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Abstract

Open-cast coal mining operations can produce water with high amounts of total suspended solids (TSS). We tested the use
of electrocoagulation for the removal of colloidal clay from mine water. Monopolar batch electrocoagulation was performed
at the laboratory scale using Al and Fe electrodes and varying the DC current (0.5, 1, and 2 A) and contact time (15, 30,
and 45 min). Aluminum electrode electrocoagulation with a current of 2 A and a contact time of 15 min had the greatest
TSS removal efficiency (99%), with concentrations decreasing from 5,400 to 23 mg/L. The greatest removal (98 and 99%,
respectively) was obtained using an Al electrode with an electric current of 0.5 and 1 A, with 30 min of contact time. With
an Fe electrode, the greatest efficiency was achieved with a current of 2 A and a contact time of 30 min. The TSS removal
efficiency reached 98% while the concentration dropped to 66 mg/L, followed by 89% and 95% for the 0.5 A-45 min and 1

A-15 min variations, respectively.

Keywords Active treatment - Coagulant - Electrode - Sedimentation

Introduction

In addition to acid mine drainage, coal mines have the
potential to produce mine water with high levels of total
suspended solids (TSS) (Du et al. 2021; Wang et al. 2021)
due to the presence of clay minerals in the overburden. Col-
loidal clay does not effectively settle (Bergaya et al. 2006;
Mohapatra and Kirpalani 2017), which poses a challenge
in treating mine water to meet environmental quality dis-
charge standards. Conventional active treatment methods
based on chemical processes have been widely developed
and used in mining operations (Kleinmann et al. 2022;
Trumm 2010; Younger et al. 2002). For mine water with a
high TSS, chemical coagulants are used to form flocs, where
bonded particles with more mass settle via gravity. With
large volumes of mine water, not only are there technical
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challenges associated with the coagulation method, but
the use of chemicals also increases the operational cost of
water treatment. Effective and efficient treatment methods
have been developed to find and replace these conventional
technologies with alternative approaches, such as electro-
coagulation, that can effectively and efficiently treat mine
water with high TSS concentrations (Dang and Dang 2018;
Mollah et al. 2004).

Vik et al. (1984) reported that electrocoagulation was
first developed and introduced in England in 1889 to treat
domestic wastewater. In 1906, Dietrich patented the princi-
ple of electrocoagulation technology for the first time (U.S.
Patent 823671) to treat water on ships (Karhu et al. 2012;
Rodriguez et al. 2007). Many researchers continue to par-
ticipate in the development of this technology. In the United
States, Harries (1909) developed electrocoagulation to treat
wastewater using two electrodes: aluminum (Al) and iron
(Fe) (Boinpally et al. 2023; Mao et al. 2023). Electrocoagu-
lation was successfully developed by Matteson et al. (1995)
to remove ultrafine particles using Al electrodes. In the elec-
trocoagulation process, the Al electrode causes Al decay at
the anode and produces hydroxy ions at the cathode, which
react to form aluminum hydroxides. The metal hydroxides
function as coagulants (Arnita et al. 2017). Electrodes used
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in electrocoagulation can be composed of the same or differ-
ent materials (Emamjomeh and Muttucumaru 2009) and can
be monopolar or bipolar (Chen 2004). The electrode materi-
als most commonly used in the electrocoagulation process
are iron, aluminum, and titanium (Mollah et al. 2004). Other
methods similar to electrocoagulation are known by various
names, such as electroflotation, electrooxidation, and elec-
trodecantation (Sillanpaa and Shestakova 2017).

Electrocoagulation can efficiently remove contaminants,
producing a colorless, and odorless effluent, with less sludge
production than chemical treatment, and the sludge is stable
and easily removed (Nur and Effendi 2014). Electrocoagula-
tion has been used with various types of wastewater, such
as palm oil industry wastewater with a 90% TSS and 91%
chemical oxygen demand (COD) removal efficiency (Amri
et al. 2023); paper industry wastewater with 68% COD and
94% color removal (Kumar and Sharma 2022); furniture
industry wastewater with 92% COD and 99% TSS removal
(Vicente et al. 2023); and textile industry wastewater with
the removal of 42% of the TOC, 18% of the COD, 83% of the
turbidity, 65% of the TSS, and 90-95% of the color (Bener
et al. 2019). In the coal mining industry, electrocoagulation
has been shown to reduce metal concentrations from 740
to 0.001 mg/L for 40 min at a current density of 500 A/m>
(Oncel et al. 2013); the removal of metals (Fe (99%) > Zn
(99%) >Mn (99%) > Cu (99%) > Ni (98%) > Cd (96%) > Cr
(88%)) (Stylianou et al. 2022); and decreasing sulfate by
54% from 1000 to 460 mg/L (Mamelkina 2017). Solar-
powered electrocoagulation has been shown to remove up
to 87% of the turbidity (Sharma et al. 2011) and 98% of the
chromium in leachate water from landfills (Zaroun and Yari
2019). This approach could increase the opportunity for the
use of electrocoagulation in the mining industry, especially
in Indonesia, where mines are commonly located in remote
areas.

