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The physico-geometrical reaction pathway and
kinetics of multistep thermal dehydration of
calcium chloride dihydrate in a dry nitrogen
stream†

Kazuki Kato and Nobuyoshi Koga *

Several inorganic hydrates exhibit reversible reactions of thermal dehydration and rehydration, which is

potentially applicable to thermochemical energy storage. Detailed kinetic information on both forward

and reverse reactions is essential for refining energy storage systems. In this study, factors determining

the reaction pathway and kinetics of the multistep thermal dehydration of inorganic hydrates to form

anhydride via intermediate hydrates were investigated as exemplified by the thermal dehydration of

CaCl2�2H2O (CC-DH) in a stream of dry N2. The formation of CaCl2�H2O (CC-MH) as the intermediate

hydrate is known during the thermal dehydration of CC-DH to form its anhydride (CC-AH). However,

the two-step kinetic modeling based on the chemical reaction pathway considering the formation of

the CC-MH intermediate failed in terms of the reaction stoichiometry and kinetic behavior of the

component reaction steps. The kinetic modeling was refined by considering the physico-geometrical

reaction mechanism and the self-generated reaction conditions to be a three-step reaction. The

multistep reaction was explained as comprising the surface reaction of the thermal dehydration of CC-

DH to CC-AH and subsequent contracting geometry-type reactions from CC-DH to CC-MH and from

CC-MH to CC-AH occurring consecutively in the core of the reacting particles surrounded by the

surface product layer of CC-AH. The acceleration of the linear advancement rate of the reaction

interface during both contracting geometry-type reactions was revealed through multistep kinetic

analysis and was described by a decrease in the water vapor pressure at the reaction interface as the

previous reaction step proceeded and terminated.

1. Introduction

Several inorganic hydrates can be applied to thermochemical
energy storage systems because of their specific features charac-
terized by the reversible thermal dehydration and rehydration
processes accompanied by endothermic and exothermic effects,
respectively.1–4 The phase relation between the reactant and
product hydrates in the dehydration and rehydration cycle is
determined by the thermodynamics of the relevant reactions.
However, complex multistep reaction behavior is occasionally
observed in both thermal dehydration and rehydration, even for
simple single-step reactions based on chemical thermodynamics.

One obvious cause of the multistep reaction behavior is the
heterogeneous nature of thermal dehydration and rehydration
in solid–gas systems.5–9 The geometrical constraints of a reaction
generate specific constructions of the reacting particles compris-
ing the reactant and product phases at different reaction steps.
At each reaction stage, specific reaction conditions are generated
at the reaction interface, which regulate the apparent kinetic
behavior. As a result, the multistep reaction behavior can be
observed as successive physico-geometrical reaction stages. A
typical phenomenon is the formation of a surface product layer
in the initial stage of both dehydration and rehydration
reactions.10–15 The surface product layer sometimes blocks the
diffusional removal of water vapor generated at the reaction
interface during thermal dehydration and the intake of water
vapor during rehydration, temporarily stopping the reaction. The
reaction is reactivated by the formation of diffusion channels in
the surface product layer, possibly because of the crystal growth
of the solid product and crack formation. In this physico-
geometrical scheme, the reaction is separated into two reaction
steps. In addition, the physico-geometrical reaction constraint
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and self-generated reaction conditions therein vary with the
applied sample and reaction conditions, such as morphological
characteristics, sampling conditions, heating conditions, and
atmospheric gas.

When the multistep thermal dehydration of an inorganic
hydrate occurs by partially overlapping along the temperature
coordinate, the chemical reaction pathway and the kinetics of
component reactions are expected to vary with the physico-
geometrical constraints of the component reactions. Thermal
dehydration of calcium chloride hydrates is one such example,
which is a candidate for thermochemical energy storage tech-
nology via cyclic thermal dehydration and hydration of
anhydride.16–24 Among calcium chloride hydrates with different
numbers of crystallization water, calcium chloride dihydrate
(CC-DH) is a stable compound, which appears as an intermedi-
ate hydrate during the thermal dehydration of hexahydrate and
tetrahydrate to form calcium chloride anhydride (CC-AH).21 CC-
DH is also a stable product of the hydration of CC-AH.16 A
relatively smooth mass loss curve for the thermal dehydration
of CC-DH to form CC-AH was reported by Karunadasa et al.,21

when CC-DH was heated at a constant heating rate (b) of
10 K min�1 in a stream of dry N2:

CaCl2�2H2O(s) - CaCl2(s) + 2H2O(g) (1)

However, they also identified two partially overlapping
endothermic peaks in differential thermal analysis (DTA) during
thermal dehydration. In addition, mixed phases of calcium
chloride monohydrate (CC-MH) and CC-AH were confirmed
midway during thermal dehydration. Besides, Molenda et al.16

reported that the thermal dehydration of CC-DH proceeded
stoichiometrically to form CC-AH via stable CC-MH in two
well-separated mass loss steps when CC-DH was heated at a
small b of 0.2 K min�1 and a high water vapor pressure (p(H2O))
of approximately 5 kPa.

CaCl2�2H2O(s) - CaCl2�H2O(s) + H2O(g) (2)

CaCl2�H2O(s) - CaCl2(s) + H2O(g) (3)

Therefore, under both atmospheric conditions of flowing dry
N2 and the presence of water vapor, the thermal dehydration of
CC-DH occurs to form CC-AH via the CC-MH intermediate
phase. In a stream of dry N2, the two reactions of eqn (2) and
(3) occur successively by partially overlapping. The separation
of the two reactions along the temperature coordinate at a high
p(H2O) is explained thermodynamically by the extension of the
stable temperature region for CC-MH with increasing p(H2O)
value and kinetically by a more significant retardation effect of
atmospheric p(H2O) on the thermal dehydration of CC-MH
(eqn (3)). Furthermore, the formation of an alternative inter-
mediate hydrate of CaCl2�0.3H2O was reported based on the TG
curve at a higher p(H2O) (Z10 kPa).16 In this scheme of thermal
dehydration of CC-DH, the reaction pathway and kinetics of the
partially overlapping two-step thermal dehydration of CC-DH to
form CC-AH via CC-MH are expected to be significantly influ-
enced by the geometrical constraints of the component reac-
tions and the self-generated reaction conditions, as well as the

atmospheric water vapor. This physico-geometrical interpreta-
tion of the multistep thermal dehydration of CC-DH is essential
for further insight into the kinetics over different temperatures
and p(H2O) values by parameterizing the effect of water vapor
on the component reactions in eqn (2) and (3), as previously
demonstrated for the thermal dehydration of inorganic
hydrates25–28 and hydroxides,29–31 as well as the effect of CO2

