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Abstract
The effect of the electrokinetic process on the extraction of trapped water was evaluated in the Miduk copper mine’s tailings 
slurry. The effect of the dewatering process on copper removal was also studied. The initial electroosmotic permeability was 
determined using a one-dimensional cell. In the next step, the effect of voltage and polarity reversal was evaluated for three 
scenarios: T1 (2 V/cm), T2 (2 V/cm), and T3 (1 V/cm). In addition, the polarity reversal method was applied to T2 and T3. 
To compare the amount of water extraction and energy consumption, three indices were considered and calculated: index of 
dry tone, water extraction, and normal water extraction. Moreover, the effect of electrokinetics on the final moisture content, 
physicochemical variation, and chemical composition were investigated. The results indicated that the calculated electroos-
motic permeability ranged from 1.23 × 10–9 to 1.36 × 10–9 m2/V·S, which is acceptable for electrokinetic experiments. The 
water extraction experiments showed average flow rates of 1.68, 1.84, and 1.73 mL/h in T1, T2, and T3, respectively. The 
maximum amount of water extracted in T2 was ≈ 6% more than in T3. However, considering electric energy consumption, 
the highest efficiency of water extraction was achieved by applying a voltage gradient of 1 V/cm for 24 h. Consequently, 
polarity reversal affected the water extraction efficiency by reducing energy consumption. Furthermore, moisture reduction 
due to the dewatering process decreased the pH variation and copper release and transport. Roughly 35% of the extractable 
copper was removed on the anode side of T2, which was determined to be the most efficient for remediation.
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Introduction

Most mine tailings slurries contain a significant amount of 
processing water, which can be trapped for a long time in the 
tailings dam (Kossoff et al. 2014). The extraction and recov-
ery of this trapped water can be essential in areas where 
there is a problem of providing water for mining activi-
ties. In addition, the presence of trapped water can affect 
the consolidation process and geotechnical parameters of 
accumulated tailings (Fourie and Jones 2010). Dewatering 
of mine tailings requires innovative approaches to reduce 
water consumption, facility costs, tailings dam footprints, 
and limit the risk of a tailings dam failure (Bourgès-gastaud 
et al. 2017; Huazhe et al. 2020).

There is a wide range of technologies to separate 
solid–liquid phases of mine tailings and industrial slurries. 
Sedimentation of dispersed fine-grained solids using aggre-
gation, enhanced by coagulation-flocculation, is commonly 
used. However, in most cases, the flocs contain a significant 
amount of trapped water, especially between fine-grained 
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particles due to the high amount of internal nano-scale capil-
laries (Huazhe et al. 2020; Wang et al. 2014). Accordingly, 
external energies must be applied to overcome this enor-
mous capillary pressure, including mechanical, thermal, 
and electrical energies (Wang et al. 2014). Filtered materials 
often contain a high amount of trapped water after mechani-
cal dewatering. Also, in some cases, a very high pressure is 
needed to reduce the water content of fine-grained materials 
(Ammami et al. 2020). Thermal technologies can do a bet-
ter job dewatering and drying fine materials but consume 
more energy (Ammami et al. 2020; Mahmoud et al. 2010) 
and are inefficient at recovering and collecting the process-
ing water. For in-situ applications, natural thermal drying 
can be used in arid and semi-arid regions. However, a large 
area is required to store the slurries in most cases and the 
optimal depth of natural drying is estimated at 0.5 m (Wang 
et al. 2014).

Electrokinetics is suitable for extracting and recovering 
trapped water, especially in fine-grained materials. In-situ 
application of electrokinetics is also used for the dewater-
ing and remediation of pounds and settling areas (Dizon 
and Orazem 2020). Moreover, electrokinetic is a potential 
method for removal of contaminants, which is not the case 
of mechanical and thermal dewatering. Recently, many 
studies have been reported on the electrokinetic dewater-
ing process for industrial sewage/sludge (Conrardy et al. 
2016; Deng et al. 2020; Mahmoud et al. 2016; Wu et al. 
2020), bio-solids (Navab-daneshmand et al. 2015; Zhang 
et al. 2017), geo-materials (Xue et al. 2019; Zhang and Hu 
2019) and electrokinetic improvement of fine-grained and 
clayey soils (Abdullah and Al-Abadi 2010; Estabragh et al. 
2014; Malekzadeh et al. 2016; Ou et al. 2009). Studies 
have been also performed in mining applications, such as 
Bourgès-Gastaud et al. (2017), Fourie and Jones (2010), 
Guo and Shang (2014), Lockhart (1983). Additionally, 
researchers have reported on the application of electroki-
netics to remediate contaminated soils (Masi. et al. 2017a, 
b; Rezaee et al. 2019; Rosestolato et al. 2015; Siyar et al. 
2020) and to affect the fate and transport of potentially 
toxic elements in mine tailings (Hansen and Rojo 2007; 
Karaca et al. 2017; Oritz-Soto et al. 2019). Fourie et al. 
(2007) investigated the efficiency of electrokinetics as an 
in-situ technology for dewatering of very fine tailings, 
using a hexagonal arrangement of electrodes and apply-
ing a variable voltage gradient; water content was reduced 
from 158 to 75% in two months. The use of a dimensional 
stable anode (DSA) in the electro-dewatering of tailings 
slurry was reported by Lee et al. (2016), where polarity 
reversal improved the electroosmotic dewatering. How-
ever, their use of two water compartments as anode–cath-
ode reservoirs saturated the media and therefore a true 
estimate of the amount of water content was not possible. 
Using a similar setup, Shang and Xu (2019) observed the 

efficiency of electro-dewatering on nickel hydrometallur-
gical tailings, but did not consider energy consumption 
or the effects of dewatering on physicochemical variation 
and metal extraction.

In the current research, the effect of the electrokinetic 
process on the extraction of trapped water and metals were 
studied for mine tailings. Our main objectives were: investi-
gating the efficiency of water extraction considering energy 
consumption; evaluating electric current variations in sched-
uling polarity reversals, as an enhancement method; inves-
tigating the effect of electrokinetic dewatering on moisture 
content reduction and physicochemical properties such as 
pH, electrical conductivity (EC), and resistivity; consider-
ing the effect of dewatering on the release and transport of 
copper; and investigating the potential of the method to be 
conducted in a pilot scale.

Materials and Methods

Study Area

The sample for laboratory experiments was obtained 
from the Miduk copper mine, located at 3,370,024 E and 
324,133 N in UTM zone 40, in the Kerman province of Iran. 
It is one of the largest copper mines in Iran with about 171 
million metric tons of copper and an average grade of 0.83% 
(Fig. 1). The main lithological units of the Miduk copper 
deposit include andesite, andesite-basalt, and volcano-clas-
tic tuffs, as well as altered porphyritic diorites dikes and 
red sandstones as sedimentary units. The mineralisation 
occurred in the diorite porphyry rocks and the waste rocks 
often contain an andesite composition (Maghsoudy et al. 
2019).

The Miduk complex includes the mining unit, concentra-
tor plant, and a tailings structure. In the processing plant, the 
copper is extracted by adding collectors, frothers, depres-
sants, activators, and modifiers to the crushed ore (Kargar 
et al. 2012). Due to a lack of water resources in the area, the 
tailings from the processing stage are directed to five thick-
eners for dewatering. By adding a conditioner, the recycled 
water is returned back to the processing plant. Finally, the 
slurry is directed to the channels with a total solids content 
of ≈ 60% and enters into the tailings dam. Inside the tail-
ings dam, the residual water content that accumulates in the 
tailings over time drain into an impoundment and is then 
pumped back to the plant. During this process, a consider-
able amount of water evaporates and leaves the cycle.
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Principles of Electrokinetics in Soil

Applying an electric field to the soil triggers several phys-
icochemical phenomena, which mostly include electrolysis 
of water molecules, electromigration, and electroosmo-
sis. According to Helmholtz-Smolochowski’s theory, the 
fluid flow rate per unit voltage gradient through a porous 
medium can be defined as electroosmotic permeability 
(m2/sV):

In the above formula, D is the permittivity of pore fluid 
(F/m), μ denotes the fluid viscosity (Ns/m2), n is the poros-
ity of the media, and ε represents the zeta potential (mV). 
The most important parameter is the zeta potential of the 
particles, which is a function of the pH, the ionic strength 
of the fluid, and the mineralogy of the media (Acar and 
Alshawabkeh 1993; Reddy and Camesselle 2009). In 
experimental tests, the electroosmotic permeability is 
calculated using Eq. 2:

where Qeo is the volumetric flow rate (m3/s), ∇E is the gradi-
ent of electric potential (V/m), and A is the cross sectional 
area (m2) of the soil (Reddy and Camesselle 2009).

Sampling and Preparation

Due to the swampy condition of the dam, it was not possible 
to survey all parts of it or take samples from most areas of 
the tailings dam. So, the experimental sample was taken 
from the inlet channel. To evaluate the suitable moisture 
content for performing the electrokinetic experiments, the 
moisture content of freshly accumulated tailings in five sam-
ples was measured and they averaged ≈ 33%. In the next 
step, 0.5 kg of slurry after homogenization was poured on a 
filter paper and sieve mesh no. 400 and allowed to drain for 
24, 48, and 72 h to examine the ability of gravity to extract 
water. The average moisture content was almost 31%. Based 
on these results, it was decided to perform the electrokinetic 
experiments with 31% initial moisture content. For this pur-
pose, tailings was collected from the inlet channel and dried 
at 105 °C for 24 h. After that, the tailings were homogenized 
and about 5 kg of soil was mixed with the processing water 
to reach 31% moisture content.

Properties of Tailings

Considering the physicochemical properties of the soil 
provides a better understanding of its behaviour during the 

(1)keo =
−�D

�
n

(2)keo =
Qeo

∇E × A

electrokinetic process. As shown in Table 1, pyrite (FeS2) 
is the most common sulphide mineral in the Miduk mine 
tailings.

The D50 of the particles is equivalent to 0.054 mm and so 
the tailings can be classified as a fine-grained soil. The initial 
pH is alkaline due to the additives using in the processing 
stage. Also one of the important physicochemical proper-
ties of the soil particles is the surface charge. This charge 
depends on the pH of the liquid adjacent to the particles. At 
a certain pH, the surface charge and zeta potential are equal 
to zero, which is known as the point of zero charge (PZC). 
This pH value is important in electrokinetic studies, espe-
cially in reverse electroosmotic flow (Eq. 1). The PZC value 
of the tailings was measured as 4.2, following the approach 
presented by Cardenas-Peña et al. (2012).

Another important property of soils and tailings under 
electrokinetic process is buffering capacity, which indicates 
how the soil pH changes as a certain amount of acid or 
base is added to the soil media. The buffering of produced 
H+/OH− during electrokinetics can reduce the potential 
of release and even transport of the elements and can also 
weaken the effect of pH changes on the tailings’ PZC and 
reduce the electroosmotic flow. The buffering capacity of 
the tailings (Fig. 2) was calculated by acid–base titration at 
a ratio of 1:2 (w-tailings/v-solution).

Experimental Setup and Procedure

In the first step, a one-dimensional cylindrical setup-box 
with a length of 24 cm and a radius of 8 cm, was utilised to 
evaluate the feasibility of using electrokinetics to enhance 
fluid flow through a tailings medium. The electroosmotic 
permeability of the saturated soil was also calculated. 
The electrodes were made of stainless-steel (SS316) and 
immersed inside the anode and cathode water compartments 
of the electrolyte. Figure 3a shows the schematic diagram of 
the experimental setups.

In the next step, a Plexiglas electrokinetic laboratory 
box  50 × 20 × 10 (lengthcm × heightcm × widthcm) were 
designed to evaluate the potential of electrokinetics for water 
extraction and moisture reduction without the anode and 
cathode water compartments (Fig. 3b). The stainless-steel 
electrodes (SS316) were inserted directly into the tailings. 
The main reason for using these types of electrodes was 
their availability and their relative low cost for both pilot 
and large-scale applications. Also, to reduce the evaporative 
effect, all setups were insulated with plastic nylon, and the 
laboratory temperature was maintained at 23 °C during the 
experiments.

To evaluate the potential of electrokinetics on the extrac-
tion of trapped water within the tailings, three experimental 
scenarios (T1, T2, and T3) were conducted (Table 2). During 
the experiments, the potential difference was kept constant 
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and the amount of electric current was recorded by a custom 
built data logger every 4 h.

After each experiment, the electrical resistivity of the tail-
ings was measured by a cylindrical sample holder made of 
acrylic material (Fig. 3c). The dewatered tailings samples 
were taken from the anode, middle and cathode sections and 
then placed in the sample holder. To measure the electrical 
resistivity value four-electrode system of Wenner array was 
used.

Analytical Method

In the electrokinetic process, elements can be released 
from soluble phases to pore water due to the production 
and transportation of H+ from the anode compartment, and 
then transported by electromigration and electroosmosis. 
The effect of electrokinetic dewatering on the geochemical 
composition of the dewatered tailings samples was inves-
tigated by a sequential extraction procedure. This method 
is based on the extraction of elements in different chemi-
cal fractions. To date, various techniques have been used to 
perform the sequential extraction procedure (Zimmerman 
and Weindorf 2010).

In the present study, the first phase included the separa-
tion of adsorbed metals on the soil surface called “exchange-
able”. This phase represents the metals that can be easily 
separated from soil media and transported through the pores. 
Separation of this phase was done by changing the ionic 

composition of a sample using a salt solution. All samples 
were prepared using a method presented by Maiz et al. 
(1997). Separation of this phase included agitation of the 
sample in 0.1 M solution of CaCl2 for 2 h. The ratio was 
1:10, w-soil/v-solution.

The acid-soluble fraction can be considered to check the 
amount of detachable elements during the electrokinetic 
process. Also, it shows the maximum ability to release and 
leach contaminants naturally due to the production of acidic 
drainage over time. The acid soluble fraction was determined 
by adding 5% sulphuric acid (v/v) to the tailings materials 
at a ratio of 1:10 w-soil/v-solution and stirring for 30 min. 
Finally, the filtered solution was diluted with 10 mL of con-
centrated HCl and distilled water to a volume of 100 mL 
(Oritz-Soto et al. 2019).

In this study, the copper content in both the exchange-
able and acid-soluble fractions are considered as part of 
the extractable phase. The chemical analysis of the residual 
fraction was performed using HNO3-HCl-HF (Maiz et al. 
1997). Samples were sent to the laboratory to analyse the 
toxic elements by ICP-OES.

Electrokinetic Dewatering Efficiency

The electric energy consumption of each experiment was 
calculated by Eq. 3 (Ammami et al. 2020):

Fig. 1   Location map of Miduk copper mine, the tailings dam, the thickeners and sampling point
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In the above equation, V represents the voltage (V), I is 
the electric current (A), and E represents the energy con-
sumption (kWh). The amount of energy consumption and 
extracted water are the most important factors in evaluat-
ing the economics of the dewatering process. Therefore, in 
order to compare the electrokinetic efficiency in dewater-
ing, three indices were evaluated. The first index, which 
many researchers have described as the energy efficiency, 

(3)E(kWh) = ∫ VIdt
calculated the amount of energy consumption of the system 
per unit weight (tone) of dry tailings (IDT).

Due to the importance of the amount of extracted 
water, the consumed electric energy to extract one mL of 
trapped water was calculated as the index of water extrac-
tion (IWE):

(4)IWE
(

kWh

ml

)

=

(

E

Ww

)

Table 1   Physicochemical characterisation of Miduk mine tailings

Major mineralogy

Parameter Value Parameter Value Parameter Value

Quartz 32% Plagioclase 28.1% Illite 22.7%
Alkali feldspar 12.3% Pyrite 3.6%

Physical parameters

Parameter Value Parameter Value Parameter Value

Zeta Potential (mV) − 8 pH 8.3 Pore fluid EC (mS) 1.9
Resistivity (Ohm.m) 8.6 Liquid Limit (%) 25 D50 (mm) 0.054

Chemical composition-total concentrations of toxic metals(ppm)

Parameter Value (ppm) Parameter Value (ppm) Parameter Value (ppm)

Al 9838 Cu 418 V 47
Zn 42 Co 18 Cr 17
Ni 16 Pb 6

Fig. 2   Buffering capacity of the tailings materials
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In this equation, Ww represents the extracted water (mL) 
and E represents the energy consumption (kWh), which 
was calculated using Eq. 3. However, the IWE index is not 
suitable for comparing the efficiency of the electrokinetic 
dewatering experiments for different weights of tailings. To 
solve this problem, the IDT and IWE were combined to form 
the index of normalized water extraction (INWE), which 
indicates the energy consumption for extracting one mL of 
water from a metric ton of dry tailings (Eq. 5):

In this formula, Wt is the dry ton of tailings (ton). Since 
the most optimal mode has less energy consumption and 
more water extraction, lower values of INWE are favour-
able. To achieve the most optimal time, the indices were also 
calculated for 3, 24, 48, 72, and 144 h in each experiment.

(5)INWE

(

kWh

Dry − ton.ml

)

=

(

E

Ww ×WT

)

Results and Discussion

Evaluation of Electroosmotic Permeability

Electroosmotic permeability is defined as the ability of the 
electric current to accelerate the fluid flow, which is specifi-
cally the fluid flow rate per unit of voltage gradient through a 
porous medium (Eq. 2). To evaluate the electroosmotic per-
meability of the tailings, the tailings sample was poured into 
a one-dimensional cylindrical system (Fig. 3a). In this sys-
tem, the water level in the anode and cathode compartments 
was kept at the same level to ignore the effect of water flow 
due to the hydraulic gradient. Electroosmotic permeability 
was measured by applying voltage gradients of 1 and 2 V/
cm. Each experiment was conducted for 24 h and the effluent 

Fig. 3   Schematic diagram of experimental setups, 1D cylindrical setup-box for electroosmotic permeability measurement (a), electrokinetic 
setup box to evaluate extracted water and mass transport process (b), lab-scale geo-electrical system to measure electrical resistivity (c)

Table 2   Experimental scenarios for dewatering of the tailings

Experiment ID Gradient 
voltage
(V/Cm)

Polarity 
reversal

Electrodes
(Anode and 
Cathode)

Operation time
(h)

T1 2 No SS316 144
T2 2 Yes SS316 144
T3 1 Yes SS316 144
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discharge from the cathode compartment was measured in 
the subsequent 4 and 24 h after starting each experiment. 
Electroosmotic permeability was achieved in the range of 
1.23 × 10–9 to 1.36 × 10–9 m2/V∙S, which agrees well with 
previous studies, in which the range has been reported from 
10–9 to 10–10 m2/V∙S for most clay soils and mine tailings 
(Chien et al. 2009; Lee et al. 2016; Masi et al. 2017a; Shang 
and Xu 2019). The results of the calculated electroosmotic 
permeability revealed the primitive ability of the electroki-
netic process to facilitate water flow through the tailings.

Electric Current Variation

The amount of electric current directly depends on the resis-
tivity of the tailings under the electrokinetic process, which 
is related to the water content, pH, and chemical interac-
tions that occurred during the experiments. Increasing the 
resistivity during the electrokinetic water extraction process 
caused the electric current to drop to almost a constant value 
(Fig. 4a) and decreased the electromigration and electroos-
mosis potential. Moreover, in the electrokinetic studies, 
changing the electric current can affect the transport of 
ionic species and improve the electro-dewatering perfor-
mance (Deng et al. 2020). The electric current intensity 
was frequently changed by reversing polarity in T2 and T3. 
Considering the trend of electric current, the T1 scenario 
showed a drop of electric current from above 200 mA to 
40 mA during 48 h (2880 min), which then converged to 
30–40 mA (Fig. 4a.).

The gradual drop of the electric current in the next 96 h 
of the T1 scenario led the slow physicochemical variation 
of the medium. The T2 scenario was conducted to investi-
gate the effect of polarity reversal on the electric current 
variation besides the enhancement of water extraction and 
chemical reactions. The scheduling of polarity reversal was 
based on the electric current variation. When the electric 
current decreased and reached a constant value, the polarity 
was reversed. According to Fig. 4, in each polarity reversal, 
the current intensity increased to a maximum value and then 
decreased, reaching to a constant value over a period of ≈ 
24 h. The polarity reversal of T2 and T3 scenarios started 
after 48 h and during the experiments, four series of polarity 
reversals were applied.

It is noteworthy that the polarity reversal series 1 and 
3 illustrated a lower increase of current intensity than 
series 2 and 4. The possible reason is that the reversal of 
the anode–cathode position and production of regenerated 
acid–base buffer the acidic or basic condition in the anode 
and cathode. Consequently, the resistivity of the medium 
increases, leading to a smaller increase in current intensity. 
Comparing the electric energy consumption of T1 and T2 
demonstrated that polarity reversal improved the electric 
current variation, but, according to Eq. 3, increased the 

energy consumption of the system. Moreover, fewer volt-
age gradients in T3, caused less energy consumption and 
electric current use (Fig. 4b).

Moisture Content

At the end of the experiments, tailings samples were taken 
from different sections of the box to measure the moisture 
content. Figure 5 shows the moisture in all five sections in 
T1, T2, and T3. In general, an ascending trend of moisture 
content from the anode to the cathode was observed. The 
average moisture value was higher in T3 than in T1 and T2, 
due to less water reduction due to evaporation, heat genera-
tion, and hydrolysis around the electrodes in the T3 scenario. 
The moisture content of T1 and T2 were almost the same. 
However, T2 and T3 showed almost identical moisture con-
tent variations in the middle parts of the setup due to polarity 
reversal.

The total amount of removed water (the total amount of 
water extracted from the tailings and lost to evaporation 
and hydrolysis) were 7.6%, 7.7%, and 5.6%, for T1, T2, and 
T3, respectively. The extracted water in all of the experi-
ments was also estimated at ≈ 5% of the initial weight of the 
samples. Comparing the percentage of the extracted water 
and the amount of removed water from the experiments, it 
clear that the evaporation and hydrolysis phenomena were 
stronger in the T1 and T2 scenarios (Fig. 5).

The amounts of energy consumed to remove the unit 
weight of trapped water from the tailings were 1.28, 1.65, 
and 0.77 (kWh/kg-removed water) for T1, T2, and T3, 
respectively (Fig. 6). Previous work has indicated the val-
ues of 0.001 to 1.2 (kWh/kg-removed water) for removing 
water from mineral tailings with a variety of mineralogical 
compositions and water content (Dizon and Orazem 2020). 
Although T3 consumed the least amount of energy to remove 
the unit weight of water from the tailings, more water was 
removed in T1 and T2, and the moisture content was reduced 
to less than the liquid limit (25%, according to Table 1).

pH Variation of the Tailings

The pH variations for different sections of the experimental 
setup showed a nearly similar trend for all three experiments 
and scenarios (Fig. 7). The highest pH variations occurred at 
the anodes and cathodes. A pH drop was observed below the 
PZC near the anode in T1 and T2, which could have reduced 
the average electroosmotic permeability of the tailings. 
However, the overall pH of the tailings in each experiment 
was higher than PZC value and no reverse electroosmotic 
flow occurred within 144 h, due to the polarity reversal in 
T2 and T3 as well as the pH adjustments of the anode and 
the cathode sides.
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Accordingly, the highest variations of pH were observed 
in experiment T1. Moreover, no specific variation was 
observed in the central parts of T1. Decreasing the produc-
tion rate of H+/OH− and the effects of soil buffering pre-
vented the spreading of acidic/alkaline fronts toward the 
central portion of the experimental set-ups. However, T2 
was able to reduce the pH of the central parts by ≈ 1 unit 
during the 144 h.

Electrical Conductivity (EC) of the Pore Fluid

The EC is mainly related to the ionic composition of the tail-
ings material. The initial EC was measured at ≈ 1.9 (mS). 
The EC values of the anode were higher than the values of 
the central and cathode parts (Fig. 7b). Due to electromigra-
tion, the EC values of the middle and cathode parts for all 

of the experiments decreased from their initial values. The 
release of elements, especially potentially toxic metals, from 
the acid-soluble fraction to the exchangeable fraction, was 
the main cause of the EC increase near the anode.

Electrical Resistivity of the Tailings

The resistivity of the tailings is directly related to a sample’s 
moisture and ionic concentrations. At the first stage of all of 
the experiments, both of these affected the resistivity of the 
media. The similarity between the resistivity profile trends 
and EC at 144 h indicated the further influence of the pore 
fluid’s ionic composition on resistivity. During the electro-
kinetic process, the resistivity changed due to changes in the 
EC, ionic composition, and moisture content of the media. 
Nevertheless, the gradual variability of the moisture content 

Fig. 4   a Electric current (mA) 
and b cumulative energy con-
sumption (kWh) of each experi-
ment. Polarity reversal periods 
for T2 and T3 are illustrated on 
the graphs
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at the end of the experiments indicated that the moisture 
content had less of an effect on the resistivity of the tailings 
(Fig. 7c).

Electrokinetic Dewatering and Extracted Water

The extracted water was measured within 3–144 h. The 
electric current and collected water generally decreased 
after 48 h in T1. During this time, the maximum amount 
of extracted water (244 mL) was achieved and the elec-
tric current dropped to 30–40 mA (Fig. 4). T1 and T2 
both showed the same trend on the amount of collected 
water within 48 h. By reversing polarity and modifying 
the electric current, T2 extracted 265 mL of water over 
144 h. Moreover, applying a voltage gradient of 1 V/Cm 
with polarity reversal extracted a total amount of 250 mL 
of water in the T3 scenario with the least amount of energy 
consumption (Fig. 8).

The rate of extracted water decreased during the electro-
kinetic process due to the physicochemical variability of the 
tailings (Fig. 8b). The flow rate was measured as 22.6, 23, 
and 10.6 (mL/h) for T1, T2, and T3, respectively, in 3 h. The 
amount of extracted water for 3–144 h decreased during the 
experiments, causing the flow rate to drop to 1.68 (T1), 1.84 
(T2), and 1.7 (T3). Reductions in the rate of collected water 
and electroosmotic flow has also been well documented by 

previous researchers (Fourier and Jones 2010; Shang and 
Xu 2019).

It was expected that in a normal condition, the amount 
of electric current intensity and the extracted water of T1 
and T2 would be twice as much as the T3 scenario. This 
condition was observed for the first 3 h of the experiments, 
since the effects of moisture and chemical changes on the 
tailings resistivity values were not significant (Fig. 8b). As 
time progressed, the amount of extracted water and electric 
current variations deviated from the expected condition due 
to the physicochemical effects. In fact, these effects were 
observed from 3 to 144 h. Accordingly, after 24 h, water 
extraction was approximately the same for T1, T2, and T3. 
Thus, the maximum potential of the experiments to extract 
the trapped water was achieved in 24 h.

To compare the amount of electric energy consumption 
and recovered water from the experiments, IDT, IWE and 
INWE were calculated (Fig. 9). The values of IDT were in 
the range of 6–600 (kWh/dry-ton), reported by Bourgès-
Gastaud et al. (2017) and Fourie and Jones (2010). The 
values of IWE and INWE were both the same for the first 
48 h of T1 and T2. In addition, the polarity reversal scenario 
increased energy consumption over the time as well as the 
values of the indices. Also, the T3 scenario consumed less 
energy due to the use of a lower voltage gradient. Conse-
quently, T3 showed lower index values.

Fig. 5   Moisture variation of the tailings, initial moisture content and liquid limit of the tailings materials
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Although the overall extracted water in T2 was higher 
than T1 and T3, it was not an optimal scenario based on 
the indices. According to Fig.  9, INWE and IWE were 
both optimal in the T3 scenario for the first 24 h. The mini-
mum values of the IWE and INWE were calculated as 0.39 
(kWh/L) and 72.95(kWh/dry-tonne·L), respectively. In this 
situation, the energy consumption of the experiment was 
0.084 (kWh) and the extracted water was 214 mL. The opti-
mal situation of T1 and T2 were also observed in the first 
3 h of the experiments. Note that it is important to calculate 
the cost of electricity for extracting 1 mL of water from a 
certain amount of tailings and compare it with the required 
cost to extract this water by other technologies, to evaluate 
the optimal economic situation.

One of the main chemical parameter of the processing 
water is pH. It is important to monitor the acidity of the 
extracted water for reuse by the mining sectors and process-
ing plant. The pH values are given in Table 3. The extracted 
water from the cathode side had pH values above 12 during 
the first 48 h of the experiments. Conversely, by reversing 
the poles during 48–72 h of T2 and T3, trapped water was 
extracted from the primary anode side with a pH of ≈3. By 
applying a second polarity reversal between 72 and 96 h, 
the situation of electrodes returned to the primary position 
and the pH of the extracted water increased to 9.4 and 9.92 
in T2 and T3, respectively. Based on the pH of the process-
ing water in the Miduk copper mine, which is in the basic 
range, the results showed that the pH values of the water 
extracted during hours 3 and 24 were suitable for return to 
the processing plant.

The chemistry of the initial processing water and over-
all extracted water were also investigated by measuring 
the amount of potentially toxic metals by ICP-OES analy-
sis (Table 4). In comparison to the processing water, the 

amount of these elements of the final extracted water was 
not changed significantly, and was in the acceptable range 
for reuse by the processing plant. It is noteworthy that the 
formation of an unknown brown precipitate strongly affected 
the chemistry of the extracted water due to the probable pre-
cipitation and adsorption of the toxic elements. The reason 
of this process was the basic range of the pH values at the 
end of the experiments. The chemical composition of the 
precipitates was unclear due to the unanalyzable amounts 
of the products.

The Effect of Dewatering on the Chemical 
Composition of the Tailings

Mineralogical and chemical compositions of the tailings 
materials prior to and after the electrokinetic dewatering test 

Fig. 6   Moisture reduction of the experiments by considering the 
energy consumption

Fig. 7   Physicochemical variation of the tailings (pH, EC, resistivity) 
after the experiments compared to the initial values
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were performed by XRD analysis and sequential extraction. 
Comparison of the XRD analyses indicated that the major 
mineralogy was not influenced by the electrokinetic pro-
cess, nor was acid–base production. As shown in Fig. 10, the 
major mineralogy of the samples from the anode and cath-
ode sections of scenario T2 was not changed significantly 
in comparison with the initial mineralogy of the tailings.

Also, the sequential extraction procedure was performed 
for three fractions including exchangeable, acid-soluble 
and residual phases. Figure 11 shows the chemical analyses 
and different fractions of the representative sample of the 
intact tailings for potentially toxic elements. The highest 
total metal content was observed in the residual phase. The 
exchangeable fraction for the selected elements was less than 
1% of the total amount.

The maximum ability of the electrokinetic dewatering 
process to release the elements from the media is equal to 
the sum of exchangeable and acid-soluble phases, which is 

called the extractable fraction. About 20% (90 mg/L) of the 
copper was in the acid-soluble fraction (Fig. 11).

According to the higher concentration of copper, espe-
cially in the acid-soluble fraction, release and transport 
of this element was examined for each scenario (Fig. 12). 
Compared with the initial value, the maximum amount of 
exchangeable copper was observed at the anode sides of 
all the experiments. This increase at the anode represented 
copper released as a consequence of acid production, from 
the acid-soluble and exchangeable fractions. Also, the pH 
variations had a direct effect on the release of copper from 
the media.

The maximum value of the copper exchangeable frac-
tion was observed in the T1 scenario (Fig. 12a). However, 
the transport process was limited due to the low electric 
current and moisture value. In the T2 scenario, the cop-
per in the exchangeable fraction was lower than in the T1 
scenario around the anode (Fig. 12b). This was due to 
copper removal as well as the transport process occurring 

Fig. 8   Extracted water (a) and 
flow rate (b) of T1, T2 and T3



858	 Mine Water and the Environment (2021) 40:847–863

1 3

toward the cathode side. Despite the polarity reversal in 
T2, an increase in the copper content of the exchange-
able fraction in Sect. 2 of the cell revealed that copper 
was being transported toward the cathode side. Figure 12c 
illustrated that in the T3 scenario, the amount of removed 
copper and exchangeable phases were less than in T2 and 
T1, respectively.

In addition, T2 was able to reduce the initial copper 
content by 6% of the total and 34% of the extractable frac-
tions, respectively, at the anode (Fig. 12d) due, at least in 
part, to the copper extraction and transport that occurred 
during polarity reversal. As shown in Fig. 12d, copper 
removal in T3 was ≈2.5% of the total and 13% of the 
extractable values near the anode.

Results indicated that dewatering process affected the 
release and transport of copper due to the reduction of 

electric current and pH changes. Moreover, decreasing the 
moisture content could change the degree of saturation and 
decrease the transport process of the elements as well as 
the resistivity variation. Overall, the electrokinetic process 
for copper removal from the tailings was not significant 
and only observed near the anodes of all the experiments. 
The reasons for this include short experimental duration, 
acid-buffering of the tailings, and H+ neutralisation. Also, 

Fig. 9   Index of dry-tone (IDT), 
water extraction (IWE) and nor-
mal water extraction (INWE) to 
evaluate the energy consump-
tion and system efficiency

Table 3   pH variation of extracted water in different scenarios

Experiment ID pH-3 h pH-24 h pH- 48 h pH-72 h pH- 96 h

T1 12.2 12.5 12.5 – –
T2 12.2 12.5 12.6 3 9.4
T3 12.4 12.4 12.5 3.6 9.92
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moisture reduction decreased the rate of hydrolysis of 
the media and reduced the potential of electrokinetics to 
release and transport the copper.

Electrokinetic Dewatering in Practice

The main costs of pilot-scale electrokinetics are related to 
the energy consumption and electrode type. Practical imple-
mentation of electrokinetic process in a pilot scale is also 

very complex. However, laboratory tests give us some valu-
able information about the technical feasibility of an elec-
trokinetic process (López-Vizcaíno et al. 2019).

Based on the experimental results, T2 recovered the 
greatest amount of trapped water from the tailings. Consid-
ering the moisture variation, T1 and T2 reduced the mois-
ture content of the tailings to less than the liquid limit of 
the materials (25%). However, by considering the amount 
of energy consumption, scenario T3 represented the least 
amount of energy consumption to extract trapped water 
within 24 h.

By considering chemical variations, T2 showed the 
most copper removal at the anode. However, the maximum 
amount of the exchangeable copper was observed in the 
T1 scenario due to less electromigration and release and 
transport of copper from within the tailings. Since increas-
ing the amount of remained exchangeable copper through 
the tailings medium increases the environmental risk of 
the tailings over the time, reversing polarity can weaken 
the environmental risks of electrokinetic dewatering. By 
reversing polarity, suitable amounts of copper, as well as 
the exchangeable fraction near the anode, can be removed 
from the tailings medium.

The highest corrosion rate of the electrode (5.2% of the 
initial weight) was observed in T1. Scenarios T2 and T3 
had corrosion rates of ≈ 4.3% and 3.9%, respectively in 

Fig. 10   Mineralogical analysis of the representative tailings sample (upper) compared to anode (middle) and cathode (lower) sections of experi-
ment T2

Fig. 11   Residual and acid-soluble fractions as a percentage of total 
metal content
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the experimental condition. Accordingly, polarity reversal 
reduced the electrode corrosion rate of SS316 electrodes 
in the pilot-scale scenarios.

Generally, in the case of water extraction in a pilot-scale 
application, a voltage gradient of 1 V/cm and polarity 
reversal are recommended to extract more trapped water 
from within the tailings. To optimize the energy consump-
tion, dividing an area into grids of 1 m × 1 m or 2 m × 2 m 
and a depth of 1–2 m is recommended. Higher grid size 
increases the voltage levels and electric energy consump-
tion. Electric potentials of 100–200 V are also needed to 
apply a voltage gradient of 1 V/cm. The environmental 
impact of the process can also be reduced by applying a 
voltage gradient of 1 V/cm.

Measuring the resistivity of the tailings sample was indic-
ative of the effects of electrokinetic process on the moisture 
and chemical variation. So, in pilot-scale applications, moni-
toring the process using geo-electrical methods will aid in 
estimating the moisture content and optimizing the duration 
of the process.

Summary and Conclusion

Electrokinetic dewatering is a suitable method to extract 
trapped water from mine tailings. Moreover, the efficiency of 
water extraction and electric energy consumption was evalu-
ated using three indices implementing three experimental 
scenarios. Also, the effect of dewatering on the physico-
chemical variation and copper removal in tailings materials 
were investigated by applying a sequential extraction pro-
cedure. Among the three implemented scenarios, the high-
est extracted water was associated with scenario T2, with 
polarity reversal and 2 V/cm voltage gradient. The highest 
moisture reduction was also observed in T1 and T2 due to 
the effects of hydrolysis of water molecules around the elec-
trodes and heat production. However, the IWE and INWE 
indices showed the best energy consumption belonged to the 
first 24 h of the T3 experiment. In addition, the corrosion 
rate of the electrode was lowest in T3. The final pH values of 
the anode and cathode parts were ≈ 4 and 10, respectively. 
Considering the PZC of the tailings, these pH values were 
not in the range of reverse electroosmotic flow.

To evaluate the mass transport phenomenon, the 
extracted copper was defined as the copper removed from 

Fig. 12   Copper percentages in different fractions of three scenarios in various cell section (a, b, c), and copper removed from the extractable and 
total fractions around the anode side (d)
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the acid-soluble fraction and totalled 34% on the anode side 
of T2. This scenario indicated the best copper removal, due 
to the higher electric current and polarity reversal. The EC 
values of the pore water and the resistivity of the tailings 
showed a reasonable accordance in the anode parts of T1, 
T2, and T3, and this was also confirmed by the sequential 
extraction results. High voltage gradients had a direct influ-
ence on the reduction of moisture content as well as the 
release and removal of chemical components by hydrolysis 
and electromigration processes. It also decreased the effi-
ciency of water extraction. Considering the electric energy 
consumption and the efficiency of water extraction, T3 is 
the most favourable scenario to recover the trapped water 
from the tailings due to the low voltage gradient and polar-
ity reversal. It also released the least amount of contaminant 
from the corroded electrode to the tailings media. Applying 
polarity reversal decreased the exchangeable fraction of cop-
per as an environmental mobile phase near the anode side. 
The dewatering process also reduced the effect of hydrolysis 
and electromigration on copper remediation. It seems that 
increasing the duration of the experiments will not signifi-
cantly affect the efficiency of the remediation process due 
to moisture content reduction. The media resistivity was 
affected the voltage and electric current drop, which influ-
enced the electrokinetic performance. So monitoring the 
resistivity with fixed corrosion-resistant electrodes will help 
investigate moisture content and chemical changes. Finally, 
a combination of polarity reversal with the injection and cir-
culation of acidic reagents around the electrodes is suggested 
to maximise the electroosmotic and electromigration pro-
cesses, especially for pilot scale or in-situ field applications.
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