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Abstract 

The thermal decomposition of smithsonite (ZnCO3) was studied to obtain a universal kinetic description 

of the process applicable to a range of reaction conditions. A synthesized ZnCO3 was subjected to 

thermoanalytical measurements under various heating and atmospheric conditions in a flow of dry 

N2gas,  N2–CO2, or N2–H2O mixed gases. Systematic shifts of the reaction temperature to higher and 

lower temperatures by the effects of CO2 and H2O, respectively, were identified as specific 

characteristics of the system. With reference to the physico-geometrical kinetic behavior of the reaction 

in a flow of dry N2 gas, the retardation effect of CO2 was demonstrated in the scheme of the physico-

geometrical consecutive surface reaction (SR) and phase boundary-controlled reaction (PBR). The 

individual kinetics of the SR and PBR were universally described over different CO2 pressures using an 

accommodation function (AF) obtained  by considering the consecutive elementary steps of SR and 

PBR. The catalytic effect of water vapor was assumed to result from contributions of the water 

molecules on the consecutive elementary steps of SR and on the crystal growth of the solid product of 

the reaction (ZnO). An alternative AF derived considering the adsorption of water molecules on solid 

surfaces allowed us to obtain the universal kinetic description of the thermal decomposition over 

different water vapor pressures. 

 

1. Introduction 

The thermal decomposition of metal carbonates is significantly influenced by the evolved gas CO2. In 

fact, the influence of atmospheric CO2 on the described class of processes has been studied for nearly a 

century.1-16 In general, atmospheric CO2 has a retardation effect on the kinetics of the mentioned thermal 

decomposition. Thus, the kinetic characterization of the thermal decomposition should be considered as 

including a determination of the influence that the partial pressure of CO2 (p(CO2) in kPa) has on it, in 



addition to the changes in the reaction rate as a function of reaction temperature (T) and the fraction 

reaction (α). When considering the effect of p(CO2), the reaction equilibrium characterized by the 

equilibrium CO2 pressure (Peq(T) in atm) at each temperature should also be taken into account.1-13, 17-18 

The generalized reaction rate (dα/dt) is expressed by multiplying functions expressing the dependencies 

on T, α, and p(CO2).18-23 d�d� = �exp 	− ��
�� ����ℎ ���CO��, ������� (1) 

where A and Ea are the apparent values of the Arrhenius preexponential factor and activation energy, 

respectively. R is the gas constant. The function f(α) is the kinetic model function, which describes the 

variation of kinetic behavior at a constant temperature as the reaction advances. The function labeled 

h(p(CO2), Peq(T)) is interpreted as an accommodation function (AF)24-29 introduced into the fundamental 

kinetic equation to account for the effect of p(CO2) value. Ideally, eq. 1 provides a universal kinetic 

description of the thermal decompositions of carbonates over different temperature and p(CO2) 

conditions, for which the  h(p(CO2), Peq(T)) plays an indispensable role in obtaining a universal kinetic 

description. The most frequently used form of h(p(CO2), Peq(T)) is expressed by:2, 4, 9, 11, 17 

ℎ ���CO��, ������� = 1 − ��CO���°������ (2) 

where P° in kPa is the standard pressure introduced to normalize the pressure unit of � �!"#�$° � to be atm. 

Eq. (2) was obtained on the basis of various theoretical considerations.4-5, 9, 17, 30 The practical application 

of eq. (1) accompanied by eq. (2) corrects the slope of the Arrhenius-type plots at each p(CO2) value; 

however, the kinetics is not necessary described successfully by a single Arrhenius-type plot over 

different p(CO2) values.11, 20-23 Accordingly, theoretical and experimental resolutions of the universal 

kinetic description for the thermal decomposition of metal carbonates over different temperature and 

p(CO2) conditions are the current challenge for gain further insight into the kinetics of the thermal 

decomposition of solids.20-23  

Another concern with respect to the kinetics of the thermal decomposition of metal carbonates is the 

effect of atmospheric water vapor. Acceleration effects of atmospheric water vapor have been reported 

for the thermal decompositions of several metal carbonates,16,31-35 including CaCO3.36-44 Notably, a 

catalytic effect of atmospheric water vapor has also been observed for the reverse reactions, i.e., the 

carbonation of metal oxides including ZnO,45,46 CaO,47,48 and MgO.49-51 Since the mentioned acceleration 

effects of water vapor on the thermal decomposition of metal carbonates and the carbonation of metal 

oxides allow for the reaction temperatures to be reduced, these phenomena have received much attention 

in the evaluation of CO2 absorption and energy storage via metal carbonate-metal oxide looping 

system.52-54 In view of the chemical mechanism of the thermal decomposition of carbonates, the catalytic 

effect of water vapor has been explained by considering the contribution of water molecules to the 

elementary steps of the overall process at the reaction interface via the possible formation of hydrogen 

carbonate ions as intermediates.43,44 Conversely, the thermal decomposition of solids is a heterogeneous 



process, which is significantly constrained by physicogeometrical factors and mass and heat transfer 

phenomena.26,29,55,56 In the scheme of a core-shell structure of reactant and product solids during the said 

reactions, water vapor alters the overall reaction rate as a result of its effect on the growth of the product 

crystals in the surface product layer because of the changes in the diffusion path of the gaseous product 

via the surface product layer. Accelerations of the crystal growth and sintering of metal oxides by 

atmospheric water vapor have also been reported for ZrO2,57,58 MgO,59-61 and TiO2.62 Therefore, the 

acceleration effect of atmospheric water vapor on the thermal decomposition of solids should be 

interpreted as resulting from both the chemical process occurring at the reaction interface and the 

physicogeometrical features of the reaction interface advancement. Notably, atmospheric CO2 and water 

vapor have been observed to have opposite effects on the thermal decomposition of metal carbonates 

and carbonate hydroxides, such as Cu2CO3(OH)2
31-34,63 and Zn5(CO3)2(OH)6.16,35,64 In these types of 

reactions, the kinetic effects of atmospheric CO2 and water vapor should be interpreted comparatively 

as a way to understand the kinetic behavior over different temperature and atmospheric conditions. In 

our preliminary investigation for the present study, the thermal decomposition of ZnCO3 to form ZnO 

was found to be an example of a reaction for which atmospheric CO2 and water vapor have opposite 

kinetic effects. Notably, acquiring detailed kinetic information on this reaction is especially desirable, 

given the various potential applications of ZnO, which is characterized as an n-type semiconductor.65 

Thus, a detailed kinetic understanding of the mentioned process may contribute to achieving a 

sophisticated control the reaction process and the morphological and physical properties of its solid 

product, i.e., ZnO. ZnCO3 is found in nature in the form of the mineral smithsonite.66-68 The kinetics of 

the thermal decomposition of smithsonite has been studied in vacuum:69,70 evidence revealed a 

deceleration of the reaction rate as the reaction advanced. Single-phase ZnCO3 has been successfully 

synthesized by Hales and Frost applying the hydrothermal treatment to a mixed solution of ZnCl2 and 

NaHCO3 in aqueous solution.71 The thus-obtained synthetic smithsonite has been structurally 

characterized and investigated in thermoanalytical studies.72,73 However, the influence of atmospheric 

p(CO2) on the kinetics of the thermal decomposition has not been studied in detail. In addition, little 

attention has been paid to the effect that atmospheric water vapor has on the said process. The present 

study aims to elucidate the physicochemical kinetic behaviors of the thermal decomposition of metal 

carbonates across different atmospheric CO2 and water vapor conditions using the thermal 

decomposition of ZnCO3 as a model process for the described reaction type. To face the challenge of 

achieving a kinetic understanding of the thermal decomposition of solids, a systematic experimental 

approach was undertaken in a stepwise manner: (1) laboratory synthesis of ZnCO3 crystalline powders 

and their characterization, (2) formal kinetic characterization of the thermal decomposition under inert 

gas atmosphere, (3) universal kinetic description of the thermal decomposition under various 

atmospheric p(CO2) conditions, and (4) universal kinetic description of the thermal decomposition under 

various atmospheric water vapor pressure (p(H2O) in kPa) conditions. In each step of the inquiry, novel 

features of the material and its thermal decomposition process were revealed via the collection of 



extensive experimental data, followed by the performance of detailed kinetic analyses implementing 

conventional and advanced methods. The physicogeometrical kinetic description of the thermal 

decomposition of ZnCO3 under different temperature, p(CO2), and p(H2O) conditions was then realized 

by integrating the novel findings of the present study. 

 

2. EXPERIMENTAL SECTION 

2.1. Preparation and Characterization of the Precursor and ZnCO3 Sample.  

A mixed precipitation of ZnCO3 and hydrozincite (Zn5(CO3)2(OH)6)16,35,64 was used as the precursor for 

preparing crystalline zinc carbonate with the crystal structure of the mineral smithsonite. The precursor 

was subjected to repeated hydrothermal treatments in an aqueous solution of sodium hydrogen carbonate 

(Figures S1-S6). The precursor materials, as well as the hydrothermally treated products, were 

characterized by powder X-ray diffractometry (XRD), Fourier transform infrared (FT-IR) spectroscopy, 

and simultaneous thermogravimetry (TG)-differential thermal analysis (DTA). The morphology of the 

hydrothermally treated product was observed by scanning electron microscope (SEM). Detailed 

preparation procedures and characterizations are described in Sections S1.1 and S2.1 in the Supporting 

Information for the precursor materials and hydrothermally treated products, respectively. 

