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Abstract: In the present study, the assessment of heavy metal contaminant migration from fresh
mine tailings was conducted using the electrokinetic remediation technique (EKR). In this sense, a
pilot EKR cell was designed to evaluate the recovery potential of copper, nickel, and cobalt species.
In particular, the focus was on the impacts of electric field intensity and pH in initial mixture and
testing their interaction in copper, nickel, and cobalt migration. Experiments were made using
a 22 factorial experimental design with a central point, using DC electric fields from 1.0 to 2.0 V
cm−1 and H2SO4 pretreatment solutions from 1.0 to 2.0 mol L−1, along with an ANOVA test with
error reduction. The metal removal rates were approximately 7% for cobalt, neglectable for copper,
and 6% for nickel. In the best cases, the highest concentrations by migration at the cathodic zone
were 11%, 31%, and 30%, respectively. According to ANOVA tests, factor interaction was proven
for each metal in the half cell near the cathode and the closest zone from the cathode specifically.
Both factors affected metal concentrations, which indicates that when the goal aims for species
accumulation in a narrower section, each factor has a significant effect, and their interaction makes a
proven enhancement. Thus, using 2.0 V cm−1 and 2.0 mol L−1 showed a high improvement in metal
concentration in the cathodic zone.

Keywords: electrokinetic remediation; heavy metal removal; mine tailing

1. Introduction

Heavy metals in soils are a complex, worldwide, urgent issue due to their toxicity
and persistence [1]. Regarding mine tailings, given their magnitude and variety of heavy
metals, their natural mechanisms of diffusion/advection allow them to be transported
away from their confinement [2,3], risking various elements of ecosystems, such as water
reservoirs [4], food [5], and the first link in the marine trophic chain [6], which directly
impacts human health and the environment.

The mining industry has contributed immensely to the generation of heavy-metal-
containing residues, including cobalt and nickel, which both have moderate toxic effects [7–9].
Therefore, every effort to remove these residues from the environment—including prevent-
ing their emanation, if possible—is urgent, especially when mining waste disposal methods
are being revised to make mining a more sustainable industry [10,11]. To achieve removal
of the residues, several technologies have been developed aiming for control and/or re-
mediation, such as soil flushing, biological processes such as phytoremediation [12] and
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bioremediation [13], and electrochemically assisted processes, especially electrokinetic
remediation (EKR) [14–16]. Although each technology has its benefits, soil flushing has
problems due to the extent of extraction agents, and phytoremediation/bioremediation has
complications in mine tailings because of a lack of nutrients. When phytoremediation and
bioremediation are effective, they carry a potential risk of reintroducing these pollutants in
the local trophic chain. On the other hand, the application of electricity allows the migration
of ions contained in the liquid phase or available on the solid surface, regardless of how
low their concentrations are. Therefore, this technology can transform mining residues
into a potentially profitable asset regardless of energy consumption, since it can extract
valuable inorganic species from depleted sources and can be applied in situ without the
need to modify tailing dams. These advantages, in a global remediation market worth
USD 30 billion [17], can make it more economically attractive. A few studies have been
performed in mine tailings with this technology [18–24], also specifically in Chilean mine
tailings [25–30], typically using a strong acid such as sulfuric acid to extract metals from
the solid phase. The most fundamental factors in EKR are the electric field and acid concen-
tration in the pretreatment solutions, even though this analysis has been conducted in one
prior study [31], but it checked only one of the EKR sections.

For the aforementioned reasons, this study aims to establish the effect of the pH of
the initial mixture (mine tailings with a 20% humidity by using an acid solution) and
the electric field intensity applied between the electrodes in the metal migration yield in
an EKR cell by identifying and assessing their interaction. A 22-factorial experimental
design has been applied with a central point, in which the factors are the intensity of
the electric field and the sulfuric acid concentration in the pretreatment solution, and an
ANOVA test was performed in every partition of the cell, in addition to a MonteCarlo
simulation for error reduction and migration difference verification between partitions and
between experiments.

