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ptions of Na2CO3 and Na2SiO3 on
calcium minerals revealed by spectroscopic and ab
initio molecular dynamics studies†

Yann Foucaud, *a Michaël Badawi, *b Lev O. Filippov,ac Odile Barres,a

Inna V. Filippovaac and Sébastien Lebègue*b

The synergistic effects between sodium silicate (Na2SiO3) and sodium carbonate (Na2CO3) adsorbed on

mineral surfaces are not yet understood, making it impossible to finely tune their respective amounts in

various industrial processes. In order to unravel this phenomenon, diffuse reflectance infrared Fourier

transform and X-ray photoelectron spectroscopies were combined with ab initio molecular dynamics to

investigate the adsorption of Na2SiO3 onto bare and carbonated fluorite (CaF2), an archetypal calcium

mineral. Both experimental and theoretical results proved that Na2CO3 adsorbs onto CaF2 with a high

affinity and forms a layer of Na2CO3 on the surface. Besides, at low Na2SiO3 concentration, silica mainly

physisorbs in a monomeric protonated form, Si(OH)4, while at larger concentration, significant amounts

of polymerised and deprotonated forms are identified. Prior surface carbonation induces an acid–base

reaction on the surface, which results in the formation of the basic forms of the monomers and the

dimers, i.e. SiO(OH)3
� and Si2O3(OH)4

2�, even at low coverage. Their adsorption is highly favoured

compared to the acid forms, which explains the synergistic effects observed when Na2SiO3 is used after

Na2CO3. The formation of the basic form on the bare surface is observed only by increasing the surface

coverage to 100%. Hence, when Na2CO3 is used during a separation process, lower Na2SiO3

concentrations are needed to obtain the same effect as with lone Na2SiO3 in the separation process.
1. Introduction

With an estimated annual worldwide market value of 8.9 billion
USD in 2017,1 alkali silicate reagents are among the most used
inorganic reagents worldwide. These environmentally friendly
reagents have been intensively studied over past decades2–6

since they commonly serve as a basis for the production of
a large range of silica-containing materials.7–9 Besides, their
interesting properties lead to a wide range of industrial appli-
cations as additives, including detergents, foundries, adhesives,
surface coatings, and water treatment.9,10 Alkali silicate glasses,
especially sodium silicate (Na2SiO3), are also widely used in the
froth otation process, a method based on the adsorption of
amphiphilic reagents (collectors) onto mineral surfaces to
extract metals from ores. Nowadays, more than 2 billion tons of
non-ferrous ores are processed annually by otation, which has
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become an unavoidable route to extract metals from rocks,
including high-tech and critical metals. Na2SiO3 is one of the
most common reagents used in the froth otation process
where it plays two key roles, because of its aforementioned
properties. First, it increases the efficiency of the otation
process since it prevents slime coating/aggregating by
decreasing particle–particle interactions. Second, due to its
high affinity for gangue minerals, mostly silicates, it adsorbs
onto their surfaces and prevents the adsorption of the collector,
keeping the surfaces hydrophilic, i.e. depressed. Therefore,
Na2SiO3 is commonly used in the otation separation of rare
earth minerals,11 zinc minerals,12 iron minerals,13 scheelite
(CaWO4),14–17 uorite (CaF2),18,19 apatite [Ca5(PO4)3(OH,F)],20,21

and many other minerals.
For decades, researchers worldwide have investigated the

behaviour of Na2SiO3 in aqueous solutions. It is assumed that it
dissociates into silica tetrahedra (SiO4) which can be in SiO4

4�,
SiO3(OH)3�, SiO2(OH)2

2�, SiO(OH)3
�, and Si(OH)4 forms

depending on the solution pH and the total silica concentra-
tion.22–24 Moreover, some authors demonstrated that silica
tetrahedra can polymerise, also depending on the pH, the total
silica concentration, and the SiO2 : Na2O ratio, a high ratio
inducing a high polymerisation degree.23,25–28 In dilute solutions
(�1 � 10�3 mol L�1) and for low to moderate SiO2 : Na2O ratio,
usually used in otation, the main species of Na2SiO3 are
This journal is © The Royal Society of Chemistry 2019
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Si(OH)4 for pH < 9.4, SiO(OH)3
� for 9.4 < pH < 12.6, and

SiO2(OH)2
2� for pH > 12.6.29 Also, it is assumed that the poly-

merisation reaction depends strongly on the SiO(OH)3
� and

SiO2(OH)2
2� concentrations in solution.30 To limit operating

costs, most otation processes worldwide are performed at pH
7–11, which means that the silica monomers are dominant, in
both Si(OH)4 and SiO(OH)3

� forms.
Besides, some authors have highlighted strong positive

synergistic effects when Na2SiO3 is used in otation pulps
where the pH is controlled beforehand by sodium carbonate
(Na2CO3).14,15,28,31 In other words, the prior addition of Na2CO3

induces a higher efficiency of Na2SiO3 in terms of gangue
mineral depression, which allows a better otation selectivity
and, hence, higher metal grades in the otation concentrates.
At the moment, although the adsorption of Na2SiO3 species has
been considerably investigated,29,32–35 very few studies have been
conducted on the Na2CO3/Na2SiO3 system in otation17,28,31,36

and the synergistic effects exhibited by this reagent combina-
tion are still poorly understood. Some authors have successfully
investigated surface reactivity and synergistic adsorptions/
reactions by Fourier transform infrared spectroscopy
(FTIR),37–40 by X-ray photoelectron spectroscopy (XPS),41–43 and
by ab initio molecular dynamics (AIMD)37,44–46 with couplings
between the above-mentioned techniques. In the present study,
we use a combination of diffuse reectance infrared Fourier
transform spectroscopy (DRIFTS), XPS, and AIMD simulations
to gain an understanding of the molecular mechanisms
involved in the Na2SiO3 adsorption onto bare surfaces and onto
surfaces prior treated with Na2CO3. Fluorite (CaF2), a simple
cubic calcium-bearing mineral, was chosen for this study since
it is considered as an archetype of minerals that can be
depressed by Na2SiO3.

