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1. Introduction

Water vapor effect on the physico-geometrical
reaction pathway and kinetics of the multistep
thermal dehydration of calcium chloride
dihydratef

Kazuki Kato, Mito Hotta and Nobuyoshi Koga ‘2 *

This study investigated how water vapor influences the reaction pathway and kinetics of the multistep
thermal dehydration of inorganic hydrates, focusing on CaCl,-2H,O (CC-DH) transforming into its
anhydride (CC-AH) via an intermediate of its monohydrate (CC-MH). In the presence of atmospheric
water vapor, the thermal dehydration of CC-DH stoichiometrically proceeded through two distinct
steps, resulting in the formation of CC-AH via CC-MH under isothermal conditions and linear
nonisothermal conditions at a lower heating rate (). Irrespective of atmospheric water vapor pressure
(p(H20)), these reaction steps were kinetically characterized by a physico-geometrical consecutive
process involving the surface reaction and phase boundary-controlled reaction,
accompanied by three-dimensional shrinkage of the reaction interface. In addition, a significant

which was

induction period was observed for the second reaction step, that is, the thermal dehydration of CC-MH
intermediate to form CC-AH. With increasing p(H,O), a systematic increase in the apparent Arrhenius
parameters was observed for the first reaction step, that is, the thermal dehydration of CC-DH to form
CC-MH, whereas the second
parameters. At a larger f in the presence of atmospheric water vapor, the first and second reaction steps

reaction step exhibited unsystematic variations of the Arrhenius

partially overlapped; moreover, an alternative reaction step of the thermal dehydration of CC-MH to
form CaCl,-0.3H,O was observed between these reaction steps. The physico-geometrical phenomena
influencing the reaction pathway and kinetics of the multistep thermal dehydration were elucidated by
considering the effects of atmospheric and self-generated water vapor in a geometrically constrained
reaction scheme.

comprising endothermic thermal dehydration and exothermic
hydration.® In order to develop practical thermochemical

The kinetics and mechanism underlying the thermal dehydra-
tion of inorganic hydrates have been extensively studied over
the past century, with the aim of establishing the theoretical
basis for solid-state reactions accompanied by the evolution
of gaseous products.'™ This class of reactions, categorized as
the thermal decomposition of solids with a reversible nature,
has consistently garnered attention as a potential candidate
for thermochemical energy storage via the reaction cycle
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energy storage systems that utilize thermal dehydration and
hydration of inorganic hydrates, it is necessary to gain further
insight into the kinetics of forward and reverse reactions, as
well as to have a comprehensive understanding of the phase
relationships in the reaction system based on reliable thermo-
dynamics. With regard to the reaction kinetics, the existing
kinetic theory, which characterizes the reaction rate as a func-
tion of temperature (T) and degree of reaction («), requires
expansion in order to incorporate the interactions between
solid reactants and products with gaseous products. Therefore,
the incorporation of a term representing the partial pressure of
the gaseous product species in the reaction atmosphere and at
the reaction interface into the kinetic equation is essential. This
challenge, also spanning over a century,'® has recently been
addressed by achieving a universal kinetic description of the
reaction rate as a function of T, o, and the partial pressure of
the gas. This was achieved by introducing an accommodation
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function (AF) based on the partial pressure of the gaseous
product species and the equilibrium pressure of the reaction
(Peq(T)), demonstrated in simple single-step reactions such as
the thermal decomposition of metal carbonates’™* and
hydroxides,>™"” as well as thermal dehydration of inorganic
hydrates."® " Nevertheless, to enhance our comprehension of
the thermal dehydration of inorganic hydrates and facilitate the
design of thermochemical energy storage systems, more
advanced kinetic modeling is necessary because many potential
thermal dehydration reactions entail multistep processes and
proceed through several intermediate hydrates. In multistep
thermal dehydration reactions, each component reaction step
can be regulated by different physico-geometrical constraints.
Overlaps of the different reaction steps generate complex
physico-geometrical constraints for the reaction. In addition,
the kinetics of each reaction step can be influenced by atmo-
spheric and self-generated water vapor, which modify the
chemical and physico-geometrical reaction pathways. Conse-
quently, the physico-geometrical kinetic behaviors must be
comprehended by considering geometrical constraints in mul-
tistep reactions and the effect of atmospheric and self-
generated water vapor on the reaction pathway and kinetics
of the component reaction steps.

The thermal dehydration of calcium chloride hydrates exem-
plifies a multistep process, where various intermediate
hydrates are involved in the formation of anhydride. The
thermal dehydration-hydration cycle of calcium chloride
hydrates is potentially suitable for thermochemical energy
storage systems.*>”*° Calcium chloride dihydrate (CC-DH) is a
relatively stable crystalline hydrate that is commonly utilized as
a dehumidifying and snow-melting agent in daily life. Thermal
dehydration of CC-DH results in the formation of its anhydride
(CC-AH) via an intermediate of monohydrate (CC-MH).

CacCl, - 2H20(S) — CaCl, - HzO(S) + HzO(g)

i &)
A Hog = 51.9kJ

CaCl, - HO(s) — CaCly(s) + H,O(g)

] (2)
A Hsgy = T1.9KJ

In our previous study,’” we examined the thermal dehydra-
tion of CC-DH in a stream of dry N, to understand the impact of
self-generated water vapor on the reaction pathway and kinetics
of the component reaction steps. The process was comprised of
three distinct steps: (1) direct dehydration of CC-DH to CC-AH
on the particle surface, resulting in a core-shell structure with
CC-DH core and CC-AH shell; (2) contraction of the CC-DH core
with the three-dimensional (3D) interface shrinkage to form
CC-MH; and (3) contraction of the CC-MH core with the 3D
interface shrinkage to form CC-AH. The transition from the
first to second reaction steps was associated with an elevation
in the partial pressure of water vapor (p(H,0)) at the reaction
interface of the first reaction step. Furthermore, the kinetic
analysis indicated an acceleration in the linear advancement
rates of the reaction interfaces during the second and third
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reaction steps as they advanced. These acceleration behaviors
were explained by the gradual decrease in p(H,O) at the
corresponding reaction interfaces, influenced by the changes
in the overlapping features with the other reaction steps.

The presence of atmospheric water vapor can induce
changes in the reaction pathway and kinetic features of the
component reaction steps. Molenda et al. have reported a
distinct two-step mass loss process during the thermal dehy-
dration of CC-DH to yield CC-AH via stable CC-MH at elevated
atmospheric p(H,0) levels (~ 5 kPa).>* The change in the mass
loss process owing to differing atmospheric p(H,O) levels
indicates the varying effects of p(H,0) on each reaction step.
In addition, they observed the formation of an alternative
intermediate hydrate, CaCl,-0.3H,0 (CC-0.3H), during thermal
dehydration at high p(H,O) values (>10 kPa) and during the
hydration of CC-AH. This indicates a variation in the reaction
pathway influenced by atmospheric p(H,0).>*> Herein, we sys-
tematically monitored the thermal dehydration of CC-DH at
various atmospheric p(H,0) values using humidity-controlled
thermogravimetry (TG). We examined variations in the over-
lapping features of the component reaction steps with atmo-
spheric p(H,O) through kinetic analysis of multistep reactions.
Furthermore, we elucidated the physico-geometrical kinetic
features of individual reaction steps using kinetic analysis
based on a physico-geometrical consecutive reaction model
comprising the induction period (IP), surface reaction (SR),
and phase boundary-controlled reaction (PBR).*>® We also
observed variations in the kinetic features of individual physico-
geometrical reaction processes, ie., IP, SR, and PBR, at each
reaction step with atmospheric p(H,0) by tracking changes in
the apparent Arrhenius parameters. The reaction behaviors with
specific physico-chemical and physico-geometrical phenomena in
the presence of atmospheric water vapor were interpreted con-
sidering the effects of atmospheric and self-generated water vapor,
in comparison with those observed in a stream of dry N,, as
reported previously. *' The integrated findings of the mutually
correlated variations in the reaction behaviors and atmospheric
and self-generated p(H,O) during the multistep thermal dehydra-
tion of CC-DH in our study, along with previous studies, serve as
the basis for the further advanced universal kinetic modeling
aimed at using thermal dehydration and hydration of inorganic
hydrates as a thermochemical energy storage system.

