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Abstract

:

The extraction of rare earths has been studied worldwide, however some of these processes have a high cost and can cause negative environmental impacts. In order to mine these species from the soil, Electric Field Assisted Mining arises as an alternative to conventional mining processes. Therefore, the experimental parameters can be improved to obtain better results in the extraction of these species. The aim of this paper is to propose the optimization of the Electric Field Assisted Mining process of yttrium, to obtain the optimal experimental configuration to be applied in real soils. An optimization problem was defined to obtain the maximum extraction mass of yttrium ion (Y3+), considering the limitation for the quantity of electric current density. A hybrid optimization technique was used, based on the sequential application of genetic algorithms and non-linear programming. Different optimal process configurations were obtained, considering distinct limits for the electric current density. The best experimental configuration resulted in 0.5386 V cm−1 electric field strength and 0.10 mol L−1 electrolyte concentration. This condition was reproduced in real soil, which obtained a Y3+ electromining efficiency of 41.48%. The results showed that this technique is promising for the extraction of rare earth in real soils.
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1. Introduction


The rare earths elements (REE) form a group composed by the lanthanide series, as well as the elements yttrium and scandium. These species are distributed in the lithosphere, however some regions present higher concentrations of REE, including China, Brazil, Russia, India, and Australia [1,2,3,4].



REE are employed in several applications, such as permanent magnets, catalysts in the fluidized catalytic cracking process, automotive catalysts, ceramic materials, electronic components, lasers, and metallic alloys energy [4,5,6,7]. Additionally, the REE have an important role in the development of new technologies and in the production of clean renewable energy [5,8,9].



REE mining mainly occurs through hydrometallurgical processes, from minerals such as bastnaesite, monazite, and xenotime or through ion adsorption clays [10,11,12,13,14,15]. However, these mining processes may cause great negative environmental impacts, in addition to the high generation of wastewater and high energy expenditure from the separation and purification steps [16,17,18,19,20,21]. Another alternative for obtaining REE is from secondary resources, by the hydrometallurgical process of waste electric and electronic equipment [9,17,18]. Although this technique is efficient in removing species, the use of strong acids and the generation of non-biodegradable effluents result in an ecologically unfriendly method.



China is responsible for more than 95% of the global production of REE. This monopoly condition allowed the country to limit export quotas and raise the price of these commodities. These actions, combined with growth in the consumption of REE, resulted in the increase of the criticality of some REE [19,20,21,22,23].



Due to the possibility of interruption in the supply of REE and considering the elevated environmental impact of the hydrometallurgical processes, the search for new mining routes for these elements is essential. Thereby, the Electric Field Assisted Mining (EFAM), also known as electromining (EM), is presented as an innovative alternative for REE extraction.



The EFAM consists of the removal of the species in ionic form by the action of an electric field [19]. For this purpose, electrodes are inserted in soil that must be moistened with an ionic conductor fluid, the electrolyte [24,25,26,27]. Due to the action of an electric potential gradient, the ions migrate to the opposing charge electrode, allowing the extraction of the elements [28,29,30]. This technique is considered promising [19], as it allows the extraction of REE from soils using weak and biodegradable electrolytes. Another advantage is the low water consumption of the process. Furthermore, when applied in-situ, on a larger scale, the technique has advantages over conventional mining, as there are no excavation steps to remove the surface layers of soil. Therefore, the environmental impact for the extraction of REE via EFAM is reduced.



The extraction of yttrium ion (Y3+) from a spiked sandy soil using the EFAM technique was studied by Pires et al. [19]. Different experimental configurations were performed, evaluating the different electric field strengths and electrolyte concentrations. The authors used a biodegradable electrolyte acetic acid and obtained low values of dissipated electric current in the process. It was observed that the Y3+ extraction capacity is directly associated to the electric field applied to the system, which is the driving force to the mobility of this species. On the other hand, the increase in the electric field gradient resulted in the increase of the electric current, which contributed to the occurrence of undesired parallel reactions on the surface of the electrodes, such as water hydrolysis. In view of this problem, the aim of this paper is to apply optimization techniques to obtain the best electromining process configuration, presented by Pires et al. [19], intending to maximize the Y3+ mass extraction, considering a limited value for the electric current density in the process. Thus, from the optimal configuration obtained, the conditions were applied to a real soil containing yttrium.




