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Abstract: This study uses electrocoagulation to investigate reducing heavy metal content
in wastewater from discharging spent batteries. ICP-OES analysis shows that heavy

metals exceed the environmental water standard. The electrocoagulation procedure was
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conducted within a reactor with a 500 mL volume and a rectifier with a 5 A current
capacity. Three types of electrode material combinations were used: iron (Fe) and
aluminium (Al) as well as Fe-Fe, Al-Al, and Fe-Al pairs with 1 cm in the distance by

parallel monopolar cells. Alternating current was used with 30, 40, and 50 A/m? current
density. The best result shown in the Fe-Al electrode pair combination system at 40 A/m’
for 30 min contact time and removal efficiencies for Co, Cd, Ni, Zn, and As is 98.76, 90.73,
99.32, 97.93, and 97.78%, respectively, while for Hg it is 31.84%, even though only Cd is
above the standard limit. The heavy metal bearing was confirmed using SEM-EDS in the

floc and the precipitate residue. The dissolved electrode materials and electrical energy

consumed are 0.32g and 0.109 kWh/m’, respectively. This method can be a good

alternative for treating wastewater compared to direct current electrocoagulation, where
the electrode and energy will be less consumed.

Keywords: alternating current; electrocoagulation; heavy metal; spent-batteries

recycling; wastewater

m INTRODUCTION

The market for batteries on a global scale is
experiencing growth, primarily due to the urgent need to
mitigate climate change by transitioning towards battery-
powered automobiles and adopting renewable energy
sources. The level of lithium-ion (Li-ion) battery
consumption in the automotive industry witnessed a
significant surge in 2022, experiencing a growth rate of
almost 65% to reach a total of 550 gigawatt hours (GWh).

This notable increase can be mainly attributed in
response to the increasing sales of electric passenger
automobiles, which had a substantial spike of 55% in
new registrations during the same period compared to
the previous year, 2021 [1]. In Indonesia, the Indonesia
Battery Corporation (IBC) is targeting battery
production capacity to reach 140 GWh by 2030 [2].
Lithium batteries come in several various types, such as
lithium manganese oxide (LiMn,Os, LMO/spinel),
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lithium iron phosphate (LiFePO,, LFP), lithium cobalt
oxide (LiCoO,, LCO), and lithium mixed nickel-
manganese-cobalt oxide (LiNi;-y-,Mn,CO,0,, NMC) [3-
5]. Other types of batteries are often found, such as the
nickel type: metal hydride, iron, zinc, hydrogen, cadmium
(Ni-MH, Fe, Zn, H, Cd), lead acid (Pb), zinc chloride (Zn-
Cl), mercury-zinc (Hg-Zn), and alkaline (Zn, MnQO,) [6].
In general, the structure of a battery comprises multiple
components, including the anode, cathode, separator,
insulating ring, cover, casing, and other relevant elements
[6], which consist of not only valuable material but also
hazardous content. The next challenge, with the large
number and very diverse types of batteries, is how to use
the technology to recycle used battery waste using
effective, efficient, and environmentally friendly
technology.

Many researchers have looked into how to recycle
used battery waste using hydrometallurgical and
pyrometallurgical methods. However, these two
techniques still produce waste in gases, liquids, and solids
containing heavy metals and hazardous compounds.
Various techniques have been utilized to eliminate heavy
metals from liquid waste, including combination of
oxidation-precipitation-filtration, bioremediation,
supercritical fluid extraction, lime softening, ion-
exchange, adsorption, activated carbon, the use of aerated
granular filters and other filtration materials [7],
membrane processes [8], flotation [9], coagulation [10],
flocculation [11], and electrocoagulation-chelation [12].

The electrocoagulation method is a promising
alternative for treating liquid waste generated while
processing spent batteries. This approach possesses
numerous benefits. The treatment process has a moderate
operation rate, which lets large volumes and higher
organic loads be treated. The electroflotation of particles
using H, bubbles allows for this. The process has high
efficiency in removing both ionic and colloidal matters.
Additionally, the cost of electrodes is relatively low,
making it an economically viable option. Furthermore,
the process has the potential to operate continuously [13].

