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Abstract

Thermal decomposition of Ca(OHunder atmospheric water vapor exhibits speciatufesa, including an
induction period (IP) and a subsequent sigmoidadsiess behavior under isothermal conditions. Aphesic
water vapor reduces the reaction rate at a speeifiperature and causes a systematic shift of #ss+0ss curve,
which was recorded at a specific heating rate, ighdr temperatures as the water vapor presqfr;0),
increases. The challenge in this study was to usédly describe the kinetics of thermal decompositunder
variousp(H,0) conditions by introducing an accommodation figrctin the fundamental kinetic equation. The
accommodation function in the multiplied form ofavww(H.O) components with a variable exponent in each
component was derived according to the classiceleation and interface reaction theories. The usalekinetic
approach was realized by applying the accommodaditination to the formal kinetic analyses of the Hemius
plot for the IP and the Friedman plot for the miass- process. Furthermore, the overall reactiolcge® under
isothermal conditions was analyzed kinetically basa the physico-geometrical consecutive reactiadeh
which was composed of an IP, a surface reaction),(8Rd a phase boundary-controlled reaction (PBR).
Subsequently, the kinetic parameters for each pbygtometrical reaction step were determined byrbdified
Arrhenius plot with the accommodation function. Tihgact of the atmospheric water vapor on the kisef
thermal decomposition was characterized in conoectiith the physico-geometrical reaction mechanisms
through the interpretation of the kinetic paranmgei@nd these variation behavior patterns as thealbveaction

advanced.
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1. Introduction
The impact of the partial pressure of a gaseougaertor a product in the reaction atmosphere erkitetics of
the reversible reactions in solid—gas systems, whiay be thermal decomposition of solids or solab-g
reactions, is one of the intrinsic problems for kivestic description.

A(s) = B(s) + C(9) 1)



From a simple consideration of chemical equilibrjuan increase in the partial pressure of C(g) enrgaction
atmosphere reduces the overall reaction rate ofnigrenal decomposition of solids and increasegdte of the
solid—gas reactions at a selected temperature. types of behavior is a generally observed phenomeoo
reactions in solid—gas systems:

At the same time, ffierent phenomena have also been observed througéfféite of atmospheric gas on the
reaction rates. The Smith—Topley effect detailse&atic phenomenon observed for the thermal dehiparaf
inorganic hydrates**™*° Initially, the overall reaction rate of thermalhyelration at a selected temperature is
rapidly reduced by introducing water vapor withosvlwater vapor pressure, pf®)), value into the reaction
atmosphere. However, the reaction rate recovers wiater vapor with a higher pf8) value is introduced and
increases continuously within the range of 80H After the reaction rate is attained the maxinrate at a certain
p(H,0) value, the reaction rate decreases with fuitreeases in p(bD). This phenomenon was first reported for
the thermal dehydration of MO, 2H,O by Topley and Smiffi*® and was subsequently confirmed by Volmer
and Seydel? The similar trends were also reported for therttardehydration of many inorganic hydrates, as
summarized by Lvov et & Alternatively, the opposite effect is noted forffeient gases that evolve
simultaneously via the thermal decomposition ofdsolAcceleration of the overall reaction rate atomstant
temperature and significant shifts in the mass-loge/es to the lower temperatures under nonisotilerm
conditions at a heating rate b with increasing @{Hvalue in the reaction atmosphere are often @bdeduring
the thermal decomposition of several solids, inalvhivater vapor evolves as the prodifct® Examples of these
types of reactions include the thermal decompasitib ClbCOs-(OH),,**2* NaHCQ,2>?® Zng(COs),(OH)g, 2?8
and CHCOOAg?® Conversely, the atmospheric §Qvhich is the other gaseous product during thenmhae
decompositions of GCEO;(OH),, NaHCQ, and Zp(C0s),(OH)s, decreases the reaction rate at a

temperaturé®*>?’

Thus, the atmospheric,8 and CQ that evolve simultaneously during the aforememtbn
thermal decomposition processes tend to exhibibsipp effects on the overall rate of reaction. Tduesnplex
phenomenon was clearly observed when a sampleotiedtthermal analysis technigiié* was used to control
the evolution rates of # and CQ to be constant during the course of reaction gnalting shifts in the reaction
temperature profile to the lower and higher temppees, which were due to the experimentally confgu
changes in the partial pressure of atmosphes®@ &hd CQ, respectively>*>?’When an atmospheric gas reacts
with the solid product of a thermal decompositieaation, the thermal decomposition and solid—gastiens
occur as consecutive process constrained by theiqaigeometrical features of the component reasti®uch
examples can be seen in the thermally induced patlam of LIOHH,O and Ca(OH)*"*? The catalytic effects
of atmospheric water vapor on the crystallizatiérzO, gef*** and sintering processes of both Mg®' and
TiO,* were also reported. These examples are indicafitee influence of atmospheric water vapor on iaiuc
physico-geometrical reaction steps involved intthermal decomposition of solids and solid—gas feast even

if the water vapor is neither the reactant nomrealuct of the overall chemical reaction. An exasng this is the
thermal decomposition of AGOs;, in which the overall reaction to form AQ and CQ is accelerated by
atmospheric water vapdt°

Among these complex kinetic behaviors induced hy pihesence of atmospheric gases, the decrease in th
reaction rate for the thermal decomposition ofdsfind the increase in the reaction rate for sgéidreactions at

a selected temperature has long been subject doetiwal explanation and formulation of kinetic atjans™#*'~



9 One possible way to formulate the kinetic equatidgth consideration for the impact of the partiabgsure of
C(9), p(C(9)), is to introduce an accommodationcfiom,*>* a(p(C(g)), R{T)), into the fundamental kinetic
equation that describes the reaction rate of alessigp reaction as a function of temperature ([{d the

fractional reactiond).

Z—Ctr = Aexp <— 5—;) f(a)a (p(C(g)): Peq(T))

)
where A, E;, andR are the Arrhenius preexponential factor, activatemergy, and gas constant, respectively.
Pe{T) is the equilibrium pressure of the reversildaation of eqn (1). The functionafY is the kinetic model
function that describes the changes in the reactt®as the reaction progresses at a constanetatape. The

equilibrium pressure,&T), for the forward reaction of eqn (1) is expesdy the following equation:

A.G°
Poq(T) = exp| — BT

3)
where A,G° is the standard Gibbs energy for the reactionaAtonstant temperature, eqn (2) is rewritten as
follows:
da
= = M (@a(p(C®), Peq(D)

4
wherek is the rate constant. Various forms afp(C(g)), P.(T)) have been derived and used for describing
reaction kinetics in solid—gas systetit8.*" ***’Among these accommodation functions, a simpletfonchas
been widely used in the practical kinetic analysisthe thermal decomposition of solids with comesation for
the influence op(C(g))> "’

a(p(C@) Poq(m) =1 -2 (5)

Peq(T)
The accommodation function of egn (5) is derivedpty by considering the contribution of the reversaction
in the overall reaction rafeA comparable form of the accommodation functios &kso been derived by focusing
on the component reaction steps of gas absorptiorthe intermediate layéf, gaseous dfusion via the
solid-product layef? and the formation of an active solid prodti&he accommodation function of eqn (5) is also
derived more generally based on the transitionesthaeory’®> However, application of eqn (2) with the
accommodation function of eqn (5) for kinetic céddtions sometimes results in the varying Arrherigee plots
for the respective reaction processes undfferént p(C(g)) values; these plots shift systemihfida higher
temperatures with the increase of p(C(g)hese results imply that the equation cannot usaly describe the
kinetic behaviors of the reaction undeffelient p(C(g)) values. For a rigorous descriptioseldaon the
fundamental kinetic equation, which assumes a aiagp reaction characterized by a constantvdtue,
alternative forms for the accommodation functioowt be utilized to formulate a kinetic equatiorivensally
applicable to the process in solid—gas systemsrudifferent p(C(g)) conditions. On the other haagparent
variations of calculated ;BEwith p(C(g)) have been subjected to correlatioalysis, and arguments have been
made for finding a theoretical background of pdssitariations in Ewith p(C(g))?’

