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Highlights

e In-depth characterization of surface properties of lepidolite was conducted;

Colloidal and surface properties are different since IEP = 2.5 and PZC = 8.5;

e Derivative of the pH-titration curve exhibited 3 surface pKa at 4.8, 6.2, and 7.8;

These pKas were attributed to aluminol and silanol surface adsorption sites;

This will have a strong impact for the beneficiation of lepidolite by flotation.

Abstract

This study proposes an in-depth exploration of the surface properties of lepidolite, a lithium-
bearing phyllosilicate mineral, using nitrogen and argon adsorption isotherms, electrophoretic
mobility measurements, and surface titration experiments. The solid-gas and solid-liquide
interfaces analyses allow characterizing the surface heterogeneity of lepidolite, highlighting the
dominance (~ 80%) of the basal surfaces over the lateral surfaces (~ 20%) in the total specific
surface area. The N, adsorption isotherm exhibited various adsorption sites, including the
exposed interfoliar cations and the empty hexagonal cavities related to the cleavage process, on
the basal planes, or the exposed oxygen and fluorine atoms on the lateral surfaces. Besides, the
solid-liquid interfaces analyses highlighted a significant difference between the isoelectric point
and point of zero charge of lepidolite, with pH values of 2-3 and 8.5-9, respectively, which

demonstrated the importance of monitoring surface observables such as the surface potential
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rather than the zeta potential. Noteworthily, surface titration experiments allowed to identify
distinct surface sites with specific pKa values that were discussed and demonstrated that the
potassium interfoliar cations are exchanged with protons when the pH is decreased. These
findings allow to gain understanding in the lepidolite's surface properties and will provide
valuable implications for lithium extraction by the froth flotation method, a mineral beneficiation
process based on the surface properties of minerals. Also, this research will pave the road in the
in-depth investigation of physicochemical properties of surfaces in order to finely tune the metal

extraction in the current energy transition context.

1. Introduction

The in-depth exploration of solid-gas and solid-liquid interfaces is paramount in numerous pivotal
industrial applications. These domains encompass electronics, adsorption for gas purification or
separation, heterogeneous catalysis, the agri-food and pharmaceutical sectors, as well as
environmental depollution and metal extraction (Buckton, 2000; Krog et al, 1989; Lu and
Bitsianes, 1968; Richardson, 1982). Considering the growing demand for metals, particularly
related to the ongoing energy transition, metal extraction is facing emerging challenges related to
the decrease of the metal grades and to the increasing complexity of mineral deposits, in which
the target minerals are more and more finely disseminated (Farrokhpay et al.,, 2021; Roy, 2009;
Upadhyay and Venkatesh, 2006). In this context, the froth flotation separation method has become
widely employed for the extraction of metals from ores and this technique is nowadays used to
process more than 2 billion tons of ores every year. Froth flotation is based on the selective
adsorption of reagents on powdered minerals surfaces to finely tune their wettability (Faris et al.,
2017), selectively making the target mineral(s) surfaces hydrophobic. After the reagents
adsorption, air bubbles are added in flotation cells to recover hydrophobic particles in a froth
phase, whereas the hydrophillic particles are recovered from the suspension. Hence, froth
flotation is very sensitive upon the mechanisms acting at the mineral-water and mineral-gas

interfaces of powdered minerals.
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Over the past decade, froth flotation has started facing significant hurdles as the intricacy of
metallic deposits has significantly increased (Gorain, 2013). This complexity raises challenges in
the objective of attaining a selective adsorption of surfactants onto the desired metal-bearing
minerals. Recently, the flotation of lithium-bearing minerals has become a significant topic of
concern (Li et al., 2019), due to the exponential industrial demand for lithium to build Li-ion
batteries for electric vehicles. Among the lithium-bearing minerals, Ilepidolite
[K(Li,Al)3(Si,Al)4010(F,0H); stands out as the primary source of lithium from hard rock deposits
in Europe (Christmann et al., 2015; Gourcerol et al., 2019; Kesler et al.,, 2012). The beneficiation
of lepidolite-bearing ores therefore mainly depends upon the selective flotation of this
phyllosilicate mineral from quartz and feldspar, which still represents a technical and scientific
challenge (Korbel et al., 2023; Sahoo et al.,, 2022; Tadesse et al., 2019). Hence, to successfully
optimize the selectivity and the performances of the lepidolite flotation, the selectivity of
adsorption of flotation reagents has to be finely tuned. For that, acquiring a thorough
understanding of interfaces between lepidolite and water and air is of paramount importance.

Mineral surfaces, and therefore interfaces, are known to present a significant heterogeneity,
which is related to the different types of crystallographic they exhibit (Villieras et al., 2002).
Moreover, each type of exposed crystallographic plane exhibits an energy heterogeneity between
the reactive surface sites, originating from the nature of minerals that are assemblies of anions
and cations (Gao et al., 2014; Moon and Fuerstenau, 2003). Therefore, methods for analysing the
heterogeneity of surfaces, specifically adapted for the study of anisotropic materials such as
phyllosilicates, have been developed over the past decades, using high-resolution adsorption
isotherms (Villieras et al., 1997) or surface titration (Mbey et al.,, 2019; Prelot, 2001). Besides,
surface-specific analytical methods such as X-ray photoelectron spectroscopy (Deng and Ou,
2024; Watts and Wolstenholme, 2019; Xu et al, 2024; Xue et al, 2024), small-angle X-ray
scattering (Pernyeszi and Dékany, 2003), atomic force microscopy (Xing et al., 2018), or Fourier
Transform Infrared (FTIR) spectroscopy (Antti and Forssberg, 1989) can also be used to gain

understanding in the physicochemical phenomena acting on the surface (Brus et al., 2004;
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Massaro et al,, 2002; Ratner and Castner, 2020). Recently, Foucaud and co-workers highlighted
the possibility to use non-linear optic methods to specifically monitor surface reactions by
understanding the origin of the surface-specific signal (Foucaud et al, 2021). In addition,
interesting insights are now being provided by the growing use of molecular modelling methods,
based either on force fields or on first principles (Churakov et al., 2015; Dell’Angelo et al., 2024),
particularly for unravelling the adsorption mechanisms involved in flotation processes (Foucaud
et al, 2019). These methods allow acquiring a thorough understanding of the influence of the
heterogeneity of the mineral surfaces on adsorption mechanisms since they explicitely consider
the ions in the bulk crystal phase, in the bulk liquid phase, and on the surfaces (Foucaud et al,,
2018). However, these methods still have limitations when considering solid-liquid interface since
the surface state cannot be described (surface speciation, pH value, etc.).

However, very few investigations on surface properties of lepidolite, experimental or theoretical,
have been undertaken to the best of our knowledge. Moreover, theoretical chemistry methods
require an extensive knowledge of the surface heterogeneity and surface speciation to be
efficiently and accurately conducted (Fukushi and Sverjensky, 2007). This work aims to deepen
our understanding of lepidolite's surface properties, including their heterogeneity and their
speciation, to optimize the selective adsorption of surfactants onto its surface and to serve as basis
for molecular modelling methods. For that, we use an original combination of gas adsorption
experiments, electrophoretic mobility measurements, and potentiometric surface titrations. This
work will not only propose an original combination of experimental methods for investigating
minerals surface properties, but gives insights for the development of innovative, more efficient,
and environment-friendly routes to beneficiate this Li-bearing mineral in the current energy

transition context.