2. Materials and Methods


Pires et al. [19] developed a methodology to remove Y3+ from soils applying the EFAM technique. They used a synthetic soil majorly composed of silicon oxide (SiO2—92.7%) that contained 0.033% (w/w) of yttrium, which was added posteriorly. Acetic acid was used as electrolyte for electromining. In the present work, the optimization of the EFAM process proposed by the cited authors was performed. Additionally, after obtaining the optimal configuration, these conditions were reproduced in real soil containing the same REE to evaluate the efficiency of electromining.



2.1. Characterization of the Real Soil


The real soil used in this paper was sampled in Brazil’s northern region, which was collected at a depth of 1.0 m. The sample characterization was performed by X-ray fluorescence (XRF). To quantify the Y3+ in the soil, the Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) analytical method was used, according to the EPA 1351a standard [4]. The average concentration of the species resulted in 7.6 ± 0.1 mg kg−1. To obtain the moisture content and the quantity of organic compounds, the soil was submitted to a Thermal Gravimetric Analysis (TGA), resulting in 8.45% and 0.41%, respectively. Soil pH and resistivity were determined according to ISO 10390:2005 and ASTM G187-18 standards, respectively. Physical–chemical analyzes of the real soil were also performed [31]. The results of the analyses are presented in Table 1.




2.2. Electromining


The electromining performed in the real soils (EM-RS) followed the methodology of Pires et al. [19] applied to a synthetic soil, as well as the materials and chemical analyses referred to in the experimental procedure. Figure 1 presents a scheme of the experimental apparatus used for the electromining of the synthetic and real soils. The reactor used was 23 cm in length and has a cylindrical bed 16 cm in length and 8 cm in internal diameter. The electrolytic chambers have an internal volume of 150 cm3.



The real soil was not subjected to any pre-treatment. In this experiment, 1000 g of soil was used to fill the electrokinetic reactor bed and the electromining was conducted without electrolyte flow. The electrolyte injection occurred only at the beginning of the procedure to fill the reactor volume and the pumping direction was from the cathode to the anode chamber. The EFAM was conducted for 240 h, however, after 140 h of procedure, 50 mL of fresh electrolyte (acetic acid) was replaced, adding 10 mL in each sampling point of the reactor (Figure 1).




2.3. Y3+ Electromining Process Efficiency


The measurement of the electromining process efficiency (ξ) is based on the quantity of Y3+ mass, denoted as    m Y   , that migrates to the interior of the reactor cathodic chamber (CC) in relation to the total initial mass of the species (   m 0    = 39.35 mg Y) present in the soil. Therefore,


  ξ =    m Y     m 0    100 %  



(1)




where    m Y    (mg) is given by


   m Y  =  C Y   V  CC    



(2)




with    C Y    as the concentration of Y3+ in the CC and    V  CC     as the volume of solution in the reactor CC.




2.4. Electromining Process Optimization


The optimization the EM process intends to extract the highest possible mass of Y3+, with the lowest density of dissipated electric current. This panorama is characterized as a multi-objective optimization problem. However, in this paper, the objective function to be minimized is given by the negative Y3+ extracted mass (  −  m Y   ), considering the limit quantity for the average value of electric current density (Ilim). Thus, it is possible to formulate a constrained non-linear optimization problem, denoted as PY, that can be written in a standard form [32], as


   P  Y   :  {    min −    m Y  = −    m Y   (   C ¯  ,    ε ¯   )      constraints :  {    I  (   C ¯  ,    ε ¯   )  =  I m   (   C ¯  ,    ε ¯   )  −    I  lim   ≤ 0     −   1.0 ≤  ε ¯  ≤ 1.0     −   1.0 ≤  C ¯  ≤ 1.0          



(3)




where   C ¯   and   ε ¯   are, respectively, the design variables of the electric field and electrolyte concentration, as described in the coded form. Therefore, the design variables vector is      {   C ¯  ,    ε ¯   }   T    ∈     D  , where   D =    [  − 1.0 ,   1.0  ]   2    ⊂    ℜ 2    is the design space of the problem.