on the thermal decomposition of inorganic carbonates.32–34

In this study, the reaction behavior of the thermal dehydration
of CC-DH to form CC-AH was systematically investigated under
different heating program modes in a stream of dry N2 and N2–
H2O mixed gases with different p(H2O) values for revealing the
physico-geometrical reaction pathway and kinetics of component
reaction steps. Herein, as the first part of the research outcome,
we report the specific features of the multistep thermal dehydra-
tion of CC-DH to form CC-AH in a dry N2 stream. The multistep
reaction pathway was interpreted by kinetic analysis of simulta-
neous thermogravimetry (TG)–derivative TG (DTG)–DTA curves
using the mathematical deconvolution analysis (MDA)8,35–38 and
kinetic deconvolution analysis (KDA),8,35,36,39 supplemented by
identification of the intermediate crystalline hydrate phases using
high temperature X-ray diffractometry (XRD) and in situ micro-
scopic observation of the morphological changes during the
reactions. The kinetic modeling of multistep thermal dehydration
was initially examined based on the partially overlapping two-step
reaction model according to eqn (2) and (3). Then, the refinement
of the multistep kinetic model was attempted by considering the
physico-geometrical features and the effect of self-generated water
vapor, revealing the reaction pathway to finally form CC-AH and
the geometry of each component reaction step. Furthermore, the
influence of the self-generated reaction conditions on the kinetic
behavior of each component reaction step was discussed based on
the specific kinetic features revealed by the refined multistep
kinetic modeling. We discuss the interaction between the thermo-
dynamic phase relation controlled by temperature and p(H2O)
and the physico-geometrical kinetic features of the thermal
dehydration of inorganic hydrates to determine the apparent
reaction pathway and specific kinetic features of the component
reaction steps, as exemplified by the thermal dehydration of CC-
DH in a stream of dry N2. The findings reported in this paper are
expected to become a foothold for further comprehensive under-
standing of the kinetics of thermal dehydration of CC-DH under
various p(H2O) conditions.

2. Experimental
2.1. Sample characterization

CC-DH (special grade, 499.9%), purchased from FUJIFILM
Wako Chem., was sieved into different particle size fractions
using a series of stainless sieves and an electronic shaker (MVS-1,
As-One). To avoid deliquescence of sample particles, the sieving
procedure was performed in a glove box in a dry N2 atmosphere.
The sieved particles with a relatively large size of 300–500 mm
fraction were used as samples because of the relatively slow
deliquescence rate due to the smaller specific surface area.
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The sample was characterized by powder XRD, Fourier transform
infrared spectroscopy (FTIR), and simultaneous TG–DTA. The
XRD pattern was recorded using a diffractometer (RINT 2200 V,
Rigaku) in a stream of dry N2 at a flow rate (qv) of 100 cm3 min�1

for the sample press-fitted to a sample holder without crushing
the sample particles, for which the 2y value was scanned from 51
to 601 at a scan speed of 41 min�1 in steps of 0.021 by irradiating
Cu-Ka (40 kV, 20 mA). The FTIR spectrum was recorded using a
spectrometer (FT-IR 8400s, Shimadzu) for the sample diluted with
KBr using the diffuse reflectance method. TG–DTA curves were
recorded using a top-loading type instrument (DTG60, Shimadzu)
for approximately 3 mg of the sample particles weighed in a Pt
pan (diameter: 6 mm; depth: 2.5 mm). The sample was allowed
to stand for 90 min at 303 K in a stream of dry N2 (qv =
100 cm3 min�1) to remove water absorbed via the deliquescence
and subsequently heated from 303 to 473 K at a b of 5 K min�1

while recording TG–DTA curves.
The particle morphology and surface texture were observed

using a stereomicroscope (SZX7, Olympus) and an optical micro-
scope (BH-2, Olympus), respectively. For the observations using
the stereomicroscope, sample particles were exposed to an ambi-
ent atmosphere at room temperature, and the changes in the
surface texture due to deliquescence were traced. The sample
particles were weighed in an Al pan (diameter: 6 mm; depth:
2 mm) and placed in a heating stage (STJ-M100-01-P-HU-SP, S.T.
Japan) at 303 K in a stream of dry N2 (qv = 100 cm3 min�1), during
which the changes in the surface texture of partially deliquesced
particles during the sampling procedure were observed using an
optical microscope.

2.2. Thermal dehydration behavior

The changes in the XRD pattern as the thermal dehydration
proceeded were traced by high temperature XRD measurements
using a RINT 2200V equipped with a heating chamber and
programmable temperature controller (PTC-20A, Rigaku). The
sample particles, press-fitted on a Pt plate without crushing, were
heated from 303 to 423 K at a b of 2 K min�1 in a stream of dry N2

(qv = 100 cm3 min�1), during which isothermal holding sections
for 15 min were inserted every 10 K. The XRD patterns of the
samples were recorded during each isothermal holding section
under the measurement conditions used for the measurement at
room temperature in the sample characterization.

Using the microscope (BH-2)–heating stage (STJ-M100-01-P-
HU-SP) system used in the sample characterization, the changes
in the surface texture as the thermal dehydration proceeded were
continuously monitored. Several sample particles set in an Al
pan (diameter: 6 mm; depth: 2 mm) were placed in the heating
stage and stood at 303 K for 4 h in a stream of dry N2 (qv =
100 cm3 min�1). Thereafter, the sample particles were heated
from 303 to 453 K at a b of 5 K min�1 and the digital images of
the surface texture were recorded every 30 s.

2.3. Kinetic measurements

The mass loss behavior of the thermal dehydration of CC-DH
to form CC-AH was systematically traced in a stream of dry
N2 (qv = 300 cm3 min�1) using a TG–DTA instrument with a

horizontally arranged differential balance (TG-8121, Thermo-
plus Evo2 system, Rigaku). The sample particles were weighed
in a Pt pan (diameter: 5 mm; depth: 2.5 mm) as the initial
sample mass (m0) to be 3.0 mg and placed in the TG–DTA
instrument. The samples were allowed to stand at 303 K in a
stream of dry N2 (qv = 300 cm3 min�1) for 90 min before the TG–
DTG measurements to remove water molecules absorbed on
the particle surfaces by deliquescence during sampling. Three
heating program modes, including isothermal, linear noni-
sothermal, and constant transformation rate thermal analysis
(CRTA) modes, were used for recording TG–DTG curves. Notably,
CRTA is one technique categorized in sample controlled thermal
analysis,40 in which the sample is heated at a preset b, while
during the mass loss process, the mass loss rate is regulated to a
constant value C by automatically altering the sample tempera-
ture via feedback control by continuously monitoring the mass
loss rate. In a series of TG–DTG measurements under isothermal
conditions, samples were heated from 303 K to different tem-
peratures (329 r T/K r 333) at a b of 5 K min�1 and held at the
preset temperature while recording the mass loss curves. A series
of TG–DTG curves under linear nonisothermal conditions were
recorded by heating samples from 303 to 473 K at different b
values (0.5 r b/K min�1 r 10). Under CRTA conditions, samples
were heated from 303 to 473 K at a b of 2 K min�1, while during
the mass loss process, the sample temperature was controlled to
maintain various constant C values (3 r C/mg min�1 r 18).

