
Synthesis, characterization and nonisothermal decomposition
kinetics of La2(CO3)3�3.4H2O

Xiang-hui Zhang • Chuan He • Ling Wang •

Zhong-quan Li • Qian Feng

Received: 24 June 2014 / Accepted: 3 January 2015 / Published online: 30 January 2015
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Abstract The single-phase La2(CO3)3�3.4H2O with the

orthorhombic type was synthesized by hydrothermal

method. The results characterized by XRD, FTIR and

DTA–TG showed that the thermal decompositions of

La2(CO3)3�3.4H2O below 1,273 K experience four steps,

which involve a two-stage dehydration and formation of

anhydrous La2(CO3)3 at first, and then the formation of

La2O2CO3 and La2O3, respectively. An additional inter-

mediate product assigned to La2O(CO3)2 was observed in

the third step. Thermal decomposition kinetics of La2

(CO3)3 to La2O2CO3 was investigated under nonisothermal

conditions. The dependence of the activation energy on the

reaction degree was estimated by Ozawa and Friedman

isoconversional methods, which confirm that the step is

a multistage kinetic process. The reaction mechanism

determined by a multivariate nonlinear regression program

is a kind of two-stage consecutive reaction (An–An model),

f(a) = n(ln(1 - a(1 - 1/n))(1 - a)). The first stage: E =

435 ± 9 kJ mol-1, lg A = 28.7 ± 0.8, Dimension1 =

0.28; the second stage: E = 234 ± 4 kJ mol-1, lg

A = 13.5 ± 0.3, Dimension2 = 1.22.

Keywords Nonisothermal kinetics � Lanthanum

carbonate hydrates � Thermal decomposition mechanism �
Intermediate products

Introduction

Now as an effective, safe and ideal oral phosphate binder,

hydrated lanthanum carbonates (La2(CO3)3�xH2O,

x = 1–10) especially with about 3–4 molecules of crystal

water have been used to treat hyperphosphatemia in

patients with renal failure [1, 2]. Additionally, as an

industrial raw material, hydrated lanthanum carbonates can

be used to the preparation of lanthanum oxide (La2O3)

through thermal decomposition. La2O3 has also wide-

ranging industrial and technological applications in several

fields such as exhaust gas convertors [3], catalyst of oxi-

dative coupling of methane [4], arc electrode materials [5],

a refractory oxide for optical glass [6] and other functional

materials. However, these applications are mainly gov-

erned by the calcination process and purify of as-prepared

hydrated lanthanum carbonates [7].

Date to several works has been focused on synthesis of

the lanthanum carbonate hydrates with different molecules
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of crystal water [1, 8–10]. The thermal decomposition of

hydrated lanthanum carbonates has also been investigated

extensively by many authors using SEM, XRD, FTIR and

thermal analysis techniques [1, 8–10]. These works

showed that more intermediate products were involved

besides those reported La2(CO3)3�xH2O, La2(CO3)3, La2-

O2(CO3) and La2O3. The formation of lanthanum dioxy-

carbonate, La2O2CO3, was also published as a similar

feature in the decomposition of hydrated lanthanum car-

bonates. The thermal decomposition of anhydrous La2

(CO3)3 to La2O2CO3 is often reported to occur in a single

step by using conventional thermal analysis techniques

[7, 8, 10]. However, an additional intermediate stage

assigned to the formation of La2O(CO3)2 had also been

observed by using unconventional HT-DRIFT and HT-

XRD techniques in the decomposition mentioned above

and occurred in the following two-stage mechanisms:

La2(CO3)3 (s) ? La2O(CO3)2 (s) ? CO2 (g) (1); La2O

(CO3)2 (s) ? La2O2CO3 (s) ? CO2 (g) (2) [11, 12]. In

addition, La2O3 obtained by thermal decomposition of the

above-mentioned intermediate La2O2CO3 above 873 K

had also been reported extensively as a frequently feature

[7–10]. Due to the formation of intermediate La2O2CO3 is

a complex process [11, 12], some reaction features such as

conversion path, solid-state reactants, the reaction degree

and activation energy will directly affect the structure and

performances of the final product. To improve the product

quality of lanthanum carbonate hydrates and La2O3, it is

very important to clarify the decomposition mechanism of

La2(CO3)3 to La2O2CO3 based on conventional thermal

analysis. The study of the decomposition kinetics can help

to understand the complexity of the formation of oxide

structured materials [13]. The investigation of conversion

mechanism allows not only the quantitative precipitation

of cations in solution, but also the control of some physi-

cochemical properties of the resulting oxide via the ther-

mal treatment (morphology, surface area, impurities, etc.)

