
Introduction

Copper(II) carbonate hydroxide (CCH) Cu2CO3(OH)2,

corresponding to the mineral malachite, is one of the

precursors for synthesizing CuO through thermal de-

composition route. Due to relatively lower reaction tem-

perature of the thermal decomposition, growth of the

crystalline particles of CuO is limited during the thermal

decomposition processes. As the result, finely dispersed

and/or nano-sized CuO particles with higher reactivity

are obtained as the solid product [1]. The thermal de-

composition of CCH, characterized by a single mass-

loss step which evolves CO2 and H2O simultaneously,

has long been subjected to the kinetic studies by means

of various thermoanalytical techniques [2–10]. Our re-

cent interest on this rather well-clarified kinetic process

is concerning the feedback effects of the self-generated

CO2 and H2O on the kinetic rate behavior of the thermal

decomposition. We have found [11] that the reaction

temperature of the thermal decomposition shifts to the

lower temperature region by the effect of self-generated

gases. The abnormal behavior from the viewpoint of

chemical equilibrium has been reconfirmed by applying

controlled rate thermal analysis (CRTA) [12]. Further,

with development of an instrument of controlled rate

evolved gas analysis coupled with TG (CREGA-TG)

[13], the respective effects of CO2 and H2O on the ther-

mal decomposition were characterized as the normal ef-

fect in view of chemical equilibrium and catalytic effect

in view of reaction kinetics, respectively. Through the

previous works, the increasing catalytic effect of atmo-

spheric H2O has been confirmed in the range of water

vapor pressure p(H2O) from ~10
–3

to 1.5 kPa.

In the present study, we focused on the catalytic

action of the atmospheric water vapor on the thermal

decomposition of CCH. By applying TG-DTA cou-

pled with a programmable humidity controller, the

rate behavior of the thermal decomposition was in-

vestigated in the region of p(H2O) higher than those

in the previous studies. Through systematic kinetic

analysis of the reaction processes at various p(H2O),

possible origin of the catalytic action is discussed

from the viewpoint of overall kinetics.

Experimental

The same batch of CCH prepared and identified in our

previous studies [11–14] was utilized after confirming

by powder X-ray diffractometry, FTIR spectroscopy

and TG-DTA that there is no degeneration by ageing.

The sample of ca. 10.0 mg was weighed into a

platinum cell (5 mm in diameter and 2.5 mm in

height). By keeping the sample at 350 K in an instru-

ment of TG-DTA (Rigaku TG-8120), a mixed gas of

N2–H2O with a controlled p(H2O) generated in a pro-

grammable humidity controller (Rigaku HUM-1) was

introduced into the reaction tube at a rate of

ca. 400 cm
3

min
–1

. After stabilizing for 30 min, the

sample was heated at various heating rates � for

recording TG-DTA curves.
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Results and discussion

Figure 1 shows typical TG-DTG curves for the ther-

mal decomposition of CCH at various p(H2O)

(�=5.0 K min
–1

). Although the thermal decomposition

proceeds in a single mass-loss step, the reaction tem-

perature shifts systematically to the lower tempera-

tures with increasing atmospheric p(H2O). This is the

continuous trend from the lower p(H2O) region

(~10
–3

Pa) reported previously [11–13]. In Fig. 2, the

change of the DTG curves depending on p(H2O) was

reproduced as the changes of the extrapolated onset

temperature, Te.o., and peak top temperature, Tp. Ac-

companying with the increase of p(H2O) from 0.8 to

10.6 kPa, both Te.o. and Tp decrease more than 30 K,

where the most distinguished reduction of the reac-

tion temperature was observed in the p(H2O) range

from 1.2 to 6.8 kPa.

By selecting three different controlled p(H2O),

i.e., 1.2, 4.2 and 6.8 kPa, the kinetic rate data of the

thermal decomposition at the respective p(H2O) were

recorded as TG curves at various � from 1.0 to

5.0 K min
–1

. As the example, the series of TG-DTG

curves for the thermal decomposition at p(H2O)=

4.2 kPa is shown in Fig. 3. From the series of kinetic

rate data, the apparent activation energies, Ea, at vari-

ous fractional reaction � were determined by Fried-

man method [15] according to the following equation.

