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ARTICLE INFO ABSTRACT

Keywords: Fluorapatite flotation is influenced by the dissolved lattice metal ions. A1*" and Mg?* from the associating
FluoraPame gangue minerals influence the adsorption of collector molecules onto the fluorapatite surface during flotation.
Metal fons Hence, unveiling new insights on such interactions in the context of froth flotation at an atomic level paves the
Flotation . . . . .. . . . .
Collect way for improving flotation selectivity. An original multiscale approach has been developed involving flotation
ollector . . . . . :
Adsorption experiments, electro-kinetic and adsorption density measurements, X-ray photoelectron spectroscopy studies,

DFT and density functional theory simulations. Fatty acid establishes an enhanced interaction with the bare apatite
surface compared to the hydroxamates. Na® counter-ion contributes to the adsorption of fatty acid on bare
apatite. Both AI** and Mg?" ions are beneficial for the adsorption of fatty acid, thereby the fluorapatite flotation.
For octanohydroxamic acid, the presence of AI** results in a stronger collector-apatite interaction, and therefore
an enhanced flotation. For fatty acid and hydroxamates, adsorption of Mg+t leads to an improved collector-
apatite interaction. Benzohydroxamic acid is more vigorously adsorbed than octanohydroxamic acid in the
presence of Mg?". Fatty acid establishes a stronger interaction with bare and AI**/Mg?*-treated fluorapatite, as
opposed to hydroxamates. Mg?" is more favorable than AI3* in fluorapatite flotation using both fatty acid and

hydroxamates.

1. Introduction

Apatite [Cas (PO4)3(OH, F, C1)] is the primary source for phosphorus
(P), which is essential for the production of fertilizers that supplement
the nutrition of many agricultural crops by providing a valuable source
of phosphate [1]. Other important applications for apatite minerals are
in biological science, as a possible host for the storage of nuclear waste,
as a host for solid-state diode lasers, or in the development of P-con-
taining compounds [1-3]. Besides, apatite generally contains significant
amounts of strategic elements including rare-earth elements (REEs),
uranium (U), and thorium (Th) and can therefore be used as a source for
those elements [2,4]. Fluorapatite (FA) [Cas (PO4)3F] is the most well-
characterized member of apatite group due to its large natural re-
serves [5]. The main gangue minerals that naturally coexist with FA are
dolomite, quartz, and clays [6]. Froth flotation is the most efficient
beneficiation technology for the separation of FA from its associated
gangue minerals: more than 60% of the global marketable phosphate is
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beneficiated via flotation [7,8].

Froth flotation is based on the modification of the surface physico-
chemical properties of solid particles by the addition of chemical re-
agents to ultimately separate the valuable minerals from the gangues
using air bubbles in an aqueous environment [9-11]. In phosphate
flotation, fatty acids and their salts are commonly used as the collector, i.
e., the molecule that renders surfaces hydrophobic, due to their low cost
and strong collecting ability [12]. Nonetheless, the high affinity of fatty
acids for a large number of cations, including transition metals, alkali-
earth elements, and REE, entails a lack of selectivity in the flotation
process [7]. As an alternative to fatty acids, hydroxamic acids (HA) have
recently drawn remarkable attention in phosphate flotation for their
collecting ability and good affinity [13,14]. HA refers to a group of re-
agents capable of chelating with metallic atoms that have been suc-
cessfully used for the flotation of clays, oxide copper, cassiterite, and
other mineral types [15-19]. The separation efficiency in flotation
strongly depends upon the selectivity during the adsorption process,
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which itself is affected by a number of factors such as solution pH, dif-
ferences in surface characteristics of associated minerals, selective
functionality of chemical reagents, etc. [10].

To overcome the depletion of high-grade phosphate deposits asso-
ciated with the growing global demand for P, valorization and reproc-
essing of the secondary resources are inevitable. Among the various
known waste streams that can be considered as P-bearing secondary
resources, waste clay (WC), a tailing of the phosphate ore process,
presents a remarkable potential source for P as well as for other critical
elements, e.g., REEs [20,21]. This stream is a dilute aqueous slurry (3-5
wt% solids) consisting of a mixture of clay minerals, silica sand, car-
bonates, FA, and other fine-grained minerals [22,23]. The flotation re-
covery of FA from secondary resources such as WC is subject to large
difficulties that are generally attributed to the close similarities in
composition and physicochemical properties of the coexisting minerals,
slime-coating, unfavorable rheological properties of pulp, high gangue
entrainment, and effect of dissolved lattice metal ions [6,7,24].

The presence of metal ions in the flotation environment can result
from the water quality, the dissolution of host minerals, or the con-
sumption of the grinding medium during the comminution process
[25,26]. As such, in the flotation of FA from either high- or low-grade
deposits, the presence of certain ions such as Ca?" and Mg?" is inevi-
table due to the presence of semi-soluble salt-type gangue minerals as
dolomite and calcite [7]. This is further highlighted for low-grade sec-
ondary resources as WC, where not only the common phosphate min-
erals but also aluminum (Al)-rich phyllosilicates such as clays are
present under an ultra-fine size, i.e., below 10 um [23]. This very low
particle size improves the mineral dissolution and, therefore, the release
of various metal ions such as Al®>" into the flotation environment, which
increases the complexity of the flotation process. In water, these ions can
undergo various reactions, including hydrolysis, complexation, and
adsorption. Such interactions can result in rendered surface charge of
minerals, surface charge reversals, and therefore significantly affect the
interactions between mineral surfaces and flotation reagents [27,28].

The nature and mechanisms of the above-mentioned interactions
may be unique for each individual metal ion-mineral system. This still
remains unraveled from various aspects for numerous cases of such
systems in the context of froth flotation. Many studies have been devoted
to investigating the influence of certain metal ions, e.g., Ca%t and Mg?™,
on the flotation of FA using fatty acid collectors [29,30]. However, there
is no consensus among the previous studies on the influence of these
metal ions on the flotation of FA using fatty acids and the results are
inconsistent in most cases. As few cases in point, Santos et al. [31], Al-
Thyabat and Al-Zoubi [32], Elgillani and Abuozeid [33], and Sis and
Chander [34] reported that Ca®* and/or Mg2+ ions inhibit the flotation
of phosphate minerals. In contrast, Al-Fariss et al. [29], Liu et al. [35],
Ruan et al. [7], and Horta et al. [36] showed that an appropriate amount
of Ca%* and/or Mg?" ions could improve the floatability of FA through
enhanced collector adsorption. Moreover, the effect of other unavoid-
able lattice metal ions such as Al®" on the flotation of FA has not been
given the deserved attention yet. On overall, the interactions between
mineral surfaces, metal ions, and flotation reagents are difficult to
investigate by experimental techniques considering the atomic level of
the involved mechanisms. Molecular dynamics simulations based on
first-principles calculation techniques such as density functional theory
(DFT) [37], known as ab initio molecular dynamics (AIMD) simulations,
can be considered as powerful tools to unveil new insights on such in-
teractions in the context of froth flotation at an atomic level [38,39].
Integrated approaches merging experimental observations with AIMD
simulations are purported to be of significant value to help grasp the
effect of the metal ions on the flotation of valuable minerals such as FA.