As stated previously, thermal decomposition ofdsfind solid—gas reactions are heterogeneous pescémt are



constrained by the physico-geometrical propertfe® reaction mechanist>**%In many cases, mass and heat
transfer phenomena largely influence on the appaieatic behavior?®? Since a surface of reactant solid is the
most reactive site, the overall reaction proceaalshe physico-geometrical consecutive processegpuasing the
surface and subsequent internal reactions. In thege reactions are characterized by surface atigrleand
growth processes, as well as advancement of thetiorainterface toward the center of the originalics
reactant®®%°®In some cases, a significant induction period {#P}lso observed prior to the surface reaction
(SR)®*®° Such heterogeneous characteristics of the reaatishany significant impact of the mass and heat
transfer phenomena are responsible for the numeybsearvations induced by atmospheric gases. Thetefo
addition to having a universal kinetic descriptifor these processes under various p(C(g)) condition
investigation into the impact of p(C(g)) on eacimponent physico-geometrical reaction step mustxipoeed
separately in order to gain further insights inbe fundamental problems of reaction kinetics that aften
encountered in solid—gas systems. To this endyignstudy, we focus on the thermal decompositioCafOH)
under various water vapor pressure values;@}H

Ca(OH), (s)< CaO (s) + HO (9) (6)
This reaction is a well-known reversible process] thermal decomposition rate is significantly sg@sged by
the presence of atmospheric water vapét.”? The overall mass-loss behavior observed duringnthle
decomposition has been explained via the contgcf@ometry-type reaction modélAt the same time, the
two-step physico-geometrical consecutive procestasirface and internal reactions was predictedgukinetic
analysis'™"® In addition, prereaction structural distortion as reported trigger for thermal decomposition
reaction>"> in which the characteristic temperatures of stmadt distortion are strongly dependent on
atmospheric p(kD). Previously reported trends in the thermal dgmmsition of Ca(OH) indicate the
characteristics of the physico-geometrical conseeuprocess and the impact of atmospheric Hon the
kinetics of each component reaction step, whichdasgrable features for the purpose of the prddastic study.
There is a need to describe universal kineticsttier thermal decomposition processes under varigdsQ)
conditions and to separately interpret the impdqgb(bl,O) on each physico-geometrical reaction step throug

logically designed kinetic analyses for the systizally recorded kinetic data under controlled gl values.

2. Experimental

2.1 Sample Characteristics

Reagent grade Ca(OH]special grade, 499.9% in metal base, Wako PuenCHhnd.) was used without any
further purification or pulverization. In our prexis study® which was focused on the kinetic modeling for the
thermal decomposition of Ca(OHh an inert gas atmosphere and thermally induegblomation of Ca(OH)in a

CO, atmosphere, the sample was characterized usindgvorray dffraction (XRD), Fourier-transform infrared
(FTIR) spectroscopy, and simultaneous thermogravimand dfferential thermal analysis (TG—DTA). The
sample exhibited partial carbonation, in which aediphase of Ca(Oklpnd CaC@was formed, and the purity

of Ca(OH) was determined to be 94.30 mass% from the mass+kises during the thermal decomposition of
Ca(OH)} and CaC@ The morphological characteristics of the samplgers were also examined using a
scanning electron microscopy (SEM). The specificfame area of the sample was determined using the

single-point Brunauer—Emmett—Teller (BET) methadwhas revealed that the sample was the agglomefate



submicron-sized particles, and the specific surfrea was 3.41+0.03°ng™. The same sample was used for this
study, and all measurements were performed duhi@game period alongside the aforementioned kistiities
for the thermal decomposition of Ca(QHh an inert atmosphere and the thermally inducadanation of
Ca(OH) in a CQ atmosphere.

2.2 TG measurements under various water vapor press

Approximately 3.00+0.05 mg of the Ca(QHgample was weighed into a platinum pan that wasrbin diameter
and 2.5 mm deep. The weighed sample was set in -eDT& instrument (TG8120; Rigaku) that had been
constructed using a horizontal thermobalance witiffarential mechanism. Water vapor pressure ertaction
atmosphere was controlled using an instrument (HLNRigaku) according to the following procedufesiot
water in the controlled temperature range of 323-R4wvas circulated around the furnace tube of tle-DTA
instrument prior to the measurement run in orderatmid possible water vapor condensation when the
atmospheric gas with a higher p(® is later introduced into the furnace tube. Tamgle was initially heated to

a predetermined temperature within the range 0£323 K at a heating rat@)(of 5 K miri*. During the linear
heating phase, dryNvas introduced at a rate of 400%min™ at the forefront of the furnace tube. At the same
time, a purge gas consisting of dry Was also introduced at the back of the balancesyat a rate of 50 ¢
min™. These gases were discharged from a gas lineiquasit at the end of the furnace tube, at a spotwha
close to the joint of the furnace tube and the rxmasystem. While maintaining the sample within the
aforementioned temperature range, the gas intradatcénhe forefront of the furnace tube was switcteed wet

N, gas with a controlled p@®), flowing at a rate of approximately 400 tmin™. After the measurement system
was stabilized in a stream of we Bas, mass-change measurements were performedabgchthe sample to
873 K at differenfd values (1< B < 10 K miri*). Similarly, the sample was heated to differere-getermined
temperatures (T) 4 = 10 K miri* and held at these temperatures while the massyehiaace was recorded. In
order to obtain the mass-loss traces for the kingdlculations, three different pf8) values were selected at
approximately 0.65, 1.85, and 5.65 kPa. The detditee experimental setup involving the instrumesdibration
and the control of p(}D) values in the reaction atmosphere are desciib8dction S1 in the ESI,t together with

the examples of the TG measurement proceduresrperfiounder controlled p@®) conditions (Fig. S1, ESIT).

3. Results and Discussion

3.1 Impact of the water vapor pressure on the tlaalecomposition process

Irrespective of the atmospheric p() values applied for the thermal decompositiothef sample, two separate
mass-loss processes were observed under linearyasing temperature conditions, as in the dyygak flow
conditions reported previously(see Fig. S2 in the ESIt). These mass-loss stegmaied from the thermal
decomposition of Ca(OH)and CaC@™ '’ The first mass-loss step attributed to the themesiomposition of
Ca(OH) was subjected to kinetic studies focused on thEaanof atmospheric water vapor. Fig. 1 illustrates
characteristics of the thermal decomposition of GB#% under isothermal conditions and the impact of
atmospheric water vapor on the reaction. In thegree of water vapor, the IP was clearly obsergea eertain
time period without any mass changes after the Eahgs reached the pre-determined reaction temyperand

before the start of the mass-loss process (Fig). I{his was not evident in our previous studytef same sample



in a stream of dry Ngas'' Once mass loss was initiated, the mass-loss ratuglly increased, reaching its
maximum midway through the reaction, followed bgdyral deceleration. Generally, the mass-loss psdoeshe
thermal decomposition of Ca(OHin a stream of wet Ngas was characterized by a smooth curve with a
sigmoidal shape and was vastlyfelient in shape from that observed in a streamyfdrgas:' In a stream of
dry N, gas, the mass-loss process was characterized doyavtially overlapping reaction steps, which were
attributed to the thermal decomposition on Ca(Osiirfaces that were activated via partial carbonatif the
sample and of the main structure of the partictedeu investigation. The SR appeared as the firgtki step in a
stream of dry M gas with the contribution of approximately 0.2he overall process was disappeared in a stream
of wet N, gas. This phenomenon indicates a restrainingenfte of atmospheric water vapor on the SR process
and explains the appearance of the IP. Isotherraas+toss curves recorded at a fixed temperatureruttfierent
p(H20O) values (Fig. 1(b) and (c)) clearly indicatedtttiee IP and reaction time for the mass-loss poeexe
prolonged under the higher p{®) values. Therefore, it is evident that atmosmhevater vapor exerts a
restraining influence on both the SR and the plhassdary-controlled reaction (PBR) at the reactiderface
that is advancing toward the center of reactingiggas of Ca(OH).

Fig. 2 shows the mass-loss curves of the thermadrdposition of Ca(OH)under diferent p(HO) conditions,
which were achieved by linearly heating the sangtlp = 5 K min*. Nonisothermal mass-loss curves shifted
systematically to higher temperatures with incregg(HO) (Fig. 2(a)), from which a qualitative relatiomsh
between atmospheric pf8) and its restraining influence on the overall sAass process during thermal
decomposition was observed as a nornfiidce of p(H20) for a reversible solid—gas reactigstesm in view of
chemical equilibrium. Both the reaction initiatibtemperature expressed by the extrapolated onsgietainre
(Teo), Which is the temperature at the intersectiomipof baseline and the tangent line of the ingiateleration
period, and the peak top temperaturg OF the DTG curve shifted to higher temperaturéh wcreasing p(£O)

(Fig. 2(b)). However, the difference between, Bnd T, decreased with increasing p®), which was
accompanied by a systematic rise in the height®MDTG peak. Systematic changes in the reactiopdeature
interval and the shape of the DTG peak under ndmesmal conditions at a selected b were indicativehanges

in the overall kinetic behavior of the reactionisthould be linked to the effect of pf8l) and its diverse impact

on specific reaction stages, such as SR and tisequbnt reaction at the reaction interface.
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Figure 1. Mass-loss characteristics for the thermal decaitipa of Ca(OH) under isothermal conditions under a
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3.2 Kinetics of the induction period

Figure 3 shows the isothermal mass-loss curvethéthermal decomposition of Ca(QH) various temperatures
in a stream of wet Ngas with three differeni(H,0O) values. Irrespective of the pf®) value, it was noted that
the IP was systematically prolonged with a reduciio the reaction temperature. A systematic deeréaghe
reaction rate with a reduction in the reaction terapure was also observed for subsequent masg+osssses.