 

2.2. Thermal Behavior of the Sample.  

A characterized ZnCO3 sample of approximately 2.0 mg (initial sample mass (m0)), weighed in an open 

platinum pan (diameter, 5 mm; height, 2.5 mm), was subjected to TG-DTA measurements in a flow of 

He gas (flow rate = 200 cm3 min-1) using a TG8120 instrument (Thermoplus 2 system, Rigaku Co.). The 

sample was heated at a heating rate (β) of 5 K min-1 from 293 to 973 K. During the TG-DTA 

measurement, a portion of the outlet gas was continuously transferred to a quadrupole mass spectrometer 

(MS; M-200QA, ANELVA) via a silica capillary tube (internal diameter, 0.075 mm; length, 0.7 m) 

heated at a constant temperature of 500 K. The mass spectra of the outlet gas were repeatedly measured 

with no interval time in an m/z range of 10-50 amu (EMSN: 1.0 mA; SEM: 1.0 kV). Changes in the 

XRD pattern of the sample as it was being heated under a dry N2 gas flow (flow rate = 100 cm3 min-1) 

were traced according to two different heating programs. In one such program, the sample, press-fitted 

to a platinum plate, was heated at β = 10 K min-1; during heating, isothermal holding sections for each 

15 min were inserted at every 25 K in the temperature range from 473 to 773 K (stepwise isothermal 

heating). XRD measurements were conducted during each isothermal holding section under conditions 

otherwise identical to those applied to the sample characterization (see Section S1.1 in the Supporting 

Information). Another set of high-temperature XRD measurements were carried out under isothermal 

conditions at 538 K after the sample had been heated linearly at β = 10 K min-1 to 538 K (isothermal 

heating). XRD measurements were repeated every 15 min for 5 h. High-temperature XRD 

measurements were also carried out in a flow of N2-H2O mixed gas (relative humidity: 80% at 298 K) 

and N2-CO2 mixed gas (p(CO2) = 40 kPa) under conditions that were otherwise identical to those 



described for the experiment carried out under dry N2 gas flow condition. A characterized ZnCO3 sample 

of approximately 400 mg was weighed into an alumina boat (SSA-A; width, 13.5 mm; length, 30 mm; 

depth, 10 mm). Such a sample was then heated linearly at β = 2 K min-1 to different temperatures ranging 

from 423 to 873 K under dry N2 gas flow conditions (flow rate = 100 cm3 min-1) using a tube furnace 

(Isuzu Seisakusho). The heat-treated sample was then cooled in the furnace under N2 gas flow and then 

recovered from the furnace and subjected to FT-IR and specific surface area measurements. The FT-IR 

spectra of the series of heat-treated samples were measured implementing the same procedures applied 

for sample characterization (see Section S1.1 in the Supporting Information). For the specific surface 

area measurement, approximately 200 mg of each heat-treated sample  was weighed into a glass tube 

cell and degassed at 373 K for 30 min in a flow of N2-He mixed gas (N2: 30.1%; He: balance). 

Subsequently, the specific surface area was measured using a FlowSorb 2300 II instrument 

(Micromeritics) employing the Brunauer-Emmett-Teller (BET) single-point method.74 

 

2.3. Measurement of Kinetic Curves.  

To track the kinetic behavior of the thermal decomposition of ZnCO3, the mass-loss traces during the 

reactions were recorded under different atmospheric conditions in a flow of dry N2 gas, N2-CO2 mixed 

gas with different p(CO2) values, and N2-H2O mixed gas with different p(H2O) values. The 

measurements in a flow of dry N2 and N2-CO2 mixed gas were conducted with a TG-DTA instrument 

(TG-8121, Thermoplus Evo2 system, Rigaku). By contrast, a humidity-controlled TG-DTA system 

(HUM-TG, Thermoplus 2 system, Rigaku) was used for the measurements conducted in a flow of N2-

H2O mixed gas. Approximately 5.00 mg of the sample, weighed in a platinum open cell (diameter, 5 

mm; height, 2.5 mm), were used for all of the measurements. In addition, measurements under three 

different temperature program modes, i.e., isothermal, linear nonisothermal, and controlled 

transformation rate thermal analysis (CRTA),75,76 were applied to the collection of the mass-loss traces 

under the various atmospheric conditions. In the case of the measurements conducted in a flow of dry 

N2 gas, the applied flow rate was 300 cm3 min-1. The sample was heated at a β value of 10 K min-1 to a 

programmed temperature in the 539 ≤ T/K ≤ 564 range and held the temperature during the mass-loss 

process of the thermal decomposition (isothermal mode). The mass-loss traces under linear 

nonisothermal conditions were recorded by heating the sample from room temperature to 773 K 

applying various β values in the 0.5 ≤ β/K min-1 ≤ 3 range. For the CRTA measurements, the sample 

was heated at a β of 2 K min-1, while, during the mass-loss process, the sample temperature was regulated 

to maintain the programmed constant mass-loss rate (C) in the 2.5 ≤ C/μg min-1 ≤ 20 range. The N2-CO2 

mixed gas was prepared by mixing dry N2 and CO2 gases in an anterior chamber; the gas was then 

introduced into the furnace tube of the TG-DTA instruments at a rate of 300 cm3 min-1. The outlet gas 

from the furnace tube was transferred to a CO2 meter (LX-710, IIJIMA), which allowed the p(CO2) 

value in the N2-CO2 mixed gas to be continuously monitored. The p(CO2) value was controlled by 

changing the flow rates of dry N2 and CO2, which in turn affected the ratio of these two gases. To 



evaluate the influence that the p(CO2) value had on the mass-loss trace, the sample was heated linearly 

at β = 5 K min-1 from room temperature to 873 K in a flow of N2-CO2 mixed gases characterized by 

different p(CO2) values (5 ≤ p(CO2)/kPa ≤ 80). Four p(CO2) values were selected, that is 5, 10, 20, and 

40 kPa, and a series of mass-loss traces were recorded under isothermal, linear nonisothermal, and 

CRTA conditions at each p(CO2) value. The mass-loss traces under isothermal conditions were recorded 

in the 588 ≤ T/K ≤ 613, 598 ≤ T/K≤ 623, 613 ≤ T/K ≤ 638, and 624 ≤ T/K ≤ 644 temperature ranges for 

the reactions conducted in a flow of N2- CO2 mixed gases characterized by p(CO2) values of 5, 10, 20, 

and 40 kPa, respectively. The measurements under linear nonisothermal and CRTA conditions were 

carried out using identical heating parameters to those described above for the measurements in a flow 

of dry N2 gas, although the maximum value for the programmed temperature was 873 K. To draw the 

mass-loss traces of the samples in a flow of N2-H2O mixed gas characterized by different p(H2O) values, 

the samples were initially heated to 353 K at β = 10 K min-1 in a flow of dry N2 gas at a rate of 400 cm3 

min-1. Immediately after the sample temperature reached 353 K, the flowing gas was switched to N2-

H2O mixed gas with a controlled p(H2O) value, as determined by a humidity controller (HUM-1, 

Rigaku).77 In a flow of N2-H2O mixed gas at a rate of 400 cm3 min-1, the measurement system was 

stabilized by holding the sample temperature at 353 K for 30 min. Thereafter, the sample was heated 

from 353 to 673 K at a rate of β = 5 K min-1, so as to obtain mass-loss curves in a flow of N2-H2O mixed 

gases with different p(H2O) values in the 0.81 ≤ p(H2O)/kPa ≤ 11.0 range. At the selected p(H2O) value 

of 9.56 kPa, the mass-loss traces were measured under isothermal, linear nonisothermal, and CRTA 

mode conditions. The isothermal mass-loss traces were recorded at different temperatures in the 454 ≤ 

T/K ≤ 494 range. The measurements under linear nonisothermal conditions were carried out by heating 

the sample from 353 to 673 K at different β values in the 0.5 ≤ β/K min-1 ≤ 3 range. In the CRTA 

measurements, the programmed C value was made to vary in the 10 ≤ C/μg min-1 ≤ 30 range. 

 

2.4. Morphology of the Reacting Particles. 

The ZnCO3 samples were made to react partially at different α values in each atmospheric condition: in 

a flow of dry N2 gas, N2-CO2 mixed gas, or N2-H2O mixed gas. Approximately 10 mg aliquots of samples 

were heated at a rate of β = 5 K min-1 to different final temperatures under conditions that were otherwise 

identical to those utilized to carry out the measurements of kinetic curves in each atmospheric condition. 

Controlled values of 40 and 9.44 kPa were selected for p(CO2) and p(H2O) for the preparations of 

partially reacted samples in a flow of N2-CO2 and N2-H2O mixed gases, respectively. The as-prepared 

samples were immediately cooled to room temperature and subjected to SEM (JSM-6510, JEOL) 

observations after being coated with a thin platinum layer by way of sputtering (JFC-1600, JEOL, 30 

mA, 30 s) as in the procedure described previously (see Section S2.1 in the Supporting Information). 