2. Materials and methods
2.1. Materials

The spectroscopic studies were conducted with pure CaF2
mineral acquired from Mexico. Chemical analyses were carried
out using inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) for major elements and ion-sensitive elec-
trode (ISE) for uorine (Table 1). Fluorite was of satisfactory
purity although 1.26% Si was present, indicating contamination
by quartz. The pure mineral was crushed in an agate mortar and
dry sieved to obtain a �40+20 mm size fraction. All the reagents
used (Na2SiO3, Na2CO3, and NaOH) were supplied by Aldrich
and were of technical quality.

2.2. Spectroscopic studies

Each test was conducted with 0.5 g of �40+20 mm fraction of
pure CaF2. For the control sample, i.e. without the addition of
any reagent, CaF2 was treated in 5 mL of deionised water (R ¼
Table 1 Major element amounts in pure CaF2 used in this study (ICP-AE

Ca (%) P (%) Si (%) Mg (%) Al (%) Fe (%) Na (%

50.06 <LOD 1.26 <LOD 0.03 <LOD <LOD

This journal is © The Royal Society of Chemistry 2019
18.2 MU cm) at pH 10 during 15 min. For the other tests, each
reagent (Na2CO3 and Na2SiO3) was prepared in aqueous solu-
tion with deionised water at pH 10, prior to the conditioning
stage. When the reagents were used alone, the mineral was
treated in 5 mL of the reagent solution during 15 min. Aer the
conditioning stage, the sample was ltered using ashless lter
paper and rinsed three times with deionised water. When the
reagents were used in combination, they were added sequen-
tially: the mineral was rst conditioned in 5 mL of Na2CO3

solution during 15 min and the conditioning solution was
eliminated. Then, the sample was washed three times with
deionised water and conditioned with 5 mL of Na2SiO3 solution
during 15 min. The same solid/liquid separation and washing
procedure was applied at the end of the conditioning stage. The
pH was adjusted to 10 for solution preparation and during the
conditioning stage by adding 0.1 M NaOH or HCl solution.
Since Na+ and Cl� are assumed to not adsorb on mineral
surfaces, they are eventually located in the electrical double
layer from which they are likely to be eliminated during the
washing procedure. In the reference sample (pure CaF2), neither
Na+ nor Cl� ions were detected by XPS analyses, which
substantiates the previous assumption.

FTIR analyses were conducted with the diffuse reectance
method to maximise the surface signal. The spectra were
recorded using a Bruker IFS 55 spectrometer equipped with
a large-band mercury-cadmium-telluride (MCT) liquid-
nitrogen-cooled detector and associated with a diffuse reec-
tance attachment (Harrick Corporation). The FTIR spectra were
acquired in the mid-infrared range between 4000 cm�1 and
600 cm�1 with a spectral resolution of 2 cm�1. Dry mineral
samples were analysed without dilution in potassium bromide
(KBr), used as a reference.

The XPS spectra were acquired using an X-ray photoelec-
tron spectrometer, a Kratos Axis Ultra DLD, equipped with
a monochromatic Al Ka X-ray source (1486.7 eV) operated at
120 W (8 mA and 15 kV). The wide-scan spectra were recorded
with a resolution of 1.0 eV and a pass energy of 160 eV while
the high-resolution spectra were acquired with a resolution of
0.1 eV and a pass energy of 20 eV. For carbon and oxygen, the
resolution was decreased to 0.05 eV. The hybrid mode was
employed, using a magnetic-electrostatic lens and a charge
neutraliser since the samples were not conducting. Aer the
acquisition, the adventitious carbon was used as a reference
with the C–C bond binding energy set at 284.6 eV. Vision 2.2.10
soware, supplied by Kratos Analytical (Manchester, UK), was
employed to process the data.

2.3. AIMD simulations

For AIMD simulations, a primitive cubic cell of CaF2 was
generated and fully relaxed to obtain lattice parameters a ¼ b ¼
c ¼ 5.46 Å. Then, a (111) surface was created from the relaxed
S and ISE)

) K (%) Ti (%) Mn (%) F (%) LOI (%) Total (%)

<LOD <LOD <LOD 44.59 2.36 98.30

Chem. Sci., 2019, 10, 9928–9940 | 9929
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bulk since the (111) cleavage plane represents the most exposed
surface for CaF2.47–49 A supercell containing 72 atoms (24 Ca and
48 F) was obtained, which is constituted of 2 layers of calcium
atoms and 4 layers of uorine atoms including one plane of 12
seven-coordinated calcium atoms on the (111) surface. To avoid
any unwanted interaction due to the periodicity of the cell,
a vacuum of 10 Å was set between the uppermost atom,
including the added molecules, and the upper limit of the cell
following the z axis. For all the calculations, 3 layers of bottom
atoms in the cell (1 layer of calcium atoms and 2 layers of
uorine atoms) were frozen to their bulk positions.

The structure and total energy of the systems were deter-
mined by density functional theory calculations,50,51 using the
Vienna ab initio simulation program (VASP).52 The semilocal
Perdew–Burke–Ernzerhof (PBE) exchange-correlation func-
tional proposed by Perdew and co-workers53 was employed, in
the generalized gradient approximation (GGA). The projector-
augmented wave (PAW) method54,55 was used to describe the
electron–ion interactions with a plane wave cutoff of 300 eV and
the Kohn–Sham equations51 were solved self-consistently56 until
the energy difference between the cycles became lower than
10�5 eV. A Methfessel and Paxton smearing57 of s ¼ 0.1 eV was
employed to help the total energy convergence. Due to the large
size of the cell, all the calculations were performed using the G-
point only. Structural relaxations were realised until all the
forces were smaller than 0.05 eV A�1. The D2 correction of
Grimme58 was used to include van der Waals forces. A Nosé–
Hoover thermostat was used and the temperature was set to 300
K. The time step was 1 fs and, to reach a total simulation time of
100 ps, 100 000 steps were realized.