Mkhonto et al. [40] performed a series of DFT simulations in vacuum
to investigate the adsorption of some organic molecules with various
functional groups on different FA crystal surfaces. They demonstrated
that the strongest interactions between reagents and FA surfaces are
exhibited when the molecules are able to form multiple interactions
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with surface Ca®" ions. Besides, Xie et al. [41] investigated the inter-
action between fatty acid collectors and the (001) surface of FA by DFT
calculations. They showed that the O atoms of fatty acid collectors
establish a chemical bond with the Ca; site of the FA surface and that a
hydrogen bond is formed between the H atom of the collector and the O
atoms of a surface phosphate group. Moreover, many other studies
[6,24,42-49] have been devoted to investigating the various properties
of FA, e.g., electronic structure and floatability, surface complexation in
hydrous form, and its surface electrical behaviors in the presence of Ca?*
and Mg?", as well as to exploring the adsorption mechanism of fatty- and
hydroxamic acid collectors on FA.

The present study endeavored to investigate the interactions of fatty
acid and hydroxamic acid collectors with FA in the presence or absence
of AI** and Mg?" metal ions. For this purpose, we combined atomistic
simulations with zeta potential measurements, XPS studies, adsorption
density measurements, and micro-flotation tests. We aimed at unravel-
ing how the presence of those metal ions influences the adsorption of the
aforementioned collectors on the FA surface, and thereupon the flota-
tion selectivity.

2. Materials and methods
2.1. Crystal structure and solubility of FA

FA, mainly composed of calcium fluoro-phosphate, has a hexagonal
di-pyramidal crystal system in the space group P63/m, with a = b =
9.224 A and ¢ = 6.805 A and « = p = 90° and y = 120° [50]. The crystal
structure of FA is presented in Fig. S-1 of the supplementary material
(Appendix A). The structure of FA consists of individual orthophosphate
tetrahedra linked by Ca cations. The orthophosphate groups form the
skeleton with two types of Ca sites; first, the [Ca;] site is occupied by
four Ca atoms in a nine-fold coordination, while the second [Ca5] site is
occupied by six Ca atoms in a seven-fold coordination. Fluoride (F™)
anions are located within the same channels as the Caj sites and usually
have a high mobility [51,52]. Thus, the FA structure contains Ca—F,
Ca—0O0, and P—O bonds; the consideration of the relative electrostatic
strength of these bonds suggests that their relative destruction rate is
consistent with: Ca—F > Ca;—O > Ca;—O > P—O. Considering its
structure, once all Ca—F and Ca—O bonds are broken, FA is destroyed,
while breaking P—O bonds (1) requires too much energy and (2) is
unnecessary for FA dissolution [51,53,54]. The most abundant crystal
faces of FA formed during the cleavage process are the (001), (100),
(101), and (111) surfaces [53,54].

Although apatite-group minerals are generally considered as semi-
soluble salt-type minerals, FA is a highly insoluble calcium phosphate
compared to other apatite-group minerals, ie., hydroxyapatite and
chlorapatite. The solubility product of stoichiometric FA at 37 °Cis 3.19
4+ 0.14 x 107! mol-L ™! as reported by Moreno et al. [55]. A suggested
explanation for this very low solubility product is that cohesive forces
are relatively stronger in FA due to its smaller unit-cell dimensions
compared to hydroxyapatite and chlorapatite [56,57]. Fig. 1 shows a
schematic representation of surface protonation of apatite at different
solution pH ranges, where the adsorption of protons onto negatively
charged O ions of the orthophosphate group surfaces is depicted. This
process is referred to as the hydrogen catalytic dissolution model for
apatite [51,58]. Recent computer simulations have revealed that, in the
case of FA, F~ ions located on the surface are poorly protonated, and that
these ions exhibit pKg = 10.8, which indicates a weak base [59].

The Ca®" in FA can be substituted by REEs, e.g, cerium (Ce),
lanthanum (La), and yttrium (Y), via a charge-balancing coupled sub-
stitution, resulting in lattice defects that exert a considerable influence
on the FA surface properties [60]. The presence of REE impurities makes
FA receive electrons more readily and hence increases its oxidation
ability, especially when a reductive collector, e.g., fatty acid, is
employed [60,61].
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Fig. 1. A schematic representation of surface protonation of apatite at different solution pH values (reproduced from [51]).

2.2. Materials and chemicals

For the experiments, pure FA was purchased from Ward’s Science
(USA). Panalytical X-ray powder diffraction (XRD) in the 26 range of
10-100° and Cu-Ku radiation (A = 1.5406 10\) was employed to inves-
tigate the crystalline phases and mineral associations. The morpholog-
ical characteristics of the sample were investigated using scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS), which allows for targeted analysis of sample surfaces.
Inductively coupled plasma mass spectrometry, i.e., ICP-MS method was
employed for the elemental characterization of the sample. The particle
size distribution (PSD) was measured for the representative samples
using a CILAS 1190 particle size analyzer.

In the current study, octanohydroxamic acid (OHA), benzohy-
droxamic acid (BHA), and sodium oleate (NaOl) were used as the col-
lectors for the FA flotation. Methyl isobutyl carbinol (MIBC) was used as
the frothing agent in all the flotation experiments. Hydrochloric acid
(HCl) and sodium hydroxide (NaOH) solutions of relevant concentra-
tions were used as pH regulators. Magnesium chloride (MgCl,) and
aluminum chloride (AlCl3) were used to prepare multivalent metal so-
lutions. Iron (III) chloride (FeCls) was used for preparing the ferric so-
lution for the coloring of hydroxamates in UV-Vis spectroscopy. A
solution of potassium chloride (KCl) at 1 x 103 mol-L. ! was used as the
supporting electrolyte for zeta potential measurements. Potassium ni-
trate (KNO3) was used as the indifferent background electrolyte for the
adjustment of the ionic strength (IS) of the synthetic metal solutions.
Details of the chemicals used in the present study are listed in Table S-1
of the supplementary material. Milli-Q deionized (DI) water (18.2
MQ-cm) was used for the stock solution preparations, zeta potential and
adsorption density measurements, as well as for micro-flotation
experiments.

