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Abstract

:

The presence of ultrafine clay particles that are difficult to remove by conventional filtration creates many operational problems in mining processing systems. In this work, the removal of clay suspensions has been investigated using an electroflotation (EF) process with titanium electrodes. The results show that EF is a viable and novel alternative for removing ultrafine particles of kaolinite-type clay present in sedimentation tank overflows with low salt concentrations (<0.1 mol/L) in copper mining facilities based on the saline water splitting concept. Maximum suspended solid removal values of 91.4 and 83.2% in NaCl and KCl solutions, respectively, were obtained under the experimental conditions of the constant applied potential of 20 V/SHE, salinity concentration of 0.1 mol/L, and electroflotation time of 10 and 20 min in NaCl and KCl solutions, respectively. Furthermore, the visual evidence of particle aggregation by flocculation during the experiments indicates a synergy between EF and electrocoagulation (EC) that enhances the removal of ultrafine particles of kaolinite.
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1. Introduction


Clays are minerals of the phyllosilicate type, formed mainly by alterations and weathering at low temperatures and pressure, which are intimately associated with the gangue or matrix rock so that their presence is inevitable in mining processing [1]. A common type of clay is kaolinite, chemically represented as an aluminum silicate with a layered crystalline structure (Al2Si2O5(OH)4) [2]. The presence of kaolinite in the processing of copper sulfide minerals is relevant in the mining industry, as it affects the entire value chain of the process [3]. Among the adverse effects caused by kaolinite, three stand out: (i) increase in fines in the size reduction stages, since this type of mineral can achieve sizes < 20 µm [1]; (ii) reduction in the grade of the copper concentrate, by shielding the bubbles, modifying the rheology of the foam, and impairing the selectivity of the flotation process [4], and (iii) reduction in the recirculated water quality from the overflow of the sedimentation process at dewatering plants due to the accumulation of suspended particles when operating at alkaline pH values (pH > 8). This condition leads to pyrite depression [5] and also to the modification of the kaolinite edge and face charges promoting particle dispersion and stability of the suspensions [6].



From a global perspective, water is the medium through which minerals are transported and processed in copper mining facilities. Thus, under conditions of scarcity of water, its rational use and recycling are mandatory. In this context, water quality significantly impacts operational efficiency, as described above [3], as well as environmental and economic aspects [7]. From an environmental point of view, recycling water within a mining processing plant can significantly reduce water consumption by using the same water to perform several mining operations and, in turn, reduce pumping operational costs [8,9,10].



Currently, the way to mitigate the negative impacts of clays in recirculated water is through (i) the use of flocculants [11], (ii) mechanical removal from hydrocyclones [12], (iii) dissolved air flotation (DAF) [13], and (iv) the use of dispersants [14]. Particle aggregation and the precipitation of some ions, such as magnesium carbonates and sulfates [15], are produced due to chemical additives in these techniques.



The electroflotation process (EF) is a technique to remove suspended particles and metal ions from wastewater [16,17,18,19,20,21,22] under a fixed composition of water which has been applied in many industries but until now has not been considered in the mining industry for the removal of ultrafine clays (colloids) present in saline electrolytes [23,24,25,26]. However, the removal of kaolinite or clays from different effluents without Cl− ions present in the electrolytes has been studied using EF and EC techniques [27,28,29]. In Chile, using saline electrolytes or natural seawater in mineral processing is a reality, for which is necessary to provide information about the performance of the process under this new operational condition [30]. EF has also successfully removed organic particles in wastewater and used oils in the coal recovery processes, among other applications [31,32,33]. The removal of fine particles such as clays is sustained by floating them to the water’s surface with tiny bubbles of H2 and O2 generated from water electrolysis; a bubble diameter between 15 and 105 μm is an ideal range for a high probability of collision with the mineral [23,32]. Among its advantages are (i) the non-use of chemicals [34], (ii) the flow of bubbles can be easily controlled by adjusting the electrode potential, (iii) the low residence time, and (iv) the easy operational control [35,36]. Regarding the EF of minerals, there are only available reports on the removal of pyrite minerals [37] and chalcopyrite [35,38,39], all using electrolytes without the presence of salts. Other investigations have considered salts such as NaCl in hematite minerals [40], but without comparing it with other types of monovalent salts such as KCl. The importance of studying the EF process in saline systems lies in the increased use of seawater to supply the water deficit faced by copper-producing countries [30]. Aspects such as the effect of salinity on the solid separation efficiency and electrode integrity are the main problems to be investigated.