This statistical approach, which aims to establish more reliable conclusions with a
better error propagation control, has never been applied in this way to fresh Chilean copper
mine tailings for copper migration. Furthermore, cobalt and nickel EKR in this kind of
solid have never registered before.

2. Materials and Methods
2.1. Tailing Samples and Reagents

Mine tailing samples were obtained from a copper processing plant in northern
Chile, in the Punta del Cobre belt. According to del Real [32], copper ores from this
region normally present copper as Chalcopyrite CuFeS2, and the cobalt and nickel content
normally appears in pyritic matrix by substitution Fe(Co,Ni)S2. The sample was dried
at 105 ◦C for several days until a constant weight was achieved, and the sample was
pulverized in a ball mill to reduce particle size to below 500 microns, thus making it all a
uniform size. Solid main characteristics are detailed in Table 1.

Table 1. Sample metal content, pH, and particle diameter.

Parameter Value

pH 8.04 ± 0.06
Particle diameter, µm 212–350

Cu total concentration, mg kg−1 486.50 ± 5.50
Co total concentration, mg kg−1 89.10 ± 5.50
Ni total concentration, mg kg−1 31.00 ± 1.40

H2SO4 (95%, analytic grade) was used to make different solutions used in this study:
5% (v/v) and 1.0, 1.5, and 2.0 mol L−1 each. Additionally, HNO3 (65%, analytic grade) was
used to form a 1:1 solution in volume, equivalent to 7.17 mol L−1. CaCl2 was used to form
a 0.01 mol L−1 solution. HCl (37%, analytic grade) was needed without previous dilution.
Distilled water was used when needed for every solution described.



Processes 2023, 11, 108 3 of 12

2.2. Experimental Disposal and Measuring

As in Figure 1, an acrylic cell was used as a three-chamber container, separated by n◦

131 filter paper. In the central chamber, a wet tailing (20% mass of H2SO4 solution to achieve
solid saturation) sample was placed. In each extreme chamber, titanium electrodes and
electrolytes were added from H2SO4 solutions, setting pH at 2 for the cathodic chamber and
4 for the anodic chamber. Each electrode was connected to an Extech 382,285 power supply
and an Aktatum AMM-1139 multimeter. During operation, electrolytes were monitored
and controlled during day hours via measurement of pH. To avoid hydroxide precipitation
in the cathode, a few drops of sulfuric acid solution were added when needed. No pH
control was possible during the night.
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Figure 1. EKR cell disposal. PS: power source. IRI: multimeter with data acquisition. (a) upper view;
(b) front view. Numbers 1 through 6 are partitions used for measuring concentration results.

In each seven-day experiment, different sulfuric acid concentrations—the initial sam-
ple pH values of which varied from below 4.0 to 7.0, which allowed a different metal
solubilization and electric field strength—were used. It was expected that a different metal
migration extent for copper would result from varying the applied current; therefore,
their current densities in five combinations are shown in Table 2. Effective operation time
represents the time during which electrical current is applied through the cell before com-
plete passivation. However, even with different effective times in some experiments, the
electrical currents are in a similar range, and some experiments are comparable in these
parameters. When the operation was completed, humid soil samples were taken from
central chamber; divided into each one of six equal length partitions, as shown in Figure 1;
numbered from 1 (nearest to anode) to 6 (nearest to cathode); and dried at 105 ◦C for 24 h.
Next, total and soluble metal contents were measured in duplicate.

Table 2. Experimental design.