The internal adsorption energies of species on the (111)
uorite surface were calculated based on the average energy of
each system computed for the last 90 ps of the simulation, to
exclude a 10 ps thermalisation period. The total internal
adsorption energy was calculated as the difference between the
energy of the surface with the adsorbed molecule(s) and the
sum of the energies of the non-adsorbed surface and the iso-
lated molecule(s). The energies of those systems systematically
correspond to optimised geometries since they were calculated
in AIMD simulations, either when the molecule is isolated or
when it is adsorbed. The dispersion contribution to the total
adsorption energy was calculated in a similar way by consid-
ering the dispersion contribution only.

3. Results
3.1. Adsorption of each of Na2CO3 and Na2SiO3 alone on
CaF2

3.1.1. Carbonation of CaF2 by the presence of Na2CO3. The
DRIFT spectrum of CaF2 treated with 5 � 10�2 mol L�1 of
Na2CO3 displayed bands at 2492, 1775, 1650, 1439, 879, and
842 cm�1 that were not present in the spectrum of CaF2
conditioned in water only (Fig. 1a). The bands located at 2492,
1775, 1439, and 879 cm�1 were ascribed to CO3

2� in either
Na2CO3 or CaCO3,59 which could not be distinguished from
each other. The band at 842 cm�1 was attributed to NaHCO3 as
well as the band located at 1650 cm�1, which overlapped the
9930 | Chem. Sci., 2019, 10, 9928–9940
band corresponding to water molecules, around 1620–
1640 cm�1 for CaF2 conditioned in water. Considering the low
intensity of the band at 842 cm�1, NaHCO3 was in a minority in
the adsorbed layer compared to CaCO3 and/or Na2CO3.
However, at pH 10, HCO3

� is present in the same amount as
CO3

2� in solution since the pKa of HCO3
�/CO3

2� is 10.2. Hence,
it could be assumed that CO3

2� wasmore likely to adsorb on the
CaF2 surface than HCO3

�. Overall, the DRIFT results did not
permit a determination of the nature of the carbonate layer
formed on the CaF2 surface, considering the signicant
amounts of both Na+ and Ca2+ available in solution. Indeed,
some authors demonstrated that the CaF2 dissolution rate is
signicant, which implies that the thermodynamic equilibrium
is reached in only one hour.60 Considering a solubility product
of 7 � 10�11 for CaF2,61 the amount of Ca2+ ions available in
solution was high enough to form a CaCO3 layer on the surface.
However, it could be assumed that the formation of the
carbonate layer was quite fast and could prevent mineral
dissolution.

To conrm the previous conclusions and to gain an under-
standing of the molecular mechanisms involved in the CaF2
surface carbonation, XPS analyses were performed on CaF2
conditioned in deionised water, in a 5 � 10�2 mol L�1 Na2CO3

solution, and in a 5 � 10�3 mol L�1 Na2CO3 solution, at pH 10.
First, for CaF2 conditioned in deionised water, calcium, uo-
rine, and oxygen were identied (Table S1 in ESI†) along with
contaminant elements such as C, corresponding to adventitious
carbon, and Si (3.0 at%), the presence of which had been
previously highlighted by chemical analyses (Table 1). The O(1s)
spectrum exhibited two components with binding energies of
532.1 eV (11.1 at%) and 533.2 eV (3.4 at%) that were attributed
to adsorbed carbonate and water molecules, respectively
(Fig. S1 in ESI†), which was in accordance with the DRIFT
spectrum of pure CaF2 (Fig. 1a). Besides, the F/Ca atomic ratio
of 1.73 indicated that the surface was depleted in terms of
uorine atoms since the theoretical F/Ca ratio should be 2
(Table S2 in ESI†). This could be attributed to the fact that the
(111) surface, which is the main cleavage plane for uorite,45–47

exhibits seven-coordinated calcium atoms while they are eight-
coordinated in the uorite crystal.49,63,64 This under-
coordination means that the rst atomic layer is constituted
of only 7 uorine atoms along with 2 calcium atoms, which
results in a surface F/Ca ratio of 1.75, in agreement with the
ratio measured here. Overall, no hydroxyl groups as well as no
sodium atoms were identied on pure CaF2, indicating that the
uorite surface was not hydroxylated at pH 10.

The two different Na2CO3 concentrations led to similar
trends for XPS that were, consistently, more pronounced for 5�
10�2 mol L�1. The following discussion will thus focus on
results for the highest concentration. First, sodium atoms were
identied (4.5 at%) with a Na(1s) binding energy of around
1071.5 eV (Fig. 1b): this corresponded to an intermediate value
between Na–O bonds of Na2CO3 species62 and Na–F bonds of
NaF or Na–O bonds of NaHCO3, the binding energy of which is
known to be lower. However, DRIFTS results demonstrated the
absence of NaHCO3 (Fig. 1a), which means that the binding
energy of 1071.5 eV corresponds to an intermediate value
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Carbonation of CaF2 surface by Na2CO3 addition. (a) Infrared spectra of CaF2 conditioned in deionised water (black) and in a 5 �
10�2 mol L�1 Na2CO3 solution (red). (b) XPS Na(1s) spectrum of the sample conditioned in a 5� 10�2 mol L�1 Na2CO3 solution, with the common
binding energies of Na–O and Na–F bonds (from Moulder62). (c) XPS Ca(2p) spectra of the sample conditioned in water and of the sample
conditioned in a 5� 10�2 mol L�1 Na2CO3 solution. (d) XPS F(1s) spectra of the sample conditioned in water and of the sample conditioned in a 5
� 10�2 mol L�1 Na2CO3 solution. (e) F/Ca, Na/C, and O/Na ratios of CaF2 conditioned in deionised water (black), in a 5 � 10�3 mol L�1 Na2CO3

solution (orange), and in a 5 � 10�2 mol L�1 Na2CO3 solution (red). The ratios were calculated with the corresponding component (C–O from
CO3) for O and C. (f) Snapshot of a top view of the (111) CaF2 surface with a Na2CO3 molecule adsorbed onto the surface after 35 ps of AIMD
simulation. The blue, grey, red, maroon, and yellow spheres represent the calcium, fluorine, oxygen, carbon, and sodium atoms, respectively.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 9928–9940 | 9931
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between Na–O bonds of Na2CO3 and Na–F bonds. Besides, the
Ca(2p3/2) and Ca(2p1/2) binding energies were shied from
348.2 eV and 351.8 eV for pure CaF2 to 347.8 eV and 351.3 eV,
respectively, for CaF2 + Na2CO3 (Fig. 1c). This shi was attrib-
uted to the presence of Ca–O bonds that have lower binding
energies than Ca–F bonds.62 Moreover, the F(1s) binding energy
was shied from 685.2 eV for pure CaF2 to 684.8 eV for CaF2 +
Na2CO3 (Fig. 1d), demonstrating the existence of the afore-
mentioned F–Na bonds, along with F–Ca bonds.62 The O(1s)
spectrum presented two components with binding energies of
531.7 eV (15.9 at%) and 533.6 eV (0.8 at%) for 5 � 10�2 mol L�1

