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1. Introduction

Universal kinetic description for the thermal
dehydration of sodium carbonate monohydrate
powder across different temperatures and water
vapor pressurest

Shunsuke Fukunaga, Yuto Zushi, Mito Hotta ) and Nobuyoshi Koga (= *

The thermal dehydration of sodium carbonate monohydrate (SC-MH) exhibits kinetic characteristics that
are typical of the thermal decomposition of solids with a reversible nature. One of the characteristics is
the physico-geometrical constraints of the reaction due to the heterogeneous reaction feature. Another
factor is the considerable impact of the atmospheric and self-generated water vapor on the kinetics.
The objective of this study is to develop a universal kinetic description of the dehydration kinetics as
a function of temperature, degree of reaction, and partial pressure of water vapor (p(H,O)), deriving
kinetic parameters with physico-chemical significance based on the physico-geometrical kinetic model.
The kinetic curves for the thermal dehydration of SC-MH were meticulously documented under
isothermal and linear nonisothermal conditions at varying p(H,O) values using humidity-controlled
thermogravimetry. The mass loss curves at a constant temperature exhibited a sigmoidal shape
following an induction period, irrespective of the p(H,O) value. As the p(H,O) value increased, a
systematic decrease in the reaction rate was observed. The challenge of providing a kinetic description
for the complex reaction process was addressed by a step-by-step approach, which included the
following four steps: (1) the development of a universal kinetic description that could be applied across
varying temperatures and p(H,O) values, (2) the incorporation of the effect of self-generated water
vapor into the universal kinetic description, (3) the interpretation of the physico-chemical meanings of
the apparent kinetic parameters within the universal kinetic description, and (4) the extension of the
universal kinetic description to encompass the physico-geometrical kinetic modeling.

fundamental understanding of both the forward reaction of
the thermal decomposition of the candidate compound and its

The thermal decomposition of solids with a reversible
nature has a range of potential applications in practical pro-
cesses. These applications include numerous technologies that
address energy and environmental issues, including chemical
heat storage,'® hydrogen storage,” " capture of various envir-
onmentally toxic gases,">*® and others. In order to develop and
refine these future technologies, it is essential to have a
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1 Electronic supplementary information (ESI) available: (S1) Instrumental setup
(Fig. S1 and Table S1); (S2) sample characterization (Fig. S2-S4 and Table S2); (S3)
thermal behavior in a stream of dry N, (Fig. S5-S8); (S4) conventional kinetic
analysis (Tables S3, S4 and Fig. S9-S11); (S5) formulation of accommodation
function (Fig. S12 and Tables S5, S6); (S6) extended kinetic analysis considering
the effect of water vapor (Fig. S13); (S7) effect of water vapor on the individual
physico-geometrical reaction steps (Fig. S14, S15 and Tables S7-S9). See DOI:
https://doi.org/10.1039/d4cp04624b
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reverse reaction of the solid-gas reaction. In particular, an
understanding of the reaction thermodynamics and kinetics
is crucial for the design of an effective reaction system for the
practical applications. The kinetics of both the thermal decom-
position of solids and the solid-gas reaction have been the
subject of study for over a century. Consequently, the funda-
mental kinetic theories and analytical procedures for these
reaction processes have been established.’” ' However, both
the reaction processes exhibit intrinsic physico-chemical and
physico-geometrical characteristics due to the geometric con-
straints inherent to the reaction.*** In addition, for reversible
reactions occurring in a solid-gas system, both the forward and
reverse reactions are significantly affected by the partial pres-
sure of the gaseous species in the system. Therefore, an exten-
sion of the fundamental kinetic theories of both forward and
reverse reactions is required to describe the kinetics universally
as a function of temperature, degree of reaction, and partial
pressure of the gaseous species. If possible, the establishment
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of a unified kinetic theory that is applicable to both the thermal
decomposition of solids and the solid-gas reaction in a solid-
gas system is desired to provide the necessary insight into the
kinetics of both the reactions in a reversible system and to have
a kinetic tool to evaluate the system for possible application.

A universal kinetic description for the thermal decomposi-
tion of solids with a reversible nature has recently been
achieved by introducing an accommodation function (AF) into
the fundamental kinetic equation.>*® The AF describes the
variation of the reaction rate as a function of the partial
pressure of the gaseous species in the reaction system. The
practical applicability of the extended kinetic approach has
been demonstrated by means of the thermal decomposition
of inorganic hydrates,>”*#*3%437 carbonates,>*>>*¢ and
hydroxides®*2%*'?> over a range of temperatures and partial
pressures of the gaseous species. Moreover, the impact of both
the external gases in the reaction atmosphere, which serves as
the measuring condition for the process, and the self-generated
gas from the reaction were taken into account in the universal
kinetic approach.*****® Furthermore, it was demonstrated that
the apparent kinetic parameters obtained through the universal
kinetic approach can be correlated with the intrinsic kinetic
parameters for the reaction by considering the contribution of
the thermodynamic parameters of the reaction.*”*® Moreover,
we have achieved the universal description of the kinetics of
solid-gas reactions across different temperatures and partial
pressures of gaseous species based on the counterpart theory
for the thermal decomposition of solids.*® The practical kinetic
analysis was demonstrated for the hydration of lithium sulfate
anhydride to form its monohydrate. Consequently, the current
objective is to establish a unified theory of the universal kinetic
description that is applicable to the thermal decomposition of
solids and the solid—gas reaction in a solid-gas system, as well
as to develop the practical kinetic procedures for the universal
kinetic approach.

The reactions occurring in the sodium carbonate-water
vapor system, which include the thermal dehydration of
sodium carbonate monohydrate (SC-MH) to form its anhydride
(SC-AH) and the hydration reaction of SC-AH with water vapor
to form SC-MH, were selected as a model system. The objective
was to investigate the parallel applicability of a unified kinetic
theory for the universal description of the thermal decomposi-
tion of solids and the solid-gas reaction in a specific solid—-gas
system at different temperatures and partial pressures of the
gas involved in the system, as well as to evaluate the merit of
the parallel application of a unified theory to the forward and
reverse reactions. It was reported that the thermal dehydration
of commercially available SC-MH compacted composite grains,
consisting of columnar crystals and a matrix produced by the
efflorescence of the decahydrate, was found to occur as the
partially overlapping two-step process in a stream of dry N,.*°
The first mass loss step of the thermal dehydration of the SC-
MH matrix occurred as a physico-geometrical consecutive
process that was composed of the surface reaction (SR) and
three-dimensional (3D) phase boundary-controlled reaction
(PBR), occurring after the induction period (IP). The second
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mass loss step was also regulated by the 3D PBR along with the
cubic shape of the original SC-MH grain; however, an initial
acceleration of the reaction was observed in the reaction stage
characterized by overlapping with the previous mass loss step
due to the gradual decrease of the self-generated water vapor.
Besides, Baglie and DeVore reported a smooth single-step mass
loss process for the thermal dehydration of SC-MH powders
obtained by efflorescence of the decahydrate in a stream of dry
N,.*" They suggested a significant dependence of the experi-
mental thermoanalytical curves and the kinetic results on the
sample mass (m,) due to the effect of the self-generated water
vapor during the reaction. We have reported the effect of
atmospheric water vapor on the thermal dehydration of the
SC-MH compacted composite grain.®* The presence of the
atmospheric water vapor resulted in a retardation of both
reaction steps in the two-step thermal dehydration process.
The kinetics of the individual reaction steps were universally
described over different temperatures and the partial pressures
of the atmospheric water vapor (p(H,O)arm). It was proposed
that both p(H,O)arm and the partial pressure of the self-
generated water vapor (p(H,O)sg) be considered for the inter-
pretation of the kinetic behavior of the component reaction
steps in the scheme of the universal kinetic description. The
reversible nature of the thermal dehydration of SC-MH and the
subsequent hydration of SC-AH at a lower temperature in the
presence of water vapor has been reported by Ball et al.**> The
preliminary experiments conducted for this study using a
humidity-controlled thermogravimetry (TG) system yielded evi-
dence confirming a smooth single-step mass gain process
following an IP at a constant temperature for the SC-AH
produced by the thermal dehydration when exposed to a stream
of wet N, with a controlled p(H,O)ary value. Furthermore, a
trend of the promotion of the hydration reaction rate was
observed with decreasing temperature and increasing
P(H,0)arm. Therefore, both the thermal dehydration of SC-
MH powder and the hydration of SC-AH were found to exhibit
specific physico-geometrical reaction behaviors and are signifi-
cantly influenced by the water vapor present in the reaction
system, while the overall reactions are characterized by smooth
single-step mass change processes with a reversible nature. The
observed behaviors of the reactions in the sodium carbonate-
water vapor system indicate its suitability as a model system for
the study of the parallel kinetic approaches to both the forward
and reverse reactions using a unified theory for the universal
kinetic description.