 

3. RESULTS AND DISCUSSION 



 

3.1. Characterization of Sample.  

The procedures implemented for the synthesis and characterization of smithsonite are detailed in Section 

S2.1 in the Supporting Information. By repeating the hydrothermal treatment of the precursor, which 

comprised a mixture of hydrozincite and smithsonite, in 0.5 M-NaHCO3(aq) at 373 K for each 6 h, the 

hydrozincite phase was gradually transformed into smithsonite. After conducting the hydrothermal 

treatment four consecutive times, no hydrozincite was detected in the sample by XRD, FT-IR, and TG-

derivative TG (DTG) (Figures S4-S6). The XRD pattern of the as-produced sample was a perfect match 

to that reported for smithsonite (ZnCO3, trigonal, S.G.: R3 ̅c(167), a = b = 4.6533, c = 15.0280, α = β = 

90.000, γ = 120.000, ICDD PDF 00-008-0449).78,79 TG-DTG curves exhibited a well-shaped single-step 

mass-loss curve during the thermal decomposition of the as-produced sample (Figure S6), which 

indicated an average mass-loss ratio of 35.7 ± 0.6%, a value very close to that calculated for the relative 

mass-loss associated with the thermal decomposition of ZnCO3 (35.1%; eq 3). 

ZnCO3(s) → ZnO(s) + CO2(g), ΔrH298 = 80.0 kJ mol−1     (3) 

The ZnCO3 sample obtained after performing the hydrothermal treatment four consecutive times was an 

agglomerate of polyhedral crystals with well-developed crystal faces of sizes ranging from 1 to 5 μm 

(Figure S7) with the BET specific surface area (SBET) value of 0.57 ± 0.05 cm2 g-1.  

 

3.2. Thermal Behavior of the As-Prepared ZnCO3 Sample. 

 Figure 1 reports the TG-DTA curves for the thermal decomposition of the ZnCO3 sample in a flow of 

He (flow rate, 200 cm3 min-1), together with the MS chromatograms for the species with m/z = 18 (H2O+) 

and 44 (CO2
+) of the evolved gas. This evidence indicates that the only gas evolved during the mass-

loss process associated with the endothermic thermal decomposition of the ZnCO3 sample was CO2. No 

detectable amounts of water vapor, which would result from the thermal decomposition of hydrozincite, 

were observed to be present in the evolved gas.  

 

Figure 1. Typical TG/DTA-MS traces for the thermal decomposition of the ZnCO3 sample. 



 

Changes in the XRD pattern of the ZnCO3 sample as a result of being subjected to heating in a flow of 

dry N2 gas as part of experiments conducted under stepwise isothermal and isothermal heating 

conditions are reported in Figures S8 and S9, respectively. In the stepwise isothermal heating mode, the 

thermal decomposition of ZnCO3 occurred within the 523-598 K temperature range. In fact, as the 

sample temperature increased in the temperature range, the XRD peaks attributed to ZnCO3 gradually 

attenuated, a phenomenon accompanied by the gradual growth of the peaks attributed to the solid 

product (Figure S8a). The XRD pattern of the solid product corresponded to that reported for ZnO 

(hexagonal, S.G. = P63mc (186), a = b = 3.2535, c = 5.2151, α = β = 90.000, γ = 120.000, ICDD PDF 

01-080-0074)80 (Figure S8b), and no distinguishable XRD peaks due to a crystalline intermediate were 

observed during the thermal decomposition. The average ZnO crystallite size estimated applying the 

Scherrer equation,81 with reference to (1,0,0), (0,0,2), (1,0,1), and (1,1,0), appeared at 2θ of 31.7, 34.4, 

36.2, and 56.5°, respectively, was ∼9 nm within the temperature range of the thermal decomposition 

(Figure S8c); the value of this parameter subsequently increased linearly to approximately 23 nm as the 

temperature increased to 773 K. Under isothermal conditions at 538 K, the thermal decomposition of 

ZnCO3 was observed to be complete after 135 min (Figure S9a), and the solid product was observed to 

consist exclusively of ZnO (Figure S9b). The value for the ZnO crystallite size was approximately 9 nm 

during the thermal decomposition, and this value did not increase significantly upon continuously 

heating the sample further at 538 K after the thermal decomposition was completed (Figure S9c). Figure 

S10 shows the data reflecting the changes in the XRD pattern of the ZnCO3 sample during the stepwise 

isothermal heating in a flow of N2-CO2 (p(CO2) = 40 kPa) and N2-H2O (p(H2O) ≅ 2.5 kPa) mixed gases. 

The thermal decomposition of ZnCO3 to form ZnO was observed to occur in the 573-648 and 498-598 

K temperature ranges in the N2-CO2 and N2-H2O atmospheres, respectively. In comparison to the process 

that took place in a flow of dry N2 gas, the presence of CO2 and H2O gases in the reaction atmosphere 

caused the decomposition temperature range to shift to higher and lower values, respectively. The values 

of the observed ZnO crystallite sizes determined upon heating the sample in different gaseous 

atmospheres are shown in Figure S11. In comparison to the growth behavior of ZnO crystallites in a dry 

N2 atmosphere, a large delay was observed during the thermal decomposition in the presence of 

atmospheric CO2, which is a relevant species in the standpoint of the reaction equilibrium of the thermal 

decomposition of ZnCO3 (see eq 3). By contrast, a detectable acceleration was evident for the thermal 

decomposition carried out in the presence of water vapor. The crystallite size of ZnO heated to 773 K 

decreased in the following order, depending on the composition of the reaction atmosphere: N2-H2O 

(27.6 ± 3.1 nm) > dry N2 (23.5 ± 0.8 nm) > N2-CO2 (18.9 ± 1.6 nm). Figure 2 shows the TG-DTA curves 

recorded in the different atmospheric conditions. Apparent shifts of the TG-DTA curves to higher and 

lower temperatures as a result of the presence of CO2 and H2O, respectively, in the reaction atmosphere 

were confirmed as specific characteristics of the thermal decomposition of ZnCO3. 



 

Figure 2. Comparison of the TG–DTA curves for the ZnCO3 sample (m0: approximately 5.0 mg) recorded under 

linear nonisothermal condition at β of 5 K min−1 in different atmospheric conditions of a flow of dry N2, N2–CO2 

(p(CO2) = 40 kPa), and N2–H2O (p(H2O) = approx. 2.8 kPa) gases. 

 

The changes in FT-IR spectra of the ZnCO3 samples heated to different temperatures are reflected by 

the data in Figure S12. In the FT-IR spectrum of the thermally treated ZnCO3 sample, the thermal 

decomposition of ZnCO3 to form ZnO at the treated temperature values of 573 and 623 K was clearly 

indicated by the disappearance of the absorption peaks attributed to the ν2, ν3, and ν4 modes of CO3
2-, 

which were observed at 870, 1474, and 744 cm-1 wavenumbers, respectively.66,71 Figure S13 reports the 

data reflecting the changes in the SBET value of the preheated samples. Notably, a dramatic increase in 

the SBET value was observed between the samples heated to 523 and 623 K, which correspond to the 

reaction temperature range of the thermal decomposition of ZnCO3 as observed previously in the 

TG/DTA-MS (Figure 1), XRD (Figures S8 and S9), and FT-IR (Figure S12) analyses. 

 

3.3. Thermal Decomposition of ZnCO3 in a Dry N2 Atmosphere. 

 Figure 3 shows the TG-DTG curves for the thermal decomposition of the ZnCO3 sample under 

isothermal, linear nonisothermal, and CRTA conditions in a flow of dry N2 gas. Those TG-DTG curves 

were converted to individual kinetic curves composed of data point series (time, T, α, dα/dt) by defining 

α normalized ⟨0, 1⟩ with reference to the total mass-loss value for the thermal decomposition. The kinetic 

curves configured in three-dimensional coordinates of time-T-α and time-T-(dα/dt) show a wide range 

of time- T-α-(dα/dt) covered by the kinetic data recorder under isothermal, linear nonisothermal, and 

CRTA conditions (Figure S14).  



 

Figure 3. TG–DTG curves for the thermal decomposition of the ZnCO3 sample recorded in a dry N2 gas flow 

(flowrate: 300 cm3 min−1) under various heating conditions: (a) isothermal conditions (m0 = 5.004 ± 0.026 mg), 

(b) nonisothermal conditions (m0 = 4.966 ± 0.057 mg), (c) typical CRTA record, and (d) changes in sample 

temperature and reaction rate (dα/dt) during the reaction under CRTA conditions (m0 = 5.009 ± 0.022 mg). 