In order to record the isothermal mass-loss cufmekinetic calculations, the reaction temperatuaege for the
isothermal measurements was forcibly shifted taghdr temperature region with increasing g values to
compensate for the restraining influence of 48§+

The kinetic data for the IP was extracted fromitimthermal mass-loss curves using an empiricalguioe that
defined the duration time of IPH} as the time interval from the moment when the@amachieved the desired
measurement temperature to the time at which th@leaindicated a mass-loss value of 0.23%. Thisieval
corresponded to the fractional reaction a of Odlttie thermal decomposition of Ca(QHFig. 4 shows the tIP
values at various temperatures under thréferéint atmospheric p@d) conditions. It was noted that, under each
p(H2O) condition, % increased exponentially with the reduction in thaction temperature. Similar changes in
the t{p value obtained with relation to temperature webseoved for the IP processes under various,®{H
conditions; however, the temperature regions wiealy separated among the IP processes undeuggrt1O)
conditions without any indication of continuity the data points. The kinetics of the IP processvegralyzed
using the Arrhenius equation by considering théorecal value of ¢ as the average rate of the chemical process

during the |F§5,66,68,69,78—80

— Apexp (— %) f(aip) (7)

tip -

where Ap and E p are the apparent preexponential factor and audiva&nergy for the IP process, respectively.
f(ap) is a kinetic model function that describes thamges in the reaction rate at a constant temperatia
function of the fractional conversion noted durithgg IP processqpp. Taking the logarithms of egn (7), the

conventional Arrhenius-type plot of I(t) versus T can be applied to the series of data ).°%°¢:0869.78-80

In (i) = In[Appf(ap)] — 2212 (8)

RT
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Figure 3. TG-DTG curves for the thermal decomposition of@4), under isothermal conditions at various

temperature settings under a stream of wegds$ (400 crhmin™) as characterized by differepH,0) values: (a)

p(H,0) = 0.65 £ 0.01 kPa, (lp(H,0) = 1.85 £ 0.01 kPa, and (oH,O) = 5.65 + 0.04 kPa.

Application of the Arrhenius-type plot based on €8his justified when zero-order kinetics withdfig) = 1 is
assumed for the IP procéssr when the value of a IP with the average coneergte (67) is assumed to be
invariant for IP processes at the various tempezatheing fulfilled by an isoconversional relatioips®>°°:68:69:80

In Fig. S3 (ESIT), conventional Arrhenius plotstthagere applied to the IP process are shown forttleemal
decomposition of Ca(OH)in a stream of wet Ngas as characterized byffdrent p(HO) conditions. The IP
processes under thefdirent p(HO) values were described by individual Arrheniustqlwhile each plot exhibits
statistically significant straight lina/(> 0.98) (Fig. S3(a), ESIt). The slope of the pteteded to vary depending
on p(HO), which was indicative of a systematic rise i tlope with increasing p{®) values; thus, the
increases in apparent & and In Ap values were noted. The apparent kinetic parameiermined using the
conventional Arrhenius plots are summarized in @&l in the ESI.T

The basic kinetic equation of egn (7) does not iclemshe impact of p(kD) on the kinetic behavior of the IP.
Thus, kinetic descriptions for the IP processesuuiifferent p(HO) conditions by the individual Arrhenius plots
are inevitable and results in a distorted set phagnt kinetic parameters. Introducing an accomuimdé&unction
a(p(H0), P(T)), composed of p(D) and R{T) for the reversible reaction of eqn (6), intonefy) is one

possible way of obtaining the kinetic descriptimmsidering the p(kD) as one of the parameters controlling the



kinetic behavior of the IP process.

i = Appexp (— %) f(aip)a (P(HZ 0), Peq(T))
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Figure 4. Duration of the IPtp, for the thermal decomposition of Ca(QH) various temperature settings under
differentp(H,O) values.

Introducing an accommodation function in the forhegn (5) is a possible primary approdéh’

_ 4 _ p(H0)
a(p(H;0), Peq(1)) = 1 =225

(10)
Practically speaking, the accommodation functiomemis the apparent overall reaction rate by sinaglsuming

the linear relationship between the restraininduerice of p(HO) and the relative magnitude of p® with

reference to &T). By introducing the accommodation function, thehenius plot for the IP process is modified
as the plot of In[t™a(p(H0),P(T))™] versus T,

1 — __Eaip
In [tlp'a(p(HZO),Peq(T))] = In[Apf (arp)] — %7 (11)

Using a modified Arrhenius plot based on eqgn (1ithwhe accommodation function of egn (10) cannot
universally describe the influence of p(®) representing individual Arrhenius plots for tie processes under
different p(HO) values (Fig. S3(b), ESIT). Similar results o ipplication of the modified Arrhenius plot were
reported for the thermal decomposition of CaGMder various partial pressures of £0For the modified
Arrhenius plot for each IP process under specifid,) conditions, it was noted that the slope of eplch
decreased slightly from the corresponding original Arrhenius plot (Fig. S3(a), ESIt); however, there was a general
trend toward a rising slope with p{8), which did not deviate from the results obser¥ed conventional
Arrhenius plots. The apparent values of fEIn[Ap f(ap)]) determined by the modified Arrhenius plots &ach
process under fferent p(HO) conditions are also summarized in Table S1en8BI.t
Changes in g for the reversible reaction of eqn (6) with tengtere variations, as calculated using a
thermodynamic database (MALT2, Kagaku Gijutsu-Sh&jare shown in Fig. S4 (ESIT), along with (T, p0)
values applied to mass-loss measurements thataaeried out under isothermal conditions. For th& gints
recorded under specific p§8) conditions, the value of a(p{8l), P.{T)), as determined using eqn (10), tended to
vary because of the temperature-dependent varsatibR, Changes in the slope of the modified Arrheniug pl
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under specific p(pD) conditions (Fig. S3(b), ESIT) compared to theesations made from the conventional
Arrhenius plot (Fig. S3(a), ESIT) appeared to be dw corrections in the overall rate, which haverbe
determined according to the accommodation fundtioeqgn (10). However, the modified Arrhenius platsder
various p(HO) conditions indicated that there weréfatient linear correlations withfeirent slopes (Fig. S3(b),
ESIT), as in the case of the original Arrheniugplig. S3(a), ESItT). The results indicate that ifd processes
taking place within vastly fierent temperature ranges due to tffieat of p(HO) cannot be universally described
by applying the conventional accommodation funciioreqgn (10). If we adhere to the fundamental ags$iom,
which is a single-step reaction characterized lppomstant E value for the processes undeffalient p(HO)
conditions, it becomes clear that an alternativedamnodation function that can be used as a univkisetic
description is sorely needed. As it relates toifigdalternative forms of the accommodation functipossible
frameworks were sought by considering the elemgrstimps of the IP process. The IP process foriogecin the
solid state is empirically defined as the time megflifor activating the reaction at a constant terafure. In the
case of thermal decomposition of solids, which pozd both solids and gases as products, the neagtisually
initiated on the reactant surfaces. Therefore ptiesico-chemical processes of nucleation on thiases of the
reactant solid should be considered when lookirtgekinetics of the IP proce&5®

According to the classical nucleation thetfy?®*34°

various heterogeneous processes may take paftein t
nucleation process on the surfaces of reactantatsyas elementary steps. For the sake of simplioie
rate-limiting step was selected from these elemmgrsips, and the other steps were assumed todagidibrium
by applying rate-limiting step approximation. Forample, using Kroger's notatidii,five successive steps, as
listed in Table 1, could be considered as elemgrgmps that took part in surface nucleation preeggor the
thermal decomposition of divalent metal hydroxitteform a divalent metal oxide and water vapor.