This article presents the initial findings of a series of kinetic
studies on the reversible reactions in the sodium carbonate-
water vapor system. It reports the universal kinetic description
of the forward reaction of the thermal dehydration of SC-MH
powders over a range of temperatures and p(H,O) values,
including p(H,0)sc and p(H,0)amy- The theory and analytical
procedures of the universal kinetic description for the thermal
decomposition of solids, which were previously established,
were refined in stages towards further extension and the
establishment of a unified theory applicable to both the for-
ward and reverse reactions. Following an examination of the
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results of the conventional kinetic analysis applied to the
thermal dehydration of SC-MH powders at varying p(H,O)arm
values, the universal kinetic description of the IP and mass loss
processes across diverse temperatures and p(H,O)ary values
was attained through the implementation of a formal kinetic
analysis, which encompassed the assessment of the isoconver-
sional and isothermal kinetic relationships. Subsequently,
the effect of p(H,O)sc was incorporated into the extended
kinetic equation for extending the universal kinetic approach
to include the reactions in a stream of dry N, i.e., p(HyO)arm ~
0. In addition, the physico-chemical significance of the appar-
ent kinetic parameters determined through the universal
kinetic approach was examined in order to obtain a correlation
with the intrinsic kinetic parameters. Finally, the universal
kinetic approach, founded upon the formal kinetic analysis
scheme, was translated into physico-geometrical kinetic mod-
eling for describing the physico-geometrical consecutive IP-SR-
PBR process, which is characteristic of the thermal dehydration
of SC-MH powders. The results obtained at each analytical
stage are expected to provide further insight into the kinetics
of the thermal dehydration of SC-MH and the thermal decom-
position of solids in general. Furthermore, the strategy
proposed for the universal kinetic approach to the thermal
dehydration of SC-MH will be extended to the reverse reaction
of the hydration of SC-AH, which will be reported separately as
the counterpart of this article.

2. Experimental
2.1 Sample and its characterization

The SC-MH powders were prepared by the efflorescence of the
chemical reagent of its decahydrate (Na,CO3-10H,0; special
grade, FUJIFILM Wako Chem.) by exposure at an ambient
temperature of 298 K and flowing dry N, at a flow rate (g,) of
100 cm® min~" in a tube furnace overnight. The solid product
obtained by the efflorescence of Na,CO;-10H,0 was character-
ized by powder X-ray diffractometry (XRD), Fourier transform
infrared spectrometry (FTIR), and simultaneous TG-differential
thermal analysis (DTA) measurements. The XRD pattern of the
efflorescence product pressed onto a sample holder plate was
recorded using a diffractometer (RINT 2200V, Rigaku). While
irradiating the sample with Cu-K, (40 kV, 20 mA), the 20 value
was scanned from 5° to 60° in 0.02° steps at a scanning speed of
4° min™" to record the XRD pattern. The FTIR spectrum was
recorded using a spectrometer (FT-IR 8400S, Shimadzu) with
the diffuse reflection method. After the sample was diluted with
KBr, the FTIR measurement was performed in the wavenumber
range of 4600-400 cm™ " with a resolution of 4 cm ™', and the
spectra were accumulated 40 times. The sample was subjected
to TG-DTA measurements to determine the mass loss value
during thermal dehydration and to investigate the changes in
reaction behavior as a function of m, and g, of purge gas (i.e.,
dry N,). For the sample weighed in a Pt pan (diameter: 6 mm;
depth: 2.5 mm), TG-DTA measurements were performed using
a top-loading type instrument (DTG-60, Shimadzu) under
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isothermal conditions at a temperature of 315 K and under linear
nonisothermal conditions at a heating rate () of 3 K min~" in a
stream of dry N,, for which m, and g, were varied in the ranges of
2-13 mg and 10-100 cm® min~?, respectively.

The morphology of the efflorescence product was character-
ized by microscopic observations using a scanning electron
microscope (SEM) and measurement of the Brunauer-Emmett-
Teller (BET) specific surface area (Sggr). The SEM observations
were performed using an instrument (JSM-6510, JEOL) in the
reflection mode after the sample particles were thinly coated
with a Pt layer by sputtering (JEC-1600, JEOL; 30 mA, 30 s). The
Sger value was determined by the BET single point method
using an instrument (FlowSorb II, Micromeritics).

2.2 Tracking of the thermal dehydration in a stream of dry N,

The thermal dehydration of SC-MH in an inert gas atmosphere
of a stream of dry N, (g, = 300 cm® min™") was systematically
tracked using a horizontal TG-DTA instrument (TG-8121, Ther-
moplus Evo2 system, Rigaku), for which the m, weighed into a
Pt pan (diameter: 5 mm; depth: 2.5 mm) was controlled to be
5.00 = 0.05 mg. TG-derivative TG (DTG) curves were recorded
in both isothermal and linear nonisothermal modes. In the
isothermal mode, the TG-DTG measurements were conducted
by initially heating the sample from 303 K to a preset tempera-
ture (312 < T/K < 332) ata f of 5 K min~ ", and subsequently
maintaining the temperature until the mass loss process was
completed. In the linear nonisothermal mode, the sample
was heated linearly from 303 to 423 K at various f§ values of
0.5-10 K min ! to record TG-DTG curves. In particular, it was
confirmed prior to the TG-DTG measurements that the N, flow
rate above 300 cm® min~' does not cause any significant
change in the results compared to those at 300 cm® min™.

Changes in the sample particle morphologies in the course
of the thermal dehydration were investigated using SEM. The
samples (m, = 5.00 = 0.05 mg) were partially dehydrated to
varying degrees of reaction (o) using a TG-DTA instrument
(DTG-60) by heating them in isothermal mode at T = 313 K for
different times in a stream of dry N, (g, = 100 cm® min™"). The
samples retained from the TG-DTA instrument were coated
with a thin Pt layer via sputtering and subsequently examined
under a SEM (JSM-6510).

2.3 Tracking of the thermal dehydration in a stream of wet N,

TG-DTA measurements were systematically conducted for the
thermal dehydration of SC-MH in the presence of water vapor
using a TG-DTA system (TG-8120, Thermoplus 2, Rigaku)
equipped with a humidity controller (HUM-1, Rigaku) in a
stream of wet N, (g, = 400 cm® min ") with various p(H,0)arm
values, for which the identical sampling procedures, including
the sample pan and m, values, were employed as in the
measurements in a stream of dry N,.

A series of TG-DTG curves were recorded by heating the
sample to 393 K under linear nonisothermal conditions at a
fixed f of 5 K min~" in a stream of wet N, characterized by
different p(H,O)arm values (0.2 < p(H,O)arm/kPa < 12.8).
Moreover, by selecting three p(H,0)smm values of 0.4, 3.7, and
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9.2 kPa, the TG-DTG curves were systematically recorded in
both isothermal and linear nonisothermal modes, in a manner
analogous to the measurements conducted in a stream of dry
N,. In the isothermal modes, the preset isothermal temperature
ranges were in the range of 324-336 K, 337-348 K, and 352-
362 K for the measurements conducted in a stream of wet N,
with p(H,0)arym values of 0.4, 3.6, and 8.9 kPa, respectively. The
measurements in the linear nonisothermal mode were con-
ducted at varying f values, ranging from 0.5 to 10 K min~".

The calibrations of the TG-DTA instruments (DTG-60, TG-
8121, and TG-8120; Table S1, ESIf) and the instrumental
controls for the TG-DTG measurements in a stream of wet N,
(Fig. S1, ESIt) are described in the ESIt (Section S1).

