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Abstract: This study presents an alternative fusion method for sample dissolution and extraction
of vanadium from an inorganic (V2O3) compound and mineral ore sample (AMIS 0501) using
phosphate salts as flux. Complete sample dissolution was achieved at 800 ◦C within ±20 min using
both the sodium and ammonium phosphate flux. The precipitation of vanadium was subsequently
achieved after the fusion of the sample using ammonium phosphate flux, and no precipitate was
obtained using sodium phosphate flux. The differences in cations between the two fluxes (NH4

+

and Na+) influenced the precipitation of vanadium. The XRD analysis of the precipitate from V2O3

using ammonium phosphate showed a monoclinic structure of vanadium (III) tris(metaphosphate)
(V(PO3)3) compound, which belonged to the Ic space group with lattice parameters a = 10.6071,
b = 19.0871 and c = 9.4230. A remarkable vanadium recovery of 98% was obtained from inorganic
compounds, V2O3, and up to 70% from the AMIS mineral ore sample using the ammonium phosphate
flux method. The vanadium precipitates from AMIS contained Fe (20.97%) and Ti (44.97%), which
occurred as impurities in the recovery of vanadium using the ammonium phosphate flux method.

Keywords: vanadium(III) tris(metaphosphate); ammonium and sodium phosphate flux; vana-
dium(III) oxide; fusion technique

1. Introduction

Vanadium reserves are estimated to be ±63 million metric tons (Mt) in the world, and
the major producing countries include China, Russia, and South Africa, accounting for
approximately 98% of the world’s production. Titanomagnetite is the principal source of
vanadium in the world and is also one of the major sources of iron and titanium [1]. In
South Africa, vanadium-bearing titaniferous magnetite (titanomagnetite) is mined in the
northern and western limbs of the Bushveld Igneous Complex (BIC). The titanomagnetite
strata in the BIC range from 0.12 to 10 m thickness and contain approximately 50–58%
(Fe2O3), 10–25% (TiO2), and 0.2–2.0% (V2O5) [2]. Some of the noble properties of vanadium,
which makes it indispensable in chemical and steel industries, is its ability to resist corrosion
as well as alkali and acid attack. Vanadium is classified as a ‘critical mineral’ in the steel
industry and is used to improve both tensile strength and toughness in steelmaking, which
accounts for up to 93% of consumption. The chemical industry accounts for 3% of vanadium
consumption and is mostly used as catalysts [3] and in the production of ferrovanadium
alloy (~4%) due to its high strength-to-weight ratio, weldability, and formability [4]. The
estimated consumption rate of vanadium is expected to surge due to an increase in demand
by the steel industry. The recent developments in the battery industry show an increase
in vanadium use in the production of vanadium redox batteries (VRBs) (~0.1%) used for
storing renewable sources of energy [5].

The increased demand for vanadium products, especially in the battery sector, is
set to increase considerably as producers shift away from the ever-increasing cost of the
key component, lithium. However, the metallurgical extraction of vanadium from ore
is complicated by several factors, which include low abundance (<1%), unreliable ore
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processing techniques, and the formation of refractory compounds limiting the production
of vanadium. Modern techniques use smelting as a method of choice to extract vanadium as
a byproduct. High temperatures are usually employed to evade the formation of infusible
and refractory compounds that may interfere with the furnace operation. These compounds
limit the normal operating conditions of the blast furnace by forming sticky melts, which
cause high operational costs and frequent shutdown of plants [6]. Studies show the effects
of refractory compounds in minimizing vanadium concentrations in the slags used as feed
for vanadium processing [7]. Some studies have attempted to recover vanadium using
various approaches from these slags, but most of the developed techniques [8] suffer from
sensitivity and selectivity issues, which resulted in unsatisfactory recoveries. The modern
alternative for recovering vanadium from slags is by a roasting-assisted leaching process,
followed by hydrometallurgical separation or purification and recovery as a metal or oxide
(V2O5), ferrovanadium or any other compound, depending on the method used [9]. The
biggest challenges using this method are the high energy demand required by this process to
achieve the best recoveries as well as the time needed to complete the separation procedure.