M(OH)(s) 2 MO(s) + HO(9) (12)
The equilibrium constant {Kfor the elementary step i is expressed as ligtetthe third column of Table 1,
whereas the fourth column shows kinetic equati@ngte overall formation rate jjvof the nuclei at a constant
temperature, as expressed using the rate conkfpof the rate-limiting step i. All kinetic equatisrcontain the
p(H20) component. &(T) is also included in all kinetic equations besmthe overall equilibrium constant (K) for
the reversible reaction in eqn (6) is expressethbyproduct of Kfor all elementary steps i and is equivalent to

the equilibrium pressure.§T).
AG’
K = K K,KzK, K™ = exp (— E) = Py(T) (13)

At a constant temperature, ea€hhas a certain value. Therefore, the transformataav,, of the overall IP

process which is controlled by process1, 2, or 4 can be reduced to the following eiguat

’ p(H,0)
Vip = kIP (1 - ﬁ) (14)
Similarly, for the overall process controlled b fbrocess = 5, the rate equation is expressed as
L 1 _ p(H,0) n
vp = kfp =L [1 (Peq m) ] =1 (15)

where k' and kp” are the overall rate constants. In egn (13)—(1#%@ unit of all pressure terms is in atm. The rat
equation for the overall process controlled bydlementary step i = 3 is reduced to eqn (14) abyvith n = 1,

when K; is much larger and smaller than p(, respectively. Reduction of the rate equationtfe overall
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process, which is controlled by the elementary stepl, to egn (14) requires the assumption thatvalue of
K1K,K3Ks"™ is much larger or smaller than unity. The overate expressed by eqn (14) is influenced by the
relative value of p(kHO) with reference to &T) in the form of the conventional accommodatiandtion in eqn
(10). An alternative form of the accommodation fiimt may be derived from the rate equation in €bf),(in
which the overall rate depends on the product of piHO) components, which are composed of the reciprocal
of the " powered p(HO) and the i powered relative value of pgB) with reference to &), respectively.

Based on egn (14) and (15), a generalized formhefaccommodation function was proposed, which would

universally describe the kinetic behavior of IPqgasses underfiierent p(HO) conditions.

a (p(H,0), Pg(T)) = > [1 : (”(HZO))b] (16)

p(H,0)* Peq(T)

wherea andb are constants.oRs the standard pressure, which is introducedpoess all pressure terms in the

unit of Pa.
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Table 1. Elementary steps that take part in the nuclegiimeesses in the crystal surfaces of metal hydesx@lring the IP and the possible kinetic equdtiorihe

chemical process of the IP derived by assumingdhected elementary step as the rate-limiting step

Elementary step Reaction

Equilibrium constark;

Overall ratev for the process controlled

by the elementary step

1)

)

®3)

(4)

()

Formation of hydroxide defch(—li’I}t_)

T oy ) Sy T Ot = 0
Formation of hydrogen fﬂfqt) aqq

SO ey " Ot = i Oy
Consumptipn of the interstitial defects
2S:jfgé)em(1§;lon of HO absorbed on the OHL . + H:. + (S) 2 H,0- (S)
Desorption of water molecule from the

surface
H,0-(S) 2 H,0(g) + (S)

Consumption of the defects and

formation of the O elements nVoy + nOpy 2 n0g

Ky = [OHiy][Vou]

K; = [Hi.nt] [OIOH]

[H,0-(S)]

K = (N I0H,]

[($)]p(H,0)

K = Th,0-5)]

1

Ks = Vol T0nnT"

_ P(H20)>

171 = k1 (1 Peq(T)

_ p(H,0)
v, =k, (1 — Peq(T)>

k&&m@”( mmm)
V3 = -
’ 3K4_ +p(H20) Peq(T)

- K K K5 K™ ( mmm>
. _

14 KK KK Poq(T)

(KKK K" p(H,0)\"
lg‘h(pmﬁ>)b’(&4n>]
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Having (a, b) = (0, 1), the accommodation funci®oomparable to the conventional accommodatiootion in
egn (10). The dependence of the overall rate on@)Has expressed by eqn (11), can be modified plyiag
egn (16) with a = b = n (B 1, integer). For a more empirical approach, tHaesof a and b can be determined
numerically through kinetic calculations based gn €.1) with the accommodation function in egn (t6dbtain
the most appropriate kinetic expression for IP psses under various p{B) conditions. Such an approach may
lead to empirical (a, b) values in which it igfatiult to interpret the physico-chemical significartdehe results.
Even so, the empirical (a, b) values that wererdeted through the aforementioned kinetic calcalaiwere
useful for evaluating the relevance of the newtyadduced accommodation function and for revealimgrole of
each p(HO) component in egn (16) in relation to its inflaeron the kinetic description for the reaction unde
investigation.

All the data of the IP process recorded éfiedent temperatures under various fijjiconditions were universally
analyzed using the modified Arrhenius plot basedegn (11) with the accommodation function in eqf)(1
During the kinetic calculations, the (a, b) valueghe accommodation function of eqgn (16) were roed in
accordance with the Levenberg—Marquardt algoritbrgite the best linearity of the modified Arrhenjpist by
conducting a linear regression analysis. Fig. Sshitve results of the said modified Arrhenius jrfotwo cases:
one with the restriction of a = b and the othethwitt it. Irrespective of the restriction of (a,\@lues, all data
points of the IP processes could be universallycrilesd by a single Arrhenius plot that exhibitstistacally
significant linearity ¥ > 0.99). Under the restriction of a = b, exponeéntthe accommodation function of eqn
(16) were determined to be a = b = 4.74. Whendhgiction was removed, thus allowing the differeaiues of a
and b, the linearly of the modified Arrhenius gloproved slightly without any practical change lire tslope, and
the values of a and b values were determined t¢ab®) = (4.53, 1.57). The a value was not sigaifity
influenced by restrictions of a = b, whereas thaloe decreased dramatically and approached drity.second
p(HO) component in egn (16), expressed by (1 - ﬁ@Ob‘Peq(T))b), was equivalent to the conventional
accommodation function of egn (10), when b was ketmaunity. As previously mentioned, introducingeth
conventional accommodation function of eqgn (10) miid significantly improve the kinetic descriptiof the IP
process under different pg8) conditions; it only resulted in the slight chasgn the slope of the Arrhenius plot
for IP processes under specific p) conditions. Therefore, it was empirically undeosl that the first p(kD)
component in egn (16), as expressed Yp(P,0))%, played a predominant role in accommodating tfieence

of p(H,0) on the IP process in the equation needed tardete the universal kinetic description of the mss
under various p(kD) conditions. Superficially, the ¢p(H,O))* component corresponds to the expression for the
contribution of a negative catalyst in the homogerselike kinetic equation. Table 2 summarizes theetic
parameters that were determined using a modifiethekius plot that was based on eqn (11) with the

accommodation function of egn (16).
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Figure 5. Modified Arrhenius plots with the accommodatiomdtion of eqn (16) applied to the IP of the thermal

decomposition of Ca(OH gt different temperatures under variq@@d,O) values.

Table 2. Apparent kinetic parameters for the IP processlessrmined according to the modified Arrheniug plo

based on egn (11) with the accommodation functfayga (16)

Condition a b E.ip/ kJ mol* In[Apf(ap) / S -
a=b 474 4.74 731.8 £+15.9 105.8+2.9 0.9960
a#b 453 1.57 711.2 +15.0 103.1 +2.7 0.9962

& Correlation coefficient of the linear regressioalgsis.

3.3 Kinetics of the mass-loss process

Fig. 6 shows the mass-loss curves obtained fothidxenal decomposition of Ca(OHat diferentf3 values under
various p(HO) conditions. For each of the selected g§Hvalues, the mass-loss curves shifted systeniigitioa

a higher temperature range wph as was generally observed for kinetic procesBks. systematic shift in the
mass-loss curves to higher temperatures with isergap(HO), which was demonstrated previously in Fig. 2,
was observed as a general trend irrespective ofdlected3 value. Kinetic analysis of the mass-loss process
during the thermal decomposition of Ca(QM)as performed using mass-loss curves recordedr ismtbermal
(Fig. 3) and linear nonisothermal (Fig. 6) condigsoThe fundamental kinetic equation iffgliential form, which
assumed a(p@D),P((T)) = 1 or constant in the expression of eqn (&s employed for the preliminary kinetic

approach.

i—‘: = Aexp (— If—;) f(a) 17)

where A and E are the apparent preexponential factor and amivaénergy for the mass-loss process,
respectively. The fractional reactiom)(was defined as the relative mass-loss valueret tiwith reference to the
overall mass-loss value. The kinetic model funcfiar) describes a-dependent changes in the overatioraate.
For the mass-loss process in the thermal decongosit solids, the functional form ofd{ was theoretically
derived by considering the probability of the réactinitiation via surface nucleation, the geometrdythe
reaction interface advancement, and the rate-igistep of this interface advancement, that isinited reaction

or diffusion-controlled reactiotf:*>*®4In addition to obtaining an idealdf( based on the physico-geometry of

the reaction, empirical functionsaf( have also been applied in order to accommodatedtual rate behavior of
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the reactiorf> for example, the Sestak—Berggren model SB(m,f(@):= a™(1-a)"-In(1-a)]".>>®*#"The perfect
fit of the experimentally resolved kinetic curvést were determined using the empirical)féerves as a way to
avoid any undesired distortions of the Arrheniusapeters that originated from an inappropriate),ft*°

because the distortions usually result in an ecglitinear correlation between, Bnd In A known as the kinetic
compensation effedt**

When the reaction is well defined as the single-séaction and the mechanistic feature does naigehduring
the course of the reaction and within the tempegategion for kinetic analysis, the problem of naltu
dependence amongi, E;, and In A can be avoided by separately determitiiegg, value at a restricted a based
on an isoconversional kinetic relationsAip® Taking the logarithms in eqn (17),

da) Eq
ln(dt) = In[Af ()] — 2 (18)
(@) 0 7
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Figure 6. TG-DTG curves for the thermal decomposition of@4d), under linear nonisothermal conditions at
different B values in a stream of wet,Njas (400 cthmin™®) characterized by differem(H,0) conditions: (a)
p(H,0) = 0.66 + 0.01 kPa, (ly(H,O) = 1.80 + 0.02 kPa, and (ojH,0) = 5.52 + 0.07 kPa.

