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ABSTRACT: The impact that product gas in the reaction atmosphere has on the kinetics of the
thermal decomposition of inorganic solids is an outstanding issue that requires a solution to
understand the reactions in a solid-gas system. Among a variety of kinetic phenomena induced by
atmospheric gas, the restraining effect of the overall reaction rate with increasing partial pressure of
the product gas in the reaction atmosphere is the most widely observed phenomenon. In this study,
we describe the universal kinetics of the thermal decomposition of solids over different
temperatures and partial pressures of the gas, as exemplified by the thermal decomposition of
Cu(OH),. Universal kinetic descriptions were enabled by introducing an accommodation function,
with respect to atmospheric water vapor pressure, into the fundamental kinetic equation for solid-
state reactions. The thermoanalytical curves as measured systematically under different
temperatures and water vapor pressure conditions were kinetically analyzed in a step-by-step
manner to attain kinetic modeling of the physico-geometrical consecutive process that comprises
the induction period, surface reaction, and phase boundary-controlled reaction. The impact that
atmospheric water vapor has on the kinetics of each physico-geometrical reaction step was
separately evaluated using the universal kinetic approach.

1. INTRODUCTION

The thermal decomposition of solids, for example, A(s) 2 B(s) + C(g), is characterized by specific
heterogeneous features attributed to the physico-geometrical events that occur during the reaction
site formation via nucleation on the surface of reactant solid, A(s), and the advancement of an as-
produced reaction interface recognized as a zone of locally enhanced reactivity."™ Product gas C(g)
removal by diffusion from the reacting site via the solid product B(s) surface layer and gas desorption
from the reacting solid surface are also relevant physicochemical events that control the overall
reaction rate. Crystal growth of B(s) in the as-produced surface product layer controls gaseous
product diffusion path formation. The intensive parameters, including temperature and pressure,
affect each component step of the physico-geometrical reaction differently, and the overall reaction
rate varies in a complex reaction system. One such parameter that controls the overall kinetics of
the thermal decomposition of solids is the partial pressure of the product gas, p(C(g)), in the reaction
atmosphere, which has been extensively investigated since the early 20" century.’

Previous studies have reported a variety of kinetic phenomena induced by p(C(g)) effects, mainly for
thermal dehydration and decarbonation reactions. The effects include deceleration interpreted as a

normal effect with respect to chemical equilibrium for the reversible reaction,®® acceleration via

17-25

the catalytic effects, opposite effects from two product gases on the overall rate,***® and the



fluctuation of the overall reaction rate with p(C(g)) that appears as a combined effect of deceleration
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and acceleration, which is typically known as the Smith — Topley effect that has been observed

for the thermal dehydration of crystalline hydrates.*

The restraining effect that partial pressure of the product gas p(C(g)) has on the overall reaction rate
of thermal decomposition, which is the most widely observed phenomenon,®™® has been subjected
to rigorous kinetic description. The introduction of an accommodation function (AF) into the

>33 is one possible way to formulate the

fundamental kinetic equation for solid-state reactions
kinetic equation that universally describes kinetic behavior at different temperature conditions and

p(C(g)) values:

& = Aexp (—22) f(@a (p(C@), Peg (D) (1)

where a is the fractional reaction; A and E a are the apparent preexponential factor and activation
energy, respectively; R is the gas constant; and f(a) is the kinetic model function derived by
considering the physico-geometry of the reaction to describe changes in the overall reaction rate as
the reaction advances. The AF, a(p(C(g)),Peq(T)), is a function of p(C(g)) and the equilibrium pressure
Peq(T) of reversible thermal decomposition. Among the various functional forms of the AF proposed

683679 the form expressed by eq 2 is the most widely used to account for the
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in previous studies,
impact of p(C(g)) on the overall reaction rate:

a(p(C@®), Peg(T)) =1 - % )

The AF in eq 2 corrects the overall reaction rate by considering the ratio of p(C(g)) with respect to P
eq (T). The AF was originally derived by considering the contribution that the reverse reaction has to
the overall reaction.6 Several studies have lately rederived this function by formulating different
kinetic models, which include gas absorption on the intermediate layer,’ gas diffusion through the
surface product layer,'! and active solid product formation.*® The same function was also derived
through the kinetic description of the overall reaction based on the transition state theory.”
Possible distortions of E, and its variation as a reaction advances were recently simulated on the
basis of the kinetic equation (eq 1) with the AF in eq 2.”*

A previous study has demonstrated the usefulness of the kinetic equation with the AF in eq 2 for the
thermal decomposition of CaCO0;,* in which nearly identical values for E, values were obtained for
the reactions at different partial pressures of CO,, p(CO,), using the non-isothermal single run
method by introducing eq 2. However, the study also found that Arrhenius-type plots for reactions
at different p(CO,) values shift systematically along reciprocal temperature coordinates with p(CO,)
values, which indicates the occurrence of individual linear correlations with different intercepts.*
Therefore, the kinetic equation (eq 1), combined with the AF in eq 2, is not capable of universal
kinetic description for reactions at different p(CO,) values. The universal kinetic description that
covers kinetic behavior at different p(C(g)) is strongly desired to obtain a more detailed
understanding of kinetics in connection with the mechanistic features of heterogeneous reactions.
Recently, we derived an alternative AF that enables the universal kinetic description of the thermal
decomposition of metal hydroxides at different water vapor pressures, p(H,0), through the
theoretical consideration of elementary steps of nucleation and interfacial reaction, in which we



applied the rate-limiting step approximation; i.e., a selected elementary step regulates the overall
reaction rate, while other elementary steps are at an equilibrium condition.”’

a (p(t;0), Pug(D) = [ [1 - (M)b] ®)

p(H;0) Peq(T)

where Py, is the standard pressure, which is introduced to express all pressure terms in the same
unit. The product of two p(H,0) related parts expresses the analytical form of this AF, i.e,,
[Po/p(H,0)]? and 1—(p(H20)/Peq(T))b. The exponents (a,b) in eq 3 describe the specific features of the
impact that p(H,0) has on the reaction kinetics. When (a,b) = (0,1), eq 3 is equivalent to eq 2. When
the second part of the AF, 1—(p(H20)/Peq(T))b, is unity, the kinetic equation (eq 1) with the AF in eq 3
is formal kinetic equation that considers the p(H,0) as the inhibitor. The effectiveness of the kinetic
equation (eq 1), together with the AF in eq 3, has been critically examined through stepwise kinetic
analyses of thermal decomposition of Ca(OH), using systematically measured mass-loss curves at
different heating conditions when exposed to different, but controlled, p(H,0) values.”’