In pyrometallurgical processes, the nature of the vanadium ore plays a critical role in
the determination of the best approach for extraction, as most of the vanadium-bearing
slags contain impurities such as Fe, Ti, Mn, Cr, etc. Magnetite (Fe3O4) and ilmenite (FeTiO3)
are the major sources of Fe and Ti, and these mineral phases are interlinked, which makes
it difficult to achieve a clean separation using physical beneficiation processes. Another
challenge in the beneficiation process is the presence of chromium in the ore. Chromium
forms isomorphous compounds with vanadium, which complicates the extraction process
due to similar chemical properties. Some of the techniques used to optimize the percentage
recoveries in titanomagnetite include the reduction in ilmenite content by 10–15%, which is
estimated to increase the vanadium content by approximately 1.5% in the magnetic fraction
(Fe3O4). Research studies have established and improved selective separation methods
for vanadium from its naturally occurring impurities such as Fe, Ti, and Cr by using
precipitation methods, [10] ion exchange, solvent extraction [11], and selective adsorption
using activated carbon and ionic liquids [12].

The current work originated from our previous study [13], where microcrystalline
C-type chromium(III) tris(metaphosphate), Cr(PO3)3 (JCPDS # 01-077-0672) [14,15] was
isolated using the ammonium phosphate fusion technique. The similarity between the crys-
tal structure of chromium(III) tris(metaphosphate) and vanadium(III) tris(metaphosphate)
(isomorphs) [16,17] prompted the search for an alternative selective approach for vana-
dium extraction. Although various forms of vanadium phosphate compounds (V(PO3)3,
VO(PO3)2, VPO5, and (VO)2P2O7) have been reported, it still remains to be determined if
the fusion method using ammonium phosphate salt can result in the selective isolation of
vanadium from the naturally occurring contaminants [5,18]. In this study, we examined
the use of ammonium phosphate salt as a flux in the extraction of vanadium from an
inorganic compound (V2O3) and mineral ore sample (AMIS 0501). A comparative study
using sodium phosphate salt as the flux was performed to determine the influence of
cations (NH4

+ and Na+) in the dissolution and selective separation of vanadium. The
characterization of the vanadium solid products was achieved using infrared (IR), scan-
ning electron microscopy–energy-dispersive X-ray spectroscopy (SEM-EDX), transmission
emission microscopy (TEM), and X-ray diffractive (XRD) spectroscopy, whilst inductive
coupled plasma–mass spectroscopy (ICP-MS) was used for the wet chemical analysis of
the filtrate solution.

2. Experimental
2.1. Chemicals and Materials

Ammonium hydrogen phosphate ((NH4)2HPO4 and (NH4)H2PO4) (99%), sodium
hydrogen phosphate ((Na2HPO4) and (NaH2PO4)) (99%), and vanadium (III) oxide (V2O3)
were purchased from Merck Chemicals. The original vanadium multielement ICP standard
(1000 mg/L), together with the mineral acids (HCl, 32%) and (HNO3 65%), were also
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purchased from Merck Chemicals. The ceramic crucibles (capacity, 100 mL) were supplied
by Lasec SA, and all the reagents were used without further purification. Ultra-pure
deionized water (0.01 µS/cm, conductivity) was used for wet chemical analysis, and all the
analytical experimental measurements were reported as averages of three replicates.

2.2. Description of the Reference Standard Used as a Mineral Ore Sample

The reference standard used as a mineral ore sample in this study was AMIS 0501
(100 g), which was purchased from African Mineral Standards (AMIS). According to
the analysis certificate, the reference material originated from the Mapochs mine in the
Limpopo Province and was taken from a stockpile, which was mined from the main
magnetite layer on the eastern Bushveld limb. The material was crushed, dry-milled, and
then air-classified to less than 54 microns. The confirmation of particle size was achieved
using wet sieve particle size analysis, which confirmed the material contained 98.5% of
particles less than 54 microns. The certified elemental content of the major elements in the
sample were reported as 53.76 ± 0.72% (Fe), 7.67 ± 0.57% (Ti), and 0.971 ± 0.076% (V).

