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m INTRODUCTION anemia, airway hypersensitivity, carcinogenic effects,
Human activities, such as leather tanning, textile and.occup atlonal. a'sth%na, as well as skin, e?re, and
respiratory tract irritation [2]. These adverse impacts
highlight the urgent need to reduce Cr(VI)

concentrations in water and wastewater.

dyeing, and wood preservation, have significantly
contributed to environmental contamination with
hexavalent chromium (Cr(VI)) [1]. Cr(VI) ions are highly

toxic and pose serious risks to both human health and Cr(VI) is highly toxic, carcinogenic, and mobile in

. ) aquatic systems, making it more toxic than other
ecosystems. Prolonged exposure has been associated with 4 Y & x

oxidative stress [1-2], DNA damage [3], microcytic common pollutants. The risk of cancer from chromium

exposure is higher over a lifetime than from Pb [4].
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Compared to Cd, Cr(VI) has several additional toxic
species and mechanisms (e.g., direct redox reactions) that
make it more reactive and potentially a potent carcinogen,
causing genetic damage [5]. The potential for exposure
through the food chain is greater for Cr than for Cd under
certain conditions [6]. Cr can cause more adverse
biological effects than Cd in long-term conditions [7], so
attention to Cr should be given priority.

One practical, low-cost way to treat water and
reduce Cr(VI) ions is to use an adsorbent. Adsorption is
widely regarded as one of the most effective techniques for
chromium removal from aqueous systems due to its high
efficiency,  cost-effectiveness, and environmental
compatibility. Unlike conventional methods such as
chemical precipitation or coagulation, which are
inefficient at trace concentrations and generate large
volumes of toxic sludge, adsorption can effectively
remove chromium even at very low concentrations with
minimal secondary waste [8]. Moreover, adsorbents can
be derived from low-cost or waste-based precursors,
making the process economically viable and scalable [9].
The technique also offers operational simplicity, ease of
regeneration, and the ability to tailor adsorbent surface
chemistry to selectively target Cr(VI), further enhancing
its applicability compared to ion exchange or membrane
processes [10]. These advantages make adsorption the
preferred method for sustainable chromium remediation.

A wide range of adsorbents, including activated
carbon [11], silica-based materials [12], zeolites [13], clays
[14], biopolymers [15], and graphene and its derivatives
[16-19]. Graphene oxide (GO) [20-21] and reduced GO
(rGO) [22] are particular graphene-like materials that can
interact with metal ions because they contain oxygenated
functional groups, such as hydroxyl (~OH), carbonyl
(C=0), epoxy (C-O-C), and carboxyl (-COOH) [23].
These groups contribute to the adsorption of Cr(VI) [24-
25], and computational studies have reported a strong

adsorption energy of -143.80kcal/mol [26]. The
adsorption capacity of the GO material toward Cr(VI) ion
was 4127 mg/g [27]. In contrast, Mondal and

Chakraborty [28] reported a much lower value of
1.222 pg/g. In contrast, rGO material yields 2.65 mg/g
[22], indicating that adsorption performance can vary
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widely depending on synthesis methods, experimental
conditions, and the type of material produced.

The common method used for GO and rGO
synthesis is the Hummers’ method [29-30]. The
synthesis of GO/rGO using the Hummers” method
involves the use of numerous chemicals, generating
substantial chemical waste. A more eco-friendly method
for synthesizing GO is electrochemical exfoliation [31].
Electrochemical exfoliation enables rapid exfoliation of
graphite into GO sheets with tunable oxidation levels by
electrolyte
composition, offering greater control over defect density

adjusting the applied potential and
and functional group introduction [32]. Compared to
chemical oxidants, this method reduces the generation
of toxic byproducts, enables better control over defect
density, functional group distribution, and sheet
morphology, and is inherently more energy-efficient
and suitable for scale-up [33].

