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Abstract

:

In the current work, the phase equilibria of CaO-SiO2-La2O3-Nb2O5 system at 1200 °C in reducing atmosphere (PO2 = 10−15 atm) was investigated according to the melting separation process for extracting lanthanum and niobium resources from Bayan Obo tailing. High temperature equilibrium experiment, scanning electron microscope, and energy dispersive spectrometer (SEM-EDS) were used to determine the compositions of equilibrium phases. According to the experiment results, the phase equilibria of the CaO-SiO2-La2O3-Nb2O5 system in reducing atmosphere were ascertained and the 1200 °C isothermal phase diagram of CaO-SiO2-La2O3-Nb2O5 system in reducing atmosphere was constructed. The research results not only play an important role in guiding the development of the lanthanum and niobium extraction process, but also enrich the thermodynamic data of relevant silicate slag systems.
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1. Introduction


Both lanthanum and niobium are indispensable metal materials in modern industry. In Baotou, China, a large quantity of lanthanum and niobium resources remained in the Bayan Obo tailing, which causes a severe waste of resources [1,2]. Through the continuous research of scholars, a process for extracting lanthanum and niobium resources from tailing had been designed, which is “carbon thermal reduction—melting separation—ferroniobium smelting” [3,4,5,6]. CaO-SiO2-La2O3-Nb2O5 is the basic slag system during the process whose thermodynamic data, such as phase equilibria, may provide a theoretical basis for the formulation of process parameters. At present, phase equilibria of CaO-SiO2-La2O3-Nb2O5 system have been studied only in air atmosphere [7,8,9], and related studies [10,11,12,13,14] have been conducted by me and my subject group. However, during the extraction process mentioned above, there exist both processes in air atmosphere and processes in reducing atmosphere, and it is not sufficient to only determine the phase equilibria of CaO-SiO2-La2O3-Nb2O5 system in air atmosphere. Therefore, the current research on the phase equilibria of CaO-SiO2-La2O3-Nb2O5 system in reducing atmosphere was carried out with the aim of providing a more adequate thermodynamic information for the lanthanum and niobium extraction process.



High temperature equilibrium experiment is a scientific and accurate measurement method recognized in the field of silicate phase equilibria; it has been widely used in different systems [15,16,17]. In the current work, phase equilibria of CaO-SiO2-La2O3-Nb2O5 system at 1200 °C in reducing atmosphere (PO2 = 10−15 atm) were investigated experimentally by using high temperature equilibrium experiment combing with scanning electron microscope and energy dispersive spectrometer (SEM-EDS). The 1200 °C isothermal phase diagram of CaO-SiO2-La2O3-Nb2O5 system in reducing atmosphere was constructed and presented by spatial phase diagram, in which six equilibrium phase regions were divided. The research results can supplement the thermodynamic data of relevant silicate slag systems as well as guide the development of the process for extracting lanthanum and niobium resources from Bayan Obo tailing.




2. Experimental Method


2.1. Preparation of Slag Samples


First, CaO, SiO2, La2O3 and Nb2O5 reagents (provided by the Sinopharm Chemical Regent Co., Ltd. Beijing, China.) with a purity of 99.99% were calcined at 1000 °C for 4 h to evaporate moisture and impurity. Then, according to the designed compositions of slags, the reagents with a total weight of 10 g were weighted by an electronic balance with an accuracy of 0.1 mg, sufficiently mixed in a platinum crucible and pre-melted in MoSi2 furnace (B type-thermocouple, temperature control accuracy: ±1 °C, temperature measurement accuracy: ±1 °C). The furnace was heated to 1600 °C with a speed of 3.3 °C/min and kept for 9 h to completely homogenize the slags. Finally, the resulting slags were quenched in ice water within 2 s. The above experimental procedures were all carried out in air atmosphere. After the experiment, the slags were analyzed by scanning electron microscope and energy dispersive spectrometer (SEM-EDS), and at least 6 points were analyzed for each phase in each slag. The details of SEM were EHT = 20 kV and I probe = 200 pA. The standard samples for EDS were O(SiO2), Si(SiO2), Ca(Wollastonite), Nb (Nb) and La (LaB6).The accuracy of EDS was within 1%. Figure 1 shows the SEM photo of pre-melted slag 1, which shows homogeneous liquid phase, indicating that the pre-melted slags were completely melted. The compositions of the pre-melted slags were determined according to the EDS results, as shown in Table 1, which were considered to be the initial compositions of slags.




