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INTRODUCTION

Particularly in developing countries, the rapid 
expansion of a number of enterprises, including 
mining, metal plating plants, tanneries, batteries, pa-
per, and pesticide manufacturing, has increased the 
direct or indirect discharge of heavy metal waste-
waters into the environment. In contrast to organic 
contaminants or pollutants, heavy metals do not 
biodegrade and have a propensity to accumulate in 

biological systems. It is also recognized that many 
heavy metal ions are carcinogenic or dangerous 
(Tchounwou et al., 2012; Xu et al., 2017). Mercury 
and other toxic heavy metals are especially problem-
atic when treating industrial effluent. Mercury is one 
of the neurotoxins that can harm the central nervous 
system. Increased amounts of mercury can lead to 
dyspnea, chest discomfort, and impairment of kid-
ney and pulmonary function (Rafati-Rahimzadeh et 
al., 2014; Andreoli and Sprovieri, 2017). 
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ABSTRACT
Leachate is wastewater containing various pollutants that are harmful not only to the environment, but also to 
the human beings. The current study aimed to analyze the efficacy of electric voltage, time, and electrode spac-
ing to obtain optimum mercury (Hg) removal using an electrocoagulation method with iron electrodes. Leachate 
samples were collected from the TPA Terjun (Medan City, Indonesia). The mercury level in the leachate was 
categorized as exceeding the quality standard. Response surface methodology (RSM) was used to build models, 
design experiments, evaluate the effects of independent variables, and determine optimal conditions for efficient 
mercury removal. Leachate cannot be decomposed naturally; therefore, certain processing steps are needed to 
prevent leachate from polluting the environment. Electrocoagulation is an alternative to leachate treatment that 
can remove heavy metals, including Hg. In this study, the electrocoagulation process was used with iron plate of 
various voltages (8, 10, 12 V), the distance between electrodes amounted to 1, 2, and 3 cm, and contact time 10, 
20, and 30 minutes. To maximize the efficiency of mercury (Hg) removal, data analysis was conducted using RSM. 
The results showed removal efficiency of 98.86% with recommended voltage, time, and electrode spacing of 12 V, 
29.52 minutes, and 1.11 cm, respectively. 
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Thе finаl procеssing sitе – Temраt Pemrosе-
sаn Akhir (TPA) sеrvеs аs thе tеrminаl рhаsе 
for intеgrаtеd wаstе mаnаgemеnt systems. 
Wаstе is rеcеivеd by TPA from surrounding 
municiраlitiеs, tyрicаlly comрrising mixеd 
rеsidеntiаl, commеrciаl, аnd institutionаl 
mаtеriаls. Among multiрlе byрroducts gеnеrаtеd, 
lеаchаtе (Tаqwа and Syаkdаni, 2017) emеrgеs 
аs а criticаl concеrn, а contаminаtеd liquid 
originаting from рrеciрitаtion or groundwаtеr 
infiltrаtion thаt реrmеаtеs wаstе dерosits, dissolv-
ing numеrous chemicаl comрounds. This rеsults 
in еxcерtionаlly high рollutаnt concеntrаtions, 
including biochemicаl oxygеn demаnd (BOD), 
аmmoniа, аnd hеаvy mеtаls, with documеntеd 
еnvironmеntаl risks (Kаsmuri and Tаrmizi, 
2018). Leachate affects water quality by caus-
ing ground and surface water pollution. Thе 
еnvironmеntаl consеquеncеs аrе multifаcеtеd: 
lеаchаtе infiltrаtion comрromisеs both groun-
dwаtеr rеsеrvеs аnd surfаcе wаtеr systems. 
Comрositionаl fаctors vаry significаntly bаsеd 
on sitе-sреcific chаrаctеristics, рrеciрitаtion 
volumеs, аnd concеntrаtions of orgаnic/inorgаnic 
mаtеriаls. Notаbly, Hg реrsists аs а hаzаrdous 
comрonеnt within TPA lеаchаtе, а toxic еlemеnt 
рosing sеvеrе risks through inhаlаtion, ingеstion, 
or dеrmаl еxрosurе. Such risks nеcеssitаtе rig-
orous oреrаtionаl рrotocols. To еnsurе continu-
ity, wаstе mаnаgemеnt strаtеgiеs must рrioritizе 
contаinmеnt еfficаcy whilе аddrеssing thеsе 
comрlеx intеrdереndеnciеs.