Several studies of the process of treating liquid waste
originating

from battery manufacturing using

electrocoagulation reported by Mansoorian et al. [14]
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remove the efficiency of lead (Pb) and zinc (Zn) at 96.7
and 95.2%, respectively, at iron electrodes and a current
density of 6 mA/cm® with an alternating current system.
Bhagawan et al. [15] reported that electrocoagulation is
a highly effective way to lower heavy metal
concentrations in electroplating waste with significant
removal rates, with reductions of 96.2% for chromium
(Cr), 96.4% for nickel (Ni), 99.9% for zinc (Zn), 98% for
copper (Cu), and 99.5% for lead (Pb). In a recent study
conducted by Mufakhir et al. [12], it was observed that
the implementation of the electrocoagulation process
utilizing direct current (DC) exhibited, combined with
chelating agents (chitosan and citric acid), a significant
reduction of heavy metal (Co, Cd, Ni, Mn, Hg, and As)
concentrations in liquid waste battery, surpassing 98%.
The utilization of AC in this study was motivated by
conducted with DC, which

demonstrated that the application of DC can form an

previous research
oxide layer on the cathode and subsequent anode
damage due to oxidation [16]. This phenomenon leads
to a reduction in the efficiency of the electrocoagulation
process. Consequently, an investigation was conducted
utilizing alternating current (AC).

The primary aim of this study was to reduce the
levels of heavy metal concentrations, specifically Co, Ni,
As, Zn, Cd, and Hg, present in the wastewater generated
during the processing of battery recycling. The aim was
to ensure the resulting waste met the established
environmental water quality standards. By using AC, the
study looked at changes in electrocoagulation involves
adjusting the amount of current density, electrode
material, and contact time. Reduction of the levels of
heavy metals, the efficiency of removal, residue analysis,
and energy consumption were investigated to ascertain
the highly efficient and cost-effective processes.

m EXPERIMENTAL SECTION

Materials

The materials used in this study included
wastewater from the discharge process spent-batteries
recycling, aluminum electrode 6061 series, mild steel
electrode SS400 series, sandpaper with a coat of 1000
grit, and filter paper (Whatman 42, Assless, Cytiva). The
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chemicals used in analytical grade included hydrochloride
acid (HCI, 37%, SMART LAB), nitric acid (HNO3, 65%,
Sigma Aldrich), ethanol absolute (C,HsOH, = 99.8%,
Supelco), and deionized water.

Instrumentation

The experimental equipment in this study included
a constance oven, cutting grinder, RP 525 PPS3U AC
power supply, and electrocoagulation cell. The analytical
instruments used Oakton® pH 450 Waterproof Portable
pH meter, Sartorius analytical balance, Deli DL8490
multimeter, Analytical Jena Plasma Quant PQ 9100 Elite
inductively coupled plasma-optical emission
spectrometry (ICP-OES), Thermo Scientific Quattro S
field emission scanning electron microscopy (FESEM)
and completed with energy dispersive X-ray spectroscopy
(EDS) detector.

Procedure

Experimental setup

The clear, 0.5-mm acrylic used to build the
electrocoagulation cell reactor had a 500 mL capacity. The
10 cm x 10 cm x 0.5 cm  rectangular shapes were cut
using a cutting grinder for the aluminum series 6061 (Al)
and the mild steel SS400 Series (Fe). The electrodes were
polished with sandpaper, cleaned with 2% ethanol,
submerged for 24 h, rinsed with deionized water, and
dried at 110 +2 °C inside the oven for 2h. The four
electrodes were placed one centimeter apart in a vertical
orientation. In a monopolar parallel arrangement, two
plates served as cathodes and the other as anodes. The
electrodes that provided voltage in the 0-25 V range and
electrical current in the 0-5 A field were linked to the AC
RP 525 PPS3U power supply.
electrocoagulation procedure, a constant current was

During the

applied without any agitation. The electrode's surface area
submerged in the wastewater measured roughly 392 cm.

