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Abstract: The presence of clays in copper minerals has a significant negative impact during their
processing, leading to low recoveries during the flotation process. In saline environments, the
presence of these clays promotes operational problems associated with salinity, leading to decreases
in the copper concentrate grade, alterations in the rheology of the mineral pulp, reduction in the
selectivity of copper during the flotation process, declines in the quality of clarified water, and
excessive corrosion of metallic components. This study explores the electroflotation of kaolinite and
montmorillonite clays in NaCl solutions using a modified Hallimond tube coupled with Ti Gr. 2
electrodes for bubble generation via water electrolysis and the corrosion analysis of these electrodes
applying the superposition model. The electroflotation results show recovery of clays close to 72.68%
for kaolinite, 88.44% for montmorillonite, and 67.36% for a mixture of both clays. The presence of
clays helps reduce the corrosive effects of Ti Gr. 2 from 0.069 A/m? in NaCl to 0.0073 A/m? in NaCl

with montmorillonite clay.

Keywords: kaolinite clay; montmorillonite clay; electroflotation; titanium Gr. 2 electrode; superposi-
tion model

1. Introduction

Overexploitation of water sources in hyper-arid and arid regions, such as northern
Chile, southern Peru, northern China, and parts of Africa, Asia, and Australia, has led
to water scarcity, necessitating the search for new sources and better water management
practices [1-3]. While mining globally uses a relatively small amount of water, it can be
a significant consumer at the local level. In Chilean mining, approximately 3% of the
total available water is utilized, drawn from three primary sources: continental water,
seawater, and recirculated water. Continental water is sourced from underground aquifers,
lakes, rivers, and wetlands. Seawater undergoes desalination by private entities and is
then pumped to mining sites. Data from COCHILCO indicate that the use of continental
water in 2022 decreased by 10.8% compared to its use in 2018 [4]. However, the use of this
source has come under scrutiny due to its dwindling availability and increasing demand,
prompting a shift towards seawater usage in mining operations over the years. Regard-
ing continental water usage in mining, we can identify five primary areas: concentration
processes, which emerge as the most water-intensive, consuming 74.3% of available re-
sources; hydrometallurgy, which follows closely behind at 10.2%; the mining phase, which
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accounts for over 5.6% of water usage; smelting and refining operations, which utilize 3.6%
of the total water volume; and other uses, including supply to third parties, accounting
for 6.3% [4]. In all these cases, the reuse of water is a priority for the sustainability of the
process. However, the recirculated water, used to minimize the consumption of freshwater,
typically carries lower quality, containing dissolved waste and colloidal particles, such as
dissolved components and especially clays, generating a negative effect on the process [5].

Clays are usually dispersed in mineral slurries as ultrafine particles, creating con-
ditions for the slurry to behave as a non-Newtonian fluid that affects the entire mineral
processing chain. In particular, the efficiency of flotation of copper sulfides is severely
impacted by clay minerals. The long-term stability of clay colloidal particles in the elec-
trolyte presents significant challenges in mineral processing due to the low shear strength of
discarded solids in mineral operations, such as tailings, reduced consolidation and strength
gain over time, and difficulties in water recovery during subsequent ore processing. These
types of minerals can be separated by sedimentation and/or flotation processes, but ultra-
fine clays pose a challenge for mineral processing due to physical properties such as particle
size, shape, and density. Parameters such as those mentioned are critical for understanding
the behavior of these particles in saline solutions like seawater. The presence of soluble
salts can disrupt the stability of clay colloids, enhancing sedimentation and consolidation,
promoting strength gain, and improving water recovery. Increased water salinity improves
the volume of froth floating by diminishing settling [6]. Particle weight is the dominant
force that governs the behavior of coarse clay particles in suspension, whereas inter-particle
forces, due to the small particle size and high specific surface area, primarily dominate the
behavior of fine-grained particles. It has been reported that the aggregation rate of nano-
sized clay particles present in oil sand tailings increases with rising NaCl concentration
and that the initial settling rate of oil sand tailings increases with higher pH and/or the
presence of divalent cations (Ca®* and Mg?*) [7].

The presence of clay significantly hampers copper ore flotation, leading to decreased
recovery rates and a subsequent decline in concentrate grades. Clays are classified as
swelling and non-swelling based on their water-absorption capabilities. Kaolinite is a
non-swelling clay with the general composition Al,;Si;Os5(OH),, which has features that
lie in the prevalence of AI** in its octahedral sites, where isomorphic substitutions occur
with Mg?*, Fe®*, V3*, and Ti** [8]. Montmorillonite is a welling clay with the general
composition (Na, Ca)3(Al, Mg),5i1O10(OH),.n(H,O), with a nanolayered structure con-
sisting of stacked layers about 1 nm thick [9]. In mineral processing, kaolinite presents
numerous challenges, including increased fines during size reduction stages (reaching sizes
< 20 um), interfering with the flotation process by affecting bubble stability, altering foam
rheology, compromising the selectivity of valuable ore recovery, and reducing the quality of
recirculated water, particularly at alkaline pH levels (pH > 8), resulting in the accumulation
of suspended particles. On the other hand, due to the small particle size of montmoril-
lonite clay and its high charge density, this clay poses challenges in mineral processing
because it tends to remain suspended in solution. In the presence of montmorillonite, it
is crucial to adjust the solution ionic strength to avoid significant swelling and eventual
disintegration of the clay. Notably, the abundance of C1~ ions and multivalent cations (A3,
Ca?*, Mg?*, K*, and Na*) in the electrolyte notably enhances the natural sedimentation of
montmorillonite compared to their performance in pure water due to an increase in the
ionic strength.