This study focused on removing colloidal clay from
mine water. Electrocoagulation could be an alternative

Fig. 1 Sampling sites with high
colloidal clay in East Kaliman-
tan coal mine, Indonesia

treatment technology to address the challenges of treating
large volumes of mine water while avoiding the massive
use of chemicals in mining areas. The potential use of
solar panels is expected to result in low operational costs.

Materials and Methodology
Mine Water Samples

The Sambarata mine site is an active mine owned and
operated by PT Berau Coal. The mine, located in the Berau
Regency, East Kalimantan, Indonesia has issues with mine
water containing high colloidal clay. Rock overburden
samples from different lithologies were tested and ana-
lyzed using X-ray diffraction (XRD) and X-ray fluores-
cence (XRF) to determine their mineral compositions. A
100 L sample of mine water was obtained from the Sam-
barata mine site. Grab sampling was conducted with jerry
cans at the inlet of the sediment pond that received run-off
water from the mining area. The jerry cans were made of
polyethylene and had been cleaned in the laboratory before
being taken to the field. Water sampling methods followed
the Indonesian National Standard (SNI) 6989.57:2008
Water and Wastewater: Surface Water Sampling Methods.

The mine water samples were dark brown in color
(Fig. 1). The characterization of mine water samples,
particularly the total metal content, was conducted using
inductively coupled plasma mass spectrometry (ICP-MS).
Details of the methods used to analyze the mine water
characteristics are listed in Table 1. Rock samples from
the overburden were obtained and tested for their min-
eralogy using XRD and XRF at the Hydrogeology and
Hydrogeochemistry Laboratory at the Bandung Institute
of Technology.
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Table 1 Measurement methods

Z
o

Parameter

Analytical procedure Standard method

pH
Conductivity
Temperature
TDS

TSS

Sulfate

Fe (total)

Mn (total)

Al (total)

43 Other metals

O 0 N O A W=

—_
=

SNI 6989.11:2019
SNI 6989.1:2019

pH meter
Conductivity meter

Thermometer SNI 6989.23:2005
TDS meter SNI 6989.3:2019

Gravimetric Method SNI 6989.3:2019

Turbidimetry SNI 6989.20:2019
Atomic Absorption Spectroscopy (AAS) SNI 6989.84:2019
Atomic Absorption Spectroscopy (AAS) SNI 6989.84:2019
Atomic Absorption Spectroscopy (AAS) SNI 6989.34:2009

Inductively Coupled Plasma Mass Spectrometry APHA 3125
(ICP-MS)

Electro-coagulation Reactor Design

Laboratory experiments were conducted using an elec-
trocoagulation reactor composed of 5 mm thick acrylic,
with a length, width, and height of 14, 10.5, and 20 cm,
respectively, and a total capacity of 3 L (Fig. 2). The mine
water sample used in the experiment was 1000 mL with
two types of electrodes: Al and Fe. Eight monopolar elec-
trodes (four anodes and four cathodes) with a plate thick-
ness of 0.2 cm, a length of 16 cm, and a width of 8 cm
were installed. The total depth of the water in the reactor
was 7.5 cm, resulting in a total anode wet surface area of
0.024 m?. The electrodes were mounted using a distance
of 1.5 cm between the plates. All the electrodes were con-
nected to an electric current from a DC current source
(MDB 0-60 V and 0-20 A). The current and voltage
measurements were performed using a MASDA DT830B
multimeter.

