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A B S T R A C T

High global demand for nickel metal has contributed significantly to the growth of the nickel 
mining industry in Indonesia. This growth has a positive multiplier effect on the economy, with 
the potential to affect aquatic life and humans owing to the high levels of chromium, nickel, and 
iron in mine water. Therefore, this study aims to develop an electrocoagulation (EC) reactor to 
remove nickel, chromium, and iron from mine water. This study used a continuous reactor and 
aluminum electrodes with variations in current density (3.378, 6.757, and 10.135 mA/cm2) and 
inflow (0.3, 0.5, and 1 L/min). The results showed that the operating scenario with a current 
strength of 6 A and an inflow of 0.3 L/min had a removal efficiency of 86.89 % nickel, 99.51 % 
chromium, and 80.61 % iron with a charge loading value of 11,194 F/ma3 and Reynolds number 
of 39. These results are expected to provide valuable information for the development of an 
effective EC technology, thereby demonstrating its potential for the removal of metals from nickel 
mine water.

1. Introduction

The use of electric vehicles has recently increased owing to global awareness of greenhouse gas emission reductions and the 
adoption of greener energy. The key component of electric vehicles is the battery, which contributes approximately 35–40 % of the 
total cost [1]. Therefore, a sustainable supply of nickel as a raw material for battery production is important. As the world’s largest Ni 
producer, Indonesia has abundant reserves, reaching 21 million metric tons (MT) while continuing to experience significant growth. 
According to data from the United States Geological Survey (2023), Ni production in Indonesia has increased from 345,000 MT in 2017 
to 1.6 million MT in 2022. Although this has a positive effect on the economy, it also has the potential to seriously affect the 
environment.

Water from Ni mining and processing activities is a serious issue that requires urgent attention from all stakeholders. This is due to 
the presence of dissolved and suspended metals, such as chromium, nickel, iron, and manganese, which can affect water bodies and 
human health owing to their toxic, mutagenic, and carcinogenic properties [2,3]. Consequently, it is essential to develop an effective 
and environmentally friendly technology for removing metals from nickel mine water. Several processing methods, such as chemical 
coagulation, adsorption, ion exchange, reverse osmosis, and membrane filtration, have been applied to overcome this problem 
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Abfertiawan et al., 2023; [4,5,6]. However, these methods are beset by high costs, large energy consumption, complexity, or long 
processes, making the processing of heavy metals difficult Merma et al., 2020.

Owing to these limitations, a reliable and efficient method must be developed to treat mine water while reducing the risk of further 
contamination. According to Merma et al. [7], electrocoagulation technology is an electrochemical-based water treatment method 
with a short operating time, minimal chemical consumption, and low sludge production. Various types of wastewaters have been 
successfully used in this method, including mine water [8,9], domestic wastewater [10,11], electroplating industry wastewater [2,6], 
and slaughterhouse wastewater [12]. The success of electrocoagulation in treating wastewater contaminated with heavy metals has 
been demonstrated in previous studies. For example, Stylianou et al. [9] stated that this process could remove Fe (99.9 %), Zn (99.9 %), 
Mn (99.9 %), Cu (99.9 %), Ni (98 %), Cd (96 %), and Cr (88 %) from mine water using a batch reactor and Al electrodes. Based on 
El-Ashtoukhy et al. [13], a batch electrocoagulation reactor with Al electrodes removed Ni2+ and Cu2+ ions from synthetic wastewater 
with an efficiency of 34.56–100 % under optimum conditions. In the electrocoagulation process, current density and detention time 
are critical factors in determining the efficiency of wastewater treatment. According to Vargas et al. [14] and Shahedi et al. [15], the 
removal rate of electrocoagulation reactors increases proportionally with current strength and detention time. These findings indicate 
that the removal efficiency of heavy metals in wastewater will be enhanced at higher current strength and detention time, attributable 
to the substantial quantity of metal hydroxide flocs generated in the reactor [16]. Therefore, this study aimed to determine the optimal 
combination of flow and inflow detention times for removing nickel, chromium, and iron from nickel mine industrial wastewater. The 
results are expected to facilitate the development of more optimal and sustainable nickel mine water treatment technologies in the 
future.

