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Abstract The utilization of rare earth resources, especially secondary resources
(e.g., RE-oxide system slag), has been limited by the lack of thermodynamic
information. In order to supplement and refine the thermodynamic data related to
rare earth, the equilibrium experiments of SiO2-Ce2O3-CaO-25wt.% Al2O3 system
phase diagram were carried out at 1773 K by the high-temperature isothermal
equilibration/quenching technique in the current paper. The composition of seven
phase regions was determined by FE-SEM, XRD, EPMA, and XRF analysis
on the samples obtained by high-temperature equilibrium technology at 1773 K,
including the primary crystal regions of three compounds (C2AS, 2CaO·SiO2,
and CaO·2Ce2O3·3SiO2), three three-phase coexistence regions (L + C2AS +
2CaO·SiO2, L + C2AS + CaO·2Ce2O3·3SiO2, and L + CaO·2Ce2O3·3SiO2 +
CeAl11O18), and a liquid region. The phase relations and isotherms of SiO2-Ce2O3-
CaO-25wt.% Al2O3 system obtained in current work are beneficial to the recycling
of rare earth resources containing cerium.
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Introduction

Generally speaking, the researchmethods of phase diagram include theoretical calcu-
lation and experimental determination. Theoretical calculation refers to the thermo-
dynamic database based on strict thermodynamic data, so as to accurately describe a
specific system. Therefore, to ensure the accuracy of the calculated phase diagram,
a large number of reliable experimental data are necessary to determine the param-
eters in the thermodynamic model. So, determining the phase of some systems with
practical application value through experiments is necessary.

Lanthanide elements from La to Lu as well as Y and Sc are collectively referred to
as rare earth elements (REEs) due to their similar chemical properties [1]. REEs have
high chemical activity and play a significant role in many new materials fields. In
particular, the improvement of mechanical properties of ceramic materials and steel
materials by REEs has attracted more and more attention [2]. In recent years, with
the global consumption of high-grade rare earth resources increasing significantly,
the recycling of waste containing rare earth has been brought into focus [3].

As we all know, the Bayan Obo deposit in Inner Mongolia, North China is rich
in rare earth, titanium, iron, fluoride, and other precious resources [4]. However,
the associated beneficiation and smelting processes are very hard because it is a
typical polymetallic ore, and valuable components coexist [5, 6]. Besides, due to the
limitations of current technologies, the utilization rate of rare earth resources is very
low. Only about 10% of the rare earth resources in the world are utilized, which is out
of proportion to their value [7]. More importantly, with the accumulation of tailings
dams, many serious environmental problems such as water pollution have emerged.
Therefore, the effective recovery and application of rare earth elements are of great
significance to the sustainable utilization of rare earth slag [8].

Recently, many scholars have studied and reported a great number of phase equi-
librium data of binary and ternary systems in rare earth slag systems. Tas et al.
[9] studied Al2O3-Ce2O3 system, and found that there are two binary compounds
(CeAl11O18 and CeAlO3) in the system, and provided lattice constants of CeAl11O18.
At 1873 K, two solid solution phases (Ce9.33-xCax(SiO2)6O2-δ and Ca2-xCexSiO4+δ)
were found in SiO2-Ce2O3-CaO system, and the formulae for calculating the activity
of Ce2O3 are provided [10]. Lan et al. [11, 12] provided the phase diagrams of SiO2-
Ce2O3-CaO system at 1573 and 1773 K, and the phase diagrams of CaO-SiO2-CaF2-
Ce2O3 system at 1373 K. As we all know, P and F are also the main compositions
in rare earth ores, and they are transferred to the slag containing rare earth, which
affects the composition and performance of the slag. Therefore, Lan constructed an
isothermal pseudo-ternary phase diagram of CaO-SiO2-CaF2 (30wt. %)-P2O5 (10wt.
%)-Ce2O3 and obtained the formation mechanism of boro-magnesium olivine in the
five-member system [13].