Experimental procedure

Wastewater (500 mL) from recycled spent batteries
was placed into the cell reactor (Fig. 1(a)). The electrodes
are installed using three variations: Fe-Fe, Al-Al, and Al-
Fe pairs. The current density of 30, 40, and 50 A/m* was
achieved by adjusting the AC power supply. Samples of
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liquid were collected after 10, 20, 30, 40, and 50 min and
measured for pH. Filter paper (2.5 um, Whatman Grade
42) was used to filter the original feed and treated liquid
waste samples (Fig. 1(b)). The ICP-OES was used to
quantify the concentrations of metal ions present in the
filtrate. After gathering the residue, which consists of the
flock and precipitate, it was cleaned till the wash water's
pH reached 6-7, dried for 6 h at 100 + 2 °C, and then
examined using an FE-SEM. An average outside
temperature of about 27 + 2 °C was used for all test runs.
To prevent measurement uncertainty, the experiment
was conducted in duplicate.

Calculation
The efficiency of removal (R) was computed by
employing the subsequent Eq. (1);
CM, - CM,
CM,
where the concentrations of the metals (Co, Cd, Ni, Mn,

R (%)= (1)

Hg, and As) in the original feed wastewater and the
treated liquid waste at a particular time (t) were denoted
by CM, and CM,, respectively.

The electric energy consumption per wastewater
volume was determined by using the following Eq. (2);

tIP

E= v (2)
where I stood for direct current (A), P for voltage (V), V
for wastewater volume (L), t for contact time (s) in the
electrocoagulation process, and E for specific energy
usage (kWh/m’).

By using Faraday's law, the amount of dissolved

Fika Rofiek Mufakhir et al.



Indones. J. Chem., 2024, 24 (4), 1156 - 1169

electrodes a calculation was performed per unit volume of
liquid effluent theoretically calculated by using Eq. (3);
Mwtlt
= 3)
VzF
where I was the alternating current (A), t was the

electrocoagulation contact time (s), V was the wastewater
volume (L), z was the element's chemical equivalent, F was
the Faraday constant (96,485 Coulomb/mol), and m was
the precise number of dissolved electrodes (g/L).

m RESULTS AND DISCUSSION
Wastewater Characteristics

Table 1 compares the chemical properties of the
wastewater from spent battery recycling used in this
experiment to the quality standards specified in
Indonesian Government Regulation No. 22 of 2021 for
class 4 waters [17]. Table 1 shows that the levels of heavy
metals like cobalt (Co), cadmium (Cd), nickel (Ni), zinc
(Zn), mercury (Hg), and arsenic (As) were much higher
than the recommended level. Thus, improper handling
and treatment of wastewater will directly damage the
environment.

Electrocoagulation Process

Fig. 2(a) shows the condition of the solution, which
was bright yellow before the electrocoagulation process
took place. The formation of flocs and the subsequent
solution's color changes to a cloudy yellow are shown in
Fig. 2(b). That can occur due to physical and chemical
phenomena in the solution during the process. These
phenomena occur when oxidation occurs. As the water
molecules are reduced at the negative electrode, hydroxyl
ions (OH") and oxygen and hydrogen gas bubbles are
formed. The sacrificial anode acts as a positive ionic
coagulant. Subsequently, the ions that have been
generated undergo migration towards the electrode with
an opposing charge. This migration leads to the instability
of the suspension containing pollutants and particulate
matter, resulting in the disruption of the emulsion.
Adsorption-efficient metal hydroxides are generated
through the chemical reaction of positive and hydroxyl
ions; these hydroxide molecules aggregate into larger
structures that dissolve in solution. Then, pollutants are
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absorbed into the hydroxide structure to form larger

aggregates, and redox reactions can convert
contaminants into less toxic forms. Following this, the
aggregate is either floated to the surface by rising oxygen
and hydrogen bubbles in the liquid phase or deposited
due to its reasonably significant denseness.

