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Abstract

Electrochemical degradation using seawater and graphite electrodes from waste batteries for methylene orange
(MO) dye degradation has been successfully carried out. Electrode characterization, electrolyte calibration, and dye
degradation effectiveness with various voltages, pH, kinetics, and degradation reaction mechanisms were observed.
Characterization showed a characteristic 20 peak by X-ray diffractometer (XRD) at 26.5 °, and scanning electron
microscopy-energy dispersive X-ray spectrometer (SEM-EDX) showed the morphology of hollow grains with carbon (C)
and oxygen (O) composition. In addition, scanning potentiometry showed the initiation of hypochlorite compound
formation and MO degradation. Further study of degradation effectiveness showed optimal results at 3 volts and above
voltages. Hypochlorous acid (HOCI) and hypochlorite ions (OCI") from seawater are very effective oxidizing agents in
acidic conditions compared to other pH conditions. Pseudo-first-order kinetics regulate the electron attack from the
hypochlorite oxidizer (OCI"), the hydroxyl groups (*OH) from the seawater electrolysis mechanism with graphite
electrode media on the reactive groups, the ring binding on MO, and the degradation. This indicates that the graphite
electrode system used to reuse waste batteries and seawater has the potential to degrade waste dyes in aquatic
environments.
Keywords: Graphite battery waste, Seawater, Methylene orange

Introduction

The escalation in global energy demand has led to
a significant increase in battery production and
consumption, resulting in a surge in battery waste [1].
Graphite electrodes, among various waste components,
pose a considerable challenge. These electrodes are
often discarded in landfills [2]. Practical strategies for
managing and recycling these materials are essential to
reducing environmental impact. Other ecological
problems, such as water pollution caused by synthetic
dyes, have also been identified as critical environmental
problems. Methylene orange, an artificial dye
commonly used in the textile industry, is frequently
detected in wastewater [3]. Synthetic dyes account for
almost 800,000 tons annually; around 10 - 15 % is
wasted in the textile industry [4]. These contaminants
are known for their toxicity and persistence, making
them challenging to degrade through conventional
wastewater treatment methods. The presence of these

pollutants in aquatic environments poses risks to human
health and ecosystems, highlighting the urgent need for
effective and sustainable treatment technologies [5].
Technology for dealing with organic pollutants
and dye wastewater has evolved with several methods,
including  adsorption  [6], coagulation [7,8],
photocatalysis [9,10], ferrate [11,12], Advanced
Oxidation Processes (AOPSs) [13], Fenton modification
[14], and electrochemical methods [15,16]. The
advantages of electrochemistry are that it does not add
additional pollutants to the environment, has shorter
processing times, and effectively degrades dye waste.
The electrolyte and the type of electrode used
influence the effectiveness of electrochemistry. The
electrolyte used is usually an oxidizing salt solution such
as sodium hydroxide (NaOH) [17], sodium chloride
(NaCl) [18], sodium persulfate (Na;SO.) [19], and
sodium hypochlorite (NaOCI) [20,21] obtained from
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various sources. Sea water has excellent potential as an
abundant, readily available, and economical source of
electrolytes. Through the partial electrolysis process of
NaCl in seawater, a mixed solution of seawater and
chlorine compounds will be produced, which will react
to form sodium hypochlorite, hydrogen gas, and
hypochlorous acid, which plays a vital role as an
oxidizer in electrolysis [22]. Meanwhile, electrode types
have also been used, such as boron-doped diamond
(BDD) Xu et al. [23] and SnO; Yu et al. [24], but they
are very expensive, not commercially available, and less
stable in large-scale processes. Carbon-based materials
have been used as alternative electrode materials in
biochemical degradation processes because they are
superconductive, environmentally friendly, and non-
toxic.

Research by Asghar et al. [25] studied a technique
consisting of stainless steel and graphite electrodes for
mineralizing the MB dye dissolved in water. The results
revealed a maximum dye removal of up to 80 % with a
40-min operation time and a current density of 0.06
Alcm?. Teng et al. [26] successfully used graphite and
iron electrodes for 86 % degradation of MB dye.
Meanwhile, this research aims to explore a new
approach to tackle battery waste and water pollution by
reusing spent graphite electrodes from used batteries for
electrochemical degradation of methylene orange,
which has never been done before. This research
includes explicit electrode characterization, electrolyte
calibration, and effectiveness of dye degradation with
varying voltage, pH, kinetics, and degradation reaction
mechanism. Reusing these electrodes is expected to
provide a dual-benefit solution that can address waste
management and water treatment challenges. In
addition, this study investigated the use of seawater as
an electrolyte in the degradation process. Seawater, an
abundant and cost-effective resource, offers a
sustainable alternative to conventional electrolytes used
in electrochemical treatment.

