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Abstract: The decomposition reactions of monazite and bastnaesite mixed rare earth minerals calcined by CaO-NaCl-CaCl2 were 
studied by means of TG-DTA and XRD. The results show that the process of the minerals decomposed by CaO involves two steps. 
The first step occurs in the temperature range of 425−540 ℃, and the main reactions are bastnaesite decomposition, i.e. REOF  
reacts with CaO to produce RE2O3 and CaF2, and Ce2O3 is oxidized to CeO2. During this step, CaCO3 is formed at about 500 ℃. The 
second step takes place in the temperature range of 610−700 ℃, and the reactions are monazite decomposition into RE2O3, 
Ca5F(PO4)3 and Ca3(PO4)2 by CaO and CaF2. In this process, the decomposition ability is improved because CaO from CaCO3 
decomposing has high chemical activity. In calcining process, the new formed Ca5F(PO4)3 restrains fluorine that can escape in form 
of gaseous compound. The decomposition ratio of the mixed rare earth minerals reaches 90.8% at 700 ℃. 
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1 Introduction 
 

The minerals mixed with monazite and bastnaesite 
containing phosphorus and fluorine are important rare 
earth resources, and they account for 40% of the world’s 
important ore of rare earth industry minerals. And these 
minerals are difficult to decompose because of existence 
of monazite. At present, the technology of sulfuric acid 
calcining is mainly applied to industrial production. The 
important problem of the technique is that the calcined 
off-gases of SO2 and HF are difficult to recycle by 
economical and feasible method. If this method is not 
applied correctly, the environment will be polluted. 

The compounds of alkali metal such as NaOH, MgO, 
and CaO can decompose rare earth minerals containing 
monazite [1−2]. And it is regarded that this decomposition 
process does not produce off-gas by many researchers. 
ZHANG and LINCOLN[3] studied the decomposition 
process of monazite in the presence of CaO and CaCl2 by 
mechanical ball milling. The experiments were carried out 
in Ar atmosphere. The results showed that monazite could 
effectively decompose, and the decomposition products 
were chlorine oxygen compound, ThO2 and Ca5F(PO4)3. 

HIKICHI et al [4] studied the chemical reaction process 
of SiO2, Al2O3, CaO with rare earth phosphate. The 
results showed that rare earth phosphate reacted with 
CaO at 700 ℃. But WU et al [5−8] found that the 
reaction of CaO with rare earth phosphate was solid 
reaction, and the decomposition ratio was very low. In 
the presence of NaCl, the reaction can be carried out 
effectively. When the calcined temperature was above 
800 ℃, the decomposition ratio reached 78%. In the 
calcining process, Ca5F(PO4)3 formed. Fluorine existed 
as solid materials, so the gas production of fluorine was 
restrained. The main component of calcined off-gas was 
CO2, and it could be expelled by simple method. The 
decomposition of CaO-NaCl requires high calcining 
temperature, and energy consumption was high, so this 
method was hardly used in industry. In the present work, 
the molten salt of NaCl-CaCl2 with low melting point 
was used to reduce the decomposing temperature to meet 
the industrial requirement. 
 
2 Experimental 
 
2.1 Experimental materials 
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Monazite and bastnaesite mixed rare earth minerals 
were supplied by the Concentration Plant of Baotou 
Steel-Industry. The granularity of the mineral is less than 
74 μm, and the chemical composition is listed in Table 1. 
All reagents in the experiment were in analytically pure 
grade. 
 
Table 1 Composition of mixed rare earth concentrate (mass 
fraction, %) 

RExOy CaO SiO2 TFe P2O5 F 
51.66 13.15 1.38 2.46 8.74 9.83 

 
2.2 Experimental process 

The calcination experiments were carried out in a 
box-shaped heating furnace, and the process was as 
follows. First, the mixed minerals, CaO and NaCl-CaCl2 
were mixed homogeneously in the mortar according to the 
scheme of regression-orthogonal designing. Secondly, the 
mixed materials were put in a crucible and calcined for 1 h 
in the furnace. BT119 controlled temperature instrument 
was used to control the temperature with the error of    
±0.2 ℃. 

The decomposition ratio was determined by 
analyzing the calcinated products. Its principle was that Ce 
in the mixed rare earth concentrate exists in Ce3+, and Ce 
was oxidized to Ce4+ during the decomposition of CePO4 
and CeFCO3. The decomposition ratio(%)=m(Ce4+)/ 
[m(Ce3+)+m(Ce4+)]. XRD analysis was carried out on a 
D/max 2400 diffractometer analyzer operated with the 
Cu Kα radiation. TG/DTA experiment was performed on 
an SDTQ600 thermal analyzer, with a heating speed of 
10 ℃ /min and a temperature range from room- 
temperature to 1 000 ℃. 
 