3. Results and discussion
3.1. Sample characterization

Fig. S1 and S2 (ESI†) show the XRD pattern and FTIR spectrum of
the sample, respectively. The XRD pattern corresponds to the
previously reported pattern for CC-DH (orthorhombic, SG = Pbcn(60),
a = 5.8930, b =7.4690, c = 12.0700, a = b = g = 90.000, ICCD-PDF 01-
070-0385).41 The FTIR spectrum exhibited infrared absorption
peaks, attributable to O–H stretching, H–O–H bending, and calcium
chloride lattice vibrations,23,42 as listed in Table S1 (ESI†).

The sample particles were cuboidal in shape (Fig. S3, ESI†).
Upon exposing the sample particles at room temperature in the
ambient atmosphere, they immediately began to deliquesce,
forming a liquid dome (Fig. S4, ESI†). Therefore, by briefly
exposing the sample particles in the ambient atmosphere during
the sampling procedures for thermoanalytical (TA) measure-
ments, partial deliquescence occurred on the particle surfaces.
The partially deliquesced particle surfaces were dehydrated upon
exposure at room temperature to a stream of dry N2 (Fig. S5,
ESI†), during which a polycrystalline CC-DH layer was formed
covering the single crystalline CC-DH core. Therefore, for TA
measurements, the weighed samples should be allowed to stand
for a certain time at room temperature in a stream of dry N2 to
dehydrate the deliquesced surface portion and recover CC-DH.

3.2. Thermal dehydration behavior

Fig. 1 shows the TG–DTG–DTA curves for the thermal dehydra-
tion of CC-DH (300–500 mm) at a b of 5 K min�1 in a stream of
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dry N2 (qv = 100 cm3 min�1). Repeated measurements (N = 7)
showed the average value of the total mass loss to be 24.6 �
0.7%, which corresponds to the calculated value for the thermal
dehydration of CC-DH to form anhydride (eqn (1), calculated
value: 24.5%). Notably, from the TG–DTG–DTA curves (Fig. 1),
both the DTG and endothermic DTA curves exhibited two
distinguishable peaks, indicating the contribution of two
partially overlapping processes to the formation of CC-AH. This
observation is consistent with that previously reported by
Karunadasa et al.21

Fig. 2 shows the changes in the XRD patterns during the
heating of CC-DH using the stepwise isothermal heating pro-
gram in a stream of dry N2. Three XRD patterns were observed
during heating from room temperature to 323 K (Fig. 2(a)).
Attenuation of XRD peaks attributed to CC-DH started between
333 and 343 K, and an XRD pattern of monohydrate phase (CC-MH,
PDF 00-001-1104)43 appeared, accompanied by minor diffraction
peaks attributed to CC-AH (tetragonal, SG = P42/mnm(136), a =
b = 6.3972, c = 4.1926, a = b = g = 90.000, ICCD-PDF 01–071–
5126)44 (Fig. 2(b)). The appearance of mixed phases of CC-MH
and CC-AH midway during the thermal dehydration of CC-DH
has also been reported by Karunadasa et al.21 The reaction
initiation temperature determined by the XRD measurements
agreed with that determined by the TG–DTG–DTA measure-
ments with reference to the initiation of the mass loss process.
The diffraction peaks of the CC-MH intermediate started to
attenuate at temperatures between 383 and 393 K, and the XRD
pattern at temperatures greater than 403 K perfectly agreed
with that of CC-AH (Fig. 2(c)). The temperature range of the
dehydration of the CC-MH intermediate, i.e., 383–403 K, corre-
sponds to the temperature range of the second DTG and DTA
peaks in Fig. 1. Thus, the thermal dehydration of CC-DH to CC-
AH proceeds abstractly in two reaction steps via the CC-MH
intermediate.

3.3. Formal kinetic analysis of the overall reaction

Fig. 3 shows the TG–DTG curves for the thermal dehydration of
CC-DH under isothermal and linear nonisothermal conditions
in a stream of dry N2, as well as the TG–temperature profile
curves under CRTA conditions. Under isothermal conditions at
a temperature around the reaction initiation temperature
(Fig. 3(a)), the mass loss process terminated midway before
the thermal dehydration was completed to form CC-AH. The
mass loss value reached 16.4 � 0.8%, which is greater than the

Fig. 1 TG–DTG–DTA curves for the thermal dehydration of CC-DH
(300–500 mm; m0 = 2.89 mg) to form CC-AH recorded at a b of
5 K min�1 in a stream of dry N2 (qv = 100 cm3 min�1).

Fig. 2 Changes in the XRD pattern during heating of CC-DH (300–
500 mm) according to the heating program of the stepwise isothermal
mode in a stream of dry N2: (a) XRD patterns at different temperatures,
(b) at 373 K, and (c) at 423 K.
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mass loss value corresponding to the formation of a single CC-
MH phase (12.2%) and less than that of complete dehydration
to CC-AH (24.5%). The DTG curves exhibited a sharp peak at
the early stage of the mass loss process and subsequently a
gradual mass loss. The reaction rate systematically increased
with increasing measurement temperature in both early-stage
and subsequent gradual mass loss processes. The TG–DTG
curves under linear nonisothermal conditions exhibited the total
mass loss value of 24.8 � 0.5% (Fig. 3(b)), which approximately

corresponds to the formation of CC-AH. Two distinguishable
DTG peaks were observed during the overall mass loss process,
irrespective of b. TG curves also showed two mass loss steps, in
which the mass loss stopped temporarily at a mass loss value
slightly exceeding that corresponding to CC-MH formation. Both
mass loss steps systematically shifted to higher temperatures
with increasing b. The total mass loss value determined by the
TG curves under CRTA conditions also corresponded to the CC-
AH formation (24.3 � 0.6%; Fig. 3(c)). The temperature profile
under CRTA conditions exhibited a two-step temperature varia-
tion to complete thermal dehydration. The two-step mass loss
process was also detected by TG as a slight change in the slope of
the constant rate mass loss. The border of the two mass loss
steps appeared at a mass loss value that slightly exceeded the
formation of a single CC-MH phase, as in the reactions under
linear nonisothermal conditions. The temperature profile curve
systematically shifted to higher temperatures with increasing C
in both mass loss steps. An overview of the TG–DTG curves of the
three heating program modes shows that the thermal dehydra-
tion of CC-DH to form CC-AH under linear nonisothermal and
CRTA conditions can be interpreted as a partially overlapping
two-step process. Furthermore, the mass loss process observed

Fig. 3 TG–DTG curves for the thermal dehydration of CC-DH (300–
500 mm) under isothermal and linear nonisothermal conditions in a stream
of dry N2 (qv = 300 cm3 min�1), as well as TG–temperature profile curves
for those under CRTA conditions: (a) isothermal (m0 = 2.94 � 0.03 mg),
(b) linear nonisothermal (m0 = 2.95 � 0.04 mg), and (c) CRTA (m0 = 2.92 �
0.08 mg).