Materials and methods

Materials and instrumentation

The materials used are seawater (Marina Beach,
Semarang), battery electrode waste, acetate acid
(CH3COOH) (99 % purity, Merck, Germany), sodium
persulphate (Na;SO4) (Merck, Germany), sodium
hydroxide (NaOH) (Merck, Germany), aquadest,

artificial waste methylene orange (CisH14N3NaOsS)
(Merck, Germany) was prepared (1000 mg/L) and serial
dilutions were made to obtain MB calibration, chloride
acid (HCI) (Merck, Germany). While the instruments
used are a Corr Test Potentiostat (CS-150) system with
Ag/AgCI as reference electrode and Pt—wire counter
electrode, a magnetic stirrer, a galvanostatic WYK-
303B, Bruker D8 Advance X-ray diffractometer (XRD),
JSM-6700F Analytical 20 kV scanning electron
microscope (SEM), Swift ED3000 energy dispersive X-
ray spectrometer (EDX), X-Ray fluorescence (XRF)
Rigaku (RIX 3100), Bleach Test Kit (HI3843-Hanna
Instruments), UV-Vis spectrophotometer (Genesys 10 S
UV-Vis), LC-30A liquid chromatography (Shimadzu
Co., Japan), and QTOF5600 mass spectrometry (AB
Com., USA) with electrospray ionization source (EIS).

Preparation and characterization of electrodes

Graphite (C/C) electrodes were prepared by
sonication of electrodes from spent batteries with
ethanol and distilled water. Electrode characterization
was performed with a JSM-6700F SEM-EDX cold-field
emission scanning electron microscope to determine
battery morphology and a Swift ED-3000 X-ray
spectrometer (EDX) for compositional identification of
surface content. Meanwhile, metal composition was
confirmed using XRF analysis with a Rigaku
wavelength dispersive X-ray fluorescence spectrometer
(RIX 3100) equipped with a Rh X-ray tube, a 4-kW
generator, and an 8-position crystal changer. In addition,
XRD patterns were recorded using a Bruker D8
Advance X-ray diffractometer with Cu K radiation (A =
1.5418). All electrode characterizations were observed
to determine the differences in data before and after use
in sewage treatment.

Calibration of electrolytes and samples

Calibration of seawater as electrolytes was
scanned by scanning electrolysis from 0 - 8 volts using
the CorrTest Potentiostat (CS-150) system with Pt and
graphite electrodes using media 25 mL. On the other
hand, artificial waste samples of methylene orange dye
were calibrated with concentration variations of 5, 10,
15, 20, 25, 30, 35, 40, 45, and 50 mg/L. Calibration
curves were obtained from spectrum and absorbance
measurements made at the maximum wavelength with a
UV-Vis spectrophotometer (Genesys 10 S UV-Vis).



Trends Sci. 2025; 22(2): 8764

30f 16

Electrochemical degradation

Electrochemical degradation tests of dyes and
antibiotics were carried out on an electrolytic cell under
static galvanic conditions supplied by a WYK-303B
galvanostatic. A batch reactor with a capacity of 250 mL
was used for all electron-degradation studies. The anode
and cathode were graphite plates of identical diameters.
Graphite sheets of 2 by 4.5 by 0.3 cm were positioned in
a parallel pattern, separated by 2 cm, and submerged in
the sample solution to serve as the electrodes. 50 mg/L
of previously calibrated methylene orange is the dye
sample. Next, a steady 250 rpm stir was applied to the
reactor. An analysis was conducted using a UV-Vis
spectrophotometer to evaluate changes in the sample's
absorbance value. While the spectra were being
examined at a wavelength range of 200 - 600 nm, all
operations were executed with the same protocol
regarding sample variation.