2. Materials and Methods

2.1. Sample
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The lepidolite mineral used for this study comes from a brasilian ore and was purchased from
Minerama (France). It was powdered using a tungsten planetary mill to produce a sample fine
enough (0-20 um) for X-ray diffraction analysis, gas adsorption, and surface titration. A finer
sample (< 10 um) was produced for electrophoretic mobility experiments, to prevent the sample

from sedimentation during assays.
X-ray diffraction (XRD) analysis

The measurement was carried out using a back-loaded sample holder to limit the overexpression
of the (001) lepidolite crystallographic planes, which is a point commonly discussed for the
analysis of phyllosilicate minerals (Kleeberg et al., 2008; Silva et al., 2011). The X-ray diffraction
(XRD) pattern of lepidolite was acquired at room temperature. The measurement was performed
using a D2 Phaser diffractometer (Bruker, Germany) equipped with a LYNXEYE detector and
operating at 30 kV and 10 mA. The X-ray source was a the Ka radiation of a copper anode

(1.5406 A).
ICP-OES

ICP-OES assays were carried out using a 7400 Duo spectrometer (Thermo Fisher Scientific, USA).
Wavelengths used for Al,03, Ca0, Fe;03, K»0, Mg0, MnO, NaO, P,0s, Rb, SiO,, and W quantifications
were 396.152, 315.887, 259.940, 766, 279, 257, 818.326, 178.284, 780.023, 251.611 and
207.911 nm, respectively. Reliability of the chemical assays was assessed using a standard sample,
with a mineralogical and chemical composition close to that of our sample, provided by SARM
(CRPG, France). This standard sample was analysed using the same instrument. Before
acquisition, the sample was leached using lithium metaborate, which is a common method for
silicate leaching process (Pinto et al, 2012; Ramsey et al, 1995). Therefore, the direct

quantification of lithium could not be achieved using this method.
2.2. Gas adsorption isotherms

2.2.1. Specific surface area determination
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Gas adsorption measurements were performed on a Belsorp max Il adsorbometer (Microtrac
MRB, Germany), with an initial mass of lepidolite of 1.17 g. The lepidolite sample was outgassed
at 393.15 K overnight to allow removal of impurities such as vapor water prior to measurement
(mass loss estimated at approximately 3.5%). High purity nitrogen (> 99.9995%), provided by
Alphagaz (France), was used as the probe of the adsorption experiment. The adsorption isotherm
was acquired at 77 K. The specific surface area was determined using the BET method and the
pore volume was calculated using de Boer (or t-plot) method (Brunauer et al., 1938; De Boer et

al., 1966; Hudec et al., 2002; Salvador et al., 2002).

2.2.1. Low-pressure argon and nitrogen adsorption at 77 K

Low-pressure adsorption isotherms were used to deeply investigate the surface heterogeneity of
lepidolite. Such a method is particularly suitable for studying surface heterogeneity of
phyllosilicates (Michot et al.,, 1994; Villieras et al.,, 1992). The experimental procedure consists of
recording high-resolution adsorption isotherms on a lab-built automatic quasi-equilibrium
volumetric setup described elsewhere (Bardot, 1998; Michot et al., 1990; Villieras et al., 1992).
The quasi-equilibrium technique is based on the adsorbate introduction with a slow, constant, and
continuous flow rate through a micro leak. High-resolution adsorption isotherms were acquired
atleast up to the BET domain, corresponding to the formation of the first adsorbed layer. All these

experiments were carried out at 77 K.

The high purity argon and nitrogen used here were provided by Alphagaz (France). The lepidolite
sample was outgassed overnight at 393.15 K, to remove impurities such as adsorbed water from
the mineral surface, under a residual pressure of 10-4 Pa. The procedure for the acquisition using
this experimental setup is thoroughly described by Villieras and co-authors (Villieras et al., 1992).
This method allows obtaining a large number of experimental data points on the adsorption
isotherms. Hence, the derivative of the experimental adsorption isotherms can be calculated as a
function of the logarithm of relative pressure, In(P/Py), which corresponds to the adsorption

energy expressed in kT or RT units. The obtained derivative adsorption isotherm can then be
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considered as a fingerprint of the adsorption energy distribution for the considered gaseous probe

(here, either argon or nitrogen).

The total derivative adsorption isotherm on a heterogeneous surface can be simulated by using
concepts describing adsorption phenomena on heterogeneous surfaces and following the

Derivative Isotherm Summation (DIS) procedure (Villieras et al., 1992; Villieras et al., 1997):

n
0= D X, withOy = [ 6,Ixi()de ()
i=1 Q

where 6, is the total adsorption isotherm, 6; is the adsorption isotherms on the different faces of
the particle, X; is its contribution to 8, ¢ is the adsorption energy, (2 is the physical domain of &,
0i(€) is a local theoretical adsorption isotherm, and yi(¢) is the dispersion of € on the ith face or

adsorption domain.

Using this method, the total derivative adsorption isotherm is considered as the sum of local
theoretical adsorption isotherms, with or without lateral interactions (ie., Langmuir,
Bragg_Williams-Temkin, BET, HILL, Dubinin-Astakhov, etc.). In the present case, the BET-derived
formalism was used as the local 8 isotherms in Eq.1 with the Hill formalism to consider possible
lateral interactions between adsorbed molecules. All the DIS were computed using the
condensation adsorption energy distribution (CAED) method in order to calculate local isotherms

contributing to the first monolayer (Charmas et al., 2002).
2.3. Atomic Force Microscopy (AFM) Imaging

AFM experiments were performed with a FastScan Dimension Icon with Nanoscope V controller
(Bruker, Germany). AFM imaging was carried out in air Peak Force Tapping mode at ambient
temperature. Sharp triangular silicon nitride tips (NPG-10, Bruker AFM probes) were used with
nominal values of the spring constant and curvature radius around 0.32 + 0.2 N-m-! and 30 nm
respectively. A lepidolite suspension with few particles was prepared in high purity Milli-Q water

at pH 9 and was sonicated for 5 min. A drop of this suspension was deposited on a borosilicate
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glass slide and then immediately dried at ambient temperature before the measurements with

AFM.

2.4. Electrophoretic mobility measurements

The electrophoretic mobility was measured using a ZetaCompact zetameter (CAD intruments,
France). A background electrolyte was used to maintain the ionic strength constant between the
various measurements. The background electrolyte was prepared using KCl salt with purity above
99.0% (Sigma Aldrich, Germany) and ultrapure water type II, resistivity of 18.2 MQ-cm (Aquadem,
Veolia, France). For acquisitions, KCl was used as the background electrolyte. KCl with a
concentration of 0.1 mol-L-1 was prepared so that the ionic strength was considered constant over
a wide range of pH, ie, from pH 2 to 12 (Cases, 1967). The measurements were all conducted
using this ionic strength since lepidolite is supposed to have an iso-electric point (IEP) at strong

acidic pH values, i.e., below a pH value of 3 (Choi etal.,, 2012; Filippov etal.,, 2022; Weietal., 2021).

A suspension was prepared using fine grained lepidolite (<10 um) so that no sedimentation
occurred during the experiments. For each pH value, a new suspension was prepared, and the
desired pH value was attained by adding HCI or KOH. The concentration of base or acid used was
adapted to the desired pH value so that the amount of pH modifier added in the solution was
neglectable. Then, the suspension was equilibrated for 15 minutes with a magnetic stirrer, and
the electrophoretic mobility was measured three times on at least 100 particles for each
measurement. After the acquisition, the measurement cell was cleaned with deionised water using

a volume equivalent to more than twice the volume of the cell.