Fig. 4 Results of Friedman plots for the overall thermal dehydration of
CC-DH to form CC-AH under linear nonisothermal and CRTA conditions
in a stream of dry N2: (a) Friedman plots at different a values and
(b) variation in Ea value as the reaction advances.
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under isothermal conditions is expected to correspond to the
first mass loss step under linear nonisothermal and CRTA
conditions.

The TA curves recorded under linear nonisothermal and
CRTA conditions were converted to kinetic curves by calculat-
ing the degree of reaction (a) with reference to the total mass
loss value to form CC-AH. The multistep dehydration behavior
was examined by analyzing the isoconversional kinetic relation-
ship at each a value based on the logarithmic form of the
differential kinetic equation for the single-step reaction.45–47

ln
da
dt

� �
¼ ln Af að Þ½ � � Ea

RT
(4)

where A, Ea, R, and f (a) denote the Arrhenius preexponential
factor, apparent activation energy, gas constant, and kinetic
model function, respectively. The plot of ln(da/dt) versus reci-
procal temperature for the data points at a fixed a among
different kinetic curves (Friedman plot48) represents a straight
line if the reaction and its kinetic behavior among different
kinetic curves can be approximated to be identical at the
selected a value. This relationship was applied to investigate
the multistep thermal dehydration behavior in view of the
linear correlation of the Friedman plot and the variation in
the slope as the reaction advances. Fig. 4 shows the results of
the Friedman plots applied to the kinetic curves under linear
nonisothermal and CRTA conditions. At individual a values, the
Friedman plots represented statistically significant linear cor-
relations (Fig. 4(a)). However, the slope of the Friedman plots
varied midway through the overall thermal dehydration to form
CC-AH. The Ea values calculated from the slope of the Friedman
plots represented a specific variation trend as the reaction
advanced (Fig. 4(b)), which can be interpreted in relation to
the multistep thermal dehydration behavior. The Ea value
rapidly decreased at the beginning of the reaction from
approximately 80 to 70 kJ mol�1 (a o 0.1). Thereafter, it
remained constant at B70 kJ mol�1 until approximately a =
0.6 and then gradually translated from 70 to 90 kJ mol�1 in the
a range of 0.6–0.8. Another constant Ea region of B90 kJ mol�1

appeared till the end of thermal dehydration (a 4 0.8). The
appearance of two a ranges of the respective constant Ea values
indicated that the overall thermal dehydration comprises at
least two reaction steps. In addition, a distinguishably large
error bar of the linear correlation of the Friedman plots
observed in the a range of 0.6–0.8 indicates the partially over-
lapping feature of the two reaction steps.

3.4. Two-step kinetic modeling

Because of the presence of CC-MH as the intermediate product
during the thermal dehydration of CC-DH to form CC-AH and
the variation of Ea value from 70 to 90 kJ mol�1 midway through
the reaction, as well as the two-step mass loss behavior
observed by TG–DTG curves under linear nonisothermal and
CRTA conditions, kinetic modeling as an independent two-step
reaction was initially attempted by assuming the chemical
reaction pathway via eqn (2) and (3). For an overview of the
expected two-step reaction, DTG curves recorded under linear

nonisothermal conditions were separated by fitting using the
statistical function, Fi(t).

dm

dt
¼
XN
i¼1

Fi tð Þ; (5)

where N = 2 for the two-step process and i identifies the
reaction step, i.e., i = 1 or 2. After examining several possible
statistical functions, the Weibull function (eqn (S1), ESI†) was
selected as suitable for fitting both the first and second DTG
peaks. This procedure of peak separation (i.e., MDA)8,35–38 was
performed for each DTG curve recorded under linear noni-
sothermal conditions at different b values, as shown in Fig. S6
(ESI†). Irrespective of b, the DTG curves were satisfactorily
fitted with two Weibull functions (determination coefficient
R2 4 0.986), although a detectable residue was observed during
the initial acceleration stage of the first DTG peak. From the
MDA results, the contributions (ci) of the first and second mass
loss steps to the overall mass loss process were calculated as the
area ratio of the separated DTG peaks, resulting in (c1, c2) =
(0.67 � 0.02, 0.33 � 0.02). Notably, the calculated contributions
differ from the ideal two-step chemical process of the thermal
dehydration of CC-DH to form CC-AH via CC-MH, i.e., (c1, c2) =
(0.5, 0.5). The kinetic curves for each mass loss step at different
b were obtained using the separated DTG curves, as shown in
Fig. S7 (ESI†). In both reaction steps, the kinetic curves were
systematically shifted to higher temperatures with increasing b.
Thereafter, the kinetics of each mass loss step were analyzed as
single-step reactions using the isoconversional and master plot
methods.49–54 The results of the formal kinetic analysis are
shown in Fig. S8 (ESI†). Statistically significant linear correla-
tions were obtained for the Friedman plots irrespective of ai

values in both mass loss steps (Fig. S8(a) and (b), ESI†). The Ea,i

values calculated from the slope of the Friedman plots were
approximately constant during the main part of each mass loss
step (0.2 r a1 r 0.9 and 0.1 r a2 r 0.9), providing average
values of 71.6 � 1.6 and 81.2 � 1.5 kJ mol�1 for the first and
second reaction steps, respectively (Fig. S8(c), ESI†). Using the
average Ea,i values, the experimental master plot of each mass
loss step was drawn by calculating the hypothetical reaction
rate (dai/dyi) at an infinite temperature based on Ozawa’s
generalized time concept.49–54

dai
dyi
¼ dai

dt

� �
exp

Ea;i

RT

� �
¼ Aif aið Þ

with

yi ¼
Ð t
0 exp �

Ea;i

RT

� �
dt (6)

In both mass loss steps, the experimental master plots exhib-
ited the maximum reaction rate midway through each reaction
step at a1 = 0.30 and a2 = 0.51. According to eqn (6), the
experimental master plot was fitted using an empirical kinetic
model function known as the Šesták–Berggren model with
three kinetic exponents (SB(m, n, p)):55–57

f (a) = am(1 � a)n[�ln(1 � a)]p (7)
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Because of the high flexibility of the SB(m, n, p) model to fit
various types of rate behaviors, a nearly perfect fit was
achieved by optimizing the kinetic exponents. The kinetic
parameters for the two mass loss steps determined by MDA
and the subsequent formal kinetic analysis are listed in
Table S2 (ESI†).