Recently, many different phases of REEs have been found in slag containing rare
earth elements in previous studies. By analyzing and simulating the morphology
of slag containing rare earth elements, Li et al. [14] found that rare earth elements
are converted into calcium-cerite phase. Ding et al. [15] reported that rare earth
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elements mainly exist in the form of cephalosilicate in the rare earth slag produced
fromBayanObo ore. Therefore, the supplement and improvement of thermodynamic
information can also help researchers to confirm that the rare earth phase is a series of
component transformation behaviors according to the formation and transformation
information of rare earth phase in equilibrium state. On this basis, the equilibrium
phase composition of SiO2-Ce2O3-CaO-25wt.%Al2O3 at 1773 Kwas studied in this
paper, which provides basic phase transition data for the recycling of rare earth waste
residue in ceramics and other fields.

Methodology

Rare Earth Slag Samples Preparation

Generally speaking, isothermal pseudo-ternary phase diagrams can be constructed
by fixing typical components, so as to simplify the study of phase equilibrium in
multicomponent systems. In order to obtain uniform composition and ensure the
accuracy of the experiment, firstly, the SiO2, CaO, CeO2, and Al2O3 powders of
99.99% purity (Sinopharm Chemical Reagents Co., Ltd.) were put into a muffle
furnace and calcined at 1273 K for 6 h to remove moisture and impurities. The
raw materials were accurately weighed by an electronic balance with an accuracy of
0.0001 g, and then used tomake slags. Every slag was then ground by an agatemortar
for 30min, so that it can be fully and uniformlymixed. Thereafter, the pre-mixed slags
were put into a vertical furnace (temperaturemeasurement accuracy± 1K)withAr+
10%H2 atmosphere. The powdered slags in platinumcrucibleswere heated to 1923K
for 2 h. Then, the molten samples were quickly quenched in the ice-water mixture.
In current study, it is a key point to ensure the complete transformation of CeO2 into
Ce2O3. Therefore, we referred to a large number of literatures [9–13] and adopted
the same reduce atmosphere. The oxygen partial pressure was controlled below 2
× 10–16 during the experiment process. Based on these experimental conditions, we
also conducted X-ray Photoelectron Spectroscopy (XPS) test on all of the samples.
Taking sample N1 for example, the 3d5/2 and 3d3/2 XPS lines of the Ce3+ ion is
presented in Fig. 1. Because of the transition behavior between different energy
levels of Ce3+ ion, the 3d5/2 doublet and the 3d3/2 doublet appear [16, 17]. The results
showed that only Ce3+ but no Ce4+ existed in the pre-melting samples.

X-ray diffraction (XRD,D/max 2550VB) detection is required for all slag samples
to ensure the uniform glass phase after quenching. If crystal precipitation was
detected in the sample, the sample would be reproduced for the supplementary exper-
iment. The content of each oxide will be readjusted, and the slag samples pre-melting
test will be conducted again until all the required quenched samples completely show
the glass phase. Figure 2 shows the microstructure (a) and XRD patterns (b) of the
glass phase sample N1.
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Fig. 1 XPS detection map of quenching slag sample N1

Because of burning loss and batching error, the composition of quenching slags
may be different from that of samples, so it was necessary to detect the composition
of quenching slags to determine the composition of slag samples again to ensure the
accuracy of the experiment. X-Ray Fluorescence Spectrometer (XRF, Axios mAX)
was used to analyze the composition of quenching slag samples, and the results
are listed in the pseudo ternary phase diagram of SiO2-Ce2O3-CaO-25wt. % Al2O3

system, as shown in Fig. 3.

Equilibration Experiments

In the equilibration experiments, a box furnace, as shown in Fig. 4a, was used, and
the temperature was detected by a B-type thermocouple placed at the bottom of the
furnace. The overall temperature accuracy is ± 1 K. High-purity argon with 10%
hydrogen, purified by gas purification unit as shown in Fig. 4b, was continuously
inject as protective gas to avoid the oxidation of slag samples and isolated other
possible pollution sources. The deoxidation unit consists of a heating device, and a
deoxidation chamber with copper, sponge titanium, and magnesium, which can keep
the partial pressure of oxygen in argon gas below 10–16. About 2 g of homogenized
glass-phase slag samplewas loaded into a platinumcrucible andplaced in the constant
temperature zone of the box furnace. All samples were heated to 1923 K again
and held for 30 min, then cooled to the target equilibrium temperature (1773 K)
at a rapid rate (10 K/min). Based on preliminary experimental results and previous
experimental experience [18], the time was set at 24 h to ensure that the equilibrium
is achieved.
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Fig. 3 Pre-melting
component points of
SiO2-Ce2O3-CaO-25wt. %
Al2O3 system at 1773 K