The isothermal decomposition of Ca(OH), in the presence of atmospheric water vapor was
characterized by a significant induction period (IP) and subsequent sigmoidal mass-loss behavior.
Increasing the p(H,0) systematically reduced the reaction rate in both the IP and mass-loss
processes. A universal kinetic approach to reactions at different temperature profiles over different
p(H,0) conditions was established through formal kinetic calculations using the Arrhenius- and
Friedman-type plots applied to the IP and mass-loss process, respectively, in which the impact that
p(H,0) has on the reaction rate was evaluated by the exponents, (a,b), in eq 3. Furthermore,
reactions exposed to isothermal conditions were analyzed on the basis of the physico-geometrical
consecutive model that comprises the IP, surface reaction (SR), and phase-boundary-controlled
reaction (PBR). The impact that p(H,0) has on each physico-geometrical step was separately
evaluated by applying the AF in eq 3 to the Arrhenius plot. The universal kinetic approach may yield
further insights into reaction kinetics in solid-gas systems. This may be achieved by collecting the
results of universal kinetic approaches for a series of reactions to classify correlation patterns among
the kinetic parameters, including the exponents (a,b), and these variation trends as the reaction step
advances.

We recently reported® that thermal decomposition of Cu(OH), in flowing dry N, gas is kinetically
characterized by the physico-geometrical consecutive process described in the IP-SR-PBR model,
followed by the appearance of a reaction tail as trapped water molecules evolved with gradual
crystal growth in the solid product, i.e., CuO. This reaction process allows us to study the impact that
p(H,0) has on each reaction step in the consecutive IP-SR-PBR model. Since thermal decomposition
of Cu(OH), and basic copper(ll) compounds are the most likely method to control CuO synthesis with

171820264956 \ye expect that an increased

the desired morphologies and microstructures,
understanding of the effect that atmospheric p(H,0) has on reaction kinetics, in correlation with the
physico-geometrical mechanisms, will provide important information for sophisticated material
processing design. In this study, the thermal decomposition of Cu(OH), was systematically traced
under various temperature and p(H,0) conditions. The applicability of the universal kinetic approach
to the current reaction was investigated in comparison with kinetic results obtained with the
conventional kinetic calculations. The mutual relationships among the kinetic parameters

determined for each reaction step via the universal kinetic approach, and these variation patterns as



the physico-geometrical step advanced, are discussed in connection with the impacts of atmospheric
p(H,0) and the physico-geometrical reaction mechanisms. Then, the universal view of the kinetic
features of thermal decomposition of Cu(OH), over different temperature and p(H,0) conditions is
summarized in comparison with previously obtained kinetic results for the thermal decomposition of
Ca(OH),."

2. EXPERIMENTAL SECTION

2.1. Sample Characteristics. The Cu(OH), sample used in this study is the identical sample used in
our previous study for the kinetic analysis of thermal decomposition exposed to a dry N, gas flow,*
which was prepared by titrating an ammoniacal solution of CuSO, with a NaOH solution as described
in detail in section S1 of the Supporting Information. In our previous study, we reported sample
characterizations using powder X-ray diffractometry (XRD), Fourier-transform infrared spectroscopy
(FT-IR), and simultaneous thermogravimetry (TG) - differential thermal analysis (DTA)
measurement.”® Morphological characteristics of sample particles have also been analyzed via
microscopic observations using scanning electron microscopy (SEM), as well as with the
Brunauer-Emmett-Teller (BET) single point method to determine a specific surface area. The sample
was an agglomerate of needle-like crystals with a range in length of approximately 3-5 um and a
specific surface area of 5.2840.03 m* g™*. The XRD pattern was in agreement with that previously
reported for Cu(OH), (orthorhombic, S.G.=Cmc2,(36), a=2.9471, b=10.5930, c=5.2564, ICDD-PDF 01-
080-0656).>"*® Only absorption peaks attributed to O-H stretching vibration and Cu-O-H bond were
observed in the FT-IR spectrum. Upon sample heating in an inert gas atmosphere, the sample
transformed to CuO via thermal decomposition: Cu(OH),(s)2CuO(s)+H,0(g). The observed total
mass loss, i.e., 18.67+0.19%, corresponds to that calculated according to the chemical equation
above.

2.2. Kinetic Data Measurement at Different Water Vapor Pressures. TG - derivative TG (DTG)
measurements for the sample in a flowing N,-H,0 mixed gas, with various, but controlled, p(H,0)
values, were performed using a TG — DTA Instruments (Thermoplus TG-8120, Rigaku) equipped with
a humidity controller (HUM-1, Rigaku).”® Approximately 3.00 mg samples were weighed into a
platinum sample pan that is 5 mm in diameter and 2.5 mm in height. The weighed sample was
placed in the TG-DTA Instruments and heated at a heating rate, B, of 5 K min™ to a temperature
between 323 and 343 K in flowing dry N, gas at a rate of 400 cm® min~". Immediately after the
sample temperature reached the predetermined temperature, the flowing gas was switched to an
N,-H,0 mixed gas with a controlled p(H,0) value between 0.14 and 15.5 kPa. The measurement
system was stabilized for 30 min by holding the sample temperature at the temperature in the fl
owing N,-H,0 mixed gas at a rate of 400 cm® min™". The sample was then further heated to 873 K at
B =5 K min~' to record TG-DTG curves in the flowing N,-H,O mixed gas with controlled p(H,0)
values.