The efficiency for particle removal achieved by electroflotation relies on a sequence of steps associated with particle stability which in turn is governed by the hydrophobicity of the suspended particles [41]. In this sense, electroflotation may be implemented in several ways; if inert electrodes are used, only H2 and O2 bubbles are generated unless some impurities are present in water, and other reactions may take place; e.g., in the presence of chloride (Cl−), chlorine gas bubbles (Cl2) are released at the anode electrode. Otherwise, if the active electrode is used, aluminum (Al) or iron metal (Fe) ions are liberated into the solution to produce hydroxide ions that act as coagulants and enhance the removal efficiency of the EF process [5]. Ti, unlike Al and Fe, has a more positive oxidation potential in comparison to that of O2 evolution reaction (OER). Additionally, to achieve its electrochemical dissolution, a significant overpotential is required. As shown in Pourbaix diagrams for Ti in saline media at a neutral pH [42,43], three distinctive regions are noted: (a) an immune region at potentials more negative than −2.0 V/SHE (standard hydrogen electrode), (b) a passive region with predominant TiO2 which is formed as a very thin film of great stability, and (c) an anodic region with the formation of mainly TiO22+ and TiO3·H2O at potentials more positive than 1.5 V/SHE. For this reason, depending on the applied potential, the EF process can be carried out either in the absence or in the presence of metal ions. This is an interesting feature to rapidly determine whether or not the assistance of a coagulant is needed to enhance particle removal.



The role of the electrochemical reactions that take place in the electroflotation, namely, hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and Ti electrode dissolution are discussed in terms of the mechanisms and operational factors influencing the ultrafine clay particles removal process. This work aims to investigate the effect of monovalent cations such as Na+ and K+ in the modification of the superficial conditions of the kaolinite during the removal process and the effect of Cl− ions present in the electrolyte. The electrodes were made in Ti mesh as cathodic and anodic electrodes, respectively, for the improvement in the EF process in mineral processing [44].




2. Materials and Methods


2.1. Electroflotation System and Materials


The EF cell used in this work was a 250 mL volume cylindrical column fitted with two 5.25 cm-diameter titanium mesh cylindrical electrodes from Balance World Inc. (Putian, China). The effective area for each electrode was 13 cm2, as shown in Figure 1. Synthetic overflow water was prepared with 1000 ppm kaolinite in 0.1 mol/L NaCl solution. The electroflotation system was operated at room temperature using a power supply operating at a constant potential of 10 and 20 V/SHE with an operating time of 10 and 20 min. Three operating variables were considered for kaolinite removal: (i) X1, the applied potential in V, (ii) X2, the cell operation time in min, and (iii) X3, the salinity concentration in mol/L.




2.2. Minerals Characterization


The high-purity kaolinite sample, purchased from Science Words (Los Angeles, CA, USA), was characterized using a scanning electron microscope (SEM) (Hitachi SU 500 model, Ibaraki, Japan) and X-ray diffraction analysis (XRD) (Bruker advance d8 model, Billerica, MA, USA). Saline solutions of 0.1 mol/L NaCl and KCl were prepared using NaCl and KCl Merk analytical-grade reagents. The working pH was adjusted using NaOH and HCl, Merck analytical grade. Synthetic solutions were prepared with deionized water with a resistivity of 18.2 mΩ/cm.