The analysis of Fig. 3 reveals that the initial pH was
11.45, but as the electrocoagulation process progressed,

the final pH showed a significant decrease, namely 10.34

Table 1. Heavy metal content of wastewater

Element (mg/L) Value (feed sample) Value (reference)
Co 0.4460 0.200
Cd 0.7800 0.010
Ni 0.7320 0.100
Zn 0.5895 2.000
Hg 0.8803 0.005
As 0.8500 0.100

- ", i

Fig 2. (a) Before and (b) after electrocoagulation
wastewater spent battery recycling
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Fig 3. pH characteristic throughout electrocoagulation
process
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at 50 min. That was caused by H" ions increasing while
OH- ions went to bind the floc. Therefore, precipitation
also occurs due to charge neutralization and reduced
solubility. Due to its AC utilization, the voltage exhibits a
fluctuating pattern and is prone to instability. The
electrode pair can transition between the anode and
cathode poles and vice versa. The following reactions of
Eq. (4-6) occur at the Fe electrode.

Anode: Fe) > Fe'(oq) + 2€” (4)
Cathode: 2H,Oq) + 2™ > Hy) + 20H (g (5)
Total: Fe + 2H,Oq) > Fe(OH)z(s) + Hz(g) 6)

Iron undergoes oxidation in an electrolytic system
into Fe’* and Fe’*, resulting in the formation of iron
hydroxide. The formation of Fe(OH), results in the
formation of a gelatinous suspension that persists in the
This
contaminants from wastewater through coagulation or

aqueous  stream. suspension can remove
complexation and electrostatic bond [18]. The pollutant
functions as a ligand (L) in the surface complexation phase,
chemically binding hydrous iron, showed in Eq. (7).
L—H(aq) + (OH)OFe(S) > L-OFe() + H,Oq (7)
Reactive clusters for water treatment are also formed
via the prehydrolysis of Fe’* cations. Fe** and Fe’" ions are
commonly associated with certain ligands (for example,
H,0) and typically exhibit an octahedral form. There are
also several identified tetrahedral Fe’* complexes. As a
transition metal, Fe** has an electron configuration of
[Ar]3d®, while Fe’* has an electron configuration of
[Ar]3d°. Both iron ions possess a minimum of one
electron that can be promoted to a higher energy level
upon splitting the 3d sub-shell during the interaction and
bonding between the core metal ion and ligands. Fig. 4

show the structure model of Fe** and Fe’* hydroxo

complexes, ie., Fe(H,0)5*", Fe(H,0),(OH)*,
Fe(H,0)sOH**, Fe(H,0)s*, Fe,(H,O)s(OH),*, and
Fez(Hzo)s(OH)42+.

For the Al electrode, the entailed chemical reactions are
arranged as following Eq. (8-10).

Anode: Al > Al3+(aq) + 3e” (8)
Cathode: 3H,O + 3e™ > %Hz(g) + 30H (g 9)
Total: Al(s) + 3H,Oq) > Al(OH)g,(s) + %Hz(g) (10)

Analysis of the pE-pH equilibrium diagram
demonstrates the presence of different types of charged
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(a) (b)
Fig 4. Structure model of (a) Fe** and (b) Fe’* hydroxo
complexes
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Fig 5. Structure model of AI’* (a) dimeric and (b)
polymeric

multimeric hydroxyl AI’* species that can be generated
under appropriate conditions. The charge neutralization
process can be achieved by tangling in a precipitate and
adsorbing. However, it is essential to note that the
system may also contain additional ionic species,
including AI(OH)*, AL(OH)**, and Al(OH),", which are
influenced based on the pH of the water-based solution.
These hydroxo-cationic-charged gelatinous compounds
are capable of efficiently eliminating contaminants. The
(AT,
Al(OH)*") are generated under low pH conditions. They

monomeric species classified as cationic
undergo an initial transformation at the right pH level
into AI(OH); and subsequently undergo polymerization
to become Al,(OH);,. Fig. 5 shows the configurations of

AP* hydroxo complexes that are dimeric and polymeric.

