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Abstract

Zinc hydroxide carbonate precursor, Zn4CO3(OH)6·H2O, was synthesized from zinc sulfate using ammonium carbonate as a precipitating agent.
Thermogravimetry (TG), differential scanning calorimetry (DSC), transmission electronic microscopy (TEM), infrared spectrum (IR) and X-ray
diffraction (XRD) were used to characterize the precursor and the decomposed product. Non-isothermal kinetics of the thermal decomposition
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f zinc hydroxide carbonate were studied in nitrogen. Based on which, the kinetic parameters were obtained through mode-free m
he thermal decomposition mechanism was derived by mains of non-linear regression. The results show that the decomposition of z

de carbonate acts as a double-step reaction, A
D2←→B

Fn−→C: a reversible reaction of two-dimensional diffusion (D2), withE1 = 202 kJ mol−1,
g(A1/s−1) = 22.1, is followed by an irreversible one ofnth-order reaction (Fn) withn = 0.51,E2 = 129 kJ mol−1, lg(A2/s−1) = 10.5, and the decom
osition of Zn4CO3(OH)6·H2O to ZnO is accompanied by the change in particle morphology and particle size.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Zinc oxide (ZnO) is a technologically important material with
variety of applications such as solar cells, gas sensors, opto-

lectronic devices, varistors, and catalysts. Various techniques
ave been developed for the preparation of ZnO powders, which

nclude liquid phase precipitation[1,2], sol–gel process[3,4],
pray pyrolysis[5,6], and emulsion reaction[7,8]. Among these
ethods, the synthesis of ZnO powders via liquid phase precipi-

ation of the precursor of zinc hydroxide carbonate and followed
y thermal decomposition has received a considerable amount
f attention, because the microstructural and physical proper-

ies of ZnO powders obtained can be modified and controlled
y varying the precipitating process parameters and calcining
onditions of the precursors[9–11].

The thermal decomposition of zinc hydroxide carbonate is an
ssential step for preparation of ZnO powders from the precipi-
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tated precursors. Investigation into the mechanism and kin
of the thermal decomposition of zinc hydroxide carbonate
provide valuable information about the behavior of its ther
decomposition, which is also one of the important aspects
must be considered in the study of zinc oxide preparation.

Up to now, different forms of zinc hydroxide carbo
ate including Zn3CO3(OH)4·2H2O, Zn5(CO3)2(OH)6 and
Zn4CO3(OH)6·H2O have been used as the precursor to
ricate ZnO powders[9,12,13], and the decomposition kin
ics of zinc hydroxide carbonates have been reported in
literatures[12–14]. However, there are disparities existed
thermal decomposition model and kinetics parameters a
the zinc hydroxide carbonates obtained from different ori
or prepared at different synthesis conditions. In the pre
work, zinc hydroxide carbonate precursor, Zn4CO3(OH)6·H2O,
was synthesized from zinc sulfate solution using ammon
carbonate as a precipitating agent and subsequently
mally treated. Thermogravimetry (TG), differential scann
calorimetry (DSC), transmission electronic microscopy (TE
infrared spectrum (IR) and X-ray diffraction (XRD) were u
to characterize the precursor and the obtained ZnO pow
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Based on the results of thermal analysis, the kinetic parameters
of Zn4CO3(OH)6 thermal decomposition have been calculated
by employing mode-free methods and the reaction models have
been derived by means of non-linear regression.

2. Experimental

2.1. Preparation of precursor

Zinc sulfate heptahydrate (ZnSO4·7H2O) and ammonium
carbonate ((NH4)2CO3) were used as starting materials, both
of them were of analytic reagent grade and used as-received
without further purification. Zinc hydroxide carbonate precur-
sor was synthesized by adding dropwise a zinc sulfate solution
(1.0 mol L−1) into a rapidly stirred ammonium carbonate solu-
tion (2.0 mol L−1) at 37± 1◦C in a mole ratio of (NH4)2CO3
to ZnSO4 equal to 1.1. The as-prepared precursor powder was
filtered, washed thoroughly with deionized water to eliminate
SO4

2− ions, and then dried at room temperature under vacuum.
The isothermal calcination of the as-prepared precursor pow-

der was carried out with an air atmosphere using about 3 g of
samples. The decomposed products obtained at 300, 500 and
700◦C for 1 h were subjected for XRD and TEM analyses.