A technique to improve water quality in the presence of clay particles is the application
of the electroflotation process. This method employs an electrochemical approach to effec-
tively eliminate suspended particles such as colloids, microalgae, or oil from seawater, often
serving as a preliminary treatment step. A widespread use of this method is in municipal
water treatment and the removal of microalgae or metal ions from municipal wastewa-
ter [10-16]. Despite these advancements, there remains limited research in the scientific
literature related to the use of electroflotation with seawater in the mining industry [17,18].
Specifically, there is a lack of research on its efficacy in removing ultrafine mineral particles
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such as clays, pyrite [19], chalcopyrite [20,21], hematite [22], and other minerals [23-25].
The liquid-solid separation by electroflotation involves lifting ultrafine particles of clay to
the water surface through microbubbles of H, and O; generated by the seawater splitting
process via cathodic and anodic reactions [17,26]. The electroflotation process offers several
key advantages, notably the absence of chemical additives and the ability to regulate bubble
density within the reactor by adjusting the applied potential. The literature reveals that
the electroflotation process is successfully applied in the recovery of fine and ultrafine
particles compared to other conventional techniques such as froth flotation, ion flotation,
solvent sublation, or absorbing colloid flotation. This effectiveness is mainly attributed to
the production of smaller particle sizes, ranging between 5 and 50 um depending on the
application, uniform bubble-particle formation, and high-frequency production, which can
also be manipulated by varying operational variables such as pH, current density, type of
electrodes, and others [18,27]. The application of electroflotation for clay removal in high
salinity solutions like seawater (~0.5 M NaCl) has not been deeply studied.

Corrosion in saline environments poses a significant threat to the durability and effec-
tiveness of equipment used in electroflotation processes, ultimately impacting operational
costs. By understanding the corrosion mechanisms inherent in salt electroflotation, we
can make informed decisions regarding material selection for equipment construction
under aggressive conditions. This proactive approach not only extends the equipment’s
lifespan but also reduces maintenance expenses while preserving its mechanical integrity.
Moreover, corrosion directly alters the properties of electrodes by modifying their surfaces
and affecting other components of the electrochemical device [28]. This can lead to a decline
in the flotation and recovery capacity of clays, further emphasizing the critical importance
of addressing corrosion issues in saline electroflotation environments. The efficiency of ul-
trafine particle removal via electroflotation hinges on a series of surface electrode reactions
and the inherent stability of particles, influenced by their hydrophobicity [17,25].

This work studies the electroflotation of kaolinite and montmorillonite clays, as well
as their mixture, in a 0.5 M NaCl solution using Ti Gr. 2 electrodes as anode and cathode.
The flotation process was conducted using a modified Hallimond tube-electroflotation
device across a salinity range of 0.1 to 0.5 M of NaCl under different cell voltage and
electroflotation times. Additionally, corrosion studies of the Ti Gr. 2 electrode in the clay
slurries were carried out using the potentiodynamic polarization technique. This study
significantly contributes to the understanding of the electroflotation process of saline clay
slurries and the corrosion behavior through the use of mixed potential theory.

2. Materials and Methods
2.1. Electroflotation System

The electroflotation tests were conducted using a modified Hallimond tube, specifically
tailored for investigating conventional flotation processes. The Hallimond tube comprises
an upper section featuring an angled tube that facilitates the ascent of the floated material
to the surface, complemented by a conical receiver designed to capture the floated mass.
At the base, provisions are made for air inlet and outlet for non-floated fractions. This
bottom section was modified to accommodate an electrical component, housing connecting
cables directly linked to the power source and electrodes, supplemented with rubber bands
to insulate the electrolyte from the cables. This adaptation effectively repurposes the
apparatus originally intended for air inflow, facilitating the generation of bubbles from the
base. The cell used in this work had a volume of 250 cm? with two cylindrical electrodes of
4.4 cm? of Titanium Gr. 2 (Ti Gr. 2), obtained from Balance World Inc. (Putian, China), as
shown in Figure 1.
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Electroflotation
Product

Figure 1. Diagram of the modified Hallimond tube used for the electroflotation tests.