DC Power Supply

| MDB 0CPOWERSUPPLY 60v/20A

Treatment Procedure

As much as 1 L of mine water with colloidal clay content
was put into the reactor. Three current variations (0.5, 1, and
2 A) and three contact time variations (15, 30, and 45 min)
were tested. After the contact time, the DC power supply
was turned off, and the mine water was allowed to settle.
The sedimentation process to separate the solid particles in
water was carried out for 60 min in all experiments. Then
the supernatant (the clear liquid over the sediment) was sam-
pled at 3 cm from the water surface (halfway between the
water surface and the bottom of the reactor) to analyze its
characteristics.

The electrocoagulation process (Fig. 3) was carried out
nine times in duplicate for a total of 18 experiments. Electro-
coagulation was conducted in the laboratory with an average
room temperature of 25 °C. Water quality parameters were
tested after treatment using the Standard National Indonesia
(SNI) procedure.

e

MO 60200

——>  Sampling Point

Fig.2 Design and schematic of the electrocoagulation reactor (batch)
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DC Power Supply

(a)

Fig.3 The steps of batch electrocoagulation experiments: a mine
water is filled as much as one liter into the reactor, b electrodes in
the reactor are electrified with direct current (DC), ¢ mine water is

Results and Discussion
Characteristics of the Mine Water Samples

The water samples from the Sambarata mine site contained
high amounts of colloidal clay with TSS concentrations of
5400 mg/L. Mineralogical tests on the two overburden sam-
ples showed clay minerals, including the vermiculite and
illite mineral groups. Vermiculite does not form through
crystallization from solution, but through alteration or selec-
tive replacement of ions in the clay structure without damag-
ing the structure. Vermiculite and montmorillonite contain
highly hydrated exchangeable cations, mainly Ca and Mg, in
the interlayer (Abollino et al. 2008; Dos Anjos et al. 2014),
with a large surface area per unit mass and fine particle size.

Another group of clay minerals detected in the mineral-
ogical tests was illite, also known as “clay micas,” which
have the general formula of KyAl,(Si8-y, Aly)O,,(OH),.
This mineral has a layered structure and is a swelling and
dispersible clay (Hamza et al. 2023). However, illite swells
less than montmorillonite due to its different charge densities
and interlayer cation types (Chen et al. 2020). Montmoril-
lonite can host a range of different interlayer cations includ-
ing Ca’*, Na*, Mg?*, K*, and Sr**, whereas illite only has
K* (Kahr and Madsen 1995; Marsh et al. 2018). Therefore,
illite can have markedly less cation exchange capacity than
montmorillonite. In soils influenced by high rainfall, illite
minerals transform into montmorillonite, whereas, under the
influence of temperate or high-temperature climates, illite
structures can transform into kaolinite structures. The full
results of the mineralogical characterization are presented
in Tables 2 and 3.

Clay minerals have the potential to interact with metal
cations often contained in wastewater, including adsorp-
tion by ion exchange, precipitation as hydroxides or oxide

—>  Sampling Point

allowed to settle for 60 min, d mine water is sampled at the midpoint
of the reactor, and e the reactor is ready to be reused for other varia-
tions

hydrates on clay surfaces, and adsorption as complex
species (Lagaly 2006; Wegrzyn et al. 2022). Thus, col-
loidal particles can also interact with metals and carry
them over long distances (Cao et al. 2022; Chen et al.
2018). Table 4 presents the characteristics of the mine
water samples sourced from overburdened areas contain-
ing clay minerals. The mine water had a TSS concentration
of 5,400 mg/L. Several metals were present at relatively
high concentrations, including total iron Fe (52 mg/L),
total Al (26.63 mg/L), Na (127.9 mg/L), K (11.9 mg/L),
Ca (7.4 mg/L), and Mg (4.6 mg/L). The metal content in
the mine water is consistent with the characteristics of the
rock samples obtained from the XRF test results.

The Effect of pH

The pH of the solution contributes to the solubility of
metal hydroxides, which can affect the electrocoagulation
efficiency. Changes in the pH (Fig. 4) occurred through-
out the electrocoagulation experiment. The experimen-
tal results show that mine water treated using Al and Fe
electrodes experienced an increase in pH, as mentioned
by Mouedhen et al. (2008). The Fe electrodes produced a
higher pH (10-11) than the Al electrodes (a pH of 9-11).
The increase in pH is due to the accumulation of hydroxide
ions (OH") during electrocoagulation (Ni’am et al. 2007,
Syaichurrozi et al. 2020). The pH increased with greater
current and contact times. Additionally, dissolved carbon-
ate changes the pH because CO, forms during electrocoag-
ulation when H, microbubbles form at the cathode (Weiss
et al. 2021). In this study, an increase in the pH > 9 had
the potential to exceed the environmental quality discharge
standards (pH values of 6-9).
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Table 2 X-ray diffraction (XRD) test results

