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Abstract: The goal of the paper is to study the charge transfer and reactions at the columbite-(Fe)
(FeNb2O6) mineral surface during the HF leaching process. In this paper, X-ray photoelectron
spectroscopy (XPS), leaching experiments, and density functional theory (DFT) calculations were
used to study the surface element adsorption, charge distribution, chemical state, and energy changes
of the mineral surface during the process of leaching columbite–(Fe) with different concentrations of
hydrofluoric acid. The results showed that as the concentration of F atoms was increased during the
acid leaching process, the Nb–O bond was more likely to be broken than the Fe–O bond; the amount
of charge transferred from Nb atom to F atom (0.78 e–0.94 e/atom) was greater than that from Fe
atom to the F atom (0.25 e–0.28 e/atom), so it was determined that compared to Fe atoms, it was
easier for the Nb atoms to bind to F. The results of XPS analysis showed that the electron binding
energies of Nb5+–O, Fe3+–O, and Fe2+–O bonds on the mineral surface increased sequentially, and
the M–O bond broke during the acid leaching process, forming more stable M–F bonds. Therefore,
the Nb5+–F bonds were easier to form a stable structure. Combined with the ICP results, it was
found that in the filtrate after 5M HF and 10M HF acid leaching minerals, c(Nb)/c(Fe) were 2.69 and
2.95, respectively, and the concentration ratio of Nb to Fe element in the mineral was 2 which was
lower than 2.69 and 2.95, confirming the result of DFT calculation and illustrating that Nb atoms in
columbite-(Fe) mineral were more soluble than Fe atoms.

Keywords: columbite–(Fe); X-ray photoelectron spectroscopy; DFT; acid leaching; charge transfer

1. Introduction

In nature, columbite is a multi-component ore mineral. The (Fe,Mn)(Ta,Nb)2O6 group
compounds include columbite–(Fe) (FeNb2O6), columbite–(Mn) (MnNb2O6), tapiolite–
(Mn) (MnTa2O6), and tapiolite–(Fe) FeTa2O6. There are two types of FeNb2O6 crystal
structures. One is the orthorhombic niobium mineral found in columbite (Fe, Mn) (Nb,
Ta)2O6, and the other produced by high temperature modification of ferroniobium mineral
in a reducing atmosphere [1,2]. Industrially, the main method of extracting these Nb and
Ta from columbite–(Fe)–columbite–(Mn) Series ore is hydrofluoric acid decomposition [3].
In this method, hydrofluoric acid with concentration of 60–70% is used to decompose
columbite–(Fe)–columbite–(Mn) series mineral at 90–100 ◦C. The main advantages of hy-
drofluoric acid method are as follows: the process is simple, the decomposition temperature
is low (90–100 ◦C), and the decomposition rate of high grade concentrate is high (98–99%).
Therefore, hydrofluoric acid method is widely used. A. I. Nikolaev et al. [4] studied the
decrease of the hydrofluoric acid concentration in the niobium- and tantalum-containing
solutions by their dilution, eVaporation, or precipitation of poorly soluble metal fluorides
allowing improvement of the extractive separation of tantalum(V) from niobium(V), and
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studied the efficiency of decomposition of rare-metal concentrate in continuous countercur-
rent process with several equilibrium decomposition stages. In the HF leaching process of
columbite ore, A. Timofeev [5] used the method of measuring the solubility and saturated
vapor pressure of synthetic Nb2O5 (solid) in different concentrations of HF at different
temperatures, and studied the dissolution of niobium oxide and the distribution of nio-
bium in aqueous solutions containing HF. At low concentrations of HF, niobium is mainly
transported as Nb(OH)4+ complex. At high concentrations of HF, niobium mainly exists in
the form of NbF2(OH)3. The research results of A. Timofeev’s study showed that in the
niobium oxide ion aqueous solution, increasing the HF concentration was beneficial to the
dissolution of niobium oxide, and the pH value was the main factor controlling the dissolu-
tion of niobium oxide. Majima et al. [6] studied kinetic of columbite–(Fe)–columbite–(Mn)
series ore mineral dissolution in hydrofluoric acid medium with both of H+ and F− in
the leachate. Their experimental results showed that with increasing the concentration
of H+ and F− and reaction temperature, the dissolution rate can be effectively increased.
Agulyanski [7] has conducted an extensive review on the chemical changes of Nb and Ta
in fluoride media. Chanturiya [8] used X-ray spectroscopy (XPS) to study the changes in
surface composition and electrochemical properties of columbite. In the extraction process
of columbite mineral, the relationship between the composition, structure, and character-
istics of the mineral interface and its function for selective leaching is very important to
improve the utilization of columbite–(Fe) mineral, but there is no detailed report on the
above research field.

When XPS or density functional theory (DFT) methods are used, neither of them are
directly theoretically analyzed. However, indirect theoretical eVidence for surface states
can be obtained from valence band of density of states (DOS) and Mulliken population
analysis. XPS combined with DFT can study the electronic structure of the bulk mineral
and surfaces, and infer the charge distribution on the surface through Mulliken population
analysis. G.U von Oertzen et al. [9] used first-principles density functional and mixed
functional calculation methods to study the comparison of the electronic structure of pyrite
(100) surface caused by fracture with that of pyrite bulk. Compared with the results
of XPS experiment. Mulliken layout analysis confirmed the charge distribution on the
surface. Jun Wang et al. [10] used density functional theory (DFT) calculation, XPS, and
electrochemical analysis to study the dissolution process and passivation mechanism of
chalcopyrite under the action of sulfur and iron oxidizing microorganisms, established
the mechanism model of the dissolution and passivation of chalcopyrite by sulfur and
iron-oxidizing microorganisms. Ittipon Fongkaew et al. [11] used DFT calculation, X-ray
photoelectron spectroscopy (XPS), and other methods to study the core-level energy shift
of the LaAlO3 (LAO) surface with H and OH adsorbed at different concentrations, and
whether oxygen vacancies existed on the surface. Combined with XPS experiment, the
material adsorbed on the surface of LAO and its desorption annealing process were studied,
atomic bond energy and core-level spectrum were calculated and analyzed as well.