The extracted Y3+ mass (   m Y   ) and average electric current density (   I m   ) functions are defined by two response surfaces, based on the values obtained experimentally. These surfaces are obtained by a polynomial fit of a bilinear empiric model, employing the least squares method.



It is important to perform an analysis of the proposed optimization problem PY (Equation (3)). As the objective function and inequality constraint are obtained by response surfaces, it is possible to state that these functions are continuous. Furthermore, the design space is closed, thus establishing an adequate value of the limit electric current density, that guarantees a non-empty viable set; considering the Weierstrass theorem, it is possible to state that this problem has a solution [32].



An alternative for the PY solution is to use nonlinear programming techniques (NLP) [32]. It is noted that the design space of the problem is convex, as it is defined by a square region of dimension two. This characteristic favors the numeric solution of the problem. However, in general, it is not possible to guarantee that the objective and constraint functions are also convex. These properties could be satisfied if the Hessian matrices of the two evaluated functions were positive-definite in all points of the design space. If these conditions are not satisfied, the problem is not convex and the direct application of NLP is not advised, as the obtained solution depends on the optimal point initial estimative to be used in the interactive search process.



To overcome this difficulty, a viable alternative is to use heuristic optimization techniques [32,33,34]. In this paper, a hybrid optimization methodology proposed by Sousa et al. [33] as used. For this, initially, the problem was solved applying the genetic algorithm technique to obtain an approximation of the global optimal point, regardless of the non-convexity of the problem. Afterwards, a sequential quadratic programming NLP was used to refine the solution. Both methods use specific routines of the Matlab® software (ga.m and fmincon.m).





3. Results and Discussion


Five EMs experiments (EM-01 to EM-05) were conducted in the synthetic soil for 72 h, using different electrolyte concentrations (C) and different electric field strengths (ε). Table 2 presents these variables and their coded form,   C ¯   and   ε ¯  , respectively, which are used in the optimization problem.



The current density of the five EMs experiments was monitored a long time and the profiles are presented in Figure 2. It can be observed that the simultaneous increase of the variable’s electric field and electrolyte concentration, corresponding to experiment EM-04, resulted in the highest current density, favoring parallel reactions in the surface of the electrodes. Considering that the water hydrolysis reactions contribute to the decrease of electric potential [35], consequently, the migration of Y3+ is reduced due to the decrease in the effectivity of the electric field.



3.1. Analysis of the Migration Performance of Y3+


To obtain the Y3+ migrational profile of the EMs, electrolyte aliquots were collected from the five sampling points of the electrokinetic reactor (Figure 1). From the discrete values of the Y3+ concentration, response surfaces were constructed and fitted using the Cubic interpolation command of Matlab® software. Figure 3 shows the Y3+ migrational performance of EM-01 to EM-05.



According to Figure 3, at t = 0 h, there was the leaching of Y3+ towards the anodic chamber due to the direction of the electrolyte pumping into the system at the beginning of the procedure. Subsequently, it can be observed that Y3+ was mobilized towards the CC in all EMs. This mass transport was given by electromigration and diffusion. On the other hand, Acar and Alshawabkeh [36], Mohamadi et al. [29], and Pires et al. [19] claim that the migrational flow is the predominant mechanism to ion mass transport. Therefore, the migration was considered the only mechanism of mass transfer for all EMs, as proposed by Pires et al. [19].