Na2CO3 (Table S1 and Fig. S1 in ESI†). The rst one was
attributed to C–O bond of Na2CO3,62 while the second one could
be ascribed to C–O bond of NaHCO3, which was present in very
small amounts as the DRIFTS results demonstrated (Fig. 1a).
However, the second component, with a binding energy of
533.6 eV, exhibited in the O(1s) spectrum for 5 � 10�2 mol L�1

Na2CO3 was absent for 5 � 10�3 mol L�1 Na2CO3. This
demonstrated that the CO3

2� ions were more likely to adsorb
onto CaF2 since, at low Na2CO3 concentration, no HCO3

�

species were identied on the surface. Besides, the F/Ca ratio
was not signicantly affected by the addition of Na2CO3 (Fig. 1e)
regardless of the concentration. The Na/CO3 ratio was 2.40 at
low Na2CO3 concentration and 2.25 at high Na2CO3 concen-
tration, indicating that the layer formed on the surface was
Na2CO3 with an excess of Na+, probably adsorbed along with
HO� ions, which however decreased when Na2CO3 concentra-
tion was increased. Overall, Na2CO3 adsorbed onto CaF2 mostly
in Na2CO3 form (Fig. 1e), establishing Ca–O and Na–F bonds
with the surface atoms (Fig. 1b–d). Small amounts of NaHCO3

were exhibited at high Na2CO3 concentration, which was in
accordance with the DRIFTS results (Fig. 1a).

AIMD simulations conrmed that, when a Na2CO3 molecule
was set onto the CaF2 (111) surface, it adsorbed with each
oxygen atom establishing an O–Ca bond with a different
calcium atom (Fig. 1f). Their average lengths for the whole
simulation were 2.36, 2.36, and 2.43 Å with a standard deviation
of around 0.10 Å. Each sodium atom established two Na–F
bonds with surface uorine atoms with dNa–F1 ¼ 2.41 Å and dNa–
F2 ¼ 2.45 Å (Fig. 1f). Also, each sodium atom was bonded to two
oxygen atoms of the CO3

2� ion with dNa–O1 ¼ dNa–O2 ¼ 2.35 Å on
average. The Na2CO3 molecule adsorbed with DEads ¼
�247.7 kJ mol�1 including DEdisp ¼ �91.3 kJ mol�1, which
indicated a highly favoured adsorption as well as high induced
dipole-induced dipole forces. This theoretical result was in
agreement with both DRIFTS and XPS results that allowed
identication of carbonate and Ca–O/Na–F bonds on the
surface, respectively.

3.1.2. Adsorption of Na2SiO3 on CaF2 bare surface.
Compared to CaF2 treated in deionised water only, CaF2 treated
in a 5 � 10�2 mol L�1 Na2SiO3 solution exhibited two weak
broad bands in the DRIFT spectrum at 1510 and 1405 cm�1

(Fig. 2a), which probably corresponded to surface carbonation
(HCO3

� and CO3
2�, respectively). Moreover, a broad band

between 1200 and 900 cm�1 with a maximum at 1080 cm�1 was
present (Fig. 2a), which could be attributed to the Si–O asym-
metric stretching vibration. Some authors demonstrated that
9932 | Chem. Sci., 2019, 10, 9928–9940
the Si–O asymmetric stretching vibration wavenumber in silica
is affected by the proportion of non-bonding oxygen
atoms.22,23,65,66 Monomers exhibit wavenumbers around
850 cm�1 while highly polymerised silica can display wave-
numbers as high as 1300 cm�1 for the Si–O asymmetric
stretching vibration.23,65,66Moreover, the proportion of H+ or Na+

ions bonded to the terminal oxygen atoms, which depends on
the pH and the Si/Na ratio, is also known to shi the wave-
numbers of this vibration.22 Based on the literature, the broad
band between 1200 and 900 cm�1 was difficult to interpret: it
could be attributed either to moderately polymerised adsorbed
silica or to free silica monomers adsorbed in basic form, i.e.
SiO(OH)3

�. Furthermore, the adsorption of the silica tetrahedra
on the surface, regardless of their form, probably shis the
wavenumbers of the Si–O asymmetric stretching vibration.

For low Na2SiO3 concentration (5 � 10�3 mol L�1), small
amounts of sodium atoms (0.84 at%) along with silica atoms (5.7
at% compared to 3.0 at% for pure CaF2) were identied by XPS
(Table S1 in ESI†), indicating the adsorption of Na2SiO3 onto
CaF2. The Na(1s) binding energy was 1071.9 eV, which mostly
corresponded to Na–O bonds (Fig. 2b). Hence, it could be
considered that the adsorbed Na atoms were mainly bonded to
silica tetrahedra in anionic form. Moreover, the F(1s) as well as
the Ca(2p) binding energies were not affected by the adsorption of
Na2SiO3 at low concentration (Fig. 2c and d), indicating a phys-
isorption of silica tetrahedra onto the CaF2 surface. The Si(2p)
spectrum exhibited two main components (Fig. 2e) at 102.1 eV
(1.2 at%) and 103.2 eV (4.5 at%), which could be attributed to Si–O
bonds and Si–O–Si bonds, respectively.67–69 The low-energy
component (102.1 eV) could be ascribed to a Si–O bond in
which the oxygen atom is either partly charged (Si–O�) or stabi-
lised by a sodium atom (Si–O–Na) or a calcium atom (Si–O–Ca), as
Na and Ca exhibit lower electronegativity than Si,70 inducing lower
Si(2p) binding energy. Furthermore, the high-energy component
(103.2 eV) could also be related to Si–O–H bonds since H and Si
display similar electronegativity.70 Overall, the Si(2p) spectrum
was difficult to interpret considering the inuence of chemical
environment on binding energies, since the chemical environ-
ment of the oxygen atom (Si–O�, Si–O–H, Si–O–Na, Si–O–Ca, and
Si–O–Si) affects signicantly the Si(2p) binding energies. The F/Ca
ratio was not affected by the Na2SiO3 adsorption at low concen-
tration, indicating no chemical modication of the surface
(Fig. 2f). Moreover, the O/Si ratio was 3.61 and the O/Na ratio was
24.35 (Fig. 2f), which corresponded to an overall formula of
Si6.75O24.35NaH20.70, very close to Si(OH)4. Hence, at low Na2SiO3