2.3. Electroflotation Procedure


The simulated thickener overflow solution was prepared using a 0.1 mol/L NaCl solution dosed with 80% −5 µm particle size kaolinite clay (−635 mesh Ty) to achieve a concentration of 1000 ppm, as suggested by [15]. Pulp conditioning was 5 min at 900 rpm, establishing a fixed pH (pH = 8). For EF, using a magnetic stirrer, the homogenization time of the saline solutions was 15 min at 700 rpm. Then, the suspension was transferred to the reactor and energized according to the test number. For each solution, eight different runs were made to cover all combinations of operational factors listed in Table A1. At the end of a run, the froth layer was fully removed using a small pump and deposited in a beaker, then filtered and dried at 105 °C for 12 h with subsequent mass measurement in an analytical scale. Additionally, the remaining solution’s total suspended solids (TSS) (solution below the froth layer) were measured with a HACH model 2100. The TSS of the influent solution was calibrated to 1000 ppm for all runs. Considering that the froth layer at the end of a run may be composed of both clay particles and titanium hydroxides, the solid removal efficiency was determined in two different ways:




	(a) 

	
The feed and tail effluent and effluent TSS measurements:


    R   T S S   ( T S S   r e m o v a l   efficiency , % ) =     X   o   −   X   e       X   o     · 100  



(1)




where Xe and Xo represent the feed and tail effluent TSS measurements, respectively.




	(b) 

	
Based on mass froth collected:


    R   M F   ( m a s s   r e m o v a l   efficiency , % ) =     M   1       m   o     · 100  



(2)




where     M   1     is the total solid mass measured in the froth, which includes Ti flocs and clays, and     m   o     is the total mass of clay initially contained in the reactor.









The rationale of these two definitions is that in the complete absence of Ti flocs, both RTSS and RMF values should be the same, whereas when Ti flocs are present and are efficiently removed by bubbles, RTSS values must be lower than those of RMF. Increasing differences between RTSS and RMF should be observed for increasing Ti flocs. Additionally, different behaviors should be observed if the sedimentation of a fraction of particles or flocs takes place. The levels considered in this study are shown in Table A1 in Appendix A.




2.4. Zeta Potential Measurements


A Zeta-Meter 4.0 model from Zeta-Meter Inc. (Harrisonburg, Virginia) was used to measure the electrophoretic mobility and zeta potential of kaolinite. The solutions of 0.01 mol/L of NaCl and KCl in deionized water were used at pH 3 to 12. The mass of kaolinite was 100 mg with a size of 80% −20 µm (−635 mesh) in 50 mL of solution. According to the corresponding test, the conditioning time was 15 min at 700 rpm. Ten measurements for each trial were considered for the average calculation of the zeta potential.





3. Results and Discussions


3.1. Mineralogical Characterization of Kaolinite


The kaolinite was formed from 44.53% Al, 48.57% Si, 4.44% Ti, and 2.47% Fe and had high purity (>98%). The XRD and SEM analyses are presented in Figure 2 and Figure 3.




3.2. Zeta Potential of Kaolinite


Kaolinite surfaces immersed in freshwater are highly hydrophilic and coated with a layer of immobilized interfacial water molecules. Its improved flotation in saline water compared to fresh water has been attributed to a decrease in the absolute value of the zeta potential of particles. A significant zeta potential change toward more positive values with increasing NaCl and KCl solution concentrations between 0.01 and 0.1 mol/L has been demonstrated [45].



The differences generated in the potential of kaolinite when studied with 0.01 mol/L solutions of NaCl and KCl are shown in Figure 4. Only this concentration was considered because, at a higher molarity, the ionic interactions would affect the reading of the equipment [46]. In the case of DIW (deionized water) and NaCl, the values are similar throughout the pH range and are consistent with the values previously reported by Ma et al. [45]. In the case of the KCl effect, its potential is affected by pH, as seen in Figure 4 (red line). At an acidic pH, kaolinite shows a potential change in the presence of K+ ions with positive values at a low pH, revealing that the face and edge of the mineral are negatively and positively charged, respectively [47]. This is due to the nature of this type of ion, considered a breaker of water structures (breaker ion) [45]. On the other hand, the Na+ ion promotes the hydrated layer on the kaolinite due to its tendency to generate aggregates with each other, probably negative, which promotes its tendency to stabilize in suspension in the medium [48].