3 Results and discussion 
 
3.1 DTA-TG analysis of calcined process 

In order to lower the decomposition temperature of 
the mixed minerals by CaO, the mixture of NaCl and 
CaCl2 with the melting point of 525 ℃ was added as the 
assistant agent. The DTA-TG cuves of the mixed 
minerals added with CaO, NaCl and CaCl2 (m(mineral)׃ 
m(CaO)׃m(NaCl)׃m(CaCl2)=10.06׃0.04׃0.15׃) are shown 
in Fig.1. 

There are three endothermic peaks on the DTA 
curve, and they are in the temperature ranges of 425−510 
℃, 510−560 ℃ and 630−700 ℃, respectively. The TG 
curve shows that continuous mass loss happens. 
Compared with the process of bastnaesite decomposition 
[9−12] and that of the mixed minerals calcined by 
CaO-NaCl[8], it is indicated that REFCO3 is 
decomposed with product of CO2, which causes mass 
loss in the temperature range of 425−560 ℃. 

 

 
Fig.1 DTA-TG curves of mixed minerals added with CaO- 
NaCl-CaCl2 
 
3.2 XRD analysis of calcination products 

In order to investigate the decomposition reactions 
of the calcined process, XRD analysis was perpormed to 
study the phase constitutions of the products at different 
calcined temperatures (Fig.2). The calcined temperatures 
were selected to be 510, 560 and 700 ℃. All samples 
were calcined in the resistance furnace for 1 h. 

Fig.2(b) shows that bastnaesite disappears and 
monazite still exists in the calcined products at 510 ℃, 
which indicates that bastnaesite is decomposed by CaO 
into rare earth oxides and CaF2, but monazite is not 
decomposed. The strength of CaCO3 peaks is intensified 
at 560 ℃ (Fig.2(c)). This is probably due to the reaction 
of bastneasite with CaO. 

The XRD pattern of the mixed minerals calcined at 
700 ℃ shows that Ca3(PO4)2 and Ca5F(PO4)3 appear, 
CaCO3 disappears, and the diffraction intensity of 
monazite is decreased. This shows that monazite reacts 
with CaO and CaF2 to produce rare earth oxides, 
Ca3(PO4)2 and Ca5F(PO4)3 in the temperature range of 
630−700 ℃. 
 
3.3 Decomposition reactions during calcined process 

It is known from the analysis of DTA-TG and XRD 
that the decomposition process of the mixed minerals by 
CaO-NaCl-CaCl2 can be divided into two steps. The first 
step is that bastnaesite is decomposed in the temperature 
range of 425−560 ℃, and the reactions are as follows: 

 
REFCO3=REOF+CO2                         (1) 
CaO＋REFCO3=REOF+CaCO3                 (2) 
Ce2O3+1/2O2=2CeO2                                        (3) 
CaO+2REOF=RE2O3+CaF2                     (4) 

 
The second step is that monazite is decomposed in 
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Fig.2 XRD patterns of mixed minerals before and after calcinations: (a) Uncalcined mixed minerals; (b) Products calcined at 510 ℃; 
(c) Products calcined at 560 ℃; (d) Products calcined at 700 ℃ 
 
the temperature range of 630−700 ℃, and the 
decomposition reactions are 
 
3CaO+2REPO4=RE2O3+Ca3(PO4)2               (5) 
9CaO+CaF2+6REPO4=3RE2O3+2Ca5F(PO4)3       (6) 
 

In this step, CaO takes part in reactions (5) and (6), 
inducing the decomposition product of CaCO3. 

In order to further estimate the possibility of 
calcined reaction, the thermodynamic principle was used 
to calculate the standard Gibbs free energy change of 
monazite and bastnaesite calcined by CaO. The 
calculating process was divided into two steps. The first 
step was that the integral equations (7) and (8) of 
standard enthalpy of  and standard entropy 

 were used to obtain the relation equations 
between standard generating Gibbs free energy and 
temperature  of the products and 
the reactants, where  and  are the 
standard phase change heat and standard entropy at 298 
K, respectively, and a, b, c, and d are temperature 

coefficients of heat capacity. The calculated results are 
isted in Table 2. 
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(8) 
The relations between the standard generating free 

energy and the temperature of the reactants and the 
products are listed in Table 3 by using the data in Table 2. 

In the second step, the reaction equations of 
standard Gibbs free energy change and temperature were 
calculated according to the relation equations in Table 3, 
and then the decomposition temperature of each reaction 
was calculated, as listed in Table 4. 
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Table 2 Thermodynamic data of reactants and products[13−14] 