Stock solutions of 1 x 107>,1 x 10™%, and 1 x 103 mol-L ! of Mg2+
and AI®* were prepared by dissolving the appropriate amount of their
corresponding chloride salts using DI water. The IS of all synthetic so-
lutions was adjusted to 2 x 10~ mol-L ™! using KNOs as an indifferent
background electrolyte. Solution pH was adjusted using a 1 x 107
mol-L~! NaOH and diluted HCl solutions.

2.3. Characterization techniques

2.3.1. Zeta potential measurements

The possible surface potential changes of FA induced by the absence
or the presence of Mg2+ and A1®* metal ions were approximated by the
changes in zeta potential, which can approximate the surface potential
based on the potential measured at the slipping plane. The surface
charge can be affected by the charge balance (charge reduction,
neutralization, or reversal) in the electrical double-layer (EDL); divalent
or trivalent cations strongly compress the EDL, which affects the
measured zeta potential value [62]. The compression of the EDL with
the ionic strength [IS = %E Ciz? (z, ion valence, and C;, ion concentra-
tion)] is described by the Debye length (ip, thickness of the EDL)
[62,63]. In flotation conditions, one usually controls the concentration
of ions, which affects the Debye length and, therefore, the zeta potential
of the minerals. We compared the zeta potential of FA with a constant

concentration of Mg or AI** (1 x 1073 mol-L™}) as a function of pH
with a background electrolyte (KCl) concentration of 1 x 103 mol-L. 7!
[28]. The procedure employed for the measurement of zeta potential is
described in the supplementary material.

2.3.2. XPS measurements

For XPS analyses, three different solutions at 1 x 10’3, 1x 10’4, and
1 x 107° mol-L ™! of AlCl3 and MgCl, at pH 9 were prepared and were
used to condition 0.5 g of pure FA for 24 h, under agitation provided by a
magnetic stirrer. After the conditioning stage, the treated powder sam-
ples were thoroughly rinsed with DI water and then placed in a desic-
cator under partial vacuum for overnight soft drying prior to being
subjected to the XPS analysis [64]. XPS measurements were performed
using a Physical Electronics PHI 5000 VersaProbe system. The system
was equipped with a monochromatic Al K-a X-ray source at 1486.6 eV
with a 100 pm beam size. All XPS measurements were carried out at
room temperature and at a pressure below 10~ Torr. Compositional
survey scans were obtained using a pass energy of 117.4 eV and energy
step of 0.5 eV. High-resolution, detailed scans of each element were
acquired using a pass energy of 23.5 eV and an energy step of 0.1 eV. The
obtained binding energies were calibrated using standard carbon peak C
1s for C—C at 284.8 eV [65] and were fitted using Thermo Advantage
4.60 (Thermo Fisher Scientific Inc., USA) software.

2.4. Adsorption density measurements

The adsorption of NaOl, BHA, and OHA on FA under various con-
ditions was investigated by the adsorption-from-solution technique,
which consists in measuring the difference of the collector concentration
in the solution before and after contact with the FA sample. The detailed
procedure for the measurement of adsorption densities is provided in the
supplementary material.

2.5. Atomistic simulations

As the starting point for the atomistic simulations, a primitive cell of
Cas(PO4)4F was generated based on the American Mineralogist Crystal
Structure Database (AMCSD) [66], which reported lattice parameters of
a=b=9.37Aandc=6.88 Awith x=p =90 andy = 120". All the DFT
simulations were performed using the Vienna Ab initio Simulation
Package (VASP), version 5.4.4 [67]. The semi-local exchan-
ge—correlation functional of Perdew-Burke-Ernzrhof (PBE) in the gen-
eral gradient approximation (GGA) [68] was employed. The Kohn-Sham
equations [69] were solved self-consistently [70] with an energy
convergence criterion of 107 eV. The electron—ion interactions were
described using the Projected Augmented Wave (PAW) method [71]. To
help the electronic convergence, a Methfessel-Paxton smearing [72] of ¢
= 0.1 eV was applied. For static calculations, the structural relaxations
were conducted until all forces were smaller than 0.03 eV.A™1.

The FA primitive cell was fully relaxed (in terms of ion positions, cell
size, and cell shape) using a cut-off energy of 450 eV and a k—points grid
of 2 x 2 x 2 [73], based on the plane wave cut—off kinetic energy and
k-points convergence tests results presented in Fig. S-3. The optimized
lattice parameters of the relaxed unit cell were a = b = 9.46 A, ¢ = 6.89
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A, and a = p = 90°, y = 120°, which were in very good agreement with
the experimental values. Then, from the fully-relaxed unit cell, a FA slab
ofa x b xc=2x 2 x 1 comprising a total number of 168 atoms was
generated, as shown in Fig. 2. The (001) surface, which represents the
most exposed and stable, i.e., with the lowest surface energy, surface of
FA [3,5,41,44,74], was built by adding vacuum along the c-axis. To
avoid any unwanted interaction with the periodic images, a vacuum
thickness was set above the uppermost atom along the c-axis of the
supercell. Different values were tested during preliminary calculations,
from 10 A to 20 A, and this latter was selected (Fig. 3). For all the
simulations involving the supercell, due to its large size, the I'-point only
was employed for sampling the Brillouin zone.

To avoid the influence of the initial position of the ions and mole-
cules on their adsorption structure, AIMD simulations were performed
for each system prior to the energy calculation. AIMD simulations
combine the accuracy of DFT with the movement of atoms and the
pressure/temperature control allowed by MD simulations, since, at each
time step, the forces are calculated by DFT. During the AIMD simula-
tions, the atoms moved significantly to spontaneously form the most
stable configurations and we observed that all the considered input
configurations consistently led to the same final geometries. Hence, we
obtained the most stable atomic structure of the system, and therefore
we could discuss the adsorption mechanisms. The temperature was set
to 300 K and a Nosé-Hoover thermostat [75-77] was used. A time step of
1 fs was employed and 40,000 steps were realized to reach a total
simulation time of 40 ps. The corresponding adsorption energies were
determined by static DFT calculations conducted on the most stable
configuration extracted from the AIMD simulations. For all the AIMD
simulations, a set of 20 atoms including 8 Ca and 120 atoms at the
bottom layer of the supercell were frozen to the bulk positions to avoid
any unwanted drift of the FA slab. The adsorption energies of the metal
ions (considered by their hydrolysis products), of the collector on the
bare surface, and of the collector on the surface activated by the hy-
drolysis products of the metal ions were determined based on Eq. (1), (2)
and (3), respectively [41]:
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where the energies correspond to the potential energies computed by
static DFT calculations conducted on snapshots extracted from the AIMD
simulations. Three collectors were investigated in the current study, i.e.,
BHA and OHA, the cyclic and straight-chain HA collector, respectively,
and NaOl. For the AIMD simulations, in order to reduce the computa-
tional cost, sodium octanoate (SC) was used instead of NaOl since they
have the same functional group and the chain length does not affect
significantly the adsorption of a single molecule [78]. Considering the
pKj, values of the collectors (BHA: ~8.6 [79], OHA: ~9.5 [49], NaOl: 4.9
[80]), at pH = 9, BHA and OHA are present in both their neutral and
anionic forms, while fatty acids are present only in their anionic form.
Therefore, in our AIMD simulations, HA were investigated in both
neutral and anionic forms, while SC was considered only in its anionic
form. The three molecules are presented in Fig. 4 in their free anionic
form.

