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H4Si04, a hydrolysate of sodium silicate, is the important species in the adsorption process during
flotation separation. In this work, the interaction mechanism and adsorption behavior in the surface-
chemistry of H4SiO4 molecule on the most stable surfaces of three calcium minerals, fluorite (111),
calcite (104), and scheelite (112), were investigated systemically by using ab-initial calculation because
the lack experimental approaches at the atomistic level. The results indicated that electrostatic
interactions occurred between the electronegative oxygen atom of the HsSiO4 molecule and a calcium
atom on the mineral surfaces, hydrogen bonds was observed between the hydrogen atoms of the H4SiO4
molecule and an oxygen atom or a fluorine atom of the calcium mineral surface, and the OH groups of
H4SiO4 were significantly stretched during adsorption. The adsorption energy of HsSiO4 molecule on
the surfaces of fluorite (111), calcite (104), and scheelite (112) were -1.72, -1.21, -1.55 eV, respectively.
Hence, fluorite and calcite were the most and the least sensitive mineral to the adsorption of Hs4SiO4
during flotation separation, respectively. The electronic structure show that the chemisorption of H4SiO4
molecules on the surfaces of calcium minerals could change electron distribution and the overlaps
between Ca-3p and O-2s orbitals and Ca-3d and O-2p orbitals, which led to the formation of new O-Ca
bonds.
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1. INTRODUCTION

Scheelit (CaWOs) is an important tungsten bearing mineral, its separation from calcium gangue
minerals [1-4], such as calcite (CaCOs) and fluorite (CaFz), has attracted scientific interest [5-9].
However, its process faces a difficult problem, because [10-14] calcium minerals have a semi-soluble
nature, similar surface properties, and the same active homogeneous cation (Ca?*) site [15-18] that result
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in similar responses to variety of depressants which are currently using, such as sodium silicate.
Depressants allows surface-chemistry-based processes in flotation separation for the inhibiting of Ca-
bearing gangue minerals that make use of the differences in adsorption on the surfaces of Ca-bearing
mineral. Therefore, studying the adsorption surface-chemistry between sodium silicate and the surfaces
of calcium minerals is highly important in flotation separation. The solution chemistry of sodium silicate
is complex [19], because its hydrolysis produces several monomeric, polymeric, and colloidal species
(Sjoberg and Ohman). HaSiOs is the predominant species below pH 9.8 [19,20], and above which are
the monosilicate ions. Thus, the function of sodium silicate depends on the concentration and flotation
pH. Considering the hydrolysis of sodium silicate in the process, previous studies [2, 11, 19, 21] focused
on the adsorption mechanisms of sodium silicate on surfaces of Ca-bearing mineral still cannot seek to
determine how the hydrolysate of sodium silicate is adsorbing on calcium mineral surfaces, as well as
the mode of adsorption at different pH values. Moreover, the interaction mechanism has not been
described yet at the atomic level, because no method can directly monitor initial reactions and obtain in-
situ kinetics data in the present study.

In such scenario, the study on the interaction mechanism of HsSiOa4 as a predominant hydrolysate
of sodium silicate below pH 9.8 on different surfaces of calcium minerals faces a dilemma in terms of
adsorption process. Molecular modeling [22-25] is a valuable tool for providing a fundamental
information of chemical reactions at the atomic level. In this article, we have investigated the interaction
mechanism of HsSiO4 as a hydrolysate of Na2SiOs on different surfaces of Ca-bearing minerals and
established a link between the difference of adsorption behaviors and local surface chemistry. Density
Functional Theory (DFT) simulations, proved as an effective approach for studying the interaction
mechanism [26-29], has revealed the adsorption configuration, adsorption site, reaction pathway,
electronic structure, and adsorption energy, which could provide theoretical reference for the flotation
separation of calcite, fluorite and scheelite in essence.

2. METHODS

The ab-initial calculations in this study were performed by using Vienna Ab-initio Simulation
Package (VASP), with the projector augmented wave (PAW) method. The GGA-PBE method was chose
as the exchange-correlation potential function [30]. The k-mesh of Brillouin zone [31] was generated by
Monkhorst-Pack grids. We used 3x3x3k-points for unit cell ionic geometry optimization and 2x2x1 k-
points for H2SiO4 adsorption. The k-mesh was tested previously to ensure its accuracy for all the
structures in the DFT calculation. The cut-off energy was set to 500 eV, which was determined to be
sufficient to obtain fully converged results.