[14]. The investigation results of the kinetics and mecha-

nism can provide valuable information on the optimum

conditions in industrial production, such as the kinetic

parameter for the accurate design of the installations and

the treatment conditions, because augmentation of tem-

perature or elongation of reaction time means more cost

[15]. Due to it is not clear at present and needs further

investigation.

In this study, the single-phase lanthanum carbonate

hydrates (La2(CO3)3�3.4H2O) with the orthorhombic type

was synthesized by hydrothermal method. The thermal

decomposition of La2(CO3)3�3.4H2O below 1,373 K was

characterized by XRD, FTIR and DTA–TG. The noniso-

thermal decomposition kinetics of La2(CO3)3�3.4H2O over

the temperature range of 360–566 �C was investigated by

using NETZSCH Thermokinetics software.

Experimental

Synthesis of lanthanum carbonate hydrates

Lanthanum chloride solution was prepared by adding lan-

thanum chloride (25 g) to 0.1 L deionized water. Ammo-

nium bicarbonate (316 g) was dissolved in 2 L deionized

water. These solutions were filtered through a funnel and

flask under vacuum, respectively. The ammonium bicar-

bonate solution was introduced into lanthanum chloride

solution in 3–4 h under stirring. During the reaction, the pH

value of the mixture solution was controlled within the range

of 3–4. After the reaction completed, deionized water was

added to the mixture solution and maintained at 298–308 K

for 3–4 h. The products were filtered under vacuum, washed

with deionized water repeatedly and then dried in oven.

Characterization of lanthanum carbonate hydrates

The conventional TG–DTA measurements were taken by

using a Netzsch STA409PC simultaneous thermal analyzer

at heating rates of 10 K min-1 from 303 to 1,273 K. In

nonisothermal kinetic studies, initially the samples were

heated at the rate of 10 K min-1 from 303 to 523 K followed

by holding for 1 h to obtain pure anhydrous La2(CO3)3 and

then heated to 873 K at six different heating rates of 10, 15,

20, 25, 40 and 45 K min-1, respectively. The operational

characteristics of the TG–DTA system are sample mass:

12 mg, sample pan: alumina and atmosphere: air, flowing at

30 mL min-1. Prior to experiments, temperature calibration

was performed. The nonisothermal kinetic analysis was

conducted with the help of NETZSCH Thermokinetic soft-

ware, using the measured TG data. The residuals after ther-

mal analysis tests were identified using X-ray diffraction

(XRD) and Fourier transform infrared (FTIR) spectra.

The structure of as-prepared product and its residuals

after thermal analysis tests were studied by X-ray diffrac-

tometer (Rigaku D/MAX-IC) equipped with Ni filter and

generates a beam of CuKa radiation (k = 0.1546 nm). The

operational settings for all the XRD scans are voltage:

40 kV, current: 30 mA, range: 5 \ 2h\ 70� and scanning

speed: 0.6� s-1.

Fourier transform infrared spectra were recorded on a

Bruker Tensor 27 spectrometer by using KBr pellets

method in the wavenumbers range of 4,000–400 cm-1.

Results and discussion

Thermal analysis

Figure 1 shows the TG–DTA–DTG curves of the as-pre-

pared product at a heating rate of 10 K min-1 from 303 to
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1,273 K in air. Four steps of mass loss are found according

to the DTG–TG curves, and the corresponding data of mass

loss (ML) are listed in Table 1. All steps are endothermic

reaction.