In order to explore the changes in the interfacial dissolution structure of the columbite–
(Fe) mineral during the HF leaching process, the interface reaction and dissolution behavior
of the metal elements on the surface of the columbite–(Fe) mineral during the leaching
process, and reveal the mineral/liquid interface ions’ adsorption state, charge distribution,
determine the binding state of each metal ion and anion in the mineral, and the order of
dissolution of metal ions, etc., an ab initio density functional theory calculation method
was used in this paper to obtain the bonding tendency during the interface dissolution
process as Nb atoms were easier to bond with the F atoms than Fe atoms, and the charge on
the Nb atoms were easier to transfer to the F atom than the Fe atoms. The binding energy
change measured by XPS, and the plane wave as the basis function were used to calculate
the charge transfer, Mulliken population analysis and core-level shift (CLS) of the selected
surface analysis [12] in this paper. Simulation combined with structural characterization
studied the chemical state and electronic structure changes of FeNb2O6(110) before and
after acid leaching. Combined with the changes in the electronic binding energy of O, Nb,
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and F elements, it was judged that the Nb–O bonds in the columbite–(Fe) mineral were
more vulnerable than the Fe–O bonds, Nb–F bonds were more stable than Fe–F bonds, so
Nb atoms were judged to be more soluble than Fe atoms in minerals.

2. Calculation Method

The calculations in this study were done through the CASTEP module in the Materials
Studio calculation software based on density functional theory (DFT) [12,13]. In the
calculation of FeNb2O6, the DFT method used Perdew Burke and Erzerhof (PBE) and
GGA (generalized gradient approximation) for the exchange correlation function [14],
and UItrasoft pseudopotential was used to describe the interaction between electrons.
When calculating the core-level spectrum, On the fly was used to describe the interaction
between electrons [11]. The DFT Kohn-Sham equation was solved by using the projection
augmented plane wave method (PAW) [15]. The FeNb2O6 system was studied using DFT +
U method. Since both Fe and Nb are transition elements, when calculating with the DFT
method, U value was added to correct the Fermi level. The U value on the d orbital of Nb
atoms was 3.5 eV, the U value on the p orbital of Fe atoms was 3.5 eV. Figure 1 shows the
calculated total DOS of FeNb2O6. It could be seen from the figure that the calculated band
gap was 2.22 eV, which was the same as the experimental value [16].
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Figure 1. Density of states diagram (DOS) of bulk FeNb2O6 calculated by DFT + U method. 
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14.519 Å, and were very close to the experimental parameters (a = 5.049 Å, b = 5.733Å, c = 

Figure 1. Density of states diagram (DOS) of bulk FeNb2O6 calculated by DFT + U method.

The valence electrons selected for the pseudopotential calculation of each atom were
O 2s22p4, Fe 3d64s2, and Nb 4s24p64d45s1. According to the test results of plane wave
cut-off energy, the cut-off energy used for FeNb2O6 bulk model calculation was 450 eV. The
integration of the Brillouin zone adopted the Monkhorst-pack scheme, the k points was set
to 2 × 3 × 1, the Pulay density mixing method was used in the calculation of self-consistent
field (SCF), and the convergence accuracy of SCF was set to 5.0 × 10−5 eV/atom. The
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was used in the structural optimiza-
tion of the FeNb2O6 bulk model. The optimization parameters included the convergence
criterion of the interaction force between atoms, the internal stress in the crystal and the
maximum displacement of the atoms, which were set to 0.1 eV/A, 0.2 GPa, and 5 × 10−3 Å,
respectively. When these three parameters were optimized at the same time, the sign of
structural optimization was that these parameters all reached the convergence standard.

The optimized FeNb2O6 bulk lattice parameters were a = 5.117 Å, b = 5.903 Å, and
c = 14.519 Å, and were very close to the experimental parameters (a = 5.049 Å, b = 5.733Å,
c = 14.266 Å). After optimizing the structure, the most stable geometry corresponded
to the lowest energy surface, the (110) plane. This agrees with the experimental X-ray
diffraction of this material indicating the FeNb2O6 (110) surface was selected as the reaction
surface [16]. After testing the number of atomic layers and the thickness of the vacuum
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layer, 7 layers of FeNb2O6 (110) surface were built, and the bottom layer of three layers of
atoms were fixed. The thickness of the vacuum layer was 29.51 Å.

According to the test results of plane wave cut-off energy, the cut-off energy used for
FeNb2O6 surface calculation was 520 eV. The integration of the Brillouin zone adopted the
Monkhorst-pack scheme, the k points was set to 3 × 3 × 1, the convergence accuracy of SCF
was set to 5.0 × 10−5 eV/atom. The optimization parameters of the convergence criterion
of the interaction force between atoms, the internal stress in the crystal, and the maximum
displacement of the atoms, were set to 0.1 eV/A, 0.2 GPa, and 5 × 10−3 Å, respectively.

The optimized bulk FeNb2O6 is shown in Figure 2. It could be seen from Figure 2 that
the chemical bonds in the crystal structure of FeNb2O6 were basically Fe–O bonds and
Nb–O bonds, and there was no direct formation of chemical bonds between Fe and Nb.
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atoms, and the blue atoms are Nb atoms).