Many different methods, including ion ex-
change (Lai et al., 2016), adsorption (Verma 
et al., 2008), as well as biological (Javid et al., 
2019), electrochemical (Assadi et al., 2016), and 
membrane technology (Li et al., 2017), have 
been utilized to remove heavy metals from aque-
ous media. Due to its effectiveness, the treat-
ment of landfill leachate using unconventional 
methods, such as electrochemical techniques, 
has gained importance in recent years. Electro-
coagulation (EC), an electrochemical process, 
has been applied extensively to remove heavy 
metals from industrial and municipal wastewa-
ters (Tegladza et al., 2021; Islam, 2019; Baz-
rafshan et al., 2015; Shaker et al., 2023; Al-Qo-
dah and Al-Shannag, 2017; Ebba et al., 2022). 
However, there has not been much research on 
treating solid waste landfill leachate with the in-
tention of removing heavy metals, particularly 
mercury (Hg). By running an electric current 
through water, the process of electrocoagulation 

destabilizes contaminated suspensions, emul-
sions, and solutions, resulting in the creation of 
easily separable lumps. With electrocoagulation, 
the mercury in the leachate can be removed by 
forming flocs that will undergo flotation so that 
they will separate from the leachate. 

Electrocoagulation is a method that uses elec-
trical energy and converts it into a chemical re-
action using two electrodes, namely, positive and 
negative electrodes (Naje et al., 2017). The elec-
trode will form a coagulant that is used to sepa-
rate the contaminants in the waste (Kobya et al., 
2003). The electrocoagulation process broadly 
occurs in 3 stages, namely the electrolytic reac-
tion on the surface of the electrode, the forma-
tion of coagulant in the solution phase, and the 
adsorption of the solution or the formation of 
pollutants into colloids on the coagulant as well 
as removal by precipitation or flotation (Kobya 
et al., 2003). In the electroelution mechanism, a 
coagulation or agglomeration process occurs with 
the help of electricity via the process of electroly-
sis to remove particles and metal ions in water. 
The electrocoagulation mechanism occurs when 
the anode metal plate is oxidized to produce metal 
ions and release electrons (Masrullita et al., 2021; 
Jovanovic et al., 2021). Metal ions can act as co-
agulants and will undergo hydrolysis to produce 
charged metal hydroxide (Mn+(OH)n) ions that 
act as flocculants and bind the particles to water. 
Thus, organic pollutants can experience coagula-
tion and flocculation. At the cathode, H2 gas and 
oxygen gas are formed, which can push the floc-
cules to float above the surface of the liquid. The 
reactions that occur at the electrodes can be de-
scribed as follows. The reaction at the cathode is 
expressed by following Equations (1, 2):
 2H+ + 2e → H2 (1)

 2H2O + 2e → 2OH- + H2 (2)

The reaction at the anode is expressed by fol-
lowing Equations (3–5):
 Fe3+ + 3H2O → Fe(OH)3 + 3H + 3e (3)

 4OH → 2H2O + H2 + 4e (4)

 2H2O → 4H+ + O2 + 4e (5)

The material of electrodes, distance from 
one another, wastewater temperature and com-
position, voltage, as well as current density 
all have an impact on the electrocoagulation 
process. The efficiency of electrocoagulation 
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declines as the concentration of suspended par-
ticles rises above 100 mg/l. The energy required 
for the anodic dissolution of metal decreases as 
the distance between the electrodes decreases. 
The compactness and controllability of the 
units, the lack of chemicals, the low sensitivity 
to changes in the cleaning process conditions, 
and the production of sludge with good me-
chanical and structural qualities are all benefits 
of the electrocoagulation method.