Exfoliation of graphite can produce various carbon
materials, including pristine graphene, heteroatom-
doped graphene, and GO [19]. The electrochemical
exfoliation = process  gives  material, = namely,
electrochemically exfoliated graphene (EEG). EEG is a
graphene-like material with various functional groups,
including hydroxyl, carbonyl, epoxy, carboxyl, and S=O
groups [34]. The exfoliation process is commonly used
when a 10V voltage is applied [31-32,34-35]. The
voltage variation is predicted to result in different defect
structures and varying numbers of layers. The defect
structure and the number of graphene layers in the EEG
can be analyzed using the Raman spectra. The Raman
analysis in this study is discussed in more detail
compared to previous reports by Fatya et al. [31] and
Fauziah et al. [34], particularly in the fitting and
deconvolution of the 2D peak using four Lorentzian
which other

performed. These Raman analyses will yield data on

components, researchers have not
differences in defect structure and the number of layers
of EEG material, leading to different adsorption
capacities for chromium ions.

To date, the use of EEG for Cr(VI) adsorption has
not yet been systematically investigated. Meanwhile,

EEG and other graphite-exfoliated materials have been
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widely explored in diverse applications, including as
counter electrodes in dye-sensitized solar cells [31,34],
energy storage devices [36], transparent conductive films
[37], organic dye adsorption [38], supercapacitors [39-
40], lithium [41] [42],
electrochemical sensors [43], electrothermal heaters [44],

and sodium batteries
and as functional components in high-temperature fuel
cells [45]. These studies demonstrate the versatility of
EEG and related materials, but their potential for heavy-
metal adsorption remains underexplored. There has been
no study of voltage variation in EEG synthesis that relates
it to Raman analysis results, specifically regarding
structural defects and the number of layers, which are
associated with its adsorption capacity for Cr ions.

In this study, using waste zinc-carbon dry-cell
batteries as a source of graphite offers an attractive
strategy. These batteries are widely available as post-
consumer waste, and recovering graphite from them not
only reduces environmental pollution but also provides a
low-cost, sustainable raw material for graphene synthesis.
Thus, the valorization of waste batteries aligns with both
environmental remediation and circular economy
principles. The use of EEG material synthesized from
graphite rods derived from dry-cell battery waste is
therefore expected to provide a promising adsorbent for
Cr(VI) ions.

m EXPERIMENTAL SECTION
Materials

Chromium standard solution (1000 mg/L Cir,
traceable to SRM from NIST, Cr(NO3); in 0.5 M HNO;,
Certipur®,  Supelco/Merck, Germany), potassium
dichromate (K,Cr,O-, analytical grade, Merck, Germany),
and sulfuric acid (H,SO4, 95-97%, analytical grade, Merck,
Germany) were used in this work. Graphite rods for the
exfoliation process were collected from spent zinc—carbon
dry-cell batteries obtained from PT International Chemical
Industry Co., Ltd., Indonesia. All reagents were of

analytical grade and were used without further purification.
Instrumentation

Fourier-transform infrared (FTIR) spectra were
acquired using a Bruker Alpha FTIR spectrometer.
Raman spectra were recorded using a Bruker Senterra
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Raman spectrometer equipped with a 50x Olympus
MPlan
objective lens. Atomic absorption spectroscopy (AAS)

long-working-distance semiapochromat
measurements were performed using an Avanta Sigma
A 6525 instrument.

Procedure

Synthesis of EEG

In EEG synthesis, the graphite rod was immersed
in H,SO, 0.2 M solution inside a glass reactor. The
Graphite rod was used as the electrode. Exfoliation was
initiated by applying 3 V for 2 min, followed by 10 V for
60 min [31,34] using a DC adjustable power supply
(60V, 5A, RXN-605D, ZHAOXIN). This process was
repeated with applied voltages of 5, 15, and 20 V. Then,
the obtained EEG for all voltage variations was collected
by vacuum filtration and washed with distilled water.
Finally, the EEG sample was dried in a vacuum oven for
1 hat60 °C.

Characterizations

The molecular structures of the EEG sample were
characterized using FTIR and Raman spectrometers.
FTIR spectra were acquired using a Bruker Alpha FTIR
spectrometer in transmission mode. EEG samples were
prepared as KBr pellets and stored in a silica gel
desiccator for 24 h to ensure that the pellets contained
no water. Raman spectra were carried out using a Bruker
Senterra Raman spectrometer equipped with a 50x
Olympus long-working-distance MPlan semiapochromat
objective lens. All samples were prepared on a gold
surface and excited with a 532 nm Nd-YAG diode-
pumped solid-state (DPSS) laser at 10 mW and an
integration time of 40 s, with a co-addition of 2. The
Raman spectra of the samples were fitted with
Lorentzian functions to obtain peak positions,
intensities, areas, and FWHMs.

