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Abstract: The single phase La,(CO;);-3.4H,0 was synthesized by hydrothermal method. The thermal decomposition and
intermediates and final solid products of Lay(CO;);-3.4H,0 from 30 to 1000 °C were characterized by XRD, FTIR and DTA-TG.
The kinetics of dehydration of Lay(CO;);-3.4H,0 in the temperature range of 30—366 °C was investigated under non-isothermal
conditions. Flynn—Wall-Ozawa and Friedman isoconversion methods were used to calculate the activation energy and analyze the
reaction steps; multivariate non-linear regression program was applied to determine the most probable mechanism and the kinetic
parameters. The results show that the thermal dehydration of La,(COs);-3.4H,0 is a kind of three-step competitive reaction, and
controlled by an n-order initial reaction followed by n-order competitive reaction (F,F,F, model). The activation energy matching
with the most probable model is close to value obtained by Friedman method. The fitting curves match the original TG—DTG curves

very well.
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1 Introduction

Rare earth metal compounds, particularly
lanthanum, cerium, and yttrium, are formed as porous
particles and are effective in binding metals, metal ions,
and phosphate [1]. These compounds may be used in the
gastrointestinal tract or the bloodstream to remove
phosphate or to treat hyperphosphatemia in mammals [2].
Now, certain forms of lanthanum carbonate hydrate as an
effective and safe non-calcium, non-aluminum oral
phosphate  binder, have been used to treat
hyperphosphataemia in patients with renal failure [3].
Lanthanum carbonate hydrate has the formula
La,(CO;);:xH,O, where x has a value between 0 and
10 [4]. Several studies show that hydrated lanthanum
carbonates with about 3 to 4 molecules of crystal water
provide the highest removal rate of phosphate [1,2]. Thus,
it is highly important to understand the characteristics

and dehydration mechanism of hydrated lanthanum
carbonates; especially with 3 to 4 molecules of crystal
water, it would be useful for the synthesis and medicinal
application of the material. Kinetic analysis of the
dehydration reactions by thermal analysis technique can
be used to evaluate the optimum conditions in industrial
production.

To date, considerable work has been focused on the
preparation of the hydrated lanthanum carbonates with
different molecules of crystal water like La,(COj3);-8H,0
[5], Lay(CO3)36H,O [1], Lay(CO3);4H,0  [6],
Lay(CO5)3'1.7H,0 [7], Lay(COs);-1.4H,0 [5]. The
decomposition of the hydrated lanthanum carbonates has
also been investigated extensively using SEM, XRD,
thermal analysis and FTIR techniques [1—7]. These
works show that more intermediate products were
involved besides those reported La,(COj3);, Lay,0,(CO;)
and La,O3;. Unfortunately, most literatures rested on
the preparation and thermal decomposition process of
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hydrated lanthanum carbonates and few attention was
paid to the kinetics and the most probable model of
thermal dehydration.

The aim of this work is, therefore, to study the
thermal dehydration kinetics of as-prepared pure
lanthanum carbonate hydrate. Kinetic data were collected
by simultaneous thermal analysis technique. Non-
isothermal kinetic analyses were employed by using
Netzsch thermokinetics software.

2 Experimental

2.1 Preparation of lanthanum carbonate hydrate

25 g of lanthanum chloride was added to 100 mL
deionized water and then stirred for 15 min at 25-35 °C.
The solution was filtered through a funnel and flask
under vacuum. 316 g of ammonium bicarbonate was
added to 2000 mL deionized water. The ammonium
bicarbonate filtrate was added slowly in 3—4 h into
lanthanum chloride solution. The pH value of mixture
solution was adjusted in the range of 3—4 by adding
ammonium bicarbonate during reaction. After the
completion of reaction, deionized water was added to the
mixed solution and maintained at 25-35 °C for 3—4 h.
The reaction products were filtered under vacuum and
washed with deionized water repeatedly to get rid of the
chlorides. The wet material was dried in an oven for
3—4h.

2.2 Characterization of lanthanum carbonate hydrate

A Netzsch STA409PC thermal
analyzer was used for thermogravimetry (TG) and
differential thermal analysis (DTA) with different
scanning rates (5, 10, 15, 20 K/min) from 30 to 1000 °C.
An alumina crucible container was used in air. The gas

simultaneous

flow rate was 30 mL/min. Sample mass was around
12 mg. The decomposition products were collected at the
temperatures shown on the DTA-TG curves. Prior to
experiments, temperature calibration was performed. All
experiments were performed twice to show the
reproducibility. The thermokinetic calculation was
conducted with the help of NETZSCH thermokinetic
software, using the detected TG data.