Phase name Formula Figure of merit Content (%) Mineral TYPE
Sample #1
Quartz SiO, 0.95 49(17) Main (Felsic)
Vermiculite (Mg, 36 Fe,g Al Al; ¢ Siy 55) Oy (OH), (H,0)¢ Mg 1.2 0.83(13) Clay
Muscovite KAIL;Si;0,4(OH), 1.6 37(5) Main (Felsic)
Titanomagnetite Fe,TiO, 1.5 2.2(14) Magnetic
Pyroxene CaMgSi,0¢ 1.8 0.8(7) Main (Mafic)
Albite Na(AlSi;Og) 1.5 1.8(6) Na-Plagioclase
Posnjakite Cu,(SO,)(OH)¢ (H,0) 1.2 8.1(10) Sulfide
Sample #2
Augite (Cag g Mgyg, Fe g3 Fe ggs Aljs; Alygg Si 751) Og 1.4 2.5(8) Main (Mafic)
Hollandite K, 54 Ti; 53 Mgy 77 Oy 1.7 17(9) Oxides
Todorokite NaMnO,, 3H,0 1.4 6.6(7) Manganese (metals)
Vermiculite Mg; 4,51, g6 Al 14 09 (OH), (H2 0)3.72 1.4 0.54(7) Clay
Quartz Sio, 0.33 66(5) Main (Felsic)
Illite-2M#2 KAl (Si;Al)O,,(OH) 1.1 1.4(6) Clay (Main-Ilit)
Muscovite 2M1—from Effing- KAI,(AlSi;0,,)(OH), 1.5 3.5(8) Main (Felsic)
ham township, Ontario,
Canada
Microcline KAISi;0q4 1.7 0.15(14) Alkali Feldspar (Felsic)
Pyroxene Mg,Si,O4 1.8 1.3(5) Main (Mafic)
Table 3 X-ray fluorescence Sample #1 Sample #2
(XRF) test results
No Component Result mass % Intensity No Component Result mass % Intensity
1 Na 0.098 0.015 1 Na 0.015 0.0084
2 Mg 0.63 0.25 2 Mg 0.48 0.19
3 Al 17 27 3 Al 18 30
4 Si 61 57 4 Si 64 57
5 P 0.061 0.033 5 P 0.033 0.017
6 Si 1 1 6 S 0.95 0.90
7 Cl 0.023 0.035 7 Cl 0.017 0.024
8 K 5.5 3.8 8 K 5.8 3.7
9 Ca 0.95 0.97 9 Ca 0.32 0.30
10 Ti 1.8 0.55 10 Ti 2.3 0.64
11 Mn 0.12 0.12 11 Mn 0.083 0.083
12 Fe 10.9 18 12 Fe 7.5 12
13 Ni 0.038 0.093 13 Zn 0.060 0.25
14 Cu 0.030 0.091 14 Rb 0.053 0.61
15 Zn 0.039 0.16 15 Sr 0.024 0.31
16 Rb 0.052 0.57 16 Zr 0.096 1.7
17 Sr 0.047 0.58
18 Y 0.0052 0.38
19 Zr 0.084 1.5

The Effect of Total Dissolved Solids (TDS)

The raw mine water sample had a total dissolved solids
(TDS) concentration of 320 mg/L. The TDS in wastewater

@ Springer

can result from dissolved organic matter and inorganic salts,

including sodium, potassium, calcium, magnesium, chloride,

bicarbonate, and sulfate (Chen et al. 2021). APHA (2017)
defines TDS as the constituents of total solids in a water
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Table 4 Characteristics of the