The zeta potential measurements performed in 0.01 mol/L of NaCl and KCl solutions that agree with previously reported values [45] are shown in Figure 4, and the values determined by the zeta meter are presented in Table A2 in Appendix A. Considering that the recovered kaolinite is an innocuous waste of the process, its zeta potential determination is necessary to know its hydrodynamic behavior [49,50]. Three main observations from this figure are (i) the zeta potential of kaolinite decrease with increasing pH in both solutions, (ii) in the presence of KCl, the isoelectric point (IEP) takes place at pH close to 6, and (iii) no significant effect on zeta potential is observed at alkaline pH values (pH > 7). At the working pH (pH = 8) in both working solutions, the typical values (−30 mV) are consistent with earlier reports, values that were reproduced by Zheng et al., among others [48,51,52].




3.3. Effect of Low Saline Concentration Electrolyte over EF Process


A swarm of small bubbles emerging from the electrodes and floc formation was evident during all the experiments. This allowed the particle–bubble aggregates to rise into the froth layer that steadily grew with time. As the applied potential largely exceeds the standard potential of water and titanium, the expected floc composition is clay particles and titanium hydroxide flocs. In general, at the end of a run, there was a well-defined froth phase at the top with a clear liquid phase underneath. In some runs, however, some sediment was formed, mainly from Ti flocs. In such cases, sampling the clear phase was conducted carefully to prevent sediment intrusion. The solid removal efficiency was obtained under different operating conditions of (i) applied potential in V/SHE, (ii) residence time in min, and (iii) salt concentration of solutions in mol/L as indicated in Table A3 and Table A4 and Figure A1 and Figure A2 in Appendix A for NaCl and KCl solutions, respectively. The effect of the concentration of NaCl and KCl shown in Figure 5 indicates that for an applied potential of 10 V/SHE and a residence time of 10 min, Ti flocs are generated preferentially in NaCl solutions relative to Ti flocs and KCl, a phenomenon that is explained below:



For NaCl electrolytes, the high RMF values observed at runs with 20 V/SHE and 20 min indicates large amounts of Ti flocs that were efficiently removed. In contrast, at the lowest RMF values observed at 10 V/SHE and 10 min, noticeable sediment at the reactor bottom indicates a condition by which a residence time of 10 min is not enough to achieve bubble–particle attachment and removal to the froth layer; in fact, a similar condition, but with a 20 min residence time and a sharp increase in RMF value, is produced. Interestingly, at this condition, RTSS values are significantly higher than those of RMF, which indicates both that the sediment is predominantly Ti flocs and that Ti flocs and clay particles do not attach themselves; in other words, clay particles may be removed in the absence of Ti flocs. However, a synergistic effect between Ti flocs and kaolinite particles to improve removal efficiency is also suggested from the largest RTSS values observed in combination with the largest RMF values at 20 V/SHE of applied potential. The effect of residence time on removal is related to the time to achieve the saturation condition or the time to achieve a good production rate of Ti ions and H2 bubbles for the coagulation process to work well. Bubbles released from the Ti electrodes at the early reactor operation may be dissolved in solution while the gas concentration at the bulk phase is below saturation.



The effect of salt concentration had a moderate impact on the removal of kaolinite from the solution. Figure 5A shows that the RTSS efficiency was slightly higher at 0.1 mol/L NaCl than at 0.01 mol/L NaCl. The highest recovery of 91% kaolinite was achieved at 0.1 mol/L NaCl, a residence time of 20 min, and a potential of 20 V/SHE. The same behavior was observed at 10 V/SHE, with average values of 59.3% and 64.4% for 0.01 and 0.1 mol/L, respectively. For KCl solutions, results of which are shown in Figure 5B, the behavior is somewhat different. In general, RMF values are significantly lower than those corresponding to NaCl solutions, which indicates a lower floatability for Ti flocs in KCl solutions. The better floatability for Ti flocs in NaCl explains the higher RTSS values compared to those in KCl in terms of a floc–bubble aggregate formation mechanism that improves particle collision and attachment with subsequent separation from the froth layer. The highest RTSS values for KCl being observed only at runs with 20 V/SHE, irrespective of the RMF value, denotes a low floc–particle interaction, and as a consequence, particle–bubble attachment is the main mechanism to explain particle floatability. However high the RMF values are, as is the case for runs at 20 V/SHE, the floc–particle interaction positively affects the removal of particles.