In order to ensure that the adsorption model was closer to the real system, five models
were used in the calculation: FeNb2O6 (110) system, FeNb2O6 (110) system with one H
atom and one F atom (an Nb atom was select, and placed an F atom near the selected
Nb atom), and two F atoms (an Fe atom and a Nb atom was select, and place an F atom
near them respectively) FeNb2O6(110) system with 3 F atoms (placed two F atoms near
the selected Nb, and placed one F atom near Fe) FeNb2O6(110) system and FeNb2O6(110)
system with 4 F atoms (placed two F atoms on each selected Nb and Fe) and 6 F atoms
(placed three F atoms on each selected Nb and Fe).

Core-level binding energy shift (ECLS) is the change of specific core-level binding
energy (BE) of interested atoms and reference atoms

ECLS = BE - BEref (1)

where BE is defined as the energy required to remove the electron from the atom of interest.
Initial state (IS) and final state (FS) approximations were developed, depending on the
actual situation

BEi
IS = −εi

IS (2)

The IS approximation ignores the fact that the core electron I of the interested atom
may relax and shield after IS is excited, which generally underestimates the BE. Relax-
ation/shielding is considered by the FS approximation, and the binding energy is calculated
by the difference between the total energy of two separations,

BEFS
i = E(ni − 1) - E(ni) (3)

where, E(ni – 1) is the total energy of the excited system that removed an electron from a
specific nuclear orbital to the valence system (TM surface), and E(ni) is the total energy of
the ground state. In this case, the total energy of the excited state system is obtained by
minimizing the electron configuration in the presence of nuclear pores and contained the
corresponding electron relaxation (FS effect) [17].
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3. Material and Experimental Method

The FeNb2O6 used in this paper was natural columbite–(Fe) from Inner Mongolia
region, China, with the space group Pbcn, and the lattice parameters were a = 14.266 Å,
b = 5.733 Å, and c = 5.049 Å. The particle size of the samples was distributed between
40–80 µm. The columbite–(Fe) mineral powder was leached in different concentrations of
aqueous HF acid. All the acid leaching samples were leached for 2 h and then filtered.

In this study, the method of ore selecting is to select ore grains under metallographic
microscope, which is adopted to make Fe and Nb relatively enriched and try to select rela-
tively pure Fe,Nb-contained minerals. The picture taken under metallographic microscope
is shown in Figure 3.
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Specific method for selecting natural columbite–(Fe) ore particles was to spread par-
ticles under the metallographic microscope, because the different phases can present
different colors, different phases particles can be easily separated under a microscope.
After separating different phases under the metallographic microscope, phase detection
of these particles was carried out respectively to confirm which kind of particles were
relatively enriched in Fe and Nb and then select ore particles according to the characteristics
of containing niobium phased particles. Niobium is mainly distributed in ferro-niobium
phase FeNb2O6. According to the red diagram of columbite–(Fe) ore by energy dispersive
spectrometer (EDS) analysis, the element content distribution of columbite–(Fe) phase is
Nb—20.7 at.%, Ta—1.1 at.%, and Fe—8.4 at.%. According to the chemical composition, the
formula of the ore is Fe0.84Nb2.07Ta0.11O6.98. The XRD pattern of selected columbite–(Fe) is
shown in Figure 4.
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From the XRD results in Figure 4, it could be seen that the selected columbite–(Fe)
phase was consistent with the structure of FeNb2O6 crystal, so the space group of columbite–
(Fe) used in this study was Pbcn, and the lattice parameters were a = 14.266 Å, b = 5.733 Å,
and c = 5.049 Å. The metal content leached in the filtrate was detected by inductive coupled
plasma emission spectrometer (ICP), and the remaining residue was filtered out for X-
ray photoelectron spectroscopy (XPS) analysis. ICP test was carried out with the model
PERKINE 7300DV. The ICP equipment used in this paper can detect ion’s concentration as
low as 5 ppm in solution, so the ICP is accurate and sensitive enough to detect Fe complexes.
XPS has inherent surface sensitivity, providing a 5 nm-thick surface layer structure and the
chemical state of its atoms [18], and can study the chemical and structural transformation
mechanisms of the material surface under energy treatment [19]. XPS test was carried out
with the model ESCALAB 250Xi. Spectra were recorded at the constant pass energy of
10 eV and 0.1 eV/step using Al Ka X-ray source, photon energy hv = 1486.6 eV, voltage
–15 kV, current –10 mA. Binding energies were referred to the C 1s level at 284.8 eV and
the basic elements of niobium oxide in the leaching process were recorded, such as Fe,
Nb, F, O, etc. For the basic elements Fe 2p, Nb 3d, F 1s, O1s, C 1s, the internal electronic
spectrum records 40 eV. The bond energy scale (Ebond) passes the basic levels Au 4f5/2
(Ebond = 83.96 eV), Ag 3d5/2 (Ebond = 368.21 eV) and main standard samples (gold, silver,
copper), and the calibration accuracy is ±0.03 eV. The detailed analysis of atomic chemical
conditions adopts spectral decomposition, considers the peak and sub-peak area of the
mixed Lorentz-Gaussian form, optimizes background parameters, and minimizes the
number of bands required for the description of the experimental spectrum. The peak
position error is ±0.01 eV.

