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Abstract: Using textile dyes that seem to reach new heights has caused the waste
produced to skyrocket. One is malachite green, which earned its popularity due to its
vibrancy. However, the impact of malachite green has proven to be an adversary to the
environment, aquaculture, and health. This experiment aims to analyze the removal
of malachite green through adsorption by using activated carbon made from apple
waste. Some activated carbon underwent activation with NaOH 0.5 M. We sieved these
activated carbons into a 100 mesh and used the batch method to test them for optimal
conditions. The concentration at equilibrium was analyzed using cyclic voltammetry.
The results of these experiments are modeled into isotherm and kinetics models to help
describe the adsorption. SEM-EDS, FTIR, and SAA also characterized the adsorbent
samples. We found the NaOH-activated carbon to be the most efficient adsorbent, with
optimum conditions of 0.3 g, 20 min, and 200 ppm. The adsorption data followed the

Dubinin-Radushkevich isotherm and the pseudo second-order kinetics.

Keywords: activated carbon; adsorption; apple waste; malachite green

m INTRODUCTION

Textile dyes have been increasingly popular in
modern times due to their bright colors and versatility
compared to natural dyes. Nonetheless, their influence on
the environment, particularly the aquatic ecosystem, has
been proven to be toxic. The textile industry in Indonesia
frequently discharges trash into rivers, resulting in aquatic
pollution [1]. This textile dye waste may obstruct sunlight
from reaching the water's surface. In addition to the
aquatic environment, textile dyes also negatively impact
health. These encompass skin and eye irritation, cancer
development, and mutation [2]. Consequently, the
appropriate handling of textile dyes and compliance with
standards is crucial in preventing pollution and
undesirable societal effects.

Malachite green is one of the most often utilized
textile colors. Malachite Green presents a uniquely vivid
hue of green in contrast to other dyes. It dyes wool, silk,
skin, and paper. In addition to its role as a coloring agent,
malachite green functions as an antibacterial agent,
within  the
aquaculture sector [3-4]. This dye is renowned for its

fungicide, bactericide, and pesticide

toxicity and has been linked to the stunted growth rate,
birth abnormalities, and survivability of fishes [5].
Consequently, the application of malachite green in the
aquaculture sector is explicitly prohibited in numerous
areas, including Canada, the United States, Europe, and
China, with a legal concentration limit of 0.5-100 pg/L
[6]. Malachite green poses a risk of groundwater
contamination, making it unfit for human consumption.
Untreated wastewater containing malachite green mixed
with water supplies presents significant risks to human
health, including mutagenesis, carcinogenesis, and
severe damage to the respiratory system [7].
Nevertheless, nations with less strict regulations, such as
Indonesia, would continue to permit the utilization of
malachite green.

Various strategies have been employed to mitigate
the water quality crisis in Indonesia. The techniques
utilized in the treatment of textile wastewater include
coagulation [8], electrocoagulation [9], adsorption [10],
irradiation [11], photocatalysis [12], ozonation [13],
membrane separation [14], and bioremediation [15].

Nonetheless, these approaches are extremely costly and
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require complex systems, which limit their application
[16]. An inexpensive and relatively simple method for
bettering water quality is adsorption.

Adsorption is a method used for liquid waste
treatments due to its ability to remove pollutants that need
to be removed. Different materials, including activated
carbon (AC), were used as adsorbents in the liquid waste
treatment. AC is an adsorbent frequently used for waste
treatments, gas purification, and catalyst support [17]. AC
production would involve dehydration and carbonization
of material, followed by physical or chemical activation.
Many studies attempt to find alternative materials that
could be transformed into AC to suppress costs further.
Recently, agricultural wastes, such as peels, seeds, pits,
and pulps, have risen to prominence as materials suitable
for AC production [18-19]. Several studies have looked at
how to make AC from agricultural wastes like rice husks
[20], avocado seeds [21], coconut shells [22], sesame shells
[23], and cotton stalks [24].

One of the organic materials that could be utilized
to obtain AC is apple waste. Apple has established itself as
a widely favored commodity globally, with production
surpassing 97.00 million tons in 2023. Asia is the major
global producer of apples, accounting for approximately
60.00% of worldwide apple production. This trend is
evident in Indonesia, in which per capita apple
consumption reached 79.21 kg in 2021 [25]. Therefore,
the number of apple peels and pulps produced yearly
would also be extremely high, intensifying the existing
issue of food waste in Indonesia.