Adsorption capacity analysis

The adsorption capacity analysis of the sample is
performed using Atomic Absorption Spectroscopy on
the Avanta Sigma A 6525 instrument. The AAS standard
curve is created using concentrations of 0, 2, 5, 10, and
15 ppm, obtained by diluting a 1000 ppm AAS standard.
For the adsorption of the sample, a 50 ppm Cr(VI)
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solution was prepared by dissolving 0.141 g of K,Cr,0O-
(Merck) in 1 L of distilled water. 10 mL of Cr(VI) solution
was placed in a 100 mL Erlenmeyer flask, and 0.1 g of the
synthesized EEG was added. The EEG sample mixture
was shaken for 1h using an orbital shaker, CRYSTE
PURIKER, at 150 rpm. The adsorption process was
carried out at pH 2 [46-47]. The solution was then
transferred to the centrifuge tube and centrifuged for
15 min at 150 rpm. The mixture was then filtered through
Whatman 42 paper before measurement by an AAS
instrument. The adsorption capacity (q) was calculated
with Eq. (1);

q:(ci mif)vs (1)
where q is the equilibrium adsorption capacity (mg
adsorbate/g adsorbent), C; is the initial concentration, Cs
is the final concentration, V is the volume of the solution
(liters), and m, is the mass of the adsorbent (g) used [48].

m RESULTS AND DISCUSSION

The graphite rod in the bottle of H,SO, reagent
produces bubbles when a 3 V voltage is applied (Fig. 1(a)).
These bubbles are generated by water hydrolysis,
indicating that the toolkit is functioning correctly. The
scheme of the exfoliation process is presented in Fig. 1(b).
When high voltage is applied (5, 10, 15, and 20 V), the
water molecules are broken into radical species (HOs, He,
and «Os) [31,34]. The radical will interact with the C-C
bond, then anchor to the graphite surface and form
functional groups, such as hydroxyl, carbonyl, epoxy, and
carboxyl. The anchored functional groups will cause the
distance between the graphite layers, allowing sulfate ions
to intercalate into this layer. The high voltage applied can

(a) ! (b) .- B
,"“~ /‘J\,

“ H,S0, 0.2M ||
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also convert sulfate ions into SO, and O, gases; high
pressure arises between the layers. The high pressure
creates an explosion in the space between the layers [34].
The successful exfoliation of the graphite rod is evident
from the solution turning dark after exposure to high
voltage, as shown in Fig. 1(c). Exfoliation at 5 V takes 4 h
to yield 0.2 g of an EEG sample. In comparison, 10, 15,
and 20V need 1h, 40 and 20 min, respectively. The
higher the applied voltage, the less exfoliation time
required.

A comparison of the FTIR spectra between the
graphite rod sample and the EEG sample, as shown in
Fig. 2, demonstrates the success of synthesizing EEG
from graphite rods. The EEG sample reveals the
presence of functional groups, including hydroxyl,
carbonyl, and epoxy. The presence of the OH functional

Graphite
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EEG_10V
EEG_5V
oH C-H(sp?)

c=0 ¢=C c¢cO
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Fig 2. FTIR spectra of all samples, which show the
the
introduction of several functional groups into the EEG

electrochemical exfoliation process, reveal

compared to the pristine graphite rod

Fig 1. (a) Condition of the reaction bottle before high voltage is applied, (b) graphite rod exfoliation scheme, (c)

condition of the reaction bottle after high voltage is applied
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group is indicated by the presence of the broad peaks at
3100-3570 cm™" [34,49], C=0 groups with the peaks at
1700-1725 cm™ [49], the stretching of the C-O aromatic
group with the peaks at 1230-1270 cm™ [50], and C=C
strain on the aromatic ring with peaks at 1580-1615 cm™
[49-50]. This FTIR data is also similar to that of GO from
Ghul and Alrobei [49]. Fig. 2 also shows S=O groups in
the form of a sulphate ester, with an intense band at
1223 cm™ [34].