concentrations, the silica was mostly in monomeric protonated
form, i.e. Si(OH)4.

At high Na2SiO3 concentration, sodium (4.2 at%) and silica
(16.1 at%) were also identied on the surface (Table S1 in ESI†).
No signicant changes in Na(1s) and F(1s) binding energies
were observed compared to low Na2SiO3 concentration (Fig. 2b
and c). However, the Ca(2p3/2) and Ca(2p1/2) binding energies
were shied from 348.2 eV and 351.8 eV for pure CaF2 to
348.0 eV and 351.5 eV, respectively (Fig. 2d). Though of low
signicance, it could correspond to the formation of Ca–O
bonds. The Si(2p) spectrum exhibited only a component at
103.2 eV (Fig. 2e) that was ascribed to polymerised silica
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Adsorption of Na2SiO3 onto CaF2 surface. (a) Infrared spectra of CaF2 conditioned in deionised water (black) and in a 5 � 10�2 mol L�1

Na2SiO3 solution (blue). (b) XPS Na(1s) spectra of CaF2 conditioned in a 5 � 10�3 mol L�1 (green) and a 5 � 10�2 mol L�1 (red) Na2SiO3 solution,
with the common binding energies of Na–O and Na–F bonds (from Moulder62). (c) XPS F(1s) spectra of CaF2 conditioned in deionised water
(black) and in 5 � 10�3 mol L�1 (green) and 5 � 10�2 mol L�1 (red) Na2SiO3 solutions. (d) XPS Ca(2p) spectra of CaF2 conditioned in deionised
water (black) and in 5 � 10�3 mol L�1 (green) and 5 � 10�2 mol L�1 (red) Na2SiO3 solutions. (e) XPS Si(2p) spectra of CaF2 conditioned in a 5 �
10�3 mol L�1 (green) and a 5 � 10�2 mol L�1 (red) Na2SiO3 solution, with the common binding energies of SiO2 and Si–O–X bonds.56–58 (f) F/Ca,
O/Si, and O/Na ratios of CaF2 conditioned in deionised water (black), in a 5 � 10�3 mol L�1 Na2SiO3 solution (orange), and in a 5 � 10�2 mol L�1

Na2SiO3 solution (red). The ratios were calculated with the corresponding component for O and Si.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 9928–9940 | 9933
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tetrahedra that induced a binding energy close to that of
quartz.62 Besides, the F/Ca ratio signicantly decreased from
1.73 for pure CaF2 to 1.47 for CaF2 conditioned with high
Na2SiO3 concentration (Fig. 2f). Since no calcium atoms were
present in deionised water, this decrease was attributed to
a surface depletion in terms of uorine atoms. Considering the
appearance of Ca–O bonds discussed previously, it could be
considered that silica tetrahedra substituted uorine atoms on
the surface. The O/Si ratio was 2.45 (Fig. 2f), which indicated the
adsorption of silica was in polymerised forms onto CaF2. Also,
the O/Na ratio was 9.30 which still indicated that protonated
forms were dominant on the surface (Fig. 2f). The overall
formula was Si3.80O9.30NaH2.4, which corresponded to moder-
ately polymerised silica in protonated and anionic forms.

To investigate the adsorption of Na2SiO3 as well as the
increase of Na2SiO3 concentration, four different phenomena
were studied by AIMD simulations: (1) the adsorption of mono-
meric protonated forms of silica, i.e. Si(OH)4; (2) the adsorption of
anionic forms of silica, i.e. SiO(OH)3

�; (3) the increase of the
surface coverage with protonated monomers; and (4) the
adsorption of polymerised forms of silica, i.e. Si2O(OH)6.

(1) The lone molecule of Si(OH)4 adsorbed in its molecular
form with DEads ¼ �100.7 kJ mol�1 including DEdisp ¼
�46.4 kJ mol�1 (Fig. 3a and b), which conrmed the phys-
isorption suggested by XPS results at low Na2SiO3 concentra-
tions (Fig. 3c). Three oxygen atoms were bonded to three surface
calcium atoms (Fig. 3b) with average Ca–O bond lengths of 2.65
Å, 2.78 Å, and 2.65 Å. The hydrogen atoms of the three –OH
groups established H-bonds with surface uorine atoms
(Fig. 3b), the average lengths of which were all 1.66 Å.

(2) For the adsorption of SiO(OH)3
� form, a sodium atom

was added on the surface near the SiO(OH)3
� molecule to keep

the cell electrically neutral. During the simulation, the non-
protonated oxygen atom ejected a uorine atom from the
surface and established three O–Ca bonds with three different
surface calcium atoms, substituting a F� in the upper uorine
atom layer (Fig. 3d). The ejected uorine atom re-adsorbed onto
a surface calcium atom and the sodium atom. Overall, the
following reaction occurred:

Surf–F + NaSiO(OH)3 ¼ Surf–SiO(OH)3 + NaF (1)

The average distance between the non-protonated oxygen
and the three surrounding calcium atoms was 2.54 Å. One
protonated oxygen atom established an O–Ca and an O–Na
bond with dO–Ca ¼ 2.72 Å and dO–Na ¼ 2.27 Å. The adsorption
energy was DEads ¼ �196.5 kJ mol�1 including DEdisp ¼
�56.9 kJ mol�1: the anionic form of silica tetrahedron, i.e.
SiO(OH)3

�, adsorbed with signicantly higher energy in abso-
lute value compared to the Si(OH)4 form.