; No Parameters Unit Value No parameters Unit Value
raw mine water

1 pH - 8 28 Se mg/L 0.0059

2 Conductivity uS/cm 540 29 Rb mg/L 0.0050

3 Temperature °C 26 30 Sr mg/L 0.088

4 TDS mg/L 320 31 Y mg/L 0.0012

5 TSS mg/L 5,400 32 Mo (97) mg/L 0.0016

6 Sulfate mg/L 49 33 Mo (98) mg/L 0.0016

7 Fe (total) mg/L 52 34 Ag mg/L <0.0000001

8 Mn (total) mg/L 0.33 35 Cd mg/L <0.0000001

9 Al (total) mg/L 27 36 Cd mg/L <0.0000001

10 Fe (dissolved) mg/L 1.3 37 Te mg/L 0.000041

11 Mn (dissolved) mg/L 0.0039 38 Ba mg/L 0.030

12 Al (dissolved) mg/L 0.31 39 La mg/L 0.0019

13 Li mg/L <0.0000001 40 Ce mg/L 0.0043

14 Be mg/L 0.00046 41 Pr mg/L 0.00065

15 B mg/L 0.051 42 Nd mg/L 0.0025

16 Na mg/L 130 43 Sm mg/L 0.00037

17 Mg mg/L 4.6 44 Eu mg/L 0.00011

18 K mg/L 12 45 Gd mg/L 0.00037

19 Ca mg/L 7.4 46 Dy mg/L 0.00030

20 \% mg/L 0.0027 47 Ho mg/L 0.000059

21 Cr mg/L 0.0015 48 Er mg/L 0.00012

22 Co mg/L 0.00041 49 Tm mg/L 0.000017

23 Ni mg/L 0.0027 50 Yb mg/L 0.00011

24 Cu mg/L 0.011 51 TI mg/L <0.0000001

25 Zn mg/L 0.0071 52 Pb (206) mg/L 0.00027

26 Ga mg/L 0.00033 53 Pb (207) mg/L 0.000022

27 As mg/L 0.0041 54 Pb (208) mg/L 0.000078
55 U mg/L 0.00047

14

e 3 13 7
i g ° /
= g 6 %
e T 4 %
5 %
. )

15 30 45

Contact Time (min) Contact Time (min)
BH0.5 Ampere M1 Ampere B2 Ampere B0.5 Ampere M1 Ampere B2 Ampere
(a) (b)

Fig.4 Effect of current on pH changes: a aluminum electrodes and b iron electrodes

sample that pass through a nominal pore size of 2.0 pm or  and contact time (Fig. 5). The electrocoagulation process
less under specified conditions. using Fe electrodes caused a greater increase in the TDS

The TDS concentration changed with both the Al and  concentration than the Al electrodes. At a current variation
Fe electrodes, increasing with the magnitude of current of 2 A and a contact time of 30 min, the TDS value for
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Fig.5 Measured TDS (mg/L) after a 60-min settling time: a aluminum electrodes and b iron electrodes

the Al electrode reached 332 mg/L while that for the Fe
electrode was 447 mg/L. The AI** and Fe?* ions generated
from the electrodes acted as charge neutralization agents for
the negative ions in the pollutant particles. The presence of
these ions decreased the electrical double layer, thus allow-
ing coagulation. This can be attributed to the high concen-
tration of sodium (Na) relative to other cations in the raw
samples. The introduction of AI** and Fe?* can exchange
Na and decrease the electrical double layer. However, most
of the AI’" and Fe?* can be lost as insoluble hydroxides at
neutral and alkaline pH, thereby limiting the availability of
cations for ion exchange. Therefore, sweep flocculation and
hetero-coagulation are considered the primary factors that
control coagulation in this system (Duan and Gregory 2003;
Ghernaout and Ghernaout 2012). The release of AI** and
Fe?* ions from the electrode plate (anode) formed AI(OH);
and Fe(OH), flocs, which could bind to contaminants and
particles in the wastewater (Harahap et al. 2024). The main
reactions occurring on the Fe electrodes were as follows:

. 2+ -
Anode : Fe, — Fe ) + 2¢

2 -
Fe(:q) + ZOH(aq) — Fe(OH)y,

Cathode : 2H,0(, +2°7 — Hyg, + 20H

Overall : Fei, + 2H,0() — Fe(OH),) + Hy,

The reaction that occurred on the Al electrodes was as
follows:

Anode : Al — Al?;rq) + 3%
Cathode : 3H,0(, + 3“7 — 3/2 Hyg, + 30H,,

Overall : AI> + 3H,0) — Al(OH)y, + 3H,

Additionally, the formation of metal hydroxide precip-
itates used in the sweep coagulation process also plays a

@ Springer

role in increasing the TDS levels in wastewater. At higher
current densities and contact times, there was an increase
in ions with different charges on the dissolved particles in
wastewater, which resulted in the formation of flocs that then
agglomerated into larger flocs (Nur and Effendi 2014).