Experimental
Number

Electric Field
V cm−1

H2SO4 Concentration
mol L−1

Sample pH at
Beginning of Trial

Average Electrical
Current mA

Effective Operation
Time Days

1 1.0 1.0 6.93 ± 0.04 45.21 7.0
2 1.0 2.0 3.91 ± 0.02 157.48 7.0
3 2.0 1.0 7.04 ± 0.01 85.57 6.1
4 2.0 2.0 3.79 ± 0.03 339.63 7.0
5 1.5 1.5 4.51 ± 0.03 107.12 4.7

Total and soluble metal concentrations were determined for each partition and for the
initial sample of mine tailing. In the case of total content, Danish Standard DS259:2003 was
used by taking a 1 g sample of dried solid with 1:1 volume HNO3 solution and placing the
capped flask into the autoclave for 1 h at 200 kPa and 120 ◦C. Once the flask was cold, the
solution was vacuum filtered with 0.45 µm filter paper, and distilled water was added to
the filtered solution to make up 100 mL.
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For the soluble content, 5 g of each sample was mixed with a 5% (v/v) H2SO4 solution
for 30 min then vacuum filtered with 0.45 µm filter paper. Then, the filtered solution was
mixed with 10 mL of HCl to form a 100 mL solution by adding distilled water. Liquid
solutions in both cases were taken for measurement in Flame absorption spectrophotometry
(AAS) in a Thermo Scientific M5 spectrometer.

2.3. Calculations

In EKR, a series of process performance indicators are usually required and are related
to relevant species migration assessment throughout the entire cell, besides the need for
statistical veracity conclusions. In this paper, the process is described in the following text.

2.3.1. Process Indicators

In this study, two indicators of metal ion movement were used, namely normalized
metal concentration (κ) (Equation (1)) and global removal (Equation (2)).

κe,I = Ce,i/Ce,initial (1)

Total removale = (me,initial−me,final)/me,initial·100% (2)

where C is the concentration (in mg kg−1) and m is the mass (in mg) throughout the whole
cell. The subscript e indicates the species (Co, Cu, or Ni), and the subscript i indicates the
partition considered (1 to 6), which are the solid sections of the cell central chamber in
which each measurement was made after every EKR experiment, aiming for a description
of their trajectory, as described in Figure 1.

2.3.2. Statistical Indicators

To ensure more solid conclusions, the statistical design of the experiments was utilized
to determine the analyzed factors’ effects: an Analysis of Variance [33] (ANOVA) was
performed with 10% significance in every normal metal concentration (each metal and each
partition, total and soluble), calculated as p-values (Equation (3)).

p−Value = P(F > f0,u,v) =

∞∫
f0,u,v

f(x)dx (3)

where f(x) is Fisher’s probability distribution with u degrees of freedom in the numerator
and v degrees of freedom in the denominator. f0,u,v is the variance ratio between each
analyzed factor and experimental error. When the p-value is lower than the significance
level, the incidence of the factor in metal concentration in a particular partition is proven,
with each factor as follows: electric field, acid concentration in pretreatment solution, and
their interactions.

In order to establish significant differences in statistical terms, confidence intervals are
needed. Since the sample data are reduced, statistically accurate conclusions are limited.
Nonetheless, it is possible to mitigate its effect using the Monte Carlo method [34].

The sample standard deviation was calculated according to Equation (4) for each direct
measurement.

sCm,i =

√(
Cm,i1 −Cm,i

)2
+
(
Cm,i2 −Cm,i

)2

n− 1
(4)

where sCm,i is the sample standard deviation for each metal m of normalized concentration
in partition i (or initial), Cm,i1 and Cm,i2 are the measurements of each replicate, and Cm,i is
the average concentration of both replicates, all in mg kg−1; n is the sample size.

Then, 3000 sets of 100 numbers were generated with the generator from Microsoft
Excel® using a normal distribution, where the population means and the standard devia-
tions were their corresponding average concentrations and sample standard deviation in
each case, respectively.
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Later, each standard deviation of the normalized concentrations was determined from
their indirect standard error, considering independence between samples (Equation (5)).

