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Abstract Practical usefulness of the kinetic deconvolu-

tion for partially overlapped thermal decomposition pro-

cesses of solids was examined by applying to the co-

precipitated basic zinc carbonate and zinc carbonate.

Comparing with the experimental deconvolutions by ther-

moanalytical techniques and mathematical deconvolutions

using different statistical fitting functions, performance of

the kinetic deconvolution based on an accumulative kinetic

equation for the independent processes overlapped partially

was evaluated in views of the peak deconvolution and

kinetic evaluation. Two-independent kinetic processes of

thermal decompositions of basic zinc carbonate and zinc

carbonate were successfully deconvoluted by means of the

thermoanalytical measurements in flowing CO2 and by

applying sample controlled thermal analysis (SCTA). The

deconvolutions by the mathematical curve fittings using

different fitting functions and subsequent formal kinetic

analysis provide acceptable values of the mass-loss frac-

tions and apparent activation energies of the respective

reaction processes, but the estimated kinetic model function

changes depending on the fitting functions employed for the

peak deconvolution. The mass-loss fractions and apparent

kinetic parameters of the respective reaction processes can

be optimized simultaneously by the kinetic deconvolution

based on the kinetic equation through nonlinear least square

analysis, where all the parameters indicated acceptable

correspondences to those estimated through the experi-

mental and mathematical deconvolutions. As long as the

reaction processes overlapped are independent kinetically,

the simple and rapid procedure of kinetic deconvolution is

useful as a tool for characterizing the partially overlapped

kinetic processes of the thermal decomposition of solids.

Keywords Thermal decomposition � Zinc carbonate

hydroxide � Zinc carbonate � Deconvolution � Kinetic

analysis � Nonlinear least square analysis

Introduction

Thermal decomposition of co-precipitated precursor solids

is one of the common routes of ceramics processing.

Experimental techniques of thermal analysis are the pow-

erful tool for characterizing the mixed ratio of the com-

ponent solids and the kinetic behaviors of the respective

thermal decomposition steps. Because both the mixed ratio

and kinetic behaviors influence largely on the characteris-

tics of the product solids, monitoring of the thermoana-

lytical curves of the respective batches of the precursor

solids are required for controlling the reaction processes

and the quality of the product solids.

When the thermal decomposition processes of the

component solids are overlapped partially on the thermo-

analytical curves, the deconvolution of the overlapped
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processes are required to evaluate the mixed ratio of the

precursor solids and the kinetic behaviors of the respective

thermal decomposition steps. Various experimental tech-

niques of thermal analysis can be applied to resolve the

overlapped processes [1]. Among others, sample controlled

thermal analysis (SCTA) [2, 3] can be utilized for this

purpose. Peak fitting of the themoanalytical curves by

mathematical functions are also applied to deconvolute the

overlapped reaction processes as in the cases of chroma-

tography and spectroscopy. Various mathematical func-

tions have been utilized for the better peak fittings and

successful deconvolution of the overlapped reaction pro-

cesses [4–11]. For the deconvolution of the complex

reaction processes of the thermal degradation of polymer,

biomass, industrial wastes, and so on, an alternative

deconvolution method has been applied by several groups

[12–16], which has been carried out by applying directly

the kinetic equation of multi-step reaction processes and

optimizing all the necessary parameters through non-linear

least square analysis. Because the kinetic deconvolution

method is applicable for the overlapped reaction processes

as long as those processes are independent kinetically, it is

highly expected that some of the partially overlapped

thermal decomposition steps in the ceramics processing

can be solved by the method. At the same time, however,

the kinetic deconvolution of the thermoanalytical curve is

an advanced kinetic calculation by single run method,

where mutual dependences of the kinetic parameters and

the wrong estimation of the apparent kinetic parameters

have to be always considered [17, 18].

This study was undertaken to evaluate the applicability

of the kinetic deconvolution method to the partially over-

lapped thermal decomposition steps in the ceramics pro-

cessing. Co-precipitated zinc carbonates, i.e., a mixture of

basic zinc carbonate and zinc carbonate, were selected as

model sample, because the thermal decompositions of these

compounds are overlapped partially on the thermoanalytical

curves and the mixed ratio changes depending on the pre-

cipitation conditions. By comparing with the conventional

deconvolution methods of thermal analysis and mathemat-

ical peak fitting, characteristics of the kinetic deconvolution

method applied to partially overlapped thermal decompo-

sition steps in the ceramic processing are revealed.

Experimental

Sample preparation

All the chemicals utilized for preparing precipitates of zinc

carbonates were reagent grade purchased from Sigma-

Aldrich Japan. Every 1.0 mol dm-3 of stock solutions of

zinc salts as listed in Table 1 were prepared by dissolving

those chemicals into deionized-distilled water. The pH

values of the stock solutions of zinc salts were measured by

a pH meter (Horiba F-22). Similarly, a stock solution of

sodium carbonate (1.0 mol dm-3) was also prepared.