To obtain the most stable forms of AI** and Mg?" under the flotation
conditions, i.e., at pH =9, Co; = 1 mol- L™, pCO, = 10733 atm at 1 atm,
and T = 25 °C, we built speciation diagrams for the two ions using
Medusa-Hydra chemical equilibrium software [81], presented in Fig. 5.
According to these latter, the hydrolysis products of AI>* and Mg?" ions
at the target conditions are AI(OH)3 and MgCOs, respectively. Therefore,
Al(OH)3 and MgCO3 were considered in the atomistic simulations for
AI¥* and Mg?" species, respectively, and were generated using IQmol
software [82], as presented in Fig. 5. Besides, Avogadro software [83]
was employed to import and place the target collector molecule(s) and/
or metal ion species into the vacuum space at a minimum distance of 2.5
A above the uppermost atoms on the surface of the FA slab. Both vertical
and flat input configurations of the molecules on the surface were
explored to assess the most favored adsorption mode, although they all
led to the same final geometries during the AIMD simulations. The
presence of Na™ ions is inevitable in the flotation environment due to the
pH adjustment using NaOH. In addition, the counter-ion plays a crucial
role in the adsorption process via initiating the formation of the surface
layer, and in stabilizing the adsorption of the free anionic collector
molecule [84]. Therefore, and to keep the electric neutrality in the cell, a
Na' was systematically added as the collector counter-cation and placed

AE4s = E, Gi o) — E(sa) — E Gi . 1 . ° .. .
(AEuss) (Stab-Hydrolysis - product) ™ =(Slab) ™ =(Hydrolysis - product) @ at a distance of 5 A from the anionic molecule. The role of the sodium
(AE.) _E CEe _E @ counter-ion in the adsorption of the target collector molecules was also
ads  Coiecior — (Slab Collector) ™ (Slab) ™ (Collecter) investigated on both bare and activated FA surfaces. VESTA molecular
visualization software [85] was used for generating the slab as well as
(AEﬂdS)Collector—Activmed = E(Slab+Hydrolysis product+Collector) — E(Slab+Hydrolysis product) — E(collecwr) (3)

(001) Surface

Fig. 2. The FA mineral unit-cell and slab used for the current study.
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20 A

Fig. 3. The dimensions of FA supercell employed for the current study.

BHA OHA

O

C7H6N02' Na*
Q

C8H16N02' Na*

Osc

CsH507 Na*

Fig. 4. Molecular models of the target collectors in their free anionic forms.

visualizing the ultimate obtained from AIMD

simulations.

configurations

2.6. Micro-flotation experiments

The micro-flotation experiments were conducted on the +38-53 pm
size fraction of FA powder. Flotation tests were performed using a ~75
mL modified Partridge-Smith micro-flotation cell (Fig. S-4 of the sup-
plementary material). For each experiment, 1 g of dried powder sample
was placed in a glass beaker containing 50 mL DI water with an adjusted
pH value, stirred using a magnetic stirrer and a magnet bar. The pH of
the solution was readjusted to the desired value prior to the addition of
the flotation reagents, which were added sequentially. Each reagent was
conditioned for ~2 min at room temperature, followed by the addition
of the frothing agent (20 ppm, ie, 1.95 x 10~* mol-L™}), which

continued to be conditioned for 1 more minute. The suspension pH was
monitored and maintained. The ultimate suspension was then trans-
ferred into the flotation cell mounted on top of a magnetic stirrer, using
an extra 25 mL of pH-adjusted DI water. To keep material in suspension
inside the cell, a magnet bar was placed directly on top of the frit. The
flotation process was carried out for 1 min by injecting the gas at a
flowrate of 30 mL-min . Pure nitrogen (N5) gas was employed instead
of lab air to eliminate carbonate precipitation in the solution due to CO,
interference. Synthetic metal ion solutions of 1 x 103 mol-L ™! MgCl, or
AlCl3 were used as the base solution for the experiments that aimed to
investigate the effect of the metal ions on the flotation of FA. Floated and
non-floated fractions were collected, dried, weighed, and analyzed to
calculate the mineral grade and recovery. The reported result for each
flotation experiment is the mean value of three replicate tests.
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3. Results and discussion

3.1. Material characterization

The XRD and SEM, and elemental characterization results are pre-

sented in Fig. 6 and Table 1, respectively. The morphological

Fig. 6. X-ray powder diffractogram and SEM micrograph of the pure FA sample used for the current study.

characterization showed that the FA particles had irregular shapes. It

can be seen from Table 1 that Ca, P and not-detectable elements, i.e., F

and O accounted for the major components of the FA, corresponding to a

total of 96.5 wt%. Other elements, including Si, Ce, Th, La, etc., were
also detected in negligible amounts.
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Table 1

Elemental composition (ICP-MS results) of the FA mineral sample (ND refers to

not detectable).

Mineral Composition wt.%/ppm Composition ppm
ND 36.90 (%) Mg 193
Ca 40.20 Gd 191
P 19.40 U 153
Si 0.93 Dy 85
S 0.65 Zn 50
Ce 0.58 Er 43.9
Th 0.38 Eu 31

Fluorapatite La 0.27 Yb 29.3
Nd 0.23 Tb 18.3
Fe 0.10 Ho 14.9
Al 751 (ppm) Cl 11
Pr 605 Tm 5
Mn 503 Lu 3.8
Y 415 Co 1.9
Sm 261 Sc 1
Ni 257

ND: not detectable (F and O).