3. Results and discussion
3.1 Sample characterization

The sample exhibited an XRD pattern identical to that pre-
viously reported for SC-MH (orthorhombic, S.G. = P2,abh(29), a =
6.4720, b = 10.7240, ¢ = 5.2590, & = ff = y = 90.000, ICDD-PDF 01-
070-0845, Fig. S2, ESIT).** The FTIR spectrum of the sample
exhibited absorption peaks attributed to H,0 and COz>~
(Fig. S3, ESIt).** The assignment of individual absorption peaks
is listed in Table S2 (ESIt). The sample was identified as an
agglomerate of rounded particles with a diameter of several pm
(Fig. S4, ESIY), exhibiting a Sggr value of 1.23 + 0.06 m* g~ .

3.2 Thermal behavior in a stream of dry N,

Fig. S5 (ESIY) illustrates the impact of m, on the TG-DTG-DTA
curves for the thermal dehydration of SC-MH under isothermal
and linear nonisothermal conditions in a stream of dry N,.
Similarly, the influence of g, on the TG-DTG-DTA curves is
shown in Fig. S6 (ESIf). The thermoanalytical (TA) curves
exhibited a consistent pattern of mass loss, accompanied by
an endothermic effect, regardless of the measurement condi-
tions. The mass loss value was determined to be 14.83 + 0.59%,
which corresponds to the calculated value for the thermal
dehydration of SC-MH to form its anhydride (SC-AH) (Am =
14.53%) as follows.

N3.2CO3 . HzO(S) — N3.2CO3 (S) + HZO(g)
. . 1)
(ArHagg = 58.6 kI mol™', A;Syys = 155.4 J(mol K) 1),

where the thermodynamic parameters of the reaction were
calculated using the literature values for Na,CO;3;-H,O(s),
Na,CO;4(s), and H,O(g).*> Under isothermal conditions (T =
315 K), the IP was observed prior to the initiation of the mass
loss process (Fig. S5(a) and S6(a), ESIt). Notably, the duration of
IP (t;p) remained constant at a constant temperature, irrespec-
tive of m, (Fig. S5(a), ESIT). Conversely, it was observed that t;p
was shortened with increasing g, (Fig. S6(a), ESIt). The mass
loss curves displayed a sigmoidal shape under isothermal
conditions. The reaction time for the mass loss process was
observed to increase with increasing m, (Fig. S5(a), ESIT),
whereas it was observed to decrease with an increase in the
gv value. The corresponding behaviors of the TA curves were

This journal is © the Owner Societies 2025

View Article Online

PCCP

also observed wunder linear nonisothermal conditions
(B = 3 K min™ "), exhibiting a systematic shift of the reaction
temperature to higher temperatures with increasing my,
(Fig. S5(b), ESIt) and to the lower temperatures with increasing
g, (Fig. S6(b), ESIt). The retardation of the mass loss process
with the increase in m, has been previously reported by Baglie
and DeVore.*" They proposed an explanation for this phenom-
enon based on the effect of self-generated water vapor on the
kinetics. It should also be noted that, as m, varies, the thick-
ness of the sample bed in the pan changes systematically,
resulting in a change in the reaction geometry.*®*° Therefore,
it is generally recommended to use as small a m, as possible
when collecting kinetic data using TA.*° Similarly, the variation
in the TA curves with g, may be interpreted in a manner
analogous to that described above. With increasing ¢, the
removal effectiveness of the evolved water vapor from the
reaction system increases, thereby reducing the effect of self-
generated water vapor on the kinetics.

Fig. S7 and S8 (ESIt) illustrate the alterations in the XRD
pattern of the sample throughout the heating process under
stepwise isothermal and isothermal conditions, respectively.
The transformation of the crystalline phase was observed under
stepwise isothermal conditions in a temperature range between
333 and 353 K (Fig. S7(a), ESIt), which corresponds to the
temperature range of mass loss observed in TG. The solid
product was identified as SC-AH (monoclinic, C2/m(12), a =
8.9040, b = 5.2390, ¢ = 6.0420, o = 90.000, § = 101.350, y = 90.000,
ICDD PDF 05-001-0022; Fig. S7(b), ESIt).>" Under isothermal
conditions at 333 K, no discernible alteration in the XRD
pattern was observed during the initial 60 min, indicating that
there was no change in the crystal phase during IP. Subse-
quently, the XRD peaks attributed to SC-MH exhibited gradual
attenuation, whereas those of SC-AH demonstrated gradual
growth between 60 and 180 min. Notably, no additional XRD
peaks were observed during the thermal dehydration of SC-MH,
which resulted in the formation of SC-AH.

3.3 Conventional kinetic analysis

Fig. 1 depicts the TG-DTG curves for the thermal dehydration
of SC-MH under isothermal conditions at varying temperatures,
recorded under distinct atmospheric conditions in a stream of
dry or wet N, with three different p(H,O)arm values: 0.4, 3.6,
and 8.9 kPa. Irrespective of the prevailing atmospheric condi-
tions, an identifiable IP was observed under isothermal condi-
tions. The ¢p value was found to increase systematically with a
decrease in reaction temperature at each p(H,O)ary value. The
subsequent mass loss process exhibited a sigmoidal curve,
irrespective of the reaction temperature and the atmospheric
conditions. Notably, the optimal reaction temperature for TA
measurements under isothermal conditions should be
increased as the p(H,0),ry value is elevated.

From the TG-DTG curves under isothermal conditions, the
tip value was determined based on an empirical definition as
the time elapsed between the attainment of the preset isother-
mal holding temperature (time zero) and the observation of a
mass loss of 2.0 pg. When the IP process is not significantly
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Fig.1 TG-DTG curves for the thermal dehydration of SC-MH to form SC-AH under isothermal conditions at varying temperatures, recorded under
different atmospheric conditions in a stream of dry or wet N, with different controlled p(H,O)atm values: (a) dry N, (p(H2O)arm < 0.2 kPa; mg = 4.92 +
0.14 mg), (b) wet N, (p(H20)atm = 0.4 kPa; mg = 5.01 + 0.02 maq), (c) wet N, (p(H2O)atm = 3.6 kPa; mg = 4.98 4+ 0.03 mg), and (d) wet N, (p(H2O)atm =
8.9 kPa; mg = 5.01 + 0.01 mq). Time zero was defined as the moment at which the sample temperature reached the preset temperature for isothermal

measurements.

affected by atmospheric water vapor, the kinetics can be

analyzed based on the fundamental kinetic equation:>*~>®

1 E.
— = Ap exp (*a—‘lp)f(ﬁlm),

2
tip RT ( )

where A;p and E, ;p are the apparent Arrhenius preexponential
factor and activation energy for the IP, respectively. R is the gas
constant. The zero-order kinetic model is employed empirically
for the kinetic model function f(o;p) with the definition of oyp as
the conversion of the IP process. Then, the logarithmic form of
eqn (2) can be used to determine the kinetic parameters via an
Arrhenius-type plot of In(1/tp) versus reciprocal temperature.
Fig. 2 illustrates the results of conventional kinetic analysis for
the IP under different atmospheric conditions. The ¢ exhib-
ited an exponential increase with decreasing temperature
under individual atmospheric conditions (Fig. 2(a)). However,
at a selected temperature, an increase in the p(H,O)ary value
was observed to result in an increase in the tp. Although the
Arrhenius-type plot exhibited a statistically significant linear
correlation for the IP process at a fixed p(H,O)arm value
(Fig. 2(b)), the linear correlation, as characterized by the slope
and intercept, varied systematically with the p(H,O)arm value.
Specifically, there was an increase in both the slope and
intercept with increasing p(H,O)arm value. Table S3 (ESIT) lists
the apparent kinetic parameters for the IP process under

3388 | Phys. Chem. Chem. Phys., 2025, 27, 3384-3400

individual atmospheric conditions. The results of conventional
kinetic analysis can be employed to reproduce the experimental
data (Fig. 2(a)). However, the disparate kinetic results for the IP
process under different atmospheric conditions indicate the
necessity of incorporating a p(H,O)arm term into the kinetic
equation to achieve a universal kinetic description.