 

These kinetic data were simultaneously subjected to the kinetic calculation based on the fundamental 

kinetic equation for solid-state reactions27-29 

)*)+ = �exp �− ,-./� ���� (4) 

By taking the logarithm of eqs 4, we obtain 5 

ln �)*)+ � = ln 3�����4 − ,-./ (5) 

The isoconversional section of the kinetic relation is represented by the linear correlation between 

ln(dα/dt) and T-1, given that ln[Af(α)] is a constant at a given value for α. The isoconversional kinetic 

relationship was examined for all of the kinetic data as ln(dα/dt) versus T-1 plots at various α values 

(Friedman plot82) can be evinced from Figure 4. Irrespective of the heating conditions and α value, the 

isoconversional kinetic relationship was established to be characterized by a statistically significant 

linear correlation at each α (Figure 4a). The slopes of the plots at different α values were approximately 

constant within the 0.1 ≤ α ≤ 0.9 range. The trend in variation of the slope as the reaction advances is 

viewed in more detail as the variation of Ea calculated from the slope of the Friedman plot, i.e., -Ea/R 

(Figure 4b). Through the main reaction stage (0.1 ≤ α ≤ 0.9), Ea remained quite constant, displaying an 

average value of 104.7 ± 2.9 kJ mol-1; however, a detectable decrease in Ea value from approximately 



140 to 105 kJ mol-1 was observed in the initial part of the reaction (α ≤ 0.1), although the statistical 

significance of the linear correlation of the Friedman plot was maintained also at this stage of the 

reaction. Notably, a drastic drop in the Ea value is also observed in the final stage of the reaction (α ≥ 

0.95), but this change was likely due to the specific characteristics of reaction tail, where the variation 

in the reaction rate with the heating condition is not so significant. Assuming the occurrence of a single-

step reaction characterized by a constant Ea value, the hypothetical reaction rate (dα/dθ) at infinite 

temperature was calculated at different α values using the following equation32,83-87 

d�d5 = 	d�d� � exp 	 ��
�� = ����� with 5 = 6 exp 	− ��
��+
7 d� (6) 

where θ is Ozawa’s generalized time,88,89 which denotes the hypothetical reaction time at infinite 

temperature. The plot of dα/dθ versus α (Figure 4b) is also correlated to f(α) according to eq 6, which is 

thus used to evaluate f(α) and A value as the experimental master plot. The experimental master plot 

exhibited the maximum rate midway through the reaction. 

With reference to the physicogeometrical kinetic model for the thermal decomposition of solids,26,55,56 

which includes  surface reaction (SR) followed by shrinkage of the reaction interface toward the center 

of reactant particle, the increase in reaction rate in the first half of the reaction points to a contribution 

of the SR to the overall reaction. The decrease in the isoconversional Ea value in the initial part of the 

reaction also supports the mentioned inference. Because other physicogeometrical kinetic models for 

single-step reactions did not show any relevant fits to the experimental master plot, the overall reaction 

process was empirically fitted by the Šestaḱ -Berggren model, SB(m, n, p):24,90,91 

SB�:, ;, ��: ����  =  �=�1 � ��>3�ln�1 � ��4    (7) 

The empirical A value of (8.56 ± 0.09) × 105 s-1 was obtained by fitting the experimental master plot 

with SB(-2.19, 1.35, 2.33), whereby a determination coefficient, R2, equal to 0.9985 was determined. 



 

Figure 4. Results of the isoconversional kinetic analysis for the thermal decomposition of the ZnCO3 sample in a 

flow of dry N2: (a) Friedman plots at various α values from 0.1 to 0.9 in steps of 0.1, (b) Ea values at various α, 

and (c) experimental master plot of dα/dθ versus α and the fit curve using SB(m, n, p). 

 

 

In spite of the nearly perfect fit obtained, the kinetic exponents in SB(m, n, p) cannot have any relevant 

physicochemical meanings for describing the physicogeometrical reaction mechanism of the thermal 

decomposition of ZnCO3 because the physicogeometrical consecutive process composed of SR and 

subsequent contracting geometry-type processes were fitted by assuming a single-step reaction. Even 

so, the optimized kinetic exponents can be used for the formal description of the overall rate behavior. 

SEM photographs of the partially decomposed ZnCO3 samples characterized by different α values, 

which had been obtained by subjecting the samples to linear heating at β = 5 K min-1 to different final 

temperatures in a flow of dry N2 gas, are shown in Figure S15. Although the particle shapes did not 

change significantly during thermal decomposition, an increase in the roughness of the particle surfaces 

was evident in the early stage of the reaction. This observation also supports the geometrical reaction 

model characterized by SR and subsequent shrinkage of the reaction interface. 

 

3.4. Thermal Decomposition of ZnCO3 in N2-CO2 Atmosphere.  

Figure 5 shows the TG-DTG curves of the ZnCO3 samples recorded nonisothermally at β = 5 K min-1 

in a flow of N2-CO2 mixed gases characterized by different p(CO2) values. The mass-loss curves shifted 

systematically to higher temperatures as the values of p(CO2) increased (Figure 5a). The shapes of TG-



DTG curves appeared different, depending on whether CO2 was present in the reaction atmosphere or 

not. By contrast, the said shapes were not significantly influenced by the p(CO2) value, as can be evinced 

from the approximately constant temperature interval between the extrapolated onset (Teo) and peak top 

(Tp) temperatures, and the approximately constant maximum height of the DTG peak in the experiments 

conducted at p(CO2) values above 10 kPa (Figure 5b).  

 

Figure 5. TG–DTG curves for the thermal decomposition of the ZnCO3 sample (m0 = 5.056 ± 0.103 mg) 

recorded at β = 5 K min−1 in a flow of N2–CO2 mixed gas with different p(CO2) values (flowrate: 300 cm3min−1). 

 

Figure 6 shows the TG-DTG curves for the thermal decomposition of ZnCO3 samples recorded in a flow 

of N2-CO2 mixed gases characterized by a p(CO2) value of 10 kPa under different heating conditions. 

Notably, the TG-DTG curves recorded at different p(CO2) values (5, 10, 20, and 40 kPa) in each heating 

condition are shown in Figures S16-S19: isothermal (Figure S16), linear nonisothermal (Figure S17), 

and CRTA (Figures S18 and S19). The characteristics of this series of TG-DTG curves are described in 

Supporting Information S5. At each p(CO2) value, the kinetic curves obtained from the conversion of 

the TG-DTG curves recorded under different heating conditions cover various paths in the time-T-α and 

time-T-dα/dt coordinates, as can be evinced from Figures S20-S23, whereby are reported data for the 

reactions occurring at different p(CO2) values. 



 

Figure 6. TG–DTG curves for the thermal decomposition of the ZnCO3 sample recorded in a N2–CO2 mixed gas 

flow (p(CO2) = 10 kPa; flowrate: 300 cm3 min−1) under various heating conditions: (a) isothermal conditions (m0 

= 4.975 ± 0.074 mg), (b) nonisothermal conditions (m0 = 4.939 ± 0.098 mg), (c) typical CRTA record, and (d) 

changes in sample temperature and reaction rate (dα/dt) during the reaction under CRTA conditions (m0 = 4.975 

± 0.062 mg). 

 

The kinetic data recorded in different heating conditions at each p(CO2) value were initially analyzed 

via the conventional isoconversional method without considering the effect of atmospheric p(CO2) 

values. Figure 7 summarizes the results of the conventional kinetic analysis. Irrespective of the p(CO2) 

value, the Friedman plot at a given p(CO2) value exhibited a statistically significant linear correlation 

(Figure 7a), which was observed at different α values during the reaction (see Figure S24). However, 

different linear correlations were evident for the reactions conducted under different p(CO2) values; in 

fact, the slope of the plots increased with p(CO2) value. Comparisons of the calculated Ea values at 

various α values among the reactions at different p(CO2) values clearly indicate that the apparent Ea 

values increased as the p(CO2) values increased (Figure 7b). The variation trend of the Ea value as the α 

value increased also differed among the reactions conducted under different p(CO2) values. Although 

the Ea values were approximately constant for each p(CO2) value through the main part of the reaction 

(0.20 ≤ α ≤ 0.90), the variation trends of Ea switched systematically in the initial part of the reaction 

(0.01 ≤ α ≤ 0.20) from decreasing to increasing, as the p(CO2) values increased. Nevertheless, the 

magnitude of the variation in Ea values in the initial part of the reaction was observed to be less than 

10% with respect to the constant Ea value observed through for the main part of the reaction. Therefore, 

further kinetic analysis employing the master plot method was attempted using the average Ea value in 



the α range of 0.1 ≤ α ≤ 0.9 listed in Table S1 (Figure 7c). The shapes of the normalized master plots of 

(dα/dθ)α/(dα/dθ)0.5 versus α varied systematically vary with the p(CO2) values; in particular, the α value 

at the maximum reaction rate decreased as the p(CO2) value increased. Each master plot at a specific 

p(CO2) value was fitted by empirical kinetic models of SB(m, n, p) (eq 7) and Johnson-Mehl-Avrami, 

JMA(m) (eq 8).92-95 

JMA�:�: ���� = :�1 − ��3−ln�1 − ��4BCB/= (8) 

The results of model fittings are also listed in Table S1. Superficially, both empirical kinetic models 

exhibited a statistically significant fit to the experimental master plots, which empirically characterized 

the variation of the overall rate behavior with the p(CO2) values. Although JMA(m) was originally 

derived by considering the physicogeometrical features of the bulk nucleation and growth processes,92-

95 the optimized kinetic exponent m cannot have the physicochemical meanings in the present 

application to the thermal decomposition of ZnCO3, as previously discussed for SB(m, n, p). However, 

the optimized kinetic exponents in SB(m, n, p) and JMA(m) provide an index to compare the apparent 

changes in the overall rate behaviors with atmospheric p(CO2) value. Using SB(m, n, p), the variation 

in the rate behavior was detected by the variations in the kinetic exponents characterized by the increases 

in n and p values and decrease in m value as the p(CO2) value increased. By contrast, a systematic 

decrease in m value as the p(CO2) values increased was evident using JMA(m). In both curve fitting 

results, the calculated A value increased with the p(CO2) value, exhibiting evidence of a mutual 

dependence between Ea and A values, known as the kinetic compensation effect (KCE).96-102 



 

Figure 7. Results of the isoconversional kinetic analysis for the thermal decomposition of the ZnCO3 sample 

under the individual conditions in a flow of N2–CO2 mixed gas with various p(CO2) values: (a) Friedman plots at 

α = 0.5, (b) Ea values at various α values, and (c) experimental master plots of (dα/dθ)/(dα/dθ)0.5 versus α. 