Effect of parameter voltage and pH variation

The effect of voltage variation in the degradation
of dyes and antibiotics was observed at an increase of
every 1 volt in the range of 0 - 4 volts every constant
time of 30 min. The effect of time on degradation
efficiency was studied at various times of 0, 5, 10, 15,
20, 25, and 30 min with constant voltage conditions at
the optimum value of each of the results of the previous
voltage variation stage. Meanwhile, the pH parameter
conditioning was carried out in neutral, acid, and alkali
conditions. All resulting changes in dye concentration
were measured by absorbance scanning using a UV-Vis
spectrophotometer. Each electrochemical degradation
efficiency and removal rate can be calculated by Eq. (1)
[27]:

Degradation efficiency (%) = [(Ao— A) /Aol x 100% (1)

Ao is the absorbance value in wavelength maximum
(Amax) Of the initial waste sample (465 nm for MO), and
Ay is the absorbance value at a given time t, respectively.

Determination of the kinetic and mechanism of
the degradation pathway

Kinetic aspects were performed by preparing 20,
30, 40, 50, and 60 ppm MO with neutral pH treatment
and 3-volt solution. Each concentration was observed
for absorbance with a UV-Vis spectrophotometer with

variations in degradation time of 5, 10, 15, 20, 25, and
30 min to observe the kinetics and reaction order. The
electrochemical oxidation kinetics of MO were
determined using a pseudo-first-order kinetic model, as
expressed in Eq. (2), and the removal rates of MO were
determined using the following Eq. (3) [28]:

—dC;/ dt = kCo )
n=(Co-Cy) / Co x 100 % (3)

where Cq is the initial concentration of MO before
electrolysis (mg/L), C: is the corresponding
concentration at electrolysis time t (mg/L), and k (min
1) is the pseudo-first-order rate constant. The Kinetic
parameters were calculated by fitting the experimental
data with linear regression.

The dye degradation way was examined using
QTOF5600 mass spectrometry (AB Com., USA)
equipped with an electrospray ionization source (EIS)
and LC-MS utilizing an LC-30A liquid chromatography
(Shimadzu Co., Japan). MO 50 mg/L samples were
utilized both pre- and post-treatment. The samples were
pretreated using a high-speed cooled centrifuge (Tomy
MX-200, Thermo Fisher Scientific) and a vortex mixer
(Thermo Fisher Scientific, Waltham, MA, USA).
However, the MassHunter B.07.00 workstation handles
data processing. The limit of quantitation (LOQ) and
limit of detection (LOD) were 100 and 10 mg/L,
respectively, and the retention duration was recorded at
10 min.

Results and discussion

Characterization of electrodes

Characterization was performed to ascertain the
viability of existing waste battery electrodes. Cu Ka
radiation (1.54 A) was used to collect X-ray diffraction
data. Figure 1 displays the findings of X-ray diffraction
(XRD) investigations conducted throughout the 26
range of 20 to 80 °. The rhombohedral graphite crystal
planes (100) and (101) are indicated by the peaks at 20
=43.2 and 44.4 ° (JCPDS card No. 75-2078) [29]. The
peaks at 20 = 26.3 and 54.6 ° are attributed to the (002)
and (004) graphite planes (JCPDS card No. 75-1621),
respectively, whereas the peak at 20 = 23.7 ° appears to
be caused by the X-ray harmonics on the (002) graphite
planes [30,31]. All peaks of the spent battery electrode
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diffracted strongly and sharply, indicating that the
obtained electrode is still well crystallized. The electro-

degradation process did not change the location of the
peaks; it only reduced their intensity.
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Figure 1 XRD patterns of graphite electrode before (fresh) and after (degraded).

Figure 2(a) and 2(b) shows that the waste battery
compartment consists of C and O elements. This is
confirmed by SEM images showing nano-sized particles
with a sponge-like structure [32]. The surface
morphology of the graphite electrode has a granular
shape with an observed grain size on the scale of 52.9
nm. The metal composition also follows the EDX
analysis, namely O and C peaks. The graphite electrode
before waste treatment consisted of 84.1 wt. % C and
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11.9 wt. % oxygen, indicating that the waste battery still
has the potential to be used as an electrode in
degradation. On the other hand, after use, it consists of
58.1 wt. % C and 21.3 wt. % oxygen. Electrolysis
indirectly produces a by-product in the form of oxygen
attached to the surface of the electrode plane, so it is
confirmed that there is an increase in oxygen content,
which also fills the graphite scrapings, as shown in
Figure 2(b).
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Figure 2 SEM-EDX images of graphite electrode surface before (a) and after (b) electrochemical degradation.
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Calibration of electrolytes and samples