Chemical activations are frequently employed to
produce ACs that exhibit larger specific surface areas and
enhanced porosity [24]. The common reagents utilized for
the activation of carbons include NaOH, KOH, H;PO,,
ZnCl,, HNOs, and K,COs. Several research studies have
been done using apple waste as the source material for AC
in the past. Suarez-Garcia [26] made AC from apple peels
and used H;PO, as the activator. Ramdane et al. [27] once
observed ACs made from apple waste, which involved
physical and microwave activation. Currently, there
appears to be a lack of studies exploring the use of NaOH
as an activator for carbon sourced from apple waste, even
though it is recognized as a widely used and low-cost
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reagent for activation. Other studies have demonstrated
that NaOH serves as an excellent activator, facilitating
the formation of micropores and mesopores, enlarging
its surface area, and improving its adsorption capacity,
which is favorable for adsorption [28-30].

The purpose of this study is to find out how well-
AC made from apple waste works as an adsorbent,
especially when activated using 0.5M NaOH. We
examined the adsorption conditions, including the mass
of the adsorbent, the duration of adsorption, and the
initial concentration of malachite green, to identify the
optimal parameters for the adsorption process. The
adsorption process was studied using isotherm and
kinetic models to assess the effectiveness of the
adsorbent, which would result in key information for
developing an adsorption system [31].

m EXPERIMENTAL SECTION
Materials

Apple waste from the Manalagi apples was collected
from Batu, Malang. Guardia et al. [32] examined the
elemental analysis of an apple, which is composed of
47.1% carbon, 6.4% hydrogen, 0.5% nitrogen, and 46.0%
oxygen. Suarez-Garcia et al. [26] did a biopolymer analysis
and found that it is made up of 44.0% holocellulose,
17.3% lignin, 6.7% soluble in organic solvents, and
31.3% soluble in water. The analytical grade materials
used for this study included malachite green powder
(Merck) and 2% w/v NaOH (Merck). Other materials,
such as 0.1 M phosphate buffer pH 7.4 (Muda Berkah
group) and aquadest (WaterOne), are technical grade.

Instrumentation

A JEOL JSM-IT510LV
microscope-energy dispersive X-rays (SEM-EDS) were

scanning electron
used in this study. A Quantachrome Novatouch Lx4
surface area analyzer was also used, as well as Fourier-
transform infrared radiation (FTIR) with a Perkin Elmer
Spectrum Two System L160000A. The EDAQ Potentiostat
was used to measure the concentration of malachite green
at equilibrium. The GCE electrode was used as the
working electrode, the Ag|AgCl electrode was used as
the reference electrode, and the Pt wire electrode was
used as the counter electrode.
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Procedure

Preparation of apple wastes

As much as 3 kg of apple waste were air-dried for 3 d
and then dried at 110 °C for 48 h. We ground the dried
apple wastes into fine powder using a food processor and
sifted them through a mesh of 100 to achieve uniform
particles.

Production of AC

Powdered apple wastes were carbonized in the
furnace at 800 °C for 1 h. The carbon obtained from this
step was divided into two parts. One division was kept
aside for the adsorption process and labeled AC. The
other part endured additional activation with NaOH
0.5 M and was labeled AC-NaOH. These adsorbents were
soaked in the solution for 24 h, washed with aquadest, and
dried at 110 °C for 3 h.

Characterization

All variants of the adsorbents were examined using
FTIR spectroscopy, surface area analysis, and SEM-EDS.
All adsorbent characterization results are compared to
about the FTIR
spectroscopy was supposed to characterize the adsorbents

extract information adsorbent.
chemically by determining their functional groups. The
infrared transmission spectrum was recorded from 400 to
4000 cm™ using the KBr wafer technique. The surface
area analyzer (SAA) used N, gas adsorption-desorption at
77 K to look at the adsorbents and figure out their surface
area and porous volume. Before the adsorption, samples
of adsorbents were degassed under vacuum at 473.15 K
for 6 h. The BET isotherm identified the adsorbents’
surface area. The t-plot and the Barrett-Joyner-Halenda
(BJH) model were used to find the adsorbents' average
pore diameter, micropore volume, and micropore area.
The SEM instrument was utilized to magnify the
adsorbent 1000 and 5000 times. The EDS spectrum
detected the elements and determined their percentages
in these samples.