Although there was migration of Y3+ in all EMs, only EM-03 (Figure 3c) presented an inversion in the concentration profile of the species. EM-04 (Figure 3d) was conducted in the same electric field strength (0.5454 V cm−1) as EM-03, however this electromining was not considered satisfactory. This behavior can be justified by the use of the electrolyte in a higher concentration (1.0 mol L−1). The increase in this variable results in the increase of the number of dissociated species originated from the acetic acid. As the experiment was conducted for 72 h, the magnitude of the electric field in EM-04 was not sufficient to supply the increase in the number of species of this experiment. Therefore, for the mining of EM-04 to be considered satisfactory, it would require more procedure time; thus, from a qualitative analysis, the EM-03 was considered to achieve the best performance regarding the Y3+ migration.



Although EM-03 has shown the best migrational profile, the tendency to reduce the Y3+ concentration in CC after 60 h of procedure was observed in this experiment. This behavior can be explained due to the increase in the concentration of Y3+ in the cathodic region, which promotes the diffusion of the ion in the opposite direction to the CC.




3.2. Electromining Efficiency


According to Pires et al. [19], the EM is considered satisfactory when Y3+ ions migrate into the reactor CC, this being the analysis domain for the electromining efficiency calculation. Table 3 presents the values of the average current density (Im) of the EMs, Y3+ electromining efficiency (ξ) after 72 h of process, and the extracted mass values of the species (mY), obtained by Equations (1) and (2), respectively.



EM-01 presented the lowest average current density for the analyzed cases (Table 3). However, this experimental configuration resulted in an unsatisfactory Y3+ extraction. This result can be attributed to the low electric field strength applied during this experiment (0.1818 V cm−1). EM-03 and EM-05 were the most favorable experimental configurations for the extraction of Y3+; these EMs were conducted under the two highest electric field strengths and used the two lowest electrolyte concentrations (Table 1). However, EM-03 efficiency was larger than EM-05, resulting in a 68.3% higher Y3+ mass extraction. EM-04 was the experiment that obtained the lowest electromining efficiency. This result can be attributed to the higher number of electroactive species susceptible to the electric field, becoming less effective in the extraction of Y3+. As the REE are a species that easily hydrolyze [19,37], it is reiterated that applying higher electric field strengths associated to lower electrolyte concentrations favors the migration of Y3+.




3.3. Electromining Process Optimization


The EM process optimization was performed considering the standard problem presented in Equation (3). In this problem, the objective function   −  m Y     (   C ¯  ,    ε ¯   )    and the inequality constraint function associated with the electric current density,   I  (   C ¯  ,    ε ¯   )   , were obtained by a fit using the least squares method, considering the values of the variables in their coded form,   C ¯  e   ε ¯  .



The objective function, presented in Figure 4, can be explicitly written as:


  −    m Y     (   C ¯  ,    ε ¯   )  = −    (  9.31593 −   3.27450    C ¯  + 1.94153    ε ¯  −   2.23245    C ¯     ε ¯   )   



(4)







Defining the vector of design variables in the form   x =    {   C ¯  ,    ε ¯   }   T   , the objective function can be rewritten in matrix form as:


  −    m Y     (  x  )  = −   9.31593 +  [      3.27450     −   1.94153      ]   x  +   1   2     x  t   [      0.0     2.23245       2.23245     0.0      ]   x   



(5)







On the other hand, the current density function presented in Figure 5, can be explicitly defined as:


   I m     (   C ¯  ,    ε ¯   )  = 0.08271 + 0.01995    C ¯  + 0.04968    ε ¯  + 0.01100    C ¯     ε ¯   



(6)







In matrix form, this function is written as


   I m     (  x  )  = 0.08271 +  [      0.01995     0.04968      ]   x  +   1   2     x  t   [      0.0     0.01100       0.01100     0.0      ]   x   



(7)







It is important to highlight that, due to the model chosen to represent the objective and constraint functions, their second-order Taylor-series approximations at any point result in their own Hessian functions. Thus, to analyze the convexity of these functions it is necessary to evaluate only the principal values of their respective Hessian matrices. Solving the eigenvalues/eigenvectors problems associated with the objective and constraint function’s Hessian matrices, the principal values ± 2.23245 and ± 0.01100 were, respectively, obtained. Positive and negative eigenvalues characterize an indefinite matrix, in other words, a non-convex function. Therefore, it can be concluded that the PY optimization problem is not convex.