2.3. Equipment

The fusion of the vanadium oxide and mineral ore (AMIS 0501) was conducted using
a Barnstead Thermolyne furnace. A Eutech pH meter (CyberScan, pH 1500) was used for
the pH measurements of the filtrate solutions. The characterization of the solid products
was achieved using an IR spectrometer, Digilab (FTS 2000 model), EDX (Oxford X-MaxN)
equipped with an SEM (Tescan VEGA3) from the Centre for Microscopy (University of the
Free State), and XRD (D8 Advance Bruker) from the Physics Department (University of the
Free State). A wet chemical analysis was performed using a PerkinElmer Nexion (model
2000c) ICP Mass spectrometer using the measurement conditions listed in Table 1.

Table 1. Selected ICP-MS operating conditions for elemental analysis using the KED mode.

Parameter/Component Value/Type/Mode

Nebulizer gas flow 0.96 L/min
Auxiliary gas flow 1.2 L/min

RF power 1100 W
Plasma gas flow 15 L/min

Rinsing time 60 s
Nebulizer Meinhard concentric type A3

Spray chamber Baffled quartz cyclonic
Scanning mode Peak hopping

Dwell time 50 ms
Replicates 3

Integration time 1 s/mas
Torch position X (−1.52 mm), Y (−0.33 mm), and Z (0.00 mm)

Mode of operation Kinetic discrimination energy (KED) using Helium gas

2.4. Preparation of Multielement Calibration Standards

Multielement calibration standards with a working range of 0–500 µg/L were prepared
in separate volumetric flasks (100.0 mL) using a ‘Transferpette’ micropipette. The solutions
were acidified using HCl (5.0 mL; 32%) and filled to the mark using deionized water. The
final solutions were homogenized before use.

2.5. Fusion of Vanadium Oxide and Mineral Ore (AMIS 0501) Using Ammonium and Sodium
Phosphate Salt

The fusion of vanadium oxide (V2O3) and AMIS mineral ore were conducted sepa-
rately in triplicate analyses using ammonium phosphate ((NH4)2HPO4/(NH4)H2PO4) and
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sodium phosphate salt (H2NaPO4/HNa2PO4), as shown in Scheme 1. Powdered samples
of vanadium oxide (V2O3) and AMIS mineral ore (1.0 g) were thoroughly mixed in separate
ceramic crucibles with an excess amount of ammonium phosphate and sodium phosphate
salt (sample: flux ratio, 1:25). The resultant mixtures were heated in a furnace (800 ◦C)
until molten melts were formed (±15 min). The red-hot molten melts were cooled at room
temperature, and deionized water (50 mL) was added. The solid melts were stirred until
all the melts were dissolved (sodium phosphate) and formed a precipitate (ammonium
phosphate). The mixture of the ammonium phosphate flux was filtered, and the solid
product was air-dried at room temperature and characterized using IR, SEM-EDX, and
XRD analyses, whilst the filtrate was analyzed using ICP-MS.
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Scheme 1. A summary of fusion process using ammonium phosphate flux and the isolation of
vanadium as vanadium(III) tris(metaphosphate) from V2O3 and AMIS 0501 mineral ore: IR, in-
frared; SEM-EDX, scanning electron microscopy–energy-dispersive X-ray spectroscopy; XRD, X-ray
diffractive spectroscopy.

2.6. Analysis of the Precipitate Obtained Using Ammonium Phosphate Flux
2.6.1. SEM-EDX and TEM Analyses
SEM Analysis

The material was mounted on aluminum pin stubs using double-sided carbon tape
and coated with iridium (±10 nm) using a Leica EM ACE600 sputter coater. The specimens
were imaged and analyzed with a JSM-7800F Extreme-Resolution Analytical Field-Emission
SEM (Tokyo, Japan), equipped with an Oxford Instruments X-Max 80 mm EDS detector,
using the AZtec software. The samples were imaged at 5 kV at a WD of 10 mm, and EDS
analyses were performed at 10 or 20 kV.
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TEM Analysis

The samples were dispersed in methanol, and a drop was placed on a copper formvar
grid to dry. The specimens were examined with a Philips CM100 TEM (FEI, Eindhoven,
The Netherlands) at 60 kV.