Every 500 cm3 of one of the stock solutions of zinc salt and

sodium carbonate were mixed in a beaker and stirred

mechanically at 350 rpm for 24 h at room temperature

using a rotary impeller stirrer. The precipitates were sep-

arated by vacuum filtration and washed repeatedly with

deionized-distilled water. The precipitates separated were

dried in an electric oven at 353 K for 24 h. The samples

obtained from different stock solutions of zinc salts were

termed A–D as listed in Table 1.

Characterization

The samples were characterized by powder X-ray diffrac-

tometry (XRD), thermogravimetry–differential thermal

analysis (TG–DTA), TG/DTA–mass spectroscopy (MS),

and measurement of specific surface area. The powder

XRD patterns of the samples were collected using a dif-

fractometer (RINT 2200 V, Rigaku Co.) with monochrome

Cu-Ka radiation (40 kV, 20 mA). TG–DTA measurements

were performed for the samples of 10.0 mg, weighed into a

platinum cell (6 mm/ and 2.5 mm in height), in flowing

N2 (80 cm3 min-1) at a heating rate b of 5 K min-1. For

characterizing the evolved gases during the course of

thermal decomposition, TG/DTA–MS (Thermomass, Rig-

aku Co.) was measured using an instrument constructed by

coupling a TG–DTA (TG8120, Rigaku Co.) with a quad-

rupole mass spectrometer (M-200Q, Anelva), where the

samples of 5.0 mg weighed into a platinum cell (5 mm/
and 2.5 mm in height) were heated at b = 10 K min-1 in

flowing He (200 cm3 min-1). The specific surface area of

the samples was measured by the single-point method of

BET (Flow SorbII-2300, Micromeritics Co.) after pre-

treatment of the samples at 353 K for 1 h.

For the sample obtained from the stock solution of zinc

chloride, i.e., Sample C, further measurements of thermal

analyses were carried out for characterizing the thermal

decomposition process. For higher resolution of partially

Table 1 Reactant solutions for preparing Samples A–D and the

specific surface area, SBET, of the as-prepared samples

Sample Reactant solutions SBET/

m2 g-1

Zn2? (aq) (pH) CO3
2- (aq)

A 1 M–Zn(NO3)2 (4.31) 1 M–Na2CO3 44.6 ± 0.3

B 1 M–ZnSO4 (5.06) 1 M–Na2CO3 48.4 ± 0.4

C 1 M–ZnCl2 (5.31) 1 M–Na2CO3 27.7 ± 0.2

D 1 M–Zn(CH3COO)2 (5.70) 1 M–Na2CO3 9.3 ± 0.1
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overlapped thermal decomposition processes of zinc car-

bonates, TG–DTA measurements were carried out in

flowing N2–CO2 (80 % CO2) under the conditions other-

wise identical to the above TG–DTA measurements in

flowing N2. For the same purpose, two different techniques

of SCTA were employed, i.e., the controlled transforma-

tion rate TG (CRTG) [19] and the controlled rate evolved

gas analysis coupled with TG (CREGA–TG) [20]. CRTG

measurement was performed by using a hanging type TG

(TGA-50, Shimadzu Co.) equipped with a self-constructed

SCTA controller [21–24]. The sample of 10.0 mg weighed

into a platinum cell (6 mm/ and 2.5 mm in height) was

heated at b = 2 K min-1 in flowing N2 (80 cm3 min-1),

while during the thermal decomposition reactions the

mass-loss rate was regulated to be the constant rate

C = 10 lg min-1. An instrument of CREGA-TG was

constructed by connecting an infrared CO2 meter (LX-720,

IIJIMA) and a hygrometer (HT20, NTK) to a TG–DTA

(TGD5000, ULVAC) for monitoring the concentrations of

CO2 and H2O in the outflow gas from the TG–DTA

instrument during heating the sample. The sample of

10.0 mg weighed into a platinum cell (5 mm/ and 5 mm

in height) was heated at b = 2 K min-1 in flowing dry N2

(200 cm3 min-1), while during the thermal decomposition

reactions CO2 concentration in the outflow gas was regu-

lated to be the constant value of 50 ppm. For the purpose of

kinetic analysis, the above mentioned TG–DTA measure-

ments in flowing N2 were also carried out at different b,

1 B b B 10 K min-1.

Results and discussion

Sample characterization

Powder XRD patterns of the samples are shown in Fig. 1.