2.5. Potentiometric surface titration

2.5.1. Reagents

Titripur® HNO3 (0.1 mol-L-1) and KOH (0.1 mol-L-1) were provided by SigmaAldrich (Germany)
and were of analytical grade. NaOH (0.1 mol-L-!) was purchased from Carl Roth (Germany) and

was of analytical grade. KNO3 and NaNOs salts were purchased from Sigma Aldrich (Germany) and
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were of analytical grade. All the solutions were prepared with Milli-Q water (18.2 MQ-cm, purelab
flex elga). A solution with the adequate ionic strength and pH was prepared for each experiment.
The pH calibration was done using five standard solutions, at pH =4 (pH =4 (293.15 K): ROTI
CALIPURE, Carl Roth, Germany), pH =5 (pH =5 (298.15 K): Reagecon, Shannon, Ireland), pH =7
(pH =7 (293.15 K): ROTI CALIPURE, Carl Roth, Germany), pH =9 (pH =9 (298.15 K): Reagecon,
Shannon, Ireland), and pH = 10 (pH = 10 (293.15 K): ROTI CALIPURE, Carl Roth, Germany). Agon
(Ar) was used as an inert atmosphere and was provided by Alphagaz (200 bar at 288.15 K,

Alphagaz 1 Argon Smartop, compressed Argon, n°UN: 1006, N°CE: 231-147-0).

2.5.2. Material

Titration experiments were carried out using a Titrando 809 (Metrohm, Swiss) linked to 3 auto-
burettes Dosino 800 (Metrohm, Swiss). All the tests were programmed and acquired using the
Tiamo 2.4. software (Metrohm, Swiss). The suspension was placed in a titration cell cooled by an
ecoline staredition RE107 thermostat (Lauda, Germany) equipped with a E100 (Thermometer).
Temperature for the titration was set at 298.15 K (# 0.1 K). The suspension was mixed using a
PTFE magnetic stirrer. The potential and temperature were recorded using two probes. First, an
Orion, ROSS Ultra pH/ATC Triode pH probe (Thermo scientific, USA) was used for the potential.
This probe was chosen to prevent degradation of the electrode because of the silicate suspension
and was calibrated before and after each test. The second probe, which was used to follow
temperature during titration experiments, was a Pt 1000 thermometer probe (Methrom, Swiss).
Errors linked to the potential measurement were kept below 5%, as described in the procedure
of Szekeres & Tombacz (2012). A CDM210 MeterLab conductometer (Radiometer analytical,
France) equipped with a Radiometer analytical probe was used to prepare solutions (blank and
suspension) with the same conductivity. The mass of lepidolite introduced in the suspension was

measured using a 0.0001 g precision scale (N°249, ML204/01, Mettler Toledo, Swiss).
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2.5.3. Procedure

To obtain one titration curve, two tests were carried out: first, a blank using the solution prepared
at the adequate pH and ionic strength, and, second, a test with a suspension of 50 mL composed
of 25 mg to 50 mg of lepidolite. Ar was continuously bubbling in the suspension before and during

the tests to prevent the solution from carbonation, which is known to produce parasite reactions.

2.5.4. High resolution hydroxide adsorption isotherm

In these experiments, 50 mg of lepidolite was titrated in 50 mL of 1 x 10-1 mol-L-1 KNOs. Before
acquisition, the suspension was equilibrated for 1 hour. Then, acid was added to the suspension
until the target pH value was obtained, followed by a second time of equilibration, so that the new
suspension was equilibrated while minimizing the amount of reagent added. After equilibration
of the suspension, the titration started by adding successive amounts of base between 2 and 10 pL,
to obtain a high density of experimental points, until the titration endpointat pH 10.5 was reached.
After each base addition, there was a minimum waiting time of 60 s and a maximum waiting time
of 600 s. However, if, after 60 s, a drift criterion of 0.2 mV-min-! was observed, another base
addition was immediately done. After the titration, a blank experiment (in absence of lepidolite)

was acquired, applying the same experimental procedure.

2.5.5. Modelling

Titration Derivative Isotherm Summation modelling

Titration Derivative Isotherm Summation (TDIS) modelling was carried out using the surface
charge calculated with the same method as the one used for the point of zero charge (PZC)
determinations. A smoothed derivative from the experimental surface charge was computed,
using a MATLAB (MathWorks, Natick, MA, USA) cubic spline algorithm with smoothing degrees of
95 or 99%. Then, either the smoothed or experimental data were used for deconvolution in
several theoretical local isotherms, according to the TDIS procedure developed by Prelot and co-

workers (Prelot, 2001; Prélot et al.,, 2002). The deconvolution was done using both Langmuir and

10
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BET theoretical isotherms with or without lateral interactions. Parameter optimization was
carried out using the PEST (Model-Independent Parameter Estimation and Uncertainty Analysis)
optimization software (Doherty, 2015). Further information on the comparison of the previous

deconvolution method and the one developed here can be found in supplementary material.

3. Results and Discussions

3.1. Mineralogical and chemical characterisation of the lepidolite sample

The obtained XRD pattern (Figure S9) exhibits peaks of a 2M2 polytype lepidolite, which
corresponds to a common natural lepidolite (Korbel et al., 2023). The presence of some common
diffraction peaks of albite could highlight the presence of this mineral in the lepidolite sample,
although the quantification is difficult using XRD. From Table 1, it seems that no significant
contamination of the sample can be observed. The calcium content is low, along with the
phosphorus grade, which indicates no contamination by either apatite, fluorite, or calcite.
Magnesium is also encountered in very low concentration in the sample, indicating no
contamination by any magnesium-bearing mineral, particularly biotite, and no substitution in the
octahedral sites of lepidolite crystals. In addition, the sodium content is of about 0.4% and can be
related either to a possible substitution of potassium with sodium in the interfoliar site of
lepidolite or to the presence of albite in the sample. If the assumption is made that all the sodium
is in albite, considering the sodium content of pure albite (11.2% Na,0), the maximum grade in
albite of the sample is 3.6%. The lithium content is assayed at 4.52 %Li.0, which is consistent with

a 2M2 polytype (Levinson, 1953).

Table 1 : Chemical composition of the pure lepidolite sample used in this work.

Element grade (%)

A1203 Ca0 F6203 KzO MgO MnO NazO PzOs Rb SiOz LizO F Total

2437 013 021 974 0.02 086 040 0.04 0.58 5340 452 6.27 100.54

Besides, small amounts of iron, rubidium, and manganese are found in the sample used in this

work, which is common for lepidolite and do not affect the degree of purity of the mineral. From

11
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these assays, the chemical formula can be computed according to the method of Tischendorf et al.
(Tischendorf et al,, 1999, 1997). Hence the computed formula is given in Equation 2 on the basis

of 24 (0, OH, F) and 8 tetrahedral sites.

. . 2
K67 (517.16‘4[{)‘./84)(LLZ.4—4AZ3‘{.101)020(F2.66 OHy 04) (2)

From this structural formula, in the tetrahedral site, Si fills 89% of the available sites, Al filling
the remaining ones, wheras in the octahedral sites, Li and Al'! have almost the same abundance in

the available sites.
3.2. Insights from solid-gas interface
Porosity and specific surface area determination

The nitrogen adsorption isotherm acquired using a step-by-step method is presented in Figure
1a. The profile of the adsorption-desorption isotherm is characteristic of a mesoporous material
with open interparticle porosity (Prelot, 2001; Sing, 1985). The BET specific surface area of this
lepidolite sample is estimated to be 21.7 + 0.9 m?-g-1. The specific surface area of lepidolite is of
the same order of magnitude than the specific surface area data encountered in the literature for
muscovite, a phyllosilicate very similar to lepidolite (Papirer et al, 1990, 1986). This
measurement demonstrates the specific character of phyllosilicates, which generally exhibit a
higher specific surface area than most other silicates (commonly below 1 m?.g-1) at similar grain

size (Brantley and Mellott, 2000; Mukhopadhyay and Walther, 2001).
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Figure 1: (a) Lepidolite azote adsorption and desorption isotherms at 77K. (b) Zoomed area of Ar and Nz adsorption
isotherms on the lepidolite sample at 77 K.