The influence of residence time on the removal efficiency of Ti flocs is like that of NaCl, although lower RMF values for KCl are observed. The effect of KCl concentration significantly impacted removing kaolinite from the solution only at a high residence time. The highest recovery of 81% kaolinite was achieved at 0.1 mol/L KCl, a residence time of 20 min, and a potential of 20 V/SHE. In contrast, at 10 V/SHE, average values of 66.9% and 49.4% for 0.01 and 0.1 mol/L, respectively, were observed.



Kaolinite recoveries over 100% were attributable to the effect of the dissolution of the Ti anode according to the mechanism shown in Equation (8), generating a weight loss of the electrode. The reactive ions from the Ti anode were removed together with the kaolinite. This effect is explained in more detail in the next section. The preceding is complemented with the results previously obtained by the authors when using AISI 316L and Al materials, which demonstrated poor performance under the same potential applied and salinity concentration but were not presented in this work; see the referential photo exhibited in Figure A3.




3.4. Result of Electroflotation Process Using Titanium Electrode in 0.1 M NaCl


Ti electrodes play a fundamental role in the removal of kaolinite. The generated bubbles and flocs are created according to electrochemical reactions shown in Equations (3)–(6) [53,54,55,56,57]. The microbubbles of H2 and O2 generated on the surface of the Ti electrodes in contact with a saline electrolyte during the EF process proceed via specific mechanisms of H2 evolution reaction (HER) and O2 evolution reaction (OER) in Equations (3) and (5), respectively. On the other hand, the electrocoagulation (EC) process is related to the dissolution of the anodic electrode according to the metal oxidation reaction shown in Equation (4) [54]. For more details on the HER and OER mechanisms, refer to Appendix B.



At the cathode (flotation):


    4 H   2   O +   4 e   −   →   2 H   2   + 4   O H   −    



(3)







The material electrodes used for seawater splitting in this experiment are shown in Figure 6. This image shows the superficial condition of the Ti mesh electrodes from Balance World Inc. before contact with the saline electrolyte and applied high potential for EF/EC process. This set of SEM images shows the Ti alloy with a mass composition of 79.6% Ti, 10.9% O, and 8.5% C. Other elements, such as Fe, Ca, Al, Si, and S are considered metal impurities.



The surface morphology of the Ti alloy used as a cathodic electrode did not have significant changes concerning the initial surface conditions of the material. However, the EDS elemental mapping indicates that the chemical composition initially changed after the material operated at cathodic potentials (see Figure 7). In the same way, Figure 8 shows the EDS mapping for determining the elemental modification of a Ti alloy as a cathode electrode after EF process for clays recovery in the saline electrolyte. Elements such as Fe, Ca, Al, Si, and S disappeared in the initial conditions and could pass into the electrolyte due to the release of H2 microbubbles and the simultaneous pathway reactions during the ORR on the surface cathode electrode.



An evidential difference showing the effect of salinity on the surface electrode is presented in Figure 9. This image shows pitting corrosion that causes an irregular and empty zone over the electrode. A potential cause could be the anodic potential applied on the Ti electrode generating pitting corrosion (see Equations (4)–(7)), with subsequent reactive ions, such as Ti2+, Ti3+, and Ti4+ that evolve into TiO2 as a passive film over the electrode surface. The solid TiO2 would finally be formed on the Ti electrode surface using the following mechanism [58]:



At the anode (coagulation):


  T i →   T i   4 +   +   4 e   −    



(4)