2.2. Sample characterization

prod-
u -
t nd
s ed by
T ens
w f the
p e IR
s Nico-
l

2

and
D with
t
c DSC
t ating
r
t
r pre
t
h stud
i

3

3

cur-
s dis
p nd-

Fig. 1. XRD pattern of the as-prepared precursor powder.

ing to Zn4CO3(OH)6·H2O [15]. Chemical analysis revealed
that the content of Zn in the powder was 58.85%, which
was in accordance with the theoretical value (59.23%) in
Zn4CO3(OH)6·H2O. The TG–DSC curves of the precursor
powder given inFig. 2 show two endothermic peaks up to
340◦C, with a total weight loss of 27.1%, this weight loss
is close to the theoretical mass loss (26.3%) calculated for
Zn4CO3(OH)6·H2O.The smaller endothermic peak located at
about 60◦C, with weight loss of 3.9%, was caused by the release
of hydration water. The larger peak at 252◦C, with weight loss
of 23.2%, was due to the decomposition of Zn4CO3(OH)6 into
ZnO and the release of CO2 and H2O. The calculated weight
losses for these two thermal events are 4.1% and 22.2%, respec-
tively, which agree with those revealed by the TG curve.

The IR spectrum of the precursor powder is presented in
Fig. 3. The band centered at 3364 cm−1 is the characteristic
OH stretching vibration. The two strong bands at 1506 and
1385 cm−1 are attributed toυ3 mode of carbonate, and the bands
at 1046, 835 and 708 cm−1 are assigned toυ1, υ2 andυ4 mode
of carbonate, respectively[16]. The TEM micrograph of the
precursor powder is given inFig. 4, which shows that the pre-
cursor powder is composed of ellipsoidal Zn4CO3(OH)6·H2O
particles, and the particle size is about 20–40 nm.
The crystalline phases in the as-prepared and calcined
cts were identified by XRD with a Rigaku D/MAX-IIIB diffrac

ometer using Cu K�radiation. The particle morphology a
ize of the as-prepared and calcined powders were observ
EM using a Jeol JEM-2010 electron microscope. Specim
ere prepared by evaporation of an ethanolic dispersion o
owders on grids coated with perforated carbon film. Th
pectrum of the as-prepared powder was recorded using a
et Nexus 470 FTIR spectrometer.

.3. Thermal analysis

Thermal behaviors were measured on NETZSCH TG209
SC 204 instruments (Germany) in nitrogen atmosphere

he flow rate of 20 and 70 mL min−1, respectively. Al2O3 cru-
ibles were used for TG measurement and an Al crucible for
o hold about 3–5 mg of the samples, respectively. The he
ate for thermal decomposition employed was 10◦C min−1, and
he rates for kinetic analysis were 2.5, 5, 10, 15 and 20◦C min−1,
espectively. In kinetics experiments the precursor was
reated in pure nitrogen atmosphere at 100◦C for 1 h to remove
ydration water completely, and the range of temperature

ed was from 100 to 350◦C.

. Results and discussion

.1. Characterization of zinc hydroxide carbonate

Fig. 1 shows the XRD pattern of the as-prepared pre
or powder. It can be seen that the precursor powder
lays almost all the characteristic diffractions correspo
-

-

-
Fig. 2. TG–DSC curves of Zn4CO3(OH)6·H2O.
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Fig. 3. IR spectrum of the precursor powder.