The Effect of Temperature

The increase in temperature was directly proportional to the
contact time and current during the experiment using the Al
and Fe electrodes (Fig. 6). With a current variation of 2 A
and a contact time of 30 min, the Al electrode produced a
higher temperature than the Fe electrode. The temperature
at the Al electrode reached 49.5 °C and the Fe electrode was
31.5 °C. Increased temperatures promote the formation of
metal hydroxides and lead to greater particle collisions and
mobility (El-Ashtoukhy et al. 2009). The formation of metal
hydroxides during the electrocoagulation process triggers
the release of heat, which increases the reaction rate (Holt
2002). The temperature changed linearly with the contact
time, current, and electrolyte concentration. Additionally,
higher temperatures allow for the formation of larger hydro-
gen bubbles, which can increase flotation speed (Koren and
Syversen 1995). The increase in temperature during the elec-
trocoagulation process was due to the release of AI’** and
Fe?* ions. The greater the current and time applied to the
system, the greater the collision between particles due to the
release of metal hydroxides in the system.

Total Suspended Solids and Metal Concentrations

The changes in the TSS concentrations during the electro-
coagulation process are shown in Fig. 7. The experimen-
tal results show that in the smallest variable scenario, i.e.
a current of 0.5 A and a contact time of 15 min, the TSS
concentration was still relatively high with the Al elec-
trode (341 mg/L) and 2113 mg/L for the Fe electrode. This
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Fig.6 Average measured temperature after treatment time [Aft] and after a 60-min settling time [Afs]: a aluminum electrodes and b iron elec-
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Fig.7 Measured TSS (mg/L) after a 60 min settling time: a aluminum electrodes and b iron electrodes

occurred owing to the formation of metal hydroxides, which
function as coagulants; this was not sufficient to bind solid
particles in the mine water. The 2 A current and contact
time of 15 min at the Al electrode achieved the highest TSS
removal of 99% from an initial concentration of 5400 to
23 mg/L. The Fe electrodes yielded different results, achiev-
ing the greatest efficiency at 2 A and a contact time of
30 min with a TSS removal of 98% from the initial concen-
tration of 5400 to 66 mg/L. The solubility of metal hydrox-
ide precipitates is an important factor in TSS removal and is
largely determined by pH. At lower pH values from (3.3 to
10), the solubility of metal hydroxide precipitates produces
positive charges, AI**; Al(OH); ) was the dominant Al spe-
cies. At pH values > 10, negatively charged AI(OH)* forms
(Linares-Hernandez et al. 2009). This is consistent with

Hudori (2008), who found that the best level of pollutant
removal in electrocoagulation using Al electrodes occurred
in the pH range of 4-10 due to the formation of a coagulant
(AL(OH)).

The TSS concentration also has the potential to increase
due to excessive bubble production at the cathode. Theoreti-
cally, bubbles in the electrolyte solution of a sample have
a stirring function owing to the upward momentum. With
enough bubbles, there may be an increase in the contact
between the coagulant and solid particles. However, exces-
sive bubbling can cause poor floc formation, preventing
particles from agglomerating. Operation at small currents
produces relatively few bubbles, causing slow stirring and
incorrect flocculation. If the current density increases, the
production of bubbles increases and the upward momentum
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movement accelerates, which increases the mixing. The
shear force from excessive mixing can damage and break
up the flocs, reducing the effectiveness of pollutant removal.

The dissolution of the Al electrode initially produced
monomer cations, such as AI’*, which changed into AI(OH),
at appropriate pH values and eventually polymerized into
Al complexes (Al,(OH);,). Aluminum complexes, such as
Al(OH)**, AL,(OH),**, and AI(OH),", can form depending
on the pH of the solution (Mollah et al. 2001). In this study,
the results showed that variations using Al electrodes pro-
duced pH values of up to 10.9. At this pH, the dominant
Al complex was soluble AI(OH)*". This is consistent with
the results in Table 5, which indicate that the dissolved Al

Table 5 Dissolved metal concentrations of the effluent at the alu-
minum and iron electrodes (greatest efficiency variation) using ICP-
MS

concentration in the effluent water increased with the vari-
ation in the Al electrodes. Although the experiments with
Fe electrodes produced a greater pH than the Al electrodes
(up to 11), highly insoluble compounds (Fe(OH), ) form
predominantly at pH values > 7.5 (Linares-Hernandez et al.
2009). Therefore, Table 5 indicates that the dissolved Fe
in the solution tended to show a small concentration varia-
tion using Fe electrodes. Metal removal is also possible due
to the presence of a gelatinous suspension (Al(OH); and
Fe(OH),) via adsorption, which produces charge neutraliza-
tion and enmeshment in the precipitate (Mollah et al. 2001).