4. Results and Discussion
4.1. Bonding Tendency of HF Acting on Mineral Surface

According to the single-electron approximation method in molecular orbital theory,
when the molecular orbital occupies ni (ni = 0, 1, 2) electrons, Mulliken defines his overlap-
ping population MAB(i) as:

Mab(i) = 2ni

A

∑
a

B

∑
b

C∗
aiSabCbi (4)

where Sab is the overlap integral between the atomic orbitals ϕa and ϕb, and Cai is the
combination coefficient of the atomic orbitals ϕa in ψi. The εi in the formula is the energy
of the molecular orbital ψi.
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For Equation (4), MAB(i) > 0 means that it is the bonding orbital, MAB(i) = 0 means it is
the non-bonding orbital, MAB(i) < 0 is the anti-bonding orbital, and the greater the absolute
value of MAB(i), the greater the bonding or antibonding effect [20]. To some extent, the
Mulliken population reflects the coordination dissolution tendency of Nb and Fe atoms
with F ions on the mineral surface. The Mulliken populations and bond lengths of different
surfaces are shown in Table 1.

Table 1. Mulliken populations and bond lengths of some Nb–O and Nb–F in FeNb2O6 before and after HF acid leaching.

Nb–O Nb–F Fe–O Fe–F

FeNb2O6(110)
Number of bonds 4 - 4 -

Length of bonds (Å) 1.82–2.02 - 1.84–1.88 -

FeNb2O6(110) with 1
H atom and 1 F atom

Number of bonds 3 1 4 -
Length of bonds (Å) 1.79–1.93 1.89 1.84–1.90 -

FeNb2O6(110) with 2 F
atoms

Number of bonds 3 1 4 1
Length of bonds (Å) 1.78–1.92 1.87 1.89–1.97 1.78

FeNb2O6(110) with 3 F
atoms

Number of bonds 3 2 4 1
Length of bonds (Å) 1.82–1.93, 2.42 1.78, 1.86 1.87–1.89 1.77

FeNb2O6(110) with 4 F
atoms

Number of bonds 3 2 4 2
Length of bonds (Å) 1.76–1.83, 2.41 1.86, 1.87 1.87–1.99 1.78, 1.82

FeNb2O6(110) with 6 F
atoms

Number of bonds 2 3 4 2
Length of bonds (Å) 1.75, 2.09 1.85–2.01 1.86–2.07 1.79, 1.80

Note: - means there is no bond formed.

Through Mulliken analysis under different systems, it could be known that after
adding H atom and F atom, one of the Nb–O bonds broke, and Nb atom combined with F
atom. In the system with two F atoms added, the Fe atom combined with F atom was still
combined with 4 O atoms, and the original Fe–O bond was not broken. After adding 3 F
atoms (2 placed near a Nb atom, one placed near a Fe atom), Mulliken population analysis
showed that the Nb atom bound to 2F atoms was still bound to three O atoms, but one of
the Nb–O bonds’ length was much longer than the Nb–O bond’s length before F atom was
added (1.82 Å–1.93 Å), which was 2.42 Å. That means this Nb–O bond became extremely
unstable. With the addition of F atoms, in the system with 6 F atoms, on the selected Nb
atom, the number Nb–O bonds reduced to 1, and the number of Nb–F bonds increased
from 1 to 3, the length of Nb–O bonds without fracture were 1.75 Å and 2.09 Å, which
were relatively stable. It could be judged that Fe–O bonds were more difficult to break
than Nb–O bonds. Figure 5 shows how Nb and Fe atoms form bonds with F atoms under
different F− concentrations in the acid leaching process.

It is worth noting that when three F atoms were placed near the Fe atom, one of the
F atoms would move away from the Fe atom and form a bond with the nearby Nb atom
during the optimization of the mineral surface structure. Therefore, when three F atoms
were placed near Fe atoms, only two Fe–F bonds could be observed. Therefore, Nb were
easier to bond with F and the Nb–F bonds formed were more stable than Fe–F bonds.
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Figure 5. Diagram of Nb atoms and Fe atoms in columbite–(Fe) bonding with different numbers of F ions. (a) One F ion
combined Nb atom; (b) 2 F ions combined with Nb atom; (c) 3 F ions combined with Nb atom; (d) 1 F atom was added near
Fe (when 2 F and 3 F atoms were added in the system); and (e) When 2 F is added near Fe (4 F and 6 F atoms are added to
the system).

4.2. Charge Distribution and Transfer of Mineral/Liquid Interface during the Leaching Process

Combined with the DFT calculation, the charge density of FeNb2O6 is shown in
Figure 6. The overlapping of the electron clouds in Nb–O indicates a covalent bond, and
the smaller overlapping of the electron cloud of Fe–O indicates an ionic bond. According
to the Hirshfeld charge analysis, after adding H atom and F atom, the charge of Nb in
Nb–F was 1.71 e. Compared with the Nb atom in the Nb–O bond (Nb atom of Nb–O
bond had a maximum charge of 1.58 e), Nb atom in Nb–F bond contained more charge.
The Mulliken population of Nb–F bonds were less than that of Nb–O, which means that
the composition of covalent bonds were significantly reduced, while the composition of
ionic bonds increased, the electronegativity difference was greater and the bond energy
was greater.
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Figure 6. Charge density diagram of FeNb2O6 (110).

In order to further analyze the charge transfer of Nb before and after adding HF and
F atoms, the differential charge density was calculated. The differential charge density
diagram is shown in Figures 6 and 7. At the same time, it could be seen in Figure 7 that
the electron cloud overlap between Nb atom and F atom could be observed through the
differential charge density map, showing that Nb–F bonds were ionic bonds.
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Figure 7. Electron density difference on (110) surface in different systems before and after acid
leaching: (a) Nb atom combined with O atom on FeNb2O6 (110) surface (b) Nb atom combined an F
atom on FeNb2O6 (110) surface (c) Nb atom combined 2 F atoms on FeNb2O6 (110) surface (d) Nb
atom combined 3 F atoms on FeNb2O6 (110) surface.

