Phase diagram of V203-Fe:O-SiO2-CaO(15 mass%) system at 1623 K
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ABSTRACT

In view of the lack of phase equilibria data of vanadium-bearing oxide system and the desirability of
them for design or optimization of vanadium extraction process, the phase equilibria relationships of
V203-FeO-SiO,-Ca0(15 mass%) system were determined experimentally, and then an isothermal
section phase diagram of this system was constructed. Totally, 81 samples of different composition
were equilibrated at 1623 K for 48 hours in iron crucible under Ar atmosphere. The equilibrated
samples were quenched quickly in cold water, and then the phase constituents of all the samples
were identified by XRD combined with EPMA measurements. 17 different types of phase equilibria
relationship were determined, by using L to represent liquid phase they are summarized and
numbered as follows: 1) single L, 2) L + SiO, 3) L + spinel + SiOy, 4) L + spinel + SiO; + (V,Fe)20s,
5) L+ SiO, + (V,Fe)zos, 6) L+ (Ca,Fe)3V2Si3O12 + SiO, + (V,Fe)zos, 7) L+ (V,Fe)zos, 8) L+ spinel +
(V,Fe)0s3, 9) L + spinel + (Ca,Fe)sV2SizO12 + (V,Fe)203, 10) L + (Ca,Fe)sV2SizO12 + (V,Fe)03, 11)
spinel + (Ca,Fe)s3V2SisO12 + (V,Fe).03, 12) (Ca,Fe)sV2SisO12 + (V,Fe).03, 13) L + FeO + (V,Fe)203,
14) L + spinel, 15) L + Fe{O, 16) L + spinel + (Ca,Fe)3V2SizO12, and 17) L + SiO, + (Ca,Fe)3V2Siz012.
Finally, based on the measured experimental data and the neighboring phase field rule, the sectional
diagram of V203-FeO-SiO»-CaO(15 mass%) system at 1623 K composed of 17 phase equilibria
areas was presented.

1. INTRODUCTION

Vanadium is an important transition metal element, which has been widely used in many areas, such
as catalysis, electrode materials and laser materials etc (Du et al.,2018; Ejigu et al.,2015;
Tomashchuk et al.,2015). In the vanadium industry, about 80% of the vanadium is extracted from
the vanadium-bearing ores, while the reminder comes from the secondary sources including
residues and ashes from the petroleum industry, and recycled spent catalysts (Dai et al.,2012; Ketris
et al.,2009). Of the production of vanadium by ores, the most commonly used ores are vanadium-
titanium magnetite and vanadium-bearing black shale (Dai et al.,2018).

As for the extraction of vanadium from the vanadium-titanium magnetite, it is firstly smelted and
reduced in blast furnace to obtain vanadium-bearing hot metal (Smirnov et al.,2010). Then, the
vanadium-bearing hot metal is oxidized in converter to transfer and concentrate the vanadium to
slag which is mainly constituted of iron oxide, silica and vanadium oxide (Fang et al.,2012; Dong et
al.,2021). Next, the vanadium rich slag is adopted as feedstock for production of vanadium. In this
vanadium rich slag, the vanadium mainly occurs in a spinel solid solution phase with iron vanadate
(FesxVxO4) as its parent mineral. To raise the recovery rate of vanadium from the hot metal, the
conditions favourable to the formation of the spinel phase are desired in practice. As the basis of
optimization of the conditions, the thermodynamics of the SiO,-FeiO-V,0; system are essential.

Regarding the extraction of vanadium from the black shale, which is mainly composed of SiO,, CaO,
Al;,O3, MgO and small amounts of V203, FeiO etc., the general process of vanadium extraction is
direct soda roasting followed by leaching. However, due to the very low vanadium content in the
shale, this process is faced with the environmental issues such as large production of effluent in
leaching, high energy and soda consumption at roasting, etc (Seredin et al.,2012; Chen et al.,2014).
To improve the vanadium grade, a novel beneficiation method of vanadium was developed by our
group (Yan et al.,2018; Wang et al.,2019A). Where, Fe;03 is added to the shale, and the vanadium
occurred in shale is transformed into Fes«V<Oa4 spinel phase by reducing roast. Then, the formed
FesxVxO4 spinel phase is separated by magnetic method, and the acquired high-grade vanadium
concentrate is used as feedstock for extraction of vanadium. To optimize the conditions and ensure
the formation of Fes.«<VxOa4 spinel phase effectively, the thermodynamics of the Ca0O-SiOx-Fe{0-V203
system is required basically (Yan et al.,2020A; Yan et al.,2020B; Wang et al.,2019B; Wang et
al.,2017).