The first step and the second step are from 303 to 475 K

(ML = 8.28 %, Tmax = 402.2 K) and from 475 to 639 K

(ML = 4.04 %, Tmax = 524 K), respectively, with an

overall mass loss of 12.34 %, which is in good agreement

with the theoretical mass loss of 12.32 % and can be

attributed for a two-step 3.4 water molecules eliminated

from La2(CO3)3�3.4H2O. The first dehydration step

involves the elimination of 2.3 mol H2O from La2(CO3)3

�3.4H2O and formation of La2(CO3)3�1.1H2O, and the

second dehydration step corresponds to the loss of the

1.1 remaining water molecules and formation of anhy-

drous La2(CO3)3. The third step (T = 639–839 K, ML =

16.74 %, Tmax = 790.1 K) can be assigned to the decom-

position of anhydrous La2(CO3)3 and formation of dioxy-

carbonate, La2O2CO3, since the experimental value of the

mass loss for this step is close to the theoretical value

(16.61 %).

However, from Fig. 1, it can seen that no plateau

appears in TG curve between 473 and 673 K, indicating

that the dehydration reaction is not finished before the

beginning of the decomposition of La2(CO3)3. The authors

try to obtain pure anhydrous La2(CO3)3 by adding an iso-

thermal segment at 523 K in the thermal decomposition

process of La2(CO3)3�3.4H2O. As temperature curve shown

in Fig. 2, initially the samples were heated from 303 to

523 K at a rate of 10 K min-1 followed by holding for 1 h

and then heated to 873 K at a rate of 10 K min-1. The TG

curve is shown in Fig. 2. It can be seen that as sample

heated at 523 K for 30–60 min, the mass of the sample

remained almost stable. The relative XRD patterns given in

Fig. 3a show that the same amorphous phase assigned to

anhydrous La2(CO3)3 as a result of water loss. The

crystalline phase of anhydrous La2(CO3)3 can only be

produced from the lanthanite phase after drying the sample

in a vacuum and then heated to 703 K in a 100 kPa CO2

atmosphere [16]. From Fig. 3b, it can be found that the

samples sintered at 853 K, and all diffraction peaks are

indexed as well-crystallized La2O2CO3 (PDF card

48-1113), indicating that Step 2 labeled in Fig. 2 assigned

to the decomposition of anhydrous La2(CO3)3 and forma-

tion of dioxycarbonate, La2O2CO3. The total mass loss

(29.06 %) of Step 1 and Step 2 obtained from Fig. 2 is

similar to the total mass loss (29.02 %, 303–839 K) of the

dehydration and the La2(CO3)3 decomposition to La2O2-

CO3 presented in Fig. 1 and Table 1. By comparing Figs. 1

and 2, it can found that the mass of the overlapping step

between the dehydration and the decomposition of La2

(CO3)3 shown in Fig. 1 is about 0.4 %, which assigned to

the loss of the remaining water molecules, and can be

released by adding an isothermal segment at 523 K for 1 h

in the thermal decomposition of La2(CO3)3�3.4H2O.

The fourth step (T = 839–1,123 K, Tmax = 1,065.3 K),

with a mass loss of 8.21 %, which is same as the theoretical

mass loss of 8.31 %, accounts for the decomposition of

La2O2CO3 and formation of La2O3. The thermal decom-

position process of the as-prepared product is listed in

Table 1 and evidentially confirmed by the results of XRD

and IR experimental below.

XRD analysis

The XRD patterns of La2(CO3)3�3.4H2O and its residuals

after thermal analysis tests are given in Fig. 4. From

Fig. 4a, the result shows that all diffraction peaks of

unheated sample are similar to those of the standard XRD

patterns of the orthorhombic type of La2(CO3)3�4H2O, with

space group Pmp21(18) and lattice constants a = 9.57,

b = 12.65 and c = 8.94 Å, from PDF card 06-0076. The

strong diffraction peak at 13.53� for 2h is attributed to the

layered structure of La2(CO3)3�3.4H2O [17]. No diffraction

peaks of impurities are observed, which indicates that the

single-phase La2(CO3)3�3.4H2O is synthesized.