All the major peaks of Sample A correspond to either

Zn5(CO3)2(OH)6 (JCPDS 19-1458) or Zn4CO3(OH)6�H2O

(JCPDS 11-0287) [25]. By the quantitative analysis of the

evolved gases during the thermal decomposition by means

of TG–MS, it has been revealed that the composition of

Sample A corresponds to mineral hydrozincite (HZ),

Zn5(CO3)2(OH)6 [26]. With increasing pH value of the

stock solution of zinc salts, see Table 1, a systematic

growth of the XRD peaks attributed to zinc carbonate (ZC),

ZnCO3 (JCPDS 8-0449), is observed. It was reported that

in the present system formation of ZC takes place from the

mother solution with pH [ 7.2 [27]. Because XRD peaks

of HZ are observed even for Sample D, Samples B–D are

identified as the mixtures of HZ and ZC. The specific

surface area, SBET, of the respective samples is listed in

Table 1. A higher value of SBET is observed for Samples A

and B, while from Sample B to D the value decreases

systematically with increasing the pH value of the mother

solution and the content of ZC.

Typical TG–DTA curves of the samples are shown in

Fig. 2. For Sample A, the TG–DTA traces indicate initial

acceleration part and reaction tail, while the observed

mass-loss, 26.4 ± 0.4 %, corresponds to the stoichiometric

mass loss, 25.9 %, of the following reaction:

Zn5 CO3ð Þ2 OHð Þ6 sð Þ ! 5ZnO sð Þ þ 2CO2 gð Þ
þ 3H2O gð Þ ð1Þ

It is clearly seen from the TG–DTA curves that the

thermal decompositions of Samples B–D take place via

two step reactions overlapped partially. The mass-loss due

to the second reaction step increases from Sample B to D.

It is reported that, in comparison with HZ, the thermal

decomposition of ZC takes place at higher temperatures

according to [28–31]:

ZnCO3 sð Þ ! ZnO sð Þ þ CO2 gð Þ ð2Þ

It was also confirmed by powder XRD that the product

solids of the thermal decomposition of Samples A–D are

exclusively ZnO. Accordingly, the first and second reaction

steps taking place during the thermal decomposition of the

Samples B–D can be assigned to the reactions of Eqs. (1)

and (2), respectively. This is more clearly seen in the mass
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Fig. 2 Typical TG–DTA curves for the thermal decomposition of

Samples A–D (m0 = 10.0 mg) at b = 5 K min-1 in flowing N2

(80 cm3 min-1)
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chromatograms of m/z 18 and m/z 44 for the evolved gas

during the thermal decompositions of Samples B–D shown

in Fig. 3. Irrespective of the samples, the first reaction step

is characterized by the simultaneous evolutions of CO2 and

H2O as in Eq. (1). CO2 is the major gaseous product of the

second reaction step, supporting Eq. (2). The detectable

evolution of H2O at the second half stage of the second

reaction step is likely due to the evolution of trapped water

triggered by the crystal growth of ZnO. The change in the

mass chromatogram of m/z 44 indicates the increase in the

content of ZnCO3 from Sample B to D. From a view point

of reaction kinetics, these two reaction steps can be

recognized as the independent kinetic processes.

Figure 4 shows TG–DTA curves for the thermal

decomposition of Sample C at different b. Because the

DTA peak tops of the respective reactions are separated

enough, the apparent activation energy Ea for the respec-

tive reaction steps is estimated roughly by the Kissinger

method [32] from the relationship between the peak top

temperature, Tp, and b.

ln
b
T2

p

 !
¼ ln �

df ap

� �
da

AR

Ea

� �
� Ea

RTp

ð3Þ

where a, ap, A, and f(a) are the fractional reaction, the

fractional reaction at the peak top temperature, Arrhenius

preexponetial factor, and kinetic model function, respec-

tively. The Kissinger plots for the first and second reaction

steps of the thermal decomposition of Sample C are shown

in Fig. 5. From the slope of the plots, the values of Ea,

143.2 ± 2.7 and 127.8 ± 7.3 kJ mol-1, were calculated

for the first and second reaction steps, respectively.

Experimental deconvolution

In Fig. 6, TG–DTG curves for the partially overlapped

thermal decomposition processes of Sample C in flowing

N2 and N2–CO2 (80 % CO2) are compared. By the effect of

atmospheric CO2, TG–DTG curves shift to the higher

temperatures as is expected from the chemical equilibrium

in Eqs. (1) and (2). The respective reactions are separated

each other in comparison with those in flowing N2. From

the TG–DTG curves in flowing N2–CO2 (80 % CO2), the

mass-loss fractions of the respective reactions of Eqs. (1)

and (2) to the total mass-loss, c1 and c2, were estimated to

be c1 = 0.57 and c2 = 0.43, respectively.