In addition, the solid solution Fes.\VxO4 spinel phase possesses versatile properties and is with broad
potential applications, its preparation also needs the related thermodynamic information as
guideline. However, the thermodynamic studies on the oxide system containing both vanadium oxide
and iron oxide are scarce and insufficient. Huang et al. (Huang et al.,2016) calculated a phase
diagram of FeO-Si0,-V,03 system on base of the binary subsystem by using the FactSage software.
But, due to the lack of the thermodynamic data of the Fes«VxO4 spinel phase, they can only use the
stoichiometric compound FeV204 to substitute for Fes«VxO4. This replacement definitely brings about
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a large uncertainty on the calculated phase diagram. Semykina et al. (Semykina et al.,2012) reported
that vanadium ferrites (FeV.0O4 and Fe;VO4) can be formed in CaO-SiO,-FeO-V.0s system at 1773
K in argon atmosphere. Li et al. (Li et al.,2019) investigated the effect of CaO addition on the
evolution of main phases in the Fe-Fe203-V,03 system under argon atmosphere, but in alike manner,
they treated the spinel solid solution phase as stoichiometric compound Fe;VO4. Fang et al. (Fang
et al.,2015) investigated the influence of CaO on the occurrence state of vanadium in slag, and
pointed out that with the increasing of CaO content the vanadium-bearing spinel phase transforms
into goldmanite CasV2(SiOa)s phase gradually.

From the above summarization, it can be seen that the phase relations of the silicate system
containing both vanadium oxide and iron oxide are interesting and important, whereas the available
studies are not only scrappy but also deficient. Therefore, in the present study, the phase relations
in the Ca0(15 mass%)-SiO2-Fe:O -V.03 system were investigated systematically at 1623 K, and an
isothermal phase diagram of the system was constructed.

2. EXPERIMENTAL

2.1 Determination of experimental conditions

To get a correct phase diagram of a high-order system, it is crucial to choose correct variables which
are adopted as the axes of the diagram. For a N-component system, due to the Gibbs-Duhem
relation shown as Eq. (1), only N+1 potential variables of T, P and u; are independent.

SdT — VdP + ZN;dp; = 0 (1)

Where, S, V and N; are extensive variables representing the entropy, volume and the content of
component i, respectively. T, P and u; are conjugate potentials of S, V and N;, representing
temperature, pressure and chemical potential of component i respectively.

As for the variables, which can be adopted as the axes of a phase diagram, a general way to
determined them is as follows. For example, for a N-component system. Firstly, n potentials from
the Gibbs-Duhem relation, n < N+1, are chosen, and these potentials are denoted as ¢1, ¢, ..., @n.
Secondly, from the remaining conjugate pairs, the variables N; are used to form (N+1-n)
independent ratios, which are denoted as Qn+1, Qn+2, ..., Qn+1. The formula to form Q; is shown as

Eq. (2).
Qi = Ni/ L) N (n+1<i<N+1) (2)

Thirdly, a set of (N+1) independent variables @1, @2, ..., @n, Qn+1, Qns2, ..., Qn+1 is formed. Finally,
any two variables in this set can be selected and the remainder are held constant to construct a true
two-dimensional phase diagram.

In the present study, the following set of variables was formed: T, P, ure, Ncao/(Nsio, + Ny,o0, +
Nreo + Ncao)s Nsio,/(Nsio, + Nv,0, + Nreo + Ncao), and Ny,o,/(Nsio, + Ny,0, + Nreo + Ncao) . TO
construct a two-dimension phase diagram, the temperature was fixed at 1623 K, the pressure was
fixed by equilibrating the sample in Ar atmosphere of 1 atm, the pre was fixed by using pure Fe
crucible to contain the sample, and Ng,o/(Nsio, + Ny,0, + Nreo + Ncao) Was fixed to be 15 mass
pct. Then, the phase relationships of the system with various contents of SiO,, V.03 and FeO were
measured, and a Gibbs triangle representing the compositions of SiO,, V.03 and FeO was adopted
to demonstrate the measured phase relationships.