ακm,i,s,r =

√(
αCm,i,s,r /Cm,0,s,r

)2
+
(
−αCm,0,s,r ·Cm,i,s,r/Cm,0,s,r2

)2
(5)

where ακm, i,s,r is the standard error for each metal m of normalized concentration in
partition i, from experiment s. For the set r, αCm, i,s,r and αCm,0,s,r are the standard error
of each metal of m concentration in partition i (or initial) for the experiment, respectively,
from experiment s. Each one was calculated by dividing the sample standard deviation by
the square root of 100. Cm,i,s,r and Cm,0,s,r are the average concentrations of each partition
and initial in mg kg−1.

Finally, the confidence interval, with a confidence level of 90%, is shown for
each normalized concentration and difference between each possible pair (Equat-
ions (6) and (7)), respectively.

κ′m,i,s =
∑3000

r=1

(
Cm,i,s,r
Cm,0,s,r

± t5%,99·ακm,i,s,r

)
3000

= κm,i,s ± 1.660·ακm,i,s (6)

κ′m,i,s − κ′m,j,b = κm,i,s − κm,j,b ± t5%,DF·
√

ακm,i,s
2 + ακm,j,b

2 (7)

where κ′m, i and κ′m, j are the population means of normalized concentrations of metal m in
partitions i and j for the experiments s and b, respectively. κm,i,s and κm,j,b are the average of
the 3000 sets of normalized metal m in partitions i or j for experiments s and b, respectively.
ακm,i,s and ακm,j,b are the average indirect standard errors. t5%,99 is the t-Student statistic
parameter for bilateral confidence intervals for the chosen confidence level and 99 degrees
of freedom. t5%,DF is the same parameter type, but it is calculated for the confidence interval
for differences between population means [33], considering equal variances between both
treatments (Equation (8)).

DF =


(
ακm,i

2 + ακm,j
2
)2

ακm,i
4 + ακm,j

4 ·99

 (8)

For concentration profiles, error bars are calculated from confidence intervals as
Equation (6), and total removals are exhibited with their respective confidence intervals by
the same method.

3. Results and Discussion
3.1. Cobalt

Indicators of cobalt total concentration achieved by experiments are shown in Figure 2.
It was not possible to detect soluble concentrations of cobalt throughout the EKR cell,
except for partition 6 in experiment 4, in which a concentration of 4.16 ± 0.30 mg kg−1 was
observed. This phenomenon can be suggested from the work of del Real et al. [32] since the
principal copper ore from the Punta del Cobre belt, where the sample is from, is Iron Oxide
Copper-Gold (IOCG). In this kind of copper ore, cobalt is commonly present as sulfide, and
in this mineral, the cobalt solubilization is extremely low, even in acidic environments [35].

After analyzing the results, cobalt migration was not observed in experiments 1, 2, and
5 since there are no statistically significant differences between any couple partitions. This
was observed by noticing that all error bars for those experiments shared common values.
Regarding experiment 3, partition 1 is significantly lower than any other partition near the
cathode in the same experiment considering the error bars of partition 1 are lower than for
partitions 4, 5, and 6. Between any other pair, this difference is not proven; thus, cobalt
depletion was proven near the anode and migrated to every other partition equally. These
results suggest that cobalt removal, at least from the anodic zone, is more influenced by
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voltage drop than acid concentration. In the case of experiment 4, partition 6 is significantly
higher than any other partition in that experiment because its error bars are considerably
higher than other partitions. Therefore, in this experiment, cobalt migration was observed
seemingly from every cell sector to partition 6.
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Figure 2. Total cobalt concentration profiles.

When comparing experiments, there is no difference in partition 1 for any experiment;
therefore, cobalt removal in the anodic zone is indifferent to analyzed operating condi-
tions. Regarding partition 6, results showed that experiment 4 raises cobalt concentration
higher than any other experiment, and experiment 1 presents lower concentrations than
experiments 2 and 3. This indicates that the most aggressive operation conditions are more
effective in concentrating this species in the cathodic zone, reaching an 11% augmentation.
On the other hand, minimally aggressive conditions are less effective in cobalt accumulation
near the cathode than when a higher electric field or more acid initial solution is used. In
addition, no difference was observed in this partition between experiments 2, 3, and 5. It
can be suggested that their conditions are equivalent in the aim of concentrating cobalt
near the cathode. From these results, it can be observed that cobalt migration is strongly
promoted by using an electric field of 2.0 V cm−1 and a 2.0 mol L−1 acid solution, and this
migration is not affected by anode proximity.