2. Experimental
2.1 Sample description

The same CC-DH sample used in our previous study to monitor
the thermal decomposition process in a stream of dry N,*' was
used in this study, focusing on examining the effect of water
vapor on the thermal dehydration pathway and kinetics. The
CC-DH sample (special grade, >99.9%, FUJIFILM Wako Chem.)
underwent characterization via powder X-ray diffraction and
Fourier transform infrared spectroscopy, confirming its crystal-
lographic structure (orthorhombic, SG = Phcn(60), a = 5.8930, b =
7.4690, ¢ = 12.0700, « = § = y = 90.000, ICCD-PDF 01-070-0385)*
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and revealing infrared absorption peaks indicative of O-H stretch-
ing, H-O-H bending, and calcium chloride lattice vibrations.>*"*
The sample, comprised cuboidal particles with a sieved particle
size fraction of 300-500 pum, was used for the thermoanalytical
(TA) measurements. Notably, the sample demonstrated substan-
tial deliquesce during sampling for TA measurements at room
temperature in ambient atmospheres. To recover CC-DH in the
deliquesced surface portion, the weighed samples were ade-
quately dried at room temperature (approximately 303 K) in a
stream of dry N, before conducting the TA measurements. Sample
characterization was detailed in our previous article.**

2.2 Kinetic measurements in a stream of wet N,

The thermal dehydration process of CC-DH in the presence of
atmospheric water vapor at various controlled p(H,O) values
was measured using a TG-differential thermal analysis (DTA)
instrument (TG-8122, Thermoplus Evo2 system, Rigaku) fitted
with a humidity controller (me-40DP-2PHW, Micro equipment
Co.). The initial sample mass (m,) for the humidity-controlled
TG measurements was fixed to be 3.0 mg and weighed into a Pt
pan (5 mm in diameter and 2.5 mm in depth). Initially, the
sample placed in the TG-DTA instrument was left at room
temperature in a stream of dry N, at a g, of 200 cm® min~" for
90 min before the measurement. Those sampling procedures
including m, value, sample pan, and pretreatment in the TG-
DTA instrument are the same with those used for the TG-DTA
measurements in a stream of dry N, in our previous study.*"
The sample temperature was increased at a  of 2 K min~ " in
steps with 10 min-isothermal holding sections inserted every
10 K to a temperature below the reaction initiation tempera-
ture. In addition, the p(H,O) value in the flowing gas was
increased with a step-by-step manner at each isothermal hold-
ing section to attain the preset p(H,O) value for the TG-DTA
measurements, after switching the flowing gas to wet N, (g, =
200 cm® min~") generated by the humidity controller. Follow-
ing stabilization of the measurement system at a constant
temperature and a preset p(H,O) value for 30 min, the sample
was heated at a f of 5 K min~! to 473 K in a stream of wet N,
with various p(H,0) values (0.1 < p(H,O)/kPa < 9.8), facilitat-
ing the recording of the TG-derivative TG (DTG)-DTA curves for
the thermal dehydration of CC-DH. Notably, temperature and
relative humidity of the flowing gas were continuously recorded
in the anterior chamber of the reaction tube of the TG-DTA
instrument using a hygrometer (HF5 sensor with an HF535
converter, rotronic) to calculate the actual p(H,O) value during
the TG-DTG-DTA measurements.

TG-DTG curves for the kinetic analysis were obtained in
linear nonisothermal and isothermal modes in a stream of wet
N, with four different p(H,0) values: 0.8 £+ 0.1, 1.8 £ 0.1, 4.2 +
0.2, and 7.5 &+ 0.2 kPa. In the linear nonisothermal mode, the
sample was heated at different f values (0.5 < /K min ' < 10)
following stabilization of the measurement system at constant
temperatures below the reaction initiation temperature and the
preset p(H,0) value. Isothermal mass loss curves were recorded
for the two component mass loss steps during the thermal
dehydration of CC-DH. The sample temperature was increased
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ata ff of 5 K min~" to reach the first preset temperature after
stabilizing the measurement system at the preset p(H,0), held
until completion of the first mass loss step, then further raised
to reach the second preset temperature and held for recording
the mass loss curve for the second mass loss step.

3. Results and discussion

3.1 Effect of water vapor on the reaction pathway

Fig. 1 shows TG-DTG-DTA curves of the thermal dehydration of
CC-DH to form CC-AH at a ff of 5 Kmin ' in a stream of wet N,
with different p(H,O) values (0.1 < p(H,O)/kPa < 9.8). As
P(H,0) increased, TA curves shifted systematically to higher
temperatures, emphasizing a more pronounced shift in onset
temperature of the mass loss compared with the endpoint
temperature. Therefore, the higher p(H,0) values led to thermal
dehydration occurring at elevated temperatures with increased
reaction rates. The mass loss process involved two steps, akin to
that in a stream of dry N,.>' The mass loss values of the first
and second mass loss steps vary with increasing p(H,O) value.
The magnitude relation of the mass loss values of the first and
second mass loss steps, Am; and Am,, respectively, was Am; >
Am, at low p(H,0), aligning with that in a stream of dry N,.*"
However, with increasing p(H,0), Am; gradually decreased
until it equaled Am, in a p(H,O) range of 2.6-4.7 kPa. Further
increase in p(H,O) led to an additional mass loss step emerging
toward the end of the first mass loss step, causing a decrease in
the Am, value. Regarding the TA curve shift along the tempera-
ture coordinate with p(H,O) corresponding to the respective
mass loss steps, the shift width of the first mass loss step was
greater than that of the second mass loss step, indicating the
overlap of two mass loss steps became more significant with
increasing p(H,O) value.

Fig. 2 shows a series of TG-DTG curves obtained at different
p values in a stream of wet N,, with four selected p(H,0O) values

[(dm/df)/m,) | Y% min~!

SEER
e
LR
S '—9'8 TG
~ =27 — T T T T T T
340 360 380 400 420 440
T/K

Fig.1 TG-DTG-DTA curves depicting the thermal dehydration of
CC-DH (mg = 3.02 + 0.04 mg) to form CC-AH recorded at a  of 5 K min™*
in a stream of wet N, (gy = 200 cm® min™Y with different p(H,O) values
(0.1 < p(HO)/kPa < 9.8).
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Fig. 2 TG-DTG curves depicting the thermal dehydration process of CC-DH to form CC-AH recorded at different f§ values in a stream of wet N,
with selected p(H,O) values: (a) 0.8 kPa (mg = 3.01 £+ 0.04 mg), (b) 1.8 kPa (mg = 3.02 + 0.06 mq), (c) 4.2 kPa (mo = 3.03 + 0.05 mq), and (d) 7.5 kPa

(mg = 3.02 £+ 0.04 mq).

of 0.8, 1.8, 4.2, and 7.5 kPa. Across all p(H,O) values, the well-
separated two-step mass loss process via CC-MH was observed
at lower f values. At larger f§ values, an alternative mass loss
step emerged after the first mass loss step, resulting in a
characteristic of a three-step mass loss process. Consequently,
through mathematical deconvolution analysis (MDA)**** using
a statistical function F(¢) (Weibull function eqn (S1), (ESIT) in
this study) depicted in Fig. S1-S4 (ESIt), DTG peaks represent-
ing the overall process was segregated into two or three peaks.