Figure 7 shows typical results of SCTA for the thermal

decomposition of Sample C under constant mass-loss rate

(a) and under constant evolution rate of CO2 (b). In these

SCTA records, the respective reactions of Eqs. (1) and (2)

are separated clearly by the temperature jump on the way

of the thermal decomposition. The values of c1 and c2

evaluated by SCTA measurements corresponded exactly to

those determined from the TG–DTG curves in flowing N2–

CO2 (80 % CO2).

The practically identical values of c1 and c2 evaluated

by the above three different measurements indicate suc-

cessful deconvolution of the overlapped processes by those

experimental techniques. As can be seen for the change in

the shape and position of the mass-loss curves by the effect

of atmospheric CO2 in Fig. 6, however, the successful
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Fig. 3 Mass chromatograms of m/z 18 and m/z 44 for the evolved

gas during the thermal decompositions of Samples B–D

(m0 = 5.0 mg) at b = 10 K min-1 in flowing He (200 cm3 min-1)
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deconvolution is due to the change in the kinetic behavior

of the respective reactions by an effect of experimental

condition other than temperature. For the restricted purpose

of the simultaneous characterizations of sample composi-

tion and kinetics of the respective reaction steps under the

selected reaction condition, such changes of kinetic

behaviors make it difficult to characterize the kinetic pro-

cess under certain condition predetermined. In this sense,

the experimental deconvolution is not always the success-

ful method for the present purpose.

Mathematical deconvolution

After examining the applicability of various fitting func-

tions empirically, nine mathematical functions, i.e., asym-

metric double sigmoid (ADS), asymmetric logistic (AL),

extreme value 4 parameter fronted (EV4PF), Fraser-Suzuki

(FS) [33, 34], log normal 4 parameter (LN4P), logistic

power peak (LPP), Pearson IV (P-IV), Pearson IV (a3 = 2)

(P-IV(a3 = 2)), and Weibull (WB) were selected as the

possible fitting functions with R2 [ 0.99 for the deconvo-

lution of the DTG curves of the thermal decomposition of

Sample C at different b. The mathematical forms of these

fitting functions were listed in ‘‘Electronic Supporting

Material’’. The fitting procedure was performed using

commercially available software, PeakFit ver4.12. Only the

TG–DTG curves at b B 5 K min-1 were subjected to the

peak deconvolution and subsequent kinetic analysis,

because a distinguishable change of the performance of the

peak fitting was observed for the TG–DTG curves recorded

at b[ 5 K min-1, probably due to the influence of heat

and mass-transfer phenomena that become relevant for

linear heating rate experiments under higher heating rates.

This assumption is supported by the influence of CO2 on

the present thermal decomposition process observed in

Fig. 6 and reported complex kinetic behavior of the ther-

mal decomposition of HZ under high water vapor pressure

[35] and under self-generated water vapor pressure [36].

Figure 8 compares typical results of peak fittings by

using ADS and WB functions. Irrespective of fitting

functions employed, the attributions R2 estimated were

better than 0.99 when deconvoluted into two reaction

peaks. The fitting performance of the respective fitting

functions can be categorized into three different types.

Comparing the fitted curves by ADS and WB, the large

difference can be found at the peak tails in both sides. The

peak tails of ADS are apparently longer than those of WB.

The functions which indicate the longer and the shorter

peak tails were labeled as types I and II, respectively,

together with the intermediate type III. The types of the

respective fitting functions are summarized in Table 2. In

addition, a distinguishable residue at the initial part of the

first reaction step is observed irrespective of the fitting

functions employed. This is apparently due to the surface

reaction of the thermal decomposition of HZ [35, 36].

Addition of another fitting peak at the initial part of the first

reaction peak improves slightly the fitting results, but this

procedure deforms the fitting curves for the established

reaction of the first reaction step. This is not favorable for

the subsequent kinetic calculation of the deconvoluted

curves.

As an example, TG–DTG curves deconvoluted into two

peaks by using the ADS function are shown in Fig. 9. The

values of c1 and c2 evaluated from the TG curves
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deconvoluted using different fitting functions are listed in

Table 2. The value of c1 indicates slightly lower value than

that determined by the experimental deconvolution above.

When the DTG curves were fitted by assuming three-

independent peaks, that is, two peaks for the first reaction

step and one peak for the second reaction step, the corre-

spondence of values of c1 and c2 to those determined

experimentally was improved.