It can be seen from Figure 7a–d that after adding F atom, two F atoms and three F
atoms near the Nb atom, the electron density clouds around the F atoms were greater than
0, which means it gained electrons, while the electron cloud density around Nb atoms
was less than 0, which means it lost electrons. The electrons moved from the orbital of Nb
atoms to F atoms, forming new Nb–F bonds between Nb atoms and F atoms. The Nb–F
bonds formed by electron transfer indicated that the Nb–F bonds were ionic bonds.

Similarly, in Figure 8 there was an obvious phenomenon of gain and loss of electrons
between Fe atoms and F atoms. Fe atoms lost electrons, and electrons moved from Fe atoms



Minerals 2021, 11, 146 10 of 18

to F atoms, that is, Fe–F bonds were also ionic bonds. Therefore, charge transfer could be
studied by analyzing the charge density. The Hirshfeld charge analysis is as follows:
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Figure 8. Electron density difference on (110) surface in different systems before and after acid leaching: (a) Fe atom
combined with O atom on FeNb2O6 (110) surface; (b) Fe atom combined an F atom on FeNb2O6 (110) surface; (c) Fe atom
combined 2 F atoms on FeNb2O6 (110) surface.

It could be seen from Table 2 that after the Fe–F bond was formed, the original Fe–O
bond was not broken, and the amount of charge transfer on Fe atom bound to the F atom
fluctuated between 0.23 e and 0.28 e, the difference was not obvious. After adding H atom
and F atom, one of the Nb–O bond broke and Nb atom combined with the F atom. In
the system with 3 F atoms added, after adding two F atoms near Nb atom, there were
two Nb–O bonds fractured compared to the system before adding F atoms. Hirshfeld
charge analysis showed that the amount of charge transfer on Nb atom bound with 2 F
atom increased from 0.78e to 0.94e, indicated that F atom made Nb atom had a larger
amount of charge transfer, and F atom contributed more to Nb atom’s dissolution from
columbite–(Fe) mineral, so Nb atoms in columbite–(Fe) were more easily dissolved than Fe
atoms. The complexation of Nb5+ with anions such as F− in the solution phase contributes
significantly to the dissolution rate. The different amount of charge transfer between Nb, Fe
atoms and F− ions on mineral surface reflects the different influence of F− ions on metallic
elements on mineral surface. The larger effect of F− ions on the charge transfer of Nb atom
shows that F− ion’s concentration is also the driving force of Nb atom dissolution from
mineral surface.

Table 2. Hirshfeld charge analysis of Nb and Fe before and after adding one HF, 2 F atoms and 3
F atoms.

Before
Reaction
(Charge)

After
Adding

HF
(Charge)

After
Adding 2
F Atoms
(Charge)

After
Adding 3
F Atoms
(Charge)

After
Adding 4
F Atoms
(Charge)

After
Adding 6
F Atoms
(Charge)

Nb 0.78 0.81 0.84 0.88 0.92 0.94
Fe 0.28 0.26 0.23 0.25 0.25 0.23

4.3. Ion State and Distribution on Mineral/Liquid Interface during the Dissolution Process

In order to study the dissolution mechanism of FeNb2O6 under different concentra-
tions of hydrofluoric acid leaching and the selective dissolution mechanism of elements,
the XPS detection method was used to further analyze and study the various elements in
the sample. The Fe 2p, Nb 3d, O 1s, and F 1s orbitals in the FeNb2O6 samples after two
groups of different concentrations of HF acid leaching were analyzed by XPS spectroscopy.
The analysis results are as follows.

5 mol/L HF leached 2 h FeNb2O6 sample and 10 mol/L HF leached 2 h FeNb2O6
sample XPS high-resolution spectra of O 1s orbital peak processing is shown in Figure 9.
The 5 mol/L HF acid leaching group can be decomposed into three different energy peaks
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with the value of 533.1 eV, 531.8 eV, and 530.4 eV, respectively; the 10mol/L HF acid
leaching group can be decomposed into three different energy peaks with the value of
533.2 eV, 531.9 eV, and 530.5 eV, respectively. Comparing the electronic binding energy
of each component of the O 1s orbital in Figure 8, it could be seen that the electronic
binding energy of Nb5+–O bonds was smaller than that of Fe3+–O bonds and Fe2+–O bonds,
indicating that Nb–O bonds were easier to be broken during the acid leaching process.
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Figure 9. High-resolution XPS spectra of O 1s of the FeNb2O6 after different concentrations of HF leaching: (a) 5mol/L HF;
(b) 10mol/L HF.

During the HF leaching process of columbite–(Fe), the chemical state of Nb element
in the mineral changed during the dissolution process. Figure 10a–c shows the XPS
high-resolution spectra of the Nb 3d orbital of FeNb2O6 before and after 5 mol/L HF
and 10 mol/L HF acid leaching, respectively. In Figure 10b, the Nb 3d3/2 orbital can be
decomposed into two different energy peaks of 210.07 eV and 209.81 eV, and the Nb 3d5/2
orbital can also be decomposed into two peaks with the value of 207.28 eV and 207.09 eV.
The two energy peaks with binding energy of 210.07 eV and 207.28 eV corresponded to
the fitting peaks of Nb5+–F; the two energy peaks with binding energy of 209.81 eV and
207.09 eV corresponded to the fitting peaks of Nb2O5, namely Nb5+–O in FeNb2O6. In
Figure 10c, similar to Figure 10b, the Nb 3d3/2 orbital can be decomposed into two different
peaks of 210.27 eV and 209.91 eV, and the Nb 3d5/2 orbital can also be decomposed into
207.44 eV and 207.20 eV. The two energy peaks with binding energies of 210.27 eV and
207.44 eV corresponded to the fitting peaks of Nb5+–F; the two energy peaks with binding
energies of 209.91 eV and 207.20 eV corresponded to the fitting peaks of Nb5+–O.