By selecting three different p(H,0) values in the flowing N,-H,0 mixed gas, i.e., approximately 0.14,
1.04, and 9.59 kPa, TG-DTG measurements for the sample (initial mass mq : approximately 3.00 mg)
were performed under isothermal and linear non-isothermal conditions to collect a series of kinetic
data at each p(H,0) value. After the measurement system was stable between a temperature range
of 323 and 343 K in the flowing N,-H,0 mixed gas with controlled p(H,0) values (flow rate: 400 cm?
min~"), the sample was heated at B = 5 K min~" to various predetermined temperatures. The sample



temperature was held at those temperatures to record a series of TG-DTG curves at different
constant temperatures in the flowing N,-H,0 mixed gas with controlled p(H,0) values.

Similarly, a series of TG-DTG curves exposed to linear non-isothermal conditions were recorded by
heating the sample to 873 K at different B values (0.5 < B /K min™ < 5). In several TG-DTG
measurements under isothermal and linear non-isothermal conditions in flowing N,-H,O mixed gas,
the measurement was stopped midway through the mass-loss process. The sample was then
immediately cooled to room temperature in flowing dry N,. The recovered sample was coated with a
thin platinum layer by sputtering (JFC-1600, JEOL; 30 mA, 30 s), and the morphology of the partially
decomposed sample was observed under an SEM (JSM-6510, JEOL).

3. RESULTS AND DISCUSSION

3.1. Impact of Atmospheric Water Vapor. Figure S1 in Supporting Information reports typical
TG-DTG curves recorded in flowing N,-H,0 mixed gas. The major mass-loss process occurred in a
narrow temperature range that began at approximately 420 K, followed by a long reaction tail that
continued to approximately 600 K. The comparable reaction behavior was observed for the same
sample in flowing dry N, gas in our previous study.*® The major mass-loss process covered more than
90% of the total mass-loss value. Crystal growth of the CuO product accompanied mass loss during
the reaction tail, which suggests the evolution of trapped water in micropores and grain boundaries
within poorly crystalline CuO.

Figure 1 reports the typical isothermal mass-loss behavior in flowing N,-H,0 mixed gas characterized
by different p(H,0) values. After the sample attained the predetermined reaction temperature at
time zero, an IP was clearly observed prior to the detection of mass loss (Figure 1a). The mass-loss
curve corresponding to the major mass-loss process exhibited a sigmoidal shape, which indicates a
maximum mass-loss rate midway through the mass-loss process. The total mass-loss value under
isothermal conditions corresponded approximately to that of the major mass-loss process shown by
the TG-DTG curves recorded under non-isothermal conditions. The overall mass-loss behavior under
isothermal conditions is abstractly comparable with that reported for reactions performed in flowing
dry N, gas.”® Focusing on the mass-loss behavior at a selected temperature in flowing N,-H,0 mixed
gas characterized by different p(H,0) values (Figure 1b,c), the larger retardation effect on both
chemical processes appeared as IP and mass-loss processes were observed with increasing p(H,0)
values. The retardation effect that atmospheric water vapor has on the mass-loss process under
non-isothermal conditions occurred with a systematic shift in the TG-DTG curves to higher
temperatures with increasing p(H,0), as shown in Figure 2. Detectable change in curve shape
accompanied the shifts in TG-DTG curves (Figure 2a), which was quantitatively evaluated by
monitoring the changes in the extrapolated onset temperature, T,,, and peak temperature, T,, and
peak height at T, in the DTG curve (Figure 2b). The temperature difference between T, and T,
initially decreased in the lower p(H,0) region and subsequently increased with p(H,0) values, which
was compensated by accompanying changes in the peak height at T,. The observed changes in the
mass-loss behavior with p(H,0) are different from our previous results for the thermal
decomposition of Ca(OH),,*" for which the non-isothermal mass-loss curves shifted to higher
temperatures accompanied by a systematic increase in the DTG peak height with increasing p(H,0).
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Figure 1. Specific features of isothermal mass-loss behavior of the thermal decomposition of Cu(OH), in flowing N,-H,0 mixed gas: (a)
TG-DTG curves recorded at 390 K at p(H,0) = 1.04 kPa, (b) a comparison of TG curves recorded at 383 K under p(H,0) = 0.14 and 1.04
kPa, and (c) a comparison of TG curves recorded at 396 K under p(H,0) = 1.04 and 9.59 kPa.

A normal effect with respect to chemical equilibrium for the reversible reaction can explain the
observed changes in the reaction behavior that depend on the p(H,0) value:

Cu(OH),(s) 2 CuO(s) + H,0(g) (4)

Figure S2 shows the equilibrium water vapor pressure, Pey(T), at different temperatures, which was
calculated using a thermodynamic database (MALT2, Kagaku Gijutsu-Sha),**® together with the (T,
p(H,0)) region applied to the TG-DTG measurements to obtain the kinetic data. The atmospheric
p(H,0) is lower than the P.4(T) during the course of the reaction. However, the relative intensity of
p(H,0) with respect to P4(T) varies with reaction temperature during isothermal measurements at a
selected p(H,0) and with the applied p(H,O) during measurements at a selected reaction
temperature. In the non-isothermal measurements, the p(H,0)/Py(T) ratio varies depending on
p(H,0) and B, as well as reaction advancement. If the variation in the p(H,0)/P,(T) ratio is the major
cause of systematic changes in the TG-DTG curves, this variation can either be explained by the
second component in the AF of eq 3, 1—(p(H20)/Peq(T))b, or the conventional AF in eq 2. If the
P(H20)/Peq(T) ratio is small and the b value is large, the second component in the AF of eq 3 is
approximated to be unity.

Then, the kinetic equation with the first component in the AF of eq 3, [Po/p(H;0)]?, becomes similar
to the homogeneous kinetic equation considering the effect of the inhibitor.