The t-plot method allows estimating a microporous surface area of 3.8 m?-g-, corresponding to
approximately 6.10-3 cm3-g1 in liquid volume of nitrogen. The experimental error related to the
adsorption experiment can be up to 4%, as highlighted by Perronnet and co-authors (Perronnet
etal.,, 2007). Based on this measurement and on the experimental error, the surface area allocated
to micropores is ranging from 3.65 to 3.95 m?.g-1, which represents 16% to 18% of the total
specific surface area of the lepidolite sample. Similar observations were done by the same authors
on a smectite sample, for which about 20% of the total surface area was attributed to
microporosity (Perronnet et al., 2007). By definition, micropores are assumed to represent all
pores which diameter is comprised between 0 and 20 A (Gregg et al,, 1967; Storck et al.,, 1998).
On overall, although this microporosity is difficult to relate to textural or crystallographic features,
it could be attributed to (1) the 2-A-diameter holes formed by the empty hexagonal cavities on the
basal surface, to (2) the lateral surfaces that usually represent 10-20% of the total specific surface

area, or to (3) steps on the basal surfaces, which are commonly observed for phyllosilicates.
Argon derivative adsorption isotherm

The quasi-equilibrium argon adsorption isotherm of the lepidolite sample is displayed on
Figure 1b along with its derivative, presented in Figure 2. The DIS modelling parameters of the
experimental derivative are summarised in Table 2. Five local adsorption domains are required

to obtain a consistent fit of the experimental values for the lepidolite sample studied in this work.
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The five local isotherms determined are located at values of In(P/Py) of -8.59, -5.98, -4.89, -3.94,
and -2.42, respectively (Table 2, Figure 2). The derivative of the argon adsorption isotherm
presents a general trend that is very similar to other phyllosilicates: the curve displays a
significant peak at intermediate energy values [In(P/Py) =-4.89], which is attributed to the
adsorption of Ar on the basal faces (Domain 3 in Figure 2) (Cases et al.,, 2000). This peak is
particularly typical of a basal surface of a phyllosilicate with potassium cations exposed on the
surface, as previously demonstrated for illite, muscovite and biotite (Sayed Hassan et al., 2006;
Villiéras et al., 1997), which is consistent with the fact that potassium cations are exposed on the
lepidolite surface. In the aforementioned study, the authors highlighted that the location of this
peak is significantly affected by the type of interfoliar cation (i.e., K, Na, Mg, etc.) exposed on the
surface of the phyllosilicate (Bardot, 1998). This result is expected, since all these minerals are
mainly composed of Si-0-Si hexagonal rings filled with a potassium interfoliar cation. Hence, even
considering various minerals, it appears consistent that the adsorption energy of argon on the
potassium cation is observed at similar In(P/P,) values. Hence, this confirms that the potassium
interlayer-compensating cations are exposed on the basal surfaces during the breakage process
of lepidolite. Also, this allows firmly concluding that this peak corresponds to the adsorption of Ar

molecules on the potassium cations exposed on the lepidolite surface.
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Figure 2 First derivative of the argon adsorption isotherm at 77 K on lepidolite sample and decomposition using the DIS
method. The different domains are identified with black numbers.

Along with this main peak, two others peaks located at low energies, i.e., at In(P/Py) =-3.94 and at
In(P/Py) = -2.42, respectively, can be observed. These two peaks are also commonly observed for
phyllosilicates and are generally also attributed to basal surfaces (Michot etal.,, 1994). Considering
the low surface (1.3 m?-g1) represented by the Domain 4, the corresponding peak, located at
In(P/Py) =-3.94, could be attributed to steps on the basal surfaces, which is a common
morphological feature observed for phyllosilicates. Meanwhile, the peak corresponding to
Domain 5, located at In(P/Py) = -2.42, presents a surface very similar to the peak attributed to
Domain 3 (7.8 m?-g-tand 7.7 m?-g-1, respectively). Assuming that, during the cleavage process, half
of the interfoliar potassium cations go on each of the two created surfaces, half of the hexagonal
cavities on the basal surfaces are occupied by a potassium cation while half of the hexagonal
cavities are empty, as suggested by Elmi and co-workers using X-ray photoelectron spectroscopy
on lepidolite crystals (Elmi et al., 2014). Based on the similar surfaces represented by Domains 3
and 5, the peak corresponding to Domain 5 could therefore be attributed to the adsorption of Ar
molecules on empty hexagonal cavities on the basal surfaces of lepidolite, which number is

equivalent to the number of potassium cations.
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Finally, the derivative experimental isotherm also presents two broad peaks at higher energies,
i.e., for the lowest values of In(P/Py) (Figure 2). These two local high-energy adsorption isotherms,
located at In(P/Py) = -5.98 and In(P/Py) = -8.58, respectively, can be attributed to the adsorption
of Ar molecules on the lateral surfaces of lepidolite, considering their high energy (Bardot, 1998;
Michot et al,, 1994). These peaks could correspond either to the Al and Li cations exposed on the
lateral surfaces, resulting in two different peaks, or to the F-, OH- or O2- anions exposed on the
lateral surfaces, also resulting in two different peaks. The 3:1 ratio between Domain 2 and Domain
1 in terms of specific surface area is in agreement with the distribution of these cations and anions

exposed in the octaedra.

Table 2: Parameters obtained by the DIS simulation for the Ar adsorption derivative isotherm, surface area per domain (in
absolute value and in percentage of the total specific surface area), and attribution of the different peaks to types of surfaces
and to surface adsorption sites.

Domain 1 Domain 2 Domain 3 Domain 4 Domain 5
In(P/Py) -8.58 -5.98 -4.89 -3.94 -2.42
w/kT -0.3 0.7 1.9 2 0.1
Surface (m?-g1) 1.0 3.0 7.7 1.3 7.8
Surface (%) 4.8 14.4 37.0 6.3 375
Attribution Octahedral Octahedral Potassium Steps Empty hex.
hypothesis cations anions cations P cavities
Type of surface Lateral Lateral Basal Basal Basal

Considering the bulk area of the argon molecule and knowing the adsorbed Ar volume, the specific
surface area of each type of surface (basal and lateral) of lepidolite can be calculated based on
Table 2. Since Domains 1 and 2 correspond to lateral surfaces and Domains 3, 4, and 5 correspond
to basal surfaces, the contributions of each type of surface are Sitera =4.0 m?g! and
Shasal = 16.7 m?-g-1. Hence, the specific surface area originating from the basal planes (81% of the
total specific surface area) is largely dominant over the contribution of the lateral planes (19% of

the total specific surface area). This result provides crucial insights for the study of the adsorption
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of flotation reagents on lepidolite: the lateral surfaces do not represent enough surface to adsorb
the reagents and, therefore, these latter probably adsorb on low-energy domains originating from
the basal surfaces. From these calculations, an average morphology of the lepidolite particles can

be estimated using a squared plate, from the methodology described in Sayed Hassan etal. (2006).
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Figure 3: (a) AFM profile on a lepidolite crystal along with (b) a cross section measurement.

Such result can be compared to AFM profile measurements conducted on the same lepidolite
crystals used for gas adsorption experiments. One example of AFM acquisition is displayed in
Figure 3, which presents the AFM profile of one lepidolite crystal (Figure 3a) along with one cross
section measurement performed on the crystal (Figure 3b). The profile displayed in Figure 3a
shows that lepidolite has a typical morphology for a phyllosilicate crystal, exhibiting a stair-shape
pattern (Kumaretal, 2016; Sayed Hassan etal., 2006). This confirms that the Domain 4 observed
by Ar adsorption can reasonably be attributed to steps on the basal surfaces. From the cross
sections extracted from AFM measurements (Figure 3b), an average length and height of lepidolite
crystal can be calculated (Table 3). The morphological features of lepidolite crystals, obtained by
DIS calculations and by AFM measurements, are compared in Table 3. An excellent agreement
between the two acquisition methods is obtained, which allow concluding that lepidolite crystals
have width and length comprised between 42 and 350 nm (Table 3). This structural parameter is
of paramount importance for the froth flotation process since it will influence significantly the
viscosity of the pulp in the flotation cell as well as the bubble-particle attachment mechanisms,

responsible for the true flotation of the lepidolite particles.
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Table 3 : Comparison of lepidolite crystals morphology based on argon adsorption isotherm and atomic force microscopy

Method Length (nm) Height (nm)
DIS (Ar) 350 421078
AFM 300 70

Nitrogen derivative adsorption isotherm

Since nitrogen is a polarisable molecule with a non-zero quadrupolar moment, examining the
adsorption isotherm of nitrogen on lepidolite can give complementary information about the
solid-gas interface already investigated through argon adsorption (Villiéras et al., 1997). The
derivative adsorption isotherm of nitrogen, along with the DIS local adsorption isotherms
modelling, are displayed on Figure 4. The DIS modelling indicated that 7 local adsorption
isotherms are required to correctly fit the experimental adsorption isotherm. These local
isotherms are located at In(P/Py) values of -16.74, -14.86, -12.96, -10.79, -8.18, -6.25, and -3.08,

respectively (Figure 4 and Table 4).