2. Materials and methods

2.1. Materials

Mine water samples were obtain right downstream mine activities before sediment ponds from one of nickel mines in Eastern 
Indonesia. This area has the largest nickel reserves in Indonesia. The samples were collected using the grab sample method and stored 
in sterile jerry cans at a temperature of 4 ◦C, as shown in Fig. 1a–c. Subsequently, the samples were sent to the Water Quality Lab-
oratory, Bandung Institute of Technology, for initial characteristic analysis before a maximum storage period of 28 d. The charac-
terization results showed that nickel mine water had a relatively alkaline pH of 7.77 with chromium, nickel, and iron contents of 13.35, 
14.45, and 455.5 mg/L, respectively, as presented in Table 1.

2.2. Experimental design and procedure

Experiments were carried out at the Water Quality Laboratory, Environmental Engineering Study Program, Bandung Institute of 
Technology, using a continuous system electrocoagulation (EC) reactor with a buffer channel flow adapted from Hudori [17]. This 
reactor consisted of a feed tank, peristaltic feed pump, laboratory-scale EC reactor with a continuous-flow buffer channel system, DC 
power supply source (model DF 1730 SB, 0–60 V, and 0–20 A), ammeter, voltmeter, and sampling point (Fig. 2a). Additionally, this 
reactor, composed of transparent acrylic material with a thickness of 5 mm, had a capacity of 21.5 L with dimensions of 20 cm high, 
41.4 cm long, and 26 cm wide (Fig. 2b). It also contained 12 aluminum plates (purity of 99.5 %) measuring 23 cm × 20 cm x 0.2 cm 
(Fig. 2c), arranged monopolar with a distance between electrodes of 3 cm. The plates were immersed to a depth of 14.8 cm with a total 
effective area of 592 cm2. The design of the electrocoagulation reactor in this study was engineered to ensure uniform flow distribution 
and optimal contact between the electrodes and wastewater, thereby facilitating the reaction to occur throughout the reactor volume 
in a consistent pattern. The electrodes were connected to a direct current (DC) source of 0–20 A and a voltage of 0–60 V. The current 
and voltage supplies in the EC reactor were monitored using a MASDA DT830B multimeter.

A total of 15 L of artificial mine wastewater samples from the feed tank flowed continuously into the EC reactor through 8 mm 
polypropylene tubing using a peristaltic pump. The flow rate was set to 0.3–1 L/min to obtain electrolysis times of 15, 30, and 45 min. 

Fig. 1. Mine Water runoff: (a) jerrycan sample, (b) mine water, and (c) site location.
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Each experiment lasted 120 min, and the total volume of artificial mine wastewater prepared was 60–160 L. The experiments were 
conducted for 120 min to ensure that the continuous system attained steady-state conditions, thereby ensuring that the results obtained 
reflected a stable and representative treatment efficiency. The duration of 120 min was selected to allow sufficient time for the 
treatment process while considering the constraints of laboratory-scale experimentation. Samples of treated mine water were collected 
every 15 min from the EC reactor effluent tap into a 500 mL beaker and the sediment was allowed to settle for 60 min. The supernatant 

Table 1 
Characteristics of the nickel mine wastewater.

No. Parameter Unit Original Waste Artificial 
Waste

1. Ni Total mg/L 14.45 15.48
2. Cr Total mg/L 13.35 13.59
3. Fe Total mg/L 455.5 283.97
4. Al Total mg/L 0.59 0.44
5. Conductivity mS/cm 163 921.77
6. TDS mg/L 79 477.78
7. Temperature oC 25 24.5
8. pH – 7.77 5.12

Fig. 2. a) Layout of the continuous system electrocoagulation reactor, b) Electrocoagulation reactor side view, c) Electrocoagulation reactor 
top view.
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samples were collected in 100 mL sample bottles and preserved by adding HNO3. Subsequently, the pH; conductivity; total dissolved 
solids; temperature; and total Ni, Cr, Fe, and Al contents were measured. Metal analysis was carried out only on the 120-min sample, 
considering the steady-state conditions in the continuous system. For each experimental cycle, the electrode was cleaned by soaking it 
in a 1 M H2SO4 solution for 60 min to remove the adsorbed molecules on the electrode surface, followed by rinsing with water.

This study used a 32 factorial (3 × 3) experimental design, including current strength and electrolysis time variations, resulting in a 
total of 9 experiments with two replications. The variations included current density of 3.378, 6.757, and 10.135 mA/cm2, and inflows 
of 0.3, 0.5, and 1 L/min to obtain electrolysis times of 15, 30, and 45 min, respectively. These values were selected based on previous 
research that removed chromium and nickel using EC technology at a current strength of 0–6 A and detention time of 0–60 min [18].