Figure S3 illustrates the morphological changes in the sample particles during thermal
decomposition with the presence of atmospheric water vapor. No distinguishable change in particle
dimension and surface texture was detected during the IP (Figure S3a). The original needle-like
crystals were cleaved in the length direction and branched during the major mass-loss process under
isothermal conditions (Figure S3b,c), and each branch constricted in an approximately regular
interval at the end of the major mass-loss process (Figure S3d). These textural changes are nearly
identical with those observed in flowing dry N, gas.*”® Distinguishable textural differences between



decomposed samples in flowing dry N, and N,—H,0 mixed gas appeared during the reaction tail and
for the final CuO product. In flowing N,-H,0 mixed gas, the surfaces of the constricted needle-like
crystals, which were produced at the end of the major mass-loss process, yielded smooth surfaces
during the reaction tail (Figure S3e), and needle-like crystals changed to linearly concatenated
spherical crystal bodies when heated to 873 K (Figure S3f). Textural changes in the reacting sample
and solid product during the reaction tail indicate the enhancement of sintering and CuO crystal
growth induced by atmospheric water vapor.

3.2. Kinetics of the Induction Period at Different Water Vapor Pressures. Figure 3 shows the
isothermal mass-loss curves for the thermal decomposition of Cu(OH), sample at different
temperatures in flowing N,-H,0 mixed gas with different p(H,0) values. To record a comparable
series of isothermal mass-loss curves at different p(H,0) values, the measurement temperature
range was slightly shifted to higher temperatures with increasing p(H,0) values. In each series of
mass-loss curves at selected p(H,0) values, the duration of the IP, t;;, was systematically prolonged
with decreasing reaction temperatures. The t, value was obtained from the isothermal mass-loss
curves based on an empirical definition, i.e., from the time at which the sample temperature
attained the programmed constant temperature to the time at which the curve indicated a mass-
loss value of 0.15% with respect to the initial sample mass, mq. Figure 4 illustrates the changes in the
t,p value with temperature for the IP processes at different p(H,0) values. An exponential increase in
tp value with decreasing temperature for the IP process under selected p(H,0) value is clearly
observed, together with a systematic increase in t;, values at a selected temperature with increasing
p(H,0) values.
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Figure 2. Changes in the mass-loss behavior under non-isothermal conditions depending on the p(H,0) value in the reaction
atmosphere: (a) TG-DTG curves recorded at 5 K min~ at different p(H,0) values and (b) changes in the extrapolated onset temperature
(Teo), peak temperature (T;), and peak height at T, in the DTG curves depending on the p(H,0) value.

The reciprocal of t, has been interpreted as the average reaction rate of the IP process. Therefore,
eq 1 is applicable by assuming a zero-order process where f(a) = 1. Since the fractional conversion
of the IP process, at which the conversion rate is equivalent to the averaged rate, tp ", can be
constant for the IP process at different temperatures and p(H,0) values, eq 1 can be applied to an

48,56,62 — 66

isoconversional plot in a differential form. By taking the logarithms of eq 1 after substituting



the conversion rate from the reciprocal of t;;, the Arrhenius-type plot for the IP process is examined
based on the following equation:

In L
tIP'a(p(HZO):Peq(T)

)] = In[Apf (arp)] — E;;P (5)
where a5, Ajp, and E, p are the fractional conversion, preexponential factor, and apparent activation
energy for the IP process, respectively. The fundamental kinetic equation that assumes
a(p(H20),P,(T)) = 1 is applicable only to processes not influenced by atmospheric water vapor or for
kinetic data recorded when exposed to negligible water vapor conditions.

Since tjp variation depends on the p(H,0) value, as well as temperature, we are unable to obtain a
universal kinetic description for the IP process by applying the fundamental kinetic equation. A trial
application of the fundamental kinetic equation to the IP process at different temperatures and
p(H,0) values resulted in individual Arrhenius-type plots for the processes at respective p(H,0)
values, as is shown in Figure S4. The slope of the Arrhenius plot decreased with increasing p(H,0)
values, which was accompanied by a compensatory decrease in the intercept. Variations in the
conventional Arrhenius plot, when applied to the IP process, indicate trends that are completely
opposite of those previously reported for the IP process during the thermal decomposition of
Ca(OH), at various p(H,0) values,” in spite of the similar retardation effect that p(H,0) has on the IP
processes. Table S1 lists the apparent Arrhenius parameters determined for the IP processes of the
thermal decomposition of Cu(OH), at each p(H,0) value. The apparent Arrhenius parameters
determined for the processes at different p(H,0) values indicate the compensatory variations
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between E,» and In Aj, otherwise known as the kinetic compensation effect (KCE),
linear correlation observed between the experimentally determined E, and In A values. The decrease
in the apparent A, value as atmospheric p(H,0) increases reasonably explains retardation of the IP
process due to atmospheric p(H,0), but the decrease in the apparent E, jp value is the opposite of the
actual variation in kinetic behavior. Thus, the variation in the apparent Arrhenius parameters with
p(H,0) values, determined by the conventional Arrhenius plot without considering the p(H,0) effect,
can be interpreted as variations induced by effects from p(H,0) on the preexponential factor.
Variations in apparent E, » values result as a consequence of the KCE. Therefore, the introduction of
an appropriate AF, a(p(H,0),P«,(T)), is necessary to universally describe the kinetics of the IP process
during the thermal decomposition of Cu(OH), at various p(H,0) conditions. We can possibly aid
primary examinations by introducing the AF from eq 2 into eq 5, which is widely used for the
empirical kinetic analysis of thermal decomposition of solids at various partial pressures of the
product gas. However, this examination was not necessarily successful and resulted in no dramatic
improvements to the conventional Arrhenius-type plot that was empirically analyzed without
considering p(H,0) effects. The modified Arrhenius-type plot that accompanied the AF in eq 2 also
exhibited different linear correlations for the IP processes at different p(H,0) values, as shown in
Figure S5. Table S1 also lists the apparent Arrhenius parameters determined from the modified
Arrhenius plot for the IP processes at each p(H,0) value. The apparent Arrhenius parameters
decreased with increasing p(H,0) values. Although the apparent Arrhenius parameters for the IP
processes at p(H,0) values of 0.14 and 1.04 kPa were nearly identical with those determined by the
conventional Arrhenius-type plot, we observed statistically significant decreases in both apparent
Arrhenius parameters when compared with those determined using a conventional Arrhenius-type
plot for the IP process at p(H,0) = 9.59 kPa. The difference in the variation of the apparent Arrhenius



parameters with respect to those determined by the conventional Arrhenius-type plot at each
p(H,0) value is a different contribution of the AF in eq 2. The value in eq 2 is approximately unity for
all data points at different temperatures in IP processes at p(H,0) values of 0.14 and 1.04 kPa. In
contrast, the value changes from approximately 0.70 to 0.85 when increasing the temperature from
384 to 403 K for the IP process at p(H,0) = 9.59 kPa. Thus, the AF in eq 2 does not explain the change
in the kinetics of the IP process with p(H,0) values below the lower p(H,0) region and does not
enable universal kinetic descriptions at various p(H,0) conditions.