(3) To assess the inuence of total silica concentration in
solution, the surface coverage was successively increased to
reach six Si(OH)4 molecules, i.e. 100% coverage (Fig. 3a and e).
From two to ve molecules, the adsorption conguration was
roughly the same as that with one Si(OH)4 molecule, estab-
lishing however two Ca–O bonds instead of three. The mole-
cules interacted with each other when they co-adsorbed,
9934 | Chem. Sci., 2019, 10, 9928–9940
inducing a slight increase of adsorption energies in absolute
values, from�100.7 kJ per mol per molecule for onemolecule to
�121.8 kJ per mol per molecule for ve molecules (Fig. 3a).
When added, the sixth molecule of Si(OH)4 formed spontane-
ously SiO(OH)3

� and substituted a surface uorine atom
(Fig. 3e), which recombined with the proton to form HF on the
surface:

Surf–F + 6 Si(OH)4 ¼ Surf–SiO(OH)3 + HF + 5 Si(OH)4 (2)

This reaction, which induced an increase in absolute value of
the adsorption energy to�131.1 kJ per mol per molecule, was in
agreement with XPS results that demonstrated a depletion in
uorine atoms and the existence of Ca–O bonds when the
Na2SiO3 concentration was high (Fig. 3c).

(4) Si2O(OH)6 adsorbed in its molecular form establishing
four Ca–O bonds between four terminal (non-bonding) oxygen
atoms and four different surface calcium atoms with dO–Ca ¼
2.53 Å for three bonds and dO–Ca ¼ 3.65 Å for the fourth bond
(Fig. 3f). Moreover, as for the Si(OH)4 monomer, hydrogen
atoms of the –OH groups established hydrogen bonds with
surface uorine atoms (Fig. 3b and f). Energetically speaking,
the dimer adsorbed with DEads ¼ �165.1 kJ mol�1 including
DEdisp ¼ �70.4 kJ mol�1, which represented a signicantly
lower adsorption energy in absolute value compared to two
monomers, regardless of their acid–base form.
3.2. Adsorption of Na2SiO3 on carbonated CaF2 surface

The DRIFT spectrum of CaF2 treated with 5 � 10�2 mol L�1 of
Na2CO3 and 5 � 10�2 mol L�1 of Na2SiO3 sequentially is
signicantly different from the spectra of CaF2 conditioned with
each reagent alone (Fig. 4a). First, the bands located at
2492 cm�1 and at 1775 cm�1, previously attributed to Na2CO3/
CaCO3, were no longer present when the two reagents were used
together. Moreover, compared to CaF2 conditioned with Na2CO3

only, the band at 879 cm�1, ascribed to Na2CO3/CaCO3, was
signicantly weaker while the band located at 842 cm�1,
attributed to NaHCO3, exhibited a higher intensity (Fig. 4a).
This indicated a higher amount of adsorbed NaHCO3 when
CaF2 was conditioned with Na2CO3 + Na2SiO3. Also, CaF2
conditioned only with Na2CO3 displayed one band at 1439 cm�1

and another at 1650 cm�1 while two peaks were present in each
aforementioned zone for CaF2 conditioned with Na2CO3 +
Na2SiO3: two bands located at 1732 and 1667 cm�1 and two
other bands at 1470 and 1383 cm�1 were exhibited (Fig. 4a),
corresponding to both carbonate and hydrogencarbonate
species. Furthermore, the band corresponding to Si–O asym-
metric stretching vibration was narrower and shied to
1057 cm�1 with a shoulder at 1023 cm�1 when CaF2 was
conditioned with Na2CO3 + Na2SiO3 (Fig. 4a). According to the
literature, this could be attributed either to a higher amount of
SiO(OH)3

� form rather than Si(OH)4 form for silica tetrahedra
or to a lower amount of polymerised silica on the surface.23,65,66

Considering the higher amounts of NaHCO3, it could be
considered that one or both of the following reactions occurred
on the surface:
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Total and molecular adsorption energies as a function of surface coverage for Si(OH)4 molecules onto bare CaF2 surface. (b) Snapshot
of a side view of the (111) CaF2 surface with a Si(OH)4 molecule adsorbed after 50 ps of AIMD simulation. (c) F/Ca, O/Si, and O/Na ratios of CaF2
conditioned in different conditions; refer to Fig. 2f for legends. (d) Snapshot of a side view of the (111) CaF2 surface with a NaSiO(OH)3 molecule
adsorbed after 50 ps of AIMD simulation. (e) Snapshot of a side view of the (111) CaF2 surface with six Si(OH)4 molecules (100% coverage)
adsorbed after 50 ps of AIMD simulation. (f) Snapshot of a side view of the (111) CaF2 surface with a Si2O(OH)6 molecule adsorbed after 50 ps of
AIMD simulation. The light blue, grey, red, dark blue, and yellow spheres represent calcium, fluorine, oxygen, silicon, and sodium atoms,
respectively. Dashed lines represent hydrogen bonds.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 9928–9940 | 9935
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Fig. 4 Adsorption of Na2SiO3 onto carbonated CaF2 surface. (a) Infrared spectra of CaF2 conditioned in deionised water (black), in a 5 �
10�2 mol L�1 Na2CO3 solution (red), in a 5 � 10�2 mol L�1 Na2SiO3 solution (blue), and in a 5 � 10�2 mol L�1 Na2CO3 solution prior to in a 5 �
10�2 mol L�1 Na2SiO3 solution (green). (b) XPS Na(1s) spectra of the three last aforementioned samples (same colour scheme). (c) XPS O(1s) spectra
of CaF2 conditioned in a 5 � 10�2 mol L�1 Na2CO3 solution (red) and in a 5� 10�2 mol L�1 Na2CO3 solution prior to in a 5� 10�2 mol L�1 Na2SiO3

solution (green). d. XPS Si(2p) spectra of CaF2 conditioned in a 5� 10�3 mol L�1 Na2SiO3 solution (blue) and in a 5� 10�3 mol L�1 Na2CO3 solution
prior to in a 5 � 10�3 mol L�1 Na2SiO3 solution (green). (e) Snapshot of a side view of the carbonated (111) CaF2 surface with a Si(OH)4 molecule
adsorbed onto the surface exhibiting a proton exchange. (f) Snapshot of a side view of the carbonated (111) CaF2 surfacewith a NaSiO(OH)3molecule
adsorbed onto the surface. (g) Snapshot of a side view of the carbonated (111) CaF2 surface with a Si2O(OH)6 molecule adsorbed on the surface
exhibiting a proton exchange. For colour scheme of spheres, refer to Fig. 1 and 2. Dashed lines represent hydrogen bonds.