The X-ray diffraction (XRD) pattern of each sample
was obtained using a Rigaku D/MAX-IIC powder
diffractometer. The X-ray generator was equipped with a
Ni filter and generated a beam of Cu K, radiation
(4=0.15418 nm). The operational settings for all the XRD
scans were voltage of 40 kV, current of 30 mA, 26 range
of 10°=70°, scanning speed of 0.6 (°)/s.

Fourier transform infrared (FTIR) spectra were
obtained at a resolution of 4 cm ', over the range

4000-600 cm ', using a Bruker Tensor 27

spectrophotometer with KBr pellets.

3 Results and discussion

3.1 Characterization of as-prepared products

The XRD pattern and IR spectrum of the
as-prepared products are given in Fig. 1. The XRD
pattern shows that all the diffraction peaks in the pattern
are in agreement with those of the orthorhombic type of
Lay(CO;);-4H,0, with space group Pmp21(18) and
lattice constants a=9.57 A, »=12.65 A, and c=8.94 A
(standard card JCPD No. 06—0076). The strong
diffraction peak at 26=13.528° is attributed to the layered
structure of La,(CO;);4H,0 [8]. No diffraction peaks of
impurities are observed.
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Fig. 1 XRD pattern (a) and IR spectrum (b) of as-prepared
products

The IR spectrum shows the main bands at 3464 and
1647 cm ' are due to lattice water vibration and the
carbonate anion at 1092 cm ™' (symmetric stretching),
1473 and 1357 cm' (asymmetric stretching), 749 cm '
(symmetric bending), (asymmetric bending) at 880, 850,
806 cm ' [8—10]. The two main bands at 638 and
680 cm” are due to lattice vibration of La—O [11].
ZHANG et al [9] conducted the FTIR measurement on
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Laz(CO3)3'8H20, Laz(CO3)3'3.3H20 and La(OH)CO3
They have shown that the IR spectrum characteristic
peaks of the Lay(CO;3);3.3H,0 were at 849, 747,
681 cm', rather than at 858, 724, 696 cm ', for the
lanthanum hydroxycarbonate (La(OH)CO;), which is
similar to that in the present study, and indicates that no
impurities like La(OH)CO; exist in the as-prepared
products. Hence, the single-phase approximate
La,(CO;);-4H,0 composition was prepared successfully.

3.2 Thermal decomposition process

Figure 2 shows the DTA-TG-DTG curves of the
as-prepared products at a heating rate of 10 K/min in air
below 1000 °C. The thermal decomposition of the
as-prepared products occurs in four steps in accordance
with the DTG peaks, and all steps are endothermic
reaction.
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Fig. 2 DTA-TG-DTG curves of as-prepared product at heating
rate of 10 K/min in air

The first step and the second step are from 30 to
202 °C (mass loss of 8.28%, f=135.6 °C) and 202 to
366 °C (mass loss of 4.04%, t,,=234.4 °C), respectively,
with an overall mass loss of 12.34%, which is in good
agreement with the calculated mass loss of 12.32%,
attributed to the evaporation of 3.4 mol H,O of
crystallization in the as-prepared lanthanum carbonate
hydrate and the formation of anhydrous La,(CO;);.
The results obtained by the TG analysis confirm
that the compound of the as-prepared product is
Laz(CO3)3'3.4H20.

The IR spectrum of the intermediates heated at
130 °C (Fig. 3) shows a great deal of similarity to that of
the unheated Lay(COs);:3.4H,0, because both of them
show absorption bands arising from carbonate anions
(at 1750—640 cm ") and water of hydration (at 3440 and
1640 cm™") [8,10]. The IR spectra from 168 to 360 °C
(Fig. 3) show that the CO;* species become strong
between 1000 and 600 cm ', and the absorptions band at
2345 cm™' begin to appear [8]. However, the lattice water
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Fig. 3 IR spectra in range of 400-600 cm ' of as-prepared
products heated at different temperatures