First, compared to the Ar adsorption, the derivative isotherms of N, display a different shape and
a different adsorbed volume at the monolayer (Figure 1b). This highlights the significant
differences obtained when different molecular probes are used for the study of surface
heterogeneities of a mineral. However, the two molecular probes (N2 and Ar) provided similar
total surface specific area, namely, 20.75 m?-g-1 for Ar and of 21.49 m?-g! for N, which is
consistent. More peaks (7 instead of 5) are required to fit the N derivative adsorption isotherms,
which means that more adsorption sites can be described using this probe. Nevertheless, the
location of the peaks in In(P/Py) are significantly different between N; and Ar, which may indicate
that the adsorption sites described are different or that the affinities between the adsorption sites

and the probes are different.

The N; derivative isotherm displays three high-energy peaks, located at In(P/Py) values of -16.74,
-14.86, and -12.96, and four low-energy sites, located at In(P/Py) values of -10.79, -8.18, -6.25, and

-3.08. Among those peaks, two main peaks at In(P/Py) of -14.9 and -10.8 can be observed, which
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is consistent with the trend observed by previous studies for talc and kaolinite, for which two
prominent peaks located at values of In(P/Py) of around -15 and -11 were observed (Michot et al.,
1994; Villieras etal., 1997). In particular, the location of the most prominent peak of the derivative
adsorption isotherm (at In(P/Py) = -10.8) is in perfect agreement with studies carried out by
Bardot and co-workers on illite, who demonstrated that this peak corresponds to potassium
interfoliar cations exposed on the surface (Bardot, 1998). This peak (Domain 4) therefore
corresponds to the potassium interfoliar cations exposed on the lepidolite surface and is the
equivalent of the main peak (Domain 3) observed for Ar adsorption. Similar specific surface area
values (7.7 m?.g-1 for Ar adsorption isotherm and 8.2 m*-g-1 for N, adsorption isotherm) also
confirm this correspondence. Strong similarities with the N, derivative adsorption isotherms
obtained for muscovite and biotite can also be observed, with very close values of In(P/Py) for the
peaks, although the amplitude of these peaks can vary significantly (Villieras et al, 1997).
Meanwhile, authors tried to decipher the origin of the three local high-energy adsorption
isotherms (Villieras et al., 1997), located at In(P/P,) values of -16.74, -14.86, and -12.96. They
assumed that those peaks might be attributed to empty hexagonal cavities non-occupied by
interfoliar K+ cations on the basal planes, although considerable difficulties to attribute these sites

arise for trioctahedral phyllosilicates, such as biotite or lepidolite (Villieras et al., 1997).
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Figure 4 : First derivative of the nitrogen adsorption isotherm at 77 K on the lepidolite sample and decomposition using
the DIS method. The different domains are identified with black numbers.

However, the attribution of these peaks can be discussed. According to the Ar adsorption
isotherm, the basal surfaces representa specific surface area of 16.7 m?-g-1 (Table 2). Based on the
crystallographic features of lepidolite, as computed by Guggenheim, the surface area of a
hexagonal cavity occupied by a potassium ion on the basal surface of a lepidolite crystal, i.e.,, on
the (001) crystallographic plane, is 28 A2 (Guggenheim, 1981). Again assuming that, during the
cleavage process, half of the interfoliar potassium cations go on each of the two created surfaces,
each K* cation therefore occupies 56 A2 on the basal surfaces of lepidolite. Hence, a specific surface
area of basal surfaces of 16.7 m*-g-! corresponds to a specific density of K+ sites on the basal
surfaces of 2.99 x 1019 K*.g-1. Considering only the three high-energy sites exhibited by the N,
experimental adsorption isotherm and summing their contribution, a volume of 0.56 cm3-g-! is
related to these sites. Hence, the total number of nitrogen molecules adsorbed on those sites is
1.51 x 1019 molecules-g-t, which represents a half of the potassium cations calculated above. This
implies that these high-energy sites correspond to either 1/4 of the total hexagonal cavities

(regardless if they are occupied by a potassium cation or not), or to 1/2 of the empty hexagonal
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cavities (i.e., sites unoccupied by potassium cations). Such calculation presents a good agreement
with the previous studies carried out on clay minerals (Villieras et al., 1997). Also, since around
80% of the total surface area correspond to basal surfaces, formed by hexagonal cavities, % of the
hexagonal cavities therefore represents 20% of the total surface area of lepidolite, which is in
agreement with the total volume attributed to microporosity by the BET and t-plot modelling
(Figure 1a). However, the contribution of these three high-energy sites in terms of specific surface
area (summed) only represents 2.4 m?-g-1 (11.1%) while, if they are ascribed to empty hexagonal
cavities, they should represent the same specific surface area than the potassium cations (Domain
4), i.e., 8.2 m?-g1 (38.1%), considering as many empty hexagonal cavities as potassium cations.

Hence, ascribing these high-energy peaks to basal surfaces is not satisfactory.

However, if the amount of molecules adsorbed on the main peak of the N derivative isotherm are
compared to the amount of molecules adsorbed on the other sites, Domains 5 and 7 could
correspond to the adsorption of N; in the empty hexagonal cavities of the basal surfaces, since
they represent 39.1% of the total surface specific area. The presence of two different peaks for the
hexagonal cavities could be related to the adsorption mechanisms of N, on the hexagonal cavities.
Interestingly, some authors suggested three different mechanisms for the adsorption of N, on the
basal surfaces of phyllosilicates. These three mechanisms could correspond to the three peaks
observed on the N; derivative adsorption isotherm for basal surfaces: (1) the adsorption in empty
hexagonal cavities, (2) the adsorption on a single interfoliar cation, and (3) the adsorption on two
interfoliar cations that are closed from each other (Michot and Villiéras, 2002). Considering the
fact that half of the hexagonal cavities are empty, the peak at In(P/Py) could therefore correspond
to the empty hexagonal cavities while the two low-energy peaks, at In(P/Py) = -8.18 and In(P/Py)
= -3.08 could correspond to the two different adsorption possibilities on hexagonal cavities
occupied by interfoliar potassium cations. More in-depth investigations are however required to

decipher the hypothetic attributions of those peaks.

