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Abstract: The surface properties of fluorite are often affected by dissolved gangue species (e.g., calcite) during the
flotation process. Microflotation testing with and without the addition of calcite supernatant was conducted using
octanohydroxamic acid (OHA) as the collector. The results revealed that dissolved calcite species significantly affected
the flotation behavior of fluorite. Fourier transform infrared spectra confirmed that the decrease in flotation recovery
was linked to lower OHA adsorption. Solution chemistry analysis indicated that CaCOs and Ca®" from the calcite
supernatant were the most favorably adsorbed species, and X-ray photoelectron spectroscopy analysis confirmed the
surface adsorption of calcite species. Density functional theory simulations provided a detailed analysis of the
multidentate adsorption configuration of OHA, which was the most favorable for adsorption on the fluorite surface. The
adsorption energy calculation showed that the calcite dissolved species were more stably adsorbed on the fluorite
surface than OHA. The pre-adsorption of calcite dissolved species hindered the adsorption of OHA due to electrostatic

repulsion.
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1 Introduction

Fluorite (CaF,) is a non-renewable natural
resource and one of the most important industrial
sources of fluorine particularly in the fields of
optics, metallurgy, and refrigeration [1]. However,
high demand has led to a rapid decline in fluorite
reserves. Flotation processing is widely applied to
separating fluorite from other co-existing minerals
such as calcite (CaCO;), a low-value gangue
mineral [2]. Froth flotation combines physical and
chemical separation technologies, where differences

in surface properties allow for the separation of
unwanted and valuable minerals [3]. Fatty acid
derivatives (e.g., sodium oleate) are the most
widely used collectors in the fluorite flotation
process; however, the weak steric hindrance of the
alkyl chains can lower their selectivity. Thus,
hydroxamate type collectors gained popularity due
to their superior selectivity toward some metal
minerals [4], which is attributed to a more stable
chelate formation with metal cations compared to
fatty acid collectors [5]. Hydroxamates interact
with metal-hydroxylated species at the mineral—
water interface, thereby rendering the mineral to be
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hydrophobic [6]. Nowadays, two hydroxamate
types of collectors were widely used in fluorite
flotation: benzhydroxamic acid (BHA; C;H;NO,)
and octanohydroxamic acid (OHA; CsH;7NO») [7].
Although both collectors show excellent selectivity
in fluorite flotation, BHA is a weaker collector than
OHA. Therefore, the OHA was selected as a
collector in this study. Additionally, the practical
implementation of fluorite flotation separation is
affected by the co-existence of various ions in the
flotation pulp.

Fluorite and associated gangue, including
calcite and Dbarite (BaSO,), are generally
semi-soluble salt-type minerals [8], Thus, these
minerals similar surface properties, and
chemical reactivity with reagents; they are also
sparingly soluble in water and comprise complex
dissolved components [9,10]. The dissolution of
gangue can lead to the formation of various metal
cations and inorganic anions that adsorb or
precipitate on the surface of valuable minerals. This
can negatively affect the floatability of the valuable
minerals and the adsorption behavior of reagents.
Although previous studies have explored the
effects of dissolved mineral species associated
with semi-soluble gangue minerals on mineral
flotation [11], flotation systems involving fluorite
have not yet been investigated thoroughly. A
previous study on the use of BHA for the separation
of fluorite and calcite reported good fluorite
recovery under alkaline pH conditions [12].
However, the study only investigated single mineral
flotation, and did not account for the effect of
dissolved mineral species from calcite. Previous
studies by the current authors found that calcium
and barium ions dissolved from the lattice of calcite,
fluorite and barite surfaces were adsorbed or
precipitated at the surface of bastnaesite, which
negatively affected the mineral floatability and the
adsorption of the collector in the sodium oleate
system [13,14].

Traditional mineral surface testing methods
cannot be easily applied to exploring the interaction
mechanism between reagents and the mineral/water
interface on the nanoscale [15]. Thus, computer
simulation methods, including density functional
theory (DFT) calculations, are valuable tools that
provide an in-depth wunderstanding of the
interactions, energetic properties and structural
properties of adsorbate molecules on the surface of