o min

[(cdimddiyiom | /%

T T
200 300
time / min

(b} R
| A -
\ T 3| =
U i —— 376 —— 383 —— 390 | 06 £
W\ 398 389 &
] =
- B - =
= 64\ =
= -124 2
2 B . ; )
&= 0 100 200 300 400 s500 0=
time / min

0.0

=
b
1

0.4
06
0.8

W min

[(dem/drVm, | /@

(Amim ) [ Y

A ——— e —
1] 50 100 150 200 250 300
time [ min
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When we introduce the AF in eq 3 into eq 5 as a novel kinetic approach to IP processes at various
p(H,0) conditions, the exponents (a,b) in eq 3 should be determined by examining the modified
Arrhenius-type plot. In practical kinetic analyses of IP processes at different p(H,0) values, the (a,b)
values that yield the best linear correlations in the modified Arrhenius-type plot, including all data
points at different temperature and p(H,0) conditions, were optimized using the
Levenberg-Marquardt algorithm. Figure 5 shows the modified Arrhenius-type plot with the AF in eq
3. By setting exponents (a,b) to (0.42,12.85), a single Arrhenius-type plot can describe all data points
of IP processes with a statistically significant correlation coefficient derived from linear regression



analysis (y=-0.9830). The exponents, (0.42,12.85), explain the characteristics of the effect that
p(H,0) has on the IP process. We normally do not expect such a large b value, i.e., 12.85, based on
the theoretical examination of surface nucleation processes to derive the AF in eq 3.*’ In practice,
the second component in eq 3, i.e,, 1—(p(H20)/Peq(T))b, approaches unity as the b value increases,
which is due to p(H,0)/Pe,(T)<1, as illustrated in Figure S2. Therefore, the first component in eq 3,
i.e., [Po/p(H-0))° where a=0.42, describes the effect that p(H,0) has on the kinetics of IP process,.
The kinetic expression with [Po/p(H,0)]® as the AF in eq 1 is superficially identical to that for the
chemical process influenced by the inhibitor. On the basis of the modified Arrhenius-type plot
illustrated in Figure 5, the apparent Arrhenius parameters (E,; /kJ mol™, In[Apf(a)/s™]) were
determined to be (243.3+12.6, 66.1+3.9). The kinetic parameters, including the exponents (a,b) in
the AF, universally describe the IP process of the thermal decomposition of Cu(OH), at different
temperatures under various p(H,0) values.

3.3. Kinetics of the Mass-Loss Process at Different Water Vapor Pressures. Figure 6 shows TG-DTG
curves for the thermal decomposition of the Cu(OH), sample recorded at different B and p(H,0)
values, which were used for kinetic calculations of the mass-loss process, together with those
recorded under isothermal conditions (Figure 3). The major mass-loss process before the
distinguishable reaction tail was subjected to the kinetic study. TG-DTG curves recorded under
isothermal and nonisothermal conditions were transferred to the kinetic curves that comprise data
points (t, T, da/dt, a) by defining the fractional reaction a with respect to the total mass-loss value
during the major mass-loss process. Application of the differential isoconversional method, which
evaluates the kinetic characteristics of the reaction by focusing on the dependence of the reaction
rate on temperature at a selected a value, is one possible way to simultaneously analyze the mass-
loss processes under isothermal and non-isothermal conditions. We derive eq 6 by taking the
logarithms of eq 1.

da 1 E
In|(—)-— ]| =1n[4 _ L 6
n[(dt) a(P(HZO),Peq(T))] nlAf (@)l =27 (6)
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Figure 5. Universal Arrhenius-type plot based on eq 5 for the IP process of the thermal decomposition of Cu(OH), over different p(H,0)
values, obtained by introducing the AF in eq 3.
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If we assume that a(p(H,0),P.4(T)) is unity, as in conventional kinetic analysis, the plot of In(do/dt)
versus T for the data points at a selected a, extracted from the series of kinetic curves, should
yield a straight line with a slope of -E./R, which is the conventional Friedman plot.75 As a
preliminary kinetic approach to the mass-loss process, the series of isothermal and non-isothermal
kinetic curves for the mass-loss process at a given p(H,0) value was analyzed by applying the
conventional Friedman plot without considering effects from p(H,0). Figure S6 reports the
conventional Friedman plots at different a for the mass-loss processes at different p(H,0) values,
and Figure 7 compares the results of the kinetic analysis among the processes at different p(H,0)
values. The Friedman plots for each kinetic curve series at a given p(H,0) value exhibited statistically
significant linear correlations with correlation coefficients, y , better than -0.99, regardless of the
value of a (Figure S6). The slope of the Friedman plots was approximately constant at different a.

These features in the Friedman plot were observed for all kinetic curve series at different p(H,0)
values. By comparing the Friedman plots at a fixed a among the kinetic curve series at different
p(H,0) values, we observe a parallel translation in the linear correlation to higher temperatures with
increasing p(H,0) values without significant changes in the slope (Figure 7a). A decrease in the
intercept of the plot accompanied this translation in the Friedman plot. The E, values, at different q,
calculated from the slope in the Friedman plots were approximately constant for each kinetic curve
series recorded at a given p(H,0) value. In the a range from 0.20 to 0.80, the E, values for reactions
at different p(H,0) values nearly converged to values in an approximate range of 140-155 kJ mol™,
which overlaps the range of standard deviation for each E, value.