2H2O(l) → 4H+(aq) + O2(g) + 4e−



(5)







The mechanism for Ti(OH)4 formation:


    T i   4 +   + 4   O H   −   → T i     O H     4    



(6)







The effect of Cl− ions on Ti electrode dissolution [59]:


    T i   x     O   y   +   2 C l   −   →   T i   x     O   y     C l   2   +   2 e   −    



(7)







The dissolution of titanium (Equation (7)) and pitting corrosion suggested by the authors is summarized as shown in Figure 10, where the NaCl deposition over the titanium electrode is evidenced. In this figure (see up to down), a black shadow pyramid form is shown, which was coincident with the Na (yellow color) and Cl (green color) elements detected by EDS mapping analysis.



Another characteristic evidenced during the development of the experiment was that the number of microbubbles of H2 and O2 released from the Ti electrodes continuously increased. It is assumed that the effect of the Cl− ion on the anode electrode is similar when using salt solutions, either NaCl or KCl; a decrease in Cl− ion concentration in the electrolyte could be due to the oxidation to Cl2 gas or hypochlorite formation over the Ti electrode interface [58]. The global electrochemical reactions generate H2 and O2 evolution together with the formation of Ti(OH)4, which could interact with ultrafine clay particles according to what is described in the literature [53], which improves the removal efficiency of kaolinite particles. The formation of the electrochemical coagulant is the product of reactions on the cathode surface according to the general form such as Mm+ + m(OH)− → M(OH)m, where M = Fe, Al, Mg, Ti, etc. [60], and m is the oxidation state, respectively, which depends on the species present in the electrolyte and the behavior of the cathode and anode materials in contact with saline media that promote the dissolution of the anode [54,61,62,63,64,65,66,67]. The anodic potential applied on the Ti electrode generates pitting corrosion, with subsequent reactive ions, such as Ti2+, Ti3+, and Ti4+ that evolve into TiO2 as a passive film on the electrode surface. The solid TiO2 would finally be formed on the Ti electrode surface based on the following mechanism [58].


  T i  →    2 e   −       T i   2 +    →    e   −       T i   3 +    →    e   −       T i   4 +    



(8)







The experimental measurements of weight loss of Ti electrodes at 20 V/SHE of applied potential and 20 min residence time were 0.024% and 4.702% for the cathodic and anodic electrodes, respectively. The current density was 23.05 A/m2, calculated using Faraday’s law, according to Equation (9):


  i =     m   l   · n · F   A · M · t    



(9)




where     m   l     is the weight loss of the Ti anode electrode, n is the number of electrons transferred in the oxidation reaction, M is the atomic weight of the corroded metal g, A is the area of the anode electrode in m2, and t is the electroflotation time. This value is similar to that reported for EC using Al electrodes for phosphate removal [68], but significantly lower when using Fe electrodes for textile wastewater treatment [69]. From the calculated corrosion density value, the estimated molar mass of H2 and O2 was about 0.19 mmol, which is enough for the reactor volume of 0.25 L to generate bubbles over the saturation concentration in solution at the end of the 20 min residence time.



The results show a promising future for this application using Ti electrodes to remove clay colloids from saline waters in mining processes. The most favorable operating conditions for kaolinite recovery using NaCl and KCl were obtained at 20 V/SHE and 0.1 mol/L, where %TSS removal efficiencies were 91.4% and 83.2%, respectively. XPS studies are required to confirm the exact contribution of Ti4+ as a coagulating agent during the removal of kaolinite clays, in addition to reducing the operating potentials to less than 10 V/SHE.



Although Ti has a higher cost compared to other materials with oxidation potentials greater than Ti (E° = 1.63), as is the case of Al (E° = 1.676) [70], pure Al metal in contact with saline electrolytes shows a noticeably poor resistance to anodic dissolution processes compared to a Ti mesh electrode under the same cell operating conditions. This condition helps to improve the operation of the EF device system since it increases the service life of the anodic electrode, maintaining the efficiency of clay removal over time in the presence of Cl− ions. On the other hand, when Ti operates as an anode in the electrochemical system, it promotes the reduction in the metal dissolution reaction rate in the presence of Cl− ions, enhancing the EF mechanism vs. the EC mechanism [71,72].