Effect of Current Density at Variations of
Electrode Pairs

Fig. 6-8 show Co, Cd, Ni, Zn, Hg, and As
concentration reduction with different current densities
at Al-Al, Fe-Fe, and Fe-Al electrode pairs, respectively.
Only Co and Hg can be reduced below environmental
quality standards at the Al-Al electrode pair. At Fe-Fe,
only Cd and Zn cannot be reduced effectively. All heavy
metals, except Cd, can be reduced below environmental
quality standards in all current density applications at
the Fe-Al electrode pair. The 40 and 50 A/m* current
densities at 30 min give the best results. That leads to the
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number of oxidized metal ions increasing at higher
currents, which favors a decrease in heavy metal levels by
forming more precipitates [19-20]. That can also occur
because of the correlation with the contact time, further
reducing the heavy metal levels [21]. Nevertheless, this
does not significantly affect Cd, based on existing
research, it has been shown that the pH of cadmium
precipitation typically commences at a value of 8.2 [22]

and the efficacy of this elimination mechanism is
particularly pronounced in cases where the pH level is
significantly low within an acidic solution [23].
Consequently, higher pH levels result in diminished
removal efficacy. Under conditions of low pH, the Cd*
ions were required to engage in competition with H*
ions in order to occupy adsorption locations on the
adsorbent’s surface. As the pH level was elevated, the

0.25 1 0.02 -
5% @ =202 1®)
8 -]
©o1s o
2 ° 001 1
—
So0104 2
s 5
§ 005 1 g
c c
3 0.00 S 0.00
10 20 30 40 50 10 20 30 40 50
Time (min) Time (min)
~ 0.08 1(¢) = 0.35 7(d)
2007 1 »7—@? ————e ?0.30 1
0061 ¥ - = 025
0.05 4 q
5 %5 0.20 -
s g‘gg 5015 /./‘\
5o Bonn{ *——
£ 002 g7 i >
£ 001 4 g 005 em——b———y=— o
© 0.00 S 0.00
10 20 30 40 50 10 20 30 40 50
Time (min) Time (min)
= G0012 Y6 =boid LI —— -
200010 Bow V/’\\.___\":/
£ 0.0008 - \ & 0.06 4
s
% A 5 0.05
£ V000 1 0——“#‘\’4@ § 004 1
9 =
% 0.0004 - S 0.03 1
= T 0.02 1
§ 0.0002 8 001 1
8 0.0000 8000
10 20 30 40 50 10 20 30 40 50
Time (min) Time (min)
—&— 30 A/m? —e&— 40 A/m? 50 A/m? Std limit
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intensity of this competition diminished, resulting in a
greater influx of Cd* ions replacing H* ions that were
previously attached to the adsorbent surface.

Fig. 9 shows the solubility of metal (Co, Cd, Ni, Zn,
Hg, and As) hydroxides as a function of pH [24-27]. The
transformation of a substance from an ionic species to its
hydroxide precipitate state is significantly impacted by its
concentration in the solution and the pH level. Metal
hydroxides exhibit amphotericity, making them more
soluble at low and high pH levels. The point of minimal
solubility, the optimal pH for precipitation, varies for each
metal. The solubility of one metal hydroxide may be low
at a specific pH, while the solubility of another metal
hydroxide may be comparatively high. Due to their high
solubility, metal hydroxides tend to revert into the
solution at even minor alterations in pH. There is a
particular pH at which the best hydroxide precipitation
happens for each dissolved metal. As though for Ni at pH
10.8, for Zn at pH 10.1 [28], for Co at pH 12 [29], for
Hg(OH)" at pH 4.5, for Hg(OH)s™ at pH 13.2 [30], and As
at pH 9.9 [31]. The pH value of this substance is notably
similar to the pH level observed in wastewater generated
from the recycling of spent batteries. At optimal
conditions, the dotted line displays shift in heavy metal
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concentrations before and after electrocoagulation (Fe-
Al pair, 40 A/m?* and 30 min), along with changes in pH.
The solubility line of Fe’* crosses the concentration of
heavy metals before the electrocoagulation process. It
indicates that the formation of Fe-hydroxy complexes
can be enhanced, leading to an accelerated precipitation
and floc formation rate. In contrast, the solubility line of
AP* is located further away, indicating whether the Fe
electrode is superior to the Al electrode at this condition.