In electrochemical exfoliation, applying a higher
voltage drives stronger oxidation of graphite layers. This
generates more oxygen-containing functional groups
(-OH, -C=0, -COOH, -0O-) on the graphene surface.
Since IR absorption bands correspond to these groups,
their peaks become stronger as their populations increase.
As oxidation proceeds, bonds become more polar (C-C >
C-0O, C=0). The change in dipole moment during
vibration increases, directly amplifying the IR peak
intensity. Higher voltage not only promotes exfoliation
but also creates structural defects. Defects often terminate
with polar functional groups (C-O, C=0). More defects
will lead to more IR-active sites, thereby increasing the
absorption intensity.

The FTIR spectra of the sample show that applying
a 15V voltage significantly increases peak intensity,
particularly for the hydroxyl and carbonyl groups. The
higher the voltage applied, the more likely it is that the
number of radicals formed will increase. The more
radicals that are formed, the more functional groups will

be bound to the surface of the graphene layer. The higher
voltage applied will result in more functional groups
attaching to the graphene surface. Increasing the
number of ~-OH groups in EEG_15V is predicted to
enhance the material's interaction with Cr ions. The
—OH group, which donates electrons, forms strong bonds
with Cr ions and significantly enhances the adsorption
capacity of adsorbents for Cr ions [25]. In addition,
increasing the number of C=0 groups in EEG_15V is
predicted to improve the material's interaction with Cr
ions. The C=0 group plays a significant role in the
adsorption of Cr ions, enhancing the adsorbent's
capacity to remove it from aqueous solutions [24].
Moreover, COOH groups play a crucial role in Cr ion
adsorption by providing active sites for ion exchange
and complexation, thereby significantly enhancing the
adsorption capacity of various adsorbents [24-25].

The Raman spectra in Fig. 3(a) also support the
successful synthesis of EEG from graphite rods. The
graphite rods exhibit a spectral shape with a low D
(disorder) peak with a high and sharp G (Graphitic)
peak. The Raman spectra of EEG with voltage applied of
5V (EEG_5V), 10 V (EEG_10V), 15 V (EEG_15V), and
20 V (EEG_20V) show the typical spectral features with
the broad and intense D band, the broad G band, and the
hardly visible 2D band that is typically of graphene oxide
or reduced graphene oxide material [29,34]. With a
broader G band and a strong D band, there has been a
change in the structure of the material due to the presence
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Fig 3. (a) Raman spectra of all samples compared to the pristine graphite rod and (b) plot of G peak position and D'-
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of oxygen or other functional groups bound in the
graphite structure. The G peak positions of EEG_5V,
EEG_10V,EEG_15V, and EEG_20V are 1572, 1574, 1587,
and 1589 cm™, respectively.

As shown in Fig. 3(b), the peak position shifts to
higher values with increasing applied voltage. The EEG_5V
and EEG_10V samples have G (1572-1574 cm™) peaks that
are lower than those of standard graphene (~1585 cm™)
[51]. The EEG_15V and EEG_20V exhibit a blue-shifted
position, indicating that this sample has a more functional
group attached to the graphene structure. This Raman
result aligns with the FTIR result, indicating that EEG_15V
and EEG_20V exhibit stronger peaks, particularly in the
—-OH and C=0 regions. A companion peak around 1600-
1626 cm™ [52], commonly referred to as the D' peak, also
appears. This peak shows the formation of defects in EEG
material [52-53]. The difference between the D' peak
position and the G, (appearance) peak position can be
used to predict the classification of EEG samples as GO,
rGO, or graphene [34]. The value of D'-G, < 0 is equal
to C/O <10, which means the carbon material is in
graphene oxide form. If the D'-G,, value is in the range

Indones. J. Chem., 2026, 26 (3), 733 - 747

of 0 to 25, it is equal to C/O in the range of 10 to 500, and
the carbon material is in rGO form [52], while if the D'-
Gapp > 25, then the material is more graphene-like [34].
The D'-G,p, values of EEG_5V (35), EEG_10V (35),
EEG_15V (37), and EEG_20V are graphene-like, with
EEG_15V being the most graphene-like.