Among the data points (Taddt) at a selected a, the plot of In(dt) versus T represents a linear correlation in

which the E value at particular a is calculated from the slopéhe linear plot. The fferential isoconversional

method based on eqn (18) is known as the Friednea!{ and is applicable to the kinetic data recordeceuiay
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temperature profile¥ %' Fig. S5 in the ESIt shows the results of the isvecsional analysis that was applied to
the mass-loss process for the thermal decompositfio@a(OH) under isothermal and linear nonisothermal
conditions at various p@®) values. In each p@®) value, the Friedman plot at a constant a exddb# linear
correlation, including the data points recordedesridothermal and linear nonisothermal conditidfig.(S5(a),
ESIT). However, Friedman plots for the mass-losscgsses under various p@®) values appeared at quite
different positions in the In(ddt) versus T coordinate with different slopes. The slope of Eniedman plot at
each a systematically increased with a rise inpfh$0) values, and thus, a larger appareptvéue for the
reaction under a higher p{8) value was obtained. However, trends in the tiaria of the E value as the
reaction progressed were comparable among theiceaainder various p@®) values (Fig. S5(b), ESIT),
thereby representing systematic decreases in itied part of the reaction (approximatedy< 0.3) followed by a
nearly constant fvalue during the main part of the reaction (appmaely 0.3< a < 0.9) and a subsequent rise
at the end of the reaction (approximately 0.9).

The results of the conventional Friedman plot ¢yeiadicated that an accommodation function agi{H Pe((T))
should be introduced into the kinetic equationhi@ form of eqn (2) for describing the influencepdfl,O) on the

reaction rate of the mass-loss process for thenledecomposition of Ca(Ok})as was the case for the IP

process.
fi_(: = Aexp (_ If_;) f(@a (P(Hzo): Peq(T)) o

It was also expected that the introduction of aprapriate accommodation function greatly improve kinetic
description for the reactions undeffdient p(HO) conditions, because similar trends in the viamaof the
value as the reaction progressed were noted in35¢) (ESIT) among the reactions unddfedent p(HO)
conditions. By introducing the accommodation fumetia(p(HO), P.(T)), the modified form of the Friedman
plot is expressed by

In [(i_‘:) : m} = In[Af ()] - 2= (20)

However, introducing the conventional accommodafiamction of egn (10) did not significantly improvke
results of the conventional Friedman plot as showrFig. S6 in the ESL.T The modified Friedman plot
represented individual linear correlations wittffefient slopes and intercepts in Imj(dt)/(1- p(HO)/Ped(T))]
versus T coordinate for the mass-loss processes under gat) value (Fig. S6(a), ESIT). The apparent E
values calculated from the modified Friedman pbtgsreased slightly in comparison to those deteminirsng
conventional Friedman plots, where a more impadffdct of the accommodation function was observed for
mass-loss processes recorded at highes@)(Malues. However, introducing the accommodatiorction of egn
(10) did not achieve a universal kinetic descriptior the mass-loss processes undffedint p(HO) conditions
and did not ffect the trends in the variation of the appargnidiiies as the reaction progressed (Fig. S6(b)})ESI
Therefore, possible alternative forms of the accoatation function of a(p(kD), R(T)) are again required for
the mass-loss processes of the thermal decompositiGa(OH).

The overall mass-loss process of the thermal deositipn of solids can be interpreted as a physeonagetrical
consecutive process of the SR and PBR, which amacterized by nucleation and growth of the sotmtpct on
the surface and subsequent movement of the asqmddteaction interface inward the reacting particle

respectively?******PBR is accompanied by the diffusional removal e tjaseous product via the surface
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product layer. Thus, the influence of p(®) on the interfacial processes of the PBR waséurtonsidered for the
overall mass-loss process in addition to nuclegtimtesses as illustrated for the IP process. &iralnucleation
during the IP process, PBR during the mass-lossggsocan also be described by successive elemsigas/that
occur at the reaction interface with an apprecigtilkness. In addition to the formation/consumptid defects
and the adsorption/desorption of gaseous prodsassumed for surface nucleation, diffusion ofasgenerated
defect across the phase boundary (reaction in®rfwuld be considered in the interfacial procesSaccessive
elementary steps as listed in Table 3 may desthibeoverall process of PBR. The rate equationsdigh the
fourth column of Table 3 are obtained when onéhefdlementary steps is assumed to be the ratéalinstep and
the other elementary steps are set at equilibrittrese can be reduced to two types of rate expressiaelation

to the dependence of the overall rate of PBR) on p(HO).

/ H0)" 1
vear = koo |1~ (52) | =3 or1) @y
_ 1 . (pH;0) " _1
UpBR — kPBR p(H,0)" [1 (Peq(T)) ] (n =3 or = 1) (22)

where the unit of all pressure terms in egn (24) @2) is in atm. Egn (21) is derived when the @etary step of
i=1, 2, 3a, or 3b is assumed as the rate-limiseg, which is equivalent to eqn (14) when n :ad ean have n =
1/2 when the reaction rate is controlled by diifusof the as-formed defects via the reaction iate&f Eqn (21) is
also derived from the rate equations for stepgiand 5 when p(p0) is much smaller thanskand K1K2K4K61’”

is much smaller or larger than unity, respectivélgn (22), which is expressed by the product of pfid,O)
components with exponent n in each component,rigatefrom the rate equation of i = 5 if K 5 is niusmaller
than p(HO) and from i = 6. The frameworks for eqn (21) §2#)) are comparable with eqn (14) and (15) derived
for the IP process, respectively.

Subsequently, it was found that®{g) produced at the reaction interfacéfudied to the surface of the reacting
particle through the surface product layer and dissharged into the reaction atmosphere via thergésn from

the outer surface of the product layer. For praegs®ntrolled by the ffusion of gaseous product through the
surface product layer, an accommodation functiomparable to that mentioned in eqn (5) had alreasbnb
derived by Searcy and Bertitb.

Therefore, all possible rate expressions concerthiagéfect of p(HO) were related to the analytical form of the
accommodation function described in eqn (16). Fighows the results of the kinetic analysis usirggrhodified
Friedman plot with the accommodation function oh €6). Application of egn (20) combined with edr6)
provided the universal linear correlation of theeBman plot for mass-loss processes under varigdsOp
conditions (Fig. 7(a)), when the appropriate valoiea and b were evaluated for each Friedman pldiff@renta

by allowing the diferent values for a and b. Variations of the optadiexponents (a, b) in the accommodation
function of eqn (16) as the reaction progresseas (Kb)) tell us that there are the changes inntpact of p(HO)
during the course of the reaction. The exponenag mearly constant within the range of a (&@4< 0.97), with

the average value of 1.28 + 0.07. Constancy ire#pmnent b, which was close to unity, indicated tha second
p(H-O) component in the accommodation function of et@) @did not significantly contribute to the univalrs
kinetic description of the mass-loss process as#lected a value under various gl conditions and that the
contribution did not change over the course ofréaetion. Thus, the exponent a for the first gafHcomponent,