2.2. Materials and Solutions

The montmorillonite and kaolinite samples, sourced from Science Words (Los Angeles,
CA, USA), underwent comprehensive characterization using cutting-edge techniques such
as scanning electron microscopy (SEM) and energy-dispersive X-ray (EDS) analyzers (Hi-
tachi SU 500, Hitachi, Japan, and Zeiss EVO MA 10, Jena, Germany), and X-ray diffraction
(XRD) (Bruker Advance D8, Billerica, MA, USA). Test solutions of concentrations 0.1, 0.3,
and 0.5 M NaCl were meticulously prepared using NaCl (analytical grade) and deionized
water. The solution pH was adjusted by adding drops of 1 M NaOH. All chemicals were
purchased from Merck (Merck, Providencia, Chile).

2.3. Electroflotation Tests

For the electroflotation experiments, three different synthetic saline slurries were
prepared: 1 g/L of kaolinite, 1 g/L of montmorillonite, and 1 g/L of the mixture 1:1 of
both clays, considering concentrations of 0.1, 0.3, and 0.5 M of NaCl. The particle sizes
of kaolinite and montmorillonite were equivalent to a —635 mesh Tyler with a dgy of
5 um. All electroflotation experiments were carried out at room temperature of 19 & 0.5 °C
and atmospheric pressure. The power supply was connected to the anode and cathode,
operating at fixed cell voltages (E.e) of 10, 15, and 20 V, with electroflotation times of 10,
15, and 20 min.

Colloidal suspension preconditioning was performed in an agitator tank for 30 min
at 500 rpm at a fixed pH of 8. Subsequently, for electroflotation, NaCl solutions were
homogenized for 15 min at 700 rpm using a magnetic stirrer. The suspension was promptly
transferred to the Hallimond cell to perform electroflotation studies. Upon completion
of the electroflotation experiment, the floated product was thoroughly extracted using a
peristaltic pump and then collected in a beaker. The collected product was then filtered
using a vacuum pump connected to a Biichner funnel and dried in a universal oven at
105 °C for 24 h. Finally, the mass of dried clay particles was weighted on an analytical scale.
The electroflotation efficiency Ryr was determined using the following equation:

Rur = < 100% 1
ME = o o (1)

where m; is the initial mass of clay fed to the modified Hallimond cell, and iy is the total
mass recovered after the electroflotation experiments, including Ti flocs and clays.

2.4. Electrochemical and Corrosion Studies for Ti Gr. 2

The electrochemical and corrosion behavior of Ti Gr. 2 in 0.5 M NaCl solutions, both
with and without clays, were studied with a focus on the hydrogen evolution reaction
(HER), oxygen reduction reaction (ORR), and titanium oxidation reaction (TOR) as the main
electrochemical partial reactions [29-34]. Potentiodynamic polarization measurements
were conducted using Ti Gr. 2 working electrodes connected to a rotating disk electrode
interface. These working electrodes were small cylindrical bars, with 4 mm in diameter
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and 10 mm in length, which were embedded concentrically into a PTFE tube with an 8 mm
diameter and sealed with epoxy adhesive resin. Before potentiodynamic measurements,
the electrodes were abraded and polished successively with silicon carbide sandpaper
from 600 to 1200 mesh. The experiments were carried out in triplicate at a temperature
of 20 &+ 0.5 °C by circulating hot water through a jacket cell. All potentials reported are
referred to the standard hydrogen electrode (SHE).

A BASI/RDE-2 rotating electrode interface connected to an Epsilon potentiostat/
galvanostat (Basi, IN, USA) was used for electrochemical measurements. Platinum wire
as a counter electrode and Ag/AgCl (4 M KCl Sat.) as a reference electrode were used.
Potentiodynamic polarization measurements were performed in a conventional 3-electrode
cell following the methodology reported in previous works [32,35] and covering a potential
range between —1100 and 200 mV /SHE at a scan rate of 2 mV/s. The rotation electrode for
the Ti Gr. 2 was 1200 rpm.

2.5. Kinetic Corrosion Analysis

Corrosion of pure titanium can produce several anodic and cathodic reactions, in-
cluding Ti species that interact with hydrogen protons and hydroxide ions depending
on the solution pH [29,31,32,36]. In this work, the corrosion kinetic investigation was
conducted utilizing non-linear fitting applied to experimental potentiodynamic curves,
employing the superposition model based on mixed potential theory. This approach aligns
with the methodology outlined in our prior research, where the total current density can be
expressed as follows [32,35,37]:

i=ip, +im, tiri 2)

where i represents the total current density; ip, and iy, denote the partial reduction current
densities for ORR and HER, respectively; and it; denotes the partial oxidation current
density for TOR. Although direct experimental measurements of ip,, iy,, and it; are not
feasible, their values can be deduced using a fitting methodology to determine the kinetic
parameters of each reaction.