Heavy Metal Removal Efficiency

The removal efficiencies were determined using
Eq. (1) of Co, Cd, Ni, Zn, Hg, and As, as shown in Fig.
10. It was found that these removal rates went up when
the Fe-Al
electrocoagulation process, no matter what current

electrode pair was wused in the
density was used. As time passes, especially around the
30 min mark, the current flow at the electrode increases.
That leads to more Fe(OH), and Al(OH); being made
(Eq. (6) and (10)), which acts as a coagulant. This
coagulant effectively binds heavy metals. Furthermore,
the production of additional H, (Eq. (5) and (9)) gas
facilitated the buoyancy of the heavy metals, resulting in

their separation from the solution. Furthermore, the Fe-Al
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Fig 9. Schematic solubility of metal (Co, Cd, Ni, Zn, Hg, As, AI’*, and Fe’") hydroxides as a function of pH and the

concentration before and after electrocoagulation process
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electrode exhibited a higher efficiency in removing heavy
metals than the Fe-Fe and Al-Al electrodes. During
electrocoagulation utilizing the aluminium electrode, the

anode can release Al**

ions, forming AI(OH); flocs.
Nevertheless, in the context of employing Fe electrodes,
the presence of Fe** and Fe’* ions can potentially lead to
the generation of distinct iron hydroxide species, namely
Fe(OH), and Fe(OH);. Consequently, it is necessary to
increase the current densities to produce an equivalent
quantity of AI’* ions at the aluminium anode, as opposed
to the Fe** and Fe’* ions formed at the iron anode. Iron
anodes have a higher ability to produce metal hydroxides
with the same current density, leading to improved metal-
removal efficiency [32]. This significant effect can be seen
in Hg, where the Fe electrode provides a higher removal

efficiency than the Al electrode.

Residue Analysis

Residue analysis is employed to identify the
constituent materials transported throughout the
filtration or flotation procedure using SEM-EDS. The
residue comprises a conglomerate of precipitates created
due to flocculation, which occurs when a coagulant is
introduced during electrocoagulation. Simultaneously,
the suspended particulate matter is analyzed to ascertain
the existence of heavy metal constituents within it.

Fig. 11 shows the difference in shape and size
between precipitates and floc. Precipitates resemble
lumps with an irregular shape and are approximately
20 um in diameter, while flocs are aggregated with
elongated-like short rods and under 7 um in length. This
difference can occur due to the precipitation of heavy
metals into their larger metal hydroxides. Simultaneously,

2% \ 1D 5004V 10 19080 x Mok vacusm 109 s

gy, v o o i
Fig 11. SEM morphological analysis of (a) precipitate and (b) floc at 10,000x magnification
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(b) Floc

(a) Precipitate

Fig 12. SEM EDS mapping of the (a) precipitate and (b)
floc

hydrogen gas is emitted as a result of the water reduction
process occurring at the cathode, making it easier for
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small particles in the form of floc to move through the
flotation process. This morphological shape and size
differ from the precipitate and floc produced by general
chemical coagulation [33-36] and electrocoagulation
methods [37-40]. Due to differences in the growth
processes of precipitate through the
electrocoagulation process. Parameters that influence

and floc

such as type of pollutant, species and concentration of
heavy metals in solution and process conditions during
main included
design, supply,
electrode/coagulant material, electrode formation, time,

electrocoagulation.  The factors

electrocoagulation  cell power
pH, current density, temperature, conductivity, mixing
pattern [41-42]