From Fig. 4a, it can be found that the samples sintered

at 403 K become poorly crystallized, while the character-

istic diffraction peaks of the samples sintered between 441

and 633 K almost disappear except 2h = 18.4�, the pro-

ducts become amorphous [18]. The peak at 2h = 18.4�
corresponds to (020) plane in the orthorhombic structure

[17]. The results indicate that the water of hydration is very

important for the lanthanum carbonate hydrates. From

Fig. 4b, it can be seen that both the phases of La2O(CO3)2

and La2O2CO3 exist in the samples sintered at 788 and

798 K, which are identified using PDF card 32-0490 and

48-1113, respectively. However, when the samples sintered

at 813 and 853 K, the diffraction peaks of La2O(CO3)2
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disappear and those of La2O2CO3 become sharper, indi-

cating that the anhydrous La2(CO3)3 is fully transformed to

well-crystallized La2O2CO3. This is consistent with con-

clusions reported in the literature using unconventional

techniques that an additional intermediate product, La2-

O(CO3)2, was formed in the decomposition of anhydrous

La2(CO3)3 to La2O2CO3 [11, 12]. When the calcination

temperature is increased to 1,078 K, all diffraction peaks

detected of the products are indexed as well-crystallized

La2O3 (PDF card 05-0602), indicating that the La2O2CO3

is transformed to La2O3.

IR spectroscopic analysis

The FTIR spectra of La2(CO3)3�3.4H2O and its residuals

after thermal analysis tests are recorded in Fig. 5. The IR

spectra of unheated La2(CO3)3�3.4H2O (Fig. 5a) show that

the main bands at 3,464 and 1,647 cm-1 are due to lattice

water vibration and the carbonate anion at 1,091 cm-1

(symmetric stretching), 1,473 and 1,357 cm-1 (asymmetric

stretching), 749 cm-1 (symmetric bend), 880, 850,

806 cm-1 (asymmetric bend) [17, 19]. The two main bands

at 638 and 680 cm-1 are due to lattice vibration of La–O

[11]. The IR spectra characteristic peaks of unheated

La2(CO3)3�3.4H2O showed at 850, 749, 680 cm-1,

respectively, are very close to La2(CO3)3�3.3H2O at 849,

747, 681 cm-1 [20], and rather than La(OH)CO3 at 858,

724, 696 cm-1 [20]. These results indicate to not contain

impurities such as La(OH)CO3 in the as-prepared products,

which as an undesirable by-product is easily formed during

the preparation of dehydrated lanthanum carbonates [20].

Although it has been published that La(OH)CO3 can also

bind phosphate [21], it is not clear whether the La(OH)CO3

is safe in medical application [20].

The IR spectrum of the sample sintered at 403 K shows

that the lattice water vibration at 1,647 cm-1 has weaken and

totally disappeared at 633 K (Fig. 5b), which reveal that the

Table 1 Comparison of the experimental and theoretical mass loss values of La2(CO3)3�3.4H2O

Stage Temperature range/K Mass loss/% Solid residue

Experimental Theoretical

1 303–475 -8.28 -8.33 La2(CO3)3�1.1H2O

2 475–639 -4.04 -3.99 La2(CO3)3

3 639–839 -16.74 -16.61 La2O2CO3

4 839–1,123 -8.21 -8.31 La2O3
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dehydration reaction finishes in this range. While the

absorptive peaks between 1,000 and 600 cm-1 assignable to

CO3
2- species distinctly become strong between 403 and

633 K, the absorptions band at 2,345 cm-1 begins to appear

as a result of water loss [17]. The IR spectrum of the sample

sintered at 853 K (Fig. 5b) shows strong absorption between

1600 and 1,300 cm-1 and also at 1,060 and 870 cm-1

assignable to oxycarbonate species as a result of the forma-

tion of La2O(CO3)2 and La2O2CO3 [19]. The FTIR spectra of

the sample sintered 1,078 K (Fig. 5b) show that the char-

acteristic absorbance band at about 650 cm-1 is related to

lattice vibration modes of La2O3 [11], whereas the weak

bands around 3,610, 1,600 and 1,500 cm-1 are most prob-

ably due to surface contamination by carbonate and moisture

[12]. These are consistent with the results of TG–DTG, DTA

and XRD experimental.