To achieve this, the electrochemical reactions of TOR and HER are considered to be
controlled by charge transfer kinetics, while the ORR is controlled by a mixed-charge
diffusion mechanism, according to the following expressions [35]:

. . 2.303 x H
iH, = lo,H, X ”P(-W) 3)
H;
. 2.303x770, -1
o 2303 % 110 in,0, x exp (— o2 )
io, = 10,0, X exP<—to2> x [ 1+ o = 4)
2 2
. . 2.303 x nr;
iTi = lo,1i X exp(trim) ()
1

where the 170, = E — Eeq0,, 1H, = E — Eeq,n,, and 173 = E — E, 1 are the ORR, HER,
and TOR overpotentials, respectively; ig 0,, io,H,, and ig 7; are the exchange current den-
sities for ORR, HER, and TOR, respectively; i) o, is the limiting current density for ORR;
to,, tm,, and tr; are the Tafel slopes for ORR, HER, and TOR, respectively; and Eeq,0,/
Eeq,H,, and Eeq 1; are the equilibrium potentials which are equal to 752 mV, —479 mV, and
—1804 mV for ORR, HER, and TOR, respectively, assuming that the main anodic reaction is
Ti — Ti*" 4 2e~ [34]. The root mean square error (RMSE) was used to evaluate the quality
of curve fitting.

3. Results
3.1. Mineralogical Characterization of Clays

Figure 2 shows morphological patterns of kaolinite and montmorillonite clays as
received. For montmorillonite samples (Figure 2a,c), the morphology consists of grains
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with a flat shape and irregular edges, with particle sizes of 5 um. Conversely, for kaolinite
clay (Figure 2b,d), the morphology consists of a structure of silicate sheets joined together
with layers of irregular edges, approximately 1 um in length. Kaolinite presents particles
of uniform composition and size, suggesting a more homogeneous structure compared to
montmorillonite.

45 2nm
X} \‘w

(d)

Figure 2. SEM images of (a,c) montmorillonite and (b,d) kaolinite clays.

Figure 3 shows images of the elemental analysis for both kaolinite and montmorillonite
clays, and Table 1 presents their chemical composition expressed in weight percent (%). For
kaolinite clay (Figure 3a), silicon is the predominant element constituting it, followed by
aluminum, with a minor presence of iron and titanium. On the other hand, montmorillonite
clay (Figure 3b) exhibits a higher percentage of silicon compared to aluminum, where the
sample also contains significant amounts of calcium, magnesium, and minor amounts of
sodium. These compositions reflect the distinct mineralogical characteristics of kaolinite
and montmorillonite, providing insights into their potential effects and behaviors in mineral
processing applications.

Table 1. Chemical composition of kaolinite and montmorillonite clays.

Elements Kaolinite, wt% Montmorillonite, wt%
Fe 2.47 -
Al 44.53 21.71
Si 48.57 67.48
Ti 4.44 -
Na - 0.83
Mg - 1.81
S - 191

Ca - 6.25
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Figure 3. Elemental mapping by EDS analysis of (a) kaolinite and (b) montmorillonite clays.

XRD analysis was performed to obtain comprehensive characterization of kaolinite
and montmorillonite samples, providing valuable insights into their mineralogical compo-
sition as shown in Figure 4. The patterns have been analyzed based on Powder Diffraction
File (PDF) cards. For the montmorillonite sample (Figure 4a), the results exhibited signals
associated with quartz (5iO;) (PDF: 05-0490) and three forms of montmorillonite: montmo-
rillonite with a phase composed by MgOAI,O355i0,-xH,O (PDF: 03-0014), montmorillonite
with sodium content composed by Nay(Al, Mg)»5i4O19(OH),-zH,O (PDF: 12-0204), and
montmorillonite with calcium content composed by Cag2(Al, Mg),Si4O19(OH),-4H,0O
(PDF: 13-0135). Conversely, XRD analysis for the kaolinite sample (Figure 4b) displayed
patterns and signals corresponding specifically to kaolinite (PDF: 89-6538) and other minor
phases such as quartz (5iO;), magnetite (Fe304), anatase (TiO;), and rutile (TiO,). Kaoli-
nite and montmorillonite, despite their similar phyllosilicate structures, exhibit distinct
compositions and morphologies that can significantly impact processing efficiency. In
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Atomic unit (AU)

mineral processing operations, the presence of these clays plays a significant role where
several challenges such as increased fines, compromised flotation selectivity, and water
quality degradation are observed. Kaolinite’s ability to reach ultrafine sizes and interfere
with bubble movement exacerbates these issues, while its chemical composition, mainly
aluminum and silicon, influences its interactions with other minerals and chemicals. Fur-
thermore, montmorillonite, with its diverse elemental composition including calcium,
magnesium, and sodium, introduces additional hurdles due to its complex interactions
with processing elements, suggesting potential interactions that may influence flotation
behavior, rheological properties, and water quality. Understanding the mineralogical
composition and elemental distribution of these clays is crucial for developing tailored
strategies to optimize processing efficiency and minimize environmental impacts. Further
research into clay-mineral interactions promises innovative solutions to address these
challenges effectively.

+ Quartz (PDF: 05-0490) # Quartz (PDF: 05-0490)
+ Montmorillonite (Mg, Al, Si) (PDF: 03-0014) + Anatase (PDF: 89-4921)
v Montmorillonite (Na, Mg, Al, Si) (PDF: 12-0204) v Rutile (PDF: 21-1276)
» Montmorillonite (Ca, Mg, Al, Si) (PDF: 13-0135) L] & Kaolinite (PDF: 89-6538)

« Magnetite (PDF: 19-0629)

Atomic unit (AU)

30 40 50 60 70 10 20 30 40 50 60 70
20 (°) 2009

(a) (b)
Figure 4. XRD patterns of (a) montmorillonite and (b) kaolinite clays.