This study explored potential methods for 
removing heavy metals, specifically mercury, 
from leachate using the electrocoagulation 
process. It examined the effects of various op-
erational factors, including electrode materials, 
current density, interelectrode distance, and op-
erating time. 

MATERIALS AND METHODS

The leachate samples were taken from TPA 
Terjun in Medan City. The electrocoagulation ex-
periment was carried out in a glass reactor with 
a volume of 1000 ml. The electrodes (anode and 
cathode) used were iron with a size of 4 × 10 cm 
and a thickness of 1 mm. In this study, a batch 
system was used with a series of tools consist-
ing of 1-liter beakers with an iron electrode con-
nected to a power supply. The series of tools can 
be seen in Figure 1.

This research aimed to evaluate the impact of 
varying electric voltages (8, 10, and 12 V) and 
electrode distances (1, 2, and 3 cm) on the effi-
ciency of Hg removal from TPA leachate using 
the electrocoagulation method. The used in this 
study contact time was from 10 to 30 minutes.

Research process

The research process that was carried out con-
sisted of testing the initial leachate sample and the 
running process. The testing of the initial leach-
ate sample aimed to determine the initial levels of 
mercury in the leachate. The stages in the running 
process were as follows – 1000 mL of the leachate 
sample was placed into the reactor. The Fe elec-
trodes were inserted with distances of 1, 2, and 3 
cm between them. The power supply was turned 
on at 8 V to operate the electrocoagulation pro-
cess, which was timed with a stopwatch. After 10 
minutes, 50 mL of the solution was removed using 
a measuring pipette. After all processes were com-
plete, the power supply was turned off, and an-
other experiment was performed at each variation 
of the voltage and electrode distance. Mercury 
content testing was then carried out on the sample.

Sample testing

For sample analysis, mercury levels were 
measured using inductively coupled plasma 
(ICP) following the APHA 3120B standard 
method (Table 1).

Data analysis

In this study, data analysis was performed 
using the Design Expert software with the Box-
Behnken methodology to determine the impact 
of key variables (voltage, contact duration, 
and electrode distance) on the effectiveness of 
mercury removal. The data obtained were ana-
lyzed with multiple linear regression tests. The 
mercury removal efficiency was calculated by 

Figure 1. Series of electrocoagulation equipment
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comparing the influent and effluent concentra-
tions expressed in percent with the Equation (6):

 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = С0 − С1

С0
 ×  100% 

 (6)
where: C0 – level before processing, C1 – levels 

after electrocoagulation treatment

RESULTS AND DISCUSSION

The experimental results based on the Box-
Behnken design are presented in Table 2. The 
highest mercury removal efficiency, 98.39%, was 
achieved after 15 runs with a variation of 12 V, 
contact time of 30 min, and electrode distance of 
2 cm. Conversely, the lowest removal efficiency, 
95.02%, was recorded in the eighth run using 
an 8-volt variation, 10-minute contact time, and 
a 2-centimeter distance. In all experiments, the 
final mercury levels remained below the estab-
lished quality standard.

Response model selection analysis

The goal of the statistical model analysis 
in this study was to select an appropriate math-
ematical model based on the experimental data 
and evaluate it using statistical methods to deter-
mine the impact of the independent variables on 
mercury removal efficiency. In response surface 
methodology (RSM), several criteria are used for 

model selection, including the Sequential Model 
Sum of Squares (which assesses the order of the 
model), Lack of Fit tests (which evaluate model 
accuracy), and Model Summary Statistics (which 
provide an overall assessment of model perfor-
mance). Table 3 presents the findings of the Se-
quential Model Sum of Squares analysis for Hg 
removal efficiency. Tables 4 and 5 display the re-
sults of model selection based on summary statis-
tics and lack of fit analysis, respectively.