The geometry optimization was performed by using the conjugate gradient method. The ionic
relaxation would be stopped if all forces were smaller than 0.02 eV/A. First, the lattice parameters were
calculated for fluorite, calcite and scheelite unit cell. The obtained lattice parameters a, b and ¢ as shown
in Table 1 were in good agreement the experimental measurements and previous ab-inital calculations
results.
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Table 1. Comparison of calculated and experimental lattice parameters of calcite, fluorite and scheelite

unit cell

mineral resource a b c o B Y
This work 506  5.06 16.92 90.00 90.00 120.00
calcite DFT [32] 506  5.06 17.25 90.00 90.00 120.00
Experimental [33] 499 499 17.06 90.00 90.00 120.00
This work 552 552 5.52 90.00 90.00 90.00
fluorite DFT [34] 546  5.46 5.46 90.00 90.00 90.00
Experimental [35] 546  5.46 5.46 90.00 90.00 90.00
This work 500 5.00 10.73 90.00 90.00 90.00
scheelite DFT [36] 533 533 11.57 90.00 90.00 90.00

Experimental [37] 5.24 5.24 11.38 90.00 90.00 90.00

Inspired by previous studies, this work chose the most stable surfaces of the three calcium-
bearing minerals [10, 32, 38]. For fluorite, calcite, and scheelite, the (111), (104), and (112) crystal
surfaces, respectively, were chosen for studying the adsorptions behavior of H4SiO4 on the surfaces. It
would be certainly conducive to Ca-bearing mineral floatation. The surface model for each kind of
mineral was obtained by cleaving the unit cell and extend to an appropriate size. The height of the
vacuum upon the slab is set to 15 A to avoid the interaction between adjacent images. We tested different
cleavage position and the thickness of the surface slab, chose the structure with the lowest energy for the
adsorption calculation. In the initial configuration before the geometry optimization, a H4SiO4 molecule
was placed on a Ca-bearing mineral surface, a serious of initial configuration was test to find the most
stable sturcutre for H4SiO4 adsorption.

The adsorption energy was calculated as follows [39]:

Eads = Etotal - Esurface molecule

1)

where Eags is the adsorption energy, Etwtal IS the total energy of the HaSiO4 — surface system,
Esurface IS the energy of the calcium mineral (fluorite (111), calcite (104) and scheelite (112)) surface, and
Emolecule Was the energy of the free HsSiO4 molecule. A negative adsorption energy calculated in this
equation indicates an exothermic reaction and a lower adsorption energy means a stronger interaction
between adsorbate and mineral surface.
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3. RESULTS AND DISCUSSION

3.1 Adsorption of HsSiO4 on fluorite (111) surface

The adsorption of a HsSiO4 molecule on fluorite (111) surface was calculated, the most stable
structure was obtained after geometry optimization. In this structure, the H4SiO4 molecule adsorbed on
the fluorite (111) surface molecularly, as shown in Figure 1.
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Figure 1. Top views of a H4SiO4 molecule adsorbing on the fluorite (111) surface: (a) initial structure;
(b) final structure after geometric optimization. Color scheme: green, blue, yellow, red, and white
represented Ca, F, Si, O, and H atoms, respectively.

It can be gotten from Fig. 1 two Ca-O bonds formed between the oxygen atom of HaSiOa
molecule and the Ca atom of on the topmost surface. The bond length of two Ca-O bond are 2.56 and
2.66 A, respectively. Moreover, the OH group of the H4SiO4 molecule tilts toward the adjacent F atom,
forming a hydrogen bond between the H atom of H4SiO4 molecule and F atom of fluorite (111) surface
with F-H bond distances of 1.57 and 1.76 A, respectively. These two OH bond lengths of H4SiOs were
stretched from 0.97 and 0.97 A to 1.01 and 0.99 A, respectively, which indicated a negligible distortion
of HaSiOa. The adsorption energy of this process was -1.72 eV, which was the highest among the three
calcium minerals, and indicated that HsSiO4 was preferentially adsorbing on a fluorite (111) surface.