4. Conclusions


The most favorable operating conditions for kaolinite recovery using NaCl and KCl were obtained at 20 V/SHE and 0.1 mol/L, where %TSS removal efficiencies were 91.4% and 83.2%, respectively. The results obtained show a promising future for this application using Ti electrodes for the removal of clay colloids from saline waters in mining processes, understanding of the behavior of this type of electrode materials subjected to direct current without going through a rectifier, in turn, providing the versatility of being able to use renewable energy for its operation and a potential application of these electrode materials on natural seawater. These results provide a novel application of saline water splitting in mineral processing, due to the lack of information about saline EF for the recovery of kaolinite in scientific journals.
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Table A1. Factors and their levels for experiments used in electroflotation of kaolinite.






Table A1. Factors and their levels for experiments used in electroflotation of kaolinite.





	
Factor

	
Symbol Factor

	
Level




	
−1

	
1






	
Potential, (V/SHE)

	
X1

	
10

	
20




	
Residence time, (min)

	
X2

	
10

	
20




	
Salinity, (mol/L)

	
X3

	
0.01

	
0.1
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Table A2. Zeta potential experimental data.






Table A2. Zeta potential experimental data.





	

	
Zeta Potential (±4 mV)




	
pH

	
DIW

	
NaCl

	
KCl






	
3

	
−13.1

	
−12.5

	
18.6




	
5

	
−22.31

	
−19.0

	
23.2




	
7

	
−30.6

	
−39.5

	
−31.3




	
9

	
−32.5

	
−34.7

	
−31.1




	
10.5

	
−31.8

	
−34.3

	
−30.8




	
12

	
−32.9

	
−25.2

	
−40.6
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Table A3. Electroflotation removal of kaolinite on NaCl solutions.






Table A3. Electroflotation removal of kaolinite on NaCl solutions.





	
Trial

	
Time (min)

	
Voltage

	
Salinity

	
Mass Froth (g)

	
%Rmf

	
%RTSS




	
(V/SHE)

	
(mol/L)






	
1

	
10

	
10

	
0.01

	
0.029

	
11.2

	
59.3




	
2

	
10

	
10

	
0.1

	
0.01

	
3.7

	
64.4




	
3

	
20

	
10

	
0.01

	
0.207

	
80.9

	
70.3




	
4

	
20

	
10

	
0.1

	
0.226

	
88.2

	
76.9




	
5

	
10

	
20

	
0.01

	
0.177

	
69.2

	
78




	
6

	
10

	
20

	
0.1

	
0.226

	
88.4

	
87.2




	
7

	
20

	
20

	
0.01

	
0.532

	
207.9

	
88.9




	
8

	
20

	
20

	
0.1

	
0.457

	
178.7

	
91.4




	

	

	

	

	

	
mean

	
77.05




	

	

	

	

	

	
s.d.

	
11.02




	

	

	

	

	

	
min

	
59.3




	

	

	

	

	

	
max

	
91.4
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Table A4. Electroflotation removal of kaolinite on KCl solutions.
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Trial

	
Time

	
Voltage

	
Salinity

	
Mass Froth (g)

	
%Rmf

	
%RTSS




	
(V/SHE)

	
(mol/L)






	
1

	
10

	
10

	
0.01

	
0.01

	
4.1

	
66.9




	
2

	
10

	
10

	
0.1

	
0.022

	
8.6

	
49.4




	
3

	
20

	
10

	
0.01

	
0.107

	
41.9

	
71.3




	
4

	
20

	
10

	
0.1

	
0.106

	
41.4

	
58.1




	
5

	
10

	
20

	
0.01

	
0.017

	
6.7

	
69.5




	
6

	
10

	
20

	
0.1

	
0.007

	
2.6

	
83.2




	
7

	
20

	
20

	
0.01

	
0.364

	
142

	
74.9




	
8

	
20

	
20

	
0.1

	
0.173

	
67.7

	
80.6




	

	

	

	

	

	
mean

	
69.24




	

	

	

	

	

	
s.d

	
10.51




	

	

	

	

	

	
min

	
49.4




	

	

	

	

	

	
max

	
83.2
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Figure A1. Bar error plots for NaCl and KCl solutions. 
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Figure A2. %TSS tendency for NaCl and KCl solutions. 
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Appendix B


The mechanism’s process on the surface electrode.