Fig. 4 Schematic diagram of box-type furnace (a) and gas purification unit (b)

When the samples reached equilibrium, they were rapidly quenched into the ice-
water mixture. Then the quenched slag samples were dried at room temperature.
Electron probe microanalysis (EPMA, JXA-8230) was used to analyze the composi-
tion of each sample, and the precipitated phase contained in hardened slag samples
was detected byXRD. In addition, scanning electronmicroscope (SEM, JSM-7900F)
was used to observe the coexisting phase. The equilibrium micro-morphology of the
samples was obtained in BSE mode. SEM test conditions are: beam current 15 mA,
electron beam acceleration voltage 20 kV. The EPMAmeasurement conditions were
as follows: a beam current of 10–8 A, an accelerating potential of 20 kV, and a probe
diameter of 1 μm. CaSiO3, Al2O3, and CeP5O14 were respectively used as standards
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to analyze CaO and SiO2, Al2O3, Ce2O3. For each balancing stage, more than 10
different points were analyzed and average values were calculated. Combining the
results of XRD, FE-SEM, and EPMA, the phase composition of those samples in
equilibrium state was obtained.

Results and Discussion

Equilibrium Phase Composition of SiO2-Ce2O3-CaO-25wt.%
Al2O3System at 1773 K

In general, byfixing typical components to construct isothermal pseudo-ternary phase
diagram, the investigation related to the multicomponent system phase equilibrium
can be simplified [19]. When quenched to room temperature, some samples would
have a large amount of secondary precipitation, which leads to inaccurate liquidus
composition and is an important reason for the failure of the experiment. Therefore,
some samples were selected to study the phase equilibrium of SiO2-Ce2O3-CaO-
25wt.% Al2O3 system. The results of FE-SEM and XRD show that the quenched
samples consist of amorphous glass and crystalline phase. The crystalline phase is
precipitated from the solid phase at 1773 K, while the glassy phase is formed by
quenching and supercooling the liquid phase in equilibrium with the solid phase.

The results of EPMA and XRD, which measured the chemical composition of
glass phase and crystal phase, show that there are seven different equilibrium phases.
Those seven equilibrium phases in order are: (1) the simple liquid phase; (2) the
three-phase equilibrium between C2AS (2CaO·Al2O3·SiO2), 2CaO·SiO2, and liquid
phase; (3) the solid–liquid coexistence of C2AS and liquid phase; (4) the three-
phase equilibrium between C2AS, CaO·2Ce2O3·3SiO2, and liquid phase; (5) the
solid–liquid coexistence of CaO·2Ce2O3·3SiO2 and liquid phase; (6) the three-phase
equilibrium between CaO·2Ce2O3·3SiO2, CeAl11O18 and liquid phase; (7) the solid–
liquid coexistence of 3Al2O3·2SiO2 and liquid phase. Due to the replacement mech-
anism of Ca and REEs, Ce3+ will replace a part of Ca2+, which cause that about
3 – 5wt% of CaO are replaced by REEs in the sorosilicate phase [20]. Therefore, it is
remarkable that Ce3+ can replace part of Ca2+ in the compounds Ca2SiO4 and C2AS,
resulting in (Ca,Ce)2SiO4 and 2(Ca,Ce)O·Al2O3·SiO2. Gao [21] found the solid solu-
tion CaO·2Ce2O3·3SiO2 during the reduction process, whose research results are the
same as these in current study. The microstructure and composition of the equilib-
rium phase at 1773 K are shown in Fig. 5 and Table 1, respectively. As is known to
all, the liquid phase area gradually expands as the temperature increases.