Table 2. Adsorption energy and geometric properties of the adsorption system of a H4SiO4 molecule on
fluorite (111), calcite (104), and scheelite (112) surface

mineral Cal-Ol1 Ca2-O2 F2-H2 F3-H3 02-H2 O03-H3 0c2-H2 0Oc3-H3 Eads(ev)

fluorite 2.56 2.66 1.57 1.76 1.01 0.99 -1.72
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calcite 2.62 2.55 - - 1.05 1 1.48 1.72 -1.21
scheelite 2.48 2.45 - - 0.99 1.76 -1.55
H4SiO4 0.97 0.97

Note: As mentioned Cal-O1 and Ca2-O2, Cal and Ca2 belong to the calcium mineral molecule, and O1
and O2 belong to the H4SiO4 molecule; For F2-H2 and F3-H3, F2 and F3 belong to the fluorite molecule,
and H2 and H3 belong to the H4SiO4 molecule; For 02-H2, 03-H3, Oc2-H2, and Oc3-H3, Oc2 and Oc3
belong to the calcite or scheelite molecule, and 02, O3, H2, and H3 belong to the H4SiO4 molecule.
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Figure 2. Charge density difference of the most stable adsorption configuration of HaSiO4 molecule on
fluorite (111) surface. An isosurface with a charge density of 0.003 e/A® is used, where charge
depletion and accumulation were indicated in light greenish-blue and bright yellow, respectively.
Color scheme: green, blue, yellow, red, and white represented Ca, F, Si, O, and H atoms.

e

The calculated energy of adsorption and geometric properties for the adsorption of a H4SiO4
molecule on fluorite, calcite and scheelite surfaces were shown in Table 2. The charge density difference
of the adsorption system of the Ha4SiOs-fluorite (111) surface was illustrated in Figure 2. The Bader
charge of the adsorbate and surface showed that the HaSiO4 molecule accepted electrons from the fluorite
(111) surface during adsorption. The negative charge on the F2, and F3 atoms that bonded with the H
atoms of H4SiO4 molecule by hydrogen bond, decreased by 0.02 e” and 0.03 e” respectively. The positive
charge on the corresponding hydrogen atoms decreased by 0.02 e” and 0.04 e" respectively, whereas the
negative charges on O1, O2 and O3 atoms increased by 0.02 e, 0.06 e” and 0.06 e", respectively. This
remarkable increase of O charge mainly contributed to electron density reduction of the adjacent calcium
atoms. The Bader charges of the Cal, Ca2 and Ca3 atoms increased by 0.02, 0.03 and 0.04 e,
respectively, indicating O atoms in HsSiO4 molecule were adsorbing the surface Ca atoms.

The partial density of states (PDOS) of HaSiOs-fluorite (111) system was calculated to
characterize the bond formation mechanism in the adsorption process.
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Figure 3. PDOS of the adsorption surface of the HsSiOas-fluorite (111) system. The calculated Fermi
level is set as the zero point of x-axis. The curves correspond to the PDOS projected on to O
atoms of H4SiO4 and the two adjacent Ca atoms. Cal, and Ca2 are labeled Figure 2.

The partial density of states (PDOS) of the H4SiOs-fluorite (111) system was calculated as shown
in Fig. 3. The PDOS shows a significant overlaps between the O1-2s and Cal-3p orbital in the range of
-19.30 eV to -17.97 eV, and between O2-2p and Ca2-3d orbital from -3.69 eV to -1.72 eV. These
overlaps leads the formations of Ca-O chemical bonds between the oxygen atoms of HsSiO4 and Ca
atoms of fluorite (111) surface.

3.2 Adsorption of HaSiO4 on calcite (104) surface

Adsorption of a H4SiO4 molecule on the surface of calcite (104) was calculated. Molecule was
initially placed above calcium atoms of the calcite (104) surface the most stable structure, adsorption
energy and surface reconstruction are obtained, as shown in Figure 4.