3.2. Copper

Figures 3 and 4 display total and soluble copper concentration profiles, respectively.
Total copper migration from the anodic zone is concluded since the copper concentration in
partition 1 is significantly lower than, at least, two other partitions in each experiment. As
with cobalt, partition 6 of experiment 4 has the highest total copper concentration amongst
every partition in any experiment, reaching a 31.00% augmentation, which suggests that
factor interaction is effective for this ion. In experiments 3 and 5, a higher concentration
is found in partition 3, and the total copper concentration is not significantly different
between these experiments in any partition. This suggests that there is no impact from
the change of electric field or acid concentration at these levels. Moreover, when acid
concentration is 1.0 mol L−1, migration comes uniquely from partition 1, but when a higher
solution is used, migration can pass through the cell, being the central zone for experiments
3 and 5 or partition 6 in experiment 4.
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Figure 4. Soluble copper concentration.

Significant differences are proven throughout nearly the whole cell with regard to
soluble copper, related to total copper profiles. Specifically, for partition 2 in experiment
1 and for partition 5 and 6 in experiment 2, soluble copper was 60% higher than initial
concentrations, which suggests that, in the case of operating the EKR cell for more than
seven days, copper migration to the cathodic zone could be significantly higher than
observed here when the pretreatment solution was 1 mol L−1. Nonetheless, in experiment
4, the weighted soluble copper proportion confidence interval throughout the cell was
32.95 ± 4.03%, so copper solubilization is entirely evident in this case, since soluble copper
is significantly higher than the initial concentration. This is supported by the understanding
that IOCG ores present copper mainly as chalcopyrite, and for this mineralogical species,
solubilization can happen when pH is between 2 and 4. There is an ORP higher than
0.3 V [36], which is the case, as was shown in a previous study [31] with the same ore and
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operating conditions. The pH of experiments 2 and 4 was from 2.0 to 4.0 in almost the
whole cell, which shows the highest total copper concentrations near the cathode.

3.3. Nickel

Figure 5 shows total nickel concentration profiles. In each experiment, the lowest
concentration was found in partition 1 because all results in this partition, including their
error bars, are below 1.0. A comparison between the partitions of an experiment shows
that they presented lower confidence values than other partitions. In the experiments 2,
3, and 5, higher total nickel concentrations were found in half of the cell near the cathode,
corresponding to partitions 4, 5, and 6. For experiment 4, nickel removal is observed in
the anodic zone since partitions 1 and 2 have significantly lower nickel concentrations
than at least three other partitions in the central and cathodic zones. That removed nickel
migrated to partitions 4 through 6, the latter of which showed the highest concentration
amongst any partition and experiment, reaching a 30.00% augmentation. This indicates that
electromigration is significantly higher in these operation conditions than in others in this
study. Furthermore, for this case, differences between experiments—excluding experiment
4—are very similar, with their bigger difference being the zone in the cell in which the
highest concentrations were observed. This suggests that, with the aim of nickel removal,
higher values of acid concentration and/or electric field or any other reagents could help
nickel solubilization.
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Figure 5. Total nickel concentration profiles.