have

minerals. DFT simulations could also provide
further insights into mineral flotation behavior in
various solution environments, which cannot be
directly studied experimentally [16,17]. DFT
calculations have been used in previous studies on
fluorite flotation, and have focused on flotation
separation from gangue and adsorption behavior.
However, the effect of dissolved gangue species
using OHA as a collector remains largely unknown.
This study aimed to investigate the effect of
dissolved calcite species on fluorite during fluorite
flotation separation using OHA as a collector. The
hydrophobicity and interactions were evaluated on
a molecular scale. Microflotation testing, Fourier
transform infrared (FTIR) spectroscopy, and X-ray
photoelectron spectroscopy (XPS) were conducted
to study the adsorption of the dissolved calcite
species and collector at the surface of fluorite.
Simulations based on DFT calculations were used
to investigate the adsorption energy and structural
changes of OHA in the absence and presence of
dissolved calcite species on the fluorite surface. The
effect of other wvariables was minimized by
preparing a calcite supernatant to simulate the real
solution environment during flotation. The present
results would be useful for understanding the effect
mechanism of gangue dissolved species in the
flotation of fluorite and for further improving the
sustainability of mineral processing operations.

2 Experimental

2.1 Materials and reagents

Fluorite and calcite were obtained from
Tongliang in Chongqing, China. The minerals were
sieved to remove particles coarser than 0.075 mm
(200 mesh) for microflotation testing and XPS
analysis. The X-ray diffraction (XRD) patterns
(Fig. 1) and chemical composition analysis (Table 1)
confirmed the high purity of the fluorite and calcite
samples, which was suitable for microflotation
testing and analytical measurements. The FTIR
spectroscopy fluorite samples were ground to a
particle size of ~5 um using an agate mortar at
25°C. Sodium chloride (supporting electrolyte),
ethanol (cleaning solvent), sodium hydroxide (pH
regulator), and hydrochloric acid (pH regulator)
were obtained from Sinopharm (China). OHA was
obtained from Macklin (China). All reagents were
of analytical grade.
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Fig. 1 X-ray diffraction patterns of fluorite and calcite

Table 1 Chemical compositions of purified mineral
samples (wt.%)
Sample Ca F Si Al Na Mg

Fluorite 70.99 2639 240 0.17 0.02 0.01
Sample CaO SiO, MgO Fe,O; BaO AlLO;
Calcite 98.32 090 035 0.11 0.09 0.09

2.2 Calcite supernatant preparation

Sieved calcite (200 mesh) was dispersed to a
concentration of 5.0wt.% in ultrapure water
obtained from the Milli-Q ultrapure water system
(Millipore, Billerica, MA, USA). The suspension
was mixed for 1 h using a magnetic stirrer, left to
precipitate for 30 min, and filtered using filter paper
to obtain a supernatant. The supernatant was
centrifuged and filtered using a 0.02 um syringe
filter. The calcium and carbonate ion contents of the
calcite supernatant were 4.5x107° and 44.8x107°,
respectively, as determined using inductively
coupled plasma optical emission spectrometry
(ICP-OES, Perkin—Elmer OPTIMAS8300, Waltham,
MA, USA). Supernatant preparation was conducted
at 25 °C.

2.3 Microflotation experiments

Microflotation was conducted in an XFG-type
laboratory flotation machine (Jilin Prospecting
Machinery Factory, China) using a 40mL
Plexiglass cell and impeller speed of 1700 r/min.

Sieved fluorite (200 mesh) (2 g) was added to
a flotation cell containing either ultrapure water or
calcite supernatant, and then the HCI or NaOH was
added to the pulp to achieve the desired pH for
7 min. The cell was scraped for 5 min, and the

products were filtered, dried, and weighed.
Flotation recovery was calculated based on the
particle mass distribution in the floated and
non-floated fractions. Microflotation testing was
conducted in triplicate for each sample, and the
mean value was reported.

2.4 FTIR spectra measurements

FTIR spectra were obtained using a Spectrum
One FTIR spectrometer (Version BM, Perkin Elmer
Instrument Co., USA) in a spectral range of 400 to
4000 cm'. The solid microflotation solid samples
(particle size of ~5 pm) were washed at least three
times with ultrapure water, adjusted to a pH of 9,
and vacuum dried at 40 °C for 24 h. The mass ratio
of fluorite to KBr was ~1:300. The FTIR spectra
were acquired at 25 °C.

2.5 XPS measurements

XPS was performed using an ESCALAB
250XI instrument (Thermo Fisher Scientific Inc.,
USA) equipped with an Al K, X-ray source, where
the binding energies and distribution densities of
elements on the sample surface were measured.
Sieved samples of fluorite (200 mesh) were
outgassed and dried in a vacuum drying oven at
40 °C for 72 h. Survey spectra were recorded in a
single sweep from 0 to 1350 eV using a step size of
1.0 eV. Additionally, a step size of 0.1 eV was used
for high-resolution elemental scans. The C 1s peak
at 284.8 eV (C—C) was used as the internal binding
energy standard for calibration, which was fitted
using Thermo Fisher Scientific Advantage 5.52
software (Thermo Fisher Scientific Inc., USA).