2.2. Experimental Atmosphere Control


During the high temperature equilibrium experiment, the atmosphere within the furnace was controlled at PO2 = 10−15 atm by using H2 gas according to the pre-experiment results of atmosphere measurement. In course of the pre-experiment, different flow rates of H2 and CO2 were blowed into the furnace, and a DS oxygen probe (Producer: Australian Oxytrol System Pty. Ltd. Victoria, Australia; Oxygen measurement range: 10−24 atm to 1 atm PO2; Accuracy: within 2 mV of theoretical output.) was employed to assay the oxygen partial pressure in the furnace. The determined oxygen partial pressure under various flow rates were recorded as shown in Table 2, which claims that 500 mL/min of H2 gas is fit for the present experiment condition (1200 °C, PO2 = 10−15 atm).




2.3. High Temperature Equilibrium Experiment


The furnace used in the pre-melt experiment was also used in current experiment. Platinum crucible containing 1.5 g pre-melted slag and covered by a corundum crucible was hung at the heat zone of the furnace. The furnace was first heated to 1600 °C and kept for 2 h to completely melt the slag, then cooled down to the equilibrium experiment temperature (1200 °C) and kept for 24 h to ensure the slag had achieved thermodynamic equilibrium state. Finally, the slag was quenched in ice water within 2 s. During the whole experiment, the oxygen partial pressure in the furnace was controlled at 10−15 atm by blowing 500 mL/min of high purity H2 gas (purity: 99.99%) into the furnace. After the experiment, the quenched slag was dried, embedded in epoxy resin, polished, and then analyzed by scanning electron microscope and energy dispersive spectrometer (SEM-EDS), and at least 6 points were analyzed for each phase in each slag. The details of SEM were EHT = 20 kV and I probe = 200 pA. The standard samples for EDS were O (SiO2), Si (SiO2), Ca (Wollastonite), Nb (Nb) and La (LaB6). The accuracy of EDS was within 1%.





3. Results and Discussion


3.1. Equilibrium Phases and Phase Equilibria


SEM-EDS results of slags were shown in Figure 2 and Table 3. All of the slags contain obvious liquid phase region with uniform composition and precipitated phases with complete form, which indicates the slags had reached thermodynamic equilibrium state. Meanwhile, the SEM-EDS results reveal that slag 2 to slag 5 are four-phase coexistence and other slags are three-phase coexistence, the grey matrix phases are liquid, the black phases are CaSiO3 or SiO2, the light grey phases are CaNb2O6 or Ca2Nb2O7, and the white phases are LaNbO4.



According to the present experiment results, the phase equilibria of CaO-SiO2-La2O3-Nb2O5 system at 1200 °C in reducing atmosphere were determined as shown in Table 4 and Figure 3. It should be noted that L, CN, CS, LN, = C2N, S in Table 4 represent liquid phase, CaNb2O6, CaSiO3, LaNbO4, Ca2Nb2O7, SiO2, respectively, which are same in the following. The experimental results show that the primary crystal regions of CN, CS, C2N and LN are adjacent to each other, the primary crystal regions of CN, CS, S and LN are adjacent to each other as well. Referring to the triangular division method in the ternary phase diagram [18], for the precipitation phases whose primary crystal regions are adjacent to each other, their component points can be connected by straight lines, and the ternary phase diagram can be divided into several triangular regions. Similarly, several tetrahedral regions can be divided in the CaO-SiO2-La2O3-Nb2O5 quaternary phase diagram by connecting the component points of the precipitation phases whose primary crystal regions are adjacent to each other. In summary, based on the current experimental results, two independent tetrahedral regions can be constituted in CaO-SiO2-La2O3-Nb2O5 quaternary phase diagram in reducing atmosphere, which are CN-CS-LN-S and LN-C2N-CN-CS tetrahedral regions. Meanwhile, for slags located in CN-CS-LN-S tetrahedral region, the precipitated phases at the end of the cooling precipitation process are CN, CS, LN and S, while for slags located in LN-C2N-CN-CS tetrahedral region, the precipitated phases at the end of the cooling precipitation process are LN, C2N, CN, and CS.