ln ln[ ( )]
d

d

a
�

�
t

Af
E

RT

� � (1)

where A and f(�) are the pre-exponential factor and

kinetic model function, respectively. The Friedman

plots of ln(d�/dt) vs. T
–1

at various � from 0.1 to 0.9

in steps of 0.1 for the kinetic rate data at p(H2O)=

4.2 kPa are shown in Fig. 4. Irrespective of �, the data

points at the restricted � form a line and the slopes of

the respective Friedman plots at different � are nearly

constant. The comparable results of the Friedman

plots were obtained also for the kinetic rate data at

p(H2O) of 1.2 and 6.8 kPa, indicating that the

isoconversional relationship in Eq. (1) is satisfied by
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Fig. 1 Influences of p(H2O) on the TG-DTG curves for the

thermal decomposition of CCH at �=5.0 K min
–1

Fig. 2 Influences of p(H2O) on the Te.o. and Tp of the thermal

decomposition of CCH at �=5.0 K min
–1

Fig. 3 Influences of � on the TG-DTG curves for the thermal

decomposition of CCH at p(H2O)=4.2 kPa

Fig. 4 Typical Friedman plots for the thermal decomposition

of CCH at p(H2O)=4.2 kPa



the kinetic rate data of the present reaction at rather

high p(H2O).

Figure 5 compares the values of Ea at various �

for the reactions at different p(H2O). As was expected

from the constant slope of the Friedman plots at dif-

ferent �, the values of Ea calculated from the slopes of

Friedman plots are nearly constant during the whole

course of reaction at the respective p(H2O). Table 1

lists the values of Ea averaged over 0.1���0.9. It is

worth noting that the values of Ea decrease slightly

but systematically with increasing p(H2O).

For drawing the experimental master plots

[16, 17] at a constant temperature for the reactions at

different p(H2O), the kinetic rate data were extrapo-

lated to infinite temperature according to the

isoconversional relationship [18, 19].
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where � is the generalized time introduced by Ozawa

[20–22], indicating the reaction time at infinite tem-

perature. The averaged values of Ea listed in Table 1

were utilized for this procedure. Figure 6 compares

the experimental master plots at infinite temperature,

i.e., d�/d� vs. �, for the reactions at different p(H2O),

where apparent change of experimental master plot

with p(H2O) is observed. Although all the experimen-

tal master plots are decelerate, the experimental mas-

ter plot at p(H2O)=1.2 kPa is characteristic indicating

two decelerate processes with apparently different

slopes. With increasing p(H2O), the difference of the

slopes decreases.

Because the value of d�/d� at a selected � corre-

sponds to the exponential value of the intercept of the

Friedman plot, the following equation is derived

[18, 19].

d

d

�

�
�� Af ( ) (3)

For the ideal cases, f(�) derived on the basis of

physico-geometric models of reaction mechanisms

are utilized for describing the rate process [23]. In the

present case characterized by two different decelerate

processes, however, the whole course of the reaction

can not be described by a single physico-geometric

f(�). For the first sake of apparent curve fitting, an

empirical kinetic model known as �esták–Berggren

model with three kinetic exponents [24], SB(m, n, p),

was employed.

f ( ) ( ) [ ln( )]� � � �� � � �m n p
1 1 (4)

On the basis of Eq. (3), the best values of the ki-

netic exponents in SB(m, n, p) and the value of A were

determined simultaneously through the nonlinear

least square fitting by the Levenberg–Marquardt opti-

mization algorithm [25, 26]. The most appropriate

SB(m, n, p) function and the value of A for fitting the

experimental master plot in the � range from 0.1 to

0.9 were listed in Table 1, together with the drawings

of the fitting curves in Fig. 6. Although it is difficult
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Table 1 Kinetic parameters evaluated for the thermal decomposition of CCH at different p(H2O)

p(H2O)/kPa Ea/kJ mol
–1

Range of � f(�) A/s
–1 �2

1.2 133.8�3.6 0.1���0.9 SB(–4.07, 1.88, 3.63) (1.88�0.02)·10
9

0.9999

0.1���0.4 JMA(0.85) (4.26�0.03)·10
9

0.9854

0.6���0.9 JMA(2.04) (2.46�0.06)·10
9

0.9960

4.2 120.7�3.2 0.1���0.9 SB(3.75, –0.94, –3.90) (5.10�0.15)·10
8

0.9985

0.1���0.45 JMA(0.89) (4.26�0.03)·10
8

0.9989

0.65���0.9 JMA(1.99) (2.46�0.06)·10
8

0.9947

6.8 114.6�2.9 0.1���0.9 SB(1.33, 0.08, –1.45) (1.82�0.02)·10
8

0.9998

0.1���0.5 JMA(0.97) (2.28�0.01)·10
8

0.9940

0.7���0.9 JMA(2.18) (1.08�0.03)·10
8

0.9987

Fig. 5 The �-dependence of Ea for the thermal decomposition

of CCH at different p(H2O)



to estimate the physico-geometric significance of the

respective kinetic exponents in SB(m, n, p) for the

present reaction, the experimental master plots are fit-

ted nearly perfectly by a SB(m, n, p) function due to

high flexibility of the empirical model [27] and the

p(H2O)-dependent change of the experimental master

curve is reflected by the changes of the respective

kinetic exponents.

