >99 Rétayama Chem. Ind.). The single crystals of ddsiize were
collected from the supersaturated solution andidnieir. The sample was characterized aSQi!" ;0 via powder
X-ray diffractometry (XRD) (Figure S3), Fourier trsform infrared spectroscopy (FT-IR) (Figure S4nda
thermogravimetry (TG)—differential thermal analys{f®TA) (Figure S5) before being subjected to the
thermoanalytical measurements described below. gdsaim the XRD patterns of the sample during hgatiare
traced by high-temperature XRD measurements (Fi§6jeand the dehydration product was identifiedigSQOs.
Section S2 in the ESI details the sample charaeitson.

2.2 Thermoanalytical measurements
Approximately 5.0 mg of the single crystals (5—-6tiokes) were weighed into a platinum sample pam(s in
diameter and 2.5 mm in height), whose inner-botsuriace was pre-lined with a small amount of glass|
(approximately 0.5 mg) to allow exposure of allfages of the sample particles by preventing cortatween the
single crystals and the surface of the pan andratingle crystals. The sample was loaded onto aDOTa
instrument (TG-8121, Thermoplus Evo2, Rigaku). Tiermal dehydration process was traced in flowingabs
at a flowrate of 300 cfnmin®. The water vapor pressure of the outlet gas wasitored using a hygrometer
(HUHBN-HT20E, NGK Spark Plug Co.) and determined&00.26 kPa. The sample was heated accordinge® th
different temperature program modes including isottal, linear nonisothermal, and controlled trarmsfttion rate
thermal analysis (CRTA3 %! conditions. For the isothermal measurements,ahwke was heated at a heating rate,
, of 10 K min! to a predetermined temperature in the range-3A8 K, which was maintained during recording
of the mass-loss curve. The TG-DTA curves under Imonisothermal conditions were recorded uporitgg&bom
room temperature to 523 K at differentalues ranging from 0.5 to 10 K nfinThe CRTA measurements were
conducted with a linear nonisothermal program at2 K min', whereas during the mass-loss process, the mass-
loss rateC, was controlled at different program values inrdiege 2.5-2%g min?.

For tracking the mass-loss process during therthledehydration of LSM at higher controllg{H-0)
values, a humidity-controlled TG-DTA system (TG-81Zhermoplus 2, Rigak®)equipped with a humidity
controller (HUM-1, Rigaku) for the inflow Ngas was used. The flowrate of §as was varied in a range 350—400
cn® min! depending on the controlleo(H2O) value during the TG-DTA measuremenéster the sample



(approximately 5.0 mg) was weighed in the platinpam with procedure described above and loaded @n th
instrument, the TG—DTA run was started by flowimg N gas to heat the sample to 323 K at5 K mint. Then,

the gas flow was switched to wet Nas with a certain controllgg{H-O) value, and the sample temperature was
maintained at 323 K for 30 min to establish the capineric conditions. Thereafter, the TG-DTG cunwese
recorded by heating the sample under linear ndmésotal and isothermal conditions. The effect ofatreospheric
p(H20) value on the mass-loss process under a lingg@isathermal condition at = 5 K min' was examined
through the measurements under different contraladospherigp(H20) values in the range 6-8.1 kPa. The
mass-loss curves used for the kinetic calculativee collected at three different controllg@H.O) values, i.e.,
0.8, 3.7, and 8.7 kPa. Under egxfhl,O) condition, the mass-loss curves at differentstamt temperatures were
initially recorded by heating the sample from 328ka programmed temperature at 5 K min' and maintaining
the temperature until the mass-loss process wapleten The temperature range of the isothermal uneagents
was forced to change depending on the atmosppigii©) value, and the available temperature width efstries

of isothermal measurements at each contrqi{edO) value narrowed with increasip{H.O) value. A temperature
width of 12 K was ensured for the series at théadsg controllegp(H-0) value, i.e., 8.71 kPa. Similarly, a series of
mass-loss curves under linear nonisothermal camditivere collected at differentvalues in the range 1-10 K
min!. The average mass-loss value across all masstiogss under different heating ap@.O) conditions was
13.97 + 0.57%, which corresponds to the calculeddae according to Eq. (2), i.e., 14.08%. The insgntal setup
for the measurements is detailed in Section SBarESI.

The appearance of the sample in the platinum pas @ontinuously recorded during the TG-DTA
measurement under isothermal conditidrn=(344 K) in flowing N gas (flowrate: 300 cirmin® p(H0): 0.26
kPa) using a TG-DTA instrument (TG-8121, Thermoiiv®?2, Rigaku) equipped with a digital video camera
(SKM-S20C-PC-R, Saitoh Kogaku). Changes in theasgrtexture of the sample during isothermal heatfrthe
sample in the heating stage (STJ-M100-01P-HU-SPJ)Sat 351 K in flowing M gas (flowrate: 100 cfmin?,
p(H20): 0.26 kPa) were observed using an optical mizps (BH-2, Olympus).

3. Results and Discussion

3.1 Effect of water vapor on thermal behavior

Figure 1 compares the TG—derivative TG (DTG) curf@sthe thermal dehydration of LSM recorded under
differentp(H20) values at the same constant temperature, 7.8.K3The appearance of a distinguishable IP under
isothermal conditions is observed irrespective hef g(H-O) values. The IP duration timésp, is significantly
prolonged as thp(H20) value increases, as reported by FavergeorP&The mass-loss process during the thermal
dehydration under isothermal conditions is charatd by a sigmoidal shape with the maximum mass-late
midway through the reaction. The mass-loss ratete&rded by the effect of the atmosphe(e.0) value. This
behavior is also observed for the TG-DTG curve nd@d under differenp(H-0) values during nonisothermal
heating at a fixed value, as shown in Figure 2. The TG-DTG curvetesyatically shift to higher temperatures
with increasing atmospherp(H20) values (Figure 2(a)). The shape of the DTG aumiso changes with the
p(H20) values, as characterized by the decrease teitygerature interval between the extrapolated disgtand
peak top () temperatures and increase in the DTG peak hétgure 2(b)). The TG-DTG curves recorded at the

highestp(H20) value do not necessarily follow this trend. Tikidue to the self-cooling effect, which concatres



programmed linear heating of the sample. Withintdmperature angd(H-O) conditions examined in this study,
the inversion phenomena in the relation betweendhetion rate and(H20), as described by the Smith—Topley

behavior, cannot be observed.
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Figure 1. Comparison of isothermal mass-loss curves fottlthemal dehydration of LSM as recorded at a comstan

temperature of 373 K in flowing wet:Njas with different controlled(H20) values, i.e., 0.81 and 3.65 kPay €
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Figure 2. Effect ofp(H20) value on the mass-loss curves for the therntafdtation of LSM (rp = 5.520 + 0.378
mg) as recorded under linear nonisothermal conditat =5 K min! in flowing wet N> gas. (a) TG-DTG curves