Through calculation, the percentages of different Nb elements on the surface of the
samples after two groups of HF acid leaching can be obtained. After 5 mol/L HF acid
leaching, Nb–F or fluoroniobium acid complex accounted for 51.9%, and Nb–O accounted
for 48.1%; after leaching under 10 mol/L HF condition, Nb–F or fluoroniobium acid
complex accounted for 38.1%, and Nb–O accounted for 61.9%. In the case of 5 mol/L HF
acid leaching, more Nb–F bonds formed on the surface. In the process of HF acid leaching
of columbite–(Fe) mineral FeNb2O6, as far as Nb atoms were concerned, the surface of the
mineral changed from Nb–O to Nb–F, and the change was greater under 5mol/L HF acid
leaching. Table 3 shows the ICP test results of the solution after different HF acid leaching.



Minerals 2021, 11, 146 12 of 18

Minerals 2021, 11, x FOR PEER REVIEW 12 of 19 
 

 

 

212 210 208 206 204

In
te

ns
ity

Binding Energy（eV）

 Nb-O(a)

212 210 208 206 204

209.81
210.07

207.08

Nb 3d5/2

In
te

ns
ity

Binding Energy（eV）

 Nb-O
 Nb-F（b）

Nb 3d3/2

207.29

 

212 210 208 206 204

（c）

207.20

207.44

209.91

210.27

Binding Energy（eV）

Nb 3d5/2

Nb 3d3/2

In
te

ns
ity

 Nb-O
 Nb-F

 
Figure 10. High-resolution XPS spectra of Nb 3d of the FeNb2O6 before and after different concentrations of HF leaching: 
(a) before acid leaching; (b) 5 mol/L HF; (c) 10 mol/L HF. 

Through calculation, the percentages of different Nb elements on the surface of the 
samples after two groups of HF acid leaching can be obtained. After 5 mol/L HF acid 
leaching, Nb–F or fluoroniobium acid complex accounted for 51.9%, and Nb–O accounted 
for 48.1%; after leaching under 10 mol/L HF condition, Nb–F or fluoroniobium acid com-
plex accounted for 38.1%, and Nb–O accounted for 61.9%. In the case of 5 mol/L HF acid 
leaching, more Nb–F bonds formed on the surface. In the process of HF acid leaching of 
columbite–(Fe) mineral FeNb2O6, as far as Nb atoms were concerned, the surface of the 
mineral changed from Nb–O to Nb–F, and the change was greater under 5mol/L HF acid 
leaching. Table 3 shows the ICP test results of the solution after different HF acid leaching. 

Table 3. ICP detection results of the solution of different concentrations of HF acid leaching minerals. 

Concentrations of HF Acid 
Content（mg/L） 

Nb / Fe Ratio 
Fe Nb 

5mol/L HF 512.47 1378.2 2.69 

10mol/L HF 1010.6 2983.7 2.95 

Figure 10. High-resolution XPS spectra of Nb 3d of the FeNb2O6 before and after different concentrations of HF leaching:
(a) before acid leaching; (b) 5 mol/L HF; (c) 10 mol/L HF.

Table 3. ICP detection results of the solution of different concentrations of HF acid leaching minerals.

Concentrations of HF Acid
Content (mg/L)

Nb/Fe Ratio
Fe Nb

5mol/L HF 512.47 1378.2 2.69
10mol/L HF 1010.6 2983.7 2.95

It could be seen from the ICP results that under the HF leaching conditions, the two
groups of HF acid leaching experiments showed that the greater the concentration of HF
acid, the more Nb and Fe atoms were leached. Based on the ratio of Nb/Fe = 2:1 in FeNb2O6
and Nb/Fe ratio in the HF leaching solution of the two groups, it could be concluded that
Nb atoms were more easily leached than Fe atoms under the experimental conditions, thus
confirming the above conclusions obtained through the analysis of surface structure and
chemical state changes of surface elements.

The uncoordinated fluorine ion (F–) corresponds to the lowest binding energy, fol-
lowed by the signal from the terminal fluorine atom (M–F), and the highest energy comes
from the bridging fluorine atom (M–F–M) [21]. According to the XPS F 1s signal assigned to
the fluorine ion in a compound with a correctly determined structure, as shown in Figure 8,
the electron binding energy of the F1s orbital of the mineral after 5M HF acid leaching was
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685.03 eV compared with the F 1s orbital of the mineral. The binding energy decreased
to 684.76 eV after 10M HF acid leaching, so it was believed that the fluorine atoms in
the product of the reaction between HF and columbite–(Fe) mineral had partial bridging
characteristics, and as the HF concentration increased, part of the bridging F converted to
terminal F.

It can be seen from Figure 11 that the F 1s orbital binding energy, after 5M and 10M
HF acid leaching, was reduced indicating that the connection mode of F and F in the ore
with metal ions had changed. The binding energy changed on the F 1s orbital after acid
leaching are shown in Table 4.
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Table 4. F 1s orbital binding energy after 5M and 10M HF acid leaching FeNb2O6.

Bonds Peak Position/eV I/S

5M 10M 5M 10M

Nb–F–Nb 686.06 684.93 2376.24 494.58
Nb–F 684.37 683.95 577.32 169.45

Terminal/Bridge 24.29% 34.26%

As the concentration of HF increased, the proportion of F atoms occupied by the
terminal F in the product increased. When the HF concentration decreased, the proportion
of Nb–F–Nb was larger.