Fig. 3 illustrates the TG-DTG curves recorded under linear
nonisothermal conditions at varying f values for the thermal
dehydration of SC-MH in a stream of dry or wet N, with distinct
P(H,0)ary values. At a given p(H,O)arym value, the TG-DTG
curves shifted towards higher temperatures with increasing f.
Furthermore, at a selected f5, the TG-DTG curves shifted
towards higher temperatures with increasing p(H,O)arm
(Fig. S9, ESIY).

For the kinetic analysis of the mass loss process of the
thermal dehydration, individual TG-DTG curves recorded
under isothermal (Fig. 1) and linear nonisothermal (Fig. 3)
conditions were transformed into kinetic curves by calculating
the o value with reference to the total mass loss value. This
approach yielded a series of data points (time, T, o, do/dt)
representing the kinetic data of individual reactions at varying
temperatures and p(H,O)ary values. At each p(H,O)arm value,
the kinetic curves form a specific coordinate surface in the 3D
kinetic coordinate of T~ o, and In(d«/d¢) (Fig. S10, ESIY). It is
notable that distinct coordinate surfaces were obtained for the
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Fig. 2 Results of the conventional kinetic analysis for the IP process of the
thermal dehydration of SC-MH under isothermal conditions in a stream of
dry or wet N, with different p(H,O)arm values, conducted using the
fundamental kinetic equation (eqn (2)): (a) t,p values at varying tempera-
tures and p(H,O)arm values and (b) Arrhenius-type plots for the IP process
at individual p(H,O)atm values. The dashed lines in (a) represent the
replication curve, which was calculated using the results of the
Arrhenius-type plots shown in (b).

reactions at varying p(H,0)ary values. As a preliminary kinetic
approach, the kinetic data at individual p(H,0)arm values,
including those recorded in a stream of dry N,, were analyzed
separately based on the fundamental kinetic equation, which
does not consider the effect of p(H,0)arn.>*°

%:Aexp(f

where A, E,, R, and f() are the Arrhenius preexponential factor,
apparent activation energy, gas constant, and kinetic model
function, respectively.

The formal kinetic analysis based on eqn (3) was conducted
using its logarithmic form.

E,
)@ ®)

in('5y) = Wil - (4)

The coordinate surface in the 3D kinetic coordinate at indivi-
dual p(H,0)arm values is characterized by two distinct kinetic
relationships: the isoconversional and isothermal relation-
ships. Fig. 4 presents a comparison of the results of the
conventional kinetic analysis with regard to the isoconversional
and isothermal kinetic relationships for the reactions under
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different atmospheric conditions. The isoconversional kinetic
relationship was investigated via In(da/dt) versus T " plots at
various « values, which is known as the Friedman plot.*!
Irrespective of p(H,0)ary value, the Friedman plots at indivi-
dual o values exhibited approximately linear correlation
(Fig. 4(a)), yet a convex feature of the linearity was observed
across all o values (Fig. S11, ESIt). Furthermore, a reduction in
the slope of the plot was observed as the reaction proceeded. As
the p(H,O)arm value increased, the slope was systematically
elevated, accompanied by an increase in the curvature of the
plot. Consequently, the apparent E, value initially exhibited a
decreasing trend and subsequently reached a constant value at
individual p(H,O)srm values. In addition, the E, value at a
selected o value demonstrated a systematic increase with rais-
ing p(H0)arm value (Fig. 4(b)). Table S4 (ESIt) lists the average
E, value (0.10 < o < 0.90) for the reactions at individual
P(Hy0)arm  values. The average E, value exhibited a
systematic increase from 115.5 k] mol " in a stream of dry N to
246.9 k] mol " in a stream of wet N, with p(H,O)arm = 9.2 kPa.

The isothermal kinetic relationship of the reactions under
individual atmospheric conditions was analyzed by construct-
ing an experimental master plot. The hypothetical reaction rate
(do/d0) at the infinite temperature was calculated at varying o
values according to the following equation,®*®’ utilizing the
average E, value listed in Table S4 (ESIt).

d do .
& = (5)o (i) —ar@

. ! E,
with 6 = Joexp (fﬁ) de,

where the Ozawa’s generalized time (6) represents the hypothe-
tical reaction time at infinite temperature.®®® The experi-
mental master plot of do/df versus o exhibited the maximum
reaction rate midway through the reaction, irrespective of the
atmospheric conditions (Fig. 4(c)). In light of the distinctive
characteristics of the thermal decomposition of solids, which is
governed by a contracting geometry scheme, the initial accel-
eration of the reaction rate can be attributed to the SR. Con-
versely, the subsequent deceleration can be ascribed to the
shrinkage of the reaction interface, which advances towards the
center of the reacting particles. The reaction at a lower
P(H,0)ary value displayed a more rapid acceleration, whereas
the reaction at a higher p(H,0)xrm value exhibited a more rapid
deceleration. This variation of the experimental master plot was
accompanied by a systematic shift of the « value at the max-
imum reaction rate with increasing p(H,O)sm from o = 0.21 in
a stream of dry N, to o = 0.36 in a stream of wet N, with
P(H20)arm = 9.2 kPa. The variation of the isothermal kinetic
relationship with atmospheric conditions was parameterized
using an empirical kinetic model function, known as the
Sestak-Berggren model: SB(m, n, p).**7°

f(o) =a"(1 = a)"[=In(1 — @)}’ (6)

According to eqn (5), the most accurate representation of the
experimental master plot was achieved by optimizing 4 and the

(5)
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Fig. 3 TG-DTG curves recorded under linear nonisothermal conditions at varying f8 values for the thermal dehydration of SC-MH in a stream of dry or
wet N, with different p(H,O)arm values: (a) dry No (p(H2O)atm < 0.2 kPa; mg = 5.01 4 0.04 mg), (b) wet N (p(H20)atm = 0.4 kPa; mg = 5.00 + 0.04 mq), (c)
wet Ny (p(H2O)atm = 3.7 kPa; mg = 4.99 + 0.03 mg), and (d) wet N, (p(H20)atm = 9.4 kPa; mg = 5.00 + 0.03 mg).

kinetic exponents in SB(m, n, p) through the application of
nonlinear least-squares analysis, as described by the Leven-
berg-Marquardt algorithm. The optimized kinetic parameters
are listed in Table S4 (ESIt). The optimized values of A and the
exponent n in SB(m, n, p) exhibited a systematic increase with
an increase in the p(H,0)arym value. The increase in the A value
compensates for the increase in the E, value, exhibiting a
generally observed trend of the kinetic compensation effect,
namely, a linear correlation between E, and InA: InA = a +
bE,.*®7178 Furthermore, assuming a contracting geometry-type
reaction, the deceleration stage of the second half of the
reaction was fitted by the PBR model: R(n).*"

flo)y=n(1—o) "7, (7)

where n is the geometrical dimension of the reaction interface
shrinkage. The optimized n value demonstrated a tendency to
increase with raising p(H,O)arm values, specifically from n =
1.82 in a stream of dry N, to n = 2.93 at p(H,O)arm = 9.2 kPa.
In conclusion, the conventional kinetic analysis, which
ignores the effect of atmospheric water vapor, provides an
empirical characterization of the kinetic behavior of the reac-
tion under specific atmospheric conditions. However, it does
not offer a universal kinetic description that can be applied
across different temperatures and p(H,0)arym values. Notably,
the kinetic parameters determined by the conventional kinetic
analysis are only empirically significant. For example, they can
be used to replicate the experimentally recorded kinetic curves

3390 | Phys. Chem. Chem. Phys., 2025, 27, 3384-3400

at each p(H,O)arm value. However, they cannot be directly
correlated with the intrinsic kinetics of the reaction from a
physico-chemical perspective. It is therefore essential to con-
sider the effect of water vapor in the kinetic equation in order to
achieve a universal description of the kinetic behavior as a
function of temperature, o, and p(H,0), and to obtain the
kinetic parameters that are physico-chemically relevant.