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

Figure 3 shows the changes in the appearances &fattmple crystals during TG—-DTG measurement at a
constant temperature (344 K) in flowing das (flowrate: 300 cfmin', p(H20) = 0.26 kPa). During the IP, no
distinguishable change in the surface texture ®fstmple particles is observed (A-D). As soon asrthss loss is

detected, several regions of the surfaces of tlected sample particles start becoming cloudedutitrothe



formation of a solid product (E). Subsequently,dleeided regions increase in the manner of nucleand growth
(F, G), and all of the surfaces are covered bgthid product at a mass-loss ratio of approxima2elo (H), which
corresponds to the fractional reaction of 0.19. During the surface reaction, the prelimipalouded regions
gradually turn white and devitrify. This observationplies that the reaction interfaces formed by $urface
reaction successively advance toward the centéineofeactant particles. At the same time, theredatectable
distributions of the fractional reaction betweea thactant particles. After the surfaces of alttaat particles are
covered by the surface product layer, no distiritali¢e change in the particle appearance is obselwaadg the
second half of the mass-loss process (H-J). Thanadvnent of the reaction interface toward the cesfteach
reacting particle is the predominant process dutfiegsecond half of the mass-loss process. Figuwteows the
changes in the microscopic views of a selectedalrgsrface during the isothermal heating at 35t #owing N>
gas (flowrate: 100 cmin?, p(H-0) = 0.26 kPa). Although no distinguishable chaimyéhe surface texture is
observed during the IP (a and b), the IP duraiioe is variable for the single crystalline partiie the sample
matrix. The reaction is initiated by random nudleaton the surface and subsequent growth coversetirtant
surfaces with the solid product (c—f). These olmtBins suggest that the IP duration representsrégaration time
before initiating the mass-loss process, whichitated by the surface reaction. The subsequessruss is a
result of movement of the as-produced reactionfete between the surface product layer and tleeriat reactant
crystal toward the particle centers. The physicorgetrical reaction mechanisms, as deduced from the

morphological observations, are perfectly in acaam with the previously reported mechanisi§. 42 47-48. 53
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Figure 3. Changes in the appearance of the reactant gartciring the measurement of mass-loss curvesédor t
thermal dehydration of LSMr = 4.815 mg) at a constant temperature of 344 floiming N2 gas p(H20) = 0.26
kPa): (a) mass-loss curve in the initial part & thaction, (b) mass-loss curve during the oveealttion, and (c)

appearance of the sample particles at variousioeaiines suggested in the mass-loss curves ian@)b).



Figure 4. Changes in the microscopic views of a selectethsairof an LSM crystal during heating at 351 K in
flowing N2 gas p(H20) = 0.26 kPa).

3.2 Induction period

Figure 5 shows the mass-loss curves for the thestetajdration of LSM recorded at various constamipieratures
under flowing wet N gas with different controlleg(H-O) values, i.e., 0.26, 0.81, 3.65, and 8.63 kPaeakth
p(H20) value, the mass-loss curves transform with teaipee, indicating that the mass-loss rate increasth
temperature in an ordinal manner. By comparingntass-loss curves recorded under diffeqgft.O) values,
prolongation of the IP and the retardation of tressaloss rate at a given temperature are obseritleédhareasing
p(H20) values. Because of this behavior, it is necggsashift the measurement temperature range a$titleermal
mass-loss curves to higher temperatures at incigpéi.O) values.
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Figure 5. Mass-loss curves for the thermal dehydration dfili§corded at different temperatures in flowing wet
N2 gas with different controlled(H2O) values: (a) 0.26 kPanf = 5.403 + 0.301 mg), (b) 0.81 kPay(= 5.315 *
0.313 mg), (c) 3.65 kPang = 5.227 + 0.220 mg), and (d) 8.63 kifa € 5.222 + 0.292 mg).

Thetp value is determined for each mass-loss curve wsimgjrical definitions of the zero time and the
end time of the IPthe zero time is defined as that at which the $artgmperature reaches the programmed
temperature, whereas the end time of the IP isidéfas that at which the mass-loss value reach&%Q. = 0.01
for the mass-loss process). Figure 6 shows thegelsain thdp values with temperature ap{H.O) value. Thep
value at eaclp(H20) value increases exponentially with decreasinptrature. The temperature verspsurves
shift systematically to higher temperatures witbréasingo(H20) values. The reciprocal o can be interpreted
as the average rate of the physico-chemical prabas®ccurs during the IP. Therefore, an Arrhettype relation
is expected between the recipromahnd absolute temperature®: 63-68

— e 3)

where Ap, Eaip, 1p, and f( jp) are the apparent preexponential factor, appaasetivation energy, fractional
conversion, and conversion function, respectividy,the IP, andrR is the gas constant. Figure S9 shows the
Arrhenius plots for the IP at eapfH-0) value. The Arrhenius plots exhibit differentdar correlations for the IP
processes at differep{H20) values, although each Arrhenius plot at a sethuH.O) value is characterized by a
statistically significant linear correction, witlrcelation coefficients greater than 0.9771, ewernhe worst case.
The slope of the Arrhenius plots increases withpeO) value, resulting in increases in the appakgmtand In
[Arf(aip)] values, as listed in Table S2. The results ia@ichat the systematic changes in the kinetic\behaf

the IP with thep(H-0) value should be incorporated into the kinetisadiption.

Figure 6. Changes ity values for the thermal dehydration of LSM with mrature ang(H-0) values. Lines are
drawn by assuming the Arrhenius-type temperatupeidgence for each series of data points at a gpp(if20)

value.

When the IP is understood as the preparationflimsurface nucleation, its elementary physico-dlsam

steps can be deduced from the classical nuclettgmry’-3 6%-72Three elementary steps, which occur successively,
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can be formulated on the basis of the classicdkation theory, i.e., (1) desorption of water males from the
surface, (2) creation of water vacancy, and (3gipration of the product phase through the comimaof Li*,
SQ¢? , and water vacancy. The hypothetical processnfdise nucleation, which is assumed to be a cheraigit
occurring during the IP, is schematically illust@in Figure S10, and listed in Table 1 using Krtsyeotation’®
When one of these elementary steps is identifiettie@sate-limiting step and the other steps araraed to be at
an equilibrium condition, three different kinetiguations can be derived, as listed in Table 1.Kifetic equations
for processes (1) and (2) can be reduced to th@niolg equation in cases where 1 K3"K; or 1 <<K3'"K; for

process (1) and; << p(H20)/P° for process (2):

$ w

, [c (4)

wherek’, p(H20), andP.(T) are the apparent rate constant, water vaporymesasnd equilibrium pressure for the

thermal dehydration of LSM, respectively. For psscé3), the kinetic equation is simplified to:

)- N

| 5
( P ©

$ %

wherek” is the rate constant arirf is the standard pressure introduced to normé#ieeinit of the pressure terms.
Both Egs. (4) and (5) comprigéH»0) andPe(T) in the kinetic expression, but these are notliedin Eg. (3).
Thus, an accommodation function (AF) &f(H20), Pe(T)) should be introduced into the kinetic equation t

universally describe the kinetic behavior at vasip{H.0) values?-5°

— . 1 e 3 (6)c

The following AF is formulated as an analyticalrfobased on Egs. (4) and €5)°

)-
( )

where exponentsa(b) are constants. The analytical form of the AF gf &) corresponds to the kinetic equations

6
7c (Nlc

12( Ve 3

in Egs. (4) and (5) whem,(b) = (0, 1) anda = b, respectively, although the ideal situations arlg expected based
on the simple rate-limiting step and steady-stpfr@imations. By extending the interpretationhed AF, the case
of a$ b can be obtained, indicating more complex intecastbetween the component elementary steps witeces

to thep(H20) value.
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Table 1.Elementary steps assumed for the surface nucleatithe thermal dehydration of LSM and the kinetiiations derived based on the simple rate-limiieg

and steady-state approximations

Overall ratev for the process controlled by

Elementary step Reaction Equilibrium constéat, the elementary step
(1) Desorption step of water il % 8?@' 8 .
molecules from the surface 8, —A— ° gX g Yor
: ; ?
) 89 ‘ (
(2) Water vacancy creation <> A 8 et v ( )
: 8, o +
(3) “Precipitation” of the product 8 0 8,8 ' (
phase EEF g >, ACG EEF g 1>, ? A C $ % L( v . ,
D_
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The analytical form of AF in Eq. (7) witta(b) = (0, 1) is equivalent to one of those converdliynused
as the AF for describing the influence of the ppiressure of the product gas on the overall kiseif the thermal

decomposition of solid¥: 74-82The Arrhenius plot for the IP, modified by intratiig the AF, is generally expressed
by Eqg. (8).

NIF C Nt "o i[c (8)
o 12( Dey 3

The Arrhenius plots modified by introducing the Ath (a, b) = (0, 1) are shown in Figure S11. The modified
Arrhenius plot exhibits different linear correlat® for the IP at differenp(H20) values, as is the case for the
conventional Arrhenius plot (Figure S9). Table ®3slthe apparent Arrhenius parameters determiyethd
modified Arrhenius plot. The apparent Arrheniusgpaeters are also comparable with those determigetieb
conventional Arrhenius plot (Table S2). Therefdine, Arrhenius plot modified by introducing the centional AF,
i.e., Eg. (7) with & b) = (0, 1), does not achieve the universal kindéscription of the IP over differep{H-0)
values. A simple consideration of the successigemehtary steps based on the rate-limiting stepsteatly-state
approximations also provides the possible form Bfil\Eq. (7) witha = b, where the precipitation of the product
phase is assumed as the rate-limiting step. Figt&shows the modified Arrhenius plot with the AFEQ. (7)
under the restricted conditionsa¥ b. By optimizinga andb values & = b), all data points obtained under different
temperatures ang{H-0) values can be correlated on the Arrhenius coatdito the left-hand side of Eq. (8) versus
%& () ** +an apparent break of the Arrhenius plot is obsered

approximately 371 K. Therefore, the modified Arrhenplots are reexamined in two temperature regioas
above and below 371 K (Figure S12(b)). The modifedhenius plots in the two different temperatuegions
indicate statistically significant linear corretais of better than 0.99. The optimized exponegts () and the
resulting Arrhenius parameters are listed in T&ale Larger exponents,(b) are observed for the IP in the lower
temperature region. The opposite is observed ferAirhenius parameter&{r, In [Apf(aip)]), i.e., smaller
Arrhenius parameter values are observed in therltemeperature region.

Figure 7 shows the modified Arrhenius plots far B with the AF without any restriction on the erpnts
(a, b), i.e.,a $ b. The modified Arrhenius plot again exhibits a lired approximately 371 K (Figure 7(a)). The
modified Arrhenius plots in the two temperatureioeg of above and below 371 K exhibit statisticalignificant
linear correlations, including all data points fioe different temperatures ap(H-O) values (Figure 7(b)). Table 2
lists the exponents(b) and Arrhenius parameteSq(p, In [Airf(ar)]) determined through the modified Arrhenius
plots shown in Figure 7(b). The optimized exporeefdr the IP in each temperature region is neamnital to
that calculated under the restrictionaot b. However, the exponebtis determined to be approximately unity in
both temperature regions, which is a much smadlkresthan that determined under the restricticanob. Because
the statistical significances of the Arrhenius pldtawn assuming = b anda $ b are comparable, a universal
description of the kinetic behavior by the modiffagihenius plot is enabled by the contribution tué first part of
the AF in Eq. (7) with exponeiat The dispensable role of the second part of theviilr exponenb is explained
by the relation oPe(T) and the experimentally controlle¢H.O) value applied in this study. Figure S13 showes th
Peq values at different temperatures, together withekperimentally applied(H-O) values. Because tipéH>0)
values are much smaller than tRg, values over the temperature range of the measuntsmine value of

p(H20)/P(T) is negligible. Therefore, the second part of Alrein Eq. (7) is necessarily unity. A smaller sét o
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values of Arrhenius parametet (p, In [Arf(aip)]) were obtained for the IP at temperatures lothvan 371 K. The
boundary temperature of 371 K is close to the hgilpoint of HO at the standard pressure. Therefore, the
absorption/condensation ofb® in some elementary steps of the IP (as listetable 1 and illustrated in Figure
S10) is a possible cause of the different kineticdviors in the temperature regions above and b@fdvK. In the
temperature region lower than 373 K ang(&t.O) values lower than 1 kPa, Seto et’abserved Smith—-Topley-
like behavior characterized by an initial decreasd subsequent increase in the reaction rate ofmtdss-loss
process with increasing(H>O) value. The formation of an amorphous productennthe aforementioned
temperature ang(H->0O) conditions and the absorption of the dissoci&tgd were discussed as the possible causes
of this unusual phenomenon. Because the reactiudittans are practically comparable, some consistbetween

the phenomenon observed for the IP in this studytiaat observed by Seto et*afor the mass-loss process can be

expected.

Figure 7. Arrhenius plot modified by the AF in Eq. (7) withoany restriction on the exponents ), applied to
the IP of the thermal dehydration of LSM in (a) #ire temperature region and (b) two separategdeature

regions of above and below 371 K.

Table 2.Kinetic parameters for the IP of the thermal dehtidn of LSM, determined through the Arrheniustplo
modified by introducing the AF in Eq. (7) withoutyarestriction on the exponents b)

Temperature region a b Eap/ kJ moi?t In[Apf(air) / s -¢?
T<371K 2.25 1.00 151.4+4.3 31.6+15 0.9946
T>371K 1.84 1.03 254.8 £ 6.7 67.8+2.1 0.9935
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aCorrelation coefficient of the linear regressiomlgais.