WS F), ©)

where N is the total number of separated peaks (i.e., N = 2 or 3).

Fig. 3 illustrates the typical results of MDA, showcasing two
and three mass loss steps as exemplified by the reactions at
=1 and 10 K min~" at p(H,0) = 4.2 kPa. At § = 1 K min~"
(Fig. 3(a)), two mass loss steps were well separated along the
temperature coordinate. Furthermore, the comparable areas of
these separated peaks suggest a two-step thermal dehydration
of CC-DH to form CC-AH via stable CC-MH (eqn (1) and (2)).
Conversely, at f = 10 K min~" (Fig. 3(b)), the first and second
mass loss steps observed at lower f values overlap, super-
imposed by the shift of the first mass loss step to higher

This journal is © the Owner Societies 2024

temperatures, resulting in an additional mass loss step in the
superimposed region, hence forming a three-step overall pro-
cess. The MDA results for the reactions at various f values at
individual p(H,O) values were shown in Fig. S1-S4 in ESL¥
Fig. 4 depicts variations in the contributions (¢;) of component
step i with f for the reactions at individual p(H,O) values.
Across all p(H,0) values, the contribution of the first mass loss
step (c;) remained steady at approximately 0.5, regardless of f3,
indicating consistent thermal dehydration from CC-DH to CC-
MH (eqn (1)). At higher f values, an alternative mass loss step
emerged at the onset of second mass loss step at lower f values.
The contribution of the newly developed step at larger f§ values
increased with f, whereas the contribution of the original
second mass loss step decreased with increasing S values,
aligning with the three-step mass loss behavior. In addition,
at a fixed high f value (e.g., 10 K min™"), the contribution of the
developed second mass loss step exhibited an increasing trend
with increasing p(H,O). Notably, the well-separated two-step
mass loss behavior was evident at f < 1 K min~ " for p(H,0)
values of 0.8, 1.8, and 7.5 kPa, whereas, at p(H,0) = 4.2 kPa, the
ideal two-step process persisted until f§ reached 3 K min .
Therefore, the variation in the multistep thermal dehydration
behavior is influenced by the combined effects of T'and p(H,0),
which are regulated by the thermodynamic phase relationship

Phys. Chem. Chem. Phys., 2024, 26,18476-18492 | 18479
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Fig. 3 Typical MDA results highlighting the two and three mass loss steps
of the thermal dehydration process of CC-DH at p(H,O) = 4.2 kPa at
different § values: (a) 1 K min~ and (b) 10 K min~™.

between the reactant, intermediate, and final product, as well
as the physico-geometrical kinetic behavior of the component
reaction steps.

Notably, the onset temperature of the developed second
mass loss step observed at higher f§ values was lower than that
of the original second reaction step at lower f values, while
maintaining stoichiometric thermal dehydration from CC-MH
to CC-AH, as typically observed in the TG-DTG curves at
different f values at p(H,O) = 7.5 kPa (Fig. 2(d) and 4(d)).
Consequently, an alternative intermediate hydrate may form
during the developed second reaction step at higher f values.
Molenda et al. reported the formation of a stable intermediate
hydrate, CC-0.3H, during the hydration of CC-AH under linear
cooling at p(H,0) > 5 kPa and the dehydration of CC-DH under
linear heating at p(H,0) > 10 kPa.** This observation was
reconfirmed in our study for the hydration of CC-AH at a
cooling rate of 1 K min~" across various p(H,O) values ranging
from 0.8 to 8.4 kPa, as shown in Fig. S5 (ESIt). A plateau in the
TG curve corresponding to mass change associated with the
formation of CC-0.3H was evident during the hydration of CC-
AH at p(H,O) values exceeding 3.3 kPa. Therefore, the for-
mation of CC-0.3H during the initial stage of the thermal
dehydration of CC-MH could be a contributing factor to the
emergence of the second reaction step at higher atmospheric
p(H,0) values and elevated S values with increased self-
generated p(H,O) at the reaction site. In the context of the
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contracting geometry of thermal dehydration, the particle
surfaces of CC-MH, generated during the first reaction step
by the thermal dehydration of CC-DH, serve as potential sites
for the formation of CC-0.3H temporarily creating a core-shell
structure with a CC-MH core surrounded by a surface layer of
CC-0.3H. Upon further heating, thermal dehydration of CC-
0.3H on the particle surface and CC-MH in the core successively
proceed by the movement of the reaction interface to form CC-
AH in the third reaction step.

3.2 Kinetics of the component reaction steps at different
Pp(H,0) values

The well-defined two-step thermal dehydration of CC-DH to form
CC-AH via CC-MH (eqn (1) and (2)) observed under linear non-
isothermal conditions at lower f3 values, regardless of p(H,O) value,
suggests the feasibility of experimentally tracking the individual
reaction steps separately. This was enabled by employing the two-
step isothermal heating protocol as shown in Fig. S6 (ESIf). A
series of TG-DTG curves representing the first and second reaction
steps of the two-step thermal dehydration of CC-DH to form CC-
AH via CC-MH at different 7 and p(H,O) values are shown in Fig. 5
and 6, respectively. For both the reaction steps, the mass loss
curves at constant 7 values displayed a sigmoidal shape, indepen-
dent of the p(H,O) values. Furthermore, the mass loss curves for
the second reaction step exhibited a detectable IP. These TG-DTG
curves were transformed into the kinetic curves by calculating o
values for the individual reaction steps with reference to the total
mass loss value at each reaction step (i.e., o; and a, for the first and
second reaction steps, respectively).

A series of kinetic curves for each reaction step at various
constant T values, obtained at individual p(H,O) values, were
integrated with those obtained under linear nonisothermal condi-
tions at lower f values using MDA, as shown in Fig. S7 and S8
(ESIT) for the first and second reaction steps, respectively. Subse-
quently, the kinetic curves for each reaction step at individual
Pp(H,0) values, depicted in Fig. S9 and S10 (ESIt) in the 3D kinetic
coordinate of T, o; and In(d«;/df), underwent formal kinetic
analysis according to the basic kinetic equation for a single-step

reaction, disregarding the influence of p(H,0).***¢
dO(i Ea,' .
— =4 —— i), 4
2= tyexp ()l 0

where A, E,, and R represent the Arrhenius preexponential factor,
apparent activation energy, and gas constant, respectively. The
subscript i indicates the corresponding reaction step (i = 1 or 2).
The change in the reaction rate during the progression of the
reaction at a constant temperature is expressed by the kinetic
model function (f(¢)). The logarithmic form of eqn (4) was used for
the formal kinetic analysis comprising the isoconversional and
isothermal analyses.™*
in() = b)) — £ 5)

The 3D kinetic coordinate represented in Fig. S9 and S10
(ESIY) is based on eqn (5), describing the variation in In(do;/dt)
as a function of 7~ and o,.
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Fig. 4 Variation in contribution ¢, of the component mass loss steps with f observed for the thermal dehydration of CC-DH to form CC-AH at individual

p(H,0) values: (a) 0.8, (b) 1.8, (c) 4.2, and (d) 7.5 kPa.