2.6 DFT simulations

The surface reactivity and flotation behavior of
minerals are predominantly governed by the
characteristics of the most commonly exposed
surface of the mineral [18,19]. The crystal
orientation of fluorite was identified using surface
XRD analysis. The (111) surface was the dominant
cleavage plane and was most commonly exposed
during crushing and grinding (Fig. 1). Therefore,
the (111) surface of fluorite was used in the
simulated surface reaction system, where the
computed fluorite surface represented the nature of
the fluorite structure to ensure that the calculation
parameter settings were valid and reasonable. The
calculation model was established based on the
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lattice parameters reported by SPEZIALE and
DUFFY [20], which has been widely referenced.
All the DFT-based simulation calculations were
performed using the Dmol3 package in Material
Studio 2019 (Accelrys Inc.). The geometric crystal
parameters and total energy of the fluorite bulk in
the DFT simulations were based on the assumption
that the free surface was the most stable cleavage
plane, i.e. (111), and the OHA collector, adsorbed
collector, and calcite supernatant species on the
mineral surface were evaluated.

Generalized-gradient  approximation  with
Perdew—Burke—Ernzerhof for solid (GGA-PBEsol)
exchange—correlation functional has yielded DFT
simulation calculation results that closely reflect
experimental results [21]. Thus, the GGA-PBEsol
exchange—correlation functional was used to
describe the exchange—correlation interactions. Spin
unrestricted calculations of the periodic fluorite slab
were considered due to the effect of spin
polarization on the energy of adsorption [22]. The
core electrons were analyzed using DFT semi-core
pseudopots and the electronic eigenstates were
developed on a double numerical plus polarization
basis, where a medium orbital cut-off radius was
used. A self-consistent field tolerance of 2.0x
10 °Ha/atom was used, and the convergence
criteria for the energy, maximum force, and
maximum displacement were 2x10~° Ha, 0.05 Ha/A,
and 0.002 A, respectively. Smearing was set to be
5x107° in all calculations, and other parameters
were default settings. These parameters were selected
according to previous DFT research [6,12,23].

The most stable cleavage plane of fluorite, i.e.
(111), was used. All the mineral surface calculations
were conducted for surfaces with a (3%3) surface
unit cell and a thickness of two layers, thus giving a
total of 68 substrate atoms in the unit cell. A
vacuum region of ~40 A prevented electronic
interactions between adjacent periodic replica
perpendicular to the surfaces. The flotation process
was performed in an aqueous environment, and thus,
the adsorption behavior of the reagents was
significantly affected by water molecules [24,25].
The accuracy of the calculation model was ensured
by performing all simulation calculations with a
conductor-like screening model (COSMO) as an
implicit solvation model, using water as the solvent
in which the solute molecules formed cavities
(dielectric continuum of permittivity of 78.54) [17].

Only upper layer fluorite surface atoms
interacted with the OHA collector and the other
species. Thus, the adsorption calculations involving
either the collector or calcite supernatant species on
the fluorite surfaces were based on the assumption
that only the atoms in the upper layer were allowed
to relax, and the atoms in the sub-layer were
constrained in the lattice positions of the fluorite
crystal. The adsorption energies of the collector and
adsorbed calcite species on the fluorite surfaces
were calculated according to [24]

Ead:E(slab+OHA or adsorbed species)_E(slab)_
E(OHA or adsorbed species) (1)

where E,q is adsorption energy, E(siab+0Ha or adsorbed species)
is total energy of the collector or adsorbed calcite
species on the fluorite surface after adsorption, Eap)
is the total energy of the relaxed bare fluorite slab,
and EoHA or adsorbed species) 1S the energy of the OHA
ions or adsorbed calcite species after optimization.
All energies were measured as kilojoules per mole
(kJ/mol), and a negative value indicates exothermic
adsorption. The DFT adsorption energy after the
OHA collector and adsorbed calcite species
interacted with the fluorite surface was calculated
according to [26]

E2=E s1ab+0HA+adsorbed species) E(slab+adsorbed species) E(OHA)

(2)
where E(giabradsorbed species) 18 total energy of fluorite
slab and adsorbed calcite species, and Eoua,is the
energy of the OHA ions.