XRD Analysis

The XRD analysis was used for the phase identification of the vanadium precipitate
obtained from V2O3. A Bruker (D8 Focus model) X-ray diffractometer equipped with Cu
Kα radiation of wavelength ≈ 0.154 nm was used to record the XRD patterns. Rietveld
refinement was performed using the FullProf software to calculate structural parameters.

2.7. Analysis of the Filtrate Solutions Obtained Using Both Sodium and Ammonium
Phosphate Flux
ICP-MS Analysis

ICP-MS was used to determine the elemental content of the filtrate solutions obtained
after the fusion of vanadium oxide and mineral ore (AMIS 0501) using sodium phosphate
and ammonium phosphate fluxes. The excess sodium content in the filtrate solutions
obtained from sodium phosphate was removed as colorless crystals (confirmed as sodium
chloride) by adding HCl (20 mL; 32%) and allowing the solution to stand overnight.

3. Results and Discussion

The extraction process of vanadium from V2O3 and mineral ore was conducted in
three stages: (i) the fusion of the sample using ammonium and sodium phosphate salt,
(ii) the dissolution of the melt, and (iii) the separation of the solid precipitate from the
solution. The fusion stage was critical for the successful conversion of the starting material
into a molten melt to achieve the complete liberation of the elemental components of the
sample. The complete dissolution of the melt (intermediate product), as well as the target
element, was achieved using deionized water. The final stage involved the separation of
the desired products from impurities based on solubility differences. Vanadium-containing
compounds instantly precipitated after the dissolution of the melt in deionized water. The
fusion procedure was initially tested on pure inorganic vanadium oxide (V2O3) to determine
the feasibility and efficiency of this method. The fusion of V2O3 and AMIS 0501 mineral
ore was first assessed with ammonium phosphate salt flux using moderate temperatures
(800 ◦C). Complete sample conversion was achieved within minutes (±15 min), and the
melts appeared shiny and glassy. The hardness of the melts ranged between 6 and 7
according to the Mohs hardness test [19]. The solid melts were both soluble in deionized
water but insoluble in most organic and inorganic solvents. Highly acidic solution pH
(1.2–1.8) remained after the dissolution of both solid melts in deionized water, which was
accompanied by the instant precipitation of a microcrystalline green product and powdered
grey product from V2O3 and AMIS 0501, respectively. Both solid precipitates were insoluble
in most common mineral acids even in organic and inorganic solvents, which suggested a
similar chemical composition. The green color of the vanadium precipitate is attributed to
the +3 oxidation state, prevalent in most green vanadium compounds [20]. However, the
grey color of the precipitate obtained from mineral ore AMIS 0501 was presumed to be the
result of the coprecipitation of other major elements in the sample.

Fusion using sodium phosphate flux in both samples resulted in clear solutions,
with no traces of precipitates. This disparity of results prompted a further investigation
to determine the influence of cations in the flux (Na+ and NH4

+) for the formation of a
precipitate. Interestingly, all the resultant solutions after fusion using ammonium phosphate
flux and sodium phosphate fusion had the same range of pH (1.2–1.8), which suggested
that precipitation was not influenced by pH. The filtrate solution obtained after fusion with
sodium phosphate solution was analyzed using ICP-MS, whilst the precipitates obtained
using ammonium phosphate flux were characterized using IR, SEM-EDX, and XRD to
determine the chemical composition.
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3.1. IR Characterization

The IR analyses of the precipitates from V2O3 and AMIS 0501 mineral ore (Figure 1)
were compared to determine any similarities in the stretching frequencies. Both spectra
showed strong prominent peaks in the region of 1260–1240 cm−1, which are characteristic of
the P-Oext stretching vibration of metaphosphates. The symmetrical stretching frequencies
in the region of 1100–955 cm−1 were assigned to the (P-O)PO2, whilst the stretching
frequencies in the region of 765–705 cm−1 were assigned to the stretching mode of the
P-O-P bridge bonds [21]. The similarities between the two spectra pointed to the presence
of metaphosphate compounds in both precipitates. However, the variation in the stretching
frequencies between the two spectra suggested the presence of two or more different
metaphosphate compounds in the AMIS 0501 precipitate.
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Figure 1. Infrared spectra of precipitates obtained after fusion of V2O3 and AMIS 0501 mineral ore
with ammonium phosphate salt as flux.