The seawater used as an electrolyte was scanned
with an electrolysis potentiostat over a voltage range of
0 to 7 volts. This analysis aims to see seawater
electrolysis's working potential range and trend. The
process involves the decomposition of seawater into
hydrogen and oxygen gas and the formation of chlorine
if the electrolyte used is salt (NaCl), which is abundant
in seawater. The current flowing in an electrolyte system
at a given potential is recorded and plotted as a voltage
versus current curve, as shown in Figure 3(a).

The curve shows an emerging current starting at
1.3 volts as a marker of reaction initiation and increasing
sharply above 3 volts. In summary, in the range of 0 to
1.3 Volts, no seawater salt electrolysis occurs as it is
below the required voltage. This corresponds to the
theoretical minimum voltage for the decomposition of
water (H20) into hydrogen (Hz) and oxygen (O-), which
is about 1.23 volts under standard conditions (25 °C, 1
atm) [33]. For graphite electrodes, overpotential by
electrode resistance and electrochemical reaction
efficiency at the anode and cathode can increase the
voltage by about 0.5 to 1.0 Volt. Thus, this study's total
potential current content to separate seawater into
chlorine and salt with graphite electrodes is 2.5 or 3 volts
and above [34]. At voltages around 1.3 to 2.5 V, the
main product at the anode is oxygen (O:). At voltages of
2.5 volt and above, especially if there is a significant
concentration of chloride ions, chlorine (Clz2) can form
at the anode. While at the cathode, the main product is
hydrogen (H-) at various voltage ranges.

A more detailed reaction mechanism is based on
potential standards, as shown in Figure 3(b). The
reaction can overcome the activation energy barrier,
close the insulating bubble, and produce a considerable
reaction rate at a more significant potential difference
(overpotential) between the 2 electrodes [15]. In
addition, current must flow through the electrolytic
circuit and the cell's electrical resistance to produce this
potential difference. Based on Faraday's rule of electron
equivalency, the seawater electrolysis process is a tried-
and-true process. The more material oxidizes, the more
positively it oxidizes. Consequently, hydrogen will
develop at the cathode, and chlorine dioxide will be
oxidized at the electrode's anode [35]. Thus, the overall

reaction at the cathode and anode that occurs in seawater
electrolysis is Egs. (4) - (18).

Potential standard:
Cathode: Na* (aq) + e— Na° ()

Eored = —2.71 volt 4)

2HO () + 2¢¢ — Hz (g) + 20H" (aq)

Eo red = -0.83 volt (5)
Anode: 2CI" (aq) — Cl, (aq) + 2e”

Eo oxidation = +1.36 volt (6)

2H,O (I) — O2 (g) + 4H* (aq) + 4e

Eo oxidation = +1.23 volt )

Electrolysis reaction:

(1.3-2.5volt)

2H,0 (I) — O (g) + 4H* (aqg) + 4¢ (8)
4H,0 (1) + 4e- — 2H; (g) + 40H" (aq) 9)
(2.5 - 3 volt)

2CI" (aq) — Clz (aq) + 2¢° (10)
2H,0 (1) + 2" — H (g) + 20H" (aq) (11)
(> 3 volt)

Cl2 (ag) + 20H" (aq) — OCI" (aq) + CI" (aq) + H20 (aq) (12)

H,0 (aq) — H* (aq) + *OH (aq) + ¢ (13)
OCI + H,0 — HOCI + OH" (aq) (14)
HOCI (aq) — CI (aq) + *OH (aq) (15)
Na* (aq) + & — Na® (s) (16)

(bulk stream)
2Na° (s) + 2H20 (1) — 2NaOH (aq) + Ha (aq) (17)
HOCI (aq) + 2NaOH (aq) — NaOCl (aq) + H20 (aq) (18)