2.2 Materials and sample preparation

The chemical agents CaO, SiO2 and V203 with purity higher than 99.9 mass% were used as
reactants. Before weighing, CaO and SiO, were dried at 1273K in air for 24 hours. FeO was prepared
by using chemical agents Fe;O3 and Fe as the raw materials. The powders of Fe;O3 and Fe with
molar ratio of 1 were mixed homogeneously and pressed into tablets, then the tablets were heated
at 1323 K in the atmosphere of CO/CO,=1 for 48 hours.

Afterwards, about 1g mixture of the four oxides were homogenized in an agate mortar and pressed
into a tablet, and then the tablet was placed into a pure iron crucible (10-mm O.D., 9-mm I.D., 30-
mm height) for high-temperature equilibrium.
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2.3 Procedure of equilibration

A vertical-tube resistance furnace heated by MoSi, elements was used for the equilibration, and the
detailed description of this furnace can be found in a previous publication (Fang et al.,2015). The
temperature of the furnace was controlled by a proportional-integral-differential (PID) controller with
an accuracy of 1 K. The temperature of the sample was measured by a W-Re5/W-Re26
thermocouple positioned just beneath the bottom of the alumina crucible. The atmospheres used
was pure Ar with purity higher than 99.999%.

After the crucible containing the samples was hung in the even temperature zone of the furnace, the
reaction chamber was sealed, evacuated and filled with Ar. Thereafter, the furnace was heated up
at a rate of 3K/min to 1623K, and the flow rate of Ar was 100 mL/min. According to the results of the
pre-experiments, the equilibration time was chosen to be 48 hours. When the equilibration was
completed, the samples were lifted from the even temperature zone to the water quenching chamber
and cooled quickly in the pure Ar reaction atmosphere. The samples were not taken out from Fe
crucibles, the sample and the crucible together were mounted and polished.

2.4 Characterization of quenched samples

To identify the phases existed in the quenched samples, XRD measurement of the ground powder
sample was performed firstly. A Bruker D8-Advance X-ray powder diffractometer with Cu Ka
radiation (A= 1.5406 A) (Bruker AXS, Germany) was used, and the scattering angles was from 10°
to 90°. Then, to determine the composition of the equilibrated phases, SEM-EPMA measurements
were performed. A JEOL JXL-8230 instrument with wavelength dispersive spectrometers was
adopted. The measurements were conducted with an accelerating voltage of 20 kV, a beam current
of 10 nA, and a pot size of nearly 1um. Fe;O3, CaSO4, NaAlSizOg and V-P-Pb glass (V20s: 59.82%,
P20s: 29.55%, PbO: 11.50%) were used as the standards for the quantitative analysis of Fe, Ca, Si
and V in each mineral phase.

3. RESULTS AND DISCUSSION

3.1 Phase relations of V203-FeO-SiO2-CaO(15 mass %) system at 1623 K

Totally, 81 samples with different composition were equilibrated at 1623 K under Ar atmosphere. All
the equilibrated-quenched samples were observed by SEM, it could be found from the back-
scattered electrons micrograph that the microstructures of the quenched sample are composed of
matrix and crystal phases. The matrix comes from the liquid phase in the equilibrated sample, which
was super cooled in the process of quenching and formed the amorphous matrix. The crystal phase
is the solid phase that is in equilibrium with the liquid phase at 1623 K, and the crystal phases were
further identified by XRD.

From the combining measurements of SEM-EPMA and XRD, it can be found that, beside the liquid
phase, five crystal phases can be found in the investigated samples. These five crystal phases are
SiOg, (V,Fe)20s, FesxVx0s4, FeiO and (Ca,Fe)sV2SizO12. The Fe crucibles were adopted and the solid
Fe phase must have been present in the sample. As for the phase equilibria relationships of these
crystal phases and the liquid phase, totally 15 different phase equilibria relationships were found in
the examined samples. The 15 phase equilibria relationships included one single-phase area of
liquid, four two-phase areas of coexisting between solid and liquid, five three-phase areas of
coexisting among two solids and liquid, three four-phase areas of coexisting among three solids and
liquid, and two areas of coexisting only solid phases. The detailed information of the found 15 phase
equilibria relations are shown in Table 1.