 

As indicated by the evidence described above, performing the formal kinetic analysis of the thermal 

decomposition of ZnCO3 in N2-CO2 atmospheres without considering the effect of p(CO2) results in 

different kinetic descriptions via different sets of kinetic triplet (i.e., Ea, A, and f(α)) among the reactions 

at different p(CO2) values. This generally observed situation when analyzing the thermal decomposition 

of inorganic solids should be addressed performing the universal kinetic description across different 

partial pressures of product gas in the reaction atmosphere, as well as across different reaction 

temperatures. The attempt has a long history of deriving the efficient AF concerning the effect of partial 

pressure of product gas to be introduced into the kinetic equation.2,4,5,9,11,17,30 However, no generally 



applicable AF has been put forward. Recently, we attempted to derive the analytical form of an AF to 

describe universally the kinetic behavior of the thermal decomposition of solids over different 

temperatures and partial pressures of product gas conditions, as exemplified by the studies performed 

on the thermal decomposition of divalent metal hydroxides20-22 and the thermal dehydration of 

crystalline hydrates,23 which were conducted taking into account the effect of atmospheric water vapor. 

The similar physicochemical approach was examined in the present study for revealing the effect that 

p(CO2) had on the kinetics of the thermal decomposition of as-prepared ZnCO3. Based on the classical 

interfacial reaction theory,55,103-108 the reaction scheme at the reaction interface was assumed to consist 

of the consecutive and concurrent occurrence of a series of elementary steps, including (1) creation of 

interstitial CO2 defects at the internal interface, (2) diffusion of the interstitial CO2 defects from the 

internal to the external interface, (3) consumption of the interstitial CO2 defects at the external interface, 

(4) desorption of CO2 molecules present on the external interface, and (5) consumption of Zn and O 

defects and formation of the ZnO building unit on the internal interface (see the scheme in Figure S25). 

The overall kinetics of the interfacial reaction is formulated based on the simple rate-limiting step and 

steady-state assumptions at a constant temperature, as listed in Table 1. In this approach, one elementary 

step is selected as the rate-limiting step, whereas all other elementary steps are assumed to be in 

equilibrium conditions, with each of these equilibria characterized by its own equilibrium constant (Ki). 

Notably, the product of all equilibrium constants is correlated to Peq(T) (atm) according to eq 9 

E = EBE�EFEGEHB/> = exp 	− ∆JK°
� � = �eq���  (9) 

where ΔrGº is the Gibbs energy of the reaction. The kinetic expressions are classified into two forms.  

M = N′ P1 − ��CO���°������Q (10) 

M = N′′ 	 �°��CO���> R1 − P ��CO���°������Q>S (11) 

Equation 10 is derived for the cases whereby the elementary steps (1), (2), (3), or (4) were assumed to 

be rate-limiting, restricted by which K4 ≫ p(CO2)/P° in the elementary step (3) and K1K2K4 ≪ 1 or 

K1K2K4 ≫ 1 in the elementary step of (4). The same kinetic equation expressing the effect of p(CO2) 

with eq 10 has been derived for the diffusional removal of CO2 molecules through solid product layer.5 

The rate expression for the elementary steps (3) and (5) is generalized by eq 11, restricted by K4 ≪ 

p(CO2)/P°. Equations 10 and 11 have comparable forms to their counterparts derived for the thermal 

decomposition of metal hydroxides and the thermal dehydration of inorganic hydrates by taking into 

account the effect of water vapor pressure.20-23 Consequently, an analytical form of the AF, h(p(CO2), 

Peq(T)), which accounts for both cases of eqs 10 and 11, is derived. 



ℎ ���CO��, ������� = V $° �!"#�WX R1 − 	  �!"#�$°$YZ�/��[S (12) 

where exponents a and b are constants that illustrate the types of the effect of p(CO2) characterized by 

the contributions of the first and second parts of the AF, i.e., (P°/p(CO2))a and [1- (p(CO2)/P°Peq(T))b]. 

Notably, the AF presented in eq 12 is equivariant to the conventional AF when (a, b) = (0, 1) (eq 2), 

which is the second part of the AF in eq 12. However, the contribution of the second part of the AF 

depends on the value of the expression (p(CO2)/P°Peq(T)) for the actual reaction. The Peq(T) values for 

the thermal decomposition of ZnCO3 are reported in Figure S26, which were calculated using a 

thermodynamic database (MALT2, Kagaku Gijutsu-Sha).109,110 The calculated Peq(T) values were larger 

than the experimentally applied (p(CO2)/P°) values (0.05-0.40 atm) by approximately 4 orders of 

magnitude in the actual reaction temperature range (580-690 K) of the thermal decomposition of the 

ZnCO3 sample, indicating that the second part of the AF provides only a limited contribution to the 

correction of the experimental kinetic data by considering the influence of atmospheric p(CO2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Elementary steps of interfacial reaction expressed using Kröger’s notation,111 equilibrium constant for each elementary step, and kinetic equation for the 

process controlled by the selected elementary step 

Elementary step i Reaction Equilibrium constant, Ki Overall rate v for the process controlled by the elementary step i 

(1) Creation of the interstitial CO2 defect at the 

internal interface 

�COF!"F�\]!"F ⇄ �O!"F�\]!"F+ �CO�,`,`]a�\]" 

EB= bOCOcdbCO2, i, intd MB = NB P1 − ��CO���°�eq���Q 

(2) Diffusion of the interstitial CO2 defect from 

the internal to the external interface 
CO�,`,`]a ⇄ CO�,`,�ha E� = bCO2, i, extdbCO2, i, intd = 1 M� = iCO2,ij7 EBEH R1 − P ��CO���°�eq���QS 

(3) Consumption of the interstitial defect at the 

external interface 
CO�,`,�ha + �k� ⇄ CO� − �k� EF = 3CO� − �k�43�k�4bCO2, i, intd MF = NF EBEGEHEG + ��CO��/�° P1 − ��CO���°�eq���Q 

(4) Desorption of CO2 molecule CO� − �k� ⇄ CO��g� + �k� EG = 3�k�4��CO��3CO� − �k�4  MG = NG EBEFEH1 + EBEFEH P1 − ��CO���°�eq���Q 

(5) Consumption of the defect and formation of 

the ZnO building unit at the internal 

interface  

;�Zn\] + O!"F�\]!"F  ⇄  ;�Zn\] + O"�\]" 
EH = 3O"4bOCOcd MH = NH PEBEFEG�°��CO�� Q> P1 − P ��CO���°�eq���Q>Q 

 

 



By taking the logarithms of eq 1, we obtain eq 13 

ln R �nonp �
q� �!"#�,$YZ�/��S = ln3�����4 − ,-./ (13) 

When the AF in eq 12 is introduced into eq 13, a linear relation between the left-hand side of eq 13 and 

reciprocal temperature is expected for all data points at a given α value recorded under different heating 

and p(CO2) conditions through optimizing the most appropriate exponents (a, b) (modified Friedman 

plot).20-23 Figure 8 summarizes the results of the modified isoconversional analysis based on eq 13 

accompanied by eq 12. At individual α values, all of the data points aligned on a regression line with 

statistically significant correlations (Figures 8a and S27), demonstrating the universal isoconversional 

relation under different heating and p(CO2) conditions. The optimized exponents (a, b) were observed 

to remain approximately constant through the main part of the reaction (0.1 ≤ α ≤ 0.9) (Figure 8b), 

accompanied by the average values (0.95 ± 0.01, 0.55 ± 0.03), respectively. With respect to the b value, 

it displayed a decreasing trend in the early stages of the reaction (α < 0.1) and an increasing trend in its 

final stage (α > 0.9); notably, in the final stage of the reaction, the increase in b value was accompanied 

by a decrease in the a value. The Ea values calculated from the slopes of the modified Friedman plots at 

various α values (Figure 8b) were indicative of a similar variation trend with that observed for the 

reaction in a flow of dry N2 gas (Figure 4); in particular, an initial decrease was observed from 

approximately 250 to 235 kJ mol-1 (α ≤ 0.1); subsequently, Ea displayed an approximately constant value 

of 234.5 ± 4.6 kJ mol-1 in the main reaction stage (0.1 ≤ α ≤ 0.9), followed by a rapid drop in Ea value 

to approximately 80 kJ mol-1 in the final stage (α > 0.9). The mentioned drop in Ea value is expected to 

correspond to the reaction tail, which is controlled by the diffusional removal of the gaseous product.  



 

Figure 8. Results of the Friedman plot, modified by introducing the AF in eq. (12), for the thermal 

decomposition of the ZnCO3 sample in a flow N2–CO2 mixed gas with various p(CO2) values: (a) modified 

Friedman plots at α = 0.5, (b) exponents (a, b) in the AF at various α, (c) Ea values at various α, and (d) 

experimental master plot and the fitting curves using SB(m, n, p) and JMA(m). 

 

Based on the universal kinetic equation (eq 1), the experimental master plot was also modified by the 

introduction of h(p(CO2), Peq(T)), as (dα/dθ)/h(p(CO2), Peq(T)) versus α. 