Peak separation analysis using MDA was further refined
based on the cumulative kinetic equation for the independent
multistep process.8,35,36,39

da
dt
¼
XN
i¼1

ciAiexp �
Ea;i

RT

� �
fi aið Þ

with

XN
i¼1

ci ¼ 1 and
XN
i¼1

ciai ¼ a; (8)

where N = 2 for the two-step process, and SB(mi, ni, pi) (eqn (7))
was used for fi(ai). Each kinetic curve recorded under linear
nonisothermal and CRTA conditions was fitted by the calcu-
lated kinetic curve according to eqn (8) by optimizing all kinetic
parameters using those determined by MDA and subsequent
formal kinetic analysis of each reaction step (Table S2, ESI†).
This procedure (i.e., KDA) was performed to minimize the sum
of squares of the residues between the experimental and
calculated da/dt values for the M number data points.

F ¼
XM
j¼1

da
dt

� �
exp;j

� da
dt

� �
cal;j

" #2
(9)

Fig. 5 shows the typical KDA results for the kinetic curves under
linear nonisothermal conditions at b = 5 K min�1 (Fig. 5(a)) and
CRTA conditions at C = 12 mg min�1 (Fig. 5(b)), while those for the
kinetic curves recorded at different b and C values are shown in
Fig. S9 and S10 (ESI†), respectively. The kinetic curves were
successfully fitted by eqn (8) with kinetic parameters that are
practically invariant among different heating program modes and
heating parameters in individual program modes, indicating the
invariant kinetic behavior within the heating conditions investi-
gated in this study. However, a detectably large residue of the fitting
was observed in the initial part of the first reaction step for the
kinetic data recorded under linear nonisothermal and CRTA con-
ditions (Fig. 5 and Fig. S9, S10, ESI†). Table 1 lists the average
kinetic parameters over different heating parameters (i.e., b and C)
under linear nonisothermal and CRTA conditions.

Using the KDA results, kinetic curves of each reaction step
under linear nonisothermal and CRTA conditions were created
for the first and second reaction steps (Fig. S11 and S12,
respectively, ESI†). The KDA results were further inspected by
analyzing the separated kinetic curves through formal kinetic
analysis comprising the Friedman plot (eqn (4)) and subse-
quent master plot method (eqn (6)), for which the kinetic
curves recorded under isothermal conditions (Fig. 3(a)) were
merged into a series of kinetic curves of the first reaction step.
Fig. 6 shows the results of the formal kinetic analysis of each
reaction step. In both reaction steps, the Friedman plots
exhibited significant linear correlations at each ai value
(Fig. 6(a) and (b)). The Ea values were approximately constant

Fig. 5 Typical KDA results for the thermal dehydration of CC-DH to
form CC-AH assuming the independent two-step process under (a) linear
nonisothermal conditions (b = 5 K min�1) and (b) CRTA conditions (C =
12 mg min�1).

Table 1 Average kinetic parameters over different heating parameters (b or C) for the thermal dehydration of CC-DH to form CC-AH assuming an
independent two-step process, optimized through KDA based on eqn (8)

Program mode i ci Ea,i/kJ mol�1 Ai/s
�1

SB(mi, ni, pi)

R2 ami ni pi

Linear nonisothermal 1 0.63 � 0.01 72.7 � 0.2 (6.46 � 0.01) � 107 �0.66 � 0.01 0.70 � 0.02 0.71 � 0.02 0.9969
2 0.37 � 0.01 81.5 � 0.3 (1.06 � 0.01) � 109 �0.50 � 0.01 1.05 � 0.02 1.12 � 0.02

CRTA 1 0.67 � 0.02 72.7 � 0.2 (6.46 � 0.01) � 107 �0.67 � 0.02 0.69 � 0.01 0.69 � 0.02 0.9887
2 0.33 � 0.02 81.6 � 0.2 (1.05 � 0.01) � 109 �0.52 � 0.01 1.00 � 0.02 1.08 � 0.02

a Determination coefficient of the nonlinear least-squares analysis.
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in the major part of each reaction step: Ea,1 = 74.5 � 1.1 kJ
mol�1 (0.20 r a1 r 0.80; Fig. 6(c)) and Ea,2 = 82.7 � 0.7 kJ
mol�1 (0.20 r a2 r 0.90; Fig. 6(d)). However, distinguishable
deviations of the Ea,i values from the average value of each
reaction step were observed for the initial (a1 r 0.20) and final
(a1 Z 0.80) stages of the first reaction step and the initial stage of
the second reaction step (a2 r 0.20). The experimental master
plot for the first reaction step exhibited a deceleration trend
(Fig. 6(c)), but da1/dy1 values in the initial stage (a1 r 0.20)
deviated from the SB(�0.86, 0.79, 0.93) curve, which provided
the best fit for the latter stage of the first reaction step (0.20 r a1

r 0.99). The deviation of Ea,1 and da1/dy1 values in the initial
stage of the first reaction step indicates the necessity to consider
alternative reactions step in the initial stage of the overall
reaction.

The experimental master plot of the second reaction step
(Fig. 6(d)) was a smooth curve with the maximum midway
through the reaction at a2 = 0.53. In the scheme of a contracting
geometry-type model, such rate behavior is expected for the
phase-boundary-controlled model with an acceleration of the
linear advancement rate of the reaction interface as the reaction
advances, as described by the Galwey–Hood model, GH(n):12,58

f (a) = 2n(1 � a)1�1/n[1 � (1 � a1/n)]1/2 (10)

where the kinetic exponent n denotes the interface shrinkage
dimension. The experimental master plot of the second reaction
step was satisfactorily fitted by eqn (10) with the optimized kinetic
exponent n = 2.96 � 0.08 and A2 = (4.34 � 0.04) � 108 s�1.

3.5. Three-step kinetic modeling based on chemical and
physico-geometrical schemes

Several issues were found in the preliminarily examined two-
step kinetic modeling: (1) the contribution of the first reaction
step exceeded the ideal value of 0.5 estimated for the thermal
dehydration of CC-DH to form CC-MH (Fig. 5 and Table 1); (2) a
variation in the apparent Ea,1 value was observed before and
after at a1 = 0.2 (Fig. 6(c)); and (3) the shape of the experimental
master plot varied before and after a1 = 0.2 (Fig. 6(c)). Fig. 7
shows changes in the surface morphology of a selected sample
particle observed when heated at a b = 5 K min�1 in a stream of
dry N2 (qv = 100 cm3 min�1). The original sample surfaces were
characterized by a roughened texture (Fig. 7(a)), attributable to
partial deliquescence of the particle surface in an ambient air
and subsequent dehydration to CC-DH in a stream of dry N2. In
the initial stage of thermal dehydration of CC-DH (Fig. 7(b) and
(c)), the surfaces were reconstructed to have a smoother texture
because of the surface reaction. At the established stage of the
first reaction step, the surface texture changed by forming holes
to be the diffusion path of the water vapor produced by the
internal reaction (Fig. 7(d)). Thereafter, in the overlapping stage
of the first and second reaction steps, dramatic changes in the
surface texture were observed (Fig. 7(e) and (f)). Therefore, the
previously separated first reaction step can be further separated
into two reaction steps characterized by the surface and internal
reaction processes, and the overall reaction can be described as a
partially overlapping three-step model based on both the chemical
reaction pathway and the physico-geometrical constraints of the

Fig. 6 Results of formal kinetic analysis for each reaction step in the independent two-step kinetic modeling of the thermal dehydration of CC-DH to
form CC-AH: (a) Friedman plots of the first reaction step, (b) Friedman plots of the second reaction step, (c) Ea,1 and da1/dy1 values at various a1, and (d)
Ea,2 and da2/dy2 values at various a2.
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solid-state reaction. Notably, the previously separated second
reaction step is to be the third reaction step in the three-step
kinetic modeling.