As an alternative approach, the experimental

master plots in the � region of the first and second

half of the reaction were fitted separately by the

physico-geometric f(�) with non-integral kinetic ex-

ponent [28–31]. With varying systematically the

range of � for fitting, we found that, irrespective of

p(H2O) applied, both the first and second half of the

reaction are fitted closely by the nucleation-growth

type model JMA(m).

f m( ) ( )[ ln( )]� � �� � � �1 1
1–1/ m

(5)

The best values of kinetic exponent m and A

evaluated by the nonlinear least square fitting in the

restricted range of � were listed in Table 1. The re-

spective fitting curves were drawn in Fig. 6. Irrespec-

tive of p(H2O) applied, the kinetic exponents m�1 and

m�2 were estimated as the best values for the first and

second half of the reaction, respectively. By a simple

physico-geometric consideration, JMA(m) with m�1

and m�2 seem to describe the rate processes con-

trolled by the constant rate nucleation and two-dimen-

sional growth of nuclei, respectively. It should be

noted here that the � range of the first half reaction

which described by JMA(m) with m�1 is extended

slightly with increasing p(H2O), accompanied by the

reduction of the � range of the second half reaction

described by JMA(m) with m�2. This observation im-

plies that the contribution of the initial reaction stage

regulated by the nucleation process increases with

p(H2O). From the view point of the overall kinetics,

the reduction of reaction temperature seems to result

from the enhancement of the nucleation process by

the atmospheric water vapor. Turning the focus on the

Arrhenius parameters, the values of A for both the

first and second half of the reaction decrease with in-

creasing p(H2O). Accordingly, the reduction of the re-

action temperature expected from the decrease in Ea is

partially compensated by the interdependent decrease

in the value of A [32–35].

The catalytic action of the atmospheric water va-

por has been reported for many thermal dehydration

processes of salt hydrates as the Smith–Topley effect

[36–38]. Corresponding to the respective characteris-

tics of the thermal dehydration processes, several

mechanistic interpretations for the Smith–Topley ef-

fect have been provided [37, 38]. The thermal decom-

position of CCH shares several similarities with the

thermal dehydration processes which exhibit the

Smith–Topley effect, such as the formation of the

poorly crystalline solid product under reduced pres-

sure [11], the systematic variation of the kinetic be-

havior of the surface reaction [11–13], and so on.

However, the continuously increasing catalytic action

of the atmospheric water vapor in a wide range of

p(H2O) from 10
–3

to 10.6 kPa were observed for the

present decomposition, in contrast to the characteris-

tic behavior of the Smith–Topley effect which indi-

cates a minimum and maximum of the reaction rate in

a limited range of p(H2O) [37, 38]. Further extensive

and detailed investigations are apparently required for

providing the mechanistic interpretation for the

catalytic action of atmospheric water vapor on the

thermal decomposition of CCH.
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Fig. 6 The experimental master plots of d�/d� vs. � for the

thermal decomposition of CCH at different p(H2O) and

the fitting curves drawn by assuming f(�) evaluated by

the nonlinear least square fittings



Conclusions

Being continuous with the previous observation at the

lower p(H2O), the reaction temperature of the thermal

decomposition of CCH was reduced systematically

with the increase of atmospheric p(H2O) from 0.8 to

10.6 kPa. The value Ea was nearly constant during the

course of reaction at a restricted p(H2O) and de-

creased with increasing p(H2O). Within the range of

p(H2O) applied in the present study, the reaction pro-

cess was characterized by the first and second half of

the reaction regulated by the nucleation process and

two-dimensional growth, respectively. From the ob-

servation of increasing contribution of the nucleation

process with p(H2O), a catalytic action of the atmo-

spheric water vapor on the nucleation process was ex-

pected as the possible origin for the reduction of the

reaction temperature depending on p(H2O).
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