The phase structure of sample N33 at 1773 K is shown in Fig. 5a, showing
three-phase coexistence. Combined with the detection results of EPMA and XRD,
it can be found that the dark gray region is calcium aluminite melilite phase
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Fig. 5 Microstructure of equilibrium phase of SiO2-Ce2O3-CaO-25wt. %Al2O3 system at 1773 K
and correspondingXRDdetection patterns. a, c, e, g, i,k,m, o, and q represent theMicromorphology
of N33, N26, N9, N3, N2, N1, N18, N24, and N11 sample, respectively; and b, d, f, h, j, l, n, p, and
r were XRD patterns of corresponding sample

(2CaO·Al2O3·SiO2, C2AS), the gray region is quenched liquid phase, and the light
gray region isMosaic (2CaO·SiO2). For samples N32 andN34, the same precipitated
phase, calcium aluminite melilite phase, appears, as shown in Fig. 5c. According to
EPMA and XRD results, the gray region is the quenching liquid phase.

The microstructure of sample N9 is shown in Fig. 5e. According to the BSE
picture, it can be clearly found that the equilibrium phase presents a state of three-
phase coexistence. According to EPMA and XRD results, it can be easily confirmed
that the dark gray region is still C2AS, and the gray region is quenched liquid phase.
The most recent white region can be identified as CaO·2Ce2O3·3SiO2 phase. In
addition, CaO·2Ce2O3·3SiO2 phase also exists in samples N3, N5, and N10. Their
microstructures are shown in Fig. 5g and 5(i). At 1773 K, there are only two equi-
librium phases CaO·2Ce2O3·3SiO2 phase and quenched liquid phase in samples
N5 and N10. The results indicate that the composition of slag sample N5 and slag
sample N10 is in the primary crystal region of CaO·2Ce2O3·3SiO2, and there are
grey CaO·2Ce2O3·3SiO2 phase and light gray quenching liquid phase in sample N2,
as well as dark gray long CeAl11O18 phase. For sample N1, the microstructure is
shown in Fig. 5k, and the CeAl11O18 phase shows a black band. The white area can
be identified as CeAlO3 phase according to the XRD and EPMA detection results.



Phase Equilibria of SiO2-Ce2O3-CaO-25wt.% Al2O3 System at 1773 K 71

Table 1 Equilibrium phase compositions at 1773 K

Sample
No

Phase Composition (wt%)

Al2O3 SiO2 Ce2O3 CaO

N1 L 25.25 26.13 48.62 0

CeAl11O18 82.1 0.62 16.85 0.43

CeAlO3 32.72 0.43 66.43 0.42

N2 L 27.46 29.25 39.21 4.08

CeAl11O18 82.18 0.89 16.28 0.65

CaO·2Ce2O3·3SiO2 1.59 22.27 69.57 6.57

N3 L 28.26 27.90 32.68 11.16

CeAl11O18 82.26 0.48 16.76 0.5

CaO·2Ce2O3·3SiO2 1.29 22.08 70.16 6.47

N5 L 30.49 27.41 26.17 15.92

CaO·2Ce2O3·3SiO2 1.14 22.12 70.19 6.55

N7* L 32.18 25.11 21.32 21.39

C2AS 37.13 21.1 5.93 35.84

CaO·2Ce2O3·3SiO2 1.32 22.13 70.16 6.39

N9* L 31.83 25.88 20.98 21.31

C2AS 37.09 20.58 5.95 36.38

CaO·2Ce2O3·3SiO2 1.65 21.8 68.94 7.61

N10 L 32.37 26.69 22.09 18.85

CaO·2Ce2O3·3SiO2 1.08 22.59 68.93 7.4

N12* L 22.44 32.18 16.12 29.26

C2AS 36.9 22.11 5.13 35.86

CaO·2Ce2O3·3SiO2 1.2 21.42 70.31 7.07

N13* L 28.93 29.32 18.14 23.61

C2AS 38.28 20.12 4.43 37.17

CaO·2Ce2O3·3SiO2 0.98 21.08 70.99 6.95

N16* L 24.37 32.45 15.90 27.28

C2AS 38.63 20.89 3.87 36.61

CaO·2Ce2O3·3SiO2 1.41 20.82 70.75 7.02

N20* L 19.79 33.77 14.85 31.59

C2AS 37.55 22.24 3.15 37.06

CaO·2Ce2O3·3SiO2 0.87 21.67 70.52 6.94

N23 L 20.78 52.61 26.61 0

3Al2O3·2SiO2 70.83 25.83 2.42 0.92

(continued)
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Table 1 (continued)