�nonr�
ℎ� �CO#�, $eq�/�� = nonp exp�s-tu�

ℎ� �CO#�, $eq�/�� = ����� (14) 

By assuming a single-step reaction characterized by an Ea value of 234.5 kJ mol-1 and using the AF in 

eq 12, with (a, b) = (0.95, 0.55), the modified experimental master plot was drawn by calculating the 



(dα/dθ)/h(p(CO2), Peq(T)) values at various values for α (Figure 8c). The universal master plot also 

indicates the maximum rate midway through the reaction as in the conventional master plot drawn for 

the reactions under respective p(CO2) conditions (Figure 7c), indicating satisfactory fittings using the 

empirical kinetic models of SB(-0.22 ± 0.07, 1.01 ± 0.03, 0.49 ± 0.07), with A = (2.81 ± 0.02) × 1015 s-

1, and JMA(1.47 ± 0.01), with A = (2.11 ± 0.01) × 1015 s-1. Despite the statistically significant fitting of 

the universal master plot with SB(m, n, p) and JMA(m), the physicogeometrical mechanism of the 

thermal decomposition of the ZnCO3 sample was apparently characterized by the contracting-geometry-

type reaction induced by the SR. The SEM images of the partially decomposed samples to different α 

values, obtained by performing a nonisothermal heating at a β of 5 K min-1 to different final temperatures 

in a flow of N2-CO2 mixed gas (p(CO2) = 40 kPa), exhibited characteristics that suggested that 

practically the same morphological changes had occurred with respect to those taking place in the 

analogous process carried out in a flow of dry N2 gas; in fact, the original polyhedral particle shape was 

maintained during the reaction (Figure S28). For such a reaction, the initial acceleration in the universal 

master plot (Figure 8c) is interpreted as being caused by the contribution of the SR to the overall kinetics. 

Thus, use of the Mampel’s model112 for the consecutive SR and subsequent phase boundary-controlled 

reaction (PBR) under isothermal conditions is a possible approach to modeling the kinetics of such 

reactions.113 The differential kinetic equations for the SR-PBR(n) models derived by assuming a first-

order SR and an n-dimensional PBR114 are listed in Table S2. The practical kinetic analysis based on the 

SR-PBR(n) models is the nonlinear least-squares analysis to fit each isothermal kinetic curve with the 

calculated curve based on the kinetic equations listed in Table S2 through optimization of the respective 

rate constants for the SR and PBR(n) steps (i.e., kSR and kPBR(n)). The calculation procedure is detailed 

in Section S5.5 in the Supporting Information. Figure 9 shows the typical fitting results of an isothermal 

kinetic curve using the SR-PBR(n) models. Comparing the statistical significances of the fitting using 

the SR-PBR(n) models with different n values, the model assumed threedimensional PBR (SR-PBR(3)) 

was selected as the most appropriate model for describing the overall kinetics, irrespective of the 

measurement temperature and p(CO2) value. The interface shrinkage dimension expected by the 

mathematical model fitting is reasonable, when considering the polyhedral shape of the sample particles. 

Table S3 lists the values for kSR and kPBR(3) determined for the individual kinetic curves recorded at 

different temperature and p(CO2) values. The conventional Arrhenius plots applied to the kSR and kPBR(3) 

values were characterized by different linear correlations for the data at different p(CO2) values in both 

the SR and PBR(3) steps, in which the Arrhenius plots displayed approximately parallel shifts as a result 

of changes in the p(CO2) values (Figure S29). The apparent Arrhenius parameters for the SR and PBR(3) 

steps at different p(CO2) values are listed in Table S4.  



 

Figure 9. Typical fittings of the isothermal kinetic curve (T = 613 K and p(CO2) = 10.0 kPa) using the SR–

PBR(n) models. 

 

To obtain the universal kinetic description under different temperature and p(CO2) conditions, the AF 

for describing the effect of p(CO2) was introduced in the Arrhenius equation  

N = �exp �− ,-./� ℎ ���CO��, ������� (15) 

Figure 10 shows the Arrhenius plots modified by introducing the AF in eq 12 for the SR and PBR(3) 

steps. Through optimization of the exponents (a, b) in eq 12, all data points referring to different 

temperatures and p(CO2) values aligned on a single straight line, with statistically significant 

correlations determined to exist in both reaction steps. The results evidence the universal kinetic 

description over different temperatures and p(CO2) values in each reaction step. The kinetic parameters 

determined by the modified Arrhenius plots are listed in Table 2. Comparing the values of the exponents 

(a, b) in eq 12 between the SR and PBR(3) steps, an apparent decrease in the a value became obvious as 

the reaction step advanced from SR to PBR(3); by contrast, the b value appeared to be practically 

invariant. The variation of the a value is indicative of the more significant effect of p(CO2) value on the 

SR than that on PBR(3), which is reasonable, considering the direct interaction between the atmospheric 



CO2 and the surface of the reactant particles. The values of the Arrhenius parameters (Ea, ln A) also 

decreased as the reaction step advanced from SR to PBR(3). This trend is in agreement with the variation 

trend of the isoconversional Ea values determined by the modified Friedman plots (Figure 8b). Notably, 

the Ea value for the PBR(3) step is quite close to the average value of the isoconversional Ea through the 

main part of the reaction. 

 

Figure 10. Arrhenius plots modified by introducing the AF in eq. (12): (a) SR and (b) PBR(3) steps. 

 

Table 2. Kinetic parameters determined by the modified Arrhenius plots shown in Figure 15 

Reaction step 
Eq. (12)  

Ea / kJ mol−1 ln(A / s−1) −γ a 
a b 

SR 1.30 1.92 274.6 ± 5.4 42.8 ± 1.1 0.9959 

PBR(3) 0.69 2.05 236.9 ± 8.6 36.3 ± 1.7 0.9867 

a Correlation coefficient of the linear regression analysis. 

 

3.5. Thermal Decomposition of ZnCO3 in N2-H2O Atmosphere. 

Figure 11 shows the TG-DTG curves for the thermal decomposition of the ZnCO3 sample recorded at a 

fixed heating rate of 5 K min-1 in a flow of N2-H2O mixed gases characterized by different p(H2O) 

values. In contrast with the effect of the p(CO2) value in the corresponding process carried out in a flow 

of N2-CO2 mixed gas, the TG- DTG curves significantly shifted to lower temperatures as the p(H2O) 

value increased (Figure 11a), although the shapes of TG and DTG curves practically did not change.  



 

Figure 11. TG–DTG curves for the thermal decomposition of the ZnCO3 sample (m0 = 4.983 ± 0.034 mg) 

recorded at a fixed β of 5 K min−1 in a flow of N2–H2O mixed gas with different p(H2O) values. 

 

The parallel shift of the TG-DTG curves along the temperature axis is made evident by the practically 

constant temperature gap between the extrapolated onset (Teo) and peak top (Tp) temperatures in the 

DTG curves measured at different p(H2O) values (Figure 11b). Similar phenomena induced changes in 

atmospheric p(H2O) values have also been reported for the thermal decompositions of CaCO3,36-44 

synthetic malachite,31-34,63 and hydrozincite.16,35,64 Since water molecules are neither reactants nor 

products of the thermal decomposition of ZnCO3, a catalytic activity should be considered to explain 

the changes in the TG-DTG curves associated with changes in the p(H2O) value. Notably, the features 

of changes in the particle morphologies and surface textures of the ZnCO3 particles as the thermal 

decomposition of ZnCO3 progressed in the presence of water vapor, as made evident by the SEM images 

shown in Figure S30, indicated no distinguishable differences from those for the reactions in a flow of 

dry N2 and N2-CO2 mixed gases. The kinetic behavior of the thermal decomposition at a fixed p(H2O) 

value of 9.56 kPa was analyzed using the TG-DTG curves recorded under isothermal, linear 

nonisothermal, and CRTA conditions (Figure 12). The kinetic curves converted from these TG-DTG 

curves are reported in Figure S31 as three-dimensional plots in the time-T-α and time-T-dα/dt 

coordinates. 



 

Figure 12. TG–DTG curves for the thermal decomposition of the ZnCO3 sample recorded in a flow of N2–H2O 

mixed gas with p(H2O) = 9.56 kPa under various heating conditions: (a) isothermal conditions, (b) nonisothermal 

conditions, (c) typical CRTA record, and (d) temperature profiles and DTG curves under CRTA conditions. 

 

Initially, the kinetic curves at a fixed p(H2O) value of 9.56 kPa were analyzed simultaneously through 

the conventional isoconversional kinetic approach, without considering the effect of p(H2O) (Figure 13). 

The Friedman plots exhibited statistically significant linear correlations, irrespective of the α values 

(Figure 13a); moreover, the slopes of the plots remained approximately constant as the α value varied. 

Therefore, approximately constant Ea values were obtained during the course of the reaction, except at 

the very beginning and end of the thermal decomposition of ZnCO3 (Figure 13b). The average Ea value 

through the main part of the reaction (0.1 ≤ α ≤ 0.9) was 75.8 ± 1.1 kJ mol-1. The experimental master 

plots of (dα/dθ) versus α exhibited the maximum rate midway through the reaction (Figure 13b), an 

observation well fitted by SB(-2.59, 1.53, 2.76) with A = (4.47 ± 0.05) × 104 s-1. The estimated Arrhenius 

parameters (Ea, A) were much smaller than those determined for the reaction conducted in a flow of dry 

N2 gas. However, the experimental master plots for the reaction conducted in a flow of dry N2 and N2-

H2O mixed gas characterized by a p(H2O) value of 9.56 kPa were practically equal in shape (Figure 

S32), as expected from the parallel shift of the TG-DTG curves along the temperature axis as a result of 

the change in the p(H2O) value.  