The deconvoluted TG–DTG curves for the thermal

decomposition of Sample C at different b were subjected to

the formal kinetic analysis by assuming the following

kinetic equation:

da
dt
¼ A exp � Ea

RT

� �
f að Þ ð6Þ

The apparent values of Ea at different a were evaluated

by the Friedman method [37] through plotting ln(da/dt)

against T-1. Figure 10 compares the values of Ea evaluated

from the respective TG–DTG curves deconvoluted using

ADS and WB functions. It is apparent that the values of Ea

change depending on a, although the variation is within

10 % of the averaged value. The behavior of a-dependent

change is different between the fitting functions employed.
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Fig. 8 Typical results of mathematical deconvolution of DTG curve

for Sample C at b = 2 K min-1 by using ADS and WB functions

Table 2 The mass-loss fractions, ci, and apparent kinetic parameters of the respective reaction steps of Sample C evaluated through mathe-

matical deconvolution and subsequent formal kinetic analysis

Step Fitting function Type ci Ea/kJ mol-1,a A/s-1 f(a) = am(1-a)n[-ln(1-a)]p R2b

mi ni pi

1 ADS I 0.53 ± 0.01 161 ± 5 (1.14 ± 0.01) 9 1014 -5.45 ± 0.09 3.05 ± 0.04 5.56 ± 0.09 0.9999

AL I 0.53 ± 0.01 160 ± 5 (6.11 ± 0.07) 9 1013 -7.46 ± 0.23 3.76 ± 0.10 7.50 ± 0.22 0.9993

EV4PF III 0.52 ± 0.01 159 ± 4 (8.31 ± 0.03) 9 1013 -1.38 ± 0.05 1.40 ± 0.02 1.58 ± 0.05 0.9999

FS II 0.51 ± 0.01 160 ± 4 (1.21 ± 0.01) 9 1014 -0.14 ± 0.03 0.96 ± 0.01 0.41 ± 0.03 0.9999

LN4P II 0.52 ± 0.01 159 ± 4 (8.93 ± 0.02) 9 1013 -0.34 ± 0.03 1.01 ± 0.01 0.58 ± 0.03 0.9999

LPP I 0.53 ± 0.01 160 ± 5 (6.11 ± 0.07) 9 1013 -7.46 ± 0.23 3.76 ± 0.10 7.50 ± 0.23 0.9993

P-IV III 0.49 ± 0.02 157 ± 4 (5.92 ± 0.02) 9 1013 -1.26 ± 0.05 1.45 ± 0.02 1.55 ± 0.05 0.9999

P-IV(a3 = 2) I 0.53 ± 0.01 160 ± 6 (6.39 ± 0.13) 9 1013 -7.12 ± 0.38 3.66 ± 0.16 7.21 ± 0.38 0.9980

WB II 0.54 ± 0.01 160 ± 5 (1.14 ± 0.01) 9 1014 -0.63 ± 0.03 1.19 ± 0.01 0.87 ± 0.03 0.9999

2 ADS I 0.47 ± 0.01 123 ± 3 (2.80 ± 0.01) 9 108 -5.93 ± 0.08 2.76 ± 0.08 5.79 ± 0.07 0.9998

AL I 0.47 ± 0.01 124 ± 4 (2.80 ± 0.03) 9 108 -8.82 ± 0.21 4.01 ± 0.09 8.71 ± 0.20 0.9991

EV4PF III 0.48 ± 0.01 123 ± 5 (3.27 ± 0.04) 9 108 -4.51 ± 0.17 2.27 ± 0.07 4.45 ± 0.16 0.9992

FS II 0.49 ± 0.01 123 ± 5 (4.17 ± 0.04) 9 108 -2.55 ± 0.12 1.57 ± 0.05 2.62 ± 0.11 0.9995

LN4P II 0.48 ± 0.01 123 ± 5 (3.51 ± 0.04) 9 108 -3.26 ± 0.16 1.78 ± 0.06 3.23 ± 0.15 0.9993

LPP I 0.47 ± 0.01 124 ± 4 (2.80 ± 0.02) 9 108 -8.82 ± 0.21 4.01 ± 0.09 8.71 ± 0.20 0.9991

P-IV III 0.51 ± 0.02 123 ± 13 (4.06 ± 0.18) 9 107 -21.1 ± 2.37 7.99 ± 1.05 20.1 ± 2.33 0.9818

P-IV(a3 = 2) I 0.47 ± 0.01 124 ± 4 (3.18 ± 0.08) 9 108 -7.90 ± 0.46 3.68 ± 0.19 7.84 ± 0.45 0.9954

WB II 0.46 ± 0.01 124 ± 3 (7.55 ± 0.02) 9 108 -0.66 ± 0.04 1.20 ± 0.01 0.95 ± 0.03 0.9999

a Averaged over 0.1 B a B 0.9. The error limits are the standard deviation among the values at different a
a Adjusted R2 of the nonlinear regression analysis for the fitting of the experimental master plot by SB(m,n,p)
c The error limits of ci is the standard deviations of the values evaluated for the data at different b. The error limits of A and kinetic exponents in

SB(m,n,p) are the standard error of the nonlinear regression analysis according to Eq. (8)

1468 N. Koga et al.

123



Nevertheless, the values of Ea averaged over the main

reaction part (0.1 B a B 0.9) are comparable among all the

fitting functions as listed in Table 2. The values of Ea

evaluated for the respective reaction steps are slightly

different from those evaluated by the Kissinger plots shown

in Fig. 5. The differences are interpreted by taking account

the approximation of the Kissinger methods for applying to

the rate process other than that of the first-order law [38,

39], difference in the range of heating rate applied to the

calculation and the possible influence of the partial

overlapping of the two reaction steps on the Tp of the

respective reaction steps in Fig. 4.