In addition, the adjacent relationships between the primary crystal regions of the precipitated phases determined in the present study were completely consistent with those in the CaO-SiO2 [19], CaO-Nb2O5 [20], CaO-SiO2-Nb2O5 [21], and CaO-SiO2-Nb2O5-La2O3 [7] system in air atmosphere.




3.2. Isothermal Phase Diagram at 1200 °C in Reducing Atmosphere


Under the current experiment condition, the equilibrium phases of slag 1, slag 2, slag 5 are L+CN+CS, L+CN+CS+LN, L+CN+CS+S, respectively. The experiment results were reflected in spatial phase diagram as shown in Figure 4, where ⓐ–ⓒ points represent the liquid compositions of slag 2, slag 1, slag 5 and ⓞ–ⓠ points represent the initial compositions of slag 2, slag1, slag 5, respectively. It can be seen that the initial composition point of slag 1 locates on the surface constituted by the liquid composition point of slag 1 and the composition points of CN, S phases, which conforms to the lever rule [9,22]. The initial composition point of slag 2 lies in the tetrahedron region constituted by the liquid composition point of slag 2 and composition points of CN, CS, LN phases, which also conforms the lever rule. Similarly, the experiment result of slag 5 conforms the lever rule as well. All experiment results of the slags conform to the lever rule, which further proves that the experimental slags had reached the thermodynamic equilibrium state.



According to the Gibbs phase rule [23], in the spatial isothermal phase diagram, the liquid composition point of slag 2 (L+CN+CS+LN) is an invariant point, which is the intersection point between the intersection line of CN, CS, LN primary crystal regions and 1200 °C isothermal surface; the liquid composition point of slag 1 (L+CN+CS) is located on the univariate line, which is the intersection line between the interface of CN, CS primary crystal regions and 1200 °C isothermal surface; the liquid composition point of slag 5 (L+CN+CS+S) is an invariant point, which is the intersection point between the intersection line of CN, CS, S primary crystal regions and 1200 °C isothermal surface. Meanwhile, in spatial variable temperature phase diagram, the intersection line of CN, CS, LN primary crystal regions is a boundary of the interface of CN, CS primary crystal regions; the intersection line of CN, CS, S primary crystal regions is a boundary of the interfaces of CN, CS primary crystal regions.



Based on the above geometric relations in phase diagram, the intersection line of CN, CS primary crystal regions under current experiment condition was determined as shown in Figure 4 (curve ⓐ–ⓒ), where ⓐ and ⓑ are two endpoints of the intersection line, respectively. It can be concluded that three equilibrium phase regions exist in CaO-SiO2-La2O3-Nb2O5 system at 1200 °C in reducing atmosphere, which are L+CN+CS+LN (ⓐⓚⓝⓙ tetrahedron region in Figure 4), L+CN+CS+S (ⓒⓚⓜⓝ tetrahedron region in Figure 4), L+CN+CS (ⓐⓑⓒⓚⓝ region in Figure 4).