With respect to soluble nickel, it was not possible to detect in most cases, including the
original sample. Exceptions are partitions 2 and 3 in experiment 1, which had concentrations
below 1.5 mg kg−1, and in partition 6 from experiment 4, with 5.24 ± 0.52 mg kg−1.
An explanation of this solubilization can be sustained by the work of Lewis [35], who
established that nickel sulfides can be dissolved mildly when pH is below 4.0, that is,
below 0.1 mg L−1 in solution. Thus, in the case of experiment 1, anodic nickel could
partially dissolve and migrate to the central zone of the cell. In the case of experiment 4,
when partition 1 had a pH value around 2.5—when solubilization can be in the order of
1.0 mg L−1, according to Lewis—and partitions 2 through 5 had pH values below 4.0, nickel
leaching was considerably higher, and nickel migration accumulated in the cathodic zone.
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3.4. Metal Removal

Table 3 displays global removals for each metal in any experiment. For cobalt and
nickel, a minimal removal could be obtained in experiments 1 and 5 in both cases. Fur-
thermore, experiment 2 presents removal for nickel only, and experiment 3 shows a very
minimal cobalt removal, as removal is significantly lower than in experiments 1 and 5,
since in all those cases removal is higher than the confidence limit. If the experiments
are compared, best cobalt removal can be achieved using 1.0 V cm−1 of electric field and
1.0 mol L−1 of acid solution, since experiment 1 shows significantly higher results than
experiment 5. In the case of nickel, there is not a significant difference between the same
experiments 1 and 5 since the confidence intervals share values; therefore, best results are
achieved in the same conditions as cobalt.

Table 3. Global removal for each metal in every experiment.

Experiments

1 2 3 4 5

Total removalCo 7.19% ± 0.74% 0.15% ± 4.49% 2.38% ± 2.09% −0.57% ± 3.53% 5.40% ± 0.74%
Total removalCu 4.05% ± 5.22% 1.82% ± 5.60% 2.27% ± 2.46% −0.32% ± 6.80% 2.57% ± 0.74%
Total removalNi 5.95% ± 1.65% 4.07% ± 2.40% 0.84% ± 3.08% 0.39% ± 1.81% 6.33% ± 0.74%

Nonetheless, copper removal was not observed in any experiment. These results are
coherent with a previous similar study [25], in which a relatively a fresh copper sulphide
tailing was also treated, and global removal was not observed. In contrast to other studies
in which copper was removed in EKR experiments [37,38], the principal difference in this
study is the chemical compound in which copper is found, since copper used in those other
experiments was a highly soluble one, such as CuSO4, which was added to the soil to form
a synthetic sample. These findings, along with copper profiles, suggest solubilization can
have a very important role in this kind of sample.

These indicators prove that, although experiment 4 shows better results in metal
concentration, it is not the best combination to remove these metals from the cell. Even in
the best conditions—experiment 1 for cobalt and nickel—nickel removal does not reach
2.0 mg kg−1 recovery, and cobalt obtains around 6.4 mg kg−1. Nonetheless, these exper-
imental runs were made for seven days. Thus, a potentially important removal could
have been made if the experiment had been extended for more time, especially when each
species was concentrated over 10% in the cathodic zone.

3.5. Interaction Proof

ANOVA p-value results for each metal are shown in Table 4. For cobalt, the effect of
the electric field, pretreatment solution concentration, and their interaction is proven in
partition 6. In partition 3, initial acidity has a relevant effect, while interaction between
factors is proven in partitions 4 through 6. Nonetheless, factor effects in partitions 1 and 2
are not apparent.

For total copper, the electric field had a validated effect in partition 2, and sulfuric acid
concentration had an incidence in each partition except partition 1. As with cobalt, factor
interaction is proven in the same half-cell, and all factors and interactions are proven in
partition 6. Furthermore, partition 1 shows no evidence of any factor influence. Regarding
soluble copper, every factor and interaction influenced it throughout the entire cell, with
the exception being partition 4, the factor interaction of which had an incidence in soluble
copper concentration.

In the case of nickel, the initial acidity effect was shown throughout the cell, except
in partition 3. Electric field incidence was proven in partitions 1, 5, and 6, and factor
interaction was noted in partitions 2, 4, 5, and 6. As with every other species, each factor
and its interaction incidences were shown in partition 6.
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Table 4. Calculated p-values of each factor and their interaction for each partition.