Table 4: Parameters obtained by the DIS simulation for the Nz adsorption derivative isotherm, surface area per domain (in
absolute value and in percentage of the total specific surface area), and attribution of the different peaks to types of surfaces
and to surface adsorption sites.
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Domain1 Domain2 Domain3 Domain4 Domain5 Domain6 Domain 7
In(P/Py) -16.74 -14.86 -12.96 -10.79 -8.18 -6.25 -3.08
w/kT 0 1.3 1 0.3 -0.2 0.2 0
?r‘;rzfagcf) 0.2 14 0.8 8.2 3.7 2.5 4.7
?(;r)face 0.9 6.5 3.7 38.1 17.2 11.6 21.9
Attribution Octahedral Octahedral Fluorine Empty On tVYO Oxygen on sin.gle
hypothesis cations cations anions hc?x.. potaésmm anions potas.smm
cavities cations cation
Type of Lateral Lateral Lateral Basal Basal Lateral Basal
surface
477  Besides, the two local adsorption isotherms, located at values of In(P/Py) of -16.74 and -12.96
478  represents 0.9% and 3.7%, respectively, of the total specific surface area. Those two local
479  isotherms can clearly be attributed to lateral surfaces, considering their high energy and their low
480 contribution to the total specific surface area. Also, based on their ratio of surface contribution
481  and on the crystallographic features of lepidolite, those two local isotherms can be ascribed to the
482  adsorption of N on aluminum and lithium cations of the octahedra, which are known to be
483  exposed on the lateral surfaces. Two processes as the one identified for potassium cations might
484  exist, considering the properties of nitrogen. Hence, these two peaks are suggested to belong to
485  octahedral cations. Meanwhile, the peaks located at In(P/Py) value of -16.74 and -14.86 could also
486  be attributed to lateral surfaces and most probably to the oxygen and fluorine anions from the
487  octahedra and the tetrahedra, which are exposed on the lateral surfaces. Based on their relative
488  surface contribution and on the crystallographic features of lepidolite, the peak at In(P/Py) = -
489  12.96 is probably related to the adsorption of N; on fluorine atoms while the peak at In(P/Py) = -
490  6.25 corresponds to the oxygen atoms (that are probably protonated during the cleavage process).
491  3.3. Additionnal insights from the solid-liquid interface
492  3.3.1. Electrophoretic mobility
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The evolution of the zeta potential of lepidolite as a function of pH in KCl background electrolyte
is displayed in Figure 5. This figure exhibits a typical trend of zeta potential variations as a function
of pH, with positive values at low pH and decreasing values when the pH is increased. Lepidolite
follows the same trend than other phyllosilicates, exhibiting a negative zeta potential for pH
values above 3. Interestingly, a plateau is obtained at about pH 5, with constant zeta potential

values around -30 mV (Figure 5).
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Figure 5 : Lepidolite zeta potential measurement in a KCl background electrolyte with concentration of 0.1 mol-L-1. The
error bars represent 2o, o being the standard deviation. A dashed line is plotted for easier reading.

The isoelectric point of this lepidolite sample is obtained for pH values between 2 and 3, which is
a typical result in agreement with other studies carried out on lepidolite (Choietal., 2012; Filippov
et al,, 2022; Wei et al,, 2021), although most of these studies measured lepidolite's IEP without
considering the effect of the ionic strength. Meanwhile, the electrophoretic mobility
measurements at pH values of about 2 to 3 or below should be conducted with a KCl concentration
of 1x10-1mol-L!, to avoid a significant variation in the ionic strength induced by the pH
modification. Hence, Figure 5 displays electrophoretic mobility measurement for this
concentration of KCI only. With this test, IEP highlighted by previous studies is confirmed (Figure

5).
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3.3.2. Surface titration

PZC determination

Although several surface titrations at different ionic strengths were performed (Figure 6), the
determination of the PZC of lepidolite remains a matter of discussion. The trend obtained for
lepidolite was in agreement with what was observed for kaolinite, montmorillonite and talc
(Burdukova et al., 2007; Duc et al., 2006; Kraepiel et al., 1998; Mbey et al., 2019). In particular,
Delhorme and co-workers highlighted, using modelling, that this trend was related to the
permanent layer charge of phyllosilicates (Delhorme et al.,, 2010). The permanent layer charge of
lepidolite presents a value of 0.9-1.0, very close to the one of muscovite and biotite, which is
known to be one of the greatest layer charge for phyllosilicates (Bergaya etal., 2011; Giese, 1978).
However, from Figure 6, it appears that the pH value at which the curves of the net proton
consumption have a zero value converges around 8.5, with an increasing background electrolyte
concentration. Since a background electrolyte of 100 mol-L-1 represents a significant ionic
strengh, it can be suggested that the PZC of lepidolite should be in an order of magnitude close to
8.5. Authors proposed the use of the Mular-Roberts titration method to record phyllosilicates PZC
(Alvarez-Silva et al., 2010a, 2010b) while neglecting the permanent layer charge of this type of
minerals. Based on these methods, they demonstrated that the PZC of anisotropic minerals such
as phyllosilicates is usually considerably above the IEP of these minerals, which further confirms
the fact that PZC of lepidolite is much higher than its IEP. Finally, Burdukova and co-authors tried
attributing this specific behaviour of titration curves, for talc crystals, to the contribution of both
basal and edges surfaces (Burdukova et al, 2007). From these observations, traditional
consideration of the surface properties of this clay-like mineral can be reconsidered, such as

considering the IEP of lepidolite being the PZC.
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Figure 6: Net proton consumption as a function of the pH for the lepidolite sample, with different values of ionic strength.
Thus procedure was used to determine the PZC of the lepidolite sample used in this study. The KNO3 background
electrolyte has concentration of 10, 30 and 100 mM.

TDIS: Surface pKa determination

The raw titration curves converted into surface net proton consumption, for two duplicated tests,
are presented in Figure 7. The mean absolute error (MAE), which is the preferred statistic
estimator when low and/or negative values are considered (Hyndman and Koehler, 2006; Morley
et al,, 2018; Swanson et al., 2000; Tofallis, 2015), was computed between these two tests. This
error represents the average absolute difference of the net proton consumption for a given pH
value between the two tests. From this figure, the repeatability of the titration can be assessed

and is very good, since the MAE is of about 0.1.
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Figure 7: Lepidolite net proton consumption in a 100mM KNOs background electrolyte. Conversion of two raw titration
curves, showing the good repetability of the data acquired (titration 1 and 2).

The TDIS method was used to determine the pKa values of the different reactive sites present in
the solution. Since the contribution of the background electrolyte was removed, the obtained
titration curve and its derivative only originated from the contribution of the different surface
acid-base sites of the lepidolite. The processing of this derivative curve using the TDIS method
allowed obtaining the peaks that represented the distribution of the lepidolite surface sites
(Figure 8). Two prominent peaks, at pH values of around 5 and 6.5, respectively, can be clearly
observed on the derivative curve, along with a third peak starting at pH 9 and expanding to a

region that is not covered by the pH range studied.
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Figure 8: Experimental derivative hydroxyl adsorption isotherm obtained at 0.1 mol-L-1 KNO3 on lepidolite along with the
hydroxyl/proton affinity distribution using the TDIS procedure.

Using the TDIS method and the optimized parameters based on the PEST software, a minimum of
four local theoretical isotherms are required to obtain a good fit of the experimental derivative

(Table 5).

Table 5: Peak position (in pH values) of the four theoretical isotherms used to predict the experimental derivative using the
TDIS approach, along with their contribution to the total measured surface reactivity, and their attribution in terms of
surface sites and in terms of type of surfaces.

Domain 1 Domain 2 Domain 3 Domain 4

pH value 48 6.2 7.8 11.5
Surface (%) 60.2 22.6 17.2 N/A
Attribution Oxygen.a.toms Oxygen at_oms Oxygen atoms
hvbothesis from silicon from aluminum from lateral N/A

yp tetrahedra tetrahedra surfaces
T f

ypeo Basal Basal Lateral N/A
surface
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As stated above, these four local isotherms correspond to the adsorption of protons by four
surface sites of the lepidolite. Since these local isotherms are symmetric regarding the position of
their maximum, this position corresponds to the pH value at which half of the sites are protonated
and half are deprotonated. Hence, the abscissa values of these peaks exactly represent the pKa of
the reactive sites. Three different acid-base sites are therefore exhibited on the surface of
lepidolite, with pKa values of 4.8, 6.2, and 7.8. Meanwhile, no conclusion can be drawn for the last
peak (located at pH 11.5) since it can either express a possible surface pKa at values above 10 or
be linked to possible noise during the acquisition of the last points, considering the high values of

pH in this range.