To produce hypochlorite, direct current
(electricity) must be run through a NaCl solution (which
separates into Na* and CI"). Chlorine gas (Cly) forms
when the saltwater's dissolved salt (sodium chloride) is
electrically charged. This gas is then quickly hydrolyzed
to produce elemental sodium (NaO-no valency) and
hypochlorous acid (HOCI) [36]. Hydroxide radicals
(*OH) and active chlorine compounds (OCI’) are created
in subsequent reactions. Sodium hydroxide (NaOH) is
created when sodium and water in the bulk stream react
very quickly. When hypochlorous acid and sodium
hydroxide combine, sodium hypochlorite (NaOCI) is
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produced. Hydrogen gas is produced when salt and
water mix. Hydrogen gas is a by-product of the gas
phase since it does not react with other substances. At
the cathode, cation reduction processes will produce
hydrogen by electrolysis of seawater that contains
sodium chloride (NaCl), acting as a natural catalyst.
The artificial dyes used were first calibrated to
measure the accuracy of the actual absorbance with a
UV-Vis spectrophotometer at the wavelength of
maximum absorption. The analysis records transitions

caused by the excitation of other electrons, providing
information about the molecular electronic transitions
occurring in this visible region. The observation results
in Figures 4(a) and 4(b) display the calibration data of
MO dissolved in seawater at various concentrations of
the same. The results show that the maximum
wavelength of MO dissolved in seawater has a value of
Amax = 465 nm. All data showed good linearity with R?
close to 1 (R? = 0.0991) with the reaction equation y =
0.0139x + 0.12738.
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Figure 3 Seawater electrolysis scanning curve (a) and seawater electrolysis reaction mechanism (b).
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Figure 4 UV-Vis spectrum (a) and calibration curve (b) of methylene orange dissolved in seawater.

Electrochemical degradation

The electrochemical setup for MO degradation
was set up as shown in Figures 5(a) and 5(b). The
possible reactions in the electrolysis of dye wastewater
using seawater electrolyte and graphite electrodes are
shown in Figure 5(a). The NaCl content in electrolysis
acts as an excellent electrical conductor and is a source
of chlorine that can degrade waste dyes and antibiotics
so that their concentration is reduced. Salt, especially
chloride ions, can undergo redox reactions on graphite
electrodes. This electrolytic reaction can occur on the
electrode to produce hypochlorite ion solutes (OCI-, CI
), hydroxide radicals (*OH), and hydrogen gas [35] so
that a more transparent solution is obtained, as in Figure
5(c). These hypochlorite solutes can react with complex
compounds to produce other materials. This study
exploits its potential to decompose the complex
compounds from dye effluents, which react with the dye
complex compounds, as in Egs. (19) - (25):

Anode (+): 2ClI" — Cl, + 2¢° (19)
Cl; + 20H — H,0 + OCI + CI (20)
H,0 (aq) — H* (aq) + *OH (aq) + ¢ (21)
OCI" + H:0 — HOCI1 + OH" (aq) (22)
HOCI (aq) — CI (aq) + *OH (aq) (23)
Cathode (—): 2H,0 + 2¢ — H, + 20H" (24)

Degradation reaction:
C14H14N3SO3 + (HOC|/OC|7 atau 'OH) — CO2+H,0O +
NOs™ + SO4>" + other minerals (25)

Methyl Orange (MO) degradation in seawater
electrolysis processes can occur through 2 main
mechanisms: through reaction with active chlorine (Clz)
and hydroxyl radicals («OH). Both potent oxidizing
agents can decompose organic compounds such as
Methyl Orange. Active chlorine and its derivatives
(HOCI and OCI") react with MO through oxidation [37].
The end products are usually fully oxidized compounds
such as carbon dioxide (CO:), water (H20), nitrogen
oxides (NOs’), and sulfates (SO+*). Hydroxyl radicals
attack the chemical bonds in Methyl Orange, breaking
the double bond in the azo structure (-N=N-) [38] and
producing small compounds that can further oxidize to
CO-, H20, and other inorganic ions.