On the basis of the approximation that the mass-loss process at each p(H,0) condition is described
by the constant E, value during the course of a reaction, we reproduced the rate behaviors, which
correspond to the change in reaction rate as the reaction advances, by projecting the reaction rate



at the real temperature to infinite temperature. At a given a, the hypothetical reaction rate, da/d6,

at infinite temperature can be calculated according to the following equation.”® %

(@)= (@er (@) =ar@ win o= fexp(-3) )

8182 which denotes the hypothetical reaction time at infinite

where 6 is Ozawa’s generalized time,
temperature. The average E, value in the a range from 0.2 to 0.8, calculated from the slope in the
Friedman plots, was used to calculate the (da/d6) value at each a. According to eq 7, the
relationship between (da/d8) and a can be used as an experimental master plot by correlating
(do/dB) and f(a) with reduced values and normalizing those values with reference to the respective

values at a = 0.5, i.e., (da/d8)os and (0.5):7%%°

(da/d8) _f (a)
(da/dB8)os  f(0.5)

(8)

There is a close resemblance between the experimental master plots drawn for the mass-loss
process at different p(H,0) conditions (Figure 7c), from which we expected a less significant
influence of atmospheric p(H,0) on changes in reaction rate behavior as the reaction advances. The
experimental master plots exhibit a maximum (da/d6) value midway through the reaction, as
expected from the sigmoidal mass-loss curves recorded under isothermal conditions (Figures 1 and
3). Furthermore, the apparent A values were evaluated by fitting the experimental master plots, i.e.,

(do/dB) versus a, with an empirical kinetic model function, known as Sestak-Berggren model, SB(m,
31,83,84
n, p):=

fl@)=a™1-a)"[-In(1 - a)]? (9)

Table S2 lists the apparent kinetic parameters determined separately for the mass-loss processes at
different p(H,0) conditions using a formal kinetic analysis based on the isoconversional kinetic
relationship without considering p(H,0) effects. The results of the formal kinetic analysis without
considering the influence of p(H,0) clearly indicate the necessity of an appropriate AF to obtain a
universal kinetic description for the mass-loss process of the thermal decomposition of Cu(OH), at
different p(H,0) conditions, because the conventional Friedman plot for the reactions at different
p(H,0) values indicates different linear correlations with different intercept (Figure 7a). However,
the trial application of introducing the AF from eq 2 into eq 6 failed to yield the desired universal
kinetic description. Instead, we obtained the individual linear correlations in the modified Friedman
plot for the mass-loss processes at respective p(H,0) conditions, as shown in Figure S7. The results
of the modified Friedman plot with the AF from eq 2 are nearly comparable with results from the
conventional Friedman plot, although the introduction of the AF slightly improved linearity of the
plots. Thus, we introduced the AF from eq 3 into eq 6 as a novel approach to attain universal kinetic
description at any p(H,0) condition.
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Similar to the case where we applied the AF in eq 3 to the IP process, we optimized the exponents
(a, b) in eq 3 to obtain the best linearity of the modified Friedman plot applied for all data points at
various temperature and p(H,0) conditions. Figure 8 and Figure S8 report the results of the modified
isoconversional kinetic analysis based on eq 6 with the AF from eq 3. By optimizing exponents (a, b)
in eq 3, all data points at the selected a form a line, as shown in Figure 8a, which is generally
observed for data points at a given a during the course of the reaction (Figure S8). In this kinetic
calculation procedure, exponents (a,b) and these variation trends as the reaction advances are the
important kinetic parameters that describe the impact of p(H,0). The approximately constant a
value was optimized during the course of a reaction, characterized by a value of 0.36 + 0.03
averaged over the range of 0.05 < a < 0.95 (Figure 8b). On the other hand, b values larger than 8.0
were determined during the course of a reaction. Since the p(H,0) values applied to the
measurements were smaller than P.,(T), the second part of the AFineq 3, i.e., 1—(p(H20)/Peq(T))b, is
approximated to be unity for all data points with such large b values. Therefore, the first part of the
AF in eq 3, i.e., [Po/p(H,0)]* where a = 0.36+0.03, describes the impact that p(H,0) has on the
kinetics of the mass-loss process of the thermal decomposition of Cu(OH),. As in the case of the IP
process, the universal kinetic expression for the mass-loss process that consider the impact of p(H,0)
resembles the chemical process with an inhibitor. The apparent E, value evaluated using the
modified Friedman plot with the AF in eq 3 indicated an approximately constant value over a wide a
range with the average E, value of 148.1+3.3 k) mol™ (0.05 < o < 0.90).

3.4. Kinetic Descriptions Based on the Physico-Geometrical Consecutive Reaction Model. As
previously mentioned, the kinetic equation (eq 1), which accounts for the impact of p(H,0) using the
AF in eq 3, enables the universal kinetic description for the thermal decomposition of Cu(OH), at
various temperature and atmospheric p(H,0) conditions with respect to the Arrhenius- and
Friedman-type plots. In additions to this, the objective is to correlate the universal kinetic approach



with the physico-geometric reaction mechanism, because the impact of p(H,0) possibly varies during
different reaction stages in the thermal decomposition of solids. Previous studies have shown that
the physico-geometric consecutive reaction model successfully illustrates the thermal
decomposition of Cu(OH),, which comprises successive IP, SR, and PBR steps, followed by the
gradual release of trapped water as the CuO crystal grows with further heating.”® The typical feature
of IP-SR-PBR model® is also observed for reactions performed under atmospheric water vapor as IP
and subsequent sigmoidal mass-loss curves under isothermal conditions. The kinetic analysis of the
consecutive surface and internal reactions originates from Mampel’s kinetic equation in the case of
isotropic growth of the nuclei® and, recently, reformalized as the nucleation and anisotropic growth
model by Favergeon et al.?2® Ogasawara and Koga®* derived the differential kinetic equations for this
type of reaction under isothermal conditions, as the physico-geometrical consecutive IP-SR-PBR
process. Table S3 in Supporting Information summarizes the differential kinetic equations derived by
assuming a zero-order reaction for IP, first-order reaction for SR, and different dimensions, n
(n=1-3), of the shrinkage of reaction interface for PBR. During practical kinetic calculation based on
the IP-SR-PBR(n) model, the respective rate constants for IP, SR, and PBR(n) processes, ki (=tp ),
ksr, and kpgg(n), are optimized by nonlinear least-squares analysis.