The combination of XRD, FTIR, TG–DTA analysis

techniques allows to suggest the thermal process of La2

(CO3)3�3.4H2O as following four steps:

La2 CO3ð Þ3�3:4H2O! La2 CO3ð Þ3�1:1H2Oþ 2:3H2O gð Þ
ð1Þ

La2 CO3ð Þ3�1:1H2O! La2 CO3ð Þ3þ1:1H2O gð Þ ð2Þ

La2 CO3ð Þ3! La2O CO3ð Þ2þCO2 gð Þ ð3aÞ

La2O CO3ð Þ2! La2O2CO3 þ CO2 gð Þ ð3bÞ

La2O2CO3 ! La2O3 þ CO2 gð Þ ð4Þ

Nonisothermal kinetics

The aim of nonisothermal kinetic studies is the investiga-

tion of the decomposition mechanism of anhydrous La2

(CO3)3 to La2O2CO3. Accordingly, initially the samples

were heated at a rate of 10 K min-1 from 303 to 523 K

followed by holding for 1 h to obtain pure anhydrous

La2(CO3)3 and then heated to 873 K at six different heating

rates of 10, 15, 20, 25, 40 and 45 K min-1, respectively.
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Figure 6 shows TG and DTG curves of the samples after

isothermal and then heated at six different heating rates. It

can be seen that under different heating rates similar TG

curves are obtained, and the mass loss is independent of the

heating rate. However, with increasing rates of heating,

there is difference on the DTG curves: DTG curves under

heating rate 10, 15, 20 and 25 K min-1 show only one

peak, whereas DTG curves under heating rate 40 and

45 K min-1 show a strong peak and an additional shoulder,

respectively. For its description, the reaction can be divided

into two stages, and the intermediate stage can be kineti-

cally hindered one. This is consistent with results of XRD

analysis and conclusions reported by Balboul [11] and

Vanhoyland [12].

Estimation of the activation energy E

The kinetic equation of thermal decomposition can be

expressed by Eq. (5) [22]

da
dT
¼ A

b
exp½�E=ðRTÞ�f ðaÞ ð5Þ

where T is the temperature, a is the extent of conversion, b
is the linear heating rate, f(a) is the reaction mechanism

function, A is the pre-exponential factor, E is the apparent

activation energy, R is the gas constant. The purpose of this

paper is to obtain the three factors of the above equations,

i.e., E, A and f(a) by using the following FWO and FRL

methods.

Flynn–Wall–Ozawa (FWO) Method

Equation (6) is FWO method, which follows from loga-

rithmic form of Eq. (5) [23].

ln b ¼ log
AE

Rf ðaÞ

� �
� 2:315� 0:456

E

RT
ð6Þ

In terms of the FWO method equation, the slope of ln b
versus 1/T for the same value of a gives the value of E, and

A can be calculated by intercept when f(a) is coincident.

Friedman–Reich–Levi (FRL) Method

By integration of Eq. (5), the following FRL method

Eq. (7) is obtained [24].

ln
bda
dT

� �
¼ ln Af ðaÞ½ � � E

RT
ð7Þ

Based on the FRL method equation, the slope of ln [b(da/

dT)] versus 1/T for the same value of a gives the value of E,

and A can be calculated by intercept when f(a) is coinci-

dent. It can give information about reaction mechanisms

that can occur in more than one step.

The E and A can be calculated from the slopes of the ln

[b(da/dT)] versus 1/T and ln b versus 1/T based on the FRL

and FWO method equation, respectively. The E values

calculated using the FWO and FRL methods based on the

TG data (10, 15, 20, 25 K min-1) below 873 K are shown

in Fig. 7. It can be seen that both FRL and FWO isocon-

versional methods give consistent values of E with good

correlation, so that the results are credible. However, the

FRL methods analysis produces a higher error bars in the

energy plot rather than the FWO methods. It was consid-

ered that the E values are independent of a if the relative

error of the slope of the FWO equation straight line is

lower than 10 %. If E value is independent of a, the

decomposition may be a simple reaction; otherwise, it is a

multistep reaction mechanism [25]. According to the

characteristics of the E–a plot of using the FWO methods,

the activation energies are 435 kJ mol-1 at beginning and,

with increasing mass loss, it drops sharply to

260 kJ mol-1, then reach a plateau or constant with mean
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value of E = 227.73 kJ mol-1, indicating that the reaction

proceeds with two stages [26].