As the HF concentration increased, part of the Nb–F bond broke, F atoms and Nb
atoms combined to form new Nb–F and the proportion of the terminal F increased. This is
because as the HF concentration increased, the acidity of the solution increased and the
Nb–F bonds broke. At the same time, when the HF concentration was low, one F atom
combined with two Nb atoms on the surface of the mineral, which could also indicate that
when the HF concentration was low, it is more difficult for the F− ions to combine with
more Nb atoms to dissolve into the solution so that the Nb dissolution rate in the mineral
was lower. Therefore, when columbite–(Fe) leaches under 10M HF condition, more Nb–O
was converted to Nb–F on the mineral surface, increasing their dissolution rates. Hiroshi
Majima et al. [6] studied the dissolution reactions of Nb from columbite in the aqueous
solutions of HF and indicated that the presence of both H+ and F− ions in a leachant is
necessary for the fast dissolution of columbite. The increase in these ion concentrations
is effective.

DFT was used to calculate the core-level spectrum, and core holes were set on the
3d orbital of the Nb atom which combined with the F atom and the 2p orbital of the Fe
atom which were selected to combine with the F atom. Before and after the combination
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of F atoms and the Nb atom, the main peak of the EELS spectrum shifted in two states.
As shown in Figure 12, the main peaks of the EELS spectrum shifted before and after the
combination of F atoms and the Nb atom. The more electrons that were lost in oxidation,
the greater the binding energy increased. Before combining with F, the core-level peak of
the Nb 3d orbital was 27.39 eV. After combining with F, the main peak moved to 27.77 eV
with the increase of 0.38 eV.
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As shown in Figure 13, before and after the combination of the F and Fe atoms, the
main peaks of the EELS spectrum shifted to two states, and the EELS spectrum showed
that the binding energy of both states increased. The more the number of electrons lost in
oxidation, the greater the increase. Before combining with F, the core-level energy peak of
Fe 2p orbital was 0.18 eV. After combining with F, the main peak shifted to 0.54 eV with an
increase of 0.36 eV. As the number of F atoms bound to Fe increased, the main peak shifted
to 1.49 eV, the core-level energy increased by 1.31 eV.
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The calculation confirmed the overall trend of CLS: before and after the combination
of F and Nb atoms, the main peaks of the EELS spectrum under the two states shifted.
Oxidation increased the binding energy of inner electrons. The greater the number of
electrons lost during oxidation, the greater the increase; the reduction reduced the binding
energy of inner electrons, the more electrons gained during reduction, the greater the
decrease in binding energy; for an atom with a valence state electron shell structure, the
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shift of the binding energy of all inner electrons is almost the same. Before combining with
F, the peak core energy level of Nb 3d orbital was 27.39 eV. After combining with F atoms,
the main peak shifts to 27.77 eV, which increased 0.38 eV, and the shift was close to the
XPS difference between Nb–O bonds and Nb–F bonds in the Nb 3d orbital, indicating that
electrons were transferred from Nb atoms. Before combining with F, the peak of core-level
energy the Fe 2p orbital was 0.19 eV. After combining with F, the core-level energy shifted
to 0.51 eV, with an increase of 0.32 eV, indicating that electrons were transferred from Fe
atoms. The binding energy of electrons inside the atoms was related to the electronegativity
of the bonding ions. The greater the electronegativity, the stronger the ionic property of
the bonds, and therefore the greater the electron binding energy. If these compounds were
replaced by ions with different electronegativity, the electron binding energy would change.
Compared with the EELS of Nb 3d orbital, the change of electron binding energy on Fe 2p
orbital was not as obvious as that on Nb 3d orbital. Therefore, the result of XPS analysis
was very consistent with the result of DFT calculation.

4.4. Interfacial Reaction during Columbite–(Fe) Mineral Leaching

The following reactions occurred during the HF acid leaching of FeNb2O6 [8]:

FeNb2O6 + 12HF = 2H2NbOF5 + FeF2 + 4H2O (5)

FeNb2O6 + 12HF = 2H2NbOF5 + FeF2 + 4H2O (6)

The thermodynamic data of the reactants and products under 298 K, 100 kPa involved
in the reaction are as follows [22,23]:

For Formulas (5) and (6), there were:

∆rGΘ
m = 4∆fGΘ

m(H+(aq)) + 2∆fGΘ
m((NbOF5)

2−(aq)) + ∆fGΘ
m(FeF2)

+ 4∆fGΘ
m(H2O(g)) − ∆fGΘ

m(FeNb2O6(s))
− 12∆fGΘ

m(HF(l)) (7)

∆rGΘ
m = 4∆fGΘ

m(H+(aq)) + 2∆fGΘ
m((NbF7)

2−(aq)) + ∆fGΘ
m(FeF2)

+ 6∆fGΘ
m(H2O(g)) − ∆fGΘ

m(FeNb2O6(s))
− 16∆fGΘ

m(HF(l)) (8)

Substituting the values in Table 5 in the Formulas (7) and (8), the Gibbs free energy of
Reaction (5) was ∆rGm

θ= −1902.1 kJ/mol, and the Gibbs free energy of Reaction (6) was
∆rGm

θ = −2892.4 kJ/mol, indicating that Reactions (5) and (6) were exothermic reactions.
The product system was more stable with lower energy. FeNb2O6 bulk contained two
kinds of bonds, namely Nb–O bonds and Fe–O bonds. In the process of HF acid leaching
FeNb2O6, Nb–F bonds and Fe–F bonds were formed on the mineral surface. In the crystal,
the energy change before and after the reaction could be calculated by calculating the bond
energy in Table 6. Each bond energy calculated in Table 6 came from the FeNb2O6 system
containing HF and F atoms.

Table 5. Standard thermodynamic data of FeNb2O6, H2O, HF, FeF2, and (NbF7)2− at 298 K, 100 kPa [23].