The equilibrium phases of slag 5 are L+CN+CS+S, the equilibrium phases of slag 10 and slag 7 are both L+CN+S. Combining the liquid phase compositions of slag 5, slag 10, slag 7 with the Gibbs phase rule, the intersection line of CN, S primary crystal regions was constructed in spatial phase diagram as shown in Figure 5 (curve ⓒ–ⓔ), where the ⓒ–ⓔ points represent the liquid phase compositions of slag 5, slag 10 and slag 7, the ⓡ, ⓢ points represent the initial compositions of slag 10, slag 7, respectively. It is observed that the experiment results conform to the lever rule, which also proves that the experimental slags had reached the thermodynamic equilibrium state. It can be concluded that two equilibrium phase regions exist in CaO-SiO2-La2O3-Nb2O5 system at 1200 °C in reducing atmosphere, which are L+CN+CS+S (ⓒⓚⓜⓝ tetrahedron region in Figure 5) and L+CN+S (ⓒⓓⓔⓜⓝ region in Figure 5).



The equilibrium phases of slag 2, slag 3 and slag 4 are all L+CN+CS+LN, the equilibrium phases of slag 9 are L+CN+LN. Combining the liquid phase compositions of the above slags with the Gibbs phase rule, the intersection line of CN, LN primary crystal regions was constructed in spatial phase diagram as shown in Figure 6 (line ⓐⓖ), where the ⓐ, ⓖ points represent the liquid phase compositions of slag 2, slag 9 and the ⓣ point represents the initial composition of slag 9, respectively. It can be seen that the experiment results of slag 9 conform to the lever rule, which also explains the slag 9 had reached the thermodynamic equilibrium condition. Thus, two equilibrium phase regions were determined in CaO-SiO2-La2O3-Nb2O5 system at 1200 °C in reducing atmosphere, which are L+CN+CS+LN (ⓐⓚⓝⓙ tetrahedron region in Figure 6) and L+CN+LN (ⓐⓖⓝⓙ tetrahedron region in Figure 6).



The equilibrium phases of slag 5, slag 8 are L+CN+CS+S and L+CS+S, respectively. Combining the liquid phase compositions of the slag 5 and slag 8 with the Gibbs phase rule, the intersection line of CS, S primary crystal regions was constructed in spatial phase diagram as shown in Figure 7 (line ⓒⓕ), where the ⓒ, ⓕ points represent the liquid phase compositions of slag 5, slag 8, respectively, and the ⓤ point represents the initial composition of slag 8. It is obvious that the experiment results of slag 8 conform to the lever rule as well, which illustrates slag 8 had reached the thermodynamic equilibrium state. Thus, two equilibrium phase regions exist in CaO-SiO2-La2O3-Nb2O5 system at 1200 °C in reducing atmosphere, which are L+CN+CS+S (ⓒⓚⓜⓝ tetrahedron region in Figure 7) and L+CS+S (ⓕⓚⓜⓒ tetrahedron region in Figure 7).



Bases on the above research results, the 1200 °C isothermal phase diagram of CaO-SiO2-La2O3-Nb2O5 system in reducing atmosphere was constructed, as shown in Figure 8. The ⓐ–ⓒ, ⓒ–ⓔ, ⓒⓕ, ⓐⓖ curves are not only the intersection lines of primary crystal regions mentioned above, but also the liquidus lines at 1200 °C, which divide the phase diagram into L+CN+CS+LN (ⓐⓚⓝⓙ tetrahedron region), L+CN+CS+S (ⓒⓚⓜⓝ tetrahedron region), L+CN+CS (ⓐⓑⓒⓚⓝ region), L+CN+S (ⓒⓓⓔⓜⓝ region), L+CS+S (ⓕⓚⓜⓒ tetrahedron region) and L+CN+LN (ⓐⓖⓝⓙ tetrahedron region) equilibrium phase regions. Meanwhile, based on these liquidus lines, the liquidus surface could be plotted in the phase diagram, and the area enclosed by the liquidus surface was the low melting point region of the CaO-SiO2-La2O3-Nb2O5 system.