Determination of the most probable mechanism

According to the results of FWO and FRL method analysis,

multivariate nonlinear regression (NETZSCH Thermoki-

netics) was applied to determinate the most probable

kinetic model combined with 23 conversion functions [27].

The activation energies calculated with FWO method act as

initial values for multivariate nonlinear regression process.

The quality of the best fitting was determined with the use

of value Fexp [22] and regression coefficient. The following

schemes (mechanisms) of process were also considered:

scheme coded by d:f (consecutive path), d:c (competitive

path) and d:p (parallel path).

Based on the results listed in Table 2 tested by multi-

variate nonlinear regression, the best-fit quality was

obtained for the schemes coded by d:f with the conversion

functions Fn–Fn and An–An, respectively, with the highest

correlation coefficient (0.99835), and the Fexp value not

exceeding the critical value (Fcrit) [27]. The corresponding

kinetic parameters are listed in Table 3. From Table 3, it

can be found that the E values matching with the two-stage

consecutive mechanism with the conversion functions An–

An are close to the values obtained by FWO methods. This

is considered enough to conclude that the best model was

obtained for the two-stage consecutive mechanism (An–

An), and the kinetic parameters of nonisothermal decom-

position are reliably calculated with the most probable

kinetic model.

The plots of multivariate nonlinear regression with the

best model are presented in Fig. 8. It is seen that there are a

good agreement between all the experimental and fitted TG

curves. According to Table 3, the thermal decomposition

of anhydrous La2(CO3)3 to La2O2CO3 is controlled by two-

stage consecutive mechanism, an n-dimensional growth

of nuclei (Avrami equation) initial reaction followed by

n-dimensional growth of nuclei consecutive reaction, and

the corresponding function is f(a) = n(ln(1 - a(1 - 1/n))

(1 - a)). The first stage: E = 435 ± 8 kJ mol-1, lg

A = 28.7 ± 0.8, Dimension1 = 0.28; the second stage:

E = 234 ± 4 kJ mol-1, lg A = 13.5 ± 0.3, Dimension2 =

1.22. These forms of the Avrami equation (parameter

m = 0.28 and 1.22) denote a small and large contribution of

diffusion to the two-stage process [28], respectively. We

estimated the contribution of each stage: The first stage is

20.5 %, and the second stage reaction is 79.5 % of the

decomposition (Table 2).
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Fig. 7 Activation energies as a function of conversion degree by

FRL, FWO methods

Table 2 Results of F test on fit quality of different model obtained by nonlinear regression

No. Code Scheme Fexp Fcrit Correlation

coefficient

Type 1 Type 2 Contribution

of step/%

First Second

1 d:f 21 CBA 1.00 1.17 0.99835 An An 20.52 79.48

2 d:f 1.00 1.17 0.99835 Fn Fn 14.85 75.15

3 d:c
2
1 B

C
A 1.29 1.17 0.99829 An Fn 95.68 4.32

4 d:f 21 CBA 1.31 1.17 0.9940 An Fn 16.06 83.94

5 d:f 1.39 1.17 0.99389 Fn An 16.48 83.52

6 d:c
2
1 B

C
A 1.74 1.17 0.99764 An An 54.17 45.83

7 d:c 4.08 1.17 0.99454 Fn Fn 1.19 98.81

8 d:f 21 CBA 5.88 1.17 0.99199 R2 R2 8.41 91.59

9 d:f 10.16 1.17 0.98627 D2 D2 31.05 68.95

10 d:c
2
1 B

C
A 51.4 1.17 0.95567 Fn An 99.64 0.36
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Balboul [11] carried out a nonisothermal thermal

decomposition kinetics study of lanthanum oxalate deca-

hydrate. They showed that anhydrous La2(CO3)3 was

transformed into La2O(CO3)2 and La2O2CO3 at 698 and

743 K, and the corresponding reaction activation energies

were 123 and 145 kJ mol-1, respectively, but none pro-

vided the reaction model. The E value determined in the

present study is significantly higher than the obtained one

by Balboul [11], and the activation energy of the first

reaction stage is significantly more than that of the second

stage (434.9 and 234.3 kJ mol-1). These are consistent

with thermodynamic rule. Since La2O(CO3)2 belongs to a

metastable state phase, which are more easily transformed

into steady La2O2CO3 [29], that would mean lower energy

is needed for the second step reaction, so that the results

obtained in the present study are credible. Based on the

Ref. [27], for the two-stage consecutive reaction, if the

E values of the first stage are higher than that of the second

stage, with increasing rates of heating, the separation of

two peaks will become greater. Taking this into account,

the appearance of one additional shoulder from the DTG

curves under higher heating rates (40, 45 K min-1)

(Fig. 6b) can be explained.