3.3 Formal kinetic description for the thermal dehydnafrocess

The mass-loss processes of the thermal dehydmattib8M under differenp(H20) values are subjected to formal
kinetic analysis using the mass-loss curves redoutheler isothermal and linear nonisothermal coowlitiat four
selectegp(H20) values, i.e., 0.26, 0.81, 3.65, and 8.71 kPayagage values. The isothermal mass-loss curees ar
shown in Figure 5. Figure 8 shows the mass-losgesurecorded at different values for the reactions under
different p(H20) values. Irrespective of the(H»O) value, the mass-loss curves systematically $bithigher
temperatures with increasingvalue, indicating the general behavior of the timprocess. Besides the mass-loss
curves recorded under isothermal and linear ndmesotal conditions, those recorded under CRTA canuit
applied to the reactions pfH-O) = 0.26 kPa (shown in Figure S14) are also usetht kinetic calculations. A
constant mass-loss rate is realized during the 4bpassprocess by controlling the sample temperaigieg the
feedback signal of the mass-loss rate (Figure JLA(th increasingC value, the reaction temperature shifts
systematically to higher values (Figure S14(b))jmaéning the kinetic relation between the reactrate and
temperature observed for the mass-loss curvesdedamder isothermal and linear nonisothermal ¢mmdi. The
sigmoidal feature of the mass-loss curve obserme@risothermal conditions inversely appears asctmperature
drop in the initial part and temperature rise ie fimal part of the reaction when the mass-loss isategulated to
be constant in the CRTA.

Figure 8. Mass-loss curves for the thermal dehydration dili@corded at different values in flowing wet N
gas with different controlled(H20) values: (a) 0.26 kPang=5.175 + 0.136 mg), (b) 0.81 kRep(= 5.115 £ 0.112
mg), (c) 3.65 kPanfp = 5.456 = 0.490 mg), and (d) 8.79 kifa € 5.147 + 0.453 mg).
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Conventionally, the kinetic behavior of thermalhgdration is described by the fundamental kinetic
equation presented as Eq. (1), with the assumpfiarsingle-step process and without consideriegrifiuence of

atmospherip(H20). Taking logarithms of Eq. (1), one can obtain:
Nl — N , — €)

Ideally, the plot of In(d/dt) versusT* applied to the data points at a selectedlue, as read from the kinetic data
converted from the mass-loss curves recorded utifferent heating conditions, is a straight linecégse the
logarithmic term on the right-hand side of Eq. (9,, InJAf( )], is constant. Based on the isoconversional plot
applied to the derivative kinetic data based on(Ey.known as the Friedman pfStthe E, value at the selected

is calculated from the slope, i.eE4/R. Figure 9 shows the results of kinetic calculati@sed on the conventional
Friedman plot. Different Friedman plots are obtdirier the kinetic data recorded at differga{H.O) values,
although each Friedman plot at a selep(@thO) value exhibits statistically significant lineaorrelations, including
the data points recorded under different heatingditions, i.e., isothermal, linear nonisothermaid &CRTA
conditions (Figure 9(a)). The slope of the convardi Friedman plot increases systematically wittréasing
p(H20) value. This behavior is observed irrespectivéhefselected value, as shown in Figure S15 forvalues
ranging from 0.1 to 0.9 in steps of 0.1. Thus, dargpparenE, values are obtained for the reactions at greater
p(H20) values. The variation trends in the slope ofciieventional Friedman plots, and thus, the app&:eralue,

as the reaction advances also change dependitng p(HzO) value. Generally, irrespective of the appligd2O)
values, a decrease in the appai®ntalue is observed in the initial part of the mkxss process (Figure 9(b)).
However, the range of the initieh decrease increases with fi{el>0) value. After the initial decrease, tBgvalues

for the reactions at eagiH-O) value are maintained at approximately constaltes. Table S5 list the averdge
value in the range of the constaht value. The average, value also increases with théH.0) value.

For the mass-loss process at the lop@4tO) value, i.e., 0.26 kPa, the appaientalue is approximately
constant across a widerange of 0.1 , 0.9, with an average value of 86.4 + 2.0 kJ fndlhus, the mass-loss
process gb(H20) = 0.26 kPa can be approximated as a singlersgapion, whereas the processes at hig{¢iO)
values are interpreted as a multistep process beda#tihe larger contribution of the initial deseg Ea part. For
the single-step reaction characterized by a cohBtasturing the overall reaction, the experimental ragtot can
be drawn by calculating the hypothetical reactiate &t infinite temperature at variousalues, according to Eq.
(10)84-80

R
T (10)

with E S —
U

where is Ozawa’s generalized tini&?! Figure S16 shows the experimental master plad dél() versus for the
mass-loss process@t20) = 0.26 kPa. The experimental master plot exhéiteceleration process that is convex
in shape. The experimental master plot can be latecewithAf( ) according to Eq. (10). From the shape of the
experimental master plot, a PBR mod&h), can be selected as the appropriate kinetic nfadetion.

E \ E OWIX. [¢ (12)
wheren is the shrinkage dimension of the reaction interfalhe empirical optimization of threvalue through

nonlinear least squares analysis to fit the expantal master plot yield = 4.14 + 0.06, which is larger than the
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theoretically acceptable value, i.e., h, 3. The possible contribution of the surface rescprocess during the
initial part of the overall mass-loss process, Whig inevitable even at the lowgstH.O) value examined, is

considered one of the reasons for the discrepantyeactual rate behavior and the theoreticalti@aenodel.

Figure 9. Results of the kinetic calculation based on theveational Friedman plot: (a) Friedman plots &t 0.5

and (b)Ea values at various values.

From the results of the conventional isoconvewrdianalysis, it is evident that the kinetics of thass-loss
process of the thermal dehydration of LSM are $iggmtly influenced by the atmosphep(H-0O) value +
the conventional isoconversional analysis cannaveusally describe the kinetic behaviors over ddfe
temperature anp(H-0) conditions. As in the case of the kinetic analj@r the IP, the introduction of an appropriate
AF in the kinetic equation for the mass-loss precissone potential way to express the kinetic brenawer

different temperature am{H-O) conditions>8->°
— — 12( e 3C (12)

The overall mass-loss process proceeds via advamteithe reaction interface, subsequent to thfaceireaction
process described in Table 1. Therefore, the infteeofp(H20) on the interface reaction process is considered
based on the classical interface reaction tHeofj-"2 as the successive process of five elementary,steps
schematically shown in Figure S17. Table 3 listsequilibrium constant of each component elemerdtay and

the kinetic equations derived by selecting one-liatging step while assuming that the other eletagnsteps are
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at equilibrium. These five kinetic equations araified into two kinetic equations, which are egalent to those
derived for the IP, i.e., Egs. (4) and (5). Thug, &) is also used as the analytical form of tikefér the interface
reaction. By introducing the AF, the Friedman domnodified as:

NF — C Nt ; —Jc (13)
12( e 3

By combining Eg. (13) with the AF in Eq. (7), &llet mass-loss curves recorded under different lpatidp(H20)
conditions are simultaneously examined by the niedifriedman plot at eachvalue, through which the exponents
(a, b) in the AF in Eq. (7) are optimized to provide thest linearity of the plot.