In this study, the initial rate constant values for optimization were determined as follows. The initial
k IP value was calculated from the apparent Arrhenius parameters determined with the conventional
Arrhenius-type plots for the IP process at each p(H,0) value (Table S1). Similarly, the initial kpgg(n)
value was calculated from the apparent kinetic parameters that were determined with the
conventional isoconversional kinetic analysis for the mass-loss process at each p(H,0) value (Table
S2). Then, the order of the kgz value was determined by graphically comparing the fit of the
calculated kinetic curve with the experimental kinetic curve. After setting the initial values, we ran
parameter optimization to minimize the squares sum, F, of the difference between the experimental
and calculated kinetic curves.

2
F= ?]:1 [((;_‘:)exp,i B (i_‘:)cal,i] (10)

where N is the number of data points in a kinetic curve.
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Figure 9 shows typical results for the curve fitting based on the IP-SR-PBR(n) model for the
isothermal decomposition of Cu(OH), at a given p(H,0) value. As was the case for thermal
decomposition of the same sample in flowing N, gas,* the IP-SR-PBR(1) model was selected as the
most appropriate kinetic model that exhibits a superior fit to the experimental kinetic curve
compared with other models with n = 2 or 3. The optimized rate constants, i.e., ki, ksg, and Kegg(1), for
the kinetic data at different temperature and p(H,0) conditions are listed in Table S4, together with
the determination coefficients used in the nonlinear least-squares analysis to fit the differential and

integral kinetic curves.

Considering the impact that p(H,0) has on the reaction rate, eq 11 expresses the temperature

dependence of kip, ksg, and Kpgr(1) :

k = Aexp (— %) a (p(HZO), Peq(T)) (11)

By taking the logarithms of eq 11, we obtain eq 12:

nl-———[=ma-Z (12)
a(p(H,0),Peq (1)) RT

When we assume the AF, a(p(H,0),Pe4(T)), is unity, without considering the impact of p(H,0), a plot
of the left-hand side of eq 12 against T is the conventional Arrhenius plot. Application of the
conventional Arrhenius plot resulted in individual Arrhenius plots for each p(H,0) value in all
physico-geometric reaction steps, as shown in Figure S9, which is easily expected on the basis of
previously described results for processes at different p(H,0) values. Modi fi cations to the Arrhenius



plot by introducing the AF in eq 2 did not improve the results of individual Arrhenius plots, whereas
we observed changes in the slope of the Arrhenius plot, especially for all physico-geometrical
reaction steps at 9.59 kPa (see Figure S10). Table S5 lists the apparent Arrhenius parameters
calculated from the modified Arrhenius plots with the AF in eq 2, as well as the conventional
Arrhenius plots.
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exponents

step Ey / kI mol™! In(4/s") —y

a ]
P 0.41 12.67 2424+ 130 65.8+4.0 0.9819
SR 0.41 16.28 1646 £5.1 416+ 1.6 0.9939
PBR(1) 0.42 21.02 1712115 429+36 09718

#Correlation coefficient of the linear regression analysis.

Table 1. Optimized Exponents (a, b) in the AF of eq 3 and the Apparent Arrhenius Parameters for Each Reaction Step in the Thermal
Decomposition of Cu(OH), over different p(H,0) values

Figure 10 shows the Arrhenius plots for each physico-geometrical reaction step modified by
introducing the AF in eq 3. Irrespective of the reaction step, single Arrhenius plot, accompanied by
the exponents (a, b) in eq 3 optimized by plotting the left-hand side of eq 12 versus T-1, universally
illustrated the temperature dependence of the rate constant over di ff erent p(H 2 O) values. Table 1
lists the optimized exponents (a, b) and the apparent Arrhenius parameters calculated from the
universal Arrhenius plots for each physico-geometric reaction step. The exponent a is approximately
constant throughout the di ff erent reaction steps. The value a = 0.41 - 0.42 is comparable with
those determined above using the modified Arrhenius plot for the IP process (Figure 5) and
Friedman plot for the mass-loss process (Figure 8), combined with the AF in eq 3. The exponent b
gradually increased with advancing the reaction step advances from IP to PBR via SR. However,
values larger than 12 imply a less significant contribution from the second part of the AF, i.e.,
1—(p(H20)/Peq(T))b, to obtain the universal Arrhenius plot over different p(H,0) values. Therefore, for
all physico-geometrical reaction steps, we can reduce the kinetic equation from eq 1 to eq 13:

a
% = Aexp (_ i_ar) f@) [p(:;)o)] (13)

Equation 13 is the rate expression that considers the p(H,0) as the inhibitor, which indicates the
completely different changes in the kinetic behavior depending on p(H,0) from those expected by
the conventional understanding of the impact of evolved gas on the kinetic behavior based on the
chemical equilibrium. Although the apparent Arrhenius parameters for IP, i.e., [E, /kI mol™, In
(A/s )], are nearly equivalent with those determined above, the values are larger, by
approximately 20-25%, than those determined for IP in flowing dry N, gas in our previous study,
(196.8+16.7, 54.3+5.1),,."® The apparent E, values for the SR and PBR steps are larger than those
determined for the mass-loss process using the modified Friedman plot with the AF in eq 3. The
wider temperature region covered in the modified Friedman plot because of the kinetic data, which
include data under isothermal and nonisothermal condition, is one reason for the difference,