9936 | Chem. Sci., 2019, 10, 9928–9940 This journal is © The Royal Society of Chemistry 2019
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Si(OH)4 + CO3
2� ¼ SiO(OH)3

� + HCO3
� (3)

Si2O(OH)6 + CO3
2� + H2O ¼ SiO(OH)3

�

+ Si(OH)4 + HCO3
� (4)

in which the CO3
2� ion is part of the Na2CO3 or CaCO3 layer

formed on the CaF2 surface.
XPS analyses were also conducted on CaF2 conditioned with

low reagent concentrations, i.e. 5 � 10�3 mol L�1 for each, or
with high reagent concentrations, i.e. 5 � 10�2 mol L�1. For low
reagent concentrations, sodium atoms were identied (5.0 at%)
with Na(1s) binding energies of 1071.3 eV, which was signi-
cantly lower than the 1071.6 eV or 1071.9 eV displayed for CaF2 +
Na2CO3 and CaF2 + Na2SiO3, respectively (Fig. 4b). This shi
could be attributed to the formation of NaHCO3 on the surface
since this latter exhibits lower Na(1s) binding energy than
Na2CO3.62 Moreover, the peak at 533.6 eV exhibited in the O(1s)
spectrum for CaF2 + Na2CO3 + Na2SiO3, which was absent for
CaF2 + Na2CO3 and CaF2 + Na2SiO3, corresponded to NaHCO3.71

The O/Si ratio was 4.03, which was slightly higher than the 3.61
exhibited for Na2SiO3 alone at the same concentration, indi-
cating a possible depolymerisation of silica species on the
surface induced by the carbonate layer.

When the reagent concentrations were increased to 5 �
10�2 mol L�1, the surface chemical responses were very similar
to those observed at low reagent concentrations. Interestingly,
the Si(2p) spectrum displayed two components, at 103.1 eV (5.6
at%) and 102.3 eV (4.6 at%), while only one component at
103.2 eV was identied for CaF2 + Na2SiO3 at the same
concentration (Fig. 4d). Although the interpretation of Si(2p)
spectra was difficult, the component at 103.1 eV was previously
ascribed to Si–O–Si, i.e. polymerised silica, while the compo-
nent at 102.3 eV was ascribed to Si–O–Na, i.e. non-polymerise
and deprotonated silica.

To conrm these results, AIMD simulations were conducted
on a carbonated surface. A complete layer of Na2CO3 was set on
the (111) CaF2 surface: a natrite supercell was created and fully
relaxed at 0 K before generating the (110) surface, which presented
crystallographic properties very close to those of the (111) uorite
surface. The natrite slab was then set on the (111) uorite slab so
Table 2 Summary of the adsorption energies and surface reactions as a

Molecule Number Surface
DEads (kJ per mol
per molecule)

Si(OH)4 1 Bare �100.7
Si(OH)4 6 Bare �131.1

NaSiO(OH)3 1 Bare �196.5

Si2O(OH)6 1 Bare �165.1
Si(OH)4 1 Carbonated �180.8

NaSiO(OH)3 1 Carbonated �329.1
Si2O(OH)6 1 Carbonated �261.6

This journal is © The Royal Society of Chemistry 2019
that the CO3
2� anions and the Na+ cations corresponded spatially

to Ca2+ cations and F� anions, respectively. This carbonated
surface was then used for the adsorption of Na2SiO3 at 300 K. As
for bare CaF2 surface, the adsorption of three different species was
investigated: (1) the protonated monomer, i.e. Si(OH)4; (2) the
basic form of the monomer, i.e. NaSiO(OH)3; and (3) the proton-
ated form of the dimer, i.e. Si2O(OH)6.

The Si(OH)4 molecule placed onto the carbonated (111) CaF2
surface adsorbed establishing ve Na–O bonds with two Na–O
bonds formed by two different oxygen atoms and one Na–O
bond by the last oxygen atom (Fig. 4e) with average bond
lengths of between 2.36 and 2.88 Å. Each hydrogen atom
established a hydrogen bond with an oxygen atom of the
Na2CO3 layer. Besides, sometimes during the simulation,
a proton was transferred from the Si(OH)4 molecule to a CO3

2�

anion of the Na2CO3 surface layer (Fig. 4e). Aer a few pico-
seconds, it was transferred back to the Si(OH)4, indicating that
the two congurations coexisted on the surface with similar
energy. This reaction on the surface was in good agreement with
the formation of NaHCO3 previously demonstrated by DRIFTS
and XPS (Fig. 4a–d). Overall, Si(OH)4 adsorbed onto the
carbonated surface with DEads ¼ �180.8 kJ mol�1 including
DEdisp ¼ �45.0 kJ mol�1 compared to DEads ¼ �100.8 kJ mol�1

including DEdisp ¼ �46.4 kJ mol�1 onto the bare surface.
The NaSiO(OH)3 molecule placed onto the carbonated (111)

CaF2 surface adsorbed with the deprotonated oxygen atom
establishing four Na–O bonds with average bond lengths of
between 2.34 and 2.70 Å (Fig. 4f). Moreover, each protonated
oxygen atom established one Na–O bond with the Na2CO3 layer
with similar bond lengths. The hydrogen atoms formed
hydrogen bonds with surface oxygen atoms while the sodium
atom also adsorbed onto the Na2CO3 layer. Overall, the
NaSiO(OH)3 molecule adsorbed with DEads ¼ �329.1 kJ mol�1

including DEdisp ¼ �73.7 kJ mol�1, which was signicantly
higher than for the bare surface.