17



Table 3. Elementary steps assumed for the interface remofithe thermal dehydration of LSM and the kinetipiations derived based on the simple rate-limisiep

and steady-state approximations

Overall ratev for the process controlled by

Elementary step Reaction Equilibrium const#at, the elementary step

(1) Desorption step of water g (<)) - 3 888, , (<>

molecules from the surface o ; ° 888, )er
(2) External interface (T 8§ — $ 988, (<=>,

E o ¢ )+
N
(3) Diffusion of interstitials T T EowrC B prC $, fj 8 8, ()<=>,
*+

(4) Creation of interstitial at the o (<>

internal interface <=> wt  Ale 8 b pr®AL(e $ v Yor | [c
(5) Creation of a building unit of 8 c o 888 T (s

Li,SQ: at internal interface = © s A EF g Gl Z A LC [ G (<.5Y) - )< le
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As in the case of the IP, introduction of the camtional AF with &, b) = (0, 1) in Eq. (7) does not improve
the conventional Friedman plot (Figure 9). Thug, @ b) values are optimized through the modified Friedma
plot with and without the restriction af=b. Figure S18 shows typical results of the Friedplats modified using
the AF in Eq. (7) without the restriction af= b at different values ranging from 0.1 to 0.9 in steps of 0.lthin
plots for - 0.5, all data points recorded under different terapure ang(H-O) conditions are described by a
single Friedman plot with a statistically signifitdinear correlation. A bending of the plot at eppmately 371 K
is observed during the initial stage of the reaxtice., < 0.4, similar to the modified Arrhenius plot fibre IP
(Figure 7(a)). Figure S19 shows the optimizady values and the appardhivalues at various values obtained
by the modified Friedman plots applied to all dadénts, by neglecting the possible bending of floéspduring the
initial stage of the reaction. Botla,(b) values decrease during the initial stage of gartion (Figure S19(a)).
Subsequently, tha value increases slightly toward the end of theties, i.e., from approximately 0.5 to 0.75
during the second half of the reaction. Howelanaintains a constant value of approximately Orbseca wide
range of 0.2-0.95. The apparéitvalue also decreases from approximately 160 tokDO®ol* during the first
half of the reaction, and subsequently, increalsgstly from 105 to 110 kJ mdl (Figure S19(b)). The variation in
Ea values is apparently synchronized with thatiofalues in the AF. The results of the modified &nan plots
with the restriction o =b in the AF of Eq. (7) are practically identicatbe results obtained without the restriction,
as shown in Figures S20 and S21. In contrast, @abtetlifference in the values is observed between the results
obtained with and without the restrictionaof b. When the restriction & =b was applied, thb value is influenced
by thea value, indicating the major contribution of th@alue, thus the first part of the AF, to realike tiniversal
kinetic description of the reactions at differegrperatures ana(H.O) values.

For further sophisticated application of the maatifiFriedman plot with the AF in Eq. (7), the plate
examined in the separated temperature regions,abeve and below 371 K. Typical results of the ified
Friedman plots applied without the restrictioracf b are shown in Figure 10 by selecting thoseat0.1 and 0.5.
At =0.1, the two Friedman plots applied to the gatiats in the different temperature regions extapparently
different slopes, where the slope for the higherperatures is larger than that for the lower teenpee region.
Note also that the statistically significant linearrelations of the data points in each tempeeatgion are enabled
by the different sets of( b) values. At = 0.5, the modified Friedman plots in the diffdreamperature regions
are characterized by parallel straight lines. H@mvethe set ofg, b) values that realize the linear correlation inheac
temperature region differ between the two plotguFé S22 shows the modified Friedman plat$ b) for the data
points in the different temperature regions atoassi values from 0.1 to 0.9 in steps of 0.1. Slopethefplots in
the different temperature regions gradually becparallel as the reaction advances and coincide>gd.4. Thus,
the specific kinetic behavior in the temperaturgior below 371 K ang(H20) region below 1 kPa revealed for
the IP process is continuously observed in theaingtage of the mass-loss process<(0.4) under the same
temperature anpg(H20) conditions. From the physico-geometrical consitlen of the thermal dehydration, the IP
and subsequent initial part of the mass-loss peociearacterize the kinetic feature of the SR pmdéthe specific
kinetic behavior is relevant to the Smith—Topldselbehavior observed under the same reaction ¢onslis those
described by Seto et &P.the impact ofp(H-0) on surface nucleation and the subsequent grofatie nuclei on
the reactant surfaces can be considered as a lgosaise of the exotic rate behavior dependenegnudspheric

p(H20). Figure 11 shows the optimizea ©) values and the appardftvalues at various values obtained by the
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modified Friedman plots applied to the differembprature regions. The variation trendsapbj with  are similar

in both temperature regions (Figure 11(a) and {f)k a values initially decrease at< 0.4, and subsequently,
increase slightly toward the end of the reactidre I values exhibit wavy fluctuations in both temperatregions,
although the magnitude of the fluctuations is ngnisicant. Both &, b) values for the lower temperature region
(Figure 11(a)) is larger than those for the higieenperatures (Figure 11(b)), for which the differ@inb values
between the different temperature regions is djsishable. The difference in the variation trentithe apparent
Ea values for the different temperature regions ipaticular note. Th&, value for the lower temperature region
is approximately constant during entirety of thacteon, with the average value of 96.9 + 2.5 kJ'm@.1, ,
0.9). On the other hand, in the higher temperategen, the appareiit, values initially decrease during the first
half of the reaction and approach to the valueheflower temperature region, which is expected dasethe
changes in the slopes of the modified Friedmarsm@stthe reaction advances (Figure S22). The avEraglue
during the second half of the reaction at tempegatabove 371 K is determined to be 115.6 + 2r&dJ3 (0.50,

, 0.95). The observed variation a values for the mass-loss process at temperatbree 871 K indicates a
possible change in the mechanistic features ofgaetion as the reaction advances (against thengsisin of an
invariantf( ) form irrespective of the heating and atmosphesitditions being fulfilled). In this case, the erpats
(a, b) in the AF play the role of accommodating the gjemin the( ) value in an empirical manner, in addition to
accommodating the influence of tipeH-O) value in the kinetic description. Note that #ygparentE, values
obtained for this case using the modified Friedmphts do not have a reliable physico-chemical meanThe
modified Friedman plots with the restrictian= b indicate the same trends, except for bhealue, as shown in
Figures S23 and S24.
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Figure 10.Typical modified Friedman plots with the AF in E@) @ $ b) for the mass-loss process of the thermal
dehydration of LSM in the separated temperatur®nsgabove and below 371 K: (ayF 0.1 and (b) = 0.5.
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Figure 11. Results of the modified Friedman plots with the iAFEqQ. (7) & $ b) for the mass-loss process of the
thermal dehydration of LSM in the individual tematerre regions above and below 371 K: é)f values for the
reaction at temperatures below 371 K at variowslues, (b) 4, b) values for the reaction at temperatures above