In the most stable structure of calcite (104) surface, two Ca-O bonds are found between the
oxygen atom of H4SiO4 molecule and the calcium atom of calcite surface with the bond length of 2.55
and 2.62 A. The OH group of H4SiO4 molecule tilts toward the adjacent O atom, a H-bond was found
between the hydrogen atom of H4SiO4 and the oxygen atom of calcite surface. The formed H-bond length
was calculated as 1.48 and 1.72 A, respectively. On the other hand, the O-H bond length in HSiO4
molecule were stretched from 0.97 and 0.97 A to 1.05 and 1.00 A, which indicates a slight distortion of
H4SiO4 molecule in the adsorption process. The adsorption energy of HsSiOa4 on calcite (104) surface is
-1.21 eV, which is the lowest in the adsorption system of HaSiO4 among the three calcium minerals
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investigated in this research. It indicates that calcite is the least sensitive mineral to adsorption of H4SiO4
in the flotation process.
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Figure 4. Side views of a H4sSiO4 molecule adsorbing on a calcite (104) surface: (a) initial structure, (b)
final structure after geometric optimization. Color scheme: red, green, gray, white, and yellow
represented O, Ca, C, H and Si atoms.

Figure 5. Charge density difference of the most stable adsorption configuration of a HsSiO4 molecule
on a calcite (104) surface. An isosurface of charge density of 0.003 e/ A% is used, where charge
depletion and accumulation were indicated in light greenish-blue and bright yellow, respectively.
Color scheme: red, green, gray, yellow, and white represent O, Ca, C, Si and H atoms.

The charge density difference of the adsorption system was illustrated in Figure 5. Bader charge
calculation indicates that the H4SiO4 molecule behaved as an electron acceptor while calcite (104)
surface was the electron donator in the adsorption process. The negative charge on the Oc2, Oc3 atoms
bonded with H atoms of H4SiO4 molecule by hydrogen bond, decreased by 0.02 e” and 0.01 e". The
positive charge on the corresponding hydrogen atoms decreased by 0.04 e” and 0.02 e, whereas the
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negative charges on O2 and O3 atoms increased by 0.08 e” and 0.04 e". The significant increases in the
O atom charge was because of reduction of the electron density of the bonded calcium atoms. The bader
charges of the Cal and Ca2 atoms increased by 0.01 and 0.02 e, respectively. It indicates that O atoms
of HaSiO4 molecule were adsorbing the surface Ca atoms during adsorption.

The partial density of states (PDOS) of HiSiOs-calcite (104) system was calculated to
characterize the bond formation mechanism in the adsorption process, as shown in Fig.6.
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Figure 6. PDOS of the adsorption surface of the HsSiOas-calcite (104) system. The calculated Fermi level
is set as the zero point of x-axis. The curves represent the PDOS projected on to the two adjacent
Ca atoms and O atoms of H4SiOa4. Cal, and Caz2 are labeled in Figure 5.

The obtained PDOS of the surface atoms and adsorbed HaSiO4 molecule were plotted in Figure
6. Results shows that there were significant overlaps between the O1-2s and Cal-3p orbital's from -21.43
eV t0 -18.94 eV, and O2-2p and Ca2-3d orbital in the range of -3.57 eV t0 -2.28 eV. The overlapping of
electronic orbital caused the formation of Ca-O chemical bonds between the O atom of H4SiO4 and the
Ca atoms of calcite (104) surface, which is similar as when HsSiO4 absorbed the mineral surface (Fig.
3).

3.3 Adsorption of H4SiO4 on scheelite (112) surface

HaSiO4 molecule was initially placed above calcium atoms of the scheelite (112) surface, the
most stable structure, adsorption energy and surface reconstruction are obtained, as shown in Figure 4.
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(b)

Figure 7. Side views of a H4SiO4 molecule adsorbing on the scheelite (112) surface: (a) initial structure,
(b) final structure after geometric optimization. Color scheme: green, blue, red, white, and yellow
represented Ca, W, O, H and Si atoms.

In the most stable structure of scheelite (112) surface, two Ca-O bonds were found between the
O atoms of H4SiOs molecule and the surface of Ca atoms with bond lengths of 2.62 and 2.55 A. The
adsorption system of H4SiO4 — scheelite was different from the adsorption system of H4SiO4 — calcite,
or fluorite. Only one OH group of the H4SiO4 molecule tilts toward the adjacent O atom, a H-bond was
found between the hydrogen atom of H4SiO4 molecule and the oxygen atom at the topmost layer of
scheelite surface. The bond length of the new formed H-bond is 1.76 A. The corresponding OH bond
lengths of H4SiO4 was stretched from 0.97 to 1.05 A, which indicates a slight distortion of H4SiO4
molecule during adsorption. The adsorption energy of a H4sSiO4 molecule on a scheelite (112) surface
was -1.55 eV.