Fig. 7 and 8 illustrate the results of the formal kinetic
analysis at individual p(H,O) values for the first and second
reaction steps in the thermal dehydration process of CC-DH to
form CC-AH via CC-MH, respectively. In the 3D kinetic coordi-
nate (Fig. S9 and S10, ESIY), the isoconversional kinetic rela-
tionship, which describes the dependence of In(do,/dt) on T,
represented by specific two-dimensional (2D) planes perpendi-
cular to the o; axis. According to eqn (5), plotting In(do,/d¢)
against T ' at a fixed o; (i.e., Friedman plot’’) results in a
straight line with the slope of —E, ;/R. In both reaction steps,
the Friedman plots generally exhibited a linear correlation,
regardless of the p(H,O) value; however, a convex feature of
the plot was also observed, particularly evident in plots at a; =
0.5, as depicted in Fig. 7(a) and 8(a). This convex characteristic
was similarly observed at different o; values, as shown in Fig.
S11 and S12 (ESIt). In the first reaction step, the slope of the
Friedman plot at a; = 0.5 systematically increased with raising
p(H,0) value (Fig. 7(a)). Conversely, in the second reaction step,
Friedman plots at a, = 0.5 at higher p(H,O) values of 1.8, 4.2,
and 7.5 kPa exhibited a parallel shift with a slope larger than
that at p(H,O) = 0.8 kPa (Fig. 8(a)). Throughout both reaction
steps, the slope of the Friedman plot at p(H,O) values of 0.8,
1.8, and 4.2 kPa displayed a slight decreasing trend as
the reaction progressed (Fig. S11 and S12, ESIt), whereas an

This journal is © the Owner Societies 2024

increasing trend was observed at p(H,O) = 7.5 kPa. The varia-
tions in the slope of the Friedman plot with «; and p(H,O) were
mirrored by the calculated E,; values at different «; values, as
shown in Fig. 7(b) and 8(b) for the first and second reaction
steps, respectively. Regarding the first reaction step, the E, ;
values exhibited a gradual decrease as the reaction progressed
at p(H,O) values of 0.8, 1.8, and 4.2 kPa. Conversely, at p(H,0) =
7.5 kPa, there was an initial increase in the E, ; value during the
first half of the reaction. The second reaction step exhibited the
similar E, , variation with o, as in the first reaction step at the
corresponding p(H,0) values. However, in both the reaction
steps, the E, ; values were approximately constant in the estab-
lished stage of the reaction at each p(H,O).

Table 1 presents the average E, ; values determined through
the Friedman plots for the established stage of the respective
reaction steps at different p(H,O) values. In the established
stage of the first reaction step, the E,, values systematically
increased with increasing p(H,0), ranging from 116 kJ mol * at
p(H,0) = 0.8 kPa to 285 k] mol " at p(H,0) = 7.5 kPa. Notably,
these E,, values are significantly larger than that reported
previously for the thermal dehydration of CC-DH to form CC-
MH in a stream of dry N, which stood at 72 k] mol~*.*" Such an
increase in the E, value, derived from the basic kinetic equa-
tion, with rising partial pressure of the gaseous product in the
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Fig. 5 TG-DTG curves representing the first reaction step of the two-step thermal dehydration process of CC-DH to form CC-AH via CC-MH (thermal
dehydration of CC-DH to form CC-MH) recorded under isothermal conditions at various constant T values in a stream of wet N, with different p(H,O)

values: (a) 0.8 kPa (mo(CC-DH) = 2.97 + 0.04 mqg), (b) 1.8 kPa (mo(CC-DH) =

(mo(CC-DH) = 3.08 + 0.09 mg).

reaction atmosphere, is a common phenomenon in reversible
thermal decomposition of solids,"* " often seen as a super-
ficial variation caused by the simplified kinetic approach that
neglects the effect of p(H,O). In the second reaction step, the
average E, , value at p(H,0) = 0.8 kPa, that is, 333 k] mol ', was
more than four times larger than that reported previously for
the thermal dehydration of CC-MH to form CC-AH in a stream
of dry Ny, that is, 82 k] mol~".*" The E, , value further rose at
higher p(H,0) values, reaching 628 k] mol ' at p(H,0) =
1.8 kPa, remaining consistently above 500 k] mol '. The
apparent variation in E,, value with p(H,O) value suggests a
more significant influence of p(H,0) on CC-MH dehydration
kinetics to form CC-AH compared to the first reaction step.
Additionally, the unsystematic variation in the E, , value with
P(H,0) highlights the significant influence of self-generated
p(H,0) at the reaction interface, alongside atmospheric p(H,0).

The isothermal kinetic relationship appeared on the specific
2D plane perpendicular to T ' axis in the 3D kinetic coordinate
(Fig. S9 and S10, ESIt) was analyzed at an infinite temperature
using the Ozawa’s generalized time (0) concept.’*° This
involved calculating the hypothetical reaction rate (d«;/d6;) at
infinite temperature at different «; values, which assumed a
constant E, ; value during each reaction step #,”' " that is, the

18482 | Phys. Chem. Chem. Phys., 2024, 26, 18476-18492

3.04 + 0.04 mg), (c) 4.2 kPa (mo(CC-DH) = 3.06 + 0.07 mg), and (d) 7.5 kPa

average E, ; values in the selected o, ranges in each reaction step
at various p(H,0) values listed in Table 1.

dOC,‘ o dO(,' Ea,i _ . .
d_gi = (E) eXp (ﬁ) = AJ,(OC,) with

! Ea‘i
0; = Joexp (_RT) dr

Regardless of p(H,0), the experimental master plots of (do,/
do0,) versus o, for the first reaction step (Fig. 7(c)) displayed the
maximum reaction rate in the first half of the reaction, with the
o, value at the maximum reaction rate increasing systematically
with higher p(H,O0) levels, from o4 = 0.30 at p(H,0) = 0.8 kPa to
o7 = 0.36 at p(H,O) = 7.5 kPa. Notably, although different E, ;
variation trends were observed for the reaction at p(H,0) =
7.5 kPa compared to those at lower p(H,O) values, they did not
so significantly alter the shape of the experimental master plot.
Regarding the second reaction step, the shape of the experi-
mental master plot of (do,/df,) versus «, exhibited the max-
imum reaction rate occurring midway through the reaction at
all p(H,0) values (Fig. 8(c)). However, at p(H,0) = 7.5 kPa, the
shape differed from those at lower p(H,O) values due to the
distinct E, , variation trend as the reaction progressed, unlike

(6)
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Fig. 6 TG-DTG curves representing the second reaction step of the two-step thermal dehydration process of CC-DH to form CC-AH via CC-MH
(thermal dehydration of CC-MH to form CC-AH) recorded under isothermal conditions at various constant T values in a stream of wet N, with different
p(H20) values: (a) 0.8 kPa (mo(CC-DH) = 2.97 + 0.04 mg), (b) 1.8 kPa (Mmo(CC-DH) = 3.04 £+ 0.04 mq), (c) 4.2 kPa (mo(CC-DH) = 3.06 + 0.07 mg), and (d)

7.5 kPa (mo(CC-DH) = 3.08 + 0.09 maq).

reactions at lower p(H,O) values. The «, value at the maximum
reaction rate slightly shifted toward smaller values with increas-
ing p(H,0), that is, from o, = 0.24 at 0.8 kPa to o, = 0.21 at
4.2 kPa, while at p(H,0) = 7.5 kPa, the maximum reaction rate
was observed at «, = 0.44. To formally evaluate 4; values for each
reaction step at individual p(H,O) values according to eqn (6),
the experimental master plot was fitted using an empirical
kinetic model function, that is, Sestdk-Berggren model with
three kinetic exponents: SB(m, n, p).>*>®
S =a"(1 = o) [=In(1 — o)f (7)

By optimizing the kinetic exponents in SB(m;, n;, p;) and A;
value for each reaction step i at various p(H,O) values, the
experimental master plots were nearly perfectly fitted, owing to
the high flexibility of SB(m, n, p) to accommodate various types
of rate behaviors. The optimized kinetic exponents SB(m;, n;, p;)
and 4; values for individual reaction steps i are detailed in
Table 1. The optimized kinetic exponents for individual reac-
tion steps exhibited unsystematic variations with p(H,0) and
should be viewed as empirical values aimed at achieving the
best fit to the experimental master plot. Additionally, the
optimized A; values exhibited certain systematic variation
trends with p(H,0), particularly noticeable in the first reaction

This journal is © the Owner Societies 2024

step, where the optimized A; value systematically increased
with rising p(H,O) values, accompanied by a systematic
increase in the E,; value. The compensative variations in A;
and E,, with p(H,0), including those values previously deter-
mined for the reactions in a stream of dry N,,*' revealed a
general trend known as the kinetic compensation effect (KCE)
(Fig. S13, ESIY): the apparent linear correlation between InA
and E, values determined across a series of chemical reactions,
that is, InA = a + bE,, where a and b are constants.’*°®
Moreover, the A, values for the second reaction step at different
p(H,0) values exhibited unsystematic variation with p(H,0);
however, the variations in A, were accompanied by the com-
pensative variations in E, ,, following an apparent trend of KCE
(Fig. S13, ESIY).