3.2. Electroflotation of Clays in NaCl Solutions

The electroflotation process was performed using a modified Hallimond tube with a
pair of cylindrical Ti Gr. 2 electrodes, which were connected from the bottom of the device
to a variable power supply as shown in Figure 1. The parameter employed to assess the
water quality treated by these electrochemical methods is the electroflotation efficiency
(Equation (1)). Figure 5 shows images of the slurries before and after the electroflotation
process. In the figure, it is possible to observe the changes in the solution appearance,
where a large part of the clays was separated.

During the electroflotation process, the produced foam revealed a sticky consistency,
which is a characteristic inherent to clays when they are in contact with aqueous mediumes.
Through experiments employing applied cell potentials of 10, 15, and 20 V over durations
of 10, 15, and 20 min, it was observed that the current intensity varies significantly, as does
the amount of clay recovered over time, reaching a steady-state value close to 0.04 A at the
end of the electroflotation process, as is tabulated in Table 2. Under these electroflotation
conditions, no notable difference was observed in the cell current at the end of the process.
However, changes in this variable could be attributed to several factors, including variations
in the solution chemistry due to the presence of multiple ions such as Al*3, Fe*?, Fe*3, Mg*?,
and Na*!, which come from the dissolution of kaolinite and montmorillonite clays due to
their solubility [38]. Additionally, the cell current intensity can be affected by the reduction
in the number of active sites on the anodic electrode surface and near the solid-liquid
interface, caused by the oxidation of the anodic electrode and further formation of a passive
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film composed mainly of TiO,, following the sequence of electrochemical and chemical
reactions [39]:

Ti 3 T2t S T S Titt 6)
Ti** +40H~ — TiO, + 2H,0 7)

(b)

Figure 5. Modified Hallimond tube, (a) before and (b) after the electroflotation process of clays.

Table 2. Operational and response parameters obtained for the electroflotation of clays using a
modified Hallimond tube with an anode and cathode made of Ti Gr. 2.

ter, Ecellr Icellr A Icellr A o,

Test Clay Type NaCl, M min v (t = 0 min) t = tgp) %o RMF
1 0.1 10 10 0.14 0.05 1.49
2 Montmorillonite 03 15 15 0.17 0.05 43.52
3 05 20 20 0.40 0.03 72.68
4 0.1 10 10 0.15 0.03 237
5 Kaolinite 03 15 15 0.23 0.04 45.72
6 05 20 20 0.80 0.03 88.44
7 o 0.1 10 10 0.40 0.04 233
8 NII<1X (1/'11\4“ f’) 0.3 15 15 0.56 0.04 31.36
9 ao./vlont. 0.5 20 20 0.71 0.05 67.36

Although the cell current values decreased in magnitude (ranging between 0.03 and
0.05 A, equivalent to 68 and 114 A/m?) compared to the beginning of the electroflotation
process (t = 0 min), under the studied conditions (10, 15, and 20 V), water electrolysis
was not unfavorable, and oxygen and hydrogen bubble generation was maintained over
time. This confirms that cell current densities between 68 and 114 A /m? are sufficient for
this process. This observation could be related to the increased passive film growth with
high anodic oxygen bubble generation at the beginning of the process, where transitions
in the crystalline phase of TiO; have occurred, which are caused by higher applied cell
current densities [40,41]. However, the good corrosion resistance of TiO; passive film in
saline environments can be compromised by the high cell voltage and current intensity,
promoting the formation of titanium oxychlorides over the passive film by the action of
chloride ions, according to the chemical reaction [29]:

Ti Oy +2C1~ — TixOyCly + 2¢™ 8)
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Table 2 summarizes the electroflotation parameters for both kaolinite and montmo-
rillonite and their mixtures under similar electroflotation times, cell voltages, and NaCl
concentrations.

From Table 2, it is observed that for the three cases of clays (alone and mixtures),
lower electrochemical conditions of time, cell voltage, and NaCl concentration promote
lower electroflotation efficiencies between 1.4 and 2.5%. However, this efficiency parameter
increases with the increase of the electrochemical conditions, reaching efficiencies higher to
65%. These results are directly related to the increase in the cell voltage, which increases the
cell current, thus promoting a major generation of bubbles on the electrodes, in addition
to an increase in the electroflotation time. Both parameters are related to Faraday’s law.
Moreover, it is also interesting to observe the effect of the NaCl concentration, which,
although used to obtain a solution of high conductivity, would also promote corrosion
on the electrodes. Under the optimal electroflotation conditions, the results show higher
electroflotation efficiencies for kaolinite, reaching a value of 88.44%, compared to mont-
morillonite and the mixture of clays. These results are directly related to changes on the
rheology and froth stability, where the swelling clays like montmorillonite accommodate
large amounts of adsorbed water compared with non-swelling clays like kaolinite [42], ad-
versely affecting the electroflotation performance. Additionally, these lower electroflotation
efficiencies obtained for montmorillonite and the mixture of both clays are related to the
increase in pulp viscosity, which, for example, increases from approximately 1 mPa-s for
kaolinite to 8.8 mPa-s for montmorillonite under similar clay concentrations [43], thereby
decreasing the electroflotation process.