Assuming the averaged Ea values in the range

0.1 B a B 0.9, the experimental master plot of the reaction

rate extrapolated to infinite temperature (da/dh) against a
were drawn by calculating the values of (da/dh) at different

a according to [40–42]:

da
dh
¼ da

dt

� �
exp

Ea

RT

� �
with h ¼

Z t

0

exp � Ea

RT

� �
dt ð7Þ

where h is the Ozawa’s generalized time denoting the

reaction time extrapolated to infinite temperature [43, 44].

Figure 11 compares the experimental master plots drawn

for the TG–DTG curves deconvoluted using the fitting

functions of ADS and WB. Shapes of the experimental

master plots are largely different between those drawn for

the TG–DTG curves deconvoluted using different

functions and classified according to the types of fitting

functions categorized in Table 2. The experimental master

plots were correlated to the kinetic model function f(a)

according to [40–42]:

da
dh
¼ Af að Þ ð8Þ

An empirical kinetic model function known as Sestak–

Berggren model [45]: SB(m,n,p), f(a) = am(1-a)n[-ln(1-

a)]p, was employed as the most appropriate one for the

present purpose of the kinetic fitting, because of the high

flexibility of the function to fit various types of physico-

geometrical mechanisms of the solid-state reaction [46–49]

and those deviated cases with nonintegral or fractal reac-

tion geometry [50–52], size distribution of the reactant

particles [53], and so on [54]. The high flexibility makes it

difficult to interpret the physico-chemical meanings of the

kinetic exponent, but SB model with the three parameters

indicate the highest performance as a fitting function

required in this study. Through the optimizations of the

kinetic exponents in SB(m,n,p) and the preexponential

factor A by non-linear regression analysis based on the

Levenberg–Marquardt algorithm, the kinetic exponents of

SB(m,n,p) and the preexponential factor A summarized in

Table 2 were evaluated, giving the fitting curves drawn in

Fig. 11. The values of kinetic exponents and A are largely

different among the experimental master plots drawn from

the TG–DTG curves deconvoluted using the respective
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fitting functions and are classified according to the types of

fitting functions categorized as Types I–III.

The above results demonstrate that the mass-loss frac-

tions of the respective reaction steps can be estimated

properly by the curve fittings using any appropriate fitting

functions. However, the trend of a-dependent change in Ea,

shape of the experimental master plot, and the kinetic

exponents estimated change depending on the fitting

function employed. For the purpose of kinetic analysis, the

correspondence of the fitting function to the kinetic

behaviors of the respective thermal decomposition steps

should be considered carefully.

In spite of the a-dependent change of Ea values evalu-

ated by the Friedman method, the averaged values of Ea in

the main part of reaction are comparable among those

values evaluated from the TG–DTG curves deconvoluted

using the different fitting functions. This seems to be due to

that the main part of the DTG peaks of the respective

reaction steps are fitted nearly perfectly and the fitting

performance does not change among the deconvoluted

DTG curves at different b. Accordingly, application of the

Kissinger plot to the deconvoluted DTG curves at different

b is a good approximation for evaluating the apparent

values of Ea for the respective reaction steps overlapped

partially. The values of Ea evaluated by the Kissinger plots

for the deconvoluted DTG curves of the respective reaction

steps were in agreement with those evaluated by the

Friedman plots within the standard error.

Kinetic deconvolution

A direct application of the kinetic equation to the peak

separation may avoid the empirical selection of the fitting

function. As long as the overall process of the thermal

decomposition is composed of N independent kinetic pro-

cesses, the overall kinetic behavior is expressed by the

summation of the respective kinetic processes i by con-

sidering their mass-loss fractions, ci [13, 15, 16].

da
dt
¼
XN

i¼1

ciAi exp �Ea;i

RT

� �
fi aið Þ with

XN

i¼1

ci ¼ 1 and

XN

i¼1

ciai ¼ a ð9Þ

The empirical SB(m,n,p) is assumed as the kinetic

model functions of the respective reaction steps, fi(ai). The

most appropriate parameters, ci, Ai, Ea,i, mi, ni, and pi, of

the respective reaction steps are optimized simultaneously

by the nonlinear least square analysis to be minimizing the

square sum of the residue when fitting the experimental

curve of (da/dt)exp versus time by the calculated curve of

(da/dt)cal versus time [13, 15, 16].