(Py/p(H,0))?, was again responsible for the universal kinegiscdiption for the isoconversional relationshiteef
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mass-loss processes. However, the exponent a chaygeematically as the reaction advanced, exhgiéin
initial decrease from approximately 3.2 to 2.0he first half of the process (approximately 00tr < 0.50), a
nearly constant value of approximately 2.0 in theosid half of the process (approximately G50 < 0.85), and

a gradual increase from approximately 2.0 to 2.thatend (approximately 0.85a < 0.99). Variations in the a
value were indicative of the changing impact of yidiHover the course of the reaction, which was agaomed
by the variations in the contribution of theffdsional removal process of the as-produced watgorvdt was
noted that the change in the a value was synctednigth the variation of the apparent\Blue over the course
of the reaction (Fig. 7(c)). Therefore, the kinetipproach that was developed on the basis of thdifieab
Friedman plot with the accommodation function ofne(l6) revealed that there were changes in the
physico-geometrical reaction mechanism and the danpef p(HO) over the course of the reaction.
Phenomenologically, the existence of the IP andgbhermal mass-loss process characterized bgigimeoidal
mass-loss curve were positive evidence of physemyetrical consecutive processes comprising th8RpP,and
PBR steps. The initial decrease in thev&lue during the first half of the reaction and tonstant Evalue noted
during the second half, as revealed through theoiseersional kinetic approach, have also been wbddor this
type of reactiorf>®*®®%|t is expected that a rigorous kinetic solutiom foe physico-geometrical consecutive

process provides further insights into the impdig(bl,O) on each component reaction step.
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Table 3. Physico-chemical processes that participate irptiese boundary reaction during the thermal deceitipo of metal hydroxides and the kinetic equafion

the overall reaction controlled by the selectedneletary step

Elementary step Reaction

Equilibrium constark;

Linear advancement ratefor the process controlled

by the elementary steép

(1) Formation of hydroxide defect
(OH{,,) and vacancy Y5y) at the (internal)
interstitial and OH sites, respectively OHoy 2 OH{, + Vo

(2) Formation of hydrogenHg,.) and
oxygen Qpy) defects at the interstitial (internal)
and OH sites, respectively OHpy 2 Hjye + Ogy

(3a) Diffusion of QHj,,) from internal

to external of the reaction interface (interface)

! — !
OHint@inter « OHint@exter

(3b) Diffusion of H;,,) from internal to

external of the reaction interface (interface)

. —_ L]
Hint@inter « Hint@exter

(4) Consumption of the interstitial

defects and formation of J@ absorbed (external)

on the external surface (S) of theOH{, + Hi, + (S)

reaction interface 2 H,0-(S)

(5) Desorption of water molecule from
the external surface (S) of the reactiofexternal)
interface H,0-(S) 2 H,0(g) + (S)

(6) Consumption of the defects an(%V

+n0’gu 2
formation of the O elements o1+ N0’on 2 0o

nVE)H + nO’OH pd nOO

K, = [OHi’nt] [V(.)H]

K, = [Hin][O00x]

[OHmt@exter]
[OHlnt@lnter]

K3b [Hl.nt@exter] =1

3a — =1

[Hlnt@lnter]

[H,0-(S)]

K = IO OH]

_[®)p(H,0)
*~ H,0-(3)]

1

Ke = W 0G0

_ p(H,0)
vy =k (1 — Peq(T)>

_ p(H;0)
v, =k, (1 — Peq(T)>

k 1/2
Vsa = 22 (K K K™ [1

lo Peq(T)

p(Hz O)
Peq (T)

1/2

p(HZO) Y 2]

k 1/2
Vap = ;’jb (Kuko k™) [1

B K1K2K5K1/"< p(H20)>
174_— 1_

KS +p(H20) Peq(T)
KKK < B p(H20)>
S KKK KT Peq(T)

(KKK K\" p(H,0)\"
Ve = "6( p(H,0) ) [1_(Peq(T)> ]
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Figure 7. Results of the modified Friedman plots with tlbea@mmodation function of eqn (16) as applied to the
mass-loss process of the thermal decompositiora¢®8), under isothermal and linear nonisothermal conaktio
at differentp(H,0O) values: (a) modified Friedman plot with, b) = (1.95, 1.31) at = 0.5, (b)a andb values at

differento values, and (dE, values at different values.

3.4 Kinetic modeling of the consecutive IP-SR-PB&euvarious water vapor pressures

Kinetic modeling of the consecutive physico-geoinatrprocesses for the surface nucleation andubhsegjuent
reaction interface shrinkage was first proposetaynpel for solid-state reactions under isothernsaiditions*®?
Practical kinetic analysis based on the integnahfof Mampel's model has been studied by sevessdarchers in
order to gain further insights into the real kinegature of various solid-state reactid?is'°® Favergeon et al.
discussed in detail the constitutional equatiomgHis type of physico-geometrical consecutive pescwithin the
context of nucleation and isotropic or anisotrogiowth models®’ Several examples of the physico-geometrical

consecutive process were analyzed kinetically ugliegprinciples from the nucleation and anisotragiowth
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models'®® ™! The integral kinetic behavior, which was chardzest by a sigmoidal mass-loss curve under
isothermal conditions, is superficially similar tttose obtained for the reactions comprising thé Inulkcleation
and growth of nuclei, as formalized by the Johnsteki—Avrami (JMA) modet*****and the homogeneous-like
autocatalytic model’®*®” For the kinetic analysis conducted under isothéroaditions, reactions regulated by
JMA and autocatalytic models could be treated agpeudo-single-step reaction described by onecoaistant;

on the other hand, in reactions regulated by Maspebdel, two rate constants for SR and PBR shbeld
evaluated from a single kinetic curve at a constamiperature. Because of the difficulty of condugtkinetic
calculations for the experimental kinetic curvesittlwere obtained under isothermal conditions based
Mampel's model, in many cases, the SR—PBR processes analyzed using the JMA or auto-catalytic nede
with an acknowledgment as the empirical approasgdndless of the vastly different physico-geomatrieatures
assumed while formalizing the respective kinetiddels. However, difficulties in performing kinetialculations
based on Mampel's model have been largely alledidte the increased quality of the kinetic data rded
through the use of the modern thermoanalyticalrumsénts and advancements in software technology. Fo
practical kinetic calculations based on Mampel'slsipOgasawara and Koga recently formalized tHerdifitial
kinetic equations for physico-geometrical conseeuprocesses comprising IP-SR—PBR(n), which ocodeu
isothermal conditions: this was done by assumingra-order rate process for IP, a first-order pateess for SR,
and a PBR with different geometrical dimensions.’{nThe differential kinetic equations obtained foe th
consecutive IP-SR—PBR(n) process under isotheromalittons are listed in Table S2 in the ESI.T Apgtion of
the kinetic calculation generates the chance tarstgly discuss the impact of p(®) on each component step of
the physico-geometrical reaction, as well as gaiithér insights into the mechanistic feature ofréection.

The isothermal kinetic data recorded at numerompégature settings underfféirent p(HO) conditions (Fig. 3)
were used to conduct kinetic analysis based onRh8R—-PBR(n) model. The rate constants,(k 1/tp), ksr ,
and kgrm for IP, SR, and PBR with the interface shrinkagaethsion of n, respectively, were simultaneously
optimized so as to minimize the square sum F of¢s&lue when fitting the experimentabi(dt)e,, versus t by
the calculated (ddt)., versus t based on the equations listed in TabléES2f) through nonlinear least-squares

analysis according to the Levenberg—Marquardt atyar

2
F= Iiv=1 [(%)exp,i - (i_ot{)cal,i] (23)

where N is the number of data points in each kingirve. For each optimization run, the initialuafor ko was
determined using the apparent Arrhenius parameteened via the conventional Arrhenius plot fopi®cesses
under each p(bD) condition (Table S1 in the ESIT). Faigk, the initial value was derived with referencette t
average Evalue that was evaluated using the conventioriablRran plot within the range of 050 < 0.8 and
analyzing an experimental master plot drawn by ragsy a constant Evalue within the corresponding a
range?>**%"%"After setting the initial values ofigkand keer(y the order of the initial 4 value was determined
by graphically comparing the experimental and datedl kinetic curves.

Fig. 8 shows typical results of the optimizatiom ras exemplified by the kinetic curve recorded at 568 K
under p(HO) = 1.86 kPa; this was indicative of the mostsfatitory fit obtainable when two-dimensional
shrinkage of the reaction interface (n = 2) wasiiaresl for the PBR step (Fig. 8(b)). Irrespectivep(,O), the

most statistically relevant fit was observed whesuaing the IP-SR—PBR(2) model. Therefore, {hé=k1/ip),
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ksr, and kgr(y) values which were determined by positing the IP-F¥BR(2) model were subjected to further
evaluation in order to establish the dependendbasfe values on T and pfB)). Table S3 (ESIT) summarizes the
optimized rate constants of IP-SR—PBR(2) modek#tmh kinetic curve recorded at different tempeestumder
various p(HO) conditions, together with the determination &ioifts calculated for the differential and intaigr
kinetic curves.