3 Results

3.1 Microflotation

The effects of OHA concentration and pH on
the floatability of single minerals in the common
fluorite flotation system are illustrated in Figs. 2
and 3, respectively. The recovery of fluorite and
calcite reached (94.6£0.8)% and (89.1£3.8)%,
respectively, using the optimal OHA collector
concentration of 03 mol/L at a pH of O.
Furthermore, calcite and fluorite exhibited similar
floatability in weak alkaline.

The effects of the dissolved calcite species on
mineral floatability were evaluated based on the
microflotation testing of fluorite and calcite in the
presence of calcite supernatant. The fluorite
recovery decreased dramatically from (94.6+0.8)%
to (40.6+1.4)% when the calcite supernatant was
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Fig. 2 Effect of octanohydroxamic acid (OHA)
concentration on mineral flotation recovery at pH 9 (The
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Fig. 3 Effect of pH on mineral flotation recovery
(Octanohydroxamic acid concentration is 0.3 mmol/L;
error bars represent the 95% confidence interval)

used instead of pure water (Fig. 4). Thus, the calcite
supernatant affected the adsorption of OHA onto
the surface of fluorite. However, the calcite
recovery was less affected, and only decreased from
(89.1£3.8)% to (70.3+£8.1)%. A previous study
attributed this change in calcite recovery to the
interaction between the collector and calcium ions,
and collector concentration in solution [6,13,27].

3.2 FTIR spectra analysis

The mechanism through which the calcite
species affected the adsorption of OHA on the
fluorite surface was evaluated based on FTIR
spectra of untreated fluorite, fluorite treated with
OHA alone, and fluorite treated with OHA in calcite
supernatant (Fig. 5). Furthermore, the infrared
spectrum of OHA is given in Fig. 6. OHA exhibited

absorption bands at ~3258, 2916, and 2846 cm ',
which were attributed to stretching vibrations of
N—H, C—H in —CHj;, and C—H in —CH,—,
respectively (Fig. 6) [28]. The peak at ~1663 cm '
was characteristic peak of stretching vibrations in
the C=0 group (carbonyl) of OHA, whereas that
at ~1423.9 cm ™' was associated with —N—O—H
in-place bending. The broad peak spanning from
1300 to 1100 m ™' was attributed to C—N stretching
vibration. The peak at ~1053 cm™' was attributed to
C—O stretching vibrations [29,30], indicating the
presence of contaminants (e.g., calcite).

Absorption at ~3500 and 1600 cm™' was
attributed to water adsorbed during sample
preparation (Fig. 6). Fluorite sample treated with
OHA exhibited peaks at 2978.0 and 2901.8 cm ™',
which confirmed that OHA was adsorbed on the

100 B Pure water
90 B Calcite
80 supernatant|
70
60
50
40
30
20
10
0

Flotation recovery/%

Fluorite

Calcite
Fig. 4 Microflotation recovery of calcite and fluorite

using octanohydroxamic acid collector (0.3 mmol/L) in
ultrapure water and calcite supernatant (pH=9) (Error
bars represent the 95% confidence interval)
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Fig. 5 Fourier transform infrared spectra of pure

fluorite (a), fluorite treated with OHA (b), and fluorite

treated with

supernatant (c)

octanohydroxamic acid in calcite
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Fig. 6 Fourier transform infrared spectrum of octano-

hydroxamic acid

fluorite surface via chemical bonding (Fig. 5(b)).
The fluorite treated with OHA in the -calcite
supernatant exhibited substantial weakening of the
characteristic stretching vibration peak at ~2916,
and 2846 cm' of C—H in OHA (Fig. 5(c)) [31].
These observations indicated that the adsorption of
OHA on the fluorite was suppressed by the
presence of the calcite species, which confirms with
the findings of the microflotation experiments.

3.3 Solution chemistry calculations

The possible species adsorbed on the fluorite
surface due to calcite dissolution were determined
using solution chemistry analysis. The calcite
supernatant predominantly contained CaCOj; due to
the thermal stability of carbonate anions at a pH of
9. The species distribution diagrams of calcium and
OHA species in an aqueous solution are presented
in Fig. 7, where the total concentrations of Ca** ions
and OHA wused in the solution chemistry
calculations were 0.1 and 0.3 mmol/L, respectively,
and the relevant chemical reactions and equilibrium
constants are listed in Table 2 [32]. Ca*" was the
principal calcium species in an aqueous solution
at a pH of 9 (Fig.7(a)). Furthermore, a large
amount of CaCQO; precipitated under these pH
conditions [33]. The OHA anions co-existed with
OHA molecules in an aqueous solution at a pH of 9
(Fig. 7(b)). However, previous studies have shown
that hydroxamic acid collector ions are more
readily adsorbed on minerals rather than the
collector molecule [16,34]. Thus, the DFT
simulations only considered deprotonated OHA to
avoid redundancy.