3.4 Extended kinetic analysis considering the effect of water
vapor

Incorporation of an AF of p(H,0) and the equilibrium pressure
of the reaction (Py(T)), i.e., h(p(H>0), Peq(T)), into the funda-
mental kinetic equation is one way to account for the effect of
p(H,0) on the kinetics. The temperature dependence of P.q(T)
is expressed as follows:

AG” AH —TAS
Pe(T) = exp (—#> = exp (—%) (8)

where A,G°, A;H°, and A,S” are the standard Gibbs energy, enthalpy
change, and entropy change of the reaction, respectively. The Pey(T)
values of the thermal dehydration of SC-MH at different tempera-
tures are shown in Fig. S12 (ESIT), together with the range of (T,
P(H,0)arm) values of the experimental kinetic curves obtained in
this study. The thermal dehydration of SC-MH occurs at higher
temperatures than the equilibrium temperature at a fixed p(H,O)
and at lower p(H,O) values than the equilibrium pressure at a fixed
temperature. For the IP process, the extended kinetic equation is
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Fig. 4 Comparison of the results of the conventional kinetic analysis of
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plots at & = 0.50, (b) apparent E, values at different « values, and (c)
normalized experimental master plots of (da/d0),/(de/d0)o 50 versus .

expressed as follows,>*>>?7,28:3234

é = Apexp (—%) /(e (p(H20), Poo(T))  (9)

Recently, Koga et al. proposed an analytical form of the AF
based on the classical nucleation and interfacial reaction
theory, which includes various elementary steps.”**

-ty
Peq(T)

where all pressure terms are in the unit of bar. The AF
in eqn (10) has been derived on the assumption that the

h(p(H20), Peo(T)) = (@)
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rate-determining step occurs in an elementary step among
the consecutive/concurrent steps, as well as the steady-state
assumption for the other elementary steps. The exponents (a, b)
in the AF originally relate to the elementary steps selected as
the rate-determining step and can have values of (0, 1), (1, 1), or
a = b. The derivation of the analytical form of AF is briefly
described in the ESIt (Section S5), as exemplified by the case of
the thermal dehydration of SC-MH (Tables S5 and S6, ESIf).
The extended Arrhenius plot for the IP is expressed as follows:

(i )wt0)
ARy
L (p(Hzo))”
Peo(T)
When the appropriate values of (@, b) are employed, the plot of the
left-hand side of eqn (11) versus reciprocal temperature should yield
a single straight line for all data points recorded at disparate
temperatures and p(H,O)ary values. Fig. S13 (ESIt) illustrates the
extended Arrhenius plots with (a, b) = (0, 1) and (1, 1) for the IP
process. When the values of (a, b) were set to (0, 1) and (1, 1), it was
not possible to achieve a single straight line on the extended
Arrhenius plots by exhibiting the individual linear correlations of
the data points at each p(H,O)ary value. Besides, the optimization
of the a = b value yielded a single straight line, with the resulting
value being a = b = 2.70, as shown in Fig. 5. With a = b = 2.70, all
data points at p(H,O)arm = 0.4, 3.6, and 8.9 form a straight line in
the extended Arrhenius coordinate (Fig. 5(a)). This yielded the
apparent (E,p/k] mol ', In(Ap/s ")) values of (297.3 % 10.2,
87.6 + 3.6). The apparent Arrhenius parameters appear to replicate
the experimental data points of the IP process at varying tempera-
tures and p(H,O)amy values (Fig. 5(b)).
The mass loss process of the thermal dehydration of SC-MH
under various temperatures and p(H,O)arv values can also be

analyzed using an extended kinetic equation with the AF of
h(p(H,0), Peq(T)).>**

E.p
: 1
RT (11)

= In[Aipf (cup)] —

o= Ao ) @hpILOL PG(T) (12

As with the IP process, the analytical form of AF presented in
eqn (10) can be derived for the mass loss process based on the
classical surface nucleation and interfacial reaction theories
(Section S5, ESIT). Upon taking logarithms after incorporating
eqn (10) into eqn (12), the extended kinetic equation for the
Friedman plot is obtained.

do P
@ E
. (P(Hzo))b ' RT
Py (T)

The exponents (a, b) in AF have particular physico-chemical
implications when they are equal to (0, 1), (1, 1), or @ = b in both
surface and interfacial reactions. Fig. 6 illustrates the extended
Friedman plots at o = 0.50, which have been examined with
different pairs of (a, b) values in AF. The extended Friedman
plot with (a, b) = (0, 1) exhibited different linear correlations for
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Fig. 5 Results of the extended Arrhenius plot for the IP process of the
thermal dehydration of SC-MH under isothermal conditions in a stream of
wet N, with different p(H,O)atm values, examined according to egn (11)
with @ = b = 2.70: (a) extended Arrhenius plot and (b) the comparison
between the experimental data point and the replicated curve using the
apparent kinetic parameters determined by the extended Arrhenius plot.

the data points at individual p(H,0)srm values (Fig. 6(a)). With
(a, b) = (1, 1), the extended Friedman plot exhibited an
approximate linear correlation over different temperatures
and p(H,0)arym values (Fig. 6(b)). The optimization of the a =
b value to obtain the optimal linear correlation of the extended
Friedman plot resulted in a = b = 1.20 (Fig. 6(c)), which
exhibited a slight improvement in the linear correlation of
the plot in comparison with that with (@, b) = (1, 1). Notably,
the optimized a = b value is approximately equal to unity. In
theory, the interfacial reaction described by (a, b) = (1, 1) is
understood to be controlled by the creation of a water vacancy
at the reaction interface. It is also anticipated that the values a =
b, including (a, b) = (1, 1), will be observed for the reaction that
is controlled by the creation of a building unit of Na,COs;.
However, the extended Friedman plot over different tempera-
tures and p(H,O)arm values still exhibited a convex curvature
within the data points at individual p(H,O)arm values.

In order to refine the extended Friedman plot applied over a
range of temperatures and p(H,O)ary values, it is necessary to
take into account the potential contribution of the p(H,0)sc.
Indeed, the considerable impact of p(H,0)sg on the mass loss
process has been anticipated based on the variations in the
kinetic data with respect to the m, and g, of inert gas for the
thermal dehydration of SC-MH in a stream of dry N, gas (Fig. S5
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Fig. 6 Extended Friedman plots at « = 0.50 for the mass loss process of
the thermal dehydration of SC-MH under isothermal and linear noni-
sothermal conditions in a stream of wet N, with various p(H,O)atm values,
examined according to egn (13) with different pairs of (a, b) in the AF: (a) (O,
1), (b) (1, 1), and (c) a = b = 1.20.

and S6, ESIt). Although the actual value of p(H,O)ss at the
reaction interface cannot be measured during the thermal
dehydration process, it is anticipated that the value is propor-
tional to the rate of water vapor evolution at the reaction
interface. Consequently, the effective p(H,0) (p(H,O)gr), which
considers the contributions of both p(H,0)sg and p(H,O0)arm,
can be introduced in the extended kinetic equation as an
empirical procedure for accounting for the p(H,0)sg.*>**®

P(H20)gg = p(H20)g5+d - p(H20) o1y

, (14)
— . (%) +d - p(H20) orm»
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Fig. 7 Results of the extended Friedman plots considering p(H,O)gr for
the mass loss process of the thermal dehydration of SC-MH over the
conditions in a stream of wet N, with p(H,O)atm = 0.4, 3.7, and 9.2 kPa: (a)
the extended Friedman plot at « = 0.50 with (a, b, ¢, d) = (1.20, 1.20, 1.14,
1.00), (b) optimized coefficients (c, d) at various « values, and (c) apparent

E, values at various « values.

where the coefficients (¢, d) describe the contribution of
P(H20)s6 and p(H,0)arm, respectively. The extended Friedman
plots at varying o values were subjected to a comprehensive
reevaluation, wherein the (c, d) values were optimized while the
exponents in AF were maintained at a = b = 1.20. Fig. 7
illustrates the results of the refinement of the extended Fried-
man plot. The linear correlation of the extended Friedman
plot was enhanced at each o value with optimized (c, d)
values (Fig. 7(a)). The optimized (c, d) values demonstrated
disparate variation trends (Fig. 7(b)). The ¢ value was negligible
at the initial reaction stage, which corresponds to the SR
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process (¢ < 0.1), where the diffusional removal of the self-
generated water vapor takes place immediately. Subsequently,
the ¢ value increased gradually to unity in the main reaction
stage controlled by PBR. In this stage, the diffusion of the self-
generated water vapor via the surface product layer was the
necessary process for the mass loss process. In the final
reaction stage (« > 0.9), the ¢ value rapidly increased, indicat-
ing the difficulty of removing the self-generated water vapor
from the particle center. Besides, the coefficient d for
P(Hy0)arm remained constant throughout the course of the
reaction. The apparent E, values determined by optimizing
(¢, d) values exhibited approximately constant values with an
average value of 179.3 + 3.3 k] mol™* (0.10 < o < 0.90)
(Fig. 7(c)).