Obviously, the isothermal phase diagram of CaO-SiO2-La2O3-Nb2O5 system could provide guidance for the niobium and lanthanum extraction process of the Bayan Obo tailing. For example, the enrichment of niobium in CN phase and the enrichment of lanthanum in liquid phase could be realized by controlling the tailing composition in the L+CN+S equilibrium phase region, while the enrichment of niobium and lanthanum in liquid phase could be realized by controlling the tailing composition in the L+CS+S equilibrium phase region.




3.3. Practice Relevance of the Results


The current research results can provide guidance for the niobium and lanthanum extraction process of the Bayan Obo tailing. When the extraction process is conducted at 1200 °C in reducing atmosphere, the enrichment of niobium and lanthanum in specific phases can be realized by controlling the tailing composition in a specific equilibrium phase region. For example, the enrichment of niobium in CN phase and the enrichment of lanthanum in liquid phase can be realized by controlling the tailing composition in the L+CN+S equilibrium phase region, while the enrichment of niobium and lanthanum in liquid phase can be realized by controlling the tailing composition in the L+CS+S equilibrium phase region.





4. Conclusions


In the present work, the equilibrium phases of slags located in specific region of CaO-SiO2-La2O3-Nb2O5 system were ascertained at 1200 °C in reducing atmosphere through high temperature equilibrium experiment followed by scanning electron microscope and energy dispersive spectrometer (SEM-EDS). According to the experiment results, the phase equilibria of CaO-SiO2-La2O3-Nb2O5 system were determined. Finally, the 1200 °C isothermal phase diagram of CaO-SiO2-La2O3-Nb2O5 system in reducing atmosphere was constructed, in which the L+CN+CS+S, L+CN+CS+LN, L+CS+S, L+CN+LN, L+CN+CS, L+CN+S equilibrium phase regions were divided.
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Figure 1. SEM photo of pre-melt slag 1. 
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Figure 2. SEM photos of high temperature equilibrium experiment slags. (a) slag 1 (L+CN+CS), (b) slag 2 (L+CN+CS+LN), (c) slag 3 (L+CN+CS+LN), (d) slag 4 (L+CN+CS+LN), (e) slag 5 (L+CN+CS+S), (f) slag 6 (L+C2N+CS), (g) slag 7 (L+CN+S), (h) slag 8 (L+CS+S), (i) slag 9 (L+CN+LN), and (j) slag 10 (L+CN+S). 
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Figure 3. Phase equilibria of CaO-SiO2-La2O3-Nb2O5 system. 
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Figure 4. Intersection line of CN and CS primary crystal regions. 
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Figure 5. Intersection line of CN, S primary crystal regions. 
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Figure 6. Intersection line of CN, LN primary crystal regions. 
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Figure 7. Intersection line of CS, S primary crystal regions. 
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Figure 8. Isothermal phase diagram of CaO-SiO2-La2O3-Nb2O5 system in reducing atmosphere at 1200 °C. 
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Table 1. Compositions of pre-melted slags.
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Slag No.

	
Composition, wt.%




	
CaO

	
SiO2

	
Nb2O5

	
La2O3






	
1

	
29.13

	
30.92

	
33.28

	
6.57




	
2

	
27.78

	
28.38

	
32.82

	
11.02




	
3

	
28.36

	
25.03

	
36.27

	
10.34




	
4

	
22.94

	
19.66

	
47.49

	
9.91




	
5

	
20.55

	
25.25

	
48.31

	
5.89




	
6

	
25.70

	
16.05

	
47.59

	
10.66




	
7

	
17.98

	
24.90

	
45.28

	
11.84




	
8

	
28.30

	
49.24

	
12.24

	
10.22




	
9

	
15.21

	
5.74

	
70.07

	
8.98




	
10

	
15.79

	
21.28

	
58.16

	
4.77
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Table 2. Oxygen partial pressure measurement results at 1200 °C.
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	Temperature/°C
	H2 Gas Flow Rate/mL·min−1
	CO2 Gas Flow Rate/mL·min−1
	Oxygen Partial/atm