= (a) Ca?*
= s
o
2
E 6} Ca(OH)’
Q
=
7L
_8 1
7 8 9 10 11 12 13 14
pH
4L (b) OHA molecule
ST
s
)
S or
)
-7k
-8

pH

Fig. 7 Species distributions for Ca?" (0.1 mmol/L) (a)
and octanohydroxamic acid (0.3 mmol/L) (b)

Table 2 Pertinent chemical reactions and equilibrium
constants for calcite and oleate solution chemistry

calculations
Reaction Equilibrium constant
H,0 = H'+OH" Kw=10""
CaCO0;,=Ca*+CO Kp=107%%
Ca*+OH =Ca(OH)" K=10"*
Ca(OH)'+OH =Ca(OH), K=10*""
Ca(OH) +OH =Ca(OH)y Kp=10"%
OHA (== OHA +H" Kin=107%
3.4 XPS analysis
The XPS spectra of the fluorite treated with
ultrapure water, ultrapure water and OHA,
supernatant, and supernatant and OHA were

analyzed to study the adsorption of calcite species
at the fluorite surface. Changes in the chemical
surroundings of C, O, and N at the mineral surface
were determined using the unprocessed and
peak-fitted high-resolution XPS spectra (Figs. 8 and
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9). The C 1s spectra of fluorite treated with
ultrapure water alone exhibited peaks at ~284.8,
286.5 and 288.6eV (Fig.8(a;)), which were
assigned to the C—C, C—O0, and C=0 units of
adventitious carbon, respectively. Further, the O 1s
signals at ~531.9 eV (Fig. 8(b;)) were assigned to
C=0 [35]. These species were considered as
contamination. Treatment with OHA alone
caused a shift in the C—0O and C=0 peaks of +0.3
and +0.2 eV to ~286.8 and 288.8 eV, respectively
(Fig. 8(ay)) [30,36]. The C=0 peak in the O 1s

3897

spectra exhibited a weak shift of +0.1eV to
~532.0eV (Fig. 8(by)), and a new peak was
observed at ~531.0eV and was assigned to
N—O [37,38]. These results indicated that OHA
was adsorbed on the fluorite surface in the absence
of the calcite supernatant. The C 1s spectra of the
fluorite treated with the calcite supernatant alone
exhibited a peak at ~288.7 eV (Fig. 8(a;)), which
confirmed the presence of CaCO; [39]. Thus, the
calcite species was adsorbed on the fluorite surface.
Consequently, the C—O peak shifted by —0.2 to

(a)) (b))
—o— Measured
— Fitted —~ Measured
_—C=C — Fitted
— C—0 — C=0
— C=0 --- Background
- - - Background
294 292 290 288 286 284 282 280 540 538 536 534 532 530 528 526
Binding energy/eV Binding energy/eV
(ay) (b))
—— M d
- Figzzure —— Measured
—_ C—C — Fitted
—_ C—0 1 — C—-0
— C=0 ] — N—O
--- Background / - - - Background
294 292 290 288 286 284 2é2 280 540 538 536 534 532 530 528 526
Binding energy/eV Binding energy/eV
(a3) (b3)
—— Measured —— Measured
— Fitted — Fitted
— C—C — Ca—0
— CaCO;, = C—On calcite
--- Background = C=0 in calcite ¢
- - - Background §
oo —T T - T T -—-1-: 1 I i | N |
294 292 290 288 286 284 282 280 540 538 536 534 532 530 528 526
Binding energy/eV Binding energy/eV
(ay) (by)
—— Measured
—— Measured — Fitted
— Fitted —_ Ca—0 )
— C-=C = C—0Oncalcite ¢
— Calcite = C=0 in calcite }
--- Background --- Background 4
294 292 290 288 286 284 282 280 540 538 536 534 532 530 528 526
Binding energy/eV Binding energy/eV

Fig. 8 Unprocessed and fitted high-resolution C 1s and O Is spectra of fluorite treated with ultrapure water (a;, by),

ultrapure water and octanohydroxamic acid (OHA) (a,, b;), supernatant (a;, bs) and supernatant and OHA (a4, by)

(PH=9)
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Fig. 9 Unprocessed and fitted high-resolution N 1s
spectra of fluorite treated with octanohydroxamic acid
(OHA) (a) and supernatant and OHA (b) (pH =9)

~531.8 eV (Fig. 8(b3)) due to a change in the
chemical surroundings of O on the fluorite surface.
Thus, the peaks at ~531.8 and 532.5eV of the
O 1s spectra were assigned to C—0O and C=0 in
calcite [40]. Similarly, the peak at ~530.7 eV
was attributed to Ca—O from calcium carbonate
polymorphs [41]. The samples treated with OHA
after contacting with the supernatant did not exhibit
any new peaks in the C 1s spectra (Fig. 8(ay)), thus
indicating that OHA adsorption was primarily
inhibited by the presence of the calcite supernatant.
A slight change of C=—=O chemical surrounds
(+0.2 eV) further suggested that the adsorption of
OHA was severely suppressed, but was not
inhibited completely.