vibration at 1635 cm ' disappears up to 227 °C. The
corresponding XRD pattern (Fig. 4(a)) indicates that at
130 °C, the intensity of the characteristic diffraction
peaks of the as-prepared products (Fig. 1) decreases very
fast, and the products become poorly crystallized.
Between 168 and 360 °C, the characteristic diffraction
peaks of the products almost disappear except 26=18.4°,
and the products are amorphous [12]. The peak at
20=18.4° corresponds to (020) plane in the orthorhombic
structure [8], which is a layered structure with lanthanum
and carbonate ions forming planes which are separated
by planes of water molecules [13]. The results obtained
by the FTIR and XRD analyses confirm that the
lanthanite structure does not completely collapse during
the dehydration process [12,13].

The third step is from 366 to 566 °C (mass loss of
16.74%, tn.x=526.2 °C), which can be assigned to the
decomposition of Lay(CO;); into dioxycarbonate,
La,0,CO;. The corresponding IR spectrum and XRD
pattern support the reaction process. The IR spectrum at
580 °C shows a strong absorption between 1600 and
1300 cm ' and also at 1060 and 870 cm™' assignable to
oxycarbonate species [10], and a diffraction pattern of
pure well-crystallized La,O,CO; (standard card JCPD
No. 48—1113) is observed in Fig. 4(b).

The fourth step is from 566 to 1000 °C (mass loss
of 8.31%, t,.—=792.3 °C), which accounts for the
conversion of La,0,CO;to La,0;. It can be seen from
the FTIR spectrum of 805 °C that the characteristic
absorbance band at about 650 cm ' is the La—O
stretching vibration [11]. The weak bands around 3610,
1600 and 1500 cm™' are most probably due to surface
contamination by carbonate and moisture [14]. The
corresponding XRD pattern of pure La,0; (standard card
JCPD No.05-0602) is observed in Fig. 4(c).

Studies on the thermal behavior of the as-prepared
La,(CO;);-3.4H,0 showed features in agreement with the
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others observed for other lanthanum carbonates such as
Laz(CO3)3‘8H20, Laz(CO3)3' 1 .4H20, Laz(CO3)3,
Lay(COs),(OH),-H,O [7]. All data are listed in Table 1,
where the experimental values are consistent with the
theoretical values for all steps. Based on XRD, FTIR, TG
and DTA analyses, the following pattern is proposed for
decomposition of the as-prepared La,(COs);-3.4H,0:

La,(CO,), -3.4H,0 —325€
234.4°C 526.2°C

La,(CO,); -1.1H,0—244C 5 14,(CO;), —22C
La,0,C0, —%5C 14,0,

Figure 5 shows TG and DTG curves of the thermal
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Fig. 4 XRD patterns of as-prepared products heated at different
temperatures: (a) 130—360 °C; (b) 580 °C; (c) 805 °C

Table 1 Comparison of experimental and calculated mass
change with an approximate composition of Lay(CO;);-3.4H,0
in air ( 10 K/min)

Temperature/  Mass change/% )
Step o Solid product
C Exp. Calc.
1 30-202 —8.28 —8.33 Lay(CO;);'1.1H,0
2 202-366 -4.04 -3.99 Lay(CO;);
3 366—566 -16.74 -16.61 La,0,CO;4
4 566—1000 -8.31 831 La,0;

dehydration of La,(CO;);-3.4H,0 at four heating rates
over the temperature range of 30—366 °C. It can be seen
that all the samples show similar TG and DTG curves.
The mass loss is dependent of the heating rate, since the
mass loss decreases with increasing heating rate. DTG
curves of all the samples have two peaks; with the
increase of heating rate, the maximum temperature of the
peak (7,) shift to higher temperature. This implies that
the dehydration occurs in at least two steps of a complex
reaction path.
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Fig. 5 TG and DTG curves of Lay(CO3);3.4H,0 at different
heating rates from 30 to 366 °C: (a) TG curves; (b) DTG curves

3.3 Non-isothermal Kinetics
3.3.1 Estimation of activation energy E of dehydration
For the solid-state non-isothermal decomposition
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reactions, the reactions rate is expressed by [15]

do/dT=(A/B)exp[(—E/(RT)]f(a) (1
where T is the temperature; a is the reaction rate constant;
f is the linear heating rate; f{a) is the reaction mechanism
function; A is the frequency factor; E is the activation
energy; R is the mole gas constant. The purpose of this
work is to obtain the three factors of the above equations,
i.e., E, A, and fla).