On the basis of the established model selec-
tion methods, the linear model was chosen to 
describe the effect of voltage, contact time, and 
electrode distance on mercury removal efficien-
cy. The influence of each independent variable 
on the response was evaluated using analysis of 
variance (ANOVA). The ANOVA results are pre-
sented in Table 6.

According to Table 6, the p-value model < 
0.0001 is smaller than the alpha or significance 
value of 0.05. The model deviation value (lack 
of fit) for mercury removal efficiency shows a 
p-value of 0.8254, which means p > 0.05 states 
“not significant”. This shows that the model fits 
the plot of the linear model.

Impact of voltage variation on the efficacy of 
mercury removal

Figure 2 illustrates that the efficacy of mer-
cury removal increased when the voltage was 
applied. Continuous voltage application will 
cause the number of Fe2+ from the produced 
electrodes to rise, which will raise the num-
ber of Fe(OH)2 flocs as well. This implies that 
throughout the electrocoagulation process, more 
flocs will develop and adhere to the electrodes 
the higher the voltage applied. Furthermore, 
the greater the strength of the voltage used, the 
greater the percentage of allowance produced 
(Afifa et al., 2021). The deposition of Fe(OH)₃ 
flocs in the electrocoagulation bath follows 
the coagulation-flocculation principle. As the 
floc mass increases, its specific gravity also 
rises, eventually leading to sedimentation. The 
strength of the current and voltage used during 
the electrocoagulation process has had an im-
mediate impact on this. The greater the strength 
of the current and voltage applied, the more 
floc is produced which can bind the contami-
nants in the leachate. In addition, the distance 
between the electrode plates greatly affects the 
process of decreasing the concentration of Hg. 

Table 1. Number of sample tests

Run Voltage (V) Time (min) Electrode 
distance (cm)

1 10 10 1

2 10 10 3

3 8 20 1

4 12 20 1

5 10 20 2

6 8 20 3

7 10 20 2

8 8 10 2

9 10 30 1

10 12 10 2

11 10 30 3

12 12 20 3

13 10 20 2

14 8 30 2

15 12 30 2
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The magnitude of the voltage is directly propor-
tional to the strength of the current. The greater 
the electric current given, the greater the anode 
is oxidized; therefore, there is a reduction in the 
anode mass (Hasyyati et al., 2020). A higher 
voltage leads to an increased production of Fe³⁺ 
ions, forming more coagulants that aid in pol-
lutant removal. Additionally, as voltage increas-
es, bubble production intensifies while bubble 
size decreases, enhancing removal efficiency 
through the flotation process (Wang et al., 

2015). A greater applied voltage also generates 
a stronger electric current (Hur and Kim, 2000). 
According to Khorram and Fallah (2018), elec-
tric current flowing through the electrolyte solu-
tion and electrodes induces chemical changes. 
Since electric current represents a continuous 
flow of electrons in a conductor, an increase 
in current accelerates anode dissolution. This, 
in turn, produces larger quantities of metal hy-
droxide flocs, ultimately improving the mercury 
removal efficiency (Qasem et al., 2021).

Table 2. Efficiency of removal of mercury levels
Run Voltage (V) Time (min) Electrode distance (cm) Removal efficiency (%)

1 10 10 1 96.259

2 10 10 3 96.117

3 8 20 1 95.643

4 12 20 1 98.248

5 10 20 2 96.638

6 8 20 3 95.299

7 10 20 2 97.420

8 8 10 2 95.020

9 10 30 1 97.687

10 12 10 2 98.058

11 10 30 3 97.682

12 12 20 3 98.153

13 10 20 2 97.443

14 8 30 2 95.643

15 12 30 2 98.390

Table 3. Sequential model sum of squares
Source Mean square Sum of squares df F-value p-value