Compound ΘΔ K 298H /(kJ·mol−1) ΘΔ K 298S /(kJ·mol−1) a b c d 

CaF2 −1 221.31 68.83 59.831 30.460 1.966 0 

CaO −634.29 39.75 49.622 4.519 −6.945 0 

Ca3(PO4)2 −4 117.06 235.98 201.836 166.021 −20.920 0 

La2O3 −1 793.26 128.03 120.750 12.887 −13.724 0 

LaPO4 −1 912.51 121.34 12.520 24.895 −27.820 0 

Ce2O3 −1 821.71 150.62 107.822 41.422 −9.205 0 

CeO2 −1 089.93 62.34 64.810 17.698 −7.594 0 

Sm2O3 −1 832.17 151.04 128.658 19.414 −17.991 0 

SmOF −1 148.93 94.14 76.797 9.707 −1.674 0 

CO2 −393.51 213.66 44.141 9.037 −8.535 0 

CaCO3 −1 206.67 87.99 104.516 21.924 −25.941 0 
 
Table 3 Relations between standard generating Gibbs free energy and temperature of reactants and products 

Compound TSHG TTT
ΘΘΘ Δ−Δ=Δ  Compound TSHG TTT

ΘΘΘ Δ−Δ=Δ  

CaF2 −1 261.64+0.160 0T Ce2O3 −1 798.625+0.280T 

CaO −640.06+0.108 0T CeO2 −993.670+0.152T 

Ca3(PO4)2 −4 064.90+0.786 0T Sm2O3 −1 790.05+0.290T 

La2O3 −1 787.98+0.280 0T Ca5F(PO4)3[15] −6 761.70+1.200T 

LaPO4 −1 981.67+0.386 6T CaCO3 −1 953.76+0.497T 

CO2 −1 113.01+0.150 0T SmOF −1 612.41+0.273T 

 
Table 4 Relations between standard Gibbs free energy change and temperature and starting decomposing temperature of every 
decomposition reaction 

Reaction 

No. ∑
∑

Θ

ΘΘ

Δ
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)resultant(          
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T
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Θ

ΘΘ

Δ
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T
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Decomposition 

temperature/℃

(3) 62.275−0.09 0T 418 (5) 30.640−0.035T 602 

(4) 31.690−0.004 6T 406 (6) 24.860−0.031T 528 

 
Because the thermodynamic data about REFCO3 are 

not available, its decomposition temperature is supposed 
in the temperature range of 425−510 ℃. If 470 ℃ (this 
temperature is the top point of the first peak in Fig.1) is 
selected, the standard generating Gibbs free energy of 
REFCO3 will be estimated as =−2440.7 kJ/mol 
according to the data in Table 3. So the standard Gibbs 
free energy change of reaction (2) at 470 ℃ is = 
−39.844 kJ/mol. This result shows that reaction (2) 
satisfies thermodynamic condition, and it can take place. 

ΘΔ TG

Θ
TG

The calculation results in Table 4 agree well with 
DTA-TG and XRD ones, therefore, the reactions (1)−(6) 
in the calined process will occur. 

3.4 Effect of NaCl and CaCl2 

In order to study the effect of NaCl and CaCl2 on 
the decomposition process of the mixed minerals by CaO, 
different mixture ratios of NaCl and CaCl2 were selected, 
and the calcination experiments were carried out at 700 
and 800 ℃. The experiment results are shown in Table 
5. 

It is known from Table 5 that NaCl and CaCl2 
influence the decomposition of the mixed minerals. The 
reason is that the molten salt offers liquid for the reaction 
system, which improves the mass transfer of solid 
reactions. Compared with the melting point of NaCl (800 
℃), that of NaCl-CaCl2 is lower. Therefore, CaO-NaCl- 
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Table 5 Experiment conditions and results 
Mass ratio 

Temperature/℃ 
Mixed minerals CaO NaCl CaCl2 

Decomposition ratio/% 

800 1 0.15 − − 67.5 
800 1 0.15 0.10 − 88.9 

800 1 0.15 0.04 0.06 91.0 

700 1 0.15 0.04 0.06 90.8 

 
CaCl2 can make the decomposition ratio of mixed 
minerals at 700 ℃ reach 90.8%. 
 
4 Conclusions 
 

1) The decomposition process of the mixed rare 
earth minerals containing monazite and bastnaesite by 
CaO-NaCl-CaCl2 is composed of two steps. The first 
step is the decomposition process of bastnaesite. In this 
step, RE2O3 and CaF2 are formed by reacting REOF with 
CaO, and Ce2O3 is oxidized to CeO2 in the temperature 
range of 425−540 ℃. In the second step, the monazite is 
decomposed by CaO and CaF2, and RE2O3, Ca5F(PO4)3 
and Ca3(PO4)2 are formed in the temperature range of 
610−700 ℃. 

2) The free energy change and decomposition 
temperature of monazite and bastnaesite by CaO are 
calculated by thermodynamic theory. The feasibility of 
reactions is testified, and the starting decomposition 
temperatures are the same as the results of DTA-TG. 

3) The different mixture ratios of NaCl and CaCl2 
are selected, and the decomposition ratio of mixed 
minerals calcined by CaO is studied. The results show 
that NaCl and CaCl2 have high promotion to the 
decomposing reactions. The decomposition ratio of the 
mixed minerals by CaO-NaCl-CaCl2 at 700 ℃ can reach 
90.8%. 
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