It is worth noting the existence of iron and titanium metaphosphate compounds,
which also exhibited similar stretching frequencies as metaphosphates of vanadium. A
preliminary investigation of other additional phases present in the isolated products was
carried out by comparing the stretching frequencies of Fe and Ti metaphosphate compounds
with those reported in the literature [22], as shown in Table 2. It was identified that the
IR spectra of the precipitate obtained from AMIS 0501 mineral ore had additional peaks,
which suggested the presence of vanadium, titanium, and iron.



Crystals 2022, 12, 1464 7 of 13

Table 2. Comparison of the stretching frequencies of metaphosphate compound M(PO3)3 where
M = V, Fe, and Ti.

IR Stretching Bands Ti V Fe

Vas (P − Oext)|PO2 1385 vs 1240 vs 1230 vs
1115 s 1150 s -

Vas (P − Oint)|P-O-P| 960 s 975 s 970 s
750 m 765 m 750 m

vs—very strong, s—strong, m—medium, bold values—reflects the theme of the manuscript.

3.2. SEM-EDX and TEM Analyses

The SEM-EDX and TEM analyses were used to determine the morphological struc-
ture and the percentage composition of each element in the precipitates obtained from
V2O3 and AMIS 0501 mineral ore. The SEM-EDX graphical images of the precipitate
from V2O3 (Figure 2) showed microcrystalline, elongated crystal-like particles, which
were uniform and clustered. The elemental composition of these microcrystalline particles
was composed of mainly V, O, and P with the percentage weight content in the order of
V(21 wt%) < P(35 wt%) < O(44 wt%). The TEM analysis also revealed the presence of three ele-
ments with percentage weight composition in the order of V(26 wt%) < P(56 wt%) < O(18 wt%).
No other particles were detected in the precipitate obtained from V2O3. The average per-
centage weight ratio of 3:5:6 and 3:6:2 for V, O, and P pointed to the chemical formula of
either a phosphate polymer or a phosphate compound (V3P5O6 and V3P6O2). The results
were consistent with the IR predictions of a metaphosphate product.

Figure 2. (a) SEM-EDX results and (b) TEM graphical images of the vanadium precipitate obtained
from fusing ammonium phosphate with vanadium oxide (V2O5).

The SEM-EDX analysis (Figure 3) of the original AMIS 0501 mineral ore sample
was analyzed first to determine the elemental composition as well as the morphological
structure. The SEM images of the AMIS 0501 mineral ore sample revealed two microscopic
levels of color contrast, with one bearing larger and greyish particles, whilst the other
was lighter and smaller in size. Both particles appeared irregular and amorphous and
showed varying amounts of Fe, Ti, and V, which suggests the presence of more than one
phase in the ore. The larger greyish particles contained 64.3 wt% (Fe), 9.0 wt% (Ti), and
1.2 wt% (V) compared with the smaller lighter particles, with 48.1 wt% (Fe), 7.5 wt% (Ti),
and 0.9 wt% (V). Iridium peaks, as detected in all EDX spectra, were from the double-sided
tape that was used for sample mounting.
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The isolated precipitate from AMIS 0501 mineral ore (see Figure 3) revealed two
distinct microscopic particles with different shapes and sizes. Both particles were amor-
phous and dark with varying elemental content of Fe, Ti and V. The larger particles had
12.8 wt% (Fe), 1.3 wt% (Ti), and 0.2 wt% (V) content compared with the smaller particles,
which had 5.9 wt% (Fe), 20.4 wt% (Ti), and 0.7 wt% (V). The presence of vanadium in the
AMIS precipitate confirmed the feasibility of this method for the isolation of vanadium in
mineral ores. However, the specificity of this technique was compromised by the presence
of impurities such as Fe, Ti, and Al, which have the potential to form metaphosphate
compounds. The SEM-EDX also confirmed the IR results, which pointed to the presence of
multiple metaphosphate products in the AMIS 0501 precipitate.

3.3. XRD Characterization

The XRD analysis was performed to determine the precise chemical composition and
phase purity of the vanadium precipitate obtained from pure V2O3. The XRD pattern of
the vanadium precipitate matched precisely with the monoclinic phase of vanadium(III)
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tris(metaphosphate) (V(PO3)3) compound (JCPDS No. 01-072-2445), which belongs to the
Ic space group. No additional peaks were observed for the XRD pattern of the precipitate
other than the monoclinic phase, which confirmed the purity of the vanadium product.