371 K at various values, and (c) comparisontfvariations with for the reactions in the two temperature regions.

3.4 Universal kinetic modeling based on the physicorgetnical consecutive IP-SR—-PBR(nodel
For the mass-loss process of the thermal dehydrafioSM at temperatures above 371 K, a possildagé in the
mechanistic feature of the reaction with the aplfigH.O) value is expected from the results of the cotiveal
Friedman plot applied without considering the iefige ofp(H-O). This is, especially true for the different \adion
trends of the apparef value between the reactions at differpfti-O) values as the reaction advanced (Figure
9(b)). An initial decrease in th&, value appears when the reaction occupgtdtO) values above 0.81 kPa, and the
range of the initiaEa decrease is systematically extended with incrgqgli-O) value. Comparing the isothermal
mass-loss curves at differgoH-0) values, the sigmoidal shape is more distinglieh#or the process at higher
p(H20) values, which is accompanied by the prolongatibtihe IP. The physico-geometrical consecutiveepss

comprising the initial SR and subsequent PBR, ite, Mampel-type model, is a possible explanatimntiie
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sigmoidal mass-loss behavig?4446-48.65.92-9Tn the scheme of the consecutive SR—PBR modelvdhation in
the mechanistic feature with tipgH-O) value, as appearing in the sigmoidal shape ®fntlass-loss curves, is
interpreted by the change in the relative contiilmg of the SR and PBR on the overall kinetics.sltauseparate
characterization of the kinetic behaviors of the &Rl PBR for each mass-loss curve recorded undmifisp
temperature and(H>O) conditions is required to explain the influerdég(H20) on the kinetics of the mass-loss
process. For the thermal dehydration of LSM, this lRe preliminary process for the subsequent ER-process.
The differential kinetic equations for the consa@itP—-SR—-PBR model at constant temperature hase therived
by Ogasawara and Kot§aby considering different dimensions,of the shrinkage of the reaction interface during
the PBR, as listed in Table S6. These kinetic égustcomprise three rate constants for the IP,&R,PBRI(),
which arekip(= 14ip), ksr, andkeerg), respectively. During the kinetic calculation s the differential kinetic
equations of the IP-SR—PBR{models, these three rate constants for eacheiso#i kinetic curve recorded under
different temperature ama{H-O) conditions are optimized through fitting via fiopar least squares analysis to

minimize the squares sum of differences betweeexperimental and calculated data.

g

a b [/ — — Clc (14)
[ho *cd 1 efi

whereN is the number of data points in a kinetic curvethfe same time, the most appropriatealue for the
PBR() is estimated by comparing the determination dciefits (R) of the fittings using the kinetic equations
assumed differem values (= 1, 2, or 3). Before the mathematicalnoghtion run, the initial values d§p and
keer@) Were calculated from the aforementioned resulfsrofal kinetic calculations for the IP (Figure S@larable
S2) and overall mass-loss process (Figure 9 antk T88), which do not consider the influence pgi-0),
respectively. After setting the initikb andkeer) Values, the initigksr value was selected by graphically comparing
the fitting of the calculated curve to the experita kinetic curve.

The isothermal mass-loss curves recorded at thffeeentp(H20) values, i.e., 0.81, 3.65, and 8.63, were
subjected to the kinetic calculations based onPR&R—-PBR(E) models. Figure 12 shows typical fitting results
using the kinetic equations with differamvalues. Irrespective of thevalue, a nearly perfect fit is observed for
the integral kinetic curves. Comparing the fitglifberential kinetic curve, the fits of the kineticodels withn = 2
and 3 are more satisfactory than that obtained mvith + / n=2or
3 cannot be determined through statistical compari§he expected interface shrinkage dimensian=of or 3 is
well explained when considering the shape of thiel Ic8y/stals used as the sample (Figure S2), whiathisxagonal
thick plate, i.e., differing from an ideal cylindal (hn = 2) or cubic/sphericah(= 3) shape. Similar results were
obtained for all isothermal kinetic curves for thermal dehydration of LSM at various temperatwed under
differentp(H20) values larger than 0.81 kPa. Tables S7 ancs&®ié rate constants ki, ksr, andkeerp) Optimized
based on the IP-SR—PBR(2) and IP-SR—PBR(3) mads|sctively.
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Figure 12. Typical results of the nonlinear least squaresdyarsafor fitting the isothermal kinetic curves ftire
thermal dehydration of LSM using IP-SR-PBRfodels: (an =1, (b)n= 2, and (ch = 3.

As a preliminary examination, the conventionalfmius plot was applied to the optimized rate comist

at different temperatures without considering tifeience ofp(H-0) value.
N N —J[c (15)

Irrespective of the component reaction steps,riividual Arrhenius plots were obtained for thectemns at each
p(H20) value, as shown in Figures S25 and S26 forateeaonstants optimized on the basis of the IP-B8R{P
and IP-SR—PBR(3) models, respectively. The appémhénius parameters for each reaction step dt g&t0)
value, determined by the Arrhenius plots shownigufes S25 and S26, are summarized in Table S&plective

of the reaction step, the apparBavalue tends to increase with th@l-O) value, except for the values determined
for the SR and PBR(3), where the largest valubseoved ap(H20) = 3.64 kPa. Introduction of the AF concerning
the p(H20) value is again necessary for the universal kirdgscription in each physico-geometrical reactitap

of the thermal dehydration of LSR4:>°

o — 12( Des 3C (16)