By considering the area under each peak, the contribution of each acid-base site to the surface
reactivity towards protons can be determined. The peak at a pH value of 4.8 is the most important
one, with a contribution of 60.2%, directly followed by the peak at pH 6.2, which represents
22.6%. The last peak, located at pH 7.8, corresponds to 17.2% of the total surface reactivity. Only
the three main peaks are considered since the last, located at pH 11.5, could be attributed to noise
due to (i) experimental acquisition of potential in alkali conditions, (ii) experimental derivative of

noisy data, or (iii) mineral dissolution, commonly observed at alkaline pH.

The three peaks and their correspondence in terms of surface groups and surface types are
discussed in the next section. Based on these results, the two first peaks, located at pH 4.8 and 6.2,
represent 82.8% of the total surface reactivity and most probably correspond to the basal
surfaces. This is in perfect agreement with the results of Ar and N adsorption experiments, which
allowed determining a total contribution of the basal surfaces 80.8% and 77.2% to the total
specific surface area of this lepidolite sample. This induces that the surface pKalocated ata pH 7.8
can be attributed to a surface site that is part of lateral surfaces, since its contribution represents
around 17.2% of the total surface reactivity. This peak is very broad, which is probably related to
various contributions in this peak, corresponding to the diversity of the reactive sites on the

lateral surfaces (fluorine atoms, oxygen atoms from lithium octahedra, oxygen atoms from
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aluminum octahedra, hydroxyl groups...). Interestingly, the two surface sites ascribed to basal
surfaces represent 75% and 25%, respectively, of the total basal groups. Based on the cation
ordering calculated by Guggenheim in 1981, this perfectly represents the ratio of Si-O and Al-0 in
tetrahedral crystallographic sites of lepidolite (Guggenheim, 1981). Hence, these pKa values can
represent either actual sites that can be protonated/deprotonated or, considering the permanent
layer charge of micas and the fact that these sites are in complete coordination, pH values at which
interfoliar potassium can leach from or bind to the basal surface of micas. On overall, the
adsorption of protons (or hydroxyl groups) on the surface demonstrates that the potassium
interfoliar cations, exposed on the lepidolite basal surfaces, are released to the water bulk. This
means that the surface acid-base reactions are related to a cation exchange, i.e., the release of a
potassium cation that allows the adsorption of a proton. To better characterize the peaks
exhibited by surface titration, their pKa values could be compared to values obtained for pure SiO,
and pure Al;0s. The point of zero charge of silica is usually recorded at a pH value of about 3
(Kosmulski, 2001), which means that surface sites are hydroxylated at pH 3 and that pKa values
can be exhibited at lower and higher pH values. Thus, the surface pKa value at pH 4.8 could

represent the pKa of the following reaction:

Si-OH & Si-O- + H (3)
Such value for this pKa is an excellent agreement with pKa values calculated for silanol groups on
quartz surface by surface titration and second harmonic generation methods, since values ranging
from 4.5 to 5.5 were reported (Allen et al,, 1971; Ong et al., 1992). Meanwhile, the pKa of the
second protonation reaction of silanol sites could not be recorded: studies conducted on pure
silica suggested that this second protonation reaction of silanol groups generally occurs at pH
value below -2 (Liu etal., 2014), which is out of the pH range investigated in this work. In the same
idea, the PZC of alumina species is commonly determined at pH values of about 8-9 (Kosmulski,
2001; Sposito, 1996). Therefore, the pKa recorded at 6.2 in this work could represent the second

protonation of alumina sites:
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Al-OH;* 5 Al-OH + H+
2" > (4)

Conclusions

In this comprehensive study, we carried out an in-depth analysis of lepidolite surfaces, the main
lithium-bearing phyllosilicate mineral exploited for lithium extraction, based on solid-gas and
solid-liquid interfaces analyses. By the combination of various analytical techniques, including
nitrogen and argon adsorption isotherms, electrophoretic mobility measurements, and surface
potentiometric titration, we provided insights into the surface properties of lepidolite. First, the
adsorption of Ar and N; as well as the surface titration exhibited the dominance of the basal
surfaces over the lateral surfaces in the total specific surface area, representing 77-82% and 18-
23% of the total specific surface area, respectively. The two molecular probes used for gas
adsorption isotherm(N; and Ar) allowed discussing in details the crystallographic sites exposed
on the lepidolite surfaces and better understand their role in the adsorption. Meanwhile, the
electrophoretic mobility measurements demonstrated an IEP between pH 2 and 3, while
potentiometric surface titration experiments provided a PZC at around 8.5, highlighting the
significant difference between IEP and PZC for lepidolite. Also, surface titration experiments
revealed the presence of acid-base surface sites presenting pKa values of 4.8, 6.2, and 7.8, which
were attributed to the exposed oxygen atoms of the silicon tetrahedra, of the aluminum
tetrahedra, and of the various octahedra, respectively. The implications of these findings for the
flotation separation process are noteworthy, as they provide potential avenues for the selective
separation of lepidolite from other silicate minerals, reducing costs. Based on selective adsorption
of cationic and anionic surfactant mixture, it might be possible to separate phyllosilicates from
usual silicate minerals. This selective adsorption might be linked to the PZC of lepidolite being of
about 7-9. In these conditions, it should be possible to selectively adsorb both cationic and anionic
reagents at the lepidolite surface, since its surface will exhibit equal proportion of positive, neutral
and negative surface sites. This route allows selectivity between close minerals in neutral pH
values using green reagents (sodium oleate or lignin sulfonate). On overall, this research provided

valuable data to understanding lepidolite's surface properties and highlights opportunities for
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more efficient mineral processing techniques. The surface characterization and insights thrown
for this study open the door to further exploration and application of these findings in mineral

beneficiation processes, with the potential for substantial economic and environmental benefits.
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Supplementary data
Zeta potential - theory

This instrument used is based on the microelectrophoresis method for electrophoretic mobility

measurements. It is calculated, according to:

U—U 3
=z (3)

where v the electrophoretic velocity (m-s-1) and E the electric field (V-m-1). The Smoluchowski
equation then allows to convert electrophoretic mobility to zeta potential. This conversion relies
on some assumptions, particularly on the fact that the thickness of the electric double layer is
smaller than the particle (Smoluchowski, 1918). In this case, the zeta potential is expressed

following:

U
{=1 4)

o0&y

where 7 the viscosity of the solution (kg-m-1-s-1), U the electrophoretic mobility (m?-V-1-s-1) and &,

(kg:m-V-2-s-2) and ¢, the vacuum and relative permittivity of the medium, respectively.
Surface potentiometric titration
2.4.1. Theoretical background - surface charge definition

The charge of mineral surfaces, considered as oxide, results from the ionization of water with
surface hydroxide groups. Different ionization states regarding protonation/deprotonation
interfacial reactions exist. Naming the surface cation S, these different states can be stated as

follows:

=S—-0"+ H;0" S =S—-0H+ H,0 S =S—-0Hf+HO™ (5)
The surface groups carry negative, positive, or zero electrostatic charges, depending upon the
oxide and the ionic composition of the aqueous phase. They give the surface a basic, acidic, or
neutral character, respectively. For oxides, H* and OH-are considered as the potential determining

ions. Therefore, the surface charge formation is described using the standard Gibbs free energy,
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AG. This energy is composed of two terms: the chemical part, described by the chemical reactions
expressed in Eq. 1, noted AGcrem, and an electrostatic part, determined by the development of an
electrostatic potential at the interface in the process of protonation/deprotonation, noted AGe..
The surface charge density of oxides formed by proton transfers (og,x) can be defined through the

net surface proton excess:

oo = F(Ty+ — Toy-) (6)
where F is the Faraday constant and (I'y+ — Ipy-) is the surface excess amount or Gibbs excess.
This latter requires the knowledge of accurate concentrations of H* and OH- over a broad pH
range. From the methodology of Szekeres & Tombacz (2012), this results in a two calibration test
of the pH probe for the background electrolyte titration test (Szekeres and Tombacz, 2012).