The N 1s XPS spectra of fluorite treated with
OHA alone, and OHA after exposure to the calcite
supernatant are given in Fig. 9. The XPS spectra of
N 1s were fitted to two peaks at ~398.7 eV, which
was assigned to N in the deprotonated hydroxamate
groups (R—CO—NH—O0O—), and ~399.9¢V,
which was attributed to N in neutral molecules [42],
i.e. the protonated form of the hydroxamic acid
(R—CO—NH—OH) [43,44]. The first step in the
chemisorption of hydroxamic acid on the mineral
surface was deprotonation [45]. Thus, the peak at
~398.7 eV was attributed to the chemical adsorption
of OHA, while the peak at ~399.9 eV was caused
by the physical absorption of OHA. The chemically

adsorbed OHA (Fig. 9(a)) was the primary
adsorption form (~70%) in the presence OHA alone,
but the adsorption ratio of deprotonated OHA on
the fluorite surface sharply decreased to ~50% after
treatment with the calcite supernatant. This weak
interaction between the OHA and the fluorite
surface lowered the floatability of fluorite.

3.5 DFT computational results

The FTIR and XPS spectra provided insights
into the adsorption events between the fluorite
surface and the calcite supernatant species.
However, these analyses did not illustrate the nature
of these interactions, nor the mechanism through
which the adsorbed species inhibited OHA
adsorption. DFT calculations were used to simulate
the interaction of OHA ™ on the fluorite surface, as
well as in the presence of calcite supernatant.
3.5.1 Structural optimization structure of OHA

anion

The molecular structure and reactivity of the
collector play an important role in its interaction
with the mineral surface. Therefore, the DFT
optimized structure of the OHA collector is shown
in Fig. 10(a). The bond lengths of N—O, C—N,
and C=0 were approximately 1.314, 1.349, and
1.258 A, respectively. Valence electron transfer
usually occurs at the collector’s highest occupied
molecular orbital (HOMO). That is, HOMO is the
most active orbital, which is thus the most active
orbital. Therefore, the HOMO was used to predict
the binding sites of the OHA ions [17]. The HOMO

e 000
Z = O O

Fig. 10 Density functional theory optimized structure of
anionic form of octanohydroxamic acid (OHA) (a) and
highest occupied molecular orbital of anionic OHA
collector (b)
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of the OHA collector is illustrated in Fig. 10(b),
where the transferable valence electron was located
around the polar head (C=0 and N—O). Mulliken
atomic charge analysis revealed negative charges
around the two O atoms of the OHA anion, whereas
the computational results showed that the charges
of O on C=0 and N—O were —0.602 ¢ and
—0.642 e, respectively. Thus, the two O atoms
contributed most to the covalent bonding between
OHA and metal ion complexes. Specifically, the
interaction between the N—O oxygen atom and
the metal ions on the mineral surface was likely to
form stronger covalent bonding than the C=0O
bond.
3.5.2 Structural optimization of fluorite surface

The (111) surface is considered to be the most
stable surface of fluorite, and previous studies have
reported that the (111) surface is the dominant
cleavage plane due to the electrostatic repulsion
between adjacent anion layers [12,46]. This surface
was exposed by cleaving the optimized fluorite
crystal structures through the (111) plane (Fig. 11).
During optimization of surface, all atomic
displacements were allowed through relaxation. The
upper atoms of the fluorite (111) surface consist of
a repeated hexagonal array comprising Ca and F,
where each Ca atom is surrounded by eight F atoms
and each F atom is surrounded by four Ca atoms.
The bonding between Ca and F occurred from both
above and below. The deformation charge density
map of the fluorite (111) surface (Fig. 12) indicated
that the strong electronegativity of F caused a
transfer of the electrons around the Ca atoms to the
F atoms on the fluorite surface. Thus, the Ca atoms
on the fluorite surface were the primary active
centers for interaction with the collector. Geometry
optimization led to changes due to the upward
movement of Ca and F atom positions, where the
Ca —F distances in the top hexagonal array
increased by ~0.05 A. Further, the vertical Ca—F
distances either increased by ~0.27 A or decreased
by ~0.20 A.
3.5.3 Adsorption of calcite supernatant species on

fluorite (111) surface

The solution chemistry calculations indicated
that CaCO; and Ca’" in the calcite supernatant
possibly adsorbed onto the fluorite surface. CaCO;
and Ca®" located at various initial positions on the
fluorite (111) surface were simulated to identify
the most common adsorption conformation. The