The Si2O(OH)6 molecule set on the carbonated surface
adsorbed with three non-bonding and the bonding oxygen
atoms each establishing two Na–O bonds with average bond
lengths of between 2.30 and 2.80 Å (Fig. 4g). Also, one proton
function of the surface coverage and the surface carbonation

DEdisp (kJ per mol
per molecule) Comments

�46.4 —
�49.4 Formation of HF by surface

substitution of F� by SiO(OH)3
�

�56.9 Formation of NaF by surface
substitution of F� by SiO(OH)3

�

�70.4 —
�45.0 Partial formation of SiO(OH)3

�

by proton exchange with the surface
�73.7 —
�87.9 Formation of Si2O(OH)5

� and partial
formation of Si2O(OH)4

2� by proton
exchanges with the surface

Chem. Sci., 2019, 10, 9928–9940 | 9937
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was transferred durably from Si2O(OH)6 to a CO3
2� anion of

the surface, forming the Si2O2(OH)5
� species (Fig. 4g).

Episodically during the simulation, a second proton was
transferred between the adsorbed molecule and the surface,
forming the Si2O3(OH)4

2� molecule. Overall, the dimer
adsorbed with DEads ¼ �261.6 kJ mol�1 including DEdisp ¼
�87.9 kJ mol�1, which represented signicantly higher
adsorption energies in absolute values compared to the bare
surface.

XPS and DRIFTS results demonstrated that the prior treat-
ment with Na2CO3 could induce a depolymerisation of silica on
the surface. Hence, a Si2O(OH)6 molecule was set onto bare and
carbonated surfaces along with an H2O molecule, which is
mandatory to enable the depolymerisation reaction. However,
this reaction was not observed spontaneously.

Overall, based on the previous results, the following
conclusions could be drawn, at pH 10:

(1) Conditioning with Na2CO3 induced the formation of
a carbonate layer at CaF2 surface.

(2) Na2SiO3 adsorbed on CaF2 surface in both Si(OH)4 and
SiO(OH)3

� forms, with signicant amount of polymerised forms
of silica at the studied concentrations.

(3) The CO3
2� ions contained in the surface carbonate layer

accepted a proton from silica: NaHCO3 was formed while
deprotonated and/or depolymerised silica forms became
dominant on the surface. The deprotonated forms of silica
adsorbed better than the protonated forms, which could
explain the synergistic effects observed between the two
reagents.
3.3. Discussion

Considering the experimental and theoretical results, we
demonstrated that the Na2CO3 layer formed on the surface
induced a proton exchange between the silica molecules and
the carbonated surface, even at low coverage (1 molecule, i.e.
16.7% coverage). This proton exchange occurred for the acid
forms of the monomer [Si(OH)4] and dimer [Si2O(OH)6], and,
hence, probably for all the n-mers. This resulted in the
formation of the basic, i.e. anionic, forms of these molecules,
which adsorbed with signicantly higher adsorption energies
compared to their acid forms (Table 2). This proton exchange
was observed for the bare surface only for high surface
coverage (6 molecules, i.e. 100% coverage). These results
explained the positive synergistic effects on the gangue
minerals depression observed when the reagents are used in
combination: the prior surface carbonation allows the
formation of the anionic species of silica molecules by
a surface acid–base reaction. It induces chemisorption of
these molecules onto the surface for low coverage while a high
coverage is needed to observe the same phenomenon on the
bare surface. Increasing the solution pH would also lead to
observation of the same phenomenon by increasing the
amount of anionic silica species in solution. However, it would
also result in hydroxylation of the surface cations, which
would prevent the collector adsorption on all surfaces,
including on the target mineral(s) surface.
9938 | Chem. Sci., 2019, 10, 9928–9940
4. Conclusion

In this article, we used a combination of surface spectroscopic
methods (DRIFTS and XPS) and AIMD simulations to gain an
understanding in the adsorption mechanisms of Na2SiO3 on
uorite, which represents an archetype of salt-type minerals.
In particular, the synergistic effects observed when Na2SiO3 is
used in combination with Na2CO3 in the froth otation
process were investigated. Both experimental and theoretical
results demonstrated that Na2CO3 adsorbs onto uorite and
forms a carbonate layer on the surface. Also, they proved that
Si(OH)4, the most stable form of Na2SiO3 in dilute aqueous
solutions at pH < 9.4, physisorbs with DEads ¼�100.7 kJ mol�1

while SiO(OH)3
�, stable for pH > 9.4, chemisorbs onto the

surface by substituting a uorine atom, with DEads ¼
�196.5 kJ mol�1. The dimer Si2O(OH)6, representing poly-
merised forms stable for higher silica concentrations, phys-
isorbs with DEads ¼ �165.1 kJ mol�1, which is signicantly
lower than that for two monomers. The surface carbonation,
induced by the prior addition of Na2CO3, leads to an acid–base
reaction on the surface that results in the formation of the
deprotonated forms of silica, regardless of the polymerisation
degree, i.e. SiO(OH)3

�, Si2O2(OH)5
�, and Si2O3(OH)4

2�. Also,
experimental studies demonstrated that the surface carbon-
ation leads to a silica depolymerisation on the surface. The
anionic forms adsorbed with higher adsorption energies in
absolute values compared to acid forms, as well as the
monomers compared to the dimers. The formation of anionic
forms on the bare surface needs either high silica coverage or
high solution pH to be observed. Hence, at a moderate pH,
a lower amount of Na2SiO3 is needed when the surface is
carbonated to produce the same effect, explaining the strong
synergistic effects highlighted when Na2SiO3 is used in
combination with Na2CO3. Also, the deprotonation in solution
by a pH increase would lead to hydroxylation of all the surfaces
and then a global depression of all the minerals including the
target mineral. This work allowed a gain in the understanding
of the depressing effect of the combination of Na2SiO3 and
Na2CO3 and could lead to a reduction of the Na2SiO3 amounts
used worldwide in the otation industry by using Na2CO3

instead of NaOH to control the pH.
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