Sample
No

Phase Composition (wt%)

Al2O3 SiO2 Ce2O3 CaO

SiO2 0.02 99.68 0.14 0.16

N24 L 18.03 64.56 11.85 5.56

3Al2O3·2SiO2 71.43 25.13 2.61 0.83

N26* L 13.50 34.57 14.43 37.50

C2AS 37.86 20.57 3.93 37.64

CaO·2Ce2O3·3SiO2 0.22 22.9 69.71 7.17

N30 L 21.87 57.71 16.89 3.53

3Al2O3·2SiO2 71.41 25.34 2.4 0.85

N32* L 14.29 35.84 10.88 38.99

C2AS 38.32 21.65 4.42 35.61

N33* L 12.72 35.51 3.75 48.02

C2AS 38.94 20.63 3.8 36.63

2CaO·SiO2 1.54 32.23 6.14 60.09

N34* L 15.38 36.58 6.78 41.26

C2AS 38.39 19.76 6.69 35.16

N38 L 21.05 64.84 6.80 7.31

3Al2O3·2SiO2 71.65 25.22 2.6 0.53

N39 L 21.99 64.65 3.74 9.62

3Al2O3·2SiO2 72.17 24.93 2.38 0.52

*represents the results obtained by converting Ce3+ into Ca2+

The microstructure of the equilibrium phase of sample N18 is shown in Fig. 5m.
According to the results of EPMA andXRD, it can be known that the round, oval, and
conical phase is SiO2 phase, while the regular quadrilateral phase is 3Al2O3·2SiO2

phase. Similarly, in the samples N24 and N30, the relatively regular quadrilateral
3Al2O3·2SiO2 phase is detected, but their equilibrium phase structure only contained
3Al2O3·2SiO2 phase and quenching liquid phase. Samples N11, N14, N17, N21, and
N27 only contain quenched liquid phase, and it can be determined that there is no
other precipitated phase according to the XRD detection results. Figure 5q and 5(r)
are the microscopic morphology images and XRD detection patterns of quenched
slag sampleN14. It isworth noting that in the SiO2-Ce2O3-CaO-5wt.%Al2O3 system
previously studied [18], the initial crystal region of SiO2 appears when the content
of SiO2 is higher than 70wt%. However, in this system, when the content of Al2O3

is increased from a fixed 5wt% to 25wt%, no initial crystal region of SiO2 is found.
Table 1 lists the composition and content of liquid phase and precipitates of each

sample. It should be noted that part of Ca2+ was replaced by Ce3+ in the sample with
‘ *’. Thus, the precipitated phase Ca2SiO4 and C2AS were obtained by converting
Ce3+ into Ca2+.
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Determination of the Isotherms

The composition of the quenched liquid phase was standardized so that the phase
relationship of SiO2-Ce2O3-CaO-25wt.%Al2O3 system can be represented by phase
diagram [22, 23]. As shown in Fig. 6, the liquid phase isotherms of SiO2-Ce2O3-
CaO-25wt.% Al2O3 system at 1773 K are obtained based on the above experimental
results.