Thus,
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The analytical form of the AF in Eq. (7) is applidafor modifying the Arrhenius plots. When the erpnts 4, b)
in Eq. (7) was set to be (0, 1) in line with theneentional AF, no distinguishable improvement & frrhenius
plots were observed, as shown in Figures S27 aBdd32he rate constants optimized on the baste@tP-SR-
PBR(2) and IP-SR-PBR(3) models, respectively. fipagent Arrhenius parameters for each reactionattepch
p(H20) value, determined by the modified Arrhenius pktiown in Figures S27 and S28, are summarizedhie T
S10. Figure 13 shows the modified Arrhenius pldth the AF in Eq. (7) for each reaction step exadinnder the
condition ofa $ b for the rate constants optimized on the basis®fP—SR—PBR(2) model. The counterpart results
determined with the restriction af= b are shown in Figure S29. In both cases, the neatlifirrhenius plots for
each reaction step exhibit a statistically sigaific single linear correlation for the data point®rodifferent
temperature ang(H20) conditions. The same is observed for the ratestemts optimized based on the IP-SR—
PBR(3) model as shown in Figures S30 and S31 &cdses with and without the restrictiorasf b, respectively.
Table 4 lists the kinetic parameters determinedutin the modified Arrhenius plots with the AF in.E¢). When
the modified Arrhenius plots are applied withougtrieting the &, b) values, slightly improved linear correlations
of the Arrhenius plots are obtained in all reactteps as compared to those with the restrictian=ob, although
the differences are negligible. Comparing thebj values optimized with and without the restrictiofra = b, the
change in tha value is apparently smaller than that in thealue. This implies that, with the restrictionaf b,
theb value is exerted by theevalue. The resulting Arrhenius parameters obtaimigid and without the restriction
of a=b are comparable, within the standard error of g@chmeter. Therefore, it is likely that thealue plays an
important role in realizing the universal kinetiesgription of each reaction step over differentgerature and
p(H20) conditions. As shown in Figure S13, the appliéd-O) value is much smaller than tRg(T) value in the
& therefore, the value gf{H-O)/Pe(T) takes a small value and the second
part of the AF in Eq. (7) has limited contributidiven so, because a smaktevalue is optimized in all reaction
steps under the condition af$ b, the contribution of the second part of the Algldliy increases in comparison
with that under the condition af=b. Comparing the Arrhenius parameters determineeidas the IP-SR—PBR(2)
and IP-SR-PBR(3) models, those for the RBR{eps exhibit significant differences, i.e., dpparent Arrhenius
parameters for PBR(3) are larger than those for@B®Rhereas those for the IP and SR steps arearainie. Thus,
determination of the shrinkage dimensioffior the PBR is necessary for a more exact desmnigf the kinetic
behavior. However, the actual shrinkage dimensfdghereaction interface may not be the integralatision. The
shape of the original single crystals is neithdinckgr nor spherical/cubic. The linear advancenrate of the
reaction interface may depend on the crystallogeaghinection. The reaction interface may not bereath plane.
Thus, as has been reported in many previous affcl€’ a non-integral or fractal dimension for the reacti

interface shrinkage with a value between 2 andeXjected for the thermal dehydration of LSM.
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Figure 13. Modified Arrhenius plots using the AF in Eq. (7itlout any restrictions faa andb applied to the rate

constants for the respective reaction steps offerelntp(H-O) values, optimized on the basis of the IP—-SR—-RBR(

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

Table 4.Arrhenius parameters for describing the kinetitsespective reaction steps over different tempeest

andp(Hz20) values.

Condition Model Reaction _ Bxponents Ea/ kJ moi? In(A/s? -g2
step a

a=b IP-SR-PBR(2) IP 1.65 1.65 2354 +7.2 62.1+23 9978
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 2354 +7.2 62.1+23 9978
SR 1.07 1.07 158.5+5.6 379+1.8 0.9903
PBR(3) 1.90 1.90 264.6 £ 14.0 68.9+45 0.9783

a$h IP-SR-PBR(2) IP 1.56 0.86 229.9+6.9 60.8+2.2 9930
SR 1.06 0.83 160.4+54 38.7+18 0.9910
PBR(2) 1.64 1.42 2259+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 9930
SR 1.07 1.06 158.4+5.6 379+18 0.9903
PBR(3) 1.86 1.29 262.0 £ 13.9 68.2+44 0.9784
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& Correlation coefficient of the linear regressioalgsis.

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

As demonstrated above, the introduction of the AdSented in Eq. (7) enables kinetic descriptionthefthermal
dehydration of LSM over different temperature gfd>0) conditions in both the component IP and mass-los
process. Compared to the conventional kinetic amalyerformed without considering the effectpfifi.0), the
results of the universal kinetic characterizatioovle additional information on the kinetic betaof the reaction.

The change in the kinetic behavior observed atagmrately the boiling point of water in both thedRd
initial stage of the mass-loss process (FigureS18, and S20) is an important characteristic of tteemal
dehydration of LSM. If the possible condensatiowater vapor generated by the reaction is congidirnethe
reactions at a temperature lower than the boiliigtpthe contribution of the condensed water dlementary
surface process of water molecular desorption msidered a possible cause of the phenomenon oldsierbeth
the IP and SR processes. In the mass-loss prabesphenomenon is observed as the bending ofribdriran-
type plots in the first half of the overall procébgyures S18 and S20). This is illustrated throthghchange in the
apparenk, value anda value in the AF evaluated by the modified Friedrpéots, where the kinetic behavior of
the reaction at higher temperaturés>(371 K) gradually approaches that of the reaciblower temperatured (
< 371 K) (Figures 11 and S24) as the mass-losepsoadvances. If the condensation of water vafbeipossible
cause of change in the kinetic behavior of theti@aat the higher temperatures as the reactiomrambs, the
contribution of the condensation/evaporation ofervaturing the elementary step of diffusional rendkieough
the surface product layer should also be considerdtie reaction at lower temperatures and fosstreond half of
the reaction at higher temperatures. The diffugoigth of the water vapor from the internal reactiaterface to
the surface of the reacting particle increaseshagéaction advances. Under a postulated high ymeess the
diffusion path, condensation/evaporation of watgyor is a provable phenomenon.

Comparisons of the results obtained by the uniVvekasetic approaches based on the formal
isoconversional method and the physico-geometrieattion models provide further insight into thedtic
characteristics of the reaction. For the IP, tleilte of the modified Arrhenius plots with the A&sed on (i) the
formal procedure (Table 2) for the process at teaipees higher than 371 K (Table 4) and (ii) theSR—PBRi()
model for the process at highgH»0) values §(H-0) - 0.81 kPa) are comparable, exhibiting similar magte
relation among thea( b), E,, andA values, although some differences in the valueach kinetic parameter are
evident because of the slightly different tempamtandp(H-O) ranges of the kinetic data subjected to thesetici
calculations. On the other hand, for the massossess, the results of the universal kinetic asesdyased on (i)
the modified isoconversional method with the AR(371 K, Figure 11) and (ii) the modified Arrhesiplots with
AF for each physico-geometrical reaction step 6fSR—PBRi) model p(H-O) - 0.81 kPa, Table 4) indicate
significant contradictions. In the isoconversiokialetic approach, gradual decreasea andE, values during the
first half of the overall mass-loss process areenkesl, followed by nearly constant valuesaihdE, in the second
half of the reaction. Whereas, thgalues in the AF are approximately constant duttiegoverall mass-loss process.
In contrast, in the results based on the IP-SR-BBR¢del, all § b), E; andA values increase as the mass-loss
process proceeds from the primary SR to the suks¢@BR.