2.3. Metal analysis methods

Analysis of the total nickel, chromium, iron, and aluminum concentrations in the nickel mine water samples was conducted using 
Atomic Absorption Spectroscopy (PerkinElmer Analyst 700) according to the EPA 7010 standard method (Graphite Furnace Atomic 
Absorption Spectrophotometry, Rev. February 0, 2007). Temperature, pH, conductivity, and TDS measurements were carried out 
using a Portable Multi water quality meter (pH = 0–14, EC = 0–1 mS = m–10 S/m, and 0–100 ◦C). Sludge samples produced in the EC 
were collected and separated using a vacuum filter with Whatman 42 filter paper. The solid was dried and stored in a desiccator until 
further use. The morphology and chemical composition of the dried samples were analyzed using Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), and Energy-Dispersive X-ray Spectroscopy (SEM-EDS) at the Water Quality 
Laboratory, Bandung Institute of Technology.

3. Results and Discussion

3.1. Effect of charge loading

Charge loading (q) is an important parameter in the EC design because it affects the reaction rate and coagulant dose during the 
process. A high charge loading may result in increased aluminum hydroxide floc formation and Al residues, potentially leading to 
difficulties in separation and elevated operational costs due to higher energy consumption. Consequently, it is essential to adjust the 
charge loading based on the characteristics of the raw water and the electrochemical reaction (adapted from Ref. [19]). Charge loading 
refers to the quantity of charge transferred during electrochemical reactions for a specific volume of water treated and is calculated 
using Eq (1) [20]. 

CL
(

F
m3

)

=
I x td
F x v

(1) 

where q is charge loading (CL), I is applied current (A), td is detention time and v is volume of water in the EC reactor (L), F is Faraday’s 
constant (1 F = 96487 C).

The removal efficiency of nickel, chromium, and iron metals as a function of charge loading was presented in Fig. 3. The highest 
charge-loading value of 11,193 F/m3 was obtained from variations in the current density of 10.135 mA/cm2 with an inflow of 0.3 L/ 
min. This shows that a higher charge loading correlates with a greater metal removal efficiency. Based on these results, the best 
removal efficiency was achieved at the highest charge loading with a final chromium, nickel, and iron concentrations of 0.07 mg/L 
(99.51 %), 1.99 mg/L (86.89 %), and 51.46 mg/L (80.61 %), respectively.

An increase in the charge loading value can cause a higher increase in the amount of in situ adsorbing coagulant in the form of 
aluminum oxide (Al(OH)3), following Faraday’s law. Subsequently, co-precipitation of metal ions (Ni2⁺, Fe³⁺, and Cr³⁺) forms complex 
compounds and hydroxide precipitates [21]. This reaction increases metal removal during adsorption because the metal ions replace 
the OH groups in the Aln(OH)3n. This produces aluminum, nickel, iron, and chromium hydroxide, as well as complex compounds of 
aluminum hydroxide and metal ions. These compounds facilitate the removal of metal ions from wastewater through coagulation and 
precipitation. Similarly, a previous study reported increased arsenic removal efficiency when the charge loading value was more 

Fig. 3. Effect of Charge Loading on the total nickel, chromium, and iron removal.
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significant [19].

3.2. Effect of inflow and current strength

The effect of the flow rate into the reactor at 0.3, 0.5, and 1 L/min or detention times of 45, 30, and 15 min was analyzed for the 
nickel, chromium, and iron metal removal efficiencies. The current density were 3.378, 6.757, and 10.135 mA/cm2. The Reynolds 
number was calculated based on the hydraulic diameter (dh) of the electrochemical cell, derived from its dimensions (41.4 L × 26 W ×
20 H, dh = 0.273 m). The density and viscosity of water were assumed to be 997 kg/m3 and 8.91 × 10− 4 kg/m.s at 25 ◦C, respectively. 
The average flow velocity of the water undergoing treatment (v) and the Reynolds number (Re) were determined using equations (2) 
and (3). 

v=
Q
A

(2) 