50

40

Zeta Potential (mV)

—&— DI Water

—®— |n the presence of AI** (107 mol.L™")
—%— In the presence of Mg?* (10" mol.L™")
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3.2. Effect of A’ and Mg** on zeta potential of FA

The evolution of the zeta potential of FA as a function of the solution
pH is compared for the three different scenarios, i.e., FA in DI water, in 1
x 1072 mol-.L™! Mg?*, and in 1 x 1073 mol-L™! AI** with 4p values
0f9.64nm, 5.57nm, and 4.11nm, respectively, considering 103 mol.L !
KCl as the background electrolyte (Fig. 7) [86,87]. The presence of the
metal ions results in a change in the zeta potential of FA, slightly in the
case of Mg?" and significantly for AI**, which is consistent with the
compression of the EDL induced by the change in ionic strength. The
isoelectric point of FA shifts from around 3 for the bare mineral to 3.5
and 6.5 in the presence of Mg?* and AI**, respectively. Within the pH
range of 3 to 6.5, the zeta potential of FA tends to be positive in the
presence of AI** metal ions compared to the bare mineral, while this
range is significantly tighter in the case of Mg2*, i.e., pH 3 to pH 3.5.
Such changes in the zeta potential values can be attributed to the
compression of the EDL under high IS conditions [88]. This could be
ascribed to the adsorption of the hydrolysis species of the metal ions on
the mineral surface [7]. It is also shown that the presence of the metal
ions does not cause overcharging in the EDL or electro-kinetic charge
reversal on the FA surface [28].

3.3. XPS measurements

The surface composition of FA was determined before and after being
conditioned with the metal ions. The results are presented in the form of
survey spectra, high-resolution spectra, and atomic concentrations of
various elements on the surface, in Fig. S-5 of the supplementary ma-
terial, Fig. 8 and Table 2, respectively. The survey spectra (Fig. S-5)
show the major characteristic peaks of the elements present at the bare
FA mineral surface, which are C, O, Ca, P, and F. Comparing the survey

Table 2
FA surface composition after treatment with solutions of various MgCl,/AlCl3
concentrations.

Apatite surface composition (at.%)

40 . L . . ‘ . . . . ) Dosage (mol L™1) ¢ 0 F Mg Al P Ca
2 3 4 5 6 7 8 9 10 1 12
H Bare FA 13.6 54.6 4.0 0 0 11.1 16.8
P 1075 MgCl, 139 512 49 15 0 117 168
—4
Fig. 7. Zeta potential of FA as a function of solution pH in the presence and 10,3 MgClo 145 518 4.9 25 0 107 156
b £ A" and Me2* 107~ MgCl, 16.1 52.3 3.1 4.3 0 10.0 14.2
absence o g - 1075 AICl3 129 538 37 0 25 1.1 160
10~* AlCI3 12.4 57.0 2.9 0 7.9 8.8 11.1
102 AlCl3 12.0 61.7 1.6 0 16.6 4.1 4.0
800 T T T T 2200 T T T .
ool 2 10 molL”"| | b — 103 mol.L”"
10" mol.L”1| | 2000 —— 10 mol.L""| 7
sool  Al2p 108 mol.L”"| | Mg 1s ——10° mol.L""
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»
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300 i
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65 70 75 80 85 90 1295 1300 1305 1310 1315 1320

Binding Energy (eV)

Fig. 8. XPS spectra of FA at various concentrations of (a)

Binding Energy (eV)

: AI**, and (b): Mg?" metal ions.
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spectra for the bare and Al/Mg-treated mineral surface, the peak loca-
tions of Al 2p at 74.9 + 0.1 eV and Mg 1s at 1304.9 + 0.1 eV obtained
from the detailed XPS scans suggest the adsorption of A1** and Mg?* via
Al—O and Mg—O0 bonds [89]. The detailed high-resolution Al 2p and Mg
1s peaks in Fig. 8 show that the amount of the metal ions adsorbed onto
the mineral surface increases with an elevated concentration of these
ions in the solution. This is further supported by semi-quantitative XPS-
determined surface atomic compositions of the FA treated with different
concentrations of the metal ions, as presented in Table 2. It is also seen
from Table 2 that, in conformity with the increase in the amount of Mg
atoms identified on the mineral surface, the amount of C and O atoms
increases as well. This supports the adsorption of Mg?" on the FA surface
under MgCOs3 form. Similarly, consistent with the increase in the
amount of Al atoms adsorbed on the mineral surface, the amount of O
identified on the surface also increases, which supports the adsorption of
AI®* under its hydroxide form. One noteworthy fact here is that in order
for the electro-neutrality of the mineral surface to be met, the adsorption
of metal ions is necessarily accompanied by the adsorption of their
counter-ions [90]. From a thermodynamic perspective, under the given
physicochemical condition, i.e., pH 9, free metal ions in the solution
react with carbonate or hydroxide ions forming MgCO3 or AI(OH)3
species, which are probably adsorbed on the mineral surface during
treatment. Hence, the increased presence of C and O on the mineral
surface can be explained by the adsorption of the metal ions in the form
of their hydrolysis products. Another striking point that can be inferred
from Table 2 is that at 1 x 10~3 mol L™! concentration, A3+ species
almost fully coat the mineral surface so that the concentrations of the FA
lattice elements, i.e., Ca, P and F drop from 16.8, 11.1 and 4.0 % on the
bare surface to 4.0, 4.1 and 1.6 % on the treated surface, respectively.
For the Mg-treated surface, the concentrations of Ca, P and F drop to
14.2, 10 and 3.1 % on the treated surface, respectively. Moreover, the
Ca/P and Ca/F ratios for the bare surface are obtained as 1.51 and 4.2,
respectively. Considering the chemical formula of FA, however, these
ratios should be 1.66 and 5, respectively. Such discrepancy could be
attributed to the primary washing of the pure mineral sample with a
diluted acidic solution (2.5 vol% H3SO4) to ensure that the particles
were free of any contamination. For the treated mineral surface (Al/Mg
concentration of 1073 mol.L’l), similarly, Ca/P and Ca/F ratios are
respectively obtained as 1.42 and 4.58 for Mg-treated surface, and 0.98
and 2.5 for Al-treated surface. The deviation of the ratios from those
obtained for the bare mineral could obviously be attributed to the sub-
stitution of the surface Ca* ions with Mg?* and A1,
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3.4. Adsorption density measurements

The adsorption density measurement results are presented in Fig. 9.
The adsorption density for the three considered collectors on the FA
mineral surface changes in the order of Mg?*-treated FA > Al**-treated
FA > bare FA. This suggests that the adsorption of both fatty acid and HA
collectors on the FA mineral surface is favored by the presence of Mg?*
and AI** metal ions, with however a higher effect of the former
compared to the latter. For BHA adsorption on Al3*-treated mineral
surface, however, the adsorption density exhibits a very slight (almost
negligible) increase as opposed to the bare mineral surface. This could
be due to the poor tendency of BHA to interact with AI3* at the mineral
surface. This will be further discussed later in the following sections.