3.2. Non-isothermal kinetics of the thermal decomposition
of Zn4CO3(OH)6

3.2.1. Model-free estimation of activation energy
A series of dynamic scans with different heating rates results

in a set of data, which exhibits the same degree of conversion
(α) at different temperatures. Based on these, two methods of
differential and integral are developed by Friedman as well as
Ozawa–Flynn–Wall to determine the kinetic parameters without
having to presuppose a certain model.Fig. 5shows the TG curves
of Zn4CO3(OH)6 measured in N2 atmosphere with the heating
rate of 2.5, 5, 10,15 and 20◦C min−1, respectively. The basic
data (β, α, T) taken from the TG curves are used in the equations
bellow:

Ozawa–Flynn–Wall equation[17,18]:

ln β = ln

(
AE

R

)
− ln g(a)− 5.3305− 1.052

E

RT
(1)

whereβ is heating rate,α degree of conversion,g(α) mechanism
function,E activation energy,A pre-exponential factor, andR gas
constant.

Fig. 5. TG curves with different heating rates. Heating rates listed are setting
values.

Friedman equation[19]:

ln

(
dα

dt

)
α=αj

= ln[Af (a)j] −
E

RT
(2)

where dα/dtis the rate of conversion, andf(α) mechanism func-
tion.

It can be seen from Eqs.(1) and (2)that the graphs lnβ versus
1/T and ln(dα/dt) versus 1/Tboth show straight lines with slopes
m(1) =−1.052E/Randm(2) =−E/R. The slopes of these straight
lines are directly proportional to the reaction activation energy
(E). Fig. 6 shows these lines at differentα by means of OFW
method and the calculated results using both Eqs.(1) and (2)are
shown inTable 1.

From Table 1 it can be seen that the maximum values of
E calculated using different methods are comparable, although
the maximum ofE appears at the different value ofα. It is
clear in Table 1, that the activation energy assumes a value
of about 251 kJ mol−1 at the beginning of the decomposition
reaction and, with increasing mass loss, drops to a average
value of 124 kJ mol−1 (OFW method). This decreasing depen-
dence of the activation energy ona indicates that the overall
reaction contains at least two steps, and the kinetics scheme
of which corresponds to a reversible reaction followed by an
irreversible one[20–22], presumably, a main reaction withE2
at average value of 124.34 kJ mol−1, is preceded by another

F
(
Fig. 4. TEM micrograph of the precursor powder.
ig. 6. OFW analysis of TG measurements on Zn4CO3(OH)6 with β
◦C min−1): (+) 2.4, (�) 4.8, (♦) 9.8, (�) 14.8 and (©) 19.9.
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Table 1
ParametersE (kJ mol−1) and lg(A/s−1) for the thermal decomposition of Zn4CO3(OH)6

Degree of conversion (α) Ozawa–Flynn–Wall analysis Friedman analysis

E (kJ mol−1) lg(A/s−1) E (kJ mol−1) lg(A/s−1)

0.02 251.63± 19.76 28.53 166.77± 81.19 16.83
0.05 189.14± 7.68 18.78 277.18± 31.35 28.34
0.10 143.72± 2.90 12.58 210.02± 12.35 19.51
0.20 133.71± 2.72 11.08 119.29± 9.62 9.52
0.30 132.06± 2.74 10.84 87.54± 5.17 6.25
0.40 131.60± 2.63 10.81 76.55± 3.33 5.17
0.50 131.35± 2.48 10.81 72.10± 2.58 4.76
0.60 130.23± 2.27 10.73 69.68± 2.45 4.58
0.70 126.34± 3.09 10.38 66.70± 3.26 4.39
0.80 117.19± 5.49 9.52 61.93± 5.28 4.07
0.90 106.13± 6.76 8.46 65.80± 7.93 4.66
0.95 111.68± 5.22 8.98 94.88± 11.57 7.60
0.98 103.68± 7.50 8.08 133.29± 26.91 11.28

reversible reaction as pre-reaction withE1 of 251 kJ mol−1 at
a < 0.1.E is limited by the sum of the activation energy of the
irreversible reaction and the enthalpy of the reversible reaction
at low conversions, and by the activation energy of the irre-
versible reaction at high conversions[22]. Although the parame-
ter data obtained above may contain some systematic errors, they
would provide initial values for the non-linear regression (NLR)
below to derive the reaction mode and would be optimized
finally.