Total vs Mean 1453.65 1453.65 1

Mean vs Linear 0.0153 0.0460 3 50.06 < 0.0001 Suggested

Linear vs 2FI 0.0000 0.0001 3 0.0906 0.9632

2FI vs Quadratic 0.0003 0.0008 3 0.5217 0.6859
Quadratic vs 
Cubic 0.0005 0.0014 3 0.8610 0.5769 Aliased

Residual 0.0005 0.0011 2

Total 96.91 1453.70 15

Table 4. Lack of fit tests
Source Sum of squares df Mean Square F-value p-value

Linear 0.0023 9 0.0003 0.4691 0.8254 Suggested

2FI 0.0022 6 0.0004 0.6695 0.7024

Quadratic 0.0014 3 0.0005 0.8610 0.5769

Cubic 0.0000 0 Aliased

Pure Error 0.0011 2 0.0005
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Effect of time variation on mercury  
removal efficiency

Figure 3 illustrates that the efficiency of mercury 
removal increases with the length of electrocoagula-
tion time. According to Faraday’s law, which indi-
cates that more coagulant will produce the longer the 
processing time, the longer the electrocoagulation 
processing time, the better the reduction in pollution 
parameters. The reduction in pollutant parameters 

improves with the number of coagulants that devel-
op (Purwati and Erwin, 2018). More flocs are gener-
ated and better outcomes are obtained with extended 
contact times (Yudhistira et al., 2018). An increase 
in electrocoagulation time enhances removal ef-
ficiency, as prolonged operation allows more ions 
to be generated by the electrodes and promotes the 
gradual formation of small flocs that grow larger and 
eventually settle at the bottom of the reactor (Qasem 

Table 5. Summary statistics model
Source Standard deviation R² Adjusted R² Predicted R² PRESS

2FI 0.0202 0.9340 0.8845 0.7832 0.0107

Linear 0.0175 0.9318 0.9131 0.8859 0.0056 Suggested

Cubic 0.0233 0.9781 0.8464 * Aliased

Quadratic 0.0223 0.9497 0.8592 0.4973 0.0248

Table 6. Results of analysis of variety (ANOVA)
Source Sum of squares df Mean Square F-value p-value

Model 0.0460 3 0.0153 50.06 < 0.0001 significant

A-Tegangan 0.0408 1 0.0408 133.37 < 0.0001

B-Waktu 0.0050 1 0.0050 16.44 0.0019

C-Jarak 0.0001 1 0.0001 0.3649 0.5581

Residual 0.0034 11 0.0003

Lack of Fit 0.0023 9 0.0003 0.4691 0.8254 not significant

Pure Error 0.0011 2 0.0005

Cor Total 0.0493 14

Figure 2. An investigation concerning how voltage affects the effectiveness of mercury removal
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et al., 2021). Additionally, longer electrolysis times 
contribute to a greater reduction in mercury levels, 
as extended exposure leads to increased mercury re-
moval. However, prolonged electrocoagulation also 
results in a greater reduction in electrode mass due to 
the extended oxidation process at the anode, which 
accelerates anode dissolution.

Effect of distance variation on mercury 
removal efficiency

As shown in Figure 4, the mercury removal 
efficiency improved as the electrode distance 
increased. The electrolyte resistance is influ-
enced by the distance between the electrodes; 

Figure 3. The effect of time on mercury removal efficiency

Figure 4. The effect of electrode distance on mercury removal efficiency
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the more spaced apart the electrodes are, the 
higher the resistance, and hence the lower the 
current flow (Purwati and Erwin, 2018). A small 
current causes a short current, so the reaction 
that occurs is not optimal because the amount 
of Fe2+ becomes small, so the pollutant that is 
precipitated is also small. Removal of Hg oc-
curs when an increasing number of Fe3+ ions 
are produced at the anode and form Fe(OH)3 
flocs which act as coagulants. Then, metals and 
organic molecules in water can be bound by the 
Fe(OH)3 floc. The mechanism by which iron is 
removed during the electrocoagulation process 
is as follows Equations (7–9):