For alkaline EF-EC conditions, the partial electrochemical reactions for the electrolysis of water are [73,74,75]:




	
Cathode reaction


  4   H   2   O + 4   e   −   → 2   H   2   + 4   O H   −    



(A1)







	
Anode reaction


  4   O H   −   → 2   O   2   + 2   H   2   O + 4   e   −    



(A2)







	
Overall electrolysis reactions


    2 H   2   O + E n e r g y →   2 H   2 ( g )   +   O   2 ( g )    



(A3)












The mechanism that causes the electroflotation under alkaline conditions for HER and OER could be determined by the following reactions:




	
The mechanism for H2 evolution (HER):


    H   2     O   ( l )   + M +   e   −   →   M H   a d s   +   O H   −    



(A4)






    M H   a d s   +   H   2     O   ( l )   +   e   −   ↔ M +   O H   −   +   H   2 ( g )    



(A5)






  2   M H   a d s   ↔ 2 M +   H   2 ( g )    



(A6)







	
The mechanism for O2 evolution (OER):


  M +   O H   −   →   M O H   a d s   +   e   −    



(A7)






    M O H   a d s   +   O H   −   →   M O   a d s   +   H   2     O   ( l )     + e   −    



(A8)






  2   M O   a d s   → 2 M +   O   2 ( g )    



(A9)






  M O +   O H   −   → M O O H +   e   −    



(A10)






  M O O H +   O H   −   → M +   O   2 ( g )   +   H   2     O   ( l )   +   e   −    



(A11)




where M is metal and MH, MOH, MO, and MOOH are intermediate products.



	
The mechanism for Cl2 evolution (CER) [76]:


    C l   ( a q )   −   +   O H   ( a q )   −   →   O C l   ( a q )   −   +   H   2     O   ( l )   + 2   e   −    



(A12)






  2   C l   ( a q )   −   →   2 C l   2   + 2   e   −    



(A13)
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Figure A3. EF electrode. (a) Cathode of Ti mesh (over) before EF process. (b) Anode of pure Al (under) after EF process. 
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Figure 1. Schematic diagram of electroflotation cell. 
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Figure 2. XRD analyses of kaolinite. 
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Figure 3. SEM and EDX analyses of kaolinite, where: the white color: oxygen; the purple color: aluminum; the magenta color: silicium; the green color: titanium; and the blue color: iron. 
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Figure 4. Zeta potential of pure kaolinite as a function of pH in saline solutions of NaCl and KCl. 
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Figure 5. Effect of the (A) NaCl and (B) KCl concentrations on the kaolinite removal. 
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Figure 6. Surface characterization of electrode material used for evaluating the EF/EC process for removal of ultrafine clays: (a–c,e) show a different magnification of SEM, and (d) shows EDS spectra. 
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Figure 7. Surface characterization of the cathodic electrode after an EF process at 20 V/SHE. (a–c,e) show different magnifications of SEM, and (d) shows EDS spectra. 
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Figure 8. EDS elemental mapping of the cathodic electrode after an EF process at 20 V/SHE. 
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Figure 9. Surface characterization of the anodic electrode after an EF process at 20 V/SHE with a 0.1 M NaCl solution. (a–c,e) show different magnifications of SEM, and (d) shows EDS spectra. 
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Figure 10. EDX elemental mapping of the anodic electrode after an EF/EC process at 20 V. Up to down: black color = NaCl electrodeposition, yellow color = sodium, green color = chloride, and SEM image of zone analyzed. 
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