The D’ peak position comes from the fitting of the
D and G peaks, as shown in Fig. 4(a-d) [34,51]. The G
peak corresponds to in-plane carbon-atom stretching
vibrations [54]. The G peak corresponds to sp* carbon,
and the higher its intensity, the larger the sp® area in
graphene-like materials [55]. The D peak indicates the
degree of disorder in the carbon materials [56]. The
activation of defects in the hexagonal rings of a
graphene-like material gives rise to the D peak [57]. The
higher the peak intensity of D peaks, the bigger the
defect area in the graphene-like material. Therefore, the
intensity ratio between the D and G peaks reflects the
degree of defect in the graphene-like material [58]—the
intensity ratio of the D to G peak for all samples.

Fig. 5(a) shows that the Ip/Ig of EEG_20V (0.86) <
EEG_5V (1.01) < EEG_10V (1.07) < EEG_15V (1.09).
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Fig 4. Fitting D and G peaks of Raman spectra of (a) EEG_5V, (b) EEG_10V, (c) EEG_15V and (d) EEG_20V
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The Ip/I¢ for all EEG samples is higher than 0.85, while
the Ip/Is of graphite is just 0.09, showing the success of
converting graphite to EEG (the fitting D and G peaks of
Raman spectra of graphite were shown in Fig. S1 and
Table S1). The applied voltage increases the defect in the
sample up to 15V, but at 20 V, the anomaly occurs.
Increasing the voltage applied during graphite exfoliation
increases the defect density, which reaches a maximum at
15V. The higher the defect density in graphene-like
materials, the more active adsorption sites there are, so
EEG_15V is the best candidate as an adsorbent agent. Fig.
5(a) also represents the peak position of the sample as the
applied voltage varies. The D peak position of EEG_5V
(1343 cm™), EEG_10V  (1343cm™), EEG_15V
(1350 cm™), and EEG_20V (1351 cm™). The D peak,
which usually appears at 1350 cm™ [59]. It can be used to
indicate irregularities in the sp® structure, such as the
formation of C-H sp’ bonds. Disturbances to the sp’
structure will shift the D peak position to a lower
frequency (redshift). The red shift in the D peak position
of EEG_5V and EEG_10V because of the formation of C-

H sp® is supported by FTIR spectra with peaks at 2800
and 2900 cm™ that are more intense than those of
EEG_15V and EEG_20V.

The D* peak is a small peak at 1200 cm™ [34,51].
Fig. 5(b) shows that increasing the applied voltage causes
a red shift in the D* peak position, even though
EEG_20V is still larger than EEG_15V. This peak is
related to a disordered graphitic lattice due to the
presence of sp® bonds [51]. The D* peak position for
EEG_5V at 1228 cm™' is the reference position with the
most regular structure or the least defects. EEG_10V at
1222 cm™, with 6 cm™ redshift, indicates the occurrence
of a slight increase in chemical disorder or defect.
EEG_15V at 1123 cm™!, with 105 cm™ redshift, shows a
high level of disorder, possibly caused by the disruption
of many oxygen functional groups. Meanwhile,
EEG_20V at 1181 cm™!, with a 47 cm™ redshift, shows
moderate disorder, perhaps indicating a chemical
modification. The Ip/Ic value is related to some
functional groups (such as C-O sp’) that attach to the
graphene structure [51]. The trend of changes in the
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value of Ip-/I¢ for the sample in Fig. 5(b) is as follows:
EEG_5V (0.06) < EEG_10V (0.08) < EEG_20V (0.10) <
EEG_15V (0.18). The trend of Ipn:/Ig increases with the
increase in voltage applied, except for 20 V. This data can
be interpreted as indicating that the condition in which
EEG_5V has the least functional group compared to
EEG_10V. In contrast, EEG_15V has the highest
functional group (C-O sp’) content. EEG_20V has more
functional group content than EEG_5V and EEG_10V,
but less than EEG_15V. The higher C-O sp’ content in
EEG_15V and EEG_20V compared to EEG_5V and
EEG_10V is consistent with the FTIR spectra.

The D' peak (~1600-1625 cm™) is a resonance of the
D mode. It is sensitive to disorder and structural defects
in the sp* carbon system [60]. Fig. 5(c) shows that the D'
peak position shifts to lower energy with increasing
applied voltage. While the Ip/I¢ have the order of In/I; of
EEG_15V < EEG_10V < EEG_5V < EEG_20V. The
EEG_5V (1608 cm™), as a reference position, with Ip/Ig
value of 0.41, has a moderate disorder; the sp” structure is
relatively preserved, but it may have the lowest functional
group content. The EEG_10V (1609 cm™), with Ip/Ig
value of 0.41, has almost the same peak position but has
experienced a slight increase in possible functional group
content. However, the sp® structure is relatively more
preserved than that of EEG_5V. The EEG_15V
(1624 cm™) has the highest blueshift, which indicates the
highest possible functional group content, but with the
lowest Ip/Ig value (0.28), it shows the weakest defects in
the sp® carbon system.