F ¼
XM
j¼1

da
dt

� �
exp;j

� da
dt

� �
cal;j

" #2

ð10Þ

In this reaction system, totally 12 parameters are

optimized when assuming the independent two step

thermal decomposition reactions. In this type of parameter

optimization by non-linear least square analysis, it is always

required to set the appropriate initial values of all the

parameters [55, 56], in order to avoid the apparent solutions

by the local minimum of the F value. In this study, the

initial values of ci, Ai, and Ea,i were selected by referencing

the above results of experimental and mathematical

deconvolutions. For the kinetic model function fi(ai), the

first order reaction, that is, SB(0,1,0), was selected for both

the reaction steps as the initial setting.

Figure 12 shows typical results of the kinetic deconvolu-

tion for the thermal decomposition of Sample C. As in the case

of mathematical peak fitting, a distinguishable residue is

observed at the initial part of the first decomposition step. The

R2 value averaged over those obtained for the thermal

decomposition at different b was 0.984 ± 0.005. Table 3

summarizes the optimized parameters for the thermal

decomposition of Sample C at different b. The values of c1 and

c2 are comparable with those estimated by the mathematical

peak fittings assuming two peaks and indicate the constant

values at different b. The Arrhenius parameters, A and Ea,

optimized for the respective reaction steps are practically

constant irrespective of b. The value of Ea for the first reaction

step is the intermediate value of those determined by the
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together with the fitting curves by SB(m,n,p) model
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Kissinger method and from the mathematically deconvoluted

DTG curves. The value for the second reaction step is nearly

corresponding to that determined by the Kissinger method.

Although the kinetic exponents in SB(m,n,p) deviate slightly

among the values determined at different b, the deviations are

acceptable by considering the high sensitivity of the empirical

kinetic model with three kinetic exponents. The positive val-

ues of m are different from those evaluated by the formal

kinetic analysis of the mathematically deconvoluted DTG

curves in Table 2, but the differences are compensated by the

smaller values of p. The profile of SB(m,n,p) model optimized

by the kinetic deconvolution is nearly corresponding to those

determined by the formal kinetic analysis of the DTG curves

deconvoluted using the mathematical fitting functions of Type

II. This is, in turn, supporting the reported successful mathe-

matical deconvolutions and kinetic characterizations for the

partially overlapped thermal decomposition processes of

solids using the fitting functions of FS [11] and WB [6, 8, 10].

Using the kinetic parameters optimized by the kinetic

deconvolution, the experimental master plots for the

respective reaction steps are drawn in Fig. 13. The experi-

mental master plots of (da/dh) against a for the respective

reaction steps indicated the peak maximum on the way of the

reaction, denoting the nucleation and growth type reactions

as the possible physico-geometrical reaction model. The

Johnson–Mehl–Avrami model of typical physico-geomet-

rical model of nucleation and growth, JMA(m) [57]:

f(a) = m(1-a)[-ln(1-a)]1-1/m, was applied to fit the

experimental master plots according to Eq. (8). The exper-

imental master plot of the first reaction step cannot be fitted

by JMA(m), but the linear correlation between (da/dh) and a
during the second-half of the reaction indicates the first-

order rate behavior, that is, m = 1 in JMA(m). It is apparent

that the solution of the problem on the initial reaction process

of the first reaction step which could not be fitted satisfac-

torily both by the mathematical peak fitting and kinetic

deconvolution is necessary condition for the rigorous kinetic

description of the first reaction step, that is, the thermal

decomposition of synthetic HZ. On the other hand, the

experimental master plot of the second reaction step is fitted

nearly perfectly by JMA(m) with m = 1.48 ± 0.01

(R2 = 0.9931). The kinetic model JMA(1.5) is interpreted

formally by the random nucleation and subsequent 1-D

growth controlled by diffusion or by the instantaneous

nucleation and 3-D growth controlled by diffusion. The

detailed kinetic analyses for the thermal decompositions of

synthetic HZ and ZC will be reported separately.