@ Ca OF

Fig. 11 Structure of fluorite (111) surface viewed from
side (a) and top (b)

Fig. 12 Charge density differences for fluorite (111)
surface

optimized geometric structures demonstrated that
Ca’* was not stably adsorbed on the fluorite surface
(Fig. 13). The Ca—F bond lengths between the
adsorbed Ca’" ions and three F atoms in the
hexagonal array on the fluorite surface were ~3.42,
3.48, and 3.58 A. As Ca*" was not stably adsorbed,
only the adsorption of CaCO; was considered.

The most stable adsorption configuration of
CaCOj; is given in Fig. 14, where the Ca—O
lengths between the O furthest from Ca in CaCOs;
and the three Ca atoms in the hexagonal array on
the fluorite surface were ~2.27, 2.28, and 2.28 A.
Ca atoms on the fluorite surface were exposed on
the top layer. However, the F atoms facilitated
easier adsorption of CaCOj; from calcite supernatant
onto the fluorite surface. The adsorption of CaCO;
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on the fluorite surface was highly favorable with a
calculated adsorption energy of —608.2 kJ/mol.
Further, a new active site for OHA collector
adsorption was likely formed due to the adsorption
of metal ion species [6].

Fig. 13 Interaction of Ca ions on fluorite surface (111)

(Unit: A)

Fig. 14 Interaction between CaCOj; and fluorite (111)
surface (Unit: A)

3.5.4 Effect of calcite supernatant species of
adsorption of OHA on fluorite (111) surface

The differences in fluorite flotation behavior in
ultrapure water or calcite supernatant were
investigated based on the interaction between OHA
and the fluorite surfaces using DFT simulation
calculation. A detailed illustration of the interaction
between the conjugate base of OHA and the bare
fluorite surfaces is given in Fig. 15(a).

The adsorption of OHA on the fluorite surface
in the absence of calcite supernatant species was
similar to the phenomena discussed earlier. The
polar head of OHA had a high potential to interact
with the mineral surfaces due to the HOMO
transferable charges located in the functional groups
of —C(=0)—NH—0O—. One of the two O polar
heads in OHA is bonded with three Ca atoms, and
the other is connected with two Ca atoms in the
adjacent hexagonal arrays. This phenomenon differs
slightly from existing knowledge, where it was
previously considered that hydroxamic acid type
collectors exhibit chemisorption with the mineral
surface in both monodentate and bidentate (the
stable five-membered ring structure) forms. The O
atoms in the N—O and C==O0 groups interact with
Ca atoms on the fluorite surface via covalent
bonding (Fig. 15(a)). The Ca—O lengths between
the N—O groups and the three Ca in the hexagonal
array on the fluorite surface were ~2.28, 2.32, and
2.42 A, whereas those between C—O groups and
the two Ca atoms in adjacent hexagonal arrays were
~2.30 and 2.40 A, respectively. Similarly, high
adsorption energy (—533.56 kJ/mol) was calculated
for this bridged binding form using Eq. (1). Overall,

@ Ca
OF
@cC
@0
OH
ON

Fig. 15 Interaction between fluorite surface and octanohydroxamic acid without supernatant species (a) and with CaCOs;

on fluorite (111) surface (b) (Unit: A)
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the findings indicate that OHA had a strong
collection capacity for fluorite in ultrapure water;
however, its adsorption was weaker than CaCO;.

The pre-adsorption of calcite species covered
active sites on the fluorite surface. Subsequent
adsorption of OHA at the active sites adjacent to
the adsorbed calcite species caused strong steric
hindrance. As discussed in Section 3.5.3, the
pre-formed precipitates could
adsorption sites on the fluorite surface. Thus, the
adsorption of OHA (deprotonation) over the
pre-adsorbed CaCO; on the fluorite surface was
investigated, and the optimized geometry structures
are shown in Fig. 15(b). The polar head group of
OHA interacted with Ca*" from the pre-adsorbed
calcite species via bidentate chemisorption. The
C=0 or N—O groups of OHA interacted with the
Ca atom in CaCO; via covalent bonding
(Fig. 15(a)). The Ca—O distances between the Ca
atoms in CaCO; and the C=0 and N—O groups
in this configuration were ~2.23 and 2.17 A,
respectively. The OHA adsorption energy decreased
significantly to —236.48 kJ/mol once the fluorite
surface  comprised  pre-adsorbed  collector-
interacting Ca®* from CaCO; in the calcite
supernatant. Thus, the interaction between OHA
and fluorite was weak.