We can interpret this data as a phenomenon: the
increase in functional group attachment without an
increase in defects in the sp* carbon system. This is
probably because the functional group is attached to the
edge of the graphitic structure of the EEG material. While
EEG_20V (1621 cm™) has a high blueshift, indicating that
the disorder increased significantly with the highest Ip/Is
value (0.52), showing that it shows a very high disorder,
the structure is very disturbed by heavy
oxidation/functionalization. The 20V voltage applied
makes the EEG material more amorphous due to the
presence of the broad peak D" peak at 1350 cm™ with the
highest Ip/Is value (Fig. 5(d)). The D" peakis related to
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amorphous phases [34].

The peak at 2700 cm™ is known as the 2D peak, the
second-order derivative of the D peak [61]. The fitting
of the 2D peak uses four Lorentzian functions to give 3
other peaks named D+D" [62], D+G and 2G [34], as we
can see in Fig. 6(a—d). The fitting results in Fig. 6 show
the pattern of changes in the peak ratio values of Lp/Ig
and FWHM (Fig. 7(a)), and the D+D" peak position and
the ratio of Ip,p"/Ic (Fig. 7(b)). The higher value of I,p/Is
confirms a highly crystalline structure [63]. The
EEG_15V shows a higher L/l ratio, indicating it is
more crystalline than the other sample. The value in Fig.
7(a) increases with increasing voltage; the anomaly is
also evident in the EEG sample with 20 V applied. The
comparison of the intensity of the 2D peak to the G peak
can also be used to predict the number of layers [34]. The
value of Lp/Is for monolayer graphene is 2, while for
bilayer graphene, it is 1; subsequently, multilayer
graphene yields Lp/Ig > 1 [64-65]. All samples have values
less than 1, indicating that they are multilayer graphene.
However, EEG_15V has the highest value, suggesting it
has the fewest layers. This result also aligns with the
FWHM values extracted from the 2D peak fit. The
EEG_15V with the smallest FWHM is assigned the
smallest layer number. The lower the graphene layer
number, the higher the adsorption capacity [34]. The
EEG_15 is the best candidate for an EEG sample as an
adsorption agent for chromium ions.

The increasing voltage applied shows that the
phenomenon increases with increasing local disorder,
indicating that edge modification has occurred without
damaging the overall sp* structure [60]. The edge
modification can be studied by analyzing the D+D"
peak, which is indicative of defect-activated or edge
modification [62]. The D+D" peak is observed at
2450 cm™ [40]. Then, the ratio of the intensity of the
D+D" peak to the intensity of the 2D peak shows the
edge modification degree. The plot of the value of
Ip.p/I¢ for all samples in Fig. 7(b) shows that the Ip,p/Ig
is increased due to the increase in voltage applied, except
for 20 V. This data indicates that increasing the applied
voltage from 5 to 15V increases local disorder without
damaging the overall sp* structure. The D+G peak is
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visible at 2950 cm™ [60,62], a defect-activated peak [62]
not directly related to edge modification. This peak is
attributed to asymmetric C-H stretching in CHs/CH,
groups attached to sp’ sites [66], indicating the presence
of C-H (hydrogenated amorphous carbon). The presence
of C-H sp’ is confirmed with the presence of the peaks at
2800 and 2900 cm™" in the FTIR spectra.

Raman analysis indicates that the EEG_15V is the best

candidate for the adsorbent agent. The results of the
adsorption capacity test of EEG samples against Cr(VI)
ions showed that the adsorption power of the EEG_5V
sample was 4.38 mg/g, EEG_10V was 4.58 mg/g,
EEG_15V was 5.27 mg/g, and EEG_20V was 3.29 mg/g.
EEG_15V has the highest adsorption capacity, as
predicted previously. By using Eq. (2) [67], the defect
density (nD) value of EEG_5V is 3.02x 107" cm™,
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EEG_10Vis3.20x 10" cm™, EEG_15V is 3.26 X 107" cm?,
and EEG_20V is 2.57 x 107" cm™. In the plot in Fig. 8, the
higher the defect density, the higher the adsorption
capacity. EEG_15V has the highest adsorption due to its
higher defect density.