because the temperature interval is one of the parameters for the KCE.**”°

The apparent Arrhenius
parameters for SR and PBR(1) are also larger, by 25-30% and approximately 35%, respectively, than
those determined for the respective reaction steps in flowing dry N, gas, (127.0£6.0, 32.94+1.8); and
(124.616.0, 31.4£1.8)pgp, respectively.48 Superficially, the larger E, values for the processes with the
presence of water vapor explain the systematic shift in the kinetic curves to higher temperatures
and the effect of p(H,0) as the inhibitor. However, the actual effect of atmospheric water vapor
should be interpreted by considering the accompanying increase in A values in line with the KCE.*”*
The kinetic parameters, including the exponents (a, b) for the IP, SR, and PBR(1) steps determined
using eq 12 with the AF in eq 3, characterize the kinetic behavior of the thermal decomposition from

different viewpoints, i.e., the dependence of the apparent reaction rate on conversion, temperature,



and p(H,0) in each physico-geometrical reaction step. The variations in each kinetic parameter as
the consecutive reaction advances are also the kinetic characteristics of the reaction.

The exponents (a,b) and these variations as the reaction step advances are the specific kinetic
characteristics obtained via the systematic measurement of the kinetic data under various
temperatures and p(H,0) conditions and a universal kinetic approach to these kinetic data, which
illustrates the impact of p(H,0) in connection with the physico-geometrical reaction step. A
comparison of the kinetic characteristics with regard to the impact of p(H,0) or, more generally, the
partial pressure of evolved gas in the reaction atmosphere with other reactions described by the
IP-SR-PBR(n) model and classification of the kinetic characteristics are necessary tasks to provide
further insight into the kinetic impact that atmospheric gas has on the thermal decomposition of
inorganic solids. For example, although the impact of p(H,0) for all IP, SR, and PBR(1) steps during
the thermal decomposition of Cu(OH), was characterized by a constant exponent a (=0.41-0.42) and
large exponent b (>12), we observed in our previous study the systematic decrease in exponent a
from 4.75 to 3.36 as the reaction step advances, as well as an approximately constant b value (=1.8)
for all reaction steps for the thermal decomposition of Ca(OH), at different p(H,0) conditions.

4. CONCLUSIONS

The thermal decomposition of Cu(OH), with the presence of atmospheric water vapor exhibits a
significant IP and sigmoidal mass-loss curve under isothermal conditions, which is nearly identical to
the reaction in flowing dry N, gas observed in our previous study. Increasing p(H,0) in the reaction
atmosphere suppresses reaction rates during IP and the mass-loss processes. The introduction of the
AF with respect to p(H,0) and P.y(T) is necessary to universally describe kinetic behaviors of the
reaction over different p(H,0). The AF in eq 3, formulated from the product of [Py/p(H,0)]* and
[1—(p(H20)/Peq(T))b], can be introduced to perform universal kinetic descriptions of both the IP and
mass-loss processes through formal kinetic analysis using the Arrhenius- and Friedman-type plots,
respectively. We optimized exponents (a,b) in eq 3 to yield the best universal linearity in the plots,
which are important kinetic parameters to describe the kinetic characteristics of the reaction with
respect to the impact of p(H,0). This is also applicable to the variations in the exponents (a,b) as the
reaction advances for the results of the modified Friedman plot with the AF in eq 3. An evaluation of
the exponents (a,b) for the IP and mass-loss processes exhibit comparable trends: exponent a was
approximately 0.4, and the exponent b was larger than 8. The approximately constant a value during
the course of the mass-loss process is also a specific character for the reaction. With the large b
value, the second component of the AF, 1—(p(H20)/Peq(T))b, is approximated to be unity; thus, the
impact that p(H,0) has on the IP and mass-loss processes is described using the first component of
the AF, [Po/p(H,0)]°. Therefore, the kinetic equation that considers the AF superficially accounts for
the effect of p(H,0) as the inhibitor. The apparent E, values for the IP and mass-loss processes under
various temperature and p(H,0) conditions were determined as 243.3+12.6 k) mol™ and 148.1+3.3
kJ mol™, respectively.

We were able to describe the thermal decomposition of Cu(OH),, which is characterized by IP and
sigmoidal mass loss under isothermal conditions using the physico-geometrical consecutive process
that comprises an IP with a zero-order process, SR with a first-order process, and PBR with a one-
dimensional reaction interface movement, i.e., the IP-SR-PBR(1) model. The universal Arrhenius
plots for the rate constants of each physico-geometrical reaction step, enabled by the modified



Arrhenius plot combined with the AF in eq 3, provide the exponents (a,b) for each physico-
geometrical reaction step, as well as the apparent Arrhenius parameters.

Comparisons of these kinetic parameters, including the exponents (a, b), reveal the impact that
p(H,0) has on reaction kinetics in connection with the physico-geometrical reaction mechanism. The
exponents a, at approximately 0.4, and b, larger than 12, which are comparable with the results of
the formal kinetic analysis based on the Arrhenius-type plot for IP and the Friedman plot for the
mass-loss process, were invariant throughout the different physico-geometric reaction steps. The
variation in the E, value from 242.4+13.0 k) mol™ to 171.2+11.5 kJ mol™, as the physico-geometric
reaction step proceeds from IP to PBR(1) via SR with 164.6+5.1 ki mol™, is characteristic of the
overall reaction, although we must account for the compensatory variation of the In A value in line

7774 The universal kinetic

with the KCE when interpreting the variation in the E, value.
characterization over different temperatures and partial pressures of the gaseous product in the
reaction atmosphere provides further insights into the kinetic and mechanistic understanding of the
thermal decomposition of inorganic solids and the reactions in a solid — gas system. Comparisons of
the results of the universal kinetic characterization among various thermal decomposition of solids
may allow pattern classification for the relationships between the conventional kinetic triplet (E,, A,
f(a)) and exponents (a,b) in the AF, as well as variation trends in the kinetic parameters, including
the exponents (a,b), as the reaction advances. Classification of the kinetic characteristics is a possible

method to correlate apparent kinetic parameters with the mechanistic feature of the reaction.
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