	1200
	500
	0
	10−15.0



	1200
	475
	25
	10−14.3



	1200
	450
	50
	10−13.7



	1200
	425
	75
	10−12.9
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Table 3. EDS results of high temperature equilibrium experiment slags (mol%).
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	Slag No.
	Phase
	Ca
	Si
	Nb
	La
	O





	1
	Liquid
	12.86
	16.69
	9.43
	3.00
	58.03



	
	CaNb2O6
	11.37
	3.97
	22.42
	—
	62.23



	
	CaSiO3
	19.48
	19.52
	2.50
	—
	58.50



	2
	Liquid
	10.30
	13.99
	8.54
	4.69
	62.49



	
	CaNb2O6
	8.68
	2.35
	19.83
	—
	69.13



	
	CaSiO3
	15.81
	18.28
	1.82
	—
	64.08



	
	LaNbO4
	2.34
	3.71
	17.34
	16.92
	59.69



	3
	Liquid
	10.79
	14.20
	8.97
	4.64
	61.40



	
	CaNb2O6
	8.82
	2.20
	21.02
	—
	67.96



	
	CaSiO3
	17.16
	18.71
	1.44
	—
	62.68



	
	LaNbO4
	2.82
	4.36
	17.13
	16.98
	58.71



	4
	Liquid
	9.17
	18.70
	4.25
	7.74
	60.13



	
	CaNb2O6
	8.63
	2.59
	19.53
	—
	69.25



	
	CaSiO3
	15.98
	17.33
	2.79
	—
	63.91



	5
	Liquid
	10.24
	15.63
	8.28
	2.02
	63.83



	
	CaNb2O6
	8.52
	2.81
	20.92
	—
	67.75



	
	CaSiO3
	16.02
	18.27
	1.99
	—
	63.72



	
	SiO2
	1.05
	29.00
	—
	—
	69.95



	6
	Liquid
	12.27
	12.91
	9.41
	4.72
	60.69



	
	Ca2Nb2O7
	14.36
	1.06
	18.88
	2.03
	63.67



	
	CaSiO3
	17.92
	18.94
	1.33
	—
	61.81



	7
	Liquid
	9.62
	15.79
	8.38
	2.93
	63.28



	
	CaNb2O6
	8.02
	1.71
	21.88
	—
	68.39



	
	SiO2
	1.13
	29.14
	—
	—
	69.73



	8
	Liquid
	9.74
	22.70
	1.15
	8.32
	58.09



	
	CaSiO3
	17.84
	20.62
	0.94
	—
	60.60



	
	SiO2
	1.12
	31.06
	—
	—
	67.82



	9
	Liquid
	11.48
	12.23
	13.76
	5.91
	56.63



	
	CaNb2O6
	9.92
	1.63
	26.11
	—
	62.34



	
	LaNbO4
	2.23
	2.35
	23.55
	20.31
	51.56



	10
	Liquid
	10.10
	19.17
	9.36
	2.23
	59.15



	
	CaNb2O6
	8.73
	4.85
	22.91
	—
	63.51



	
	SiO2
	0.79
	33.25
	—
	—
	65.96
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Table 4. Summary of high temperature equilibrium experiment results.
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	Coexist Phase Num.
	Phase Equilibria
	Slag No
	Freedom Degree
	Trajectory





	3
	L+CN+CS
	1
	1
	Curve



	
	L+CN+S
	7, 10
	1
	Curve



	
	L+CS+S
	8
	1
	Curve



	
	L+CN+LN
	9
	1
	Curve



	
	L+CS+C2N
	6
	1
	Curve



	4
	L+CN+CS+S
	5
	0
	Point



	
	L+CN+CS+LN
	2, 3, 4
	0
	Point







L: Liquid, CN: CaNb2O6, CS: CaSiO3, S: SiO2, LN: LaNbO4, C2N: Ca2Nb2O7.
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