Effect of voltage variation

Figure 6 illustrates the impact of voltage on the
dye's electrochemical degradation. The methylene
orange absorption curve, depending on applied voltage
variation, is displayed in Figure 6(a). The difference in
the initial pattern and after degradation with increasing
voltage is a reaction symptom of seawater salt
electrolysis. The apparent change in peak a (465 nm) is
attributed to the azo structure of MO [39]. Because of
the methyl orange's breakdown process at maximum
absorption, this peak at 465 nm declines with increasing
voltage. The reduced absorption at the maximum
wavelength of MO is accompanied by a hypsochromic
shift to the left, forming peak b at around 350 nm at 2.5
volts. This peak then fades and disappears entirely as the
voltage increases. Meanwhile, peaks were observed at
~275 nm (peak d) and ~230 nm (peak c), which were
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assigned to aromatic rings representing the products of
simple compounds resulting from the degradation of
MO molecules and the formation of chlorine compounds
[40]. The peaks that emerge and vanish suggest 2 phases
to the intermediate products produced in treating
wastewater and electrochemically oxidizing MO.
Initially, MO molecules undergo a disintegration phase,
after which the smaller molecules undergo further
electrochemical oxidation to provide the end products in
the second step. In addition to the molecules breaking
down, the azo structure is removed. The fact that the
solution became transparent during the experiment, as
seen in Figure 5(c), is supported by this outcome. The
next difference also appears in the spectra results with
treatment above 3 volts, which shows that the chlorine
compound produced is too concentrated, as illustrated in
the spectra of peaks ¢ and d, due to the presence of
hypochlorite (OCI) compound products from the
electrolysis of seawater and graphite electrodes.

In Figure 6(b), in general, the degradation of the
dye is directly proportional to the increase in the applied

voltage from 0 - 3.5 volts. At voltages below 1.5 volts,
a small portion of oxygen plays a role in degradation, as
described in reactions 6 and 7. Then, the reaction
increases sharply from 1.5 volts and above as a sign of
exceeding the minimum voltage of electrolysis of water
molecules to the peak of optimum potential degradation
performance above 3.5 volt with almost 100 %
degradation or 50 mg/L. At higher voltages, chloride
ions in seawater can oxidize to chlorine gas (Clz), which
can cause electrode corrosion and produce potentially
harmful by-products. Inert electrodes such as platinum
or graphite are typically used to prevent side reactions
[41]. Chlorine (Cl2) is generated at the anode at a high
rate because chloride ions (CI°) are easily oxidized. At
high voltages (3.0V to 5.0V), the formation of chlorine
(Cl.) becomes more significant, which can cause
corrosion of the electrodes and generate harmful by-
products. Therefore, voltage selection should be done
carefully to avoid the formation of unwanted products
and to ensure process efficiency. Thus, in this study,
voltage 3 was used for further observation parameters

a)

Anode
)

r Cathode ; }
)

Cl,
8. x

I
ws

Figure 5 Electrochemical installation setup of MO degradation (a,b) and degradation results (c).
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Figure 6 UV-Vis spectrum (a) and percentage decolorization (b) of MO with various voltages.

Effect of pH variation

The pH parameter affects the absorption and color
of MO; this compound changes color from red in acidic
conditions to yellow in alkaline conditions, as in Figure
7(a) - 7(e). This color change is related to changes in the
molecular structure of methyl orange, which is
influenced by the pH of the solution [42]. As seen in
Figure 7(a), In acidic conditions (low pH), methyl
orange is in the protonated form ([H-MO]*). This form
absorbs light at a shorter wavelength, around 509 nm,
which produces a red color in the solution. While under
neutral to alkaline conditions (high pH), methyl orange
turns into a deprotonated form (MO"). This form absorbs
light at a longer wavelength, around 465 nm, which
produces a yellow color in solution. The color change of
methyl orange occurs due to protonation and
deprotonation of the azo (-N=N-) and sulfonate (-SO3H)
groups. The reaction can be explained by Eq. (26):
[H-MQO] + = MO~ + H* (26)

The UV-Vis spectra of methyl orange before and
after degradation are greatly influenced by pH, as
Figures 7(b) - 7(d) demonstrates, since degradation
results in changes to the molecule’s chemical structure
and the creation of degradation products. A sharp
decrease in absorbance at Amax cCOrresponds to the
structure of methyl orange (509 nm for the acidic form
and 465 nm for the basic form) [43]. This decrease
indicates that the original methyl orange concentration
has been significantly reduced. The appearance of new

peaks, for example, at 250 - 300 nm, indicates
degradation products such as aniline or sulfanilic acid.