The extended isoconversional kinetic approach, which con-
siders both the effect of p(H,0)sg and p(H,O)arm, can be used
to incorporate the kinetic data recorded in a stream of dry N,,
as the p(H,O)gr value is equivalent to p(H,O)sg. This procedure
broadens the temperature and p(H,O) ranges encompassed by
the universal kinetic description. Notably, this procedure is not
applicable to the IP process due to the absence of the self-
generated water vapor. Fig. 8 depicts the results of the kinetic
analysis based on the extended kinetic equation (eqn (12)),
which considers the effect of p(H,O)gr (eqn (14)), reexamined
by incorporating the kinetic data recorded in a stream of dry
and wet N,. The preceding results of (g, b, ¢, d) were used as the
initial values, and the coefficient ¢ was optimized to achieve the
most optimal linear correlation of the extended Friedman plot
at individual o values, encompassing all data points recorded
under disparate atmospheric conditions. By optimizing the ¢
value, a statistically significant linear correlation was achieved
for the extended Friedman plot, including the data point for the
reactions in a stream of dry N, (Fig. 8(a)), which was observed at
various « values during the reaction (Fig. 8(b)). The optimized ¢
values at different o values were larger than those previously
optimized for the reactions in a stream of wet N, (Fig. 8(c)),
although the variation trend as the reaction proceeded was
similar. The apparent E, values were also slightly larger than
those determined for the reactions in a stream of wet N, and
exhibited a gradual decrease as the reaction proceeded
(Fig. 8(c)). However, the average E, value within the major stage
of the reaction (0.10 < « < 0.90) indicated an acceptable
standard deviation: E, = 203.4 + 4.2 k] mol™". It is important
to acknowledge that enhancing the extended Friedman plot can
be achieved through the optimization of a = b values at each «
value, followed by the repetition of the optimization of a = b
and c values. However, this approach led to variations in a = b
values as the reaction progressed and increases in a = b and ¢
values as the optimization calculation was repeated. In the
interest of maintaining the simplicity of the kinetic modeling
in the context of a universal kinetic approach, the initial
optimization results assuming a constant ¢ = b value during
the reaction are reported herein.

Assuming that the overall reaction is characterized by the
average E, value, the experimental master plots based on the
extended kinetic equation (eqn (12)) can be obtained by
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Fig. 8 Results of the kinetic analysis based on the extended kinetic equation (eqn (12)) considering p(H,O)gr (egn (14)) for the mass loss process of the
thermal dehydration of SC-MH over different atmospheric conditions in a stream of dry and wet N, with different p(H,O)arm values: (a) the extended
Friedman plot at o = 0.50, (b) the extended Friedman plots at various « values, (c) the optimized ¢ and apparent E, values at various « values, and (d) the

extended experimental master plot.

calculating (do/d0)/h(p(H,0), Pey(T)) at each o.>*3>3738

do dot E,
h(P(Hz(C;i)?z’eq(T)) - ,S,,i;?mp SR(T))) = 4/(0)

(15)

The extended experimental master plot demonstrated the max-
imum reaction rate occurred at the midpoint of the reaction at
o = 0.41 (Fig. 8(d)). Notably, the shape of the extended experi-
mental master plot, which universally describes the rate beha-
vior across different temperatures and p(H,O)gr values, is
similar to the conventional experimental master plots con-
structed for the reactions at each p(H,O)srm value (Fig. 4(c)).
Therefore, the physico-geometrical reaction scheme, as
described by a consecutive process comprising SR and PBR, is
also anticipated from the extended kinetic approach. According
to eqn (15), the extended experimental master plot was fitted
using the SB(m, n, p) model (eqn (6)), resulting in optimized
kinetic exponents SB(—0.56 + 0.14, 1.37 + 0.06, 1.09 £ 0.13)
and A value of (1.07 + 0.01) x 10*® s™'. The fitting of the
deceleration stage of the extended experimental master plot
(0.45 < a < 0.95) using R(n) (eqn (7)) resulted in n=3.33 + 0.19
and A = (2.05 £ 0.09) x 10*® s7*, indicating the 3D interface
shrinkage.

In interpreting the results of the extended kinetic approach,
two points require particular attention. It is important to note

3394 | Phys. Chem. Chem. Phys., 2025, 27, 3384-3400

that the exponents (g, b) in AF (eqn (10)) and the coefficients (c,
d) in p(H,O)gr (eqn (14)) can be varied according to the sample,
sampling, and reaction conditions. Such factors include, for
instance, the sample particle size, the m, used to collect kinetic
data, and the g, of the purge gas during the reaction. These
factors modify the physico-geometrical constraints of the reac-
tion, both within each sample particle and within the reaction
system. This alters the effect of p(H,O)sc and p(H,0)arm On the
reaction kinetics. However, if we consider this from the oppo-
site perspective, it may be feasible to parameterize the influ-
ence of these empirical factors on the kinetics using the
exponents (a, b) and coefficients (c, d).

Secondly, the significance of the apparent Arrhenius para-
meters (E,, A) determined by the extended kinetic approach
warrants further consideration. The apparent (E,, A) values
determined by the extended kinetic approach over different
temperatures and p(H,O) values are typically larger than those
determined by the conventional kinetic approach to the reac-
tion in a stream of dry N,. This is due to the fact that the
extended Arrhenius-type plots, including the extended Fried-
man plot, simultaneously examine the temperature depen-
dence of both the rate constant based on the Arrhenius
equation and of the equilibrium constant based on the van’t
Hoff equation. Notably, the contribution of the temperature
dependence of the equilibrium constant is multiplied by the
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exponent b in AF. Consequently, the temperature dependence
of the rate constant in the extended kinetic equation can be
obtained by subtracting the contribution of the temperature
dependence of the equilibrium constant. To illustrate, the
extended Friedman plot yields the following equation by sub-
tracting the van’t Hoff plot (logarithmic form of eqn (8)) multi-
plied by the b value.***

do p(H20)*
" [(d[> Peg(T)? = p(H>0)"

_ E.—bAH , bA.S’
B ey (55

(16)

If the p(H,0)/(Peq(T)” — p(H,0)?) term can be approximated to
be unity, the intrinsic Arrhenius parameters can be obtained by

the following equations:***®
Eyine = Ey — bAH' (17)
AS
Ajn = Aexp (—b ;QS ) (18)

According to eqn (17) and (18), the intrinsic Arrhenius para-
meters (Eq ip,int/KJ mol ™, ln(AIp,int/s_l)) for the IP process were
determined to be (139.1 + 10.2, 37.1 + 3.6) using the values
(A, Hagg/kJ mol™"', A;S5,/T (mol K)~') of (58.6, 155.4)."> Simi-
larly, the intrinsic Arrhenius parameters (Ej ine/K] mol ™, A/
s~ ') were calculated, yielding the values of (133.1 + 4.2, (1.95 +
0.01) x 10'°).