Aiming to analyze the EM process, six optimization problems were proposed (PY1, PY2–PY6) and characterized by different limit electric current density values (Ilim). The optimal configuration and the extracted mass value for each problem are presented in Table 4. For any Ilim value, it is observed that the best configuration always occurs with the lowest electrolyte concentration value.



In all optimization problems PYi (i = 1–6) the objective function is the same (Equation (5). Each problem PYi is characterized by the limit value of the constraint function associated to the electric current density, which redefines the viable set. The representation of the limit isolines of the constraint function and the ideal configuration points in each problem are shown in Figure 6.



From Table 4, a non-linear variation of the optimum value of Y3+ extracted mass in relation to the limit electric current density value is observed. Expanding the viable set of the optimization problem by increasing    I lim    increases    m Y   . However, for the analyzed problems, this growth tendency occurs until the maximum    m Y    value of 16.7644 mg is reached.



It is observed that a variation from 0.5454 V cm−1 to 0.5386 V cm−1 (1.25% decrease) in the electric field strength causes a reduction of 23.08% in the electric current density, in other words, from 0.1300 mA cm−2 to 0.1000 mA cm−2. This reduction in the current density indicates that the parallel reactions, such as water hydrolysis, were attenuated, causing the electric field to be more available for the migration of Y3+. This observation can be proved analyzing the species extracted mass variation that resulted in only a 0.94% decrease, reducing from 16.7644 mg to 16.6090 mg.




3.4. Real Soil Electromining


From the six proposed optimization problems, the PY3 experimental configuration, corresponding to an electric field of 0.5386 V cm−1 and electrolyte concentration of 0.1 mol L−1, was chosen to be reproduced in a real soil EM. In this experiment the Y3+ migration profiles, the pH profiles of the medium, and electromining efficiency were analyzed.



Figure 7 shows the Y3+ concentration profile in the reactor CC during the experiment, in which it was observed that the Y3+ migration in the EM-RS was slower than the EMs performed in synthetic soils (Figure 3). This behavior can be explained by some peculiarities of the real soil, such as a higher composition heterogeneity, the presence of organic matter, and the higher values of soil resistivity and pH (Table 1). This set of characteristics contributes to the inhibition of Y3+ desorption and the migration of the species through the porous medium. However, the EM-RS can be considered satisfactory, as an advance in the Y3+ migrational front through time towards the CC was observed, resulting in an electromining efficiency of 41.48% for the species.



As the EM-RS was conducted by the potentiostatic method, the electric current density presented a stable behavior with few oscillations and an average current density of 0.059 ± 0.004 mA cm−2. Although this test was performed using experimental conditions similar to EM-03, the average electric current density was lower than the majority of the EMs (Table 3). This result is considered satisfactory, as it indicates that the parallel reactions on the surface of the electrodes did not develop significantly. Thus, the electric filed is more available to the Y3+ migration. On the other hand, due to higher complexity matrix, the migration of species was slower than in the other EMs, resulting in a time approximately three times longer. However, in the EM-RS, the electrodes degradation was not observed, nor the adsorption of species in their surfaces.



3.4.1. Real Soil pH


During the EM-RS the pH of the reactional medium was monitored (Figure 1). The profile of this variable was considered stable, presenting few variations, as shown in Figure 8. However, in the first 50 h of the experiment, the highest oscillations were observed. This behavior suggests that there was a period of stabilization for the soil. After 72 h of experiment, the pH variations reduced, indicating that the parallel reactions did not develop significantly. It should also be highlighted that the addition of the fresh electrolyte after 140 h of experimentation contributed to the pH variation, resulting in the increase of the local acidity.



After the end of the experiment, the soil was submitted to a natural drying process and a new pH measurement, resulting in a value of 4.73. Although the acceptable range for agricultural soils is from 5.5 to 7.2, there are different types of soils that do not fit this range [38,39].