Formal kinetic analyses employing isoconversional and
master plot methods, based on the basic kinetic equation to
elucidate the kinetic behavior as a function of T and «, have
highlighted several important points toward advancing the
understanding of the two-step thermal dehydration process
from CC-DH to form CC-AH via CC-MH. One such insight
concerns the apparent Arrhenius parameters and their varia-
tions with p(H,O) in the individual reaction steps. Both reac-
tion steps of the thermal dehydration process demonstrated
variations in the kinetic behavior with atmospheric p(H,O);
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versus oy.

however, the basic kinetic equation does not consider the effect
of p(H,0). Therefore, the Arrhenius parameters derived from
the formal kinetic approach represent essentially empirical
values, primarily useful for replicating kinetic behavior at a
given p(H,O0) value. Nevertheless, the observed variations in the
apparent Arrhenius parameters with p(H,O) signify distinct
characteristics of the effect of p(H,O) on the kinetics. The
systematic and interrelated variations in A; and E, ; values with
p(H,0) noted in the first reaction step are general trends for the
reversible thermal decomposition of solids. This behavior

18484 | Phys. Chem. Chem. Phys., 2024, 26, 18476-18492
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Fig. 8 Comparison of the formal kinetic analysis results of the second
reaction step of the two-step thermal dehydration process of CC-DH to form
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suggests that the effect of p(H,O) is not limited to 4; but also
extends to E,,, indicating a dependency of the p(H,O) effect
also depends on T. The temperature dependent influence of
p(H,0) is related to the equilibrium water vapor pressure of
each reaction step, Peq (7). Hence, a possible solution involves
integrating an AF comprising both p(H,0) and P.q (7), denotes
as h(p(H,0), Peq (T)), into the basic kinetic equation.">"%°

% = A;exp (_IE;‘;)ﬁ(af)h/ (P(H20), Peq(T)) (8)

Notably, eqn (8) is expected to universally depict the kinetics
of each reaction step across different p(H,O) values as a
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Table 1 Kinetic parameters obtained through the formal kinetic analysis utilizing isoconversional and master plot methods for the first and second
reaction steps in the two-step thermal dehydration process of CC-DH to form CC-AH via CC-MH at individual p(H,O) values

jg; = Agf (o) with fi(a) = (1 — )" [~ In(1 — ;)"

Reaction step i p(H,0)/kPa E, /K] mol* Afs™t m; n; i R>?

1 0.8 116.4 + 8.3,° (1.00 £ 0.02) x 10 —0.96 =+ 0.06 1.20 + 0.02 1.21 + 0.06 0.9997
1.8 164.3 + 12.2,“ (2.06 + 0.02) x 108 —1.11 + 0.09 1.27 + 0.04 1.40 £+ 0.09 0.9994
4.2 223.8 + 15.9,a [5.22 + 0.02) x 10%° —0.17 =+ 0.03 1.01 £ 0.01 0.54 + 0.03 0.9999
7.5 285.1 & 4.0, (4.26 £ 0.06) x 10°* —1.31 £ 0.10 1.30 + 0.04 1.58 + 0.09 0.9994

2 0.8 332.6 + 8.3,¢ (3.02 + 0.07) x 10*2 0.08 + 0.16 0.72 + 0.06 0.18 + 0.16 0.9967
1.8 627.7 £ 27.9,a (3.77 + 0.06) x 10%° 1.52 £+ 0.11 0.45 4+ 0.04 —1.19 + 0.11 0.9992
4.2 522.2 + 45.8,° (2.66 + 0.05) x 10°* 0.73 + 0.17 0.60 + 0.06 —0.49 + 0.17 0.9983
7.5 623.5 + 5.3,6 (4.87 + 0.07) x 107° 0.25 4+ 0.12 0.90 &+ 0.05 0.29 4+ 0.11 0.9988

“ Averaged over 0.2 < a; < 0.9. ? Averaged over 0.3 < a; < 0.9. © Averaged over 0.4 < o; < 0.8. ¢ Determination coefficient of the nonlinear least-

squares analysis.

function of T, a; p(H,O), and Peqy(T). To achieve this ideal
solution, an appropriate AF is required. Recently, we formu-
lated an analytical form for AF with variable exponents (a;, b;)
drawing from theoretical considerations of the surface and
interfacial processes as the respective consecutive/concurrent
processes of various elementary steps.''>"%°

The combination of eqn (8) and (9) has enabled us to
universally characterize the kinetics of reversible thermal dehy-
drations in inorganic hydrates and hydroxides."”™" Similarly,
employing the advanced kinetic approach based on eqn (8) and
(9) proved effective for analyzing the reversible thermal decom-
positions of inorganic carbonates.'*** However, for the second
reaction step, the unsystematic variations in 4, and E, , values
with p(H,0) cannot be adequately explained by eqn (8) and (9).
One possible explanation is the significant influence of self-
generated p(H,O) at the reaction interface due to the physico-
geometrical constraints for the diffusional removal of the water
vapor generated by the reaction. In such scenarios, optimizing
the effective p(H,O) by considering both atmospheric and self-
generated p(H,0) has been suggested as a possible solution to
achieve a universal kinetic description across different 7' and
p(H,0) values."**! Indeed, such a universal kinetic descrip-
tion, considering the effect of p(H,O), represents next crucial
step toward advancing the understanding of the multistep
thermal dehydration process from CC-DH to form CC-AH via
CC-MH. This endeavor necessitates reliable thermodynamic
parameters for CC-DH and CC-MH, in addition to the well-
established parameters for CC-AH,* to calculate Peq(7) for
each reaction step i.