1) Flynn—Wall-Ozawa (FWOQO) method [16]

Equation (2) shows FWO method which follows
logarithmic form of Eq. (1).

In B=lg[AE/Rf(a)]-2.315-0.456E/(RT) ©)

In terms of the FWO method, the slope of In f vs
1/T for the same value of a gives the value of E, and 4
can be calculated by intercept when f{a) is coincident.

2) Friedman—Reich—Levi (FRL) method [17]

By integration of Eq. (1), FRL method is obtained:

In[A(de/dT)]=In[Afa)]~E/(RT) 3)

In accordance with the FRL method equation, the
slope of In[A(da/dT)] vs 1/T for the same value of a gives
the value of £, and 4 can be calculated by intercept when
fla) is coincident.

By replacing the values of a, £, T into Egs. (2) and
(3), the results based on the TG data by the FRL and
FWO methods are shown in Fig. 6. It can be seen that
lg [f(da/dT)] and lg p both change with 1/7, which is an
indication of the dehydration process of a complex
reaction path. In the FRL analysis given in Fig. 6(a), a
steps is
decreases with

separation of the three reaction

and the mass loss

good
demonstrated,
increasing heating rate from 30 to 360 °C, indicating that
the reaction process includes at least three steps and the
presence of a competitive reaction [18].

FWO and FRL methods have a huge advantage,
namely, it can provide information on kinetic parameters,
such as the activation energy and preexponential factor,
without determining a concrete kinetic model [19]. The
values of activation energy determined by FRL and FWO
methods are comparatively shown in Fig. 7. The values
of the E obtained by these two methods are very similar
and reasonable. In such cases, the Friedman (FRL)
method, which uses directly the equation of reaction rate,
is recommended [20]. If E is independent of «a, the
decomposition may be a simple reaction; otherwise, it is
of multistep reaction mechanism [16]. According to the
characteristics of the E—a plot of FRL methods, three
activation energies can be identified: 85, 115, 193 kJ/mol,
corresponding to different conversion degrees a, 0.02,
0.4 and 0.7. So, a three-step kinetic scheme should be
employed.
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Fig. 6 Analyses of thermal decomposition of La,(COs)-3.4H,0
by FRL (a) and FWO (b) methods
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Fig. 7 Activation energies as function of conversion degree a
(0.01<0<0.91) by FRL and FWO methods

3.3.2 Determination of most probable mechanism

Based on the analysis of the results of the activation
energy by isonversional methods as well as the shape of
profiles and isoconversional lines from FWO and FRL
plots (Fig. 6), multivariate non-linear regression
(Netzsch thermokinetics) was applied to determining the
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most probable kinetic model of thermal degradation of
the samples. The non-isothermal data recorded at the
above mentioned four heating rates were brought
together during analysis. The relevant differential
equations of the reaction rates were numerically solved.
The kinetic parameters were iteratively optimized. The
activation energies calculated by FRL method acted as
initial values for multivariate non-linear regression
process. The degree of the best fitting was determined
with the use of the value F, [18] and regression
coefficient. The following schemes (mechanisms) of
process were also taken into account:

Scheme coded by t:f.f: A*-B3C3D;
tfic: A=BfC; ttp: A-BE-C
S Y

3383

According to the results listed in Table 2 tested by
multivariate non-linear regression statistics, the best fit
quality was obtained for the schemes coded by t:f,c with
the conversion functions F,—F,—F, with the highest
correlation coefficient (0.999936) and the F, does not
exceed the critical value (F) [18].

The plots of multivariate nonlinear regression based
on the TG, DTG data with the best model are presented
in Fig. 8. It is seen that there is a good agreement among
all the experimental and calculated DTG and TG curves.
The results were satisfied.