 

Figure 13. Results of the conventional kinetic approach to the thermal decomposition of the ZnCO3 sample in a 

flow of N2–H2O mixed gas with a fixed p(H2O) of 9.56 kPa: (a) Friedman plots at various α, (b) Ea values at 

various α, (c) experimental master plots of (dα/dθ) versus α. 

 

Similar to the case of the effect of p(CO2) on the kinetics of the thermal decomposition, introduction of 

an AF that accounts for the effect of atmospheric water vapor, that is h(p(H2O)), in the fundamental 

kinetic equation may be a practical solution for explaining the effect of p(H2O) on the kinetics of the 

thermal decomposition 

d�d� = �exp 	− ��
�� ����ℎv��H�O�x (16) 

By taking logarithms of eq. (16) after rearrangement, we obtain eq. (17) for the kinetic analysis of 

individual kinetic curves (differential single run method):115 

ln y �d�d� ����� ∙ ℎv��H�O�x{ = ln� − ��
� (17) 

Assuming an invariant kinetic model function irrespective of p(H2O) values, i.e., SB(-2.59, 1.53, 2.76), 

the kinetic curves converted from the TG-DTG curves recorded at a fixed β value of 5 K min-1 under 

various p(H2O) conditions and at various β or C values under a fixed p(H2O) value of 9.56 kPa were 

analyzed by the differential single-run method based on eq 17 (Figure 14). When the effect of p(H2O) 



was ignored by imposing a value of 1 for h(p(H2O)) in eq 17, plots of the logarithmic term in the left-

hand side of eq 17 versus the reciprocal temperature exhibited statistically significant linear correlations 

for the individual reactions under different p(H2O) conditions (Figure 14a). These plots were observed 

to shift in parallel as the p(H2O) value varied, although those for the reactions conducted at a fixed value 

for the p(H2O) were observed to form a single straight line for different heating conditions. The Ea and 

A values determined by the single-run method without considering the effect of p(H2O) were observed 

to undergo a systematic decrease as the p(H2O) value increased (Table S5). In addition, a statistically 

significant linear correlation between the apparent Ea and ln A values (i.e., ln A = a + bEa), was observed 

to exist, as in the manner of the KCE (Figure S33).96-102 This implies that conventional kinetic 

approaches whereby the effect of p(H2O) is not considered do not provide a universal kinetic description 

of the thermal decomposition of ZnCO3 under various p(H2O) values. 

 

Figure 14.  Kinetic plots based on eq. (16) for the thermal decomposition of the ZnCO3 sample under various 

heating and p(H2O) conditions: (a) differential single run method applied to the individual kinetic curves with an 

assumption of h(p(H2O)) = 1 and (b) universal kinetic plot for all kinetic curves drawn by introducing h(p(H2O)) 

presented in eq. (18). 

 

 

In view of the chemical reaction process, the catalytic action of atmospheric water vapor is explained 

by the contribution of water molecules to the elementary steps of surface and interfacial reactions. Some 

simple models of the consecutive elementary steps that take into account the contribution of water 



molecules have been proposed to explain its catalytic action observed in the thermal decomposition of 

CaCO3.43,44 In those models, formation of hydrogen carbonate HCO3
- species as a result of the reaction 

between CO3
2- ions on the surface of CaCO3 and water molecules adsorbed at Ca-bridge sites of CaCO3 

and the subsequent dissociation of HCO3
- into CO2 and OH- were considered as the possible reaction 

pathway catalyzed by atmospheric water vapor. On the basis of the physicogeometrical reaction scheme, 

an enhancement in the rate of crystal growth of the solid product, ZnO, affected by atmospheric water 

vapor may be an alternative cause of the apparent catalytic behavior of water molecules in the thermal 

decomposition of ZnCO3. Notably, this phenomenon has been observed for different metal oxides.57-62 

A slight but detectable increase in the growth rate of ZnO crystallites triggered by atmospheric water 

vapor was also observed in this study (Figure S11). The crystal growth of ZnO in the surface product 

layer generates interstices, which may facilitate the diffusional removal of CO2 from the reaction 

interface. In both models introduced to explain the catalytic effect of atmospheric water vapor, the 

adsorption of water molecules on the reactant or product solid is the key process. Considering the 

adsorption equilibrium of water molecules on solid surfaces, the amount of adsorbed water molecules 

at a specific temperature depends on the p(H2O) value. To evaluate the influence that water vapor has 

on the kinetics of thermal decomposition of ZnCO3, the AF can have the following form19,38 

ℎv��H�O�x = � �|#"�$° �}
 (18) 

where c is a constant accounting for the contribution of p(H2O) to the overall reaction rate. By 

introducing the analytical form of h(p(H2O)) in eq 17, all kinetic curves obtained under different heating 

and p(H2O) conditions were universally analyzed, a process that enabled us to determine the value of 

exponent c in eq 18 affording the best linear correlation (Figure 14b). In particular, when c = 0.546, all 

data points of the kinetic curves were observed to align on a single straight line representing the universal 

kinetic relationship over different heating and p(H2O) conditions. The kinetic parameters determined by 

the universal kinetic analysis are listed in Table 3.  

 



Table 4. Kinetic results of the universal kinetic approach for the thermal decomposition of the ZnCO3 sample under various heating and p(H2O) conditions 

Universal method c Ea / kJ mol−1 A / s−1 
SB(m, n, p) 

R2, a 
m n p 

Single run 0.546 76.4 ± 0.2 (1.9 ± 0.1) × 105 –2.59 1.53 2.76 0.9973 

Isoconversional 0.524 ± 0.03 74.9 ± 0.6 (1.4 ± 0.1) × 105 −2.13 ± 0.13 1.38 ± 0.05 2.35 ± 0.12 0.9988 

aDetermination coefficients of the linear and nonlinear least squares analyses for the universal kinetic plot in model-fitting approach and the fitting of the 

experimental master plots using SB(m, n, p) in isoconversional approach, respectively. 

 



A rearrangement of eq 17 provides a kinetic equation affording the universal kinetic analysis of the 

isoconversional kinetic relationship for different heating and p(H2O) conditions  

ln R �nonp �qv �|#"�xS = ln3�����4 − ,-./ (19) 

Figure 15 summarizes the results of the isoconversional kinetic analysis based on eq 19 with h(p(H2O)) 

in eq 18. Irrespective of α, the modified Friedman plots exhibited statistically significant linear 

correlations for all kinetic data under different heating and p(H2O) conditions, when the optimized c 

value was utilized in each plot (Figure 15a). Notably, the optimized values for c were approximately 

constant through the main part of the reaction (0.1 ≤ α ≤ 0.9), with an average value of c = 0.524 ± 0.03 

(Figure 15b), which closely matches the value determined through the kinetic plot obtained 

implementing the differential single-run method (Figure 14b). The Ea values were also observed to 

remain constant in a wide range of α values (Figure 15b), with the average value for this parameter 

determined to be Ea = 74.9 ± 0.6 kJ mol-1. The experimental master plot based on eq 16 can be presented 

as follows (eq 20)  

�nonr�qv �|#"�x = nonp exp�s-tu�qv �|#"�x = ����� (20) 

The universal experimental master plot drawn for the reactions under various heating and p(H2O) 

conditions using the average values of c and Ea in the 0.1 ≤ α ≤ 0.9 range (Figure 15c) displayed a shape 

comparable with those drawn previously for the reactions conducted in a flow of dry N2 and at p(H2O) 

= 9.56 kPa (Figure S32). Table 3 also lists the kinetic parameters determined by the isoconversional 

kinetic approach considered the catalytic action of atmospheric water vapor. The fact that 

implementation of the universal single-run and isoconversional methods afforded comparable kinetic 

results supports the idea that a successful kinetic characterization of the thermal decomposition of 

ZnCO3 under various heating and p(H2O) conditions has been achieved. 



 

Figure 15. Kinetic results obtained by the isoconversional kinetic analysis modified by introducing h(p(H2O)) in 

eq. (18) for the thermal decomposition of the ZnCO3 sample under various heating and p(H2O) conditions: (a) 

modified Friedman plots at different α values, (b) optimized exponent c in eq, (18) at different α values, (c) Ea 

values at different α values, and (d) universal master plot and fit curve using SB(m, n, p). 