Another consideration pertains to the physico-geometrical
reaction mechanism as described by fi(«;). Fundamentally, the
thermal dehydration reaction initiates on the particle surface,
after which the reaction interface progresses inward, toward the
center of each particle. In cases where the SR occurs promptly,
the rate behavior of overall thermal dehydration, characterized
by a contracting geometry model, demonstrates a deceleration

)

This journal is © the Owner Societies 2024

as the reaction progresses. This is evidenced by the convex and
concaved shapes of decelerating experimental master plots,
representing interfacial reactions controlled by chemical reac-
tion and diffusion, respectively. Unlike the ideal behavior
expected from a contracting geometry-type reaction, both
experimental master plots for the first and second reaction
steps of the two-step thermal dehydration from CC-DH to form
CC-AH via CC-MH displayed the maximum reaction rate mid-
way through each reaction step at a constant temperature
(Fig. 7(c) and 8(c)). Previously, we reported similar experimental
master plots for the partially overlapping two-step thermal
dehydration process from CC-DH to form CC-AH via CC-MH
in a stream of dry N,.>! In that scenario in a stream of dry N,,
the two reaction steps of the thermal dehydration process of
CC-DH to CC-MH and CC-MH to CC-AH occurred through the
successive movements of two reaction interfaces in the same
3D interface shrinkage schemes in each particle, subsequent to
the particle surfaces being covered with the surface product
layer of CC-AH. The rate behavior displaying the maximum
reaction rate midway through each reaction step was explained
by the acceleration of the linear advancement rate of the
reaction interface as the reaction progressed, attributed to the
decrease in p(H,0) at the reaction interface due to the termina-
tion of the other reaction step that partially overlapped with the
subjected reaction. This explanation was corroborated by the
nearly perfect fit of the Galway-Hood model’®”" characterized
by 3D interface shrinkage and an acceleration of the linear
advancement rate of the reaction interface to the experimental
master plots. In contrast to reactions conducted in a stream of
dry N,, the two reaction steps involved in the thermal dehydra-
tion of CC-DH in a stream of wet N, occurred separately in
terms of time and temperature coordinates, under isothermal
and linear nonisothermal conditions, respectively. Conse-
quently, the acceleration of the linear advancement rate of
the reaction interface, attributed to the decrease in p(H,O) at
the reaction interface, could not be anticipated as the factor
behind the maximum reaction rate midway through the reac-
tion at a constant temperature. An alternative physico-
geometrical reaction model that demonstrates the maximum
reaction rate midway through the reaction at a constant
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Fig. 9 Typical fitting results using SR—PBR(3) model for the first reaction step of the two-step thermal dehydration process from CC-DH to form CC-AH
via CC-MH (thermal dehydration of CC-DH to form CC-MH) under isothermal conditions at different p(H,O) values: (a) 0.8, (b) 1.8, (c) 4.2, and (d) 7.5 kPa.

temperature of the contracting geometry reaction could be the
physico-geometrical consecutive SR-PBR model.**® The sig-
moidal mass loss curves observed in both reaction steps at a
constant temperature (Fig. 5 and 6) lend support to the possible
applicability of the SR-PBR model in elucidating the rate
behavior. Additionally, the appearance of IP preceding the
second reaction step of the thermal dehydration process is
generally observed for reactions described by the SR-PBR
model, suggesting potential relevance of the consecutive IP-
SR-PBR model.

3.3 Kinetic modeling based on the IP-SR-PBR(n) models

The physico-geometrical consecutive SR-PBR model, derived
from Mampel’s model,**** describes acceleration and decelera-
tion periods attributed to SR and PBR, respectively. Further-
more, Ogasawara and Koga developed differential kinetic
equations for the consecutive IP-SR-PBR(n) models at a con-
stant temperature, considering assumptions such as zero-order
process for IP, the first-order process for SR, and n-dimensional
interface shrinkage for PBR.** Recently, Favergeon et al. reformu-
lated these kinetic models as surface nucleation and anisotropic
growth models. ** Table S1 (ESIt) provides the differential kinetic
equations for the IP-SR-PBR(n) models. Utilizing these kinetic
equations, the differential kinetic curves for the first and second
reaction steps of the thermal dehydration process from CC-DH to

18486 | Phys. Chem. Chem. Phys., 2024, 26, 18476-18492

form CC-AH via CC-MH at constant temperatures and various
p(H,0) values were fitted using SR-PBR(n) and IP-SR-PBR(n)
models, respectively. This involved optimizing the rate constants
for IP, SR, and PBR(n), that is, kip, ksg, and kpgr(s), through
nonlinear least-squares analysis. Initially, fittings of the SR-
PBR(3) or IP-SR-PBR(3) model were investigated, given the
identification of 3D interface shrinkage for both reaction steps
in a stream of dry N, in our previous research.* Fig. 9 and 10
present typical fitting results for the first and second reaction
steps at various p(H,O) values using SR-PBR(3) and IP-SR-
PBR(3) models, respectively. Regardless of the p(H,O) value,
statistically significant fits of these physico-geometrical consecu-
tive models to the experimental kinetic curves were observed in
both reaction steps. Significantly, the SR-PBR(2) and IP-SR-PBR(2)
models, assuming a 2D interface shrinkage, yielded comparable
fitting results in terms of the determination coefficient (R?)
obtained from the nonlinear least-squares analysis, as shown in
Fig. S14 and S15 (ESIt) for the first and second reaction steps,
respectively. These fitting results suggest a satisfactory description
of the rate behaviors utilizing the physico-geometrical consecutive
processes of SR-PBR and IP-SR-PBR models for the first and
second reaction steps, respectively. Moreover, the similarity in
fitting results between assumptions of PBR(3) and PBR(2) suggests
interface shrinkage with a nonintegral or fractal dimension
between 2 and 3 in both reaction steps.”*”*

This journal is © the Owner Societies 2024
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Fig. 10 Typical fitting results using IP-SR—PBR(3) model for the second reaction step of the two-step thermal dehydration process from CC-DH to form
CC-AH via CC-MH (thermal dehydration of CC-MH to form CC-AH) under isothermal conditions at different p(H,O) values: (a) 0.8, (b) 1.8, (c) 4.2, and (d)

7.5 kPa.

Tables S2 and S3 (ESIt) detail the optimized kp, ksg, and
kppr(n) values at specific temperatures and p(H,O) values, as
determined by the SR-PBR(n) and IP-SR-PBR(7n) models for the
first and second reaction steps, respectively. The temperature
dependence of the rate constants for the individual physico-
geometrical processes at different p(H,O) values in each reac-
tion step was formally analyzed using conventional Arrhenius
plots, without considering the influence of p(H,0).

E,

1nk=lnAfRT

(10)

Fig. 11 and 12 illustrate the Arrhenius plots of the compo-
nent physico-geometrical processes in the SR-PBR(3) and
IP-SR-PBR(3) models for the first and second reaction steps,
respectively. Corresponding plots based on SR-PBR(2) and
IP-SR-PBR(2) models are presented in Fig. S16 and S17 (ESIt).
Each Arrhenius plot exhibited a statistically significant linear
correlation, enabling the determination of the apparent Arrhe-
nius parameters. In the first reaction step of the thermal
dehydration of CC-DH to CC-MH, the slope of the Arrhenius
plots systematically increased with the increasing p(H,O),
regardless of the component physico-geometrical process
(Fig. 11 and Fig. S16, ESIt), consistent with the E,; variation
trend observed in the formal analysis utilizing the Friedman
plot (Fig. 7(b)). In the second reaction step of the thermal

This journal is © the Owner Societies 2024

dehydration of CC-MH to CC-AH, a systematic increase in the slope
of the Arrhenius plot with p(H,O) was generally observed until
P(H;0) = 4.2 kPa, but this trend discontinued at p(H,0) = 7.5 kPa.
This behavior of the second reaction step aligned with the expecta-
tion from the formal analysis using the Friedman plot (Fig. 8(a)).
Table 2 summarizes the apparent Arrhenius parameters for
each physico-geometrical reaction process at different p(H,O)
values for the first and second reaction steps based on SR-
PBR(3) and IP-SR-PBR(3) models. Additionally, counterparts
based on SR-PBR(2) and IP-SR-PBR(2) are presented in Table
S4 (ESIY) for comparison purpose. In the first reaction step, a
systematic increase in the E, ; value with increasing p(H,0) was
observed in both SR and PBR(n) processes, accompanied by a
compensative increase in the InA,; value. While the variations
in the apparent Arrhenius parameters with p(H,O) were more
significant for the second reaction step compared with those in
the first one, the similar compensatory increases in the E, , and
InA, values with increasing p(H,O) were observed across all
physico-geometrical reaction steps in the second reaction
step until p(H,0) = 4.2 kPa; however, these values dropped at
p(H,0) = 7.5 kPa. Notably, the apparent Arrhenius parameters
of individual physico-geometrical reaction processes at varying
Pp(H,0) values, along with their variations with p(H,0), showed
similar trends between those determined using SR-PBR(3) and
SR-PBR(2) models for the first reaction step and IP-SR-PBR(3) and

Phys. Chem. Chem. Phys., 2024, 26,18476-18492 | 18487
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Fig. 11 Arrhenius plots of the individual physico-geometrical reaction
steps for the first reaction step of the two-step thermal dehydration of
CC-DH to form CC-AH via CC-MH (thermal dehydration of CC-DH to
form CC-MH) at different p(H,O) values: (a) SR and (b) PBR(3).