Therefore, despite the relatively short duration of the electroflotation experiments, the
results could be promising, reveling acceptable recovery rates of clays from electroflotation
assays in saline environments such as solutions with salt concentrations equivalent to
seawater. However, continuous evaluation of the system is essential to investigate potential
variations in these parameters over longer electroflotation periods, as well as the influence
of the multiple ions typically observed in seawater.

3.3. Electrochemical Behavior of Ti Gr. 2 in Presence of Clays

To quantitatively assess the corrosion behavior of Ti Gr. 2 electrodes in alkaline media
and the presence of clays, electrochemical linear polarization curves were carried out.
Figure 6 depicts polarization curves (Figure 6a) and Tafel curves (Figure 6b) obtained for
Ti Gr. 2 immersed in 0.5 M NaCl in the absence and presence of clays. Additionally, the
figure shows a comparison between experimental values (dotted lines) and fitted values
(continuous lines) obtained by applying the superposition model according to Equation
(2), given RMSE values of 3 x 1073, 8 x 1074, 3 x 1073, and 2 x 103, for kaolinite,
montmorillonite, 1:1 mixed clay, and pure NaCl solution, respectively. Table 3 summarizes
the electrochemical and corrosion parameters determined for ORR, HER, and TOR by using
Equations (3)—(5). The electrochemical results provide novel information related to the
performance of Ti Gr. 2 used for both electrodes in contact with a 0.5 M NaCl solution with
a suspension of kaolinite and montmorillonite clays. At potentials with more negatives
than —800 mV /SHE [29,44], the HER, which dominates the current density, reveals an
important reduction in the current density in the presence of clays compared with a pure
solution of 0.5 M NaCl. Considering a fixed cathodic potential of —900 mV /SHE, the
total current densities were 3.87, 5.53, and 9.24 A /m? for montmorillonite, kaolinite, and
the mixture of both clays, respectively, which are low values compared with 15 A/m?
for a solution in the absence of clays and containing only NaCl. These variations are in
concordance with a smaller Tafel slope value for the test without clays, which also could be
due to the adsorption of soluble species from clay samples, disfavoring the electrocatalytic
capacity for hydrogen production from water electrolysis.
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Figure 6. Polarization (a) and Tafel (b) curves for Ti Gr. 2 in contact with 0.5 M NaCl and slurry of
clays. Experimental curve (dotted line) and fitted curve (line) obtained from the superposition model.

Table 3. Kinetic and corrosion parameters for Ti Gr. 2 electrode in NaCl and clay slurries, obtained
from applying the superposition model.

0.5M NaCl + 0.5 M NaCl + 0.5M NaCl +
Parameters 0-5M NaCl (1:1) Kao./Mont. 1000 ppm Kao. 1000 ppm Mont.
i, 17, A/m? 1.99 x 10~° 5.13 x 1072 9.60 x 1073 7.20 x 1073
trj, mV/dec 238 231,629 159,369 243,684
i,0,, A/m? —2.03 x 10°° —7.15 x 107° —7.57 x 1077 —1.83 x 1077
to,, mV/dec —168 —207 -171 —165
i10, A/m? —13.68 —8.38 —4.76 —3.79
io,H,, A/m? —1.46 x 102 —1.44 x 102 ~1.23 x 102 —3.54 x 1073
tp,, mV/dec —217 —247 —256 —253
Ecorr, mV/SHE -7 —48 27 —6
icorr, A/m? 0.0693 0.0522 0.0098 0.0073

Further, as expected, the entire cathodic branch for Ti Gr. 2 in 0.5 M NaCl was found
to be higher compared with the presence of clays, which revealed lower current densities.
The i 7; is significantly higher in the mixture of kaolinite and montmorillonite (1:1), indi-
cating greater reactivity under this condition. In comparison, suspensions containing only
kaolinite or montmorillonite exhibit much lower values, although still higher than that of
the 0.5 M NaCl base solution. The mixture (1:1) also shows the highest iy o,, suggesting an
increase in electrochemical reactivity compared to suspensions containing only one type
of clay. The |tp, | is higher for the mixture (1:1) than other slurries and NaCl solutions,
indicating a greater ease for the ORR to occur under these conditions. The iy p, is similar
between the base solution and the clay suspensions but is lower in solutions containing
only kaolinite or montmorillonite, especially in the montmorillonite suspension. These
results indicate a slight decrease in the kinetics under equilibrium conditions. The t, is
more negative in suspensions with kaolinite and montmorillonite, which could indicate a
greater tendency for HER under these conditions.