(Am/mgy) | %

0 40 80 120 160 200 240
time / min

View Article Online
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3.5 Effect of water vapor on the individual physico-
geometrical reaction steps

The results of the extended kinetic approach, which considered
the effect of water vapor on the IP and mass loss processes,
indicated that the physico-geometrical consecutive process,
comprising the IP, SR, and PBR, may be suitable for describing
the thermal dehydration of SC-MH in a stream of dry and wet
N,. Fig. 9 depicts SEM images of partially dehydrated sample
particles under isothermal conditions at 313 K in a stream of
dry N,. During the IP (Fig. 9(a)), the surface morphology
remained unchanged from that of the original sample particles
(Fig. S4, ESIT). Immediately following the onset of mass loss,
the particle surfaces exhibited a roughened texture, with the
emergence of small protruding crystals radiating from the
particle surfaces (Fig. 9(b)). This observation indicated that
the mass loss process had initiated via the SR. As the reaction
proceeded, the surface became increasingly rough (Fig. 9(c) and
(d)). At this stage, the particle surface exhibited the emergence
of several pores, which may serve as a diffusion path for the
water vapor generated at the internal reaction interface of the
PBR. Upon completion of the mass loss process, the product
particles displayed rough surfaces while maintaining the pro-
truding crystals on the surfaces (Fig. 9(e)). The changes in the
surface morphology throughout the thermal dehydration of SC-
MH support the physico-geometrical consecutive process of IP-
SR-PBR.

Based on the Mampel’s model,>*®># differential kinetic
equations of the IP-SR-PBR(n) models with distinct shrinkage

Fig. 9 SEM images of partially dehydrated sample particles under isothermal conditions at 313 K in a stream of dry N, for different duration times:
(@) 20 min (« = 0.01), (b) 40 min (« = 0.17), (c) 60 min (x = 0.38), (d) 100 min (x = 0.60), and (e) 240 min (« = 1.00).
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dimension n of the reaction interface for the PBR have been
derived by Ogasawara and Koga (Table S7, ESIt).”® The indivi-
dual kinetic data recorded under isothermal conditions at
different temperatures in a stream of dry or wet N, with varying
P(H30)arym values (Fig. 1) were fitted using these kinetic equa-
tions. This was achieved through the optimization of ¢p and
rate constants for the SR and PBR(n) processes (ksg and kpgg(n))
via nonlinear least-squares analysis with the Levenberg-Mar-
quardt algorithm. The model fitting indicated that the IP-SR~
PBR(n) model with the two-dimensional interface shrinkage for
the PBR (i.e., IP-SR-PBR(2)) was the most suitable model.
Fig. 10 illustrates the typical model fitting results obtained
with the IP-SR-PBR(2) model for the reactions under isother-
mal conditions at different p(H,0)smy values. Table S8 (ESIT)
lists the optimized ¢p, ksg, and kpgg values based on the IP-SR-
PBR(2) model at different temperatures and p(H,0)ary values.
The temperature dependence of 1/tp, ksg, and kppr(z) Was
initially examined using the conventional Arrhenius plot.

E,

1nk=lnAfRT

(19)

In all physico-geometrical reaction steps, the conventional
Arrhenius plot yielded disparate linear correlations for the rate
constants determined at varying p(H,O)arm values, as illu-
strated in Fig. S14 (ESIt). Table S9 (ESIt) lists the apparent
Arrhenius parameters for the individual physico-geometrical
reaction steps at each p(H,O)srm value. Regardless of the
physico-geometrical reaction step, both E, and InA values

S
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exhibited a consistent trend of increase with increasing
P(Hy0) a1y value.

A universal kinetic description for individual physico-
geometrical reaction steps was examined for the reactions in
a stream of wet N, with different p(H,O)arm values by introdu-
cing AF in eqn (10) into eqn (19).>*72%3%34738

kp(H0) | B
_ (p(HZO))” RT 20
Peg(T)

It should be noted that the physicochemical features of the
specific physico-geometrical reaction step have been consid-
ered in the AF and characterized by the exponents (a, b).
Therefore, the kinetic analysis based on eqn (20) for each IP,
SR, and PBR process reveals the physicochemical features of
the specific physico-geometrical reaction step, simultaneously
with the universal kinetic description over different tempera-
tures and p(H,O) values.

In all physico-geometrical reaction steps, the extended
Arrhenius plot demonstrated a statistically significant linear
correlation, including all data points at varying p(H,O)arm
values, as illustrated in Fig. S15 (ESIf). Table 1 lists the
apparent kinetic parameters of a = b, E,, and InA, as deter-
mined for the individual physico-geometrical reaction steps.
The apparent kinetic parameters for IP were found to be
significantly reduced in comparison with those determined
using the ¢p values, which were defined empirically as the
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Fig. 10 Typical fitting results of the IP-~SR-PBR(2) model to the thermal dehydration of SC-MH under isothermal conditions in a stream of (a) dry N,
(b) wet N, with p(H2O0)atm = 0.4 kPa, (c) wet N, with p(H,O)arm = 3.6 kPa, and (d) wet N, with p(H,O)atm = 8.9 kPa.
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Table 1 Apparent kinetic parameters of a = b, E,, and InA and the intrinsic kinetic parameters of E, .t and In A for the IP, SR, and PBR(2) processes of
the thermal dehydration of SC-MH in a stream of wet N, with different p(H,O)atm values, determined according to egn (20) with the AF in eqn (10)

Apparent kinetic parameter

Intrinsic kinetic parameter”

Process a=b E,/K] mol ™! In(a/s™) —y? E, ind/kJ mol ™ In(Aine/s ™)
IP 2.17 237.4 + 8.8 67.9 + 3.1 0.9893 110.1 £+ 8.8 27.3 + 3.1
SR 1.91 230.9 + 6.4 66.6 + 2.3 0.9939 119.0 + 6.4 30.9 + 2.3
PBR(Z) 1.63 211.2 £ 7.7 59.8 £ 2.7 0.9897 1159 £ 7.7 29.3 + 2.7

“ Correlation coefficient of the linear regression analysis. ” Calculated according to eqn (17) and (18) using A,H,e = 58.6 kJ mol~! and

ArSyog = 155.4 T (mol K)~'.

duration until the mass loss reached 2 pg (Fig. 5). In contrast,
the E, and In A values for the SR and PBR(2) processes exhibited
larger values in comparison with those determined by the
extended Friedman plot (Fig. 7 and 8). It is noteworthy that
all kinetic parameters, including a = b, E,, and In A, exhibited a
systematic decrease as the reaction steps progressed from IP to
PBR(2) via SR.

To further extend the universal kinetic approach, SR and
PBR(2) processes were reanalyzed by considering p(H,O)gr in
eqn (14) and by optimizing the coefficients (¢, d), where the
kinetic data recorded in a stream of dry N, were additionally
included for the analysis. It should be noted that the IP process
was excluded from the reanalysis since water vapor is not
produced during IP. Fig. 11 illustrates the extended Arrhenius
plots, with the consideration of p(H,O)gr for the SR and PBR(2)
processes. In both the SR and PBR(2) processes, the extended
Arrhenius plot, which considered p(H,O)gr, yielded a statisti-
cally significant linear correlation that include all data points
originating from the reactions in a stream of dry and wet N,
with different p(H,O)ary values. Table 2 lists the apparent
kinetic parameters obtained by the extended Arrhenius plots
for the SR and PBR(2) processes. Notably, the coefficient ¢ in the
P(H,O)gr increased significantly as the reaction step progressed
from SR to PBR(2), indicating that the self-generated water
vapor plays a more prominent role in the PBR(2) process. This
finding can be explained by the distinct physico-geometrical
constraints of the SR and PBR(2) processes with regard to the
removal of the self-generated water vapor. The reaction sites
during SR are directly exposed to the reaction atmosphere,
allowing for the straightforward removal of the evolved water
vapor from the reaction sites. In contrast, the diffusion of water
vapor through the surface product layer is necessary for the
removal of self-generated water vapor at the internal reaction
interface during the PBR(2) process. Although the apparent E,
and InA values determined by incorporating p(H,O)gr and
including the data points in a stream of dry N, were larger
than those determined by the extended Arrhenius plot with
P(H,0)arm and without data points in a stream of dry N, the
observed trend of decreasing the Arrhenius parameters with
reaction step advancement from SR to PBR(2) remained con-
sistent. Notably, the Arrhenius parameters listed in Table 2
cover the universal kinetic description of the reactions in wider
p(H,0) and temperature ranges.