 Anode: Fe → Fe3+ + 3e (7)

 Cathode: 2H2O + 2e → 2OH- + H2 (8)

 Overall: Fe3+ + 3H2O → Fe(OH)3 + 3H + 3e (9)

Variations in distance and resistance also af-
fect the effectiveness of this electrocoagulation. 
A large distance will create a large obstacle re-
sulting in decreased electron transfer rates and 
the oxidation process of Fe2+ ions is not optimal 
(Fadhila and Purnama, 2022).

CONCLUSIONS

The effectiveness of mercury removal is sig-
nificantly impacted by voltage. The effective-
ness of mercury removal increases along with 
voltage. This is caused by the more coagulant 
formed to remove mercury and the production 
of larger bubbles will increase the efficiency of 
removal through flotation. The effectiveness 
of mercury removal is significantly impacted 
by time. The efficiency of mercury removal 
increases with the length of the electrocoagu-
lation process. This is because an increasing 
amount of coagulant is produced by the elec-
trodes so that small flocs are formed, which 
will enlarge and settle to the bottom over time. 
The effectiveness of mercury removal is sig-
nificantly impacted by distance. The efficiency 
of mercury removal decreases with increasing 
electrode spacing. This is due to the decrease in 
electrostatic power, which results in a decrease 
in the formation of flocs to remove mercury. In 
addition, the current will be smaller so that less 
coagulant will be formed.

REFERENCES

1. Andreoli, V., Sprovieri, F. (2017). Genetic aspects 
of susceptibility to mercury toxicity: An overview. 
Int J Environ Res Public Health, 14(1), 93. https://
doi.org/10.3390/ijerph14010093 

2. Assadi, A., Fazli, M.M., Emamjomeh, M.M., 
Ghasemi, M. (2016). Optimization of lead removal 
by electrocoagulation from aqueous solution using 
response surface methodology. Desalination Water 
Treat., 57, 9375–9382. https://doi.org/10.1080/194
43994.2015.1029529 

3. Al-Qodah, Z., Al-Shannag, M. (2017). Heavy metal 
ions removal from wastewater using electrocoagula-
tion processes: A comprehensive review. Separation 
Science and Technology, 52, 2649–2676. https://doi.
org/10.1080/01496395.2017.1373677 

4. Afifa, U.I., Hidayanti, A., Ismuyanto, B., Julianan-
da, J. (2021). Pengaruh tegangan elektrokoagulasi 
dan konsentrasi awal pewarna terhadap persentase 
penyisihan remazol red RB. Jurnal Rekayasa Bahan 
Alam dan Energi Berkelanjutan, 5(2), 1–9. https://
doi.org/10.21776/ub.rbaet.2021.005.02.01 

5. Bazrafshan, E., Mohammadi, L., Ansari-Moghad-
dam, A. et al. (2015). Heavy metals removal from 
aqueous environments by electrocoagulation 
process– a systematic review. J Environ Health 
Sci Engineer., 13, 74. https://doi.org/10.1186/
s40201-015-0233-8 

6. Ebba, M., Asaithambi, P., Alemayehu, E. (2022). 
Development of electrocoagulation process for 
wastewater treatment: optimization by response 
surface methodology. Heliyon, 8(5), e09383. https://
doi.org/10.1016/j.heliyon.2022.e09383 

7. Fadhila, A.N., Purnama, H. (2022). Pengaruh Jarak 
Elektroda dan Tegangan terhadap Efektivitas Pen-
golahan Air Lindi dengan Metode Elektrokoagulasi-
Adsorpsi Zeolit. Jurnal Teknik Kimia USU, 11(1), 
21–27. https://doi.org/10.32734/jtk.v11i1.8284 