In addition, Figure 7(e) shows the trend that
methyl orange degradation under acidic conditions is
more effective, with an optimum yield of 100 % at 3
volts. This result occurs because hydrogen ions (H) can
assist in the process of breaking the azo bond (-N=N-)
to produce aniline, sulfanilic acid, or other small organic
fragments such as aldehydes, carboxylic acids, and
ketones more quickly. Chloride ions (CI") in seawater
can undergo oxidation to produce chlorine gas (Clz).
This gas can subsequently react to produce
hypochlorous acid (HOCI) and hypochlorite ions (OCI
), both of which are highly effective oxidizing agents.
Figure 7(b) illustrates that the typical hypochlorite
absorption peak (275 nm) is significantly higher in
acidic conditions than in other pH ranges. Methyl orange
degradation can be less effective at high pH because
hydroxide (OH) can specific
degradation agents, producing more hydroxylated
compounds. The hypochlorite ions (OCI) formed are
more stable and less active at high pH, so it is possible
to form chloride precipitates, which increase the
absorbance over time, as shown in Figure 7(d).

A comparison of this study with several MO
degradation methods is shown in Table 1. It can be seen
that the effect of this method tends to have a better
potent degradation efficiency than photocatalytic and
ozonation. In addition, the reuse of waste battery
electrode graphite and seawater also offers an easier
method of preparation and degradation process.

ions neutralize

Percentage of degradation (%)



Trends Sci. 2025; 22(2): 8764 10 of 16

20 a) b) Acide :;8 —— :‘:.:m min)
S e pH 3 ::onxn
2.5 b :; min
< = i
515 < T4l
§ g
e ©
S 1.0- £
< 2
<
0.5 4
o.o Ll T P T L) L)
300 400 500 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
MO + seawater pH 7 (0 mn)| 0.9 [0 + seawater pH 8 (0 men)|
124 o Neutral s mn d) Base [’ ‘
o 1) TR )—
Jre 15 U0 ‘ 0'8 - -—:g ::
‘_ﬁ"': e 20 1Y
1.0 o 0.7 -
< < o064
o 0.8 @
o o
g c 0.5+
K] - (]
s 0.6 .g 0.4
0
3 803
< 04 <
0.2
0.2
0.1
0.0 T T T T T 0.0
250 300 350 400 450 500 550 600 : :

250 300 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

110
= 354 e) -
é o ” L 1003°
E I b o - -
3 Loo O
. _1 2
5 254 180 g
S 4 | 4
] @)
£ 204 L70 8
g . -
g 15+ -60 O
5 1 o
§1o- -
4 Q
° 40 ©
.g 5. E
© L 30 &

o
L

1 T
== e =
3 5 7
pH
Figure 7 UV-Vis spectra of initial MO under acidic, essential, and neutral pH conditions (a), detailed spectra changes per

time at acidic (b), neutral (c), and primary (d) pH, degradation percentage, and residual concentration of MO at various
pH (e).



Trends Sci. 2025; 22(2): 8764 11 0f 16
Table 1 Comparison of degradation efficiency by different methods.
. . . Degradation
Methods Material Degradation conditions . Ref.
efficiency (%0)
pH = 7, initial concentration = 50 mg/L,
. . 100 % .
. . voltage = 3.5 volt, time = 30 min This
Electro-degradation ~ Graphite battery waste — -
pH = 3, initial concentration = 50 mg/L, 100 % work
voltage = 3 volt, time = 30 min °
. Initial concentration = 10 mg/L time = 100
Photocatalytic MoS2/Fe304 . 79.53 % [44]
min, under xenon lamp (300 W)
Initial concentration = 3x10° M, time =
Photocatalytic Fes0:@Si02@TiO2@Ho . 78.4 % [45]
150 min, 400 W Hg lamp
. pH = 4, initial concentration = 200 mg/L,
Ozonation 03/Fe?*/S208* 85 % [46]

gas flow rate = 300 L/h

Determination of the kinetic and mechanism of
degradation

Figure 8(a) illustrates that an increase in the
starting dye concentration negatively impacts the
clearance rate of MO. The clearance rates at 30, 40, 50,
and 60 pm at starting concentrations were 89.3, 85.2,
80.8, and 78.7 % respectively. Furthermore, the
connection of the apparent rate constant (kc) and starting
concentration was fitted using a pseudo-first-order
kinetic model to examine the impact of the beginning
concentration on the kinetic constant. According to
Figure 8(b), when the initial concentration of MO
increased, the pseudo-first-order kinetic constant (k)
dropped. The experimental data was matched using