As can be seen from the Fig. 6, the liquid phase region is concentrated in the
SiO2 content between about 38% and 75%. Meanwhile, with the increase of CaO
content, the distance between the liquid phase isotherms of 1773 K is closer and
closer, indicating that when the ratio of SiO2 and Ce2O3 content is constant, the
melting point of the mixture can be significantly increased by increasing the content
of CaO in the mixture. And when the binary basicity (CaO/SiO2) is certain, reducing
the content of Ce2O3 can also achieve the effect of reducing the melting point of the
mixture. Meanwhile, with the decrease of Ce2O3 content, the liquid phase region
becomes larger. In the previous work [18], we studied the SiO2-Ce2O3-CaO-5wt.%
Al2O3 system and not found a liquid phase region at 1773 K at the phase boundary
of SiO2 and Ce2O3. While in this study, there was a large liquid phase region at the
phase boundary of SiO2 and Ce2O3 [18]. Therefore, we can speculate that in the
ternary system of SiO2-Ce2O3-Al2O3, there is a large liquid region at 1773 K with
the increase of Al2O3.

Fig. 6 Liquid phase
isotherms of
SiO2-Ce2O3-CaO-25wt.%
Al2O3 system at 1773 K
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Construction of SiO2-Ce2O3-CaO-25wt.% Al2O3 System Phase
Diagram

Phase diagram can be used to quantitatively describe the phase equilibrium of
systems. It can help to determine the direction of a reaction and avoid the resource
consumption during the research process. Combining the isotherms of SiO2-Ce2O3-
CaO-25wt.% Al2O3 system at 1773 K with the above equilibrium phase structure,
a phase diagram related to the system containing rare earth was constructed, as
shown in Fig. 7. In Fig. 7, according to the trend of phase boundary, the intersection
point of phase boundary is found. Meanwhile, several points on the CaO-SiO2 phase
boundary are data points obtained according to the known phase diagram [24].

In this study, there are six regions where equilibrium phase and liquid phase
coexist, among which there are three single-phase regions, the primary phases are
mullite phase, CaO·2Ce2O3·3SiO2 phase, and calcium anorthite solid solution phase,
and the other three are three-phase coexistence regions. From the equilibrium phase
detected in 1773 K equilibrium slag samples, it can be seen that when SiO2 content
is higher than 75%, there is only 3Al2O3·2SiO2 single phase zone. It is found that
CaO·2Ce2O3·3SiO2 is a favorable stable phase of RE elements according to the
phase of the system. The synthesis range of CaO·2Ce2O3·3SiO2 is quite wide and is
greatly affected by temperature and slag composition, which indicates that a variety
of components can be formed in the quaternary system. Therefore, according to
the phase diagram, rare earth elements can be enriched into the CaO·2Ce2O3·3SiO2

phase by controlling the appropriate composition of the slag containing rare earth
elements. The current research provides indispensable thermodynamic data for RE-
containing phase equilibrium, which is very important for sustainable recovery of
REEs from REEs-containing slag. Additionally, the shaded area has not involved in
current research, as shown in Fig. 7.

Fig. 7 Phase diagram of
SiO2-Ce2O3-CaO-25wt.%
Al2O3 system
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Conclusions

The thermodynamic information plays a significant role in the recovery and utiliza-
tion of slag systems containing rare earth elements and also establishes a crucial
theoretical basis for the development of REEs application industry. And it is also
beneficial to the development and application of rare earth in iron and steel industry
and ceramic industry. Themain results of the phase equilibrium relationship of SiO2-
Ce2O3-CaO-25wt.% Al2O3 system phase diagram at 1773 K investigated in current
research can be summarized as follows:

(1) Seven phases were determined by the current research work. It consists
of a single liquid region, three primary crystal regions (C2AS, 2CaO·SiO2,
CaO·2Ce2O3·3SiO2) and three three-phase coexistence regions (L + C2AS
+ 2CaO·SiO2, L + C2AS + CaO·2Ce2O3·3SiO2, L + CaO·2Ce2O3·3SiO2 +
CeAl11O18).

(2) The liquid isotherms and the phase relationship of SiO2-Ce2O3-CaO-25wt.%
Al2O3 system related to the cerium-containing slag system are established.
According to the phase diagram, rare earth elements could be enriched into the
CaO·2Ce2O3·3SiO2 phase as much as possible by controlling the appropriate
composition of the slag containing rare earth elements. The phase equilibrium
data can provide a basis for comprehensive utilization of cerium-rare earth slag
and optimization of related thermodynamic database.
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