The crystallite size (D) of vanadium(III) tris(metaphosphate) precipitate was deter-
mined using the Debye–Scherrer equation (Equation (1)), which showed a crystallite size
range of 42–68 nm with an average size of 58 nm.

Crystal size (D) =
0.9 λ

β cos θ
(1)

where λ is the X-ray wavelength, β is the line broadening at half the maximum intensity
(full width at half maximum, (FWHM)), and θ is the Bragg angle.

The monoclinic structure of the identified vanadium(III) tris(metaphosphate) prod-
uct was confirmed by using the Rietveld refinement method. Lattice parameters, atomic
position, site occupancy atoms, and unit cell volume were calculated from the Rietveld
refinement. The crystallographic structure of the vanadium(III) tris(metaphosphate) com-
pound is represented in Figure 4, and the structural refinement parameters are shown in
Table 3. The theoretically calculated patterns (YCalculated) in refinement were well-matched
with the experimentally observed XRD patterns (Figure 4a) (YObserved). The difference
between the two profiles (YObserved − YCalculated) was about zero, shown by a line. The ex-
perimentally observed and calculated profiles are shown in Figure 4b. The excellent fitting
parameter values of Rp, Rexp, Rwp, and χ2 refined values showed satisfactory structural
refinement. The structural refinement analysis confirmed the monoclinic crystal structure
having space group Ic.
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In the crystal structure (Figure 5), the VO6 group formed an octahedral with six
neighboring oxygen atoms. Three different V sites formed three different octahedral
structures with different bond lengths. The bond lengths were not equal in all the octahedral
structures. The values of the calculated bond lengths are given in Table 4. The structural
values such as lattice parameters and the bond length of the refined structure matched
precisely with the reported structure by Middlemiss et al. [23]. It can be concluded that
this fusion procedure using ammonium phosphate flux did not alter the structure of
the product.
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Table 3. Rietveld structural refinement parameters.

Bragg R-factor: 7.628
RF-factor: 4.886

χ2 = 1.8
a = 10.6071 Å
b = 19.0871 Å
c = 9.4230 Å

α = 90.00, β = 97.93, γ = 90.00
Volume = 1889.53 Å 3

Atom x y Z occ.

O1 0.9606 0.4774 0.7353 1
O2 0.1184 0.1437 0.1921 1
O3 0.0451 0.9478 0.4205 1
O4 0.2627 0.0734 0.0379 1
O5 0.8387 0.6740 0.7283 1
O6 0.8384 0.6370 1.0028 1
O7 0.3241 0.4917 0.1643 1
O8 0.9314 0.7490 0.6261 1
O9 0.1485 0.3568 0.3185 1
O10 0.2382 0.3857 0.0778 1
O11 0.8794 0.9728 0.6960 1
O12 1.0033 0.9995 1.0429 1
O13 0.1074 0.8120 0.2309 1
O14 0.9555 0.1783 0.8031 1
O15 0.2598 0.7044 −0.0617 1
O16 0.1560 0.6733 0.3040 1
O17 0.8098 0.2520 0.9836 1
O18 0.8033 0.3008 0.9017 1
O19 0.0569 0.2239 0.3839 1
O20 0.9486 0.6831 0.0136 1
O21 −0.00014 0.5488 0.3091 1
O22 0.9612 0.3667 0.00046 1
O23 0.0020 0.9172 0.3857 1
O24 −0.1299 0.9669 0.1112 1
O25 0.9772 0.8025 0.7203 1
O26 0.9405 0.4315 0.5962 1
O27 0.8728 0.1198 0.6633 1
P1 1.0193 0.1479 0.7734 1
P2 0.1134 0.5182 0.6824 1
P3 0.0405 0.8317 0.7301 1
P4 0.0928 0.3160 0.4469 1
P5 0.1109 0.6499 0.3943 1
P6 0.1185 0.9720 0.4440 1
P7 0.8827 0.7015 0.5589 1
P8 0.9062 0.3715 0.5551 1
P9 0.8018 0.0448 0.4517 1
V1 0.2435 0.0738 0.2282 1
V2 0.2463 0.4031 0.2250 1
V3 0.2307 0.7520 0.2681 1
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Table 4. V-O bond length in the V(PO3)3 crystal structure.