Regarding the ORR, the polarization curves showed a good adjustment to a mixed
kinetic by charge and mass transfer (see Equation (4)), where the limiting current density
(i1,0,) trends to decrease in the presence of clays from 13.68 A/ m? in NaCl solution to
3.8 A/m? in the presence of montmorillonite clay. These variations in i; o, values for ORR
represent a decay in the mass transfer of oxygen dissolved close to 28, 35, and 61% when
the Ti Gr. 2 is in contact with slurries of montmorillonite, kaolinite, and the mix 1:1 of both
clays, respectively, compared to a pure NaCl solution. The decreased oxygen mass transfer
from bulk to metallic surface could be associated with changes in the density and viscosity



Appl. Sci. 2024, 14, 8825

12 0of 17

of the clay slurry, which are in turn consistent with the electroflotation recoveries for clays.
Thus, it is possible to indicate that the values signify enhanced catalytic activity and greater
efficiency in reducing molecular oxygen within a pure salt solution. Furthermore, the
kinetic parameters show an interesting alteration when the Ti Gr. 2 is immersed in clays,
which could be related to variations in the cell current during the electroflotation process.

As shown in Table 3, the Tafel slope for TOR in a NaCl solution has similar values
commonly observed in the literature, ranging around 238 mV/dec [32]. As shown in
Figure 6b, from the inversion potential towards anodic direction, the current density
follows a planar tendency with the applied potential for tests in the presence of clays,
compared to the tendency in a pure NaCl solution where the current density increases with
the applied potential. This behavior, along with higher anodic Tafel slope values in the
presence of clay slurries, indicates that the Ti Gr. 2 rapidly passivates with the formation of
titanium oxides and promotes a good corrosion resistance [45]. Thus, based on this analysis,
the exchange current density can be approximated to the passivation current density. The
spontaneous passivation of the Ti Gr. 2 electrode is consistent with the current variations
during the electroflotation tests. On the other hand, the cathodic kinetic parameter for
ORR and HER does not show appreciable variations in clay slurries; however, these kinetic
parameters were lower than that determined for a pure NaCl solution.

The variations of E, for clay slurries have not shown a clear tendency since that it was
shifted to cathodic direction for the mixture (1:1) and to anodic direction for singles slurries
with respect to Eqorr for a pure NaCl solution. These variations are less than £85 mV, which
indicates that the clay slurry could affect both anodic and cathodic reactions [46], with a
predominance effect on cathodic reactions for the mixture (1:1) slurry. The corrosion rate
exhibited by the Ti Gr. 2 electrode in contact with a 0.5 M NaCl solution reveals convinced
values of icorr equal to 0.0693 A/ m?2, compared to values obtained for the clays where
lower corrosion rates were observed, and equals to 0.0098, 0.0073, and 0.0522 A/ m?2 for
kaolinite, montmorillonite, and the mix 1:1 of both clays, respectively. These results suggest
that the salt suspension with montmorillonite has the best protection against corrosion
under the studied conditions. Furthermore, the i, value obtained for a NaCl solution
is comparable to Ti-Ni alloy electrodes in NaCl solution [47] and close to that observed
qualitatively for Ti samples in NaCl solutions [48-50], where an inapplicability of the Tafel
law was reported. These values are further supported by the performance of the Tafel curve
depicted in Figure 6b, as well as the electrochemical kinetic parameters for both ORR, HER,
and TOR presented in Table 3. The corrosion rates are directly related to the electroflotation
efficiency, where, as shown in Tables 2 and 3, lower electroflotation efficiencies were found
for higher corrosion rates. This could be attributed to a competition between anodic
titanium oxidation with oxygen evolution reaction and the interference of soluble ions from
clays and their further combination with hydroxyl anions in solution, such as AI(OH)3
formation. This last effect, associated with the dissolved ions from clays, can be verified
by comparing the corrosion rates and electroflotation efficiencies between kaolinite and
montmorillonite clays with their dissolution rates [51,52], where a higher corrosion rate
of the Ti Gr. 2 electrode in kaolinite slurry could be caused by a high Al/Si concentration
relation (~0.85 at pH = 4 [51]), compared to the Ti Gr. 2 electrode in montmorillonite slurry,
where a low corrosion rate is attributed to a lower Al/Si concentration relation (~0.42 at
pH =4 [52]).

Figure 7 delineates the behavior of the first derivative (di/dE) concerning instan-
taneous current variation with potential from the cathodic to the anodic direction. The
following three discernible regions emerge: (i) Within the potential range of —1100 to
—800 mV /SHE, the experimental and fitted results confirm that the charge transfer is the
rate-determining step for HER, which is corroborated by higher obtained Tafel slope values

(|t H, ’ > 200 mV/dec), revealing faster HER kinetics for the 0.5 M NaCl solution without
clays; (ii) from —800 to —100 mV /SHE, the cathodic subprocess for ORR only shows a

planar plateau between —800 and —650 mV /SHE followed by a symmetric distribution
between —650 and —100 mV /SHE with a maximum inflection point, indicating that the
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ORR is via a four-electron transfer pathway where a mixed control of charge and mass
transfer is the rate-determining step, albeit decreasing the ORR kinetics in the presence of
ultrafine clays in the saline solution; and (iii) from —100 to 200 mV /SHE, the derivative
values reveal different tendencies in the NaCl solution without and with the presence of
clays, where for kaolinite clay, the results confirm a spontaneous passivation of the Ti Gr. 2
electrode through the observations of the first derivative values with potential, contrary to
the tendency observed for the 0.5 NaCl solution, which reveals an increase in the di/dE
values with potential. Similar results were observed for montmorillonite clay and the 1:1
mixture of both studied clays.