The NETZSCH Thermokinetic software was also used

to predict total mass loss and phase composition of

La2(CO3)3�3.4H2O heated between 625 and 848 K under

isothermal condition with the best model. The simulated

results of total mass loss are shown in Fig. 9. This diagram

represents, the decomposition is quickly completed for a

time range of 0.8–5 min between 798 and 848 K. The

predication of product concentration of La2(CO3)3�3.4H2O

heated at 798 K for 5 min is reported in Fig. 10. According

to the results obtained by XRD measurements (Fig. 4b), it

is concluded that phase A labeled in the diagram is

La2(CO3)3; phase B is La2O(CO3)2; phase C is La2O2CO3.

As can be seen from Fig. 10, La2(CO3)3 is quickly con-

sumed. La2O(CO3)2 begins to emerge as soon as La2(CO3)3

began to decompose. The concentration of La2O(CO3)2

reaches to the highest value after 1 min of reaction

beginning and then decrease to zero up to 4 min. These

results confirm that La2O(CO3)2 is thermodynamically

Table 3 Nonisothermal kinetic and statistic parameters after nonlinear regression through the two-stage model d:f

Stage Function f(a) E/kJ mol-1 log A/s-1 Kinetic parameter Reaction

parameter

Fit quality

1st An 435 ± 9 28.7 ± 0.8 Dimension1 = 0.28 Correlation coefficient: 0.99835,

n(ln(1 - a(1-1/n))

(1 - a)

Foll. React.

1 = 0.22

t-valalpha = 0.95,492: 1.95638,

2nd An 234 ± 4 13.5 ± 0.3 Dimension2 = 1.22 Durbin–Watson factor: 2.34289

1st Fn 89 ± 11 4.4 ± 0.8 n = 1.24 Correlation coefficient: 0.99835,

(1 - an) Foll. React.

1 = 0.15

t-valalpha = 0.95,492: 1.95638,

2nd Fn 227 ± 5 13 ± 0.3 n = 0.82 Durbin–Watson factor: 2.18363
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unstable in the process. As a result, the decomposition

process of La2O(CO3)2 has no inflection on TG curves. The

possibility of such decomposition features, e.g., was

showed by Logvinenko for the multistage dehydration of

gadolinium hydroxide [30].

Conclusions

(1) The single-phase La2(CO3)3�3.4H2O with the ortho-

rhombic type was successfully prepared by hydro-

thermal method. The thermal decomposition process

of La2(CO3)3�3.4H2O below 1,273 K involves four

steps: a two-step dehydration and formation of

anhydrous La2(CO3)3 at first, and then the formation

of La2O2CO3 and La2O3, respectively.

(2) Thermal decomposition of La2(CO3)3 to La2O2CO3

can be divided into two stages based on the DTG

curves under higher heating rates (40, 45 K min-1).

An additional intermediate stage assigned to the

formation of La2O(CO3)2 was observed in the

thermal decomposition of La2(CO3)3 to La2O2CO3.

The activation energies calculated by FWO and

FRL isoconversional methods also confirm that the

reaction is not a simple process.

(3) Thermal decompositions of La2(CO3)3 to La2O2CO3 are

controlled by a kind of two-stage consecutive reaction

(An–An model), an n-dimensional growth of nuclei

(Avrami equation) initial reaction followed by n-dimen-

sional growth of nuclei consecutive reaction, f(a) =

n(ln(1 - a(1 - 1/n))(1 - a)). The first stage: E = 435 ±

9 kJ mol-1, lg A = 28.7 ± 0.8, Dimension1 = 0.28;

the second stage: E = 234 ± 4 kJ mol-1, lg A =

13.5 ± 0.3, Dimension2 = 1.22.
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