Determination of the optimum conditions with batch
method

Adsorbents labeled as AC and AC-NaOH
underwent adsorption processes to determine the
optimum adsorption conditions. The batch method was
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used to help determine these conditions. The
experiment was carried out by varying the mass of the
adsorbent, the

concentration of malachite green.

contact time, and the initial

Determination of the optimum mass of the
adsorbent

Adsorbent samples with masses of 0.1, 0.2, 0.3, 0.4,
and 0.5 g were added to flasks filled with 50 mL of
malachite green 50 ppm and shaken at 100 rpm for
30 min. After the adsorption process, the solutions were
filtered and kept aside.

Determination of the optimum contact time

Adsorbent samples with the optimum mass were
added to flasks filled with 50 mL of malachite green at
50 ppm, then shaken with the shaker at 100 rpm for 10,
20, 30, 40, 50, and 60 min. After the adsorption process,
the solutions were filtered and kept aside

Determination of the adsorbate
concentration

The optimum amount of adsorbent samples was
put into flasks that were 50 mL full of 50, 100, 150, 200,

250, and 300 ppm malachite green. The flasks were then

optimum

shaken at 100 rpm for the optimum time. After the
adsorption process, the solutions were filtered and kept
aside. The concentration of the filtrates was determined
with cyclic voltammetry. Standard curves for both
methods were created by making standard solutions and
measuring their peak current with a scan rate of
200 mV/s. Atleast 25.0 mL of these filtrates were used in
cyclic voltammetry with 5.0 mL of 0.1 M phosphate
buffer 7.4 as the electrolyte.

Adsorption isotherm and kinetics

The data obtained from determining the optimum
concentration experiment were modeled into eight
isotherms to identify the most suitable isotherm model
to describe the adsorption. Langmuir, Freundlich,
Temkin, Dubinin-Radushkevich, BET, Hill de Boer,
Redlich-Peterson, and Sips are the isotherm models
used. Table 1 summarizes the linear equations of all
isotherm models used in this experiment and their
parameters. Eq. (1) and Eq. (2) calculated the adsorption
capacity and the removal capacity, respectively.
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(Co—C,) m RESULTS AND DISCUSSION
Q=12 "txv (1)
W : ) FTIR Analysis
C,—-C
Removal effiCienC}’(%)=%x100% (2) Fig. 1 shows the FTIR spectrum of AC. It has

0
In which C, represents the concentration of malachite

green initially (ppm), C; denotes the concentration of

strong and wide peaks at 3400 cm ™, which points to the

malachite green at equilibrium (ppm), w stands for the
adsorbent’s mass (g), and V symbolizes the volume of the
solution (L). The isothermal analysis of the adsorption
data was carried out by fitting them into the isotherm
linear equations.

The kinetics of adsorption provide insights into
potential adsorption mechanisms and are crucial for

Transmittance (a.u.)

determining suitable process parameters and optimal

conditions for larger-scale removal processes [33]. The KA 1

kinetic models derived from the adsorption data include ——KA3

pseudo-first-order, pseudo-second-order, and , , , , , , , , ,
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Wavelength (cm™)

equations corresponding to the specified kinetics models. Fig 1. FTIR spectrum of AC and AC -NaOH

intraparticle diffusion models. Table 2 presents the linear

Table 1. Linear form of isotherm models and their parameters

Isotherm Linear equation Plot Parameters
C 1 C C
Langmuir —<= +—= C, vs. —= qm> Ki, Re
9e KLqm 9m 9e
Freundlich logq, =logKg -i—ilogCe logC, vs. logq, Kpn
Temkin q. =BInAg +BInC, InC, vs. q. Ar, By
Dubinin-Radushkevich Ing, =Inq,, +pe g® vs. Inq, Ko, g5, E
C C
Redlich-Peterson In—=BInC, —InoR InC, vs. In—= aR, B
9e 9e
C.(1-8)| o K,0 C.(1-8)| o
Hill-de B In| 4 |-——=InK;——2~  Qvs. In| 2 |-—— K, K
rraeodt { 0 } 16 ! RT o | 1-6 b
Si 1 de _ 9e
ips n| —=— |=B,InC, +InK, InC, vs. In| ———— Qms Bss Ks
9m ~9de 9max ~Ye

Table 2. Linear form of kinetics models and their parameters

Isotherm Linear equation Plot Parameters

Pseudo-first-order In(q. —q;)=Inq. +k;t  tvs. In(q.—q,) Qe ki

1 1 t

Pseudo-second-order —= s t—t tvs. — Qe k2
qt kzqe qe qt

Intraparticle diffusion q; = Kp\/z +C Jt vs. q; K,, C
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O-H vibrational stretch. The peak at 2928 cm™ shows an
aliphatic C-H stretch. There is also a possibility of a C=C
bond for the peak at 1626 cm™. The peak at 1384 cm™
came from tertiary alcohol or phenol, made it more likely
that the adsorbent has an O-H bond. The peak at
1053 cm™ implies the C-O-C and O-H bond vibration
from polysaccharides.