S€rve as new

4 Discussion

The calcite supernatant significantly affected
the floatability of fluorite, as demonstrated in the
microflotation testing. The surface properties of
fluorite were affected by the adsorption of calcite
species, as confirmed by FTIR, solution chemistry,
and XPS analyses. Previous studies have reported
that calcite species affect fluorite floatability due to
the interaction between the collector and dissolved
species. A large proportion of the OHA collector
was consumed by the Ca’* ions from calcite
dissolution [13,14]. The flotation recovery of calcite
in the calcite supernatant also decreased slightly.
Solution chemistry analysis indicated that CaCO;
and Ca®" might be preferentially adsorbed on the
fluorite surface. The adsorption of the calcite
species was not explicitly observed in the FTIR
spectra acquired at a pH of 9 (Fig. 5). However, the
differences between the fluorite samples after the
addition of OHA with and without -calcite
supernatant confirmed that the added -calcite

supernatant hindered the adsorption of OHA on the
fluorite surface.

DFT simulations further confirmed that the
CaCOs—fluorite interaction was favored over
OHA—fluorite interactions. Thus, CaCO; was
preferentially adsorbed on the fluorite surface
instead of OHA. Further, pre-adsorption of CaCO;
on the fluorite surface caused strong steric
hindrance, which prevented the adsorption of OHA.
Although new active sites were formed due to
the adsorption of CaCOs, this steric hinderance
prevented effective OHA adsorption. Le Chatelier’s
principle dictates that an increase in reactant
concentration would disturb the system and
increase the rate of the forward reaction until the
equilibrium state is achieved. Thus, the addition of
reactants would promote the formation of CaCO;
precipitates on the fluorite surface, further
increasing the steric hindrance [6]. Ca*" ions were
not stably adsorbed on the fluorite surface due to
the positively charged Ca®" layer on the top layer of
the fluorite surface, which caused electrostatic
repulsion. Previous studies have reported similar
observations [47,48]. The XPS spectra confirmed
the presence of CaCO; on the fluorite surface
(Fig. 8). This was likely contributed by two sources,
namely CaCOj; from direct adsorption of the calcite
supernatant on the fluorite surface, and Ca>" at the
fluorite surface interacting with the CO; ions in
solution (Table 2). Thus, introducing CO32_ ions into
the solution hindered the adsorption of OHA due to
the common ion effect [49—51].

It is widely accepted that the most stable
adsorption configuration is the configuration with
the lowest total energy [52]. The optimized
adsorption geometry configuration of OHA on the
fluorite surface was not the bidentate. Electron
transfer and a higher density of Ca*" ions led to the
formation of a vacant valence electron shell of Ca*"
ions on the fluorite surface (Fig. 11) [12]. The O
atoms in the N—O and C=0 groups interact with
three and two Ca atoms on the fluorite surface via
covalent bonding, respectively. Thus, a stable octet
configuration was formed for all atoms
participating in the adsorption.

5 Conclusions

(1) The flotation recovery of fluorite was
significantly decreased from 94.6% to 40.6% by
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calcite dissolved species. FTIR spectra and XPS
analysis showed that the adsorption of OHA on the
fluorite was decreased in the presence of the calcite
dissolved species, and the weaker interaction was
observed between the OHA and the fluorite surface.

(2) DFT computation results indicated that
CaCO; was more stably adsorbed on the fluorite
surface than Ca®". The adsorption energy of CaCOs;
on the fluorite surface was higher than that of OHA,
indicating that CaCO; was preferentially adsorbed
over multidentate OHA. The pre-adsorption of
CaCOs; led to the formation of active sites on the
Ca’* of the adsorbed CaCO;. However, OHA
adsorption at these new sites was not favorable.

(3) This study presents a novel suggestion that
the adsorption configuration of OHA on the fluorite
(111) surface was the multidentate form, and not
the bidentate. This configuration allows for a more
stable octet for all atoms participating in the
adsorption.

(4) This work provides valuable insights into
the selection and synthesis of collectors in flotation
systems. Preventing the effects of the gangue
species in fluorite flotation should be further
investigated to improve the recovery and grade of
fluorite.
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