V(1)O6 Octahedral V(2)O6 Octahedral V(3)O6 Octahedral

Bond Length (Å)
V(1)−O

Bond Length (Å)
V(2)−O

Bond Length (Å)
V(3)−O

1.80 1.74 1.70
1.82 1.75 1.74
1.83 1.82 1.78
1.84 1.88 1.81
1.88 2.04 1.99
1.97 2.09 2.00

3.4. Proposed Formation of Vanadium(III) Tris(Metaphosphate) and ICP-OES Analysis of the
Filtrate Solutions

The formation of vanadium(III) tris(metaphosphate) was postulated to occur according
to Equations (2) and (3). The decomposition of ammonium phosphate flux at 800 ◦C resulted
in the release of ammonium gas, which might have triggered the formation of V(PO3)3
through the lowering of the pH (1.2–1.8). However, the lack of precipitation using sodium
phosphate flux was attributed to the presence of Na+ ions, which might have rendered the
product soluble. The pungent smell noted during the fusion with ammonium phosphate
salt suggested the release of NH3 gas from the ammonium salt, which did not occur with
the sodium phosphate analogue. It was postulated that the presence of trivalent ions (M3+)
in the solution could also result in the formation of a mixture of metaphosphate (M(PO3)3)
products, as was the case of the precipitate obtained from the AMIS 0501 mineral ore.

(NH4)H2PO4
∆ (800 ◦C)−−−−−−→ PO−3 + NH3 ↑ + H+ H2O(pH = 1.2 − 1.4) (2)

3PO−3 + V3+ → V(PO3)3 ↓ (3)

The quantitative analysis of the filtrate solution obtained after the fusion of V2O3 with
ammonium phosphate showed the presence of trace amounts of vanadium (<1.0%), which
remained in the solution. This low vanadium content in the filtrate solution revealed the
successful conversion of V2O3 into a metaphosphate product. The elemental analysis of
vanadium content from V2O3 in the precipitate showed a remarkable recovery of 98%.
However, a fair amount of vanadium (70%) was recovered in the precipitate obtained from
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AMIS 0501 mineral ore, whilst the remaining amount (~30%) was recovered in the filtrate
solution. It is highly plausible that the precipitation of vanadium was more selective to
ions in the trivalent oxidation state, and vanadium ions with different oxidation states were
retained in the solution. A summary of the quantitative analysis results of the liquid filtrate
solutions is shown in Table 5.

Table 5. Elemental content of the sample filtrate solutions obtained after fusion using ammonium
and sodium phosphate flux.

Ammonium Phosphate flux (%)
V2O3 V Ti Fe

Precipitate 98.5 - -
Filtrate <1.0 - -

Sodium phosphate flux (%)
V2O3 V Ti Fe

Precipitate - - -
Filtrate 99.3 - -

Ammonium phosphate flux (%)
AMIS (0501) mineral ore V Ti Fe

Precipitate 70.06 44.97 20.97
Filtrate 29.56 54.66 78.84

Sodium phosphate flux (%)
AMIS (0501) mineral ore V Ti Fe

Precipitate - - -
Filtrate 96.86 92.44 96.05

- Element not detected.

4. Conclusions

The isolation of vanadium(III) tris(metaphosphate) from an inorganic compound
(V2O3) was achieved using ammonium phosphate salt as flux. The crystalline product was
confirmed using XRD analysis. No additional peaks in the XRD pattern were present, which
confirmed the purity of the product. This technique is assumed to be effective in extracting
elements with trivalent oxidation states. However, the results obtained in this study also
showed that this technique is affected by Fe, Ti, and Al, which have the ability to form triva-
lent ions. Due to its reported magnetic properties, the vanadium(III) tris(metaphosphate)
product might be used in anticorrosive pigments, heterogeneous catalysis, ionic exchange,
optoelectronics, glass host laser, and optical amplifier technologies [24,25].
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