AC-NaOH, as shown in Fig. 1, has similar peaks to
AC, which means a chemically activated adsorbent would
still have the same functional groups. Some peaks in AC,
such as the one at 3400 cm™’, are not as broad. The same
goes for the aliphatic C-H stretch. Chemical activation
helped form new functional groups, the 2345 and
669 cm™ peaks. The peak at 2345cm™ indicates the
existence of C=C, whereas the peak at 669 cm™ indicates
out-of-plane bending by alcohol.

Apple waste approximately comprised 46% oxygen,
indicating the presence of hydroxyl, ether, and carbonyl
groups [34]. The diminution of the ~-OH peak, C-O-C
bonds, C=0, and aliphatic C-H groups post-activation
signifies that the activation-induced the decarboxylation
and dehydration of lignocellulosic constituents [35].
Weaker oxygen-containing bonds are broken down to
facilitate the formation of more aromatic compounds. In
this instance, NaOH was a catalyst to decompose these
oxygen-containing bonds. In conjunction with thermal
treatment, NaOH induces dehydration, facilitating
oxygen loss and transforming carbon into more
condensed structures [36]. The creation of condensed
structures and the breakdown of lignocellulosic
compounds result in the formation of C=C bonds.
Hafizuddin et al. [37] propose the activation method with
NaOH, detailing the reactions in Eq. (3-6).

1117
4NaOH + C~> N32CO3 + NazO + 2H2 (3)
2Na,O + C > 4Na + CO, (4)
Na,CO; + 2C > 2Na + 3CO (5)
C+CO,52CO (6)

These reactions result in the degradation of the less
stable organic molecules, facilitated by NaOH as the
activating agent. Consequently, the NaOH activation did
not compromise the entire carbon structure due to its
selectivity and promoted the formation of a porous
structure [21]. The development of a condensed
structure contributed to structural integrity; hence, it
maintained the integrity of AC.

SEM-EDS

According to the morphologies displayed in Fig. 2,
AC-NaOH has enlarged and deeper pores than AC.
These pores significantly affect the adsorption of
malachite green, giving the adsorbate additional space to
stick to the adsorbent's surface. Based on the EDS
spectra shown in Fig. 3, both adsorbents contain a high
amount of carbon: 88.67% (AC) and 94.42% (AC-NaOH).
The adsorbents fulfilled the SNI 06-3730-1995 criteria,
which stated that good AC should contain at least 65% of
the total carbon. The EDS spectrum also identified some
minerals (Mg, K, and Ca) contained in ordinary AC,
which were later removed due to chemical activation.

A notable distinction between AC and AC-NaOH
lies in the composition of carbon and oxygen in the two
adsorbents. AC contained the least amount of carbon
but the highest number of oxygen. AC-NaOH had the
highest percentage of carbon, which could be inferred as
the adsorbent with the best performance [38]. The fact
that both ACs had a low percentage of oxygen proved that
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Element Signaltype Wt% Wt.% Sigma

C EDS 88.67 0.83

(o] EDS 8.13 0.83

Mg EDS 0.28 0.07

K EDS 2.34 0.13

Ca EDS 0.58 0.09
Total 100.00
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Element Signaltype Wt% Wt.% Sigma

EDS 94.42 0.77
o EDS 5.58 0.77
Total 100.00

Fig 3. EDS spectrum analysis of (a) AC and (b) AC-NaOH

the lignin and cellulose compounds were dehydrated,
which was also supported by the FTIR results.

SAA Analysis

Characterization of the two adsorbents with a SAA
provides information about the adsorbent's surface area,
pore distribution, BET isotherm, and type of isotherm.
The N, adsorption-desorption graphs are illustrated in
Fig. 4. The N, adsorptions, which began at p = 0.05 atm
until 1 atm, show sharp inclines of adsorbed volumes,
which gradually declined as the pressure increased.
However, there are also increases in high pressures. The
desorption rate did not match the adsorption rate,
potentially due to insufficient degassing time. Another
factor that caused these conditions is that the pore's
diameter is larger than the pore's neck, which would

indicate that the pores are ink-bottle shaped, typically
occurring in ACs [39]. Ink-bottle-shaped pores were
usually mesopores, indicating that these adsorbents
followed the type IV isotherm, according to IUPAC [40].
Table 3 displays the textural parameters of both
adsorbents using the N, adsorption-desorption
isotherm, t-plot, BET, and BJH analyses.