Fig. 12 compares the distribution of heavy metals,
such as Co, Cd, Ni, Hg, and As, in the precipitates and
floc. Both substances consist of heavy metals and exhibit
distinct distributions, with flocs being less abundant and
more widely spread out than precipitates. At precipitate,
As and Ni element distribution looks denser than other
heavy metals such as Co, Cd, and Hg. The floc contains
heavy metal elements, with their distribution more
scattered. That confirms that the levels of the heavy
metal elements that will be reduced are more settled into
a precipitate than trapped in the gas so that they float
and become floc.

Table 2 shows heavy metals' mass and atomic ratio
between precipitates and floc. In the precipitates, it was
confirmed that the mass of As metal was greater than
that of other metals, namely 6.07%. Meanwhile, the mass
of heavy metals within the floc is relatively insignificant;
the most significant concentration is 0.26% Cd. Only Zn
metal was not detected in either residue.

Dissolved Electrodes and Energy Consumption

A certain number of dissolved electrodes and the
energy consumption throughout the experiment are
depicted in Fig. 13 using Eq. (2) and (3). Heavy metal ion
removal's efficacy positively correlates with a specific
number of electrodes has been dissolved, resulting in
energy consumption in the waste [43]. This correlation
is strengthened when the current density and contact
time are increased. With 40 A/m? of current density, the

Fika Rofiek Mufakhir et al.



1166

0.16 1
0.14 -
0.12 1
0.1 4
0.08 +

0.06 1

Energy Comsumption (kWh/m?)

0.04

Indones. J. Chem., 2024, 24 (4), 1156 - 1169

r 0.45
+ 0.4
+ 0.35
+ 0.3
+ 0.25
- 0.2
+ 0.15
+ 0.1
+ 0.05

Dissolve Electrode (g)

30
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Fig 13. Correlation of dissolved electrodes and energy consumption during the 30 min electrocoagulation process (E

= energy consumption, m = dissolved electrode)

Table 2. Comparison of quantification results of SEM-
EDS analysis of the precipitates and flocs

Precipitate Floc
Elements
Mass (%) Atom (%) Mass (%) Atom (%)
Cd 1.33 0.23 0.26 0.13
As 6.07 1.60 0.08 0.02
Hg 0.16 0.05 0.06 0.01
Co 0.18 0.02 0.01 0.00
Ni 1.07 0.38 0.00 0.00

best condition for energy consumption is 0.109 kWh/m’
and 0.32 g of dissolved electrodes for 30 min. Based on
previous research conducted by Mufakhir et al. [12], using
DC with the addition of chitosan chelating agent
consumed 0.1740 kWh/m’ of energy and dissolved
electrodes of 0.4263 g, when compared with data from the
electrocoagulation process carried out with AC. The
results show that the energy consumption in AC and the
number of dissolved electrodes is lower than using DC.
This analysis implies that utilizing AC is regarded as more
efficient in relation to energy consumption and electrode
solubility [44-46].

m CONCLUSION

Even though only Cd is above the standard limit, the
Fe-Al electrode combination is the optimal choice for
removing heavy metal from wastewater from recycled
spent batteries with an AC electrocoagulation system. At
40 A/m?* current density for 30 min contact time, removal
efficiencies for Co, Cd, Ni, Zn, and As are 98.76, 90.73,
99.32, 97.93, and 97.78%, respectively, while for Hg is

31.84%. Heavy metal particles removed can be found in
the precipitates and the floc. The dissolved electrode
materials and electrical energy consumed are 0.32 g and
0.109 kWh/m’, respectively. The AC electrocoagulation
system, one potential solution for the removal of heavy
metals from liquid waste, is a viable option for spent
battery recycling.
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