Adopting the procedure of the kinetic deconvolution, the

kinetic parameters of the thermal decomposition process of

Samples A–D were evaluated, together with the values of

c1 and c2. Table 4 summarizes the results of the kinetic

deconvolution for the thermal decompositions of Samples

A–D at b = 5 K min-1. The values of c1 and c2 change

systematically from A to D, where the values optimized for
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Fig. 12 Typical result of the kinetic deconvolution for the thermal

decomposition of Sample C at b = 5 K min-1

Table 3 The mass-loss fractions, ci, and apparent kinetic parameters of the respective reaction steps evaluated for the thermal decomposition of

Sample C through the kinetics deconvolution based on Eq. (9)

Step b/K min-1 ci Ea,i/kJ mol-1 Ai/s
-1 f(a) = am(1-a)n[-ln(1-a)]p

mi ni pi

1 1 0.55 151 1.99 9 1013 0.38 1.39 0.00

2 0.54 152 1.97 9 1013 0.33 1.17 0.00

3 0.54 151 1.67 9 1013 0.00 1.20 0.30

5 0.53 152 1.94 9 1013 0.25 1.11 0.04

Aver. 0.54 ± 0.01 151 ± 1 (1.90 ± 0.15) 9 1013 0.24 ± 0.17 1.22 ± 0.12 0.09 ± 0.14

2 1 0.45 128 2.02 9 109 0.12 0.96 0.16

2 0.46 128 2.02 9 109 0.12 1.12 0.16

3 0.46 132 5.03 9 109 0.12 1.41 0.23

5 0.47 128 1.97 9 109 0.12 1.12 0.16

Aver. 0.46 ± 0.01 129 ± 2 (2.76 ± 0.15) 9 109 0.12 ± 0.01 1.15 ± 0.19 0.18 ± 0.03
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the respective samples were in good agreement with those

estimated by the mathematical peak deconvolution using

WB function. In both the reaction steps, the kinetic

parameters change systematically from A to C, but the

comparable kinetic parameters were optimized for the

Samples C and D. It is estimated from the results that from

A to C both the mixed ratio of HZ and ZC phases and those

particle characteristics which influence on the thermal

decomposition kinetics are changing systematically,

whereas from C to D only the mixed ratio is changing.

The similar situations of the partially overlapped ther-

mal decomposition processes of the precursor solids can be

found in elsewhere for the ceramics processing through

thermal decomposition. It is very probable that the infor-

mation evaluated through the rapid kinetic deconvolution

of the partially overlapped thermal decomposition pro-

cesses is useful as an analytical tool for characterizing the

reactant solids and for controlling the characteristics of

product solids. At the same time, however, the parameters

optimized by the kinetic deconvolution based on Eq. (9)

should be critically evaluated for maintaining the reliability

as the apparent kinetic parameters. The experimental

techniques of thermal analysis and the mathematical

methods of peak fitting using appropriate statistical func-

tions provide useful information for setting the initial

parameters for the kinetic deconvolution and for evaluating

the reliability of the optimized parameters.

Conclusions

In addition to the experimental techniques of thermal

analysis and the mathematical methods of peak fitting for

the deconvolution of partially overlapped thermal decom-

position processes of solids, the direct application of the

kinetic equation and optimization of the composition of the

reactant mixture and the kinetic parameters of the respec-

tive reaction steps, i.e., kinetic deconvolution, is the other

promising method when the overlapped reaction processes

are unambiguously the independent kinetic processes. In

view of the kinetic characterizations for the respective

reactions under the fixed reaction conditions, the kinetic

deconvolution is the simple and rapid procedure with some

merits over the conventional experimental techniques and

mathematical peak fitting. From the results of the kinetic

deconvolution, the composition of the reactant mixture and

the kinetic parameters of the respective thermal decom-

position processes are evaluated simultaneously. As was

demonstrated for the partially overlapped thermal decom-

position processes of the co-precipitated zinc carbonates,

the results optimized by the kinetic deconvolution are

nearly in agreement with those evaluated by the experi-

mental techniques and mathematical methods of decon-

volution. By comparing the results of kinetic deconvolution

among the thermal decomposition process of different

batches of the precursor solids, possible changes in the

mixed ratio of the precursor solids and those particle

characteristics which influence on the thermal decomposi-

tion kinetics can be detected simultaneously.
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Fig. 13 The experimental master plots of (da/dh) against a evaluated

for the thermal decomposition of Sample C from the results of kinetic

deconvolution, together with the fitting curves by JMA(m) model

Table 4 The mass-loss fractions, ci, and apparent kinetic parameters

of the respective reaction steps evaluated for the thermal decompo-

sition of Samples A–D at b = 5 K min-1 through the kinetic

deconvolution

Step Sample ci Ea,i/kJ

mol-1
Ai/s

-1 f(a) = am(1-a)n[-

ln(1-a)]p

mi ni pi

1 A 1.00 129 1.57 9 1011 0.29 0.81 0.00

B 0.83 139 8.39 9 1011 -0.01 1.01 0.47

C 0.53 152 1.89 9 1013 0.25 1.12 0.04

D 0.20 149 1.44 9 1013 0.06 1.24 0.18

2 A 0 – – – – –

B 0.17 108 1.26 9 108 0.43 6.44 0.37

C 0.47 128 1.99 9 109 0.12 1.16 0.17

D 0.80 128 7.63 9 108 0.08 0.64 0.07
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