Figure 8. Charge density difference of the most stable adsorption configuration of a H4SiO4 molecule
on a scheelite (112) surface. An isosurface of charge density of 0.003 e/ A% is employed, where
charge depletion and accumulation were indicated in light greenish-blue and bright yellow,
respectively. Color scheme: blue, green, yellow, red, and white represent W, Ca, Si, O and H
atoms.
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Bader charge of HsSiO4 and scheelite surface was calculated to characterize the electron transport
in the adsorption process. It can be seen that the scheelite (112) surface provides electrons to the HsSiO4
molecule during adsorption. The charge density difference of the adsorption system was illustrated in
Figure 8. The Oc3 atom bonding with H atoms of H4SiOa4 is found to be negatively charged, the negative
charge decrease from 1.45 e” to 1.41 e". The positive charge on the corresponding hydrogen atom
decrease from 0.67 e to 0.63 €, whereas the negative charge on Oc3 atom increase by 0.08 e and 0.04
e". The significant increases in the O atom charge is contributed to the reduction of the electron density
on the adjacent calcium atoms, and the Bader charges on the Cal and Ca2 atoms increased by 0.02 and
0.0le.
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Figure 9. PDOS of the adsorption surface of the H4SiOs-scheelite (112) system. The calculated Fermi
level is set as the zero point of x-axis. The curves correspond to the PDOS projected on to O
atoms of H4SiO4 molecule and the two adjacent Ca atoms. Cal, and Caz2 are labeled in Figure 8.

The adsorption of H4SiO4 molecule on scheelite surface leads a significant change of electronic
structure; here we use PDOS anaylsis to characterize this change, which is plotted in Fig. 9.

The PDOS analysis results only showed that the electronic overlaps of the O-2s and Ca-3p
orbital's in the adsorption system of HsSiOs-scheelite (112) surface, which was different with the
adsorption of the HaSiO4 molecule on the fluorite (111) or calcite (104) surface (including the overlaps
of O-2p and Ca-3d). The overlaps caused the formation of Ca-O bonds between the O atoms of HaSiO4
and Ca atoms of scheelite (112) surface.
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Three characteristics of HaSiO4 as a predominant hydrolysate of sodium silicate below pH 9.8
adsorbing on the surfaces of the three calcium minerals can be obtained:

(i) Electrostatic interactions existed between the oxygen atom of HsSiO4 molecule and calcium
atom on the topmaost layer of Ca-bearing minerals.

(if) Hydrogen bonds are found between the hydrogen atoms of the H4SiOs molecule and an
oxygen atom or a fluorine atom of the Ca-bearing mineral surface.

(iii) The OH groups in H4SiO4 were significantly stretched during adsorption.

4. CONCLUSIONS

H4Si0a4, a hydrolysate of sodium silicate, is the predominant species below pH 9.8 during
adsorption in the flotation separation of calcium minerals. The adsorption of H4SiO4 on calcite (104),
fluorite (111), and scheelite (112) surfaces are probed in the present study by the employment of the
DFT approach, with adsorption energies of -1.72 eV, -1.21 eV, and -1.55 eV, respectively. The results
show that fluorite and calcite are the most and the least sensitive calcium mineral to the adsorption of
H4SiO4 during flotation separation, respectively. Molecular adsorption leads to the displacement of
calcium atoms. Electrostatic interactions are found between the oxygen atom of HsSiO4 molecule and
the calcium on the topmost layer of Ca-bearing minerals. At the atomic level, the overlap between Ca-
3pan O-2s dorbital as well as Ca-3d and O-2p orbital is responsible for the formation of two Ca-O bonds
when HsSiO4 molecule are adsorbing on the surface of three kinds of Ca-bearing minerals.

The calculations also show that the OH groups of the H4SiO4 can be only adsorbed on Ca-bearing
mineral surfaces (labeled calcite (104), fluorite (111), and scheelite (112)) in molecular form, creating
two hydrogen bonds between hydrogen atoms of H4SiO4 and fluorine atoms of fluorite, two hydrogen
bonds between hydrogen atoms of HsSiO4 and oxygen atoms of calcite, and only one hydrogen bond
between a hydrogen atom of H4SiO4 and an oxygen atom of scheelite, respectively. Furthermore, the
OH groups in HsSiO4 are significantly stretched during adsorption. We believe that the results in this
study may provide a fundamental insight for Ca-bearing mineral flotation.
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