The differences in the amounts of the three collectors adsorbed on
the bare mineral surface could be attributed to the coexistence of the
neutral and anionic forms of HA collectors at pH 9. Such coexistence can
induce a stabilization of the adsorption layer by reducing the polar re-
pulsions between the polar groups of the collector molecules while
maintaining strong chain-chain lateral interactions. This generally re-
sults in a more compact layers of adsorption on the surface compared to
fatty acid, which is only present in its anionic form at pH 9 [91]. As well,
such difference in the adsorption amount of the different collectors
could owe to the difference in the packing area of the molecules that
induce the compacity of the adsorption layers [92,93]. On overall, after
the adsorption of the Al3*/Mg?" species on the surface, the formation of
new adsorption sites are induced, which reduces the polar repulsion
between collector functional heads. Hence, the adsorption layer is
tightened resulting in a higher adsorption density of collectors, as
indicated in Fig. 9.

3.5. Atomistic simulations

Adsorption configurations of SC, BHA, and OHA molecules in their
free anionic forms accompanied by the sodium counter-ion on bare and
APt /Mg?*-treated FA (001) surfaces are presented in Fig. 10. It is
shown that SC, as the fatty acid molecule, adsorbs on the mineral surface
through a bidentate bonding of 02~ atoms of the carboxyl group (COO ™)
to the Ca®* cationic sites (Ca—O: 2.21 A) along with a Na*-mediated
0—O bonding. This indicates that Na™ counter-ion contributes to the
adsorption of fatty acid on the FA surface through mediating the O—O
boding between the molecule and the mineral surface. For the hydrox-
amates, i.e., BHA and OHA, a mono-dentate bonding of an 0%~ atom of

3 x107°
=1 [ Bare FA
~ 25 1 At treated FA | T
L) % 2+
= [ Mg“ -treated FA
3 2f :
£
>
=15 .
2 1 B3
)
(@) 1F i
%)
2
0.5 _ |%‘ E| _
o LI
o\a

NS
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Fig. 9. Adsorption densities of NaOl, BHA, and OHA collectors in the presence and absence of the metal ions.
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FA (001) surface + MgCOs

FA (001) surface + SC (fatty acid)

Ca—0:221A Na—0:230A
O—Na:2.18A _ v

Ca—0:2.16 A

Al¥*-treated FA (001) surface + SC

Ca—0:2.40 A -\ Ca—0:231 A

p

Al—0: 1.76 A

Mg?*-treated FA (001) surface + SC

Ca—0:2.18 A

Mg—O0:2.04 A
Ca—0:221A

FA (001) surface + anionic BHA

Al -treated FA (001) surface +
anionic BHA

Mg?'-treated FA (001) surface +
anionic BHA

Mg—O0: 1.89 A

FA (001) surface + anionic OHA
Ca—0:2.07 A i

APP*-treated FA (001) surface +
anionic OHA

Al—0:198A

Mg?'-treated FA (001) surface +
anionic OHA

Mg—O0:2.13 A gt

Ca—0:2.26 A

Fig. 10. Adsorption configurations of the fatty- and hydroxamic acid collectors on bare and Al**/Mg*"-treated FA (001) surfaces.

the HA to a Ca2" cationic site (BHA: Ca—0: 2.16 A, OHA: Ca—0: 2.07 A)
is established. Unlike for SC, the Na™ ion does not contribute to the
adsorption of the HA molecules on the bare FA surface. For chelating
collectors, the adsorption on mineral surfaces is known to be a frontier-
orbital-controlled reaction, accompanied by charge transfer or covalent/
coordination bond formation [94]. Fatty acid collectors are well known

to interact strongly in their carboxylate form with Ca%" ions at the
mineral surface and in solution [42]. As the result of such interaction,
the carboxylate molecule forms a mono/multi-layer of Ca-dicarboxylate
on the surface depending on its concentration in the solution [42,88,95].
Such adsorption of fatty acid molecules on Ca-bearing mineral surfaces
is believed to occur under chemisorption mechanism, as well-
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Table 3
The adsorption energy of different collector molecules and species on FA (001).

Reagent/Species Substrate Ads. Energy (kJ mol™1)
SC Bare (001) FA surface —392.7

anionic neutral
BHA —235.4 —80.2
OHA —-176.3 —48.0
Al(OH)3 -171.9
MgCOs3 —280.0
sC Al*"-treated (001) FA surface —-431.4

anionic neutral
BHA —295.8 —156.1
OHA —355.2 —201.5
SC Mg>*-treated (001) FA surface —-589.5

anionic neutral
BHA —485.9 —293.4
OHA —436.4 —257.2

documented in the literature [36,41,42,48,84]. The adsorption energies
of SC, BHA, and OHA molecules on the bare FA surface were —392.7,
—235.4, and —176.3 kJ-mol !, respectively, as presented in Table 3.
This indicates that SC establishes stronger and more favorable chemi-
sorption (more negative binding energy) with the FA surface compared
to the HA collectors and, therefore, that SC exhibits a relatively stronger
chelating ability with Ca®" FA surface lattice metal ions [96,97]. This is
further supported by the relatively shorter Ca—O bond length obtained
for SC adsorption. Such stronger interaction of SC molecule with the FA
surface could also be linked to the preferential contribution of sodium
counter-ion to its adsorption on the mineral surface [84]. Despite its
relatively more selective affinity than OHA for FA surface, BHA is known
to be a weaker hydrophobing agent on Ca-bearing minerals, e.g., FA,
compared to fatty acids and OHA [14,97,98]. The higher hydrophobing
capability of OHA compared to BHA can be attributed to the establish-
ment of more chain-chain interactions by OHA that favors the adsorp-
tion density. This will be further discussed later on in the following
section through the experimental micro-flotation results. For fatty acid,
despite its significant adsorption energies, it is adsorbed in lesser
amount on the bare surface compared to HAs. This could be because
fatty acids establish less chain-chain interaction, and therefore the for-
mation of multi-layer adsorption is less favored despite high interaction
energies of the functional head. As well, fatty acids have a higher
packing area, and therefore the compacity of their adsorption layer is
smaller [92,93]. On Al3*-treated FA (001) surface, at the first glance, it
is seen that OHA preferentially adsorbs through a bidentate bonding of
oxygen atoms of the functional group to the AI*" cationic site at the
treated surface. For SC, a bidentate bonding to both the A1%* site as well
as the Ca?" lattice site is established. However, BHA unlike the other two
reagents, prefers Ca®" lattice cationic site over AI*" to interact via a
bidentate bonding. This is in line with the results of the adsorption
density measurements where no considerable change in the BHA density
of adsorption on the FA surface was observed when treated with AI3*,
The adsorption energies of SC, OHA, and BHA molecules on the AL+
treated FA surface were —431.4 (Al—O0: 1.76 A; Ca—O0: 2.40 A), —355.2
(Al1—0: 1.98 [o\), and —295.8 (Ca—O: 2.31 A kJ.mol ™, as presented in
Table 3. Hence, SC establishes a stronger and more favorable interaction
with the Al3*-treated surface compared to the HA collectors.
Comparing the binding energies along with the AlI—O bond lengths
for the adsorption of SC and OHA molecules on the bare and Al®*-
treated FA surface, the precipitation of Al-hydroxide on the FA surface is
beneficial for the adsorption of these collectors. In the case of BHA, as
noted earlier, the obtained visual configuration shows that the Al®* site
is not preferable for adsorption, whereas comparing the adsorption en-
ergies and configurations, it is obvious that BHA builds a stronger
interaction with FA surface via a bidentate Ca—O bonding in the pres-
ence of Al-hydroxide. This could possibly be attributed to the influence
of the effect of AI** metal ion on the FA mineral surface charge [28], as
supported by the electro-kinetic measurements presented in Fig. 7, on