3.4.2. Y3+ Migrational Profile in the Reactor Cathodic Chamber


Figure 7 shows the concentration profile of Y3+ in the reactor CC (distance from anode = 22.5 cm), in which an advance in the Y3+ migrational front through time can be observed. However, similarly to the EM-03 behavior, seen in Figure 3c, the EM-RS also presented a tendency to reduce the Y3+ concentration in the CC. This profile happens due to an increase in the species concentration gradient in the CC, favoring Y3+ diffusion from CC to the reactor bed. After the addition of fresh electrolyte (t = 140 h), a change in the Y3+ concentration profile in the CC was observed favoring the increase in species extraction.



The migrational behavior of the Y3+ ion can be attribute to variation in electrochemical potential    (     μ ¯   i   )   , which is given by the species chemical potential    (   μ i   )    and electric potential    (   μ ∗   )    [40,41], according to:


    μ ¯  i  =  μ i  +  μ ∗   



(8)




being,


   μ i  =  μ i 0  + R T   l n  C i   



(9)




and


   μ ∗  =  z i  ℑ ψ  



(10)




where,    μ i 0    is the standard chemical potential of the species i, R (8.314 J mol−1 K−1) is the universal constant of gases, T is the temperature (K), and Ci is the concentration of the i-th species (mol L−1). The i species charge is represented by zi (3+),  ℑ  is the Faraday constant (96,485 C), and  ψ  denotes the applied electric potential (V) [41].



Considering that the EM-RS was conducted by the potentiostatic method and admitting that the electric potential (Equation (10)) is constant during the experiment, the electrolyte replacement altered only the chemical potential of Y3+. The reduction of this variable corresponds to the obtention of a more diluted solution, favoring the mass transfer of the species from the soil to the electrolyte solution.



Another consequence of the addition of fresh electrolyte was the reduction of the medium pH (Figure 8), increasing the acidity and contributing to the desorption of the species from the soil [36,42]. Thus, after the desorption step, the ion is transferred to the electrolyte solution, which presents a higher conductivity and is more susceptible to the electric field action, and following, migrates towards the CC, promoting the extraction of Y3+ [43,44].




3.4.3. Cost of Y3+ Produced


In this paper, the first study of extraction of rare earths in real soil was presented. The results obtained were similar to those found by Pires et al. [19] (Table 3). In their study, the authors also presented the calculations for obtaining the cost of Y3+ produced, in which it was observed that the current density was the main parameter that most influenced the cost of the process. Thus, the cost of Y3+ produced by EMs ranged from 7164 USD t−1 to 231,296 USD t−1.



According to the similarities between the values of current density and process efficiency obtained in the EM-RS of the present work and the EM-03 of Pires et al. [19], it is reasonable to approximate the production costs of Y3+ in real soils to the value found by the cited authors of 48,126 USD t−1.






4. Conclusions


The present paper proposed the optimization of the electric field assisted mining process for the Y3+ ion. Six optimization problems were analyzed in a synthetic soil, of which the best experimental configuration resulted in an electric field strength of 0.5386 V cm−1 and electrolyte concentration of 0.1 mol L−1. This optimal configuration was reproduced in a real soil, resulting in a Y3+ electromining efficiency of 41.48%. Although the experiment using the real soil was satisfactory, it was observed that the Y3+ electromigration was slower than in the synthetic soil. On the other hand, the development of parallel reactions in the real soil experiment, such as water hydrolysis were less evident, contributing to the advance of the Y3+ migrational front and favoring the increase in the process efficiency. Thus, it can be observed that the electric field assisted mining, using biodegradable electrolytes in low concentrations, can be considered a viable technique for the extraction of rare earths from real soils.
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Figure 1. The experimental apparatus used for the electromining of the synthetic and real soil (adapted from Pires et al. [19]). 






Figure 1. The experimental apparatus used for the electromining of the synthetic and real soil (adapted from Pires et al. [19]).