Practically, the KDA for the overall process was reexamined
by setting the total number of reaction steps to three (N = 3 in
eqn (8)). The initial values of the kinetic parameters of the
second and third reaction step were substituted from the
optimized kinetic parameters of the first and second reaction
steps in the previous two-step kinetic modeling. For the newly
introduced first reaction step in the three-step kinetic model-
ing, the average Ea,1 value in 0.01 r a1 r 0.20 in the two-step
kinetic modeling was adapted as the initial Ea,1 value. The
kinetic exponents in SB(m1, n1, p1) were tentatively set to SB(0,
1, 0), which corresponds to the first-order rate law. Thereafter,
the order of the initial A1 value in the three-step kinetic
modeling was graphically determined. Using the basal numer-
ical settings, KDA was performed for each overall kinetic curve
recorded under linear nonisothermal and CRTA conditions for
optimizing the kinetic parameters of the first and second
reaction steps in the three-step model. Similarly, the overall
kinetic curves recorded under isothermal conditions were

subjected to KDA of the two-step process corresponding to
the first and second reaction steps in the three-step model,
because these only covered the first reaction step in the two-
step kinetic modeling for the overall process of thermal dehy-
dration of CC-DH to form CC-AH.

Fig. 8 shows typical KDA results for the thermal dehydration
of CC-DH to form CC-AH, assuming an independent three-step
process, while the results for all kinetic curves under linear
nonisothermal, CRTA, and isothermal conditions are shown in

Fig. 7 Changes in the surface morphology of the CC-DH particles during
the initial stage of the reaction under linear nonisothermal conditions at a b
of 5 K min�1 in a stream of dry N2 (qv = 100 cm3 min�1): (a) 303 K, (b) 339 K,
(c) 356 K, (d) 362 K, (e) 370 K, and (f) 378 K.

Fig. 8 Typical KDA results for the thermal dehydration of CC-DH to form
CC-AH assuming an independent three-step process under (a) linear
nonisothermal conditions (b = 5 K min�1), (b) CRTA conditions (C =
12 mg min�1), and (c) isothermal conditions (T = 331 K).

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
8:

10
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00790e


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 12358–12371 |  12367

Fig. S13–S15 (ESI†), respectively. Table 2 lists the kinetic para-
meters determined by KDA. The three-step kinetic modeling
resulted in the contributions of component steps being (c1, c2,
c3) = (0.26� 0.02, 0.37� 0.01, 0.37� 0.01) and (c1, c2, c3) = (0.34�
0.03, 0.33 � 0.02, 0.33 � 0.02) under linear nonisothermal and
CRTA conditions, respectively. Notably, the relative contributions
c2 and c3 are comparable under both linear nonisothermal and
CRTA conditions, although a detectable difference in c1 can be
found between the two heating conditions. The other kinetic
parameters were practically invariant between linear nonisother-
mal and CRTA conditions. Comparing the first and second
reaction steps, slightly greater Ea (kJ mol�1) and A (s�1) values
for the second reaction step were observed, e.g., (Ea,1, Ea,2) =
(66.8 � 0.8, 72.5 � 0.4) and (A1, A2) = ((2.47 � 0.03) � 107,
(1.16 � 0.03) � 108) under linear nonisothermal conditions.
Notably, the Ea,3 and A3 values were the same as the respective
values determined for the second reaction step in the previously
examined two-step kinetic modeling. In addition, in each reaction
step, the kinetic model function characterized by the kinetic
exponents in SB(mi, ni, pi) was comparable between the reactions
under linear nonisothermal and CRTA conditions.

In the scheme of the three-step kinetic modeling for the
thermal dehydration of CC-DH to form CC-AH, the reaction
under isothermal conditions, which paused midway through
the mass loss process, can be interpreted as corresponding to
the process comprising the first two reaction steps. The separa-
tion of the isothermal mass loss process into independent two-
step processes by KDA (Fig. 8(c)) resulted in kinetic parameters
comparable to those determined for the first and second
reaction steps under linear nonisothermal and CRTA condi-
tions (Table 2).

The KDA results for each overall kinetic curve provided a
series of kinetic curves under linear nonisothermal, CRTA, and
isothermal conditions for the first and second reaction steps in
the three-step kinetic modeling (Fig. S16 and S17, ESI†). These
kinetic curves were reanalyzed using a formal kinetic procedure
comprising isoconversional and master plot methods. Friedman
plots with a statistically significant linear correlation at different
ai values in each reaction step were observed for both the first
and second reaction steps (Fig. S18, ESI†). Fig. 9 shows the Ea,i

values at different ai values and the experimental master plots of
(dai/dyi) versus ai for the three component steps, in which the

results of the third reaction step are equivalent to those of the
second reaction step in the two-step kinetic modeling described
above (Fig. 6(d)). For the first reaction step, the Ea,1 value initially
decreased from 87 to 75 kJ mol�1 (a1 o 0.2) and subsequently
maintained an approximately constant value with the average of
73.4� 1.2 kJ mol�1 to the end of the first reaction step (Fig. 9(a)),
which is slightly greater than that determined by KDA. The
contribution of the thermal dehydration of the CC-DH surface
recovered by the dehydration of deliquescence portion is possi-
bly the cause of the variation in the Ea,1 value in the initial stage
of the first reaction step. However, the difference in c1 values
observed between the linear nonisothermal and CRTA condi-
tions (Table 2) indicates the possibility that the surface reaction
expands beyond the deliquescence portion. The experimental
master plot drawn using the average Ea,1 value initially exhibited
acceleration behavior in the a1 range of the initial Ea,1 decrease
(a1 o 0.2) and subsequently switched to deceleration behavior.
According to eqn (6), the experimental master plot was well fitted
by a nucleation and growth type model known as the Johnson–
Mehl–Avrami model (eqn (11)),59–62 JMA(m), with m = 1.18� 0.01
and A1 = (2.14 � 0.01) � 108 s�1.

f (a) = m(1 � a)[�ln(1 � a)]1�1/m (11)