Substance ∆fGm
θ (kJ·mol−1)

FeNb2O6 (s) −2154.8
H2O (g) −237.25
HF (g) −273.20
FeF2 −663.18

(NbF7)2− (aq) −773.46
(NbOF5)2− (aq) −959.46
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Table 6. The number of various atoms and bonds in different systems and the total energy of the system.

FeNb2O6 Bulk FeNb2O6 (110) Surface FeNb2O6 (110) with
3 F Atoms

FeNb2O6 (110) with
4 F Atoms

Number of Nb atoms 8 24 24 24
Number of Fe atoms 4 12 12 12
Number of O atoms 24 72 72 72
Number of F atoms - - 3 4

Number of Nb–O bonds 48 132 129 128
Number of Nb–O bonds 24 64 64 64
Number of Nb–O bonds - - 2 2
Number of Nb–O bonds - - 1 2

Total energy of each systems (eV) E1 = −26350.68 E2 = −79143.24 E3 = −80698.31 E4 = −81357.93
Energy of atoms of different

elements (eV)
ENb −1541.34 EFe −855.92
EF −657.91 EO −429.60

Note: - means there is no atoms or bonds added or formed.

The total energy of each system was the sum of the energy of Nb, Fe, O, F atoms and the
energy of Nb–O, Fe–O, Nb–F, and Fe–F bonds in the system, as shown in Formulas (9)–(12):

E1 = 8ENb + 4EFe + 24EO + 48ENb-O + 24EFe-O (9)

E2 = 24ENb + 12EFe + 72EO + 132ENb-O + 64EFe-O (10)

E3 = 24ENb + 12EFe + 72EO + 3EF + 129ENb-O + 64EFe-O + 2ENb-F + EFe-F (11)

E4 = 24ENb + 12EFe + 72EO + 4EF + 128ENb-O + 64EFe-O + 2ENb-F + 2EFe-F (12)

The bond energy data obtained from the data in Table 6 are shown in Table 7:

Table 7. Average bond energy calculated under different systems.

Bond Bond Energy (eV)

Nb–O −1.025
H–F −8.316

Nb–F −5.438
O–H −7.482
Fe–F −2.732
Fe–O −9.86

From the data in Table 7, it can be seen that the Fe–F bond energy is lower than the
Nb–O bond energy which was the most unstable bond in the system. Combined with the
Mulliken population analysis, Fe atoms were still bound to O atoms eVen after it combined
with F, there was no significant difference in the Fe–O bond length with the addition of F,
indicating that Fe atoms in the minerals was less soluble than the Nb atoms. Reactions (5)
and (6) were written in the bonding form as follows:

Fe-O + 6Nb-O + 12H-F = 2Fe-F + 10Nb-F + 2Nb-O + 10O-H (13)

Fe-O + 6Nb-O + 16H-F = 2Fe-F + 14Nb-F + 12O-H (14)

Substituting the bond energy in Table 7 into Formulas (13) and (14), the energy change in
the obtained system was ∆E1 = −20.912eV = −2010.792 kJ/mol, ∆E2 = −22.316 eV = −2145.820
kJ/mol. The adsorption reaction of hydrogen fluoride with the mineral surface was a
self-emitting heat reaction.

5. Conclusions

1. According to Mulliken population analysis and charge density analysis, when Fe
atoms in minerals were bound to F atoms, Fe–F bonds formed but the original Fe–
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O bonds were not broken, and Hirshfeld charge analysis showed that the amount
of charge transfer on Fe was still in the range of 0.25 e–0.28 e before and after the
combination with F, the change of the amount of charge was not significant. In
comparison, after Nb atoms combined with F atoms and formed Nb–F bonds, the
original Nb–O bonds broke or became extremely unstable. The charge transfer on
Nb atoms increased from 0.78 e before adding F atoms to 0.94 e, and the increased
charge was mainly from the newly formed Nb–F bonds. The above results indicate
that compared with Fe, Nb atoms in FeNb2O6 were more likely to combine with F
atoms in hydrofluoric acid to form Me–F bonds into solution.

2. n HF acid leaching of the columbite–(Fe) mineral FeNb2O6, the electron binding
energies of Me–F bonds were larger than the original M–O, indicating that F− ions
reacted with Fe and Nb atoms to form a more stable complex in solution, which
promoted the dissolution reaction. Under this acid leaching condition, the leaching
rate of Fe and Nb elements increased with the increase of HF concentration, and Nb
atoms were easier than Fe atoms to dissolve. Under the conditions of 5M and 10M
HF acid leaching, with the increase of H+ concentration, the bonding mode of F and
Nb gradually changed from bridge F (Nb–F–Nb) to terminal F (Nb–F). The ratio of
the two increased from 71.74% to 108.29%. Since the amount of Nb atoms carried by
the bridge F was twice that of the terminal F, when the HF concentration was lower,
the rate of dissolution of Nb atoms from the mineral was slower.

3. According to the calculated bond energies of different FeNb2O6 (110) systems, it
can be seen that the Fe–F bond energy was the lowest, which was lower than Nb–O
bonds and Nb–F bonds, so they were the most unstable bonds in the system. The
Gibbs free energy of the reaction between FeNb2O6 and HF under 298K 100kPa was
∆rGm

θ = −1902.1 kJ/mol (produced FeF2 and H2NbOF5), the energy change in the
system was ∆E1 = −2010.792 kJ/mol; The Gibbs free energy of the process forming
FeF2 and H2NbF7 was ∆rGm

θ = −2892.4kJ/mol, the energy change in the system
was ∆E2 = −2145.820kJ/mol. The adsorption reactions of hydrogen fluoride with the
mineral surface were spontaneous exothermic reactions.
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