The relationship between defect density and the
adsorption capacity of carbon materials is supported by
research by You et al. [68], which shows that structural
defects make the graphene surface more active in adsorbing
gases such as NO,. Other research has shown that only
defective graphene can adsorb oxygen, whereas pristine
graphene does not [69]. The poor defect in the graphene
structure results in the lower adsorption capacity of Li
[70]. It means the higher the defect density of the graphene
material, the higher the adsorption capacity. EEG_15V,
with the highest defect density, is related to the number of
functional groups that attach to the graphene structure of
EEG_15V. The EEG_15V shows a high intensity of -OH
groups, as indicated by the FTIR result. The number of
—-OH groups bound to the EEG_15V sample will form
strong bonds with Cr ions and significantly enhance the
adsorption capacity [25]. The FTIR data also show that
EEG_15V has a high C=0 content, which enhances the
adsorbent's capacity to remove Cr from aqueous solutions.
The presence of -OH, C=0, and epoxy groups is vital to
the adsorption process, as they serve as adsorption sites
(Cr,0+7). The
mechanism of the Cr metal adsorption process on the

for dichromate ions interaction
graphene material is adsorbed through noncovalent van
der Waals forces, with a computational study using DFT
and molecular modeling giving the adsorption energy
ranges from around —133.7 to —143.8 kcal/mol depending
on the specific functional group (hydroxyl, epoxy,

carboxyl) at the adsorption site [26].

22
nD=2‘4XiO [I_Dj @)
AL Ig
2x1
nz—IX G (3)
2D

The monolayer of graphene has an Lp/Ig value of 2,
so we assume that the number of layers of the EEG can be
counted using Eq. (3). The number of layers (n) of
EEG_15V (~7) < EEG_10V (~12) < EEG_5V(~13) <
EEG_20V (~14). If we assume that the graphite rod source
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in the exfoliation process has the same number of layers
as 7.644 layers of graphene, then in EEG_15 will be the
2.184 active surface for adsorption, while in EEG_10V is
1.274,in EEG_5Vis 1.176,and in EEG_20V is 1.092. The
more active the surface, the higher the adsorption capacity
[71]. EEG_15V has the fewest layers, resulting in a higher
adsorption capacity, as adsorption capacity increases with
fewer graphene layers. Here, we can say that EEG_15V has
the highest adsorption capacity due to its lower number
of layers and higher defect structure. The EEG_15V
adsorption capacity is lower than that of the GO material,
with a maximum adsorption capacity of Cr(VI) of
41.27 mg/g [27]. Still, it is higher than that of pure rGO,
with an adsorption capacity for Cr(VI) metal ions of
2.65 mg/g [22]. EEG material is a graphene-like material
closer to rGO than to GO [32,34]. rGO has lower defects
than GO, which results in the rGO material having a lower
adsorption capacity for Cr(VI) than the GO material.

m CONCLUSION

The results showed that the EEG with a 15V
voltage variation produced a material with the highest
structural defects and the fewest layers, thereby having
the greatest impact on the adsorption capacity of Cr(VI)
ions. EEG_15V was able to adsorb 5.27 mg/g of Cr(VI)
ions in a 1-h adsorption process. The low adsorption
capacity of EEG material can be increased through several
modification steps, such as activation via soaking in
residual solvents or by forming a composite with
conductive polymers, such as polyaniline, or with
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transition-metal compounds, such as MnO,. However,
the research objective of obtaining the optimum voltage
to produce a material with potential as a cheap and
efficient adsorbent from used battery waste has been
achieved. This finding has the potential to enable efficient,
environmentally friendly processing of small-scale
industrial waste. This research is still limited to a
laboratory scale and has not been tested on real waste.
Further research is needed to test the effectiveness of this
adsorbent in continuous systems and under field
H,SO,
environmentally friendly exfoliation medium is another

conditions.  Replacing with a  more

crucial step in this research.
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