 

3.6. Physicogeometrical Kinetic Interpretations. 

To interpret the effect that atmospheric CO2 and water vapor had on the kinetics of the thermal 

decomposition of as-prepared ZnCO3 samples, the thermal decomposition taking place in a flow of dry 

N2 gas is to be a reference process. The reaction kinetics can be understood based on the 

physicogeometrical reaction scheme and the consecutive physicogeometrical steps of the surface 

nucleation and interfacial reaction. The reaction conducted in a flow of dry N2 was characterized by an 

approximately constant value for Ea (104.7 ± 2.9 kJ mol-1) in the 0.1 ≤ α ≤ 0.9 range, although Ea was 

observed to initially decrease from 140 to 105 kJ mol-1 (α ≤ 0.1). The Ea variation at the beginning of 

the thermal decomposition was assumed to be the contribution of the SR process, whereas the 



subsequent phase of the reaction was described as the result of the contracting geometry of the reaction 

interface. Based on the classical nucleation theory, surface nucleation is understood to comprise several 

elementary steps: (i) creation of interstitial CO2 defects, (ii) desorption of CO2 molecules, and (iii) 

formation of the ZnO building unit. Therefore, the reaction initiation temperature may vary depending 

on the atmospheric conditions, given that specific gases present in the atmosphere contribute to the 

elementary steps of surface nucleation. The established reaction occurs at the ZnO/ZnCO3 interface, 

which is characterized by the presence of zones of locally enhanced reactivity (Figure S25). In addition 

to the interfacial process, the crystal growth of ZnO in the surface product layer and the diffusion-driven 

removal of thus-produced CO2 through the surface product layer influence on the overall kinetics of the 

established reaction. Notably, the process of interface advancement also comprises several elementary 

steps, which are listed in Table 1. Each elementary step is directly influenced by the presence of self-

generated CO2. The influence of the atmospheric conditions on the interfacial reaction is thus understood 

to be caused by the complex interactions of the effects on the specific component processes and steps. 

Evidence suggests that atmospheric CO2 causes the overall reaction rate to decrease and the initiation 

temperature of the reaction to shift to higher values (Figure 5). The shapes of the mass-loss curves drawn 

for the reactions conducted in a flow of N2-CO2 mixed gases at a constant temperature exhibited a more 

obvious sigmoidal shape than their counterparts obtained for the reactions conducted in a flow of dry 

N2 gas (Figure S16), indicating the physicogeometrical consecutive SR-PBR as a possible model for 

describing the kinetic behavior. This observation was also supported by the experimental master plots 

drawn based on the conventional isoconversional analysis, which exhibited the maximum reaction rate 

midway through the overall reaction (Figure 7c). An increase in atmospheric p(CO2) value would 

directly affect the elementary steps of surface nucleation, causing the temperature of the reaction 

initiation to shift to higher values. At higher temperatures, in contrast, the rate of the evolution of CO2 

produced by the reaction increases. At the same time, atmospheric CO2 retards the growth of ZnO 

crystals (Figure S11), causing the formation of a more compact surface product layer. The increase in 

CO2 evolution rate at the reaction interface and the enhanced difficulty of this molecule’s diffusional 

removal result in an increase in the self-generated p(CO2) at the reaction interface. This increase in turn 

results in a retardation of the elementary steps of the interfacial reaction. A quantitative evaluation of 

the effect that atmospheric p(CO2) had on the overall kinetics was realized through the isoconversional 

analysis by introducing the AF in eq 12. The results thus obtained also indicated that kinetic modeling 

was possible based on the consecutive SR-PBR, in views of the variation in the universal Ea value as 

the reaction advanced and the specific shape of the universal master plot characterized by the maximum 

reaction rate midway through the overall reaction (Figure 8). The universal kinetic modeling of the SR-

PBR(3) over different p(CO2) values afforded a quantitative characterization of the difference in the 

effects of p(CO2) on SR and PBR(3); evidence indicated the exponent a in eq 12 to be twice as large for 

SR than for PBR(3); additionally, the Arrhenius parameters were larger for SR than for PBR(3) (Table 

2). These observations indicated that atmospheric p(CO2) had a more significant effect on SR than on 



PBR(3), as a result of the direct exposure of the reactant surface to the reaction atmosphere. By contrast, 

atmospheric water vapor significantly accelerated the thermal decomposition of the ZnCO3 sample, as 

evidenced by the systematic shift of the TG-DTG curves to lower temperature values in association with 

increasing p(H2O) values (Figure 11). Importantly, neither the presence of atmospheric water vapor nor 

increases in p(H2O) induced any changes in the shape of the TG-DTG curves and the geometrical 

mechanism of the thermal decomposition. In the presence of atmospheric water vapor, the positive 

evidence of the enhanced crystal growth of ZnO was observed (Figure S11). This phenomenon causes 

an increase in size of the interspace between the ZnO crystalline particles in the surface product layer, 

which would facilitate the diffusional removal of the gases evaluated by the thermal decomposition at 

the internal reaction interface. In view of the elementary steps of the thermal decomposition of ZnCO3 

at the atomic scale, the water molecule is expected to act as a catalyst promoting the dissociation of 

CO3
2- via the generation of HCO3

-. These expected phenomena lead the formal kinetic description by 

considering the catalytic effect of p(H2O) using the AF of (p(H2O)/P°)c. The kinetic data recorded under 

different temperature and p(H2O) conditions are universally described with the exponent c in the AF of 

approximately 0.5 and a single set of the Arrhenius parameters (Ea, A) values of approximately 75 kJ 

mol-1 and ∼105 s-1, respectively. The universal kinetic descriptions of the thermal decomposition of the 

ZnCO3 sample under conditions whereby either the p(CO2) or the p(H2O) value were made to vary 

characterized well the retardation and catalytic effects via the observed increase or decrease in the 

apparent Arrhenius parameters, respectively. 

 

4. CONCLUSIONS 

ZnCO3 samples having the crystal structure of smithsonite were synthesized performing the same 

hydrothermal treatment of mixed precipitates composed of ZnCO3 and Zn5(CO3)2(OH)6 in NaHCO3(aq) 

at 373 K a number of times in sequence. The thermal decomposition of ZnCO3 proceeded with a smooth 

mass-loss accompanied by a DTA endothermic peak to produce ZnO, without any indication or positive 

evidence of the formation of crystalline intermediates. In a flow of dry N2 gas, the kinetic description of 

the thermal decomposition of ZnCO3 is characterized by Ea = 104.7 ± 2.9 kJ mol-1 and A = (8.56 ± 0.09) 

× 105 s-1. However, the decreasing trend in Ea value during the early stages of the reaction and the convex 

shape of the experimental master plot of dα/dθ versus α indicate the possible contribution of SR to the 

overall contracting-geometry-type reaction. The specific characteristics of the kinetics are the 

retardation and catalytic effects that atmospheric CO2 and H2O have, respectively. The retardation effect 

of CO2 on the thermal decomposition of metal carbonates is generally considered in relation to the 

reaction equilibrium. However, the thermal decomposition of ZnCO3 occurs at temperatures that are 

much higher than the equilibrium temperature of the decomposition reaction ZnCO3(s) → ZnO(s) + 

CO2(g)) at a given p(CO2) value, and at p(CO2) values that are much lower than the Peq value at a given 

temperature. Therefore, the p(CO2) term in the first part of eq 12 (i.e., (P°/p(CO2))a), is the practical 



form of the AF for describing the kinetic behavior of the reaction over different p(CO2) values. 

Introduction of the AF (eq 12) into the fundamental kinetic equation allows us to investigate the 

isoconversional kinetic relationship over different heating and p(CO2) conditions, as demonstrated by 

the universal Friedman plot based on eq 13 and the experimental master plot based on eq 14 (Figure 8). 

From the standpoint of a physicogeometrical reaction mechanism, the consecutive SR-PBR features 

become more evident for the reaction as the p(CO2) value increased. The kinetic behaviors of the SR 

and PBR under isothermal conditions can also be universally described with the aid of the AF (eq 12), 

so as to provide the kinetic parameters (a, b, Ea, and ln A) for the respective physicogeometrical reaction 

steps (Table 2). The thermal decomposition of ZnCO3 was observed to be significantly accelerated by 

the presence of atmospheric water vapor; in fact, the decomposition temperature decreased as the p(H2O) 

value increased. However, the physicogeometrical reaction mechanism remained practically unchanged 

by the catalytic activity of atmospheric water vapor. The possible relevant catalytic mechanism may be 

related to the enhancement of the thermal decomposition of ZnCO3 via the formation of HCO3
- by the 

interaction of ZnCO3 surfaces with adsorbed water molecules or the promotion of ZnO crystal growth 

by water molecules adsorbed onto the ZnO surfaces. An alternative AF in the form of (p(H2O)/P°)c can 

be derived considering the adsorption probability of water molecules for describing universally the 

thermal decomposition of ZnCO3 over different heating and p(H2O) conditions. The practical 

applicability of the AF described by eq 18 is demonstrated by the universal single-run plot based on eq 

17 (Figure 14) and isoconversional analysis based on eq 19 (Figure 15), whereby practically identical 

kinetic parameters were obtained, including the exponent c in the AF (Table 3). As demonstrated 

through the practical kinetic analysis for the thermal decomposition of ZnCO3 under various 

atmospheric conditions, the introduction of an appropriate AF in the fundamental kinetic equation allows 

us to perform the universal kinetic analysis of complex reaction systems composed of solids and gases 

over different heating and atmospheric conditions, in view of the formal kinetic approach. This 

conclusion can also be extended to the universal physicogeometrical kinetic description, like that based 

on the SR-PBR model. The form of AF and the magnitude of the parameters in it can provide 

supplementary kinetic information on the thermal decomposition of solids, in addition to the 

conventional kinetic triplet (i.e., Ea, A, and f(α)). The types and intensity of the effects of different 

atmospheric gases on the kinetics of a reaction may be classified by investigating the most appropriate 

form of the AF and the actual values of the parameters in it, which is expected to be a provision for 

establishing the advanced theory of the kinetics of thermal decomposition of solids and solid-gas 

reactions. 
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