8. Hasyyati, L., Hartati, E., Djaenudin, D. (2020). 
Penyisihan Krom pada Pengolahan Air Limbah 
Penyamakan Kulit Menggunakan Metode Elektro-
koagulasi. Serambi Engineering, 5(4), 1313–1320. 
https://doi.org/10.32672/jse.v5i4.2317 

9. Hur, J.M., Kim, S.H. (2000). Combined adsorption 
and chemical precipitation process for pretreat-
ment or post-treatment of landfill leachate. Korean 
J Chem Eng., 17, 433–437. https://doi.org/10.1007/
BF02706856 

10. Islam, S.M.D.U. (2019). Electrocoagulation (EC) 
technology for wastewater treatment and pollutants 
removal. Sustain. Water Resour Manag., 5, 359–
380. https://doi.org/10.1007/s40899-017-0152-1 

11. Jafari, J., Javid, A.B., Barzanouni, H., Younesi, A., 
Amir, N., Farahani, A., Mosazadeh, M., Soleimani, 



326

Journal of Ecological Engineering 2025, 26(8), 318–326

P. (2019). Performance of modified one-stage Phore-
dox reactor with hydraulic up-flow in biological re-
moval of phosphorus from municipal wastewater. 
Desalination Water Treat., 171, 216–222. https://
doi.org/10.5004/dwt.2019.24752 

12. Jovanović, T., Velinov, N., Petrović, M., Najdanović, 
S., Bojić, D., Radović, M., Bojić, A. (2021). Mecha-
nism of the electrocoagulation process and its ap-
plication for treatment of wastewater: a review. 
Advanced Technologies, 10, 63–72. https://doi.
org/10.5937/savteh2101063j 

13. Kasmuri, N., Tarmizi, N.A.A. (2018). The treatment 
of landfill leachate by electrocoagulation to reduce 
heavy metals and ammonia-nitrogen. International 
Journal of Engineering and Technology, 7(3), 109–
112. https://doi.org/10.14419/ijet.v7i3.11.15940 

14. Kobya, M., Can, O.T., Bayramoglu, M. (2003). 
Treatment of textile wastewaters by electrocoagu-
lation using iron and aluminum electrodes. Journal 
of Hazardous Materials, 100, 163–178. https://doi.
org/10.1016/S0304-3894(03)00102-X 

15. Khorram, A.G., Fallah, N. (2018). Treatment of tex-
tile dyeing factory wastewater by electrocoagulation 
with low sludge settling time: Optimization of oper-
ating parameters by RSM. J Environ Chem Eng., 6, 
635–642. https://doi.org/10.1016/j.jece.2017.12.054 

16. Lai, Y.-C., Chang, Y.-R., Chen, M.-L., Lo, Y.K., 
Lai, J.Y., Lee, D.J. (2016). Poly (vinyl alcohol) and 
alginate cross-linked matrix with immobilized Prus-
sian blue and ion exchange resin for cesium removal 
from waters. Bioresour Technol., 214, 192–198. 
https://doi.org/10.1016/j.biortech.2016.04.096 

17. Li, Z., Linares, R.V., Bucs, S., Fortunato, L., Hélix-
Nielsen, C., Vrouwenvelder, J.S., Ghaffour, N., Leiknes, 
T., Amy, G. (2017). Aquaporin based biomimetic mem-
brane in forward osmosis: Chemical cleaning resistance 
and practical operation. Desalination, 420, 208–215. 
https://doi.org/10.1016/j.desal.2017.07.015 

18. Masrullita, M., Hakim, L., Nurlaila, R., Azila, N. 
(2021). Pengaruh waktu dan kuat arus pada pengola-
han air payau menjadi air bersih dengan proses ele-
ktrokoagulasi. Jurnal Teknologi Kimia Unimal, 10, 
111–122. https://doi.org/10.29103/jtku.v10i1.4184 