IP-SR-PBR(2) models for the second reaction step. The variations
in these parameters with p(H,O) in each physico-geometrical
reaction process demonstrated a strong mutual correlation
between E, and InA values following the KCE, as illustrated in
Fig. S18 (ESIT) for the series of apparent Arrhenius parameters
determined using the SR-PBR(3) model for the first reaction step
and IP-SR-PBR(3) model for the second reaction step. Of parti-
cular note is the nearly identical slope of the KCE line between
different physico-geometrical processes, with ~0.26 and ~ 0.29 for
the first and second reaction steps, respectively (Fig. S18, ESIt).
These values closely align with those obtained from the apparent
Arrhenius parameters determined through the formal kinetic
analysis (Fig. S13, ESIT). The empirical observations of the KCE
have always been used in investigations on relevant physico-
chemical origins, as well as various artificial origins.>*®® For
example, we recently identified a linear correlation among a series
of apparent InA and E, values for the thermal decomposition of
CaCO; at different CO, partial pressures, as determined through

the extended kinetic approach based on eqn (8) and (9)."**>%®
A S° A,S°
A = (Indim — -2 Epine ) + -2 E,, 11
8 (" T RAHO ‘) *RAHC (1)

where A,H° and A,S° denote the standard enthalpy and entropy
changes of the reaction, respectively, while A;,c and E, i represent
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Fig. 12 Arrhenius plots of the individual physico-geometrical reaction
steps for the second reaction step of the two-step thermal dehydration
of CC-DH to form CC-AH via CC-MH (thermal dehydration of CC-MH to
form CC-AH) at different p(H,O) values: (a) IP, (b) SR, and (c) PBR(3).

the respective constant values, defined as the intrinsic values of A
and E,, respectively. The KCE established for the Arrhenius para-
meters, determined for the reversible thermal decomposition of
solids without considering the effect of the partial pressure of
evolved gas, may hold specific physico-chemical significance that
offers potential insights into the reversible reaction Kkinetics,
though it poses a challenge for future exploration. Independently
of the establishment of KCE, addressing the unexpectedly large
Arrhenius parameters and their variations with p(H,O) values in
the physico-geometrical processes of both reaction steps of ther-
mal dehydration of CC-DH to form CC-AH via CC-MH necessitates
considering the influence of p(H,O) using eqn (8) and (9). This
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Table 2 Apparent Arrhenius parameters for the component physico-geometrical processes involved in the two-step thermal dehydration of CC-DH to
form CC-AH via CC-MH at different p(H,O) values, as determined using the SR-PBR(3) and IP-SR-PBR(3) models

Reaction step i Physico-geometrical process p(H,0)/kPa E, /K] mol " In(4/s ™) —¢
1 SR 0.8 151.2 + 8.4 45.4 £ 2.9 0.9939
1.7 264.7 + 19.4 80.6 £ 6.4 0.9921
4.1 271.5 + 33.9 79.1 + 10.6 0.9923
7.4 295.4 + 46.3 83.4 £ 14.0 0.9651
PBR(3) 0.8 212.1 + 12.1 63.7 £ 4.1 0.9935
1.7 239.3 + 15.8 70.7 £ 5.2 0.9935
4.1 266.9 + 31.6 76.3 £9.9 0.9931
7.4 340.2 + 18.0 95.4 £ 5.4 0.9958
2 1P 0.8 386.2 + 1.6 116.7 £ 0.5 0.9999
1.7 707.6 + 103.1 211.2 £+ 31.6 0.9794
4.2 746.5 + 44.1 216.0 £ 13.1 0.9965
7.5 607.9 £ 73.2 169.7 £+ 21.2 0.9928
SR 0.8 318.8 + 8.8 94.1 £ 2.8 0.9989
1.7 437.4 £ 78.5 127.7 £ 24.1 0.9692
4.2 618.4 £+ 80.6 177.5 £ 23.9 0.9916
7.5 571.3 £ 78.1 159.2 £+ 22.6 0.9908
PBR(3) 0.8 385.2 + 45.8 113.3 £+ 14.4 0.9794
1.7 671.2 £+ 142.9 197.5 + 43.9 0.9575
4.2 678.0 = 64.6 193.3 £ 19.1 0.9955
7.5 430.3 + 454 117.0 £ 13.1 0.9945

“ Correlation coefficient of the linear regression analysis for the Arrhenius plot.

approach requires reliable thermodynamic parameters for all
component compounds involved in the reaction, akin to the
formal kinetic analysis using the isoconversional and master plot
methods.

3.4 Physico-geometrical reaction pathway

The variations observed in the TA curves with p(H,0) and the
kinetic results of the each reaction step and its component
physico-geometrical processes have revealed distinctive char-
acteristics of the multistep thermal dehydration of CC-DH to
form CC-AH via CC-MH in the presence of atmospheric water
vapor. Fig. 13 schematically illustrates the physico-geometrical

at a smaller 8

reaction pathway of this multistep thermal dehydration as
revealed in our study. In the presence of atmospheric water
vapor, direct dehydration of CC-DH surface to CC-AH did not
occur, leading to the characterization of the first reaction step
by the stoichiometric dehydration of CC-DH to form CC-MH.
The first dehydration step proceeded followed a contracting
geometry-type reaction model, displaying sigmoidal mass loss
curves and reaching the maximum reaction rate midway
through the reaction at a constant temperature. The observed
rate behavior, independent of the p(H,O) value, was effectively
captured by the physico-geometrical consecutive SR-PBR(3)
model, underscoring the significant role of SR in the overall
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Fig. 13 Schematic illustration of the physico-geometrical reaction pathway involved in the multistep thermal dehydration of CC-DH to form CC-AH via
CC-MH in the presence of atmospheric water vapor: (a and b) thermal dehydration of CC-DH to CC-MH; (c and d) formation of CC-MH and initiation of
thermal dehydration of CC-MH at a smaller f8; (c" and d') overlapping process of thermal dehydration of CC-DH to CC-MH and of CC-MH to CC-0.3H at
a larger f; and (e and f) thermal dehydration of CC-MH to CC-AH.
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kinetics (Fig. 13(a)) and 3D interface shrinkage with a constant
linear advancement rate of the reaction interface at a constant
temperature (Fig. 13(b), (c), (¢), and (d’)). The consistent linear
advancement rate of the CC-MH-CC-DH interface at a constant
temperature, different from the accelerated linear advancement
rate observed in a stream of dry N,,*" indicates a constant
p(H,0) at the reaction interface during the reaction. In both SR
and PBR(3) processes, the temperature range for the first
reaction step systematically shifted to higher temperatures,
accompanied by a systematic increase in the apparent Arrhe-
nius parameters with increasing p(H,0), demonstrating a gen-
eral trend of KCE. This behavior formally signifies a more
pronounced increase in the reaction rate with the temperature
escalation.