0.10 -

¢TiGr.2. NaCl 0.5 M
¢ Ti Gr.2. NaCl 0.5 M with Kaolinite

0.08

mV)

 0.06

j0.04 -

di/dE, (A/m*
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-1000 -800 -600 -400 -200 0 200
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Figure 7. First derivative curve of current density-potential data for Ti Gr. 2 in 0.5 M NaCl and
solution kaolinite slurry.

The electroflotation results for kaolinite, montmorillonite, and their 1:1 mixture, in
conjunction with the kinetic and corrosion parameters for Ti Gr. 2 electrodes, provide
novel insights into the concentration process of clays with particle sizes less than 32 pm in
aggressive environments such as 0.5 M NaCl solution. Particularly, the kinetic parameters
associated with the HER mechanism exhibit intriguing variability when the Ti Gr. 2 elec-
trode interacts with different clay types. This suggests a direct influence of clay presence on
the rate of HER at the cathodic electrode. Remarkably, the highest exchange current density
is observed under operational conditions that closely mimic real-world scenarios encoun-
tered in mineral processing, specifically when operating with saline solutions containing
clay mixtures. This heightened exchange current density signifies enhanced efficiency in
the release or evolution of Hy under such conditions. Similarly, the higher exchange current
density for the ORR indicates rapid reaction processes occurring at the electrode—electrolyte
interface, which is critical for the optimal performance of this electrochemical device.

To clarify the corrosion behavior of Ti Gr. 2 in NaCl solution, morphological inspection
of the anode electrode after water electrolysis at 10 V in 0.5 M NaCl solution is shown in
Figure 8. From this figure, it is evident corrosion on the metallic surface by the presence of
some cracks on the oxide layer and small pitting sites. This corrosion damage can be the
result of the presence of chloride ions in solutions, promoting localized corrosion.

The use of Ti Gr. 2 in this experiment, as well as in others, is due to the fact that
electrochemical devices, such as electroclorination systems for OCl™ production, typically
utilize titanium as both the cathode and anode. Electroflotation in saline media is a novel
process that has not been scaled up for industrial applications. In this context, it is crucial to
understand the electrochemical behavior of typical materials used in saline environments
to ensure their sustainability for industrial uses.
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Figure 8. Pitting corrosion (a,b), and cracks on the oxide layer (c,d) detected over the Ti anode at 10 V
operating for 1 h in 0.5 M NaCl.

In this study, the exchange current density for HER and ORR in individual kaolinite
and montmorillonite slurries was found to be lower than those observed with the clay
mixture slurry. This implies that the kinetics achieved with the clay mixture could be an
optimal condition for the cathodic subprocess operation. A higher exchange current density
can significantly enhance operational efficiency, leading to improved long-term stability.

Furthermore, as indicated previously, the high values of the Tafel slope for HER
suggest the adsorption of intermediate products, which could represent the rate-limiting
step of the reaction, resulting in a slower response to changes in applied potential without
altering the bubble size. However, when conducting experiments with real clays and their
impurities, the Tafel slope values can be drastically affected. This is primarily due to their
influence on (i) the rate of electron transfer and (ii) the concentration of hydrogen protons.
These factors can significantly modify the kinetics of the HER, leading to variations in the
observed Tafel slope.

4. Conclusions

The electrochemical performance of Ti Gr. 2 as electrodes for the electroflotation
process of individual kaolinite and montmorillonite clay, as well as their 1:1 mixture in a
0.5 M NaCl solution, was studied. The electroflotation recovery and corrosion behavior
of Ti Gr. 2 were investigated using a modified Hallimond tube and the superposition
model, respectively. An increase in cell voltage and current leads to an increase in the
electroflotation recovery, with maximum recovery rates of 72.68, 88.44, and 67.36% for
montmorillonite, kaolinite, and their 1:1 mixture, respectively. The electrochemical behavior
of Ti Gr. 2 exhibited a high dependence on the presence of clay slurries, where passivation
behavior and a decrease in the kinetics of ORR and HER were observed for the anodic and
cathodic reactions, respectively. The corrosion rate in a chloride solution without clays was
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0.0693 A/m?, whereas the rates in the presence of chloride with clays were lower, reaching
values of 0.0098 A /m? for kaolinite, 0.0073 A /m? for montmorillonite, and 0.0522 A /m?
for the 1:1 mixture of both clays. These findings will serve to complement material analyses
and optimize the electroflotation process, which has revealed a good application in highly
saline environments such as seawater.
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