[image: Applsci 11 06316 g001]







[image: Applsci 11 06316 g002 550] 





Figure 2. The profiles of current densities of the electromining experiments using the synthetic soil. 
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Figure 3. The response surfaces to the Y3+ migration behavior for the electromining experiments in the synthetic soil. 
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Figure 4. Extracted mass function considering the coded design variables. 
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Figure 5. Electric current density function considering the coded design variables. 
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Figure 6. Extracted mass function considering the coded design variables containing the representations of the limit electric current density isolines. 






Figure 6. Extracted mass function considering the coded design variables containing the representations of the limit electric current density isolines.



[image: Applsci 11 06316 g006]







[image: Applsci 11 06316 g007 550] 





Figure 7. Y3+ concentration profile in the real soil. 
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Figure 8. The pH profile of the EM-RS reactional medium before and after the addition of the electrolyte. 






Figure 8. The pH profile of the EM-RS reactional medium before and after the addition of the electrolyte.



[image: Applsci 11 06316 g008]







[image: Table] 





Table 1. The physicochemical analyses of the real and synthetic soils.
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Real Soil Composition (%)






	
SiO2

	
Al2O3

	
Fe2O3

	
TiO2

	
Nb2O5

	
SnO2

	
ZrO2




	
60.7

	
25.6

	
2.0

	
1.9

	
1.3

	
1.3

	
0.3




	
Ta2O5

	
K2O

	
MnO

	
SO3

	
P2O5

	
Y2O3

	




	
0.1

	
0.1

	
0.1

	
0.1

	
<0.1

	
<0.1

	




	
Soil

	

	
Resistivity (Ω cm)

	
pH




	
Real

	
50,253.8 ± 2,124.0

	
5.25




	
Synthetic

	
2622.2 ± 112.4

	
4.26




	
Physicochemical Analyses of Real Soil




	
Porosity

	
0.43




	
Cation exchange capacity

	
4.12 cmol dm−3




	
Total organic carbon

	
2.42 g dm−3




	
Sandy

	
60.00%




	
Silt

	
3.36%




	
Clay

	
36.64%




	
Soil texture

	
Sandy clay
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Table 2. The physical and coded configurations of the electromining experiments in the synthetic soil.
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	Experiment
	C (mol L−1)
	ε (V cm−1)
	   C ¯    (-)
	   ε ¯    (-)





	EM-01
	0.10
	0.1818
	−1.00
	−1.00



	EM-02
	1.00
	0.1818
	1.00
	−1.00



	EM-03
	0.10
	0.5454
	−1.00
	1.00



	EM-04
	1.00
	0.5454
	1.00
	1.00



	EM-05
	0.55
	0.3636
	0.00
	0.00
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Table 3. EMS analysis parameters.
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	Experiment
	CY (mol L−1)
	mY (mg)
	ξ (%)
	Im (mA cm−2)





	EM-01
	55.175
	8.276
	21.221
	0.022



	EM-02
	41.281
	6.192
	15.877
	0.040



	EM-03
	110.828
	16.624
	42.626
	0.099



	EM-04
	37.402
	5.610
	14.385
	0.161



	EM-05
	65.845
	9.877
	25.325
	0.091
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Table 4. Optimal configurations considering different limits for electric current density.
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	Optimization Problem
	Electric Current Density Limit

(mA cm−2)
	Coded Electric Field
	Electric Field

(V cm−1)
	Coded Electrolyte Concentration
	Electrolyte Concentration

(mol L−1)
	Total Mass of Y3 + Extracted

(mg)





	PY1
	0.0500
	−0.3299
	0.3036
	−1.0000
	0.1000
	11.2135



	PY2
	0.0750
	0.3164
	0.4211
	−1.0000
	0.1000
	13.9113



	PY3
	0.1000
	0.9628
	0.5386
	−1.0000
	0.1000
	16.6090



	PY4
	0.1300
	1.0000
	0.5454
	−1.0000
	0.1000
	16.7644



	PY5
	0.1600
	1.0000
	0.5454
	−1.0000
	0.1000
	16.7644



	PY6
	Unlimited
	1.0000
	0.5454
	−1.0000
	0.1000
	16.7644
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