The subsequent process of the thermal dehydration of
intermediate CC-MH was found to vary primarily with f rather
than p(H,O). At a lower f3, this process occurred at well-
separated temperatures from the first reaction step (Fig. S1-
S4, ESIt), proceeding stoichiometrically to form CC-AH
(Fig. 13(d)—(f)). Regardless of p(H,O) value, the second reaction
step under isothermal conditions displayed a noticeable IP.
Under linear nonisothermal conditions, the IP led the reaction
onset to higher temperatures, by which the second reaction
step proceeded at relatively high reaction rates due to the
temperature effect. The mass loss exhibited sigmoidal curves
under isothermal conditions, with maximum reaction rates
occurring midway through the reaction as in the first reaction
step. Consequently, the IP-SR-PBR(3) model satisfactorily
described the process, emphasizing the significant contribu-
tions of IP and SR to 3D shrinkage of the CC-AH-CC-MH
interface proceeding at a constant rate. Compared to the first
reaction step, a greater increase in the apparent Arrhenius
parameters was observed across all physico-geometrical reac-
tion processes at higher p(H,0) values, albeit with unsystematic
variations differing from the first reaction step. The kinetic
results indicated the more significant influence of atmospheric
p(H,0) and the contribution of self-generated p(H,O) to the
second reaction step of the thermal dehydration of CC-MH to
form CC-AH under both isothermal and nonlinear nonisother-
mal conditions at a lower f values.

When the CC-DH sample was subjected to linear nonisother-
mal heating at higher f§ values in the presence of atmospheric
water vapor, a different reaction pathway emerged. Under this
condition, the two observed mass loss steps at lower ff values
became partially overlapped along the temperature coordinate
(Fig. S1-S4, ESIf). An additional mass loss step appeared
between original reaction steps of CC-DH to CC-MH and CC-
MH to CC-AH, initiating at lower temperatures compared to
CC-MH dehydration. This suggested the formation of an inter-
mediate hydrate phase, CC-0.3H. The thermal dehydration of
CC-MH to form CC-0.3H should initiate at the surfaces of the
reacting particle (Fig. 13(c’)). Notably, during this process, the
CC-MH-CC-DH reaction interface of the first reaction step
continued to progress inward toward the center of the reacting
particles, while the CC-0.3H-CC-MH reaction interface served
as the water vapor diffusion path that evolved at the internal
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CC-MH-CC-DH reaction interface and in the state at a high
p(H,0) (Fig. 13(d’)). The formation of stable CC-0.3H was
observed during CC-AH hydration at a high p(H,0) value (Fig.
S5, ESIt). Therefore, self-generated p(H,O) from the overlap-
ping reaction steps likely facilitated the formation of CC-0.3H
intermediate phase during thermal dehydration. The self-
generated p(H,O) decreases in the reacting particles as the first
reaction step proceeds to termination, creating favorable con-
ditions for CC-MH dehydration to form CC-AH. Consequently,
CC-0.3H in the particle shell and CC-MH in the particle core
underwent successive dehydration to form CC-AH in a con-
tracting geometry scheme (Fig. 13(e) and (f)).

4. Conclusions

The thermal dehydration of CC-DH to CC-AH primarily
involved the CC-MH intermediate. However, the actual reaction
pathway of multistep thermal dehydration is further compli-
cated by the physico-geometrical constraints of solid-state
reactions coupled with the evolution of water vapor. Further-
more, because of the reversible dehydration and hydration
nature, the reaction pathways and kinetics of the thermal
dehydration are significantly influenced by atmospheric and
self-generated water vapor.

In a stream of dry N,, thermal dehydration exhibited a
partially overlapping three-step process, as reported in our
previous study.’’ The first reaction step is initiated on the
reactant surface to directly form CC-AH. However, in the
presence of atmospheric water vapor, direct dehydration of
CC-DH to CC-AH was prevented, prompting the first-step reac-
tion to proceed stoichiometrically to form stable CC-MH
instead. This deviation stems from the influence of atmo-
spheric water vapor. In another example, in a stream of dry
N,, the second and third reaction steps of the thermal dehydra-
tion of CC-DH to CC-MH and CC-MH to CC-AH, respectively,
occurred as successive 3D contractions of the respective reac-
tion interfaces by partially overlapping. However, in the
presence of atmospheric water vapor, these reactions occurred
as a well-separated reaction processes along the temperature
coordinate under isothermal and linear nonisothermal condi-
tions at lower f. Enhanced stability of CC-MH on the particle
surface, along with significant IP for the thermal dehydration of
CC-MH due to atmospheric water vapor, accounted for the well-
separated two-step thermal dehydration process from CC-DH to
form CC-AH via CC-MH. Self-generated water vapor signifi-
cantly influences the physico-geometrical reaction pathway,
leading to a shift in the reaction mode from direct thermal
dehydration of CC-DH to CC-AH formation to the formation of
CC-MH intermediate in a stream of dry N,.*" This phenomenon
occurs when the reactant surface becomes coated with CC-AH
product, increasing p(H,0) at the CC-AH-CC-DH reaction inter-
face due to self-generated water vapor. Additionally, a com-
bined effect of atmospheric and self-generated water vapor
contributes to the formation of CC-0.3H intermediate during
CC-DH thermal dehydration of under linear nonisothermal

This journal is © the Owner Societies 2024
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conditions at a high f in the presence of atmospheric water
vapor. CC-0.3H forms on the CC-MH surface when the process
begins midway through the preceding reaction step of CC-DH
thermal dehydration to CC-MH, facilitated by 3D interface shrink-
age. In this scenario, the CC-MH particle surface is exposed to high
p(H,0) due to the self-generated water vapor at the internal
reaction interface and atmospheric water vapor, creating suitable
T and p(H,0) conditions for CC-0.3H formation.

The kinetic behavior of individual reaction steps involved in
the thermal dehydration of CC-DH to CC-MH, described by the
physico-geometrical consecutive SR-PBR(3) model, exhibits a
systematic change with the atmospheric p(H,O). The apparent
Arrhenius parameters increase with atmospheric p(H,O) in
both SR and PBR(3) processes, empirically indicating the
influence of atmospheric water vapor on the kinetic behavior.
Additionally, self-generated p(H,O) affects kinetics, observed in
the second reaction step of CC-DH thermal dehydration to form
CC-MH and the third reaction step of CC-MH to CC-AH in a
stream of dry N,.*! These partially overlapping steps, charac-
terized by 3D interface shrinkage, show accelerated linear
advancement rates attributed to gradual reduction of p(H,O)
at the reaction interfaces as the preceding steps progresses to
terminate. A combined effect of atmospheric and self-generated
p(H,0) on the kinetics is expected in the thermal dehydration
of CC-MH to CC-AH in the presence of atmospheric water
vapor, evidenced by unsystematic variations in apparent Arrhe-
nius parameters with p(H,O0).

This study, examining the thermal dehydration of CC-DH in
the presence of atmospheric water vapor, combined with the
results of a previous study in a stream of dry N,,*" highlights
the significant impact of atmospheric and self-generated water
vapor on both the physico-geometrical reaction pathway and
kinetics. Notably, these effects manifest specifically in indivi-
dual reaction steps and their component physico-geometrical
reaction processes, such as IP, SR, and PBR. Therefore, con-
sideration of atmospheric and self-generated p(H,O) is essen-
tial in kinetic modeling of multistep thermal dehydration of
inorganic hydrates that exhibit reversible dehydration-hydra-
tion properties. Reliable thermodynamic parameters for each
compound and reaction step are necessary for rigorous model-
ing of the reaction pathway and kinetics. At the same time,
empirical observation of KCE in the apparent Arrhenius para-
meters determined at different p(H,O) values in each reaction
steps and physico-geometrical process warrants further inves-
tigation for its relevance to intrinsic kinetic behavior and
practical applicability in formal kinetic descriptions across
different T and p(H,O) values.
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