Table 1 The phase equilibria relations in CaO(15 mass%)-SiO2-Fe/0-V203 at 1623 K

Coexisting phase Phase equilibria relations

Single-liquid

(one area)




Two-phase coexisting L+Tridymite(SiO,), L+ Wiistite(Fe,0), L+Karelianite((V,Fe),03),
(four areas) L+Spinel(Fe;«V04)

L+Spinel(Fe;« V. O4)+Tridymite(SiO»),
L+Spinel(Fes..V,04)+Karelianite((V,Fe),03),
L+Tridymite(SiO,)+Karelianite((V,Fe),03),
L+(Ca,Fe)3V2Si3012+ Karelianite((V,Fe),03),
L+ Spinel(Fes..V.O4)+Wiistite(Fe,O)

Three-phase coexisting

(five areas)

L+Spinel(Fes.«V O4)+Tridymite(SiO,)+Karelianite((V,Fe),03),
Four-phase coexisting )
L+Spinel(Fe;..V 04)+(Ca,Fe);V,Si30 1 +Karelianite((V,Fe),03),
(three areas)
L+ (Ca,Fe);V,Si30 2+Karelianite((V,Fe)203)+ Tridymite(SiO2)

only solid phases )
Spinel (Fe;. V 04)+(Ca,Fe);V,Si3012+Karelianite((V,Fe),03),

coexisting
(Ca,Fe);V2SizOrx+Karelianite((V,Fe),0s)

(two areas)

The SEM micrograph and the XRD patterns of the investigated samples are shown according to the
phase equilibria relationships.

3.1.1 Single liquid

At 1623 K, there was one single-liquid area in the CaO(15 mass%)-SiO-FeiO-VOy system. The
typical backscattered electron image and XRD pattern of the single-liquid sample are shown in
Figure 1(a) and (b), respectively.
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Figure 1 The backscattered electron image (a) and XRD pattern (b) of single-liquid sample

3.1.2 Coexisting of one solid phase and liquid

The typical backscattered electron image and XRD pattern of the sample containing one solid phase
and one liquid phase simultaneously are shown in Figure 2 through 5. In Figure 2, that of the sample
containing SiO2 and liquid are presented. Figure 3 is for the case of coexisting between spinel phase
(FesxVx04) and liquid, Figure 4 for coexisting between Wistite (Fe:O) and liquid, Figure 5 for
coexisting between Karelianite((V,Fe).03) and liquid.
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Figure 3 Backscattered electron image (a) and XRD pattern (b) of Fes.,VxO4-liquid coexisting sample
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Figure 5 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)20s-liquid coexisting sample



3.1.3 Coexisting of two solid phases and liquid

Among the investigated samples, five cases of coexisting between two solid phases and liquid were
found. The micrography and the XRD patterns of the representative samples were shown in Figure
6 through 10.
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Figure 7 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)203-Fes.«VxO4-liquid coexisting
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Figure 8 Backscattered electron image (a) and XRD pattern (b) of SiO2-Fes«V«Os-liquid coexisting sample
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Figure 10 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)203-(Ca,Fe)3V2SizO12-liquid
coexisting sample

3.1.4 Coexisting of three solid phases and liquid

Three different four-phase equilibria were found in the investigated sample. One is liquid phase
equilibrating with solid phases SiO,, (V,Fe).0s and (Ca,Fe)s;V.SizO42, as shown in Figure 11. The
second is liquid phase equilibrating with solid phases SiO,, (V,Fe).03 and FesV<O4, as shown in
Figure 12. The third is liquid phase equilibrating with solid phases (Ca,Fe)sV2Siz012, (V,Fe)203 and
Fes«VxO4, as shown in Figure 13.
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Figure 11 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)203-(Ca,Fe)3V2Siz012-SiO2-liquid
coexisting sample
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Figure 12 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)203- Fes.,Vx04-SiO2-liquid
coexisting sample
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Figure 13 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)203-(Ca,Fe)3V2SizO12- Fes«VxOa-
SiO2-liquid coexisting sample