100-@
—=— 30 ppm
= ~—+—40 ppm
X go{ —*—50 ppm
o ~—v— 60 ppm
©
-
= 60-
>
(]
§ 40-
—
2
20
0" T T Ll T T T
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linear regression to get the Kinetic parameters. The
values of k for various MO concentrations are, in order,
0.901 x 10, 0.83 x 102, 0.7 x 10, and 0.59 x 10"t min-
1. From 30 to 60 mg L* of starting MO concentration, it
can be deduced that the values of k drop. This makes
sense, as many intermediates are produced when organic
contaminants are present in high concentrations and
cannot be eliminated quickly enough. The active
substance is also non-selective and, under some
circumstances, has a constant production rate. This will
restrict the interaction between active chemicals and
MO molecules since many active substances will react
with intermediates.

b) k = 0.0901
R’ = 0997
k= 0.083
R?=0.991
k=0.07

R?=0.992
k=008

R*=0991

0.0 T T T
0 5 10 15 20 25 30 35

Time (min)

T T T

Figure 8 Removal rate (a) and pseudo-first-order kinetics fitting (b) of MO at various times.

The outcome can be interpreted in terms of the
rates of electrochemical reactions and diffusion. The
electrochemical reaction rate is higher than the diffusion

rate at lower starting dye concentrations. Consequently,
the electrode surface can be free of MO. More organic
materials move to the surface of the electrode as the
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starting concentration rises. The clearance rate will
decline with increasing starting concentration because
the produced *OH radicals are restricted [47].

The degradation reaction's intermediates were
examined using LC/MS to learn more about the process
of electrochemical degradation utilizing the graphite
electrode and the seawater of MO that was the subject
of this work (Figure 9). The azo group (-N=N-) in the
structure of the molecules of MO functions as a
chromophore, and because of concentration, the
absorbance varies at the maximum wavelength. The
hydroxyl (*OH) and chlorine radicals are produced by
the following reaction when the decolorization process
of MO is examined in an electrochemical device. To

create nitrobenzene, the active ingredient (*OH) targets
the massive conjugated structure of the azo link and
benzene ring [48]. In the meantime, there's a MO
decolorization response. An electrochemical oxidation
process on the electrode surface can
nitrobenzene molecules into phenolic compounds.
When exposed to high oxidizing conditions, phenolic
compounds undergo additional oxidation to produce
quinones. According to studies, quinones can be
converted to organic carboxylic acids. The organic
molecule Cl element is changed into an anion, and its N
element is changed into an anion or N2. The products can
finally be processed again to produce CO; and H,0 [49].

convert

0;SNa N P
I\\TN N
azo bond \CH3
(Methyle Orange)
OH

OH

(phenolic compound)

(nitrobenzene)

HO—@ibi(f + O,N

(')HJ

HOC1/ OCI
cl
NH,
cl

@

(quinone)

o:<:>:o

l

Organic carboxyclic acid + CO; + H,O

Figure 9 Mechanism of MO pathway degradation.
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Conclusions

Electrochemical degradation using seawater and
Graphite electrodes for dye waste treatment has been
successfully conducted. The characterization revealed
20 peaks at 26.5 °, supported by the graphite's properties
as determined by XRD. The electrode's hollow granular
morphology and carbon (C) and oxygen (O)
composition matched the SEM-EDX. Scanning
potentiometry demonstrated the beginning of the
formation of hypochlorite compounds, which led to MO
degradation in the range of 2.5 volts. Further study of
degradation effectiveness showed optimal results at 3
volts and above voltages. Hypochlorous acid (HOCI)
and hypochlorite ions (OCI) from seawater are very
effective oxidizing agents in acidic conditions compared
to other pH conditions. In general, the degradation of the
dye is directly proportional to the increase in the applied
voltage with almost 100 % degradation or 50 mg/L. The
experimental data was matched using linear regression
to get the kinetic parameters. Pseudo-first-order kinetics
regulate the electron attack from the hypochlorite
oxidizer (OCI"), the hydroxyl groups (*OH) from the
seawater electrolysis mechanism with graphite electrode
media on the reactive groups, the ring binding on MO,
and the degradation. This indicates that the graphite
electrode system used to reuse waste batteries and
seawater has the potential to degrade waste dyes in
aquatic environments.
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