For the second reaction step (Fig. 9(b)), an approximately
constant Ea,2 value with an average value of 72.4 � 0.5 kJ mol�1

was obtained during the main stage of the reaction step (0.2 r
a2 r 0.8). The experimental master plot exhibited the max-
imum reaction rate at a2 = 0.46 and closely fitted using the
GH(3.00) model (eqn (10)), providing A2 = (3.10 � 0.04) �
107 s�1. The Friedman plot for the third reaction step provided
an Ea,3 value comparable to that determined by KDA, i.e., Ea,3 =
82.7 � 0.7 kJ mol�1 (0.20 r a2 r 0.90; Fig. 9(c)). Notably, the
rate behavior characterized by the experimental master plot for
the third reaction step with the maximum rate at a3 = 0.53 is
comparable with that for the second reaction step. The experi-
mental master plot of the third reaction step was satisfactorily
fitted by the GH(n) model with the optimized kinetic exponent
n = 2.96 � 0.08 and A3 = (4.34 � 0.04) � 108 s�1. Because the
contributions c2 and c3 were practically identical, the second
and third reaction steps are expected to occur successively with
the same geometrical constraints of the three-dimensional (3D)

Table 2 Average kinetic parameters over different heating parameters (b, C, or T) for the thermal dehydration of CC-DH to form CC-AH assuming an
independent three-step process, optimized through KDA based on eqn (8)

Program mode i ci Ea,i/kJ mol�1 Ai/s
�1

SB(mi, ni, pi)

R2 ami ni pi

Linear nonisothermal 1 0.26 � 0.02 66.8 � 0.8 (2.47 � 0.03) � 107 0.11 � 0.01 0.93 � 0.06 0.11 � 0.01 0.9985
2 0.37 � 0.01 72.5 � 0.4 (1.16 � 0.03) � 108 �0.61 � 0.02 1.07 � 0.08 1.13 � 0.03
3 0.37 � 0.01 81.5 � 0.3 (1.06 � 0.01) � 109 �0.50 � 0.01 1.05 � 0.02 1.12 � 0.02

CRTA 1 0.34 � 0.03 67.0 � 0.3 (2.44 � 0.01) � 107 0.09 � 0.01 0.92 � 0.01 0.10 � 0.01 0.9918
2 0.33 � 0.02 72.4 � 0.3 (1.19 � 0.01) � 108 �0.58 � 0.01 1.04 � 0.01 1.16 � 0.02
3 0.33 � 0.02 81.8 � 0.6 (1.05 � 0.01) � 109 �0.52 � 0.01 1.00 � 0.02 1.08 � 0.02

Isothermal 1 0.42 � 0.01 66.5 � 0.4 (2.49 � 0.01) � 107 0.10 � 0.01 1.12 � 0.05 0.11 � 0.01 0.9641
2 0.58 � 0.01 71.9 � 0.2 (1.17 � 0.01) � 108 �0.57 � 0.01 1.31 � 0.04 1.18 � 0.01

a Determination coefficient of the nonlinear least-squares analysis.
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interface shrinkage characterized by the acceleration of the
linear advancement rate of the reaction interface as described
by the GH(B3).

Fig. 10 shows a model of the physico-geometrical reaction
pathway developed based on the kinetic results of the three-
step kinetic modeling for the thermal dehydration of CC-DH in
a stream of dry N2. The first reaction step occurred on the CC-
DH particle surface (Fig. 10(a)), supported by the microscopic
observation of the changes in the surface morphology (Fig. 7). It

is also reasonable that the surface reaction was regulated by a
nucleation and growth type kinetic model (Fig. 9(a)), indicating
the consumption of the surface portion of CC-DH particles. In
addition to the potential reactivity of the reactant surface for
the thermal dehydration of solids, deformation of the surface
morphology by partial deliquescence in ambient air during the
weighing the sample particles and subsequent dehydration of
the liquefied surface portion to CC-DH in a stream of dry N2 can
further enhance the reactivity of the CC-DH particle surfaces.

The formation of the surface product layer and its blocking
action of the diffusional removal of water vapor generated at
the reaction interface advancing inward toward the particle
center is a possible cause for the switching of the physico-
geometrical reaction mode to the subsequent reaction step
because of the increase in p(H2O) at the reaction interface. In
some reversible thermal dehydration of inorganic hydrates such
as calcium sulfate dihydrate,26,63–65 the change in p(H2O) alters
not only the physico-geometrical reaction mechanism but also the
chemical reaction pathway by forming intermediate hydrates
different from the solid product of the surface reaction. The
second reaction step of the thermal dehydration of CC-DH was
geometrically constrained by the 3D interface shrinkage (Fig. 9(b);
Fig. 10(b) and (c)). The same geometrical constraint was expected
for the third reaction step (Fig. 9(c); Fig. 10(d)–(f)). In addition, the
contributions c2 and c3 for the second and third reaction steps to
the overall process were practically identical. Therefore, the
chemical reactions for the second and third reaction steps can
be explained by the thermal dehydration from CC-DH to form CC-
MH (eqn (2)) and from CC-MH to form CC-AH (eqn (3)), respec-
tively. Notably, the presence of both CC-MH and CC-AH phases
midway through the reaction was confirmed by XRD (Fig. 2(b)).
The successive advancement of two separated reaction interfaces
of CC-MH–CC-DH and CC-AH–CC-MH in the internal particles is
indicated by the same geometrical constraint for these reaction
steps occurring by partially overlapping (Fig. 10(c)–(f)).

Fig. 9 Ea,i values at different ai values and experimental master plots of
(dai/dyi) versus ai for each reaction step i in the independent three-step
kinetic modeling of the thermal dehydration of CC-DH to form CC-AH: (a)
first reaction step (i = 1), (b) second reaction step (i = 2), and (c) third
reaction step (i = 3).

Fig. 10 Schematic representation of the physico-geometrical reaction
pathway for the three-step thermal dehydration of CC-DH to form CC-AH
in a stream of dry N2.
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In the three-step model, the first reaction step should be the
thermal dehydration of CC-DH to form CC-AH without forming
a CC-MH intermediate. Thus, switching from the first to second
reaction steps is accompanied by a change in the reaction mode
from direct dehydration to the formation of CC-AH to the
formation of intermediate CC-MH induced by the increase in
p(H2O) at the internal reaction interface of CC-AH–CC-DH. The
hypothesis of the change in the reaction mode induced by the
increase in p(H2O) is partially supported by the thermal dehy-
dration behavior of CC-DH in the presence of atmospheric
water vapor. In a stream of wet N2 gas characterized by a
p(H2O) value of 4.2 kPa, the first reaction step disappears,
and the two-step mass loss process with practically the same
contribution as explained by eqn (2) and (3) is observed by the
TG measurement (Fig. S19, ESI†).