3.1.5 Coexisting only solid phases
Two different solid-phase equilibria were found in the investigated sample. One is equilibrium among
three solid phases, Goldmanite((Ca,Fe)sV2SizO12), Karelianite((V,Fe)203) and Spinel(FesxVx0s), as
shown in Figure 14. The other is equilibrium between Goldmanite((Ca,Fe)sV2SisO12) and
Karelianite((V,Fe).0s3), as shown in Figure 15.
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Figure 14 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)203-(Ca,Fe)3V2SizO12- Fes«VxOa
coexisting sample
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Figure 15 Backscattered electron image (a) and XRD pattern (b) of (V,Fe)203-(Ca,Fe)sV2SizO12 coexisting
sample

3.2 Phase diagram of V,03-FeO-SiO2-CaO(15 mass %) system at 1623 K

Based on the above-determined phase equilibria relationships, the iso-sectional phase diagram of
V203-FeiO-SiO,-Ca0(15 mass%) system at 1623 K was constructed, which is shown in Figure 16.
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Figure 16 The iso-sectional phase diagram of V203-FetO-SiO2-CaO(15 mass%) system at 1623 K

In Figure 16, all the symbols such as the solid star, solid triangle, solid square etc. represent the
investigated samples, their positions represent the compositions of the samples, and different
symbols represent different phase constituents. For example, the red solid circle symbols represent
the samples which were constituted of spinel phase and liquid phase. According to the change of
the phase constituents of the samples, the phase boundaries of different phase fields, which are
lines in the two-dimensional phase diagram, were determined. Finally, the V203-FeiO-SiO,-CaO(15
mass%) system was segmentalized into 17 areas, and the areas were numbered from 1 to 17. The
phase constituents of each phase filed was also provided in Figure 16.

In Figure 16, it can also be seen that four linear phase boundaries meet at a point, which is the
smaller unit composing the whole phase diagram. For each smaller unit, it was indicated by Mats
Hillert (Hillert et al.,2008) that the numbers of phases in the phase fields around the intersection point
have the relations as shown in Figure 17.
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Figure 17 Elementary unit of a molar phase diagram, the e values from 3 to a maximum determined by the
number of sectioning.

As mentioned above, totally 17 phase fields were indicated in Figure 16. However, only 15 different
phase equilibria relationships were determined experimentally. For the un-experimental determined
phase fields 16 and 17, they were deduced according to the rule of neighboring phase field as shown
in Figure 17. So, the phase constituents in the phase fields 16 and 17 should be confirmed by
experiments in future.

4. CONCLUSIONS

In the present study, the traditional method of high temperature equilibration followed by quenching
and combination of SEM and XRD measurements was adopted to identify the phase constituents of
the samples. Then, based on the experimentally determined phase equilibria relationships, the iso-
sectional phase diagram of V-03-FeiO-SiO,-CaO(15 mass%) system at 1623 K was constructed.
The results revealed that the phase diagram is composed of 17 phase fields. The 17 phase fields
are as follows: 1) single Liquid, 2) Liquid + SiO,, 3) Liquid + spinel + SiO3, 4) Liquid + spinel + SiO-
+ (V,Fe)203, 5) Liquid + SiO; + (V,Fe)20s, 6) Liquid + (Ca,Fe)sV2SizO12 + SiO; + (V,Fe)20s, 7) Liquid
+ (V,Fe)203, 8) Liquid + spinel + (V,Fe).03 9) Liquid + spinel + (Ca,Fe)3V2SizO12 + (V,Fe)20s3, 10)
Liquid + (Ca,Fe)3VZSi3012 + (V,Fe)zos, 11) spinel + (Ca,Fe)3V2Si3O12 + (V,Fe)203, 12)
(Ca,Fe)sV2SizO12 + (V,Fe)20s, 13) Liquid + FeO + (V,Fe)20s, 14) Liquid + spinel, 15) Liquid + FeO,
16) L + spinel + (Ca,Fe)3V2SizO12, and 17) L + SiO, + (Ca,Fe)3V2SizO1a.
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