The final level of total suspended solids (TSS) in this
experiment, with the greatest variation of removal, was
22.84 mg/L. These results meet the applicable quality stand-
ards set by the government (Table 6): the TSS, Fe, and man-
ganese values were appropriate, but the pH value exceeded
the standard. Therefore, further study is needed, focusing
on the pH value.

No Elements Unit Raw mine Aluminum Iron electrodes
water electrodes (2 A and The Effect of Electrode Material: Al vs Fe
(2 A and 30 min)
15 min)
The type of electrode used in electrocoagulation has a major
I Be mg/L 0.00046 0.00081 0 effect on the amount and type of metal ions contained in the
2 B mg/L. 0.049 0.072 0.38 solution, coagulant efficiency, and cost (Ebba et al. 2021;
3 Na mg/L 130 140 141 Moneer et al. 2023; Sadik 2019; Tiaiba et al. 2017). The
4 Mg mg/L. 4.6 0.014 0.33 electrode type affects the voltage generated during the elec-
> Al mg/L. 0.31 8.1 0.47 trocoagulation process according to the reactivity series of
6 K mg/L 12 13 9.2 the metals. In Fig. 8, the more that the metal is to the left
7 G mg/l. 7.4 0.18 Il of its position in the reactivity series of metals, the more
8 Vv mg/L 0.0027 0.0023 0.00096 reactive the metal is, or the easier it is to release electrons
o G mg/L. 0.0015 0 0.019 (i.e. a strong reductant) and is easily oxidized. Meanwhile,
10 Mn mg/L. 0.0039 0 0.013 the more to the right, the less reactive the metal or the more
I Fe mg/l. 1.3 0.022 0.64 difficult it is to release electrons and the stronger the oxi-
12 Co mg/L.0.00041 0.00006  0.0014 dizer (i.e. more easily reduced; Dogra and Dogra 1990). Iron
13 Ni mg/L 0.0027 R 0.055 metal is located to the right of Al metal, such that the Fe
14 Cu mg/L 0.011 000092 0.0034 electrode is less reactive; therefore, the metal ions produced
15 Zn mg/L. 0.0071 0.0041 0.018 are less reactive than the Al electrode.
16 Ga mg/L. 0.00033 0.0087 0.00031 After 18 experiments, changes in the shapes of the Al and
17 As mg/l. 0.0041 0.0052 0.00041 Fe electrodes were observed (Fig. S-1). The surface of the
Table 6 Compa:rison of batch No Parameter Unit Aluminum Iron electrodes Discharge
e!ectrocoagulapon results and electrodes (2 A and 30 min) require-
discharge requirements (2 A and ments
15 min)

1 TSS mg/L 23 66 300*

2 Dissolved iron (Fe) mg/L 0.02 0.64 0.3

3 Dissolved manganese (Mn) mg/L 0 0.013 0.4°

4 pH mg/L 9.9 11 6.0-9.0°

*East Kalimantan Provincial Regulation No 02 of 2011 Water Quality Management and Water Pollution

Control

®Government Regulation of the Republic of Indonesia No 22 of 2021 Implementation of Environmental
Protection and Management (Appendix VI)
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Less reactive (E° more +)
The cation is a strong oxidizer

Metals are increasingly reactive (E° more -)

Metals are increasingly stronger reductants

Fig. 8 Reactivity series of metals

anode exhibited small holes due to corrosion. The anode,
often referred to as the “sacrificial electrode,” experienced
corrosion with the removal of the coagulant agent into the
solution. The greater the current, the faster the corrosion of
the anode plate, due to the faster ion release rate. This state-
ment supports one of the drawbacks of electrocoagulation
technology: the anode must be replaced periodically (Mollah
et al. 2004). No corrosion pits were detected on the cathode
plates. This is because the cathode is inert. However, on the
cathode plate, white spots indicated the release of hydrogen
ions in that section (Nur and Effendi 2014). Related to this,
Syafila et al. (2023) discussed electrode selection using a
statistical approach.

The Effect of Current and Contact Time

In this study, Fe and Al electrodes were used at a distance
of 1.5 cm. The smaller the distance between the electrodes,
the less voltage was required. The Fe and Al electrodes
produced different voltages at the same current and contact
time. At the same current strength of 2 A with a contact time
of 30 min, the Al electrode produced a voltage of 46 V, while
the Fe electrode produced 11 V (Fig. S-2).