In this situation, the applicability of the univat<inetic analysis based on the isoconversionatspl
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should be reconsidered with respect to a prelingimequisite, i.e., the invariance fff ) among the kinetic data
subjected to the kinetic calculation. This prersieiis not always fulfilled in the isoconversiokaietic approach
to the kinetic data of the thermal decompositiosafds recorded under different heating conditjoasulting in
apparent variations in the calculatBg value as the reaction advances. When the kinetia cecorded under
different heating and atmospheric conditions algested to the universal kinetic description, ashia present
study, changes in the physico-geometrical reactienhanism, as expressedfpy, may be more probable because
of a wider range of reaction conditions coveredhwy series of kinetic data. The thermal dehydratibhSM is
one such example, where the physico-geometricatioramechanism changes with the heating p(dbO)
conditions. The mechanistic change can be expéwedthe change in the apparent shape of the isotdanass-
loss curves. Besides the prolongation of the BPstgmoidal shape of the isothermal mass-loss daggemes more
apparent with increasingH-0) value (Figures 1 and 5). Because the mass-tose$s is composed of the SR and
PBR occurring consecutively and with a distributadrihe fractional reactions of each single crysialparticle in
the sample matrix (Figures 3 and 4), the changbearshape of the isothermal mass-loss curve ispirged as
resulting from the variation in the contributiomge of the SR in the overallowing to the effect of the atmospheric
p(H20) value. This trend appears in the results ottreventional Friedman plot applied to the kinettadat each
p(H20) value as the variation of theange for the initial decrease in thevalue. Even for such a case, the modified
Friedman plots with the AF in Eq. (7) exhibit ssétally significant linear correlations among ttata points
recorded under different heating gi{tiO) conditions (Figures 10, S18, S20, S22, and $ZBgn the mechanistic
change depending on tpéH.0) value is apparent, the exponemtsh] in the AF also accommodate the variation
of f( ), besides the effect of tigH20) value on the reaction rate. Thus, the obtaixpdrents 4, b) andE, values
should be considered as superficial values witlitdidhphysico-chemical meaning.

A decrease in th&; value in the initial stage of the thermal dehyidratof LSM, determined by the
isoconversional method, has been reported in somequs studies. The variation trend itself is ustieod as an
empirical indication of the change in the physiemmetrical reaction mechanism from the SR by thdeation
and growth to the PBR by the shrinkage of the readhterface as the mass-loss process advanct® kinetic
approach based on the IP-SR-PBRfiodel, the rate constants for each reaction atepdetermined for each
isothermal kinetic curve recorded under specifisgerature ang(H-O) conditions as the initial step of the kinetic
calculation. Through this calculation procedure,kimetic information for each reaction step isssapely extracted
from the overall kinetic curve. If this kinetic calation step is successful, the subsequent kicatiulation step
of the simultaneous evaluations of the temperaaundp(H>O) dependences through the modified Arrhenius plots
can be performed without considering the changdbdroverall reaction mechanism caused by the ti@m&in
heating and atmospheric conditions.

It is highly likely that the results of the univatkinetic analysis based on the IP-SR—-RBR{odel
provide information on (i) kinetic behavior of eadaction step over different temperature pf{4bO) conditions
and (ii) variations in the kinetic behavior as tleaction steps advance. The magnitude relation degtvthe
exponentsd, b) in each reaction step may characterize the tydfect that atmospheric water vapor has on the
kinetics. The variations in tha,(b), Ea, andA values as the consecutive reaction steps advaag@ccount for the
characteristics of the overall consecutive procésschieve such an advanced state of kinetic cteaization of

the thermal decomposition of solids, sufficient mpdes of the kinetic results obtained by the prepokinetic
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approach for a series of reactions are necessastdblish a classification for the different typékinetic behavior.
The magnitude relations between exponeaisb) in each reaction step and the variations in thenénius
parameters observed for the thermal dehydratidus™ should be interpreted as an example. Howelveptesent
study clearly indicates that the thermal dehydratb crystalline hydrates provides suitable modsictions for
challenging the advanced kinetic understandinghéauniversal kinetic approach over different terapges and
partial pressures of the product gas, as well ashie thermal decomposition of metal hydroxidesores

previously?8-59

4. Conclusions

The thermal dehydration of LSM exhibits specifioddic behaviors in the presence of atmosphericwatpor.
The reaction is accompanied by the distinguishé®Blevhich is prolonged with increasimgfH»O) values at a
constant temperature and with decreasing temperatar constami{H-O) value. The subsequent mass-loss process
is also retarded by atmospheric water vapor, wisi¢ipically seen as the prolongation of the oversction time
at a constant temperature and the shift of thelimatemperature region to higher values undeglifeating at a
given value with an increasing(H20) value. All these behaviors are explained byréhwersible feature of the
reaction. Under isothermal conditions, a typicghsbidal feature is observed for the mass-loss simich is
further enhanced at increasip@.0) values. The mass-loss process is physico-geimaildtrcharacterized by the
consecutive SR and subsequent PBR, as supportaitiyscopic evidence. In a sample matrix of sirgyestalline
LSM particles, distributions of the reaction iniitan time, and thus, the fractional reaction ofteegacting particle
in the sample matrix are also evidenced. To acdaurbe kinetic behavior over differepfH.0O) values, Eq. (7) is
derived as an analytical form of the AF to be idtroed into the conventional kinetic equation.

The modified kinetic equation with the AF was swesfally applied to both the IP and mass-loss p®oces
over different temperature ap(H-O) conditions, realizing a universal kinetic degtidn. Formal kinetic analyses
using the modified kinetic equation revealed charigehe kinetic behavior for both the IP and mlass-process
at approximately 371 K, from which possible conitibns of the condensation/evaporation of the eahwater
vapor in some elementary steps were expecteddaetittion at lower temperaturds{371 K). During the second-
half of the mass-loss process, the kinetic behawi@r the entire temperature region examined wagersally
described, owing to the gradual variation of threekic behavior at the higher temperature regidhdbat the lower
temperature region. A contribution of the condeinsévaporation of the evolved gas was also exgeictehe
second half of the reaction over the entire tentpegaegion examined.

Furthermore, each isothermal kinetic curve reabrdea specific temperature ap(H-O) value was
analyzed by applying the physico-geometrical coaee reaction model (IP-SR—PBf}(nodel), through which
the IP-SR—PBR(2) or IP-SR-PBR(3) model was seleatethe most appropriate kinetic model and the rate
constants for each physico-geometrical reactignwtre determined simultaneously. In each reastiep, the rate
constants for the reactions under different tentpezaando(H20) conditions were universally described by a gng|
Arrhenius-type plot based on the modified kinetguation with the AF. The determined kinetic parargt
including the exponentsy(b) and theE, andA values, in the respective reaction steps were aoedpin view of
the magnitude relation between the kinetic pararadte each reaction step and the variation in ddobtic

parameter as the reaction step advanced. The pieaaimole of exponera in the AF for the universal description
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over different temperature ampgH>O) values in all reaction steps was revealed dsagacteristic of the present
reaction. The magnitude relations of all kineticgmaeters among those for different reaction stajs MBR- IP
> SR were also identified as kinetic features efrémction.

This study demonstrated that the kinetic featfithethermal dehydration of LSM is universally deised
over different temperature aqfH20) values. The kinetic results provide further gingiinto the nature of the
reaction, i.e., beyond those obtained by the caitwesd kinetic analysis under a specific reactiandition.
However, to highlight the true value of the unirsinetic approach, sufficient examples of thevarsal kinetic
results for a series of reactions with various Bpdeatures are required. One such series otieais the thermal

dehydration of crystalline hydrates.
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