The temperature dependence of the rate constanéadét reaction step was separately analyzed obatsie of
the conventional Arrhenius plot.

Ink =Ind — 22 (24)

where k can bek ksg, Or kegrezy In Fig. S7 (ESIt), there are conventional Arrlienplots applied to thegk
(=1/tp), ksr, and kgr(2) values determined for the overall process of tegrhal decomposition of Ca(Opat
different temperatures under various #JiH conditions. For each reaction step, that isSIR, and PBR(2), the
conventional Arrhenius plot detailed theffdient linear relationships that existed undeffedint p(HO)
conditions; this was already observed when the eational Arrhenius and Friedman plots were appiethe 1P
process (Fig. S3(a) in the ESIT) and to the ovenals-loss process (Fig. S5(a) in the ESIT), réispéc For all
reaction steps, the slope of the Arrhenius plotesyatically rose with increasing p{8). Table S4 (ESIY) lists the
apparent Arrhenius parameters that were deternforedach reaction step under a particular @Hcondition.
Thus, introducing an accommodation function, ag@{};P.((T)), in the Arrhenius plot is a possible means of
establishing the universal kinetic description éaich physico-geometrical reaction step that ocatidifferent

temperatures and under various gjlconditions.

In [m] =InA - 22 (25)
However, as shown in Fig. S8 (ESIT), introducing mhost widely used accommodation function of ed) {jito
egn (25) did not dramatically improve the indivitldarhenius plots for the processes undefedent p(HO)
conditions. The apparent Arrhenius parameterswiea¢ determined using the modified Arrhenius pldghwhe
accommodation function of eqn (10) are also sunmedrin Table S4 (ESIT). Although the accommodation
function of eqn (10) could not be used to univdysdéscribe the rate data obtained undéfedint p(HO) values,
the dfect of the correction appeared more extensivelydactions under the higher p®) value, as changes in

the slope of the Arrhenius plot, and thus the agmaE, value.
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Figure 8. Typical results of nonlinear least-squares analf@i the appropriate differential and integralékin
curves obtained for the thermal decomposition ofGEH, (T = 668 K, p(H,O) = 1.86 kPa) on the basis of IP—
SR—-PBR() model: (an =1, (b)n=2, and (ch = 3.

Next, the modified Arrhenius plots with the accontation function of egn (16) were examined for eagction
step, as shown in Fig. 9. By optimizing the expasg@, b) in the accommodation function, it waseatd
established that all the data points for each i@adtep, which originated from the kinetic curvesorded at
different temperatures under various i) conditions, exhibited a single Arrhenius plotthwistatistically
significant linear correlation. Table 4 lists thgtimized exponents (a, b) and the apparent Arrlseparameters
for each reaction step evaluated through the netlifirrhenius plot with the accommodation functidregn (16).
The results of the modified Arrhenius plots, whepleed separately to the rate constants of eachpooent
reaction step, provided us further insights inte thysico-geometrical reaction mechanisms of trenhl
decomposition of Ca(OH)under dfferent p(HO) values. Relative changes in the impact of MHas the
reaction step progressed could be estimated by @ongpthe optimized exponents (a, b) in the accodation
function of egn (16) among those determined fdfedént reaction steps. For the thermal decomposiifon
Ca(OHy), it was shown that the exponent a decreased as#ution step advanced from IP to PBR(2) via SR.
Since the first p(kD) component, (Pp(H.0))?, in the accommodation function of eqn (16) (EHIP,) < 1 in
the current experimental setup) corrected the fityeaf the Arrhenius plot by making contributioms the

logarithmic form, the larger value of a was indieatof the larger dependence of the apparent rfatgeareaction
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step on p(HO). Conversely, the b value did not indicate tlmepde variation trend as the reaction step advanced.
It was found to be in the range of 1.5-2.0 forth# reaction steps. A larger b value indicates $gsificant
contribution of the second p{B) component, 1 - (p@@)/Peq(T))b, in the accommodation function of egn (16).
The second p(KD) component corrects the overall reaction ratéhbyrelative intensity of p(#) with reference
to P(T), which may play a significant role in the raantoccurring near the equilibrium temperature given
p(H,0O). Analytically, the second p@®) component in the accommodation function cordkdhe slope of the
Arrhenius plot within the data points under a selé@(HO) value.

The largest a value was observed for the IP stieis.Was expected because the IP step was triggexrexposure

to the reaction atmosphere and was not influengeanly self-generated water vapor pressure. Smalielues
observed for the SR and PBR(2) steps were indieatfvapparently the rate behaviors that were reltiless
sensitive to p(K0) in comparison to those found in the IP step. El®v, when interpreting the apparent rate
behavior, it must be considered that the actuati@asites of the SR and PBR(2) steps were nettlir exposed

to the reaction atmosphere. This situation was rdmtinguished for the PBR(2) step, since the reaghterface
was covered by a surface layer of the solid prodactddition, these reaction steps were accomganyethe
evolution of water vapor; therefore, the actualewatapor pressure at the reaction sites positianédn the
reacting particles could not be precisely deterchifdnus, the impact of atmospheric p(y on the SR and PBR
steps was the result of changes in the actualapgriessure of water vapor at the reaction interfacich were
induced by changes in the atmospheric 5 even if the evolution rate of water vapor dgrthe reaction under
isothermal conditions was much lower than that olegk under the nonisothermal conditions. Sinceethvesre
challenges in directly measuring or precisely dalking the partial pressure of water vapor at thaction
interface, systematic changes in the a value asethigtion step advanced could be used as a semiigtise
measure that would empirically explain the observadations in the apparent rate behavior via tffece of
atmospheric p(ED). The relatively constant b values for all reactsteps may have resulted from the same
p(Hx0)/P.(T) ratio among the corresponding data points eorat specific (T, p(}0)) conditions in all the
reaction steps. From the aforementioned resuliseomodified Arrhenius plots with the accommodafiemction

of eqn (10) (Table S4 and Fig. S8 in the ESIT)wis expected that the second g#)H component, 1 -
(p(HZO)/Peq(T))b, would make slight corrections to the slope of it@ividual Arrhenius plot under a specific
p(H-O) value. However, theffect of the second component in eqn (16) was sm#ti@n the value that
determined in the case of the conventional accoratimd function of egn (10) because the b value feasd to

be larger than unity. Therefore, the single Arrherplot for the rate constants of each reactiop, stdich had
been calculated for the kinetic data recorded uwliféerent p(HO) conditions, was again recognized via the
contributions of the first p(4)0) component in egn (16).

It was observed that the appareptvBlues for each reaction step evaluated from theifired Arrhenius plot with
the accommodation function of eqn (16) systemajicicreased as the reaction step advanced framRBR(2)
via SR. The trend agreed with the aforementionduater patterns that were observed via formal kinet
analyses for the IP and the overall mass-loss psese It was also noted that the preexponentitdriathat were
determined for each reaction step decreased agdlcdon step advanced in accompanying with theedse in
the E a values, which followed a generally obsetverdd known as the kinetic compensatidfeet®>* For the

thermal decomposition of the current Ca(@Bmple, the results of the kinetic analysis iatreh to the impact
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of p(H.O) on the physico-geometrical consecutive processe®rising IP, SR, and PBR(2) were difficult to
correlate with previously reported kinetic resudfsthe reaction in a stream of dry, ljas. This was due to the
presence of vastly different apparent reaction Wehgatterns. As mentioned, the IP step was npegmentally
detectable for the reaction in a stream of dsyghis™ Mass-loss processes were indicative of two distsigable
peak maxima corresponding to the SR and PBR. Kirdgtconvolution analysis™® based on the cumulative
kinetic equation, which was comprised of the comiemal kinetic equation of eqn (17), revealed tlize
contribution of SR and PBR steps was 0.20 and GeBpectively. The apparent Arrhenius parametey&JEnol*,
Als™), which were determined for the reaction stepSRfand PBR under isothermal conditions in a strefdny

N, gas were (160.3+0.5, (3.02+0.01)*%0and (181.6+ 0.2, (8.79+0.01)x1)) respectively. Comparable values
for these contributions and the apparent Arrhempiasameters for each reaction step were also eealuar
thermal decomposition reactions in a stream ofNdrgas under isothermal and constant mass-lossoatbtions.
The presence of water vapor in the reaction atmergphindered the observation of multiple peak maximthe
mass-loss rate under both isothermal and non-isotieconditions, and the sigmoidal mass-loss ctire¢ was
obtained was the characteristic for general rateatier patterns under isothermal conditions. Thpaagnt
Arrhenius parameters evaluated by the modified éuilns plot with the accommodation function of efj)(for
the SR and PBR(2) steps under different fHvalues were much larger than those calculatedtte
corresponding reaction steps in a stream of dryIN addition, the relative magnitudes of the apptArrhenius
parameters for the SR and PBR steps were opposgach other for the reactions in a stream of drg&$ and
the reactions in a stream o$-NH,O mixed gas with controlled pgd) conditions.