10

Applied Surface Science 572 (2022) 151499

the BHA-FA interaction. A more thorough insight into this matter may
deserve a distinct investigation, e.g., Bader charge analysis [99], which
can be the focus of a future study by the authors. Besides, the sodium ion
does not contribute to the adsorption of neither fatty acid nor HA mol-
ecules on the Al**-treated FA surface and is substituted by the Al®* ion
as the counter-ion.

Looking at the adsorption configurations of the collector molecules
on the Mg?*-treated FA surface, SC establishes a bidentate coordination
bonding between two O~ ions of its carboxyl group and Mg?* (Mg—O:
2.04 1°\) as well as Ca%™ (Ca—0: 2.18 A) cations on the treated surface.
The adsorption energy of SC on the Mg?*-treated FA surface was
—589.5 kJ.mol ™}, which speaks of a relatively more stable and stronger
interaction. Comparing the bond lengths, it is evident that SC establishes
a stronger interaction with Mg?" than with Ca®" ion, which can be
attributed to the smaller size of magnesium ion [42,100]. This finding is
consistent with the findings reported by Hirva and Tikka [101].

BHA and OHA adsorb on the Mg?*-treated FA surface through a
bidentate coordination bonding between two O~2 jons of their func-
tional group and Ca?* lattice cation (BHA: Ca—O: 2.21 A; OHA: Ca—0:
2.26 A) along with a mono-dentate bonding to the adsorbed Mg?* site
(BHA: Mg—0:1.89 A; OHA: Mg—O: 2.13 A). Considering Mg—O and
Ca—O bond lengths for SC, BHA and OHA, it can be speculated that the
Mg bonding is stronger. Comparing these configurations with the mono-
dentate adsorption of both BHA and OHA on the bare FA surface, it can
be inferred that the adsorption of Mg2* on the mineral surface increases
the active cationic sites that interact with the functional groups of HA
collectors, contributing to the improved FA floatability. The adsorption
energies of BHA and OHA on the Mg?"-treated FA surface were —485.9
and —436.4 kJ mol !, which supports that BHA forms a stronger
interaction with FA compared to OHA. On overall, fatty acid establishes
a stronger interaction with the Mg2*-treated FA surface than the HA
collectors. It is also shown that, in presence of Mg?* adsorbed on the FA
surface, sodium counter-ion does not contribute to the adsorption of
either fatty acid or HA collectors and is substituted by Mg?* as counter-
ion.

As noted earlier, with regard to the coexistence of both the neutral
and anionic forms of the HA collectors at pH 9, the adsorption mecha-
nisms of the neutral HA collector molecules on bare and the treated FA
surfaces were also investigated, and the results are presented in Fig. 11
and Table 3. The adsorption energies and configurations of the HA
molecules in their neutral form on the FA surfaces were compared with
those obtained for their anionic form accompanied by a sodium counter-
ion (Fig. 10). It is seen that the HA molecules build stronger interactions
with the mineral surface in their anionic form (more negative binding
energies), which is consistent and further supported by the obtained
Ca—0 and/or Mg—O bond lengths. On the Al**-treated surface, BHA
under its anionic form establishes stronger Ca—O interaction by forming
the bidentate bonding instead of the mono-dentate bonding in its neutral
form. Similarly, for OHA, being in its anionic form brings about a
bidentate Al—O interaction compared to the mono-dentate bonding
with AI®* site in its neutral form. Moreover, for both OHA and BHA on
the Mg?*-treated surface, the anionic molecule forms a stronger inter-
action owed to the tridentate Ca—O and Mg—O bonding (Fig. 10)
compared to the bidentate bonding of the neutral molecule with the
mineral surface (Fig. 11). This is also supported by the shorter Ca—O/
Mg—O bond lengths for the anionic molecule. From Fig. 11, it is also
obvious that for the neutral molecules of the HA collectors, any
adsorption configuration with either bare or treated surface is accom-
panied by a hydrogen bonding between an H atom of the HA to an O site
at the FA surface, represented by a dashed line.

The adsorption energies for the target configurations, calculated by
DFT calculations, are visually presented and compared with the corre-
sponding adsorption densities obtained from the UV-Vis spectroscopy in
Fig. 12. For the three target collectors under various scenarios except for
BHA in the presence of ALt as discussed earlier, the amount of collector
adsorbed on the mineral surface rises with a similar trend than the
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Al¥-treated FA (001) surface + neutral
BHA
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OHA

Mg—0:222 A

Ca—0:231A

Fig. 11. Adsorption configurations of the neutral forms of the HA collectors on bare and Al®*/Mg?*-treated (001) FA surface. The dashed lines indicate

hydrogen bonds.

adsorption energy, which reveals a more stable and stronger collector-
mineral interaction. On overall, the adsorption energies of the collec-
tors are significantly correlated with the adsorption densities of these
reagents on FA surface. This validates the use of adsorption energies to
assess the stability of the adsorption layer on the mineral surfaces, and
therefore their hydrophobation [102-104].