The amount of current and contact time determined coag-
ulant production. An optimal combination was required to
achieve the highest TSS removal rate. Current density deter-
mines the coagulant dosage, floc production rate, and size of
the bubbles released from the electrode process (Hidayanti
et al. 2021). Current and time variations that are smaller
than the optimal conditions cannot remove TSS owing to
the lack of coagulant produced, whereas larger and exces-
sively fast currents and times can break the flocs that have
been formed due to too much hydrogen bubble production,
reducing the effectiveness of pollutant removal (Setyawati

et al. 2021). An increase in the voltage causes an increase in
the electric current, increasing the temperature, which can
in turn increase the solubility of AI(OH); precipitates and
the formation of unstable flocs. This decreases the electro-
coagulation efficiency.

Weight Loss of Electrode and Sludge Generation

During the electrocoagulation process, several phenomena
occur, including coagulant formation from anode oxida-
tion, destabilization of contaminant particles, and particle
aggregation for floc formation (Lakshmanan et al. 2009).
The formation of larger flocs allowed solid particles to set-
tle by gravity (Figs. S-3 and S-4) during the sedimentation
process (Fig. S-3, f) and during the electrocoagulation pro-
cess (Fig. S-3, e). Figure S-4 shows the electrocoagulation
experiment with the Al electrode, 30 min contact time, and 2
A current, which was characterized by floc deposition 2 cm
above the bottom of the reactor, whereas the floc thickness
at the iron electrode was only 1 cm above the bottom of the
reactor. The amount of coagulant agent formed affected the
number of flocs formed and deposited at the bottom of the
reactor. Larger currents and longer contact times tended to
increase floc formation at the bottom of the reactor. This
is because the production of AI** and Fe?* ions from the
electrode was sufficient to form the core of the floc. The
flocs bound together to form larger flocs. In the coagulation-
flocculation process, flocs with heavier masses form when
coagulant chemicals or polymers are added. In the electroco-
agulation process, the amount of Al and Fe dissolved in the
electrode is proportional to the amount of current and con-
tact time given to the system, in accordance with Faraday's
Law 1 (Ciobanu et al. 2007). Thus, the greater the applied
current and the longer the contact time, the more AI** and
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Fe?* ions are released from the anode and bind strongly to
OH". The particles are destabilized and form flocs rapidly
and in large quantities.

The flocs formed in the electrocoagulation process not
only settled at the bottom of the reactor but also floated on
the surface of the water. This occurred due to the forma-
tion of gas bubbles during the electrolysis process (Fig. 9),
which pushed the particles to the surface (flotation). The
bubbles were H, gas that formed at the cathode. The greater
the current applied to the system, the faster the occurrence
of hydrogen bubble production (Attour et al. 2014). The H,
gas bubbles were small and varied in size from 15 to 80 um
and served to move pollutant particles to the liquid surface
(Murugananthan et al. 2004). Electrolyte bubbles cause
mixing in the solution through an upward momentum flux,
thus increasing the effectiveness of the contact between the
coagulant particles and pollutants (Holt 2002).

Conclusions

This study on electrocoagulation technology was conducted
to remove colloidal clay from mine water with a relatively
high TSS. The results showed that electrocoagulation using
Al electrodes with a current of 2 A and contact time of
15 min had the greatest TSS removal efficiency (99%). For
the Fe electrodes, the greatest TSS removal was achieved at
a current of 2 A and contact time of 30 min, with a removal
efficiency of 98%. The electrode type, current, and contact
time are important factors in the effectiveness of colloidal
clay removal. The Al electrodes performed better in remov-
ing the TSS than the Fe electrodes. In theory, the effective-
ness of the Al electrodes can also be observed from the
reactivity series of metals, which illustrates that Al is more

Fig.9 Bubbles that cause flotation at the aluminum electrodes
(t=15min, I=2 A)

@ Springer

reactive than Fe. The potential use of electrocoagulation
technology for the removal of colloidal clay from mine water
at a field scale exists, but several design criteria issues must
be resolved, including cell geometry, reactor design, and cost
analysis. Therefore, further research is necessary to identify
the optimum design that can meet the challenges of scaling
up in the field, including the use of continuous reactors and
solar power in remote mining areas.
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