Differences in the kinetic results obtained for thentlaé decomposition of Ca(OH)2 in a stream of drydds
and wet N gas were the evidence of the impact of atmosplpéHgO) on the mechanistic feature of the reaction.
At the same time, the physico-chemical significan€déhe Arrhenius parameters that were determinedhb
conventional Arrhenius-type plots and the modifiedhenius-type plots with the accommodation funatio
a(p(H0), P(T)) were varied. Arrhenius parameters for IP, 8Rj PBR(2) reaction steps under various,(H
conditions, which were established through theoghiction of the accommodation function of eqn (I®ld
only be of practical importance when exponentsbjajn the accommodation function were accompanied.
Although the framework for the accommodation fumatiof eqn (16) was derived on the basis of claksica
nucleation and interface reaction theories, theesbf (a, b) could be analytically applied to a/ersal kinetic
description for reactions underfféirent p(HO) conditions by allowing the values obtained twidie from
theoretically meaningful values. In this sensewds dificult to rigorously discuss the physico-chemical
significance of the empirically determined valuds(a, b) and, thus, the Arrhenius parameters. Es@na
universal kinetic description of the physico-geamsat consecutive processes of IP, SR, and PBRrutifferent
p(H2O) conditions, as exemplified by the thermal decosiipon of Ca(OH), provided further insights into the
impact of atmospheric pd®) on each reaction step and the variation of tid Bnpact over the course of
physico-geometrical reaction. This universal kinetiescription allows us to empirically simulate atian
processes under various temperature and@)ldonditions and provides a chance to interpretsthnificance of
p(H2O) in relation to a physico-geometrical reactionchenism. Additionally, the application of this emal
kinetic approach to other thermal decompositiorsafds, which can be described by the physico-géicaé

consecutive process of IP-SR-PBR, may result iiffereht set of correlations between the exponéatd) and
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the Arrhenius parameters for a specific reactiep sind in a different variation trend of these eations as the

reaction step progresses. Classifications of theelation patterns and these variation trends miayige

information necessary for establishing a rigorotsotetical and practical basis for the comprehensiv

understanding of reaction kinetics in solid—gadesys under various gaseous atmospheres.
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Figure 9. Modified Arrhenius plots with the accommodatiamdétion of eqn (16) which describe the temperature

dependence of the corrected rate constants fofRh8R, and PBR(2) steps of the thermal decompaosibif

Ca(OH) under varioup(H-0) values: (a) IP, (b) SR, and (c) PBR(2).

Table 4. Optimized exponentsa( b) in the accommodation function of egn (16) and &pparent Arrhenius

parameters for each reaction step as determineghflying the modified Arrhenius plot with the accopndation

function

of egn (16)

Exponentsd, b) in egn (16)

Reaction step - Ea/ kJ mor* In(A/s?Y -

a
P 4.75 1.86 736.8+15.4 74.8+2.6 0.9965
SR 3.79 1.65 6104 +11.4 66.5+2.0 0.9972
PBR(2) 3.36 1.91 539.7 £14.0 52.7+25 0.9947

#Correlation coefficient of the linear regressiomlgsis.



4. Conclusions

In the presence of atmospheric water vapor, themhledecomposition of Ca(OH)exhibits vastly dferent
kinetic behavior patterns from those obtained #traam of dry N gas; this is characterized by the appearance of
the IP and the sigmoidal mass-loss processes atarurtemperatures. Reaction rates of the IP arsb-oas
processes at a selected temperature are inhibgethea p(HO) value rises. Under a linearly increasing
temperature condition at a specifioalue, the mass-loss curve systematically shifisigher temperatures with
rising p(HO) values. Introducing an accommodation functiolateel to p(HO) into the conventional kinetic
equation is one possible way to universally desctite apparent kinetic behavior that is dependemt, d’, and
p(H20). The accommodation function of egn (16), whicdmswderived from principles of classical nucleatorm
interface reaction theories, allows for a univekgaktic description for the IP and the mass-logsg@sses when
applying formal kinetic calculations that use threh&nius plot and Friedman plot, respectively.

In our study for thermal decomposition of Ca(@Hhe kinetic behavior of the IP process undéfedént T and
p(H,0) values was described by a single Arrhenius pestulting in (§,#kJ mol*, In[Asf(ap)/s™]) values of
(711.2+£15.0, 103.1£2.7), and was accompanied biyngqd (a, b) values of (4.53, 1.57) in the accomation
function of egn (16). Similarly, the mass-loss @®x recorded under isothermal and linear nonigodier
conditions in various p(}0) conditions was analyzed using a modified Friedmpbpt with the accommodation
function of egn (16), resulting in a single Friedndot at eactn. The a value in egn (16), which was optimized
at differenta, decreased systematically from approximately 8.2.0 in the first half of the mass-loss process; i
was subsequently maintained at approximately dliywed by a detectable increase to approximatedyir? the
final stage of the mass-loss process. On the dihied, the optimized b value was relatively constaitttin the
wide range ofx (0.04< a < 0.97), with the average value of 1.28+0.07. Theaagnt E value for the mass-loss
process varied and followed the similar trend ®dhvalues, exhibiting a systematic decrease frgonoximately
540 kJ mof to 375 kJ mot in the first half of the mass-loss process, plaitegat approximately 375 kJ niol
during the second phase, and then experiencindgeatdble increase to approximately 420 kJ hatl the end.
Therefore, changes in the physico-geometric reactiochanism and the impact of p(®j over the course of the
reaction could be deduced from the results of thesdified kinetic plots.

The appearance of the IP and subsequent sigmoids$-toss behavior were interpreted as outcomeseof t
mechanistic feature of the reaction, which is ctimrézed by physico-geometrical consecutive praeess
comprising the IP, SR, and PBR steps. Variatiorteénapparent Bvalue observed for the mass-loss process were
also indicative of consecutive SR and PBR stepsnliNear least-squares analysis for overall thermal
decomposition process under isothermal conditiongh whe IP-SR—PBR models indicated that the
two-dimensional interface shrinkage occurred durthg PBR step with the most statistically significa
coefficient. Subsequently, establishing a univekgatic description for each physico-geometrieaation step at
different T under various p@®) conditions was made possible by analyzing ttisniped rate constants for each
reaction step using the modified Arrhenius plothwihe accommodation function of egn (16). The kinet
parameters comprising the Arrhenius parameters taadoptimized exponents (a, b) in egn (16) for each

physico-geometrical reaction step could be detezthimsing the kinetic analysis based on the IP-SR-Bdels
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and subsequent application of the modified Arrhemlot with the accommodation function of eqgn (Xpetic
results based on the physico-geometrical reactiechamism provided the opportunity to discuss thgaich of
p(H20) on each reaction step and enabled us to coniigagéfect on different reaction steps in connattiath
the mechanistic features for each. The kinetidh@thermal decomposition of Ca(QHinder atmospheric water
vapor were characterized by systematic reductionthe Arrhenius parameters. The exponent a wasrshow
decrease as the physico-geometrical reaction addainom IP to PBR(2) via SR, whereas the exponenab
shown to remain relatively constant. Introducing tccommodation function of eqn (16) into formatetic
analysis and kinetic analysis based on the phygémonetrical consecutive reaction model allowed tfe
universal kinetic description of the thermal decosipon of solids under fferent partial pressures of the gas that
contribute to the reaction. Kinetic parameters, gosmng the Arrhenius parameters and the optimzgubnents
(a, b), and those variation behavior patterns witle advancement of the overall reaction or of
physico-geometrical reaction step provide useftdrimation of characterizing the impact of the drpressure
of the gas on the kinetics of the reaction. It disus at the possibility that there aréfeliences among the thermal
decomposition reactions for various solids. Thesknapproach to the thermal decomposition of solidder
various gaseous atmospheres demonstrated by ody Euexpected to contribute toward providing ferth

comprehensive theoretical foundation for the kinatiderstanding of reactions in solid—gas systems.

Footnotes

Electronic Supplementary Information

Electronic supplementary information (ESI) is azbie: S1: Experimental setup and calibration ofrimsent
(Figure S1); S2: Sample characterization (Figurg S2: Kinetics of induction period (Figures S3 &l Table
S1); S4: Kinetics of mass-loss process (Figurear86S6); S5: Kinetic modelling of the consecutive $R—PBR

process under different water vapor pressure (Eg8i7 and S8, Tables S2-S4).
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