3.2.2. Estimation of kinetic model by means of multiple
linear regression (MLR)

Non-linear regression[23] allows a direct fit of the model to
the experimental data without a transformation and there are no
limitations with respect to the complexity of the model. For this
reason, NLR method can be used and iterative procedures can be
employed for estimating of the reaction model of Zn4CO3(OH)6.

Selecting mechanism functionf(α) of different singular reac-
tion types[24], testing two-step reaction types to which individ-

ual steps are linked as A
1←→B

2−→C, setting the initial values
of the parameters ofE and lgA according to OFW method, the
calculation of the regress values is carried out by means of a 5th-
degree RUNGE-KUTTA procedure using the Prince–Domand
embedding formula for automatic optimization of the number of
supporting digits[25]. To minimize the deviance, least squares
( ured.
A CH
k

hese
c oce-
d high
fi or-
r me,

A he
k NLR
a ing
a and
t

Table 2
Results of non-linear regression (NLR)

Kinetic parameters Statistics

lg(A1/s−1): 22.0860 Correlation coefficient: 0.999341
E1 (kJ mol−1): 201.60676 Rel. precision: 0.001000
lg(A2/s−1): 10.53467 Least squares: 197.10557
E2 (kJ mol−1): 129.47800 Max. no. of cycles: 50
React. ord.: 0.50600 t-critical(0.95; 415): 1.955
Foll React. 1: 0.05380 Durbin–Watson factor: 3.65655

In short, the result of the kinetic analysis above shows that
the decomposition of Zn4CO3(OH)6 preferably performs as two-
step reaction: a reversible reaction of two-dimensional diffusion
(D2), with E1 = 202 kJ mol−1, lg(A1/s−1) = 22.1, is followed by
an irreversible one ofnth-order reaction (Fn) withn = 0.51,
E2 = 129 kJ mol−1, lg(A2/s−1) = 10.5.

3.3. Characterization of decomposed products

In order to examine the phase structure as well as the particle
size and morphology of the product of Zn4CO3(OH)6·H2O ther-

F
r (—)
i

LSQ) method is used and a smooth convergence is ens
ll these work are performed under the procedure of NETZ
inetic software.

The calculated curves were obtained by means of NLR. T
urves were fitted to the experimental ones. During this pr
ure kinetic parameters of initial values are optimized to get
tting quality. Considering fitting quality (characterized by c
elation coefficient and relative precision), the kinetic sche

D2←→B
Fn−→C, is the most suitable one for this reaction. T

inetic parameters and statistical characterization after the
re listed inTable 2and graphic presentation of the curve fitt
re shown inFig. 7. It can be seen that the experimental data

he non-linear regression model fit well.
ig. 7. Curve fitting for the decomposition of Zn4CO3(OH)6, simulated with
eaction types of D2 and Fn. (©), (�), (♦), (�), (�) experimental plots,
ntegral plots. Heating rates listed are measured values.
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Fig. 8. XRD patterns of ZnO powders obtained at temperatures of 300◦C (a),
500◦C (b), and 700◦C (c).

mal decomposition, the powders obtained after isothermal cal-
cinations were subjected to XRD and TEM analyses, the results
of which are shown inFigs. 8 and 9, respectively. FromFig. 8it
can be seen that the powder calcined at 300◦C exhibits a diffrac-
tion pattern which matches the standard for hexagonal crystal
ZnO[27] and no X-ray evidence can be found for the existence
of other zinc carbonate phases in the powder. With increasing
heating temperature from 300 to 700◦C, continued refinement
in peak shapes and intensities is observed, this result indicate
that although the decomposition of Zn4CO3(OH)6·H2O to ZnO
has been accomplished at the temperature of 300◦C, increasing
the calcination temperatures can make the crystalline growth
of ZnO more perfect. The TEM analysis given inFig. 9shows

that the ZnO powder obtained at 500◦C exhibits approximately
spherical morphology, and the particle size is about 20–30 nm.
Combining this result with that ofFig. 4 it can be seen that the
decomposition of Zn4CO3(OH)6·H2O to ZnO is accompanied
by the change in particle morphology and particle size.
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