19. Naje, A., Chelliapan, S., Zakaria, Z., Ajeel, M., 
Alaba, P. (2017). A review of electrocoagulation 
technology for the treatment of textile wastewater. 
Reviews in Chemical Engineering, 33(3), 263–292. 
https://doi.org/10.1515/revce-2016-0019 

20. Purwati, D., Erwin, A. (2018). Penggunaan elek-
troda besi (Fe), tembaga (Cu) dan stainless stell pada 
proses elektrokoagulasi limbah saus sambal untuk 
menurunkan parameter BOD dan TSS. Jurnal At-
omik, 3, 26–30.

21. Qasem, N.A.A., Mohammed, R.H., Lawal, 
D.U. (2021). Removal of heavy metal ions from 

wastewater: a comprehensive and critical review. 
npj Clean Water, 4, 36. https://doi.org/10.1038/
s41545-021-00127-0 

22. Rafati-Rahimzadeh, M., Rafati-Rahimzadeh, M., 
Kazemi, S., Moghadamnia, A.A. (2014). Cur-
rent approaches of the management of mercury 
poisoning: need of the hour. Daru Journal of 
Pharmaceutical Sciences, 22(1), 46. https://doi.
org/10.1186/2008-2231-22-46 

23. Shaker, O.A., Safwat, S.M., Matta, M.E. (2023). 
Nickel removal from wastewater using electroco-
agulation process with zinc electrodes under various 
operating conditions: performance investigation, 
mechanism exploration, and cost analysis. Envi-
ron Sci Pollut Res., 30, 26650–26662. https://doi.
org/10.1007/s11356-022-24101-6 

24. Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sut-
ton, D.J. (2012). Heavy metal toxicity and the envi-
ronment. Experientia Supplementum, 101, 133–164. 
https://doi.org/10.1007/978-3-7643-8340-4_6 

25. Taqwa, R.A., Syakdani, J.A. (2017). Treatment 
of landfill leachate by electrocoagulation us-
ing aluminum electrodes. MATEC Web of Con-
ferences, 101, 02010. https://doi.org/10.1051/
matecconf/201710102010 

26. Tegladza, I.D., Xu, Q., Xu, K., Lv, G., Lu, J. (2021). 
Electrocoagulation processes: A general review 
about role of electro-generated flocs in pollutant 
removal. Process Safety and Environmental Pro-
tection, 146, 169–189. https://doi.org/10.1016/j.
psep.2020.08.048 

27. Verma, V., Tewari, S., Rai, J. (2008). Ion exchange 
during heavy metal bio-sorption from aqueous so-
lution by dried biomass of macrophytes. Bioresour 
Technol., 99, 1932–1938. https://doi.org/10.1016/j.
biortech.2007.03.042 

28. Wang, C., Alpatova, A., McPhedran, K.N., El-Din, 
M.G. (2015). Coagulation/flocculation process with 
polyaluminum chloride for the remediation of oil 
sands process-affected water: Performance and 
mechanism study. Journal of Environmental Man-
agement, 160, 254-262. https://doi.org/10.1016/j.
jenvman.2015.06.025 

29. Xu, J., Wise, J.T.F., Wang, L., Schumann, K., Zhang, 
Z., Shi, X. (2017). Dual roles of oxidative stress in 
metal carcinogenesis. Journal of environmental pa-
thology, toxicology and oncology: official organ of the 
International Society for Environmental Toxicology 
and Cancer, 36(4), 345–376. https://doi.org/10.1615/
JEnvironPatholToxicolOncol.2017025229 

30. Yudhistira, Y.G., Susilaningsih, E., Widiarti, N. 
(2018). Efisiensi penurunan kadar logam berat (Cr 
dan Ni) dalam limbah elektroplating secara elektro-
koagulasi menggunakan elektroda aluminium. Indo 
J Chem Sci., 7(1), 28–34.