According to the textural parameters, chemical
activation increased the adsorbent's surface area. The
volume of the pores also appears to be deeper compared
to AC, which validates the SEM-EDS analysis. The
radius of the pores, which are more than 2 nm, supports
the assumption that both adsorbents are mostly
mesopores. According to the IUPAC classification [40],
adsorbents with pore diameters larger than 2 nm and
smaller than 50 nm are classified as mesopores.
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Fig 4. N, adsorption-desorption isotherm graph of (a) AC and (b) AC-NaOH

Table 3. Textural parameters of AC and AC-NaOH

Sample AC AC-NaOH
Sper (m?/g) 159.232 299.203
Viota (cc/g) 0.0980367 0.176021
APRyji (nm) 2.03422 2.02913

Even though the surface area and the total volume
increased due to chemical activation, the radius of AC-
NaOH is smaller than AC. The increase in depth caused
the increase in the surface area, which is supported by the
total volume data. In conclusion, the SAA results
indicated that AC-NaOH exhibited superior characteristics
compared to AC, which was consistent with the
experimental findings. This result also means that
chemical activation with a base could improve the
performance of AC in adsorbing textile dyes, such as
malachite green. Table 4 displays the BET parameters of
other AC recently in comparison to AC-NaOH.

AC-NaOH surpasses the characteristics of ACs
sourced from several sources, including tea waste and
almond shells. While research conducted by Venkatesan
et al. [24] and Tran et al. [43] yielded ACs with better

surface areas, the AC-NaOH produced from apple waste
in this study remains comparable to viable adsorbents,
as the difference in surface areas and pore volumes may
be attributed to differences in the activation methods
used.

Malachite Green Calibration Curve from Cyclic
Voltammetry

This experiment's voltammetry conditions were
based on similar research [44], which identified the best
those The
obtained from malachite

peaks  under conditions. cyclic

voltammograms green
standard solutions are portrayed in Fig. 5. The changes
between the concentrations of the malachite green cyclic
voltammograms were slight since this experiment used
relatively small concentrations as standards. Based on
the cyclic voltammograms, a standard curve can be
made by extracting the peaks from the voltammograms.
The peaks obtained from the voltammograms are
summarized in Table 5, and the standard curve is shown
in Fig. 6. The cyclic voltammograms of malachite green
at conditions stated in the experimental section showed

Table 4. BET comparison of AC and their activation method

Material Activation method Sper (M?/g)  Viow (cc/g)  Reference
Apple waste 0.5 M NaOH (24 h) 299.2030 0.1760 This work
Tea waste NaOH ratio 1:1 (24 h) 270.0000 0.1060 [41]
Almond shell 400 °C (75 min) 120.2100 0.5720 [42]
Cotton stalk H;PO, ratio 1:2 (24 h) 461.0000 1.2190 [24]
Dragon fruit peel NaOH 24 h at 100 °C, 600 W (2 min)  688.8080 0.0158 [43]
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Fig 5. Cyclic voltammograms from malachite green standard solutions

Table 5. Peaks from malachite green cyclic voltammograms

No Standard conc. (ppm) Peak (pnA)
1 10 0.52150623322
2 20 0.56100624085
3 30 0.58045623779
4 40 0.63722187042
5 50 0.66879371643
0.65-

Peak (uA)
o
[e2]
o
1

y =0.0037x + 0.4826

R*=0.9828
0.55 1

20 40
Standard Conc. (ppm)

Fig 6. Calibration curve of malachite green from standard
solutions

an anodic peak. This anodic peak is due to the oxidation
of the carbinol form of malachite green [44]. Based on the
lack of cathodic peaks, the reaction during the cyclic
voltammogram readings is irreversible [45].

The calibration curve was plotted against the
standard concentration, ranging from 10 to 50 ppm. With
a correlation coefficient of 0.9828, the plot demonstrated

exceptional linearity. This result means that cyclic
voltammetry is a valid method for measuring the
unknown malachite green concentration after the
adsorption process.

Batch Method Optimum Conditions

Influence of adsorbent mass on adsorption

The results of determining the optimum adsorbent
mass experiment are summarized in Fig. 7. The findings
show that 0.3 g of adsorbent are needed to adsorb 