The corresponding kinetic parameters are listed in
Table 3. The dehydration of the as-prepared
Lay(CO0;);3:3.4H,0 is controlled by three-step competitive
mechanism, an n-order initial reaction followed by

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

No. Model code Scheme Fexp Fit Correlation coefficient Type 1 Type2  Type3

1 2

1 tfc ATBLS 100 116 0.999936 F, F, F,

2 t:ff R 121 1.16 0.997651 F, F, F,

A-B2-Cc3D

3 tf,f 122 116 0.992223 D D; F,

4 tfp Al B[i—_-c 133 1.16 0.997417 F, F, F,

5 t:f,p C 171 116 0.995846 F, F, D

6 t:f,f A-BEC3D 171 116 0.993956 F, Ds Ds
1 2

7 t:fc A=B; % 212 116 0.995889 F, F, Ds

8 t:f,f A-BEC3D 326 116 0.974314 Ds Ds Ds

TG/%

100 g
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Fig. 8 Multivariate nonlinear regression results through three step method t:f,c (solid line—fitted; symbols—experimental)

Table 3 Non-isothermal kinetic and statistic parameters after non-linear regression through t:f,c model

Step Function E/(kJmol ") lg(4/s™) Parameter Reaction parameter
1 F, 85.1192 9.9720 n=5.3881 Foll.React.1=0.8046
2 F, 146.3906 14.6040 n=3.6967 Comp.React.2=7.6070
3 F, 195.069 22.2883 n=6.8553 Comp.React.3=0.91864

Fit quality

Correlation coefficient: 0.999936; t-value (¢=0.95,492): 1.95593; Durbin-Watson factor: 5.49069
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n-order competitive reaction. As the first step, £=85.12
kJ/mol, lg(4/s )=9.97, n=5.39; at the second step,
E=146.39 kJ/mol, 1g(4/s ')=14.60, n=3.697; at the third
step, £=195.07 kJ/mol, 1g(4/s ")=22.29, n=6.86. It can be
seen that the £ values matching with the most probable
kinetic model are close to the values obtained by FRL
methods. ZHANG et al [21] carried out a non-isothermal
thermal decomposition kinetics study on lanthanum
oxalate decahydrate, and concluded that the activation
energies of the first and second step were 65.47 and
110.69 kJ/mol, respectively. BALBOUL et al [14] also
conducted the non-isothermal studies on the
decomposition course of lanthanum oxalate decahydrate.
They have shown that the activation energy was 41-60
kJ/mol from 86 to 225 °C, and 108 kJ/mol at 360 °C. The
activation energies determined in the present study are
higher than those reported.

In addition, the activation energy listed in Table 3
gradually increases with the dehydration reaction degree.
At the first step, the activation energy is similar to the
energy for the release of the water of crystallization in
the range of 60—80 kJ/mol [21,22]. At the second step,
the activation energy is in agreement with the energy for
the coordinately bounded decomposition within the
range of 130—160 kJ/mol [23,24]. At the third step, the
energy is much higher than this range. We attempted to
explain the reason that the binding strengths of H,O
molecules in the crystal lattice are different, which
results in the differences of reaction temperatures and
kinetic parameters [23,24]. The partial H,O molecules
are easily removed to current local place firstly, such as
the crystal defect, and accompanied by a density increase
with overall increase in close packing. The residual water
molecules removal will be more difficult in the more
densely packed structures of the lower hydrates, and
those residual water molecules are more strongly linked
to the non-volatile crystal constituents than to each other
[25], which would mean that higher energy is needed to
remove the residual water molecules, and the reaction
mechanism is controlled by the competitive model rather
than by a consecutive model.

4 Conclusions

1) The single-phase La,(COs);3.4H,0 with the
orthorhombic type was successfully prepared by the
hydrothermal method. The thermal decomposition
process of Lay(CO3);:3.4H,0O from 30 to 1000 °C
undergoes four stages: a two-step dehydration, formation
of the dioxycarbonate, and the oxide La,0;.

2) The dehydration mechanism of
La,(C0O;);3-3.4H,0 in the temperature range 30—366 °C is
a kind of three-step competitive reaction. The most
probable mechanism was obtained for the schemes coded

by t:f,c with the conversion functions F,F,F.

3) The dehydration reaction is controlled by an
n-order initial reaction followed by n-order competitive
reaction. At the first step, £=85.12 kJ/mol, Ig(4/s ')=9.97,
n=539; at the second step, E=146.39 kJ/mol,
lg(A/s™)=14.60, n=3.697; at the third step, £E=195.07
kJ/mol, lg(4/s")=22.29, n=6.86, Foll.React.1=0.80,
Comp.React.2=7.61, Comp.React.3=0.92.
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