The other specific characteristics of the thermal dehydration
behavior are due to the acceleration of the linear advancement
rate of the reaction interface in the 3D contracting geometry
scheme observed in both the second (Fig. 9(b)) and third
(Fig. 9(c)) reaction steps. The second reaction step is initiated
by overlapping with the first reaction step of the surface
reaction process. The diffusional removal of the water vapor
produced at the reaction interface of the second reaction step is
initially retarded by the relatively high p(H2O) in the diffusion
path because of the water vapor produced by the surface reaction
process (the first reaction step). The p(H2O) value in the surface
product layer gradually decreases as the first reaction step is
terminated, which accelerates the linear advancement rate of the
reaction interface of the second reaction step. In the third
reaction step, the high p(H2O) at the reaction interface is because
of the supply of water vapor from the internal reaction interface
of the second reaction step (dehydration of CC-DH to form
CC-MH). The supply also gradually decreases as the second
reaction step proceeds to the end, and the gradual decrease in
p(H2O) at the reaction interface of the third reaction step
accelerates the linear advancement rate of the reaction interface.
In the second and third reaction steps, the acceleration behavior
of the linear advancement rate of the reaction interface can be
attributed to the decrease in p(H2O) at the reaction interface as
the previous reaction step proceeds to the end.

4. Conclusions

On heating CC-DH in a stream of dry N2, CC-AH was produced
via partially overlapping multistep mass loss processes (Fig. 1).
The primary cause of the multistep thermal dehydration was
the formation of intermediate CC-MH midway during the
overall thermal dehydration, as observed by XRD (Fig. 2(b)).
However, the two-step kinetic modeling based on the reaction
pathway of the thermal dehydration of CC-DH to form CC-AH
via CC-MH (Fig. 5) resulted in an excess contribution c1 of the
first reaction step beyond that expected from the reaction
stoichiometry of eqn (2) and (3), i.e., 0.5. The kinetic results
of the first reaction step in the two-step kinetic modeling
exhibited variations in the Ea,1 value in the initial part of the

reaction step, accompanied by a specific trend of the experi-
mental master plot different from the subsequent process
(Fig. 6(c)). Microscopically, the initial part of the first reaction
step was confirmed to occur by nucleation and growth on the
particle surface (Fig. 7). Therefore, the subsequent process in
the first reaction step in the two-step kinetic modeling could
proceed by the movement of the reaction interface generated by
the surface reaction inward toward the particle center.

Considering both the chemical reaction pathway and
physico-geometrical constraints of the solid-state reaction, the
overall thermal dehydration process was remodeled as a partially
overlapping three-step process (Fig. 8), in which the third reaction
step corresponded to the second reaction step in the previous two-
step kinetic modeling. The comparable contributions of the
second and third reaction steps, c2 = c3, were observed from the
kinetic results of the three-step kinetic modeling (Table 2), indi-
cating that the second and third reaction steps corresponded to
the thermal dehydration from CC-DH to CC-MH (eqn (2)) and
from CC-MH to CC-AH (eqn (3)), respectively, which in turn
indicated that thermal dehydration proceeded directly from CC-
DH to CC-AH during the first reaction step described by the
surface nucleation and growth type model of JMA(B1.2) with the
apparent Arrhenius parameters of Ea,1 = B67 kJ mol�1 and A1 =
B2.5 � 107 s�1 (Fig. 9(a)). Because the first reaction step in the
three-step kinetic modeling formed the surface product layer, the
second reaction step of the thermal dehydration of CC-DH to form
CC-MH was geometrically constrained by the 3D shrinkage of the
reaction interface in the geometrical scheme of the core–shell
structure of the CC-DH core and CC-AH shell. The acceleration of
the linear advancement rate of the reaction interface as the
reaction proceeded was the specific characteristic of the second
reaction step, which was described by the GH(3) model with Ea,2 =
B72 kJ mol�1 and A2 = B108 s�1 (Fig. 9(b)). The same physico-
geometrical reaction mechanism accompanied by the acceleration
of the linear advancement rate of the reaction interface was
observed for the third reaction step of the thermal dehydration
of CC-MH to form CC-AH with Ea,3 = B82 kJ mol�1 and A3 =
B109 s�1 (Fig. 6(d) and 9(c)). The geometrical relationship
between the partially overlapping second and third reaction steps
can be explained by the consecutive shrinkage of the two reaction
interfaces of CC-DH–CC-MH (second step) and CC-MH–CC-AH
(third step) in the particle core surrounded by the surface product
layer of CC-AH produced during the first reaction step. In the
three-step kinetic modeling, the switching of the chemical reac-
tion mode from the direct dehydration of CC-DH to CC-AH in the
first reaction step to the dehydration of CC-DH to the CC-MH
intermediate in the second step is attributable to the difference in
p(H2O) in each reaction step, in which the first reaction step of
the surface reaction occurs at a relatively low p(H2O) whereas
the second reaction step of the internal interface shrinkage occurs
at a relatively high self-generated p(H2O). The possible cause of
the acceleration of the linear advancement rate of the reaction
interface expected for the second and third reaction steps can
also be explained by the gradual decrease in p(H2O) at the reaction
interface as the respective previous reaction steps proceed
to the end.
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The example of the thermal dehydration of CC-DH in a
stream of dry N2 is suggestive of the kinetic analysis of the
multistep thermal dehydration of inorganic hydrates. The multi-
step reaction behavior should be interpreted based on both the
chemical reaction scheme determined by the thermodynamics of
the phase relationship and the physico-geometrical kinetic
features of the solid-state reaction. The physico-geometrical con-
straints create specific reaction conditions during the individual
reaction steps, especially p(H2O) generated by the reaction itself.
The phase relation for the thermal dehydration is altered by the
self-generated p(H2O) at the reaction sites, which causes the
thermal dehydration mode to switch, forming different inter-
mediate hydrates. The variation in self-generated p(H2O) during
each reaction step, caused by the progress and termination of the
previous reaction step as well as the progress of the present
reaction step, directly influences the kinetics of the relevant
reaction step. Because of the complex interaction of the phase
relation for the thermal dehydration and the self-generated reac-
tion conditions originating from the physico-geometrical kinetic
features of the component reaction steps, the chemical reaction
pathway and kinetics of the multistep thermal dehydration of
inorganic hydrates can dramatically change depending on the
preset reaction conditions, including sample particle size, sample
mass, heating condition, and atmospheric p(H2O).

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

The present work was supported by JSPS KAKENHI Grant
Numbers 19K02708, 22H01011, and 22K02946.

References

1 H. U. Rammelberg, T. Schmidt and W. Ruck, Energy Proce-
dia, 2012, 30, 362–369.

2 K. E. N’Tsoukpoe, T. Schmidt, H. U. Rammelberg,
B. A. Watts and W. K. L. Ruck, Appl. Energy, 2014, 124, 1–16.

3 F. Trausel, A.-J. de Jong and R. Cuypers, Energy Procedia,
2014, 48, 447–452.
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