3.6. Micro-flotation tests

To assess how the obtained fundamental insights align with the froth
flotation performance under the studied conditions and to assess the
hydrophobicity of FA in the presence of the various collectors, micro-
flotation experiments were conducted, and the results are presented in
Fig. 13. For fatty acid collector, FA flotation recovery enhances in the
presence of the metal ions following the order of Mg?* > AI®*. This is in
line with the trend of the adsorption energies obtained from the DFT
calculations, as shown in Fig. 13, as well as with the results of the
adsorption density measurements presented in Fig. 9. First, this confirms
that the adsorption energies of the collectors calculated by the atomistic
simulations can be used to assess (1) their adsorption densities, and (2)
the floatability/hydrophobicity of FA in the presence of these reagents.
Second, these altogether confirm that the presence of Al3* and MgZ*
metal ions in the flotation environment is beneficial for the flotation of
FA using a fatty acid collector, with the latter being more favorable. For
OHA, similarly to the fatty acid, FA flotation recovery increases, even
though very slightly, in the presence of the metal ions in the order of
Mg?* > AI*, It is again consistent with the results of the adsorption
density measurements (Fig. 9) and the adsorption energies as well as
configurations obtained from the AIMD simulations, as compared in
Fig. 13. For BHA, flotation recovery encounters respectively a decline
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and a rise when AI** and Mg?" metal ions are present in the solution
compared to their absence, i.e., in DI water. These results are in agree-
ment with the results obtained for BHA from adsorption density mea-
surements and AIMD simulations with a partial exception for the
presence of AI*" metal ions. The decline in the flotation recovery using
BHA in the presence of AI®" is consistent with the corresponding
adsorption configuration obtained from AIMD simulations where it is
shown that the BHA molecule prefers Ca2" lattice sites over the Al3*-
treated site for adsorption. Adsorption density measurements also
revealed that the presence of Al>* ions does not benefit the amount of
BHA adsorbed on the FA surface. However, the obtained adsorption
energy for BHA on the Al®*-treated FA surface does not coincide well
with the experimental results, including both flotation recovery and
adsorption density. This, as mentioned earlier, could possibly be
attributed to the modified mineral surface charge due to the precipita-
tion of Al-hydroxide species on the surface, as confirmed by the zeta
potential measurements. A separate investigation, as noted earlier, into
different aspects of this finding seems to be worthwhile. Moreover,
considering the adsorption density measurements, AIMD simulations,
and the flotation results, it is interesting to observe that the HA moiety
behaves distinctively different towards Al>* metal ions in the form of
BHA and OHA compounds. This may raise the question of whether such
discrepancy is induced by their class of hydrocarbon group, i.e., aliphatic
or aromatic. As known, BHA has an N-Hydroxybenzamide structure with
benzamide being an aromatic amide, while OHA is an N-Hydrox-
yoctanamide compound with an octanamide as an aliphatic fatty acid
amide [80]. The question, in other words, is if the chelating ability of
HAs is influenced by their hydrocarbon group arrangement, especially
with trivalent metals. This is yet to be explored in the context of froth
flotation. Besides, the presence of the gangue metal ions in a flotation
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Fig. 12. The adsorption energies and densities for different collector molecules on the FA surface.

environment is linked to the presence of sparingly soluble gangue
minerals. This, according to the results of the current study, means that a
competitive consumption of the collector molecules available in the
solution by both FA as the valuable and its associated gangue minerals
that host these metal ions is unavoidable in a real flotation separation
system. To that end, in order to obtain a more industrially applicable
knowledge, different aspects of the effects of the metal ions on the
flotation behavior of the gangue minerals for FA, e.g., dolomite, calcite,
quartz, and clays in the presence of both fatty and hydroxamic acid
collectors should also be investigated. This can develop the pathway to
the design and development [105] of specially tailored reagents for the
selective flotation of FA as the most characterized P-rich mineral from
the troublesome low-grade secondary resources such as WC.

4. Conclusive remarks

This study aimed to unravel how the presence of AI*" and Mg?*
metal ions influences the interaction of the collector reagents with the
FA surface, and thereby its selective flotation performance. AIMD sim-
ulations helped understand interaction energies and adsorption config-
urations of both collectors and hydrolysis species of the metal ions with
the mineral surface. Electro-kinetic measurements shed light on the
surface charge modifications owed to the presence of the metal ions. XPS
surface scanning revealed the type and the mechanism of the adsorption
of the metal ions on the mineral surface. UV-Vis adsorption density
measurements were conducted to determine the amount of the collector
adsorbed on the mineral surface in the absence and presence of the metal
ions. Finally, micro-flotation experiments showed how the fundamental
experimental and theoretical insights would manifest in a real flotation
environment. This study showed that:
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- Fatty acid collector adsorbs on the bare FA surface through a
bidentate Ca—O bonding along with a Na"-mediated O—O bonding.
For the HA collectors, however, a mono-dentate Ca—O bonding is
established.

Na' counter-ion contributes to the interaction of fatty acid collector
with the bare FA surface via mediating the O—O bonding between
the collector and the mineral surface.

Fatty acid collector adsorbs on the Al3*-treated FA surface through
the bidentate interaction with both adsorbed A1*" and lattice Ca®"
ions through Al—0 and Ca—O bonds, respectively.

The presence of Al>* results in a stronger OHA-mineral interaction
through a bidentate AI—O bonding, and therefore an enhanced
flotation performance. For BHA, however, the presence of AI®" cat-
ions deteriorates the collector adsorption on the FA surface and
thereby leads to a declined flotation performance.

For fatty acid and HA collectors, the adsorption of Mg2* species on
the surface leads to the stronger mono-dentate and bidentate,
respectively, Ca—O interaction of the collector molecule with a lat-
tice Ca%" ion along with a mono-dentate Mg—O bonding to the
adsorbed Mg?*site. BHA forms a stronger interaction with the FA
surface in the presence of Mg2" in comparison with OHA.

Fatty acid collector establishes a more stable and stronger interaction
with the bare as well as A1>*/Mg?*-treated FA mineral surface, as
opposed to OHA and BHA.

Both A1>* and Mg?" ions are beneficial for the adsorption of the fatty
acid collector on the FA surface, and thereby its flotation. For both
fatty acid and hydroxamates, Mg?" is more favorable than AI®* in
apatite flotation.

HA collectors build a stronger collector-mineral interaction with
either bare or the treated FA surface in their free anionic form
compared to their neutral form.
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Fig. 13. Experimental FA flotation results compared with the theoretical adsorption energies for different collectors in the absence and presence of the metal ions.

- Interestingly, even though AI®* deters the functionality of BHA on
the FA surface, it contributes to a stronger BHA-mineral interaction
through a bidentate Ca—O bonding. This could possibly be due to the
modified mineral surface charge density owing to the precipitation of
AI** species. In addition, such a discrepancy between the behavior of
the two HA collectors towards the presence of Al>* cations could be
attributed to the type of the hydrocarbon group arrangement, i.e.,
aliphatic or aromatic. It can be the focus of a separate study.

A competitive consumption of the collector molecules by both FA
and its gangues is inevitable during an actual flotation separation
based on the current study’s findings. Thus, in order to obtain a more
industrially sound insight, the effects of the metal ions on the col-
lector consumption by known grange minerals, and thereupon on the
flotation selectivity should also be investigated in the future
endeavors.
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