Following their method, the net surface proton excess is computed from:

Viotar X (CH+,0H‘,0 - CH+,OH_,e) 7)

(FH+ - 1—‘OH_) X Smineral =
Mmineral

where Smineral is the specific surface area of the mineral, Vi is the total volume of the suspension,
Cy+ om0 IS the actual proton concentration resulting from titrant additions, cy+ oy - . is the actual
proton concentration calculated from the proton concentration calibration plots, and mminerai is the

mass of mineral added to the suspension. The proton concentrations can be calculated as follows:

107PH  10~POH

_ Cyto X iVy+i— Con=0 X XiVon~,
'CHY OH e = S, S, (8)
a

Cy+ -0 =
H",0H™,0
Vo + Xivy+; + XiVon-i

where cy+ o and cop- o are the concentrations of the acid and base titrants, v+ ; and vy~ ; are the
volumes of the ith dose of acid and base titrants, and v, is the volume of background electrolyte.
The slopes, Sq in the acidic side and S, in the basic side, obtained from the proton concentration
calibration plots, represent the actual response of the electrode to proton and hydroxyl
concentrations. From these equations, the point of zero charge of the oxide (PZC), considering the
considered background electrolyte, is the pH at which the net surface proton excess (I'y+ —

[oy- = 0.) is zero.
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Figure S9 : XRD pattern of the lepidolite sample.

Ionic strength calculations for electrophoretic mobility and potentiometric surface titration

experiments.

Table S1 : Ionic strength calculation with consideration of both electrolyte concentration and pH values. Bold values
represent the pH ranges where ionic strength is considered almost constant.

Ionic Strength (M)

Ionic Strength (M)

lonic Strength (M)

pH value [KCI] = 1.103 M [KCI] = 1.102 M [KCI] = 1.101 M
2 0.011 0.020 0.110
3 0.002 0.011 0.101
4 0.001 0.010 0.100
5 0.001 0.010 0.100
6 0.001 0.010 0.100
7 0.001 0.010 0.100
8 0.001 0.010 0.100
9 0.001 0.010 0.100
10 0.001 0.010 0.100
11 0.002 0.011 0.101
12 0.011 0.020 0.110
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Proton concentration calibration curve

Strong acid/strong base potentiometric calibrations have been carried out in KNO3 background
electrolyte. The calibration plot with the KNO3 concentration of 1 x 10-1 mol-L-1 (Figure S2) was
used for both the TDIS experiments and the PZC determination. The other calibration curves were
established for PZC titration with background electrolyte concentration of 1 x 10-2 mol-L-1 and

3x 102 mol-L1, respectively.

0.0008 1 10%°H 10-H

0.0007 {

0.0006 {

0.0005 1
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h 0.0003 1
\\ 0.0002

. 0.0001 1
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0 (CH“' - COH')’ mOI/L

Figure S2: Proton concentration calibration plot in KNO3 background electrolyte of concentration 1.10° M.

According to Figure S2, the proton concentration calibration curve displays a classic trend for a
potassium-based electrolyte. The acidic and basic parts of the curve exhibit similar slopes (S. and
Si, respectively) and both cross 0 without any significant drift. Those two points are of uttermost
importance since the potential probe was chosen (i) to limit diffusion of KCl into the sample and
(ii) to be resistant to silicate suspensions, which are known to be abrasive. In that way, a precise
and reliable measurement of proton concentration was obtained. This calibration plot was used
(i) to measure the accurate concentration of both acid and base titrant and (ii) to assess the proper
operation of the potential probe.

41



1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

Effect of initial equilibration time

The equilibration time of the suspension has two significant effects, presented in Figure S3. First,
it impacts the net proton consumption and, thus, the surface charge values. When the
equilibration of the suspension is achieved before the titration, the starting NPC is of about
3.5 x 103 mol-g't, whereas it is of about 0.5 x 10-3 mol-g-1 when the titration is directly started
without prior equilibration (Figure S3). Opposite trends were observed by Chatman and co-
workers for hematite, who reported a decreased NPC when the equilibration time of the
suspension increased (Chatman et al.,, 2013). The second effect of equilibration time is the shape
of the titration curve and, therefore, the possible changes for the derivative of experimental data.
Although the global shape of the titration curves with and without prior equilibration is the same,
with a closer look to the first acquired points, differences can be observed. While the equilibrated
suspension presents a proton consumption always decreasing, the unequilibrated curve displays
first an increase in the surface charge followed by a decrease. This means that, since the surface
sites are not equilibrated, protons are consumed faster than hydroxide ions are added to the
solution, which results in an increase of the pH. This is in agreement with the work of Chatman
and co-workers, who also noticed changes in the shape of the titration curve according to the
equilibration time of the hematite suspension (Chatman et al.,, 2013). On overall, this highlights

the importance of equilibrating the suspension before surface titration of oxide minerals.
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Figure S3: Lepidolite net proton consumption in a 100mM KNOs background electrolyte with 2 hours of equilibration time

(blue-grey dots) of the suspension and without (green dots).

Acid-base and back base-acid titrations

For method development, some titration experiments conducted from acid to base were followed
by a back titration, ie., by a base to acid titration, as displayed in Figure S4. According to this
experiment, the net proton consumption was not equal in the acid-base titration and in the back
base-acid titration. Such trends are widely observed in the literature in acid-base titration of
minerals (Cabrera, 1979; Szekeres and Tombéacz, 2012). These trends can be linked to several
phenomena, particularly to the base carbonation during the back titration. Even if painstaking
precautions were taken to limit the carbonation of the base, a slight carbonation was observed
when the titration was carried out from basic to acidic pH values. Hence, the gap between the two
curves observed in Figure S4 can be linked to (i) purity of the mineral and (ii) parasite reaction
that are not reversible. These phenomena were highlighted by Szekeres and Tombacz, who
highlighted the effect of acid treatment in the titration of metallic oxides (Szekeres and Tombacz,

2012).
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Figure §4: Direct and back acid-base and base-acid titration of lepidolite.

Comparison of deconvolution methods

The method employed in this study is compared with the classic TDIS method on a known sample:
goethite used in the publication of B. Prelot and co-authors (Prélot et al., 2002). The comparison
of the PEST optimization software to minimize the errors between experimental data and the
fitted curve (sum of all local theoretical isotherms) and the TDIS method developed B. Prelot is

given in Figure S5 and Table S2.
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Figure §5: Comparison of the TDIS deconvolution method, the one developed in 2002 (a) and the one developed in this

study (b) on the goethite sample used in (Prelot et al,, 2002).
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1069  From both this table and figure, good agreements are obtained for (i) the number and type of
1070  isotherms used, (ii) the shape of local isotherm and theoretical derivative and (iii) the position of
1071  the isotherms. The difference of peak positions is ranging between 0 to 0.4 pH values, which is in
1072  the order of magnitude of the error of acquisition. Thus, strong agreement are obtained using both

1073 methods. Nevertheless, the use of PEST software is robust and time saving.

1074 Table S2 : Comparison of the first TDIS approach and the method used in this study for the goethite sample. Peak position

1075 in pH values of the four theoretical isotherms used to predict the experimental derivative using the TDIS approach.
Peak position pH Peak position pH Peak position pH Peak position pH
Method . . . .
domain 1 domain 2 domain 3 domain 4
TDIS (Prelot et

al, 2002) 4.5 6.2 8.0 9.5

TDIS - this study 4.1 6.0 8.0 9.6
1076
1077
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