Metal Variability Source
Partition

1 2 3 4 5 6

Cobalt
Electric Field 60.70% 31.95% 71.70% 66.52% 13.35% 0.03%
Initial Acidity 13.13% 10.09% 0.74% 16.93% 16.77% 0.02%

Interaction 45.10% 14.54% 30.79% 3.09% 5.48% 4.80%

Total Copper
Electric Field 15.51% 6.95% 30.05% 48.71% 12.38% 0.33%
Initial Acidity 46.24% 0.10% 1.33% 1.66% 1.33% 0.01%

Interaction 27.77% 60.64% 81.29% 4.42% 8.02% 0.20%

Soluble Copper
Electric Field 0.02% 0.00% 0.52% 78.25% 0.01% 0.00%
Initial Acidity 0.41% 0.00% 0.05% 15.86% 0.02% 0.00%

Interaction 0.03% 0.00% 0.03% 0.09% 0.00% 0.00%

Nickel
Electric Field 8.37% 58.22% 20.50% 27.25% 0.08% 0.35%
Initial Acidity 0.71% 5.27% 87.38% 6.20% 7.87% 0.03%

Interaction 52.58% 6.60% 54.89% 3.40% 0.06% 0.04%

These results indicate that no matter which operating conditions are used, cobalt and
copper are affected indifferently in the partition nearest to the anode, which suggests that
proton formation in the anode and migration should be more effective in their solubilization
and migration but in two opposite directions, such that copper solubilization is important,
and cobalt has almost null solubilization. For nickel, the effect of acid could be explained by
considerably higher solubilization with a lower pH in the conditions of these experiments.

Additionally, as in partition 6, every effect and interaction was proven; the inference
is that, as metal migration goes directly to the cathode, every metal liberation and/or
migration process, as mild as it could be, accumulates its effect in the partition near the
cathode, even more so when metal removal was almost nonexistent in the experiments.
Thus, if the operation aims to accumulate the species in a narrower section, each factor has
a significant effect and its interaction as a declared enhancement.

According to ANOVA tests, factor interaction was proven by obtaining p-values below
10% in three partitions for each metal, being the closest to the cathode (partitions 4, 5, and 6).
In partition 6 specifically, both main factors affected metal concentrations. In the case of
cobalt and copper, in partition 1, neither the factor nor their interaction affected their total
concentrations, which suggested that electrolysis in the anode is more determinant than
the solubilization and/or migration of these metals in this zone. Regarding nickel, pretreat-
ment solution concentration has proven effective in this partition since solubilization is
considerably higher at the lower pH values of this experiment.

4. Conclusions

Although copper removal was not observed in any experiment, approximately 7.19%
of cobalt and 5.95% of nickel were removed using 1.0 V cm−1 of electric field and 1.0 mol L−1

of pretreatment solution. Nonetheless, for each species, a concentration augmentation was
achieved in partition 6, reaching 11.00% for cobalt, 31.00% for copper, and 30.00% for nickel,
all of which were observed when the electric field was at 2.0 V cm−1 and the pretreatment
solution was at 2.0 mol L−1. It is highly recommended to repeat the experiments for, at
least, twice the time used in this study since there is evidence of high metal concentration
in the cathodic zone, which may be removed from the cell in that amount of time. Addi-
tionally, solubilization has a very important role in this kind of samples, and it is highly
recommended to assess it separately from migration phenomena.

Regarding the ANOVA tests, interaction between the factors was proven in half of
the cell near the cathode by having p-values below 10% in those partitions. Moreover,
every factor and interaction for all species was observed in partition 6. Regarding nickel,
pretreatment concentration reduces its concentration almost throughout the EKR cell. With
regard to electric field, its incidence was proven in fewer partitions than initial acidity.
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Therefore, a migration enhancement was obtained when electric field was at 2.0 V cm−1

and pretreatment solution was at 2.0 mol L−1, with the aim of collecting more of each
species near the cathode. A replication of the experiments with a longer operation time is
strongly suggested to observe a better removal rate.
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