The apparent Arrhenius parameters determined for the
individual reaction step in the IP-SR-PBR scheme by the

This journal is © the Owner Societies 2025

extended Arrhenius plot can also be correlated to the individual
intrinsic values. The intrinsic Arrhenius parameters calculated
based on eqn (17) and (18) are listed in Tables 1 and 2. The
intrinsic Arrhenius parameters calculated from the apparent
kinetic parameters obtained by the extended Arrhenius plot
with p(H,O)arm Without data points in a stream of dry N, were
practically identical among distinct reaction steps with refer-
ence to the standard error of each value (Table 1). The intrinsic
Arrhenius parameters determined by considering p(H,O)gr and
including the data points in a stream of dry N, were found to be
larger than those determined without considering p(H,O)sg
and without data points in a stream of dry N, (Table 2).
Furthermore, the intrinsic Arrhenius parameters for the SR
process were found to be markedly larger than those for the
PBR(2) process. The discrepancy between the results of the
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Fig. 11 Extended Arrhenius plots for SR and PBR(2) processes of the
thermal dehydration of SC-MH in a stream of dry or wet N, with different
p(H20)atm Values, examined according to egn (20) with the AF in egn (10)
and considering p(H,O)gr in egn (14): (a) SR and (b) PBR(2).
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Table 2 Apparent kinetic parameters of a = b, E,, and InA and the intrinsic kinetic parameters of E, i, and In A; for the SR and PBR(2) processes of the
thermal dehydration of SC-MH in a stream of dry and wet N, with different p(H,O)atm Values, determined according to eqn (20) with the AF in egn (10)

and by considering p(H2O)er in eqn (14)

Apparent kinetic parameter

Intrinsic kinetic parameterb

Process a=bh c d E,/KJ] mol™* In(4/s™) —° Eq int/K] mol ™ In(Ainds ™)
SR 1.91 0.44 1.00 275.6 £ 13.7 82.2 £ 5.0 0.9716 163.6 + 13.7 46.5 =+ 5.0
PBR(Z) 1.63 5.09 1.00 228.6 = 8.0 66.0 = 2.9 0.9858 133.2 £ 8.0 35.6 = 2.9

“ Correlation coefficient of the linear regression analysis. ” Calculated according to eqn (17) and (18) using AHsg = 58.6 kJ mol~' and

A S5 = 15547 (mol K)~'.

extended Arrhenius plots with different calculation conditions
may suggest that the reactions occurring at lower p(H,0)arm
values are more sensitive to p(H,0)sg. Moreover, this phenom-
enon is particularly pronounced in the context of the SR
process. These were anticipated based on the shift trend of
the TA curves to higher temperatures with increasing
P(H,0)arm (Fig. S9, ESIT), where the shift width with increasing
P(H,0) a1y Was larger at a lower p(H,0)ary region. Additionally,
the shift wide of the onset temperature with p(H,O)arm Was
larger than that of the peak top temperature. Furthermore, a
distinctive shape was observed in the conventional experi-
mental master plot for the reactions in a stream of dry N, in
comparison with those in the presence of atmospheric water
vapor (Fig. 4(c)), indicating that the maximum reaction rate is
attained at a smaller o value. The observed phenomenon of the
effect of p(H,0)sg and p(H,0)ary indicates that p(H,0)sg plays
an important role in regulating the kinetic behavior of the
thermal dehydration of SC-MH, particularly for reactions in a
stream of dry N, and at a lower p(H,O)arym. This also describes
the changes in the kinetic behaviors with m, and g, in a stream
of dry N,.

4. Conclusions

The thermal dehydration kinetics of SC-MH were significantly
affected by m, and g, in a stream of dry N, due to the influence
of the self-generated water vapor. An increase in m, and a
decrease in g, resulted in a deceleration of the overall reaction
rate. In addition, a systematic variation in the kinetics was
observed when the p(H,O)arym value of the purge gas was varied,
exhibiting a deceleration as the p(H,O)arm value increased.
Therefore, both p(H,0)sc and p(H,O)arm are the parameters
that determine the apparent kinetics of the reaction. The
application of the conventional kinetic approach as a function
of temperature and « to such a reaction process yielded
apparent kinetic results that were only useful for reproducing
the kinetic behaviors of the reaction under specific reaction
conditions of my, g, and p(H,O)arm. Additionally, a particular
physico-geometrical reaction characteristic was anticipated for
the reaction, as evidenced by the appearance of IP and the
subsequent sigmoidal mass loss curves recorded under iso-
thermal conditions. This can be described by consecutive
physico-geometrical steps of IP, SR and PBR. In order to
elucidate the kinetics of thermal dehydration of SC-MH across

3398 | Phys. Chem. Chem. Phys., 2025, 27, 3384-3400

diverse temperatures and p(H,O) values, a comprehensive
kinetic approach was conducted in a stepwise manner. This
approach comprised four steps: (1) development of a universal
kinetic description across varying temperatures and p(H,O)arm
values, (2) incorporation of the effect of self-generated water
vapor into the universal kinetic description, (3) interpretation
of the physico-chemical meanings of the apparent kinetic
parameters within the universal kinetic description, and (4)
extension of the universal kinetic description to encompass the
physico-geometrical kinetic modeling.

Introduction of AF, which describes the variation of the
reaction rate as a function of p(H,0) with reference to Peq(7),
into the conventional kinetic equation can be a potential
approach to describe the kinetics universally as a function of
temperature, «, and p(H,0). Such an AF was derived based on
the rate-determining step and steady-state approximations of
the elementary steps of the surface nucleation and interfacial
reaction processes of the thermal dehydration. An analytical
form of AF with the variable exponents (a, b) (eqn (10)) was
effectively used to realize the universal kinetic description
across different temperatures and p(H,O)arm values during
the extended Arrhenius-type plot for the IP process (eqn (11))
and the extended Friedman plot for the mass loss process
(eqn (13)), where a = b values of 2.70 and 1.20 were optimized
for the IP and mass loss processes of the thermal dehydration
of SC-MH, respectively. The kinetics of the IP process could be
universally described using the extended Arrhenius plot with
the AF. Besides, a universal kinetic description for the mass
loss process was achieved by successive isoconversional
(eqn (13)) and isothermal (eqn (15)) kinetic analyses based on
the extended kinetic equation (eqn (12)) with the AF (eqn (10)).
For the mass loss process, the universal kinetic description was
further refined by considering p(H,O)gr (eqn (14)), comprising
P(H0)s6 and p(H,0)arym With the coefficients (¢, d) describing
the respective contributions. This approach enabled us to
estimate the variation of the contribution of p(H,0)sc from
the changes in the ¢ value as the mass loss process progressed,
which indicated the negligible effect at the early stage of the
mass loss process, corresponding to the SR process, and the
increasing effect at the subsequent stage of the PBR process. On
the other hand, the d value remained constant as unity during
the reaction. The Arrhenius parameters determined by the
extended kinetic approach yielded apparent values due to the
simultaneous evaluations of the temperature dependences of
the rate constant and P.q(T). Therefore, the intrinsic Arrhenius
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parameters (E,n, Aine) can be estimated by subtracting the
contributions of A;H° and A,S° from the respective apparent
values (eqn (17) and (18)). All the context of the universal
kinetic description via the formal kinetic analyses of the
extended isoconversional and isothermal kinetic analyses for
the mass loss process, as well as the extended Arrhenius-type
plot for the IP process, can be applied to the physico-
geometrical kinetic modeling based on the IP-SR-PBR model.
Consequently, the exponents (a, b), coefficients (c, d), and
intrinsic Arrhenius parameters (Eq int, Aint) Were determined
for the individual physico-geometrical reaction steps of IP,
SR, and PBR, as listed in Tables 1 and 2. The results fulfill
the universal kinetic description across different temperatures
and p(H,0) values with physico-chemically meaningful kinetic
parameters based on the physico-geometrical kinetic modeling,
which were subjected to this study.

The theory and practical procedures of the universal kinetic
analysis demonstrated in this study for the thermal dehydra-
tion of SC-MH are applicable to the thermal decomposition of
other solids that exhibit a reversible nature. The results of each
step of the universal kinetic analysis provide specific insights
into the kinetics of thermal decomposition across different
temperatures and partial pressures of the gaseous product.
Furthermore, the kinetic behavior of thermal decomposition
at various temperatures and partial pressures of the gaseous
product can be simulated using the kinetic parameters deter-
mined by the universal kinetic approach, which has the
potential to inform the design of the thermal decomposition
process for practical applications.
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