Re=
v dhρ

μ (3) 

where Q is the volumetric flowrate of the water, and A is the cross-sectional area of each electrochemical cell (41.4 cm × 20 cm), ρ and 
μ are the density and kinematic viscosity of the water, respectively. Fig. 4 shows the effects of the inflow and current strengths. This 
figure also shows that the Reynolds number and detention time significantly affected the removal of nickel, chromium, and iron from 

Fig. 4. Effect of inflow, Reynolds number, and current strength on the removal of (a) total nickel metal, (b) total chromium metal, and (c) total 
iron metal.
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mine water. The 10.135 mA/cm2 current density operating scenario achieved a Reynolds number (Re) of 30, producing the highest 
metal removal efficiency, i.e., 86.89 % nickel, 99.51 % chromium, and 80.61 % iron. At Re = 30, the resulting flow rate was quite low, 
causing the metal particles to move in a flow pattern that was regular, sequential, and not excessively turbulent. This caused the metal 
particles to interact more easily with the flocs produced by the EC process followed by settlement. This process also led to a higher 
metal removal efficiency because more particles were successfully deposited and separated from the solution. These results are 
consistent with previous research, where low flow rates with Re values between 39 and 231 (laminar flow) produced a high silica 
removal efficiency of approximately 80 % at flow rates between 20 and 120 mL/min and a time retention of 112–1125 s [22].

Fig. 4 shows that the removal of Ni, Cr, and Fe decreased at high flow rates with an Re of 130 in all scenarios. This was attributed to 
floc breakdown owing to the fast flow rate, resulting in a decrease in the removal efficiency. In other cases, when using EC for 
wastewater treatment at higher rotation speeds, aluminum hydroxide flocs can potentially cause damage and reduce contaminant 
removal efficiency in wastewater treatment [23].

Competition between metals adsorbed by the coagulant produced in the EC process was observed during the experiment. This was 
confirmed by the removal efficiencies of the three metals. Fig. 4b shows that the chromium removal efficiency tended to be stable, with 
a high value of 88–99 % under all conditions. This phenomenon is attributed to the smaller electrode potential value of chromium 
metal, i.e., − 0.28 V, compared to nickel at +1.340 V and iron at − 0.440 V [24]. This makes chromium metal more easily reduced and 
adsorbed by coagulants than other metals. Compared to iron in Fig. 4c, the removal efficiency tended to be lower under all conditions 
when compared to nickel and chromium. The lower value resulted from a smaller iron reduction potential; thus, its reduction power 
was relatively weak. Additionally, iron had a higher concentration (265.44 mg/L) than nickel (15.18 mg/L) and iron (13.8 mg/L).

3.3. Sludge formation

Sludge formation in this study was observed visually and not measured analytically. Observations showed that the formation of 
sludge formation was closely related to inflow and current strength during the experiment in all scenarios. Fig. 5a–i shows that a higher 
current strength and smaller inflow correlated with more sludge formation. In Fig. 5a and b, with a low current strength of 3.378 mA/ 
cm2, an inflow of 0.5, and 1 L/min, the flocs settled without floating. This was caused by the low density of hydrogen bubbles produced 
at low current strengths, which led to upward floc momentum and less effective mixing in the active volume of the EC reactor. 
Moreover, deposition became dominant, and sedimentation was more efficient than flotation at smaller inflows with higher current 
strengths, as shown in Fig. 5c–i. With an increase in the current strength from 3.378 to 6.757 mA/cm2 and 10.135 mA/cm2, the number 
of floating flocs increased significantly, as shown in Fig. 5g–i. This increase was caused by the high bubble density at higher current 
strengths, which improved the pollutant fraction removed by flotation. Reducing the flow rate increased the detention time, providing 
a longer opportunity for the particles to interact and form flocs, along with high coagulation and settling efficiencies [19,25]. 

Fig. 5. Effect of current strength (3.378 mA/cm2 (a–c), 6.757 mA/cm2 (d–f), and 10.135 mA/cm2 (g–i)) and inflow (1 L/min, 0.5 L/min, and 0.3 L/ 
min) on sludge formation.
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Knowledge of floc behavior and sludge thickness is important for EC performance and designing appropriate post-treatments for sludge 
removal, such as skimming [26].

3.4. Electrolysis Thermodynamics

During electrolysis, the oxidation reaction was influenced by the cell potential (E◦). Half-cell reactions that include electron loss are 
referred to as oxidation reactions, whereas those that include electron capture are referred to as reduction reactions. At the anode, a 
greater cell potential correlates with higher oxidation of the compound [27]. The energy used to move electric charges is influenced by 
the electrode potential, the number of moles of electrons transferred between the electrodes (n), and the electric mutant per mole of 
electrons, i.e., Faraday’s constant (F). The overall energy is calculated by the following Nernst equation Hermawan dan Syafila, 2017: 

ΔG = –n *F * Eocell.                                                                                                                                                                (4)

Based on Eq. (2), when ΔG value < 0, the reaction proceeded spontaneously, whereas at ΔG > 0, the reaction was non-spontaneous. 
Generally, the type of electrode used in the electrolysis process, including the cell potential that arises during the reaction and the 
number of electrons, affects the reaction. In this study, aluminum was used as both the anode and cathode. This is because Al is a 
reactive metal with a cell potential to the left of H2O, which easily undergoes oxidation reactions. The reduction reaction first occurs at 
the cathode because of the higher cell potential [28]. In this context, the water reduction reaction occurs after the reduction of Ni2+

and Fe2+, whereas at the anode, the oxidation reaction involves Al and H2O. As the cell potential of Al is lower than that of H2O, Al 
oxidation occurs first.

The Gibbs energy (ΔG) analysis results for nickel, chromium, and iron show that the ΔG value for the overall reaction for the three 
metals was positive (ΔG > 0). This indicates that the Ni, Cr, and Fe removal reactions using the continuous EC system were not 
spontaneous, implying the need for external energy. Based on these results, the removal of metals using EC requires external energy in 
the form of an electric current. Specifically, the electric current applied to the electrode produces an in-situ coagulant that reduces and 
binds metal ions, facilitating the removal of nickel from mine water. As listed in Table 2, the smallest ΔG value for each metal was 
chromium at 986.26 kJ/mol, followed by nickel at 1907.16 kJ/mol and iron at 2016.85 kJ/mol. This shows that the energy required to 
remove Cr was smaller than that required to remove Ni and Fe. The removal efficiency was directly proportional to the ΔG value of 
each metal. Therefore, smaller ΔG values correlate with lower energies required to remove pollutants and higher efficiency.

3.5. Elimination kinetics

In this investigation, the kinetics of nickel, chromium, and iron metal removal were examined utilizing removal data under 
conditions that yielded the highest removal efficiency, specifically employing a current density variation of 10.135 mA/cm2 and inflow 
of 0.3 L/min with an electrolysis time of 45 min. From the experimental results, the removal kinetics reaction for Ni metal was a first- 
order reaction at a rate of 0.0211/minute (R2 = 0.8901) as listed in Table 3. This indicates that the reaction rate is mainly influenced by 
the Ni concentration in the mine water. Therefore, a higher Ni concentration correlates with a faster EC reaction. Other factors, such as 
variations in the current strength and detention time, have less influence on the nickel removal rate [29]. In first-order reaction ki-
netics, the main mechanism is physisorption [30], in which nickel cations are removed by adsorption on the surface of aluminum 
hydroxide flocs [31]. Kim et al. [30] also reported that a first-order kinetic reaction occurred during the removal of nickel from metal 
plating wastewater using iron and aluminum electrodes with a current density of 2–4 mA/cm2. However, Moersidik et al. [32] reported 
that the reaction kinetics of nickel removal from electroplating wastewater using aluminum electrodes with a current density of 20 
mA/cm2 is second order. This difference can be attributed to the use of various types of electrodes and current densities in the 
experiments.

Based on the analysis of Cr and Fe, the kinetic equation from the experimental data indicated a second-order reaction. For chro-
mium, the rate from the second-order reaction was 0.0799/min with an R2 of 0.4921, whereas that of iron was 0.0001/min at an R2 of 
0.9898. The chromium removal rate was greater than that of iron. This indicates that EC can remove Cr more quickly than Fe. Kim et al. 
[30] described a second-order kinetic model that refers to the metal removal mechanism in EC through chemisorption. The results 
showed that the removal of chromium and iron from EC occurs through a chemisorption process. In this mechanism, chromium and 
iron ions are chemically adsorbed onto the surface of aluminum hydroxide to form a bimetallic hydroxide mixture. During the 
co-precipitation reaction, metal-OH and metal-O-metal bonds formed, which play a significant role in the removal of Cr and Fe from 
wastewater.

Table 2 
Results of Gibbs (ΔG) energy analysis.

Parameter ΔG total

Total Ni 1907.16 kJ/mol
Total Cr 986.16 kJ/mol
Total Fe 2016.85 kJ/mol

Total ΔG > 0 (reaction is not spontaneous).
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3.6. Sludge characteristics

3.6.1. FTIR analysis
Fig. 6 shows the FTIR results for the sludge precipitated using the EC process at a current density of 10.135 mA/cm2, an inflow of 

0.3 L/min, and a detention time of 45 min. All spectra showed peaks at approximately 2500–4000 cm− 1, which indicated the presence 
of OH stretching in the sludge samples. This indicated the formation of metal hydroxide species in the sludge samples during EC. The 
peak at approximately 3425.58 cm− 1 indicated the OH stretching of water associated with the Al(OH)3 species in the sludge. A sharp 
peak at 1639 cm− 1 appeared as a result of the bending vibration of H-O-H, whereas the peak at 1118.71 cm− 1 was attributed to C-O 
stretching. Additionally, the peak at 977.91 cm− 1 indicated aromatic C-H bending while the peak at 609.51 cm− 1 revealed the presence 
of metal oxides in the EC sludge. The FTIR data showed that most of the Al released during the EC process was included in the 
adsorption, complexation, and precipitation reactions, which play a role in removing metal from the solution [33].

3.6.2. SEM analysis
Fig. 7a–c shows the floc morphology at magnifications of 1,500x, 3,500x, and 7,000x before processing. Initially, these flocs 

appeared to be arranged in uniform and unified lumps; however, the particles became irregular after the EC process, as shown in 
Fig. 7d–f. The pores in the sludge produced after the EC process indicated trapping and adsorption phenomena, along with porous 
characteristics. Flocs are amorphous, loose, and porous, and have a large porosity and specific surface area, showing a good adsorption 
ability [34].

3.6.3. EDS analysis
EDS analysis was used to examine the composition of the main elements adsorbed on the aluminum hydroxide in the EC sludge, as 

shown in Fig. 8. In this spectrum, Al, Fe, Ni, Cr, and oxygen in the floc are shown at 50, 4.51, 0.88, 0.18, and 70.66 %, respectively. 
Aluminum dominates after oxygen in EC sludge, with a percentage of approximately 19.50 %. The EDS results showed the presence of 
Ni, Cr, and Fe adsorbed on aluminum hydroxide. Furthermore, other elements detected were chemicals used in testing and con-
taminants on the anode and cathode, such as sulfur (4.17 %) obtained from artificial waste chemical reagents as FeSO4. Lu et al. [35] 
reported the presence of 13.29 % aluminum in sludge produced from the adhesive wastewater treatment process. These aluminum 
metal ions are produced through an anodic dissolution process, forming various metal hydroxy complexes, both mononuclear and 
multinuclear, in electrolytic cells. Some examples include Al(OH)–

4, Al(OH)+2 , Al(OH)2+, Al2(OH)4
2+, Al6(OH)15

3+, Al7(OH)17
4+, 

Al8(OH)20
4+, Al13(OH)34

5+, and Al13O4(OH)24
7+, which transform into Al(OH)3(s) precipitates through a complex precipitation kinetics 

process [36,37]. All components containing aluminum have a sufficiently large surface area that is conducive to the fast adsorption of 
iron, nickel, and chromium metals, as well as for capturing colloidal particles in aqueous media. This process leads to the removal of 
dissolved chemicals and colloidal particles via precipitation [38]. After characterizing EC sludge using FTIR and SEM-EDX analyses, 
Goren and Kobya [33] and Kumari and Kumar [39] observed that aluminum formed a complex with pollutants, leading to deposits in 
the processing unit.

Table 3 
Kinetics of total nickel, chromium, and iron removal.

Order Nickel Chromium Iron

K (/minute) R2 K (/minute) R2 K (/minute) R2

0 − 0.1032 0.8052 − 0.0611 0.3018 − 1.4555 0.7741
1 0.0211 0.8901 0.0249 0.3526 0.0128 0.9406
2 0.0065 0.724 0.0799 0.4921 0.0001 0.9898

Fig. 6. FTIR analysis of sludge after the EC process.
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3.7. Change in mass of aluminum electrode

In this study, the type of electrode utilized for the continuous EC was an aluminum plate with a purity of ±98.5 %. Fig. 9 illustrates 
the electrode morphology captured by SEM on the anode surface before and after the electrocoagulation process. As observed in Fig. 9a 
and (b), the anode electrode surface prior to EC testing exhibited a smooth texture with no visible porosity in the aluminum micro-
structure. Conversely, Fig. 9c and (d) reveals a rough electrode structure with a surface characterized by numerous small cavities. This 
phenomenon is attributed to the dissolution of electrode metal into the solution during the electrocoagulation process, resulting in the 
formation of voids on the surface. Analysis of physical changes in aluminum electrodes was also conducted by comparing the con-
centration of aluminum in artificial mine wastewater before and after treatment, mass loss of aluminum electrodes, theoretical and 
experimental energy consumption, and the release rate of Al³⁺. The concentration of aluminum in artificial mine wastewater before and 
after treatment can be observed in Fig. 9.

Fig. 9 demonstrates an increase in aluminum (Al) concentration in nickel mine wastewater across all experiments. This observation 
indicates that during the electrocoagulation process, Al ions are dissolved from the electrode, effectively binding Ni, Cr, and Fe metals 

Fig. 7. SEM images of the sludge surface morphology (a–c) before EC and (d–f) after EC.

Fig. 8. EDS analysis of the sludge after the EC process.
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and forming sludge. Although an increase in Al concentration is observed, this does not reflect a system failure; rather, it suggests that a 
greater quantity of dissolved Al ions is available for interaction with other contaminants. With the Al concentration remaining within 
normal limits for wastewater, these results confirm that the electrocoagulation process has successfully enhanced the availability of Al 
ions, which is crucial in the coagulation mechanism. Consequently, the elevated Al concentration post-treatment can be interpreted as 
a positive indicator of the electrocoagulation reaction’s efficacy in improving wastewater quality. Mass loss of Al electrodes was 
analyzed by calculating the difference in total weight of 12 electrodes before and after processing in each experiment, and the results 
are presented in Fig. 10.

Fig. 11 demonstrates that at lower flow rates (0.5 and 0.3 L/min), the mass loss of Al electrodes increases with rising current 
density, reaching maximum values at a current density of 10.135 mA/cm2 (14 g and 17 g, respectively). This indicates that lower flow 
rates with longer detention times facilitate more efficient Al ion release, supporting higher removal of Ni, Cr, and Fe metals, as 
observed in previous analyses. The increased Al ion release at lower flow rates also signifies that more Al ions are available to react 
with pollutants such as Ni, Cr, and Fe metals, enhancing the formation of flocs and sludge that bind these pollutants. In other words, 
low flow rates and high current densities effectively increase the removal of Ni, Cr, and Fe metals through precipitate formation, while 
Al consumption from the electrodes increases. Therefore, a balance between flow rate and current density must be achieved to 
optimize the removal of Ni, Cr, and Fe metals while minimizing excessive Al electrode consumption. From the aluminum electrode 
mass loss data, the concentration of aluminum dissolved in the wastewater was obtained, enabling the calculation of the aluminum 
electrode release rate for each current density variation, with the results presented in Table 4.

As observed in Table 4, an increase in current strength during the electrocoagulation process enhances the release rate of Al3+ ions, 
attributable to the acceleration of electrochemical reactions at the electrodes. Higher current strengths generate increased electro-
chemical energy, elevated electrode potentials, and intensified agitation within the system, all of which contribute to the accelerated 
release of Al3+ ions. Furthermore, increased current strength may engage a greater number of active electrodes in the process, thereby 
augmenting the total capacity for metal ion release. This phenomenon plays a crucial role in improving the efficiency of heavy metal 
removal from wastewater through electrocoagulation.

3.8. Two-Way Anova analysis

This study conducted a significance test on the effect of independent variables, i.e., current strength and inflow, on the nickel, 
chromium, and iron removal efficiency. To determine the significance effect, Two Way ANOVA was used with a significance level of α 
= 0.05, where a p-value of less than 0.05 showed a significant effect. The results demonstrated that the variable flow rate exerted a 
significant influence on the variability of metal removal for all metals examined, in conjunction with other factors such as current 
density, which plays a crucial role in the electrocoagulation process, as delineated in Table 5. Fig. 4 confirms this analysis, where a 
significant change was observed in the removal of all metals when the inflow increased from 0.3 to 0.5 and 1 L/min.

These results correlate with those of a previous report that investigated the effect of inflow on the detention time for metal removal 
from wastewater. Liu et al. [40] reported increased nickel removal in EC by increasing the detention time from 10 to 60 min at a 
current density of 30 mA/cm2, pH of 4, and using aluminum electrodes. Singh Thakur et al. [41] found an increase in the chromium 

Fig. 9. SEM of anode electrode surface (a–b) before EC, (c–d) after EC.
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removal efficiency by increasing the detention time from 20 to 40 min at a current density of 140 A/cm2, pH of 5, and using iron 
electrodes. Additionally, Doggaz et al. [42] reported a high iron removal efficiency with an increase in the detention time from 20 to 
60 min at a current density of 2.5 mA/cm2, pH of 5, and using aluminum electrodes. This significant correlation can be attributed to the 
smaller inflow, which increased the electrolysis time and the amount of metal hydroxide, OH− , and H2 bubbles produced by the 
electrode during the EC process. This resulted in a greater contaminant absorption capacity and increased floc formation, thereby 
increasing the pollutant removal efficiency [43].

Based on the Two-Way ANOVA analysis results in Table 5, the current strength variable shows a p-value of >0.05 for the removal of 
nickel and chromium. The p-value for iron was less than 0.05, indicating that the current density only had a significant effect on iron 
removal. Fig. 4c confirms this effect, where the iron removal efficiency increased from 28 to 73 % at a current density of 6.757 mA/cm2 

to 81 % at 10.135 mA/cm2 with an inflow of 0.3 L/min. Variations in the current strength were observed to significantly influence iron 

Fig. 10. Effect of inflow and current density on the concentration of aluminium.

Fig. 11. Effect of current density and inflow on the loss mass of aluminium.

Table 4 
Rate of aluminum ion release.

Current density Al3+Electrode Ion Release Rate (mg/min) R2

3.378 mA/cm2 3,9 0,9404
6.757 mA/cm2 1933 0,946
10.135 mA/cm2 12,23 0,9993

Table 5 
Two-way ANOVA results for the optimum EC scenario experiment.

Independent Variable Nickel Removal Chromium Removal Iron Removal

F value P-value F value P-value F value P-value

Strong currents 5.345 0.0691 2.2015 0.3311 125.55 < 0.001
Inflow 10.667 0.0048 10.257 0.0059 61.35 < 0.001

Values in bold indicate P-values <0.05 obtained in each experiment.
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removal owing to the increase in Al(OH)3 production by the aluminum electrode. Al(OH)3 functions as a coagulant that adsorbs metal 
iron particles from wastewater, thereby increasing its efficiency. Similarly, Alam et al. [8] observed a significant increase when the 
current strength was increased from 6 to 18 V at an electrolysis time of 45 min and pH of 2.83 using aluminum electrodes. A high 
current strength increases the production of Al(OH)3, which plays an important role in adsorbing metal particles and increasing the 
removal efficiency. These results demonstrate the importance of controlling the current strength in the EC process to increase the 
removal efficiency of heavy metals from wastewater.

4. Conclusion

In conclusion, this study investigated the application of electrocoagulation (EC) reactor to remove chromium, nickel, and iron from 
mine wastewater. The results showed that the operating conditions at a current density of 10.135 mA/cm2, inflow of 0.3 L/min, and 
detention time of 45 min produced the highest removal efficiencies of 86.89, 99.51, and 80.61 %, for chromium, nickel, and iron with a 
charge loading value of 11.194 F/m3 and Re of 39.39, respectively. The final concentration of chromium met the quality standards, 
whereas nickel and iron did not fulfill the quality standards (0.5 mg/L for nickel and 5 mg/L for chromium). The nickel removal 
kinetics that were most consistent with the experimental data were a first-order reaction with a rate of 0.0211/min (R2 = 0.8901). For 
chromium and iron, the second-order reaction was most suitable. For Cr, the reaction rate was 0.0799/min with an R2 of 0.4921, 
whereas iron was 0.0001/minute with an R2 of 0.9898. These results show that EC technology can be developed to remove the metals 
contained in nickel mine water. Moreover, future research should be conducted using real Ni mine water to determine phenomena that 
may not be visible during laboratory experiments. Furthermore, solar-powered EC could be developed into an effective, efficient, and 
environmentally friendly technology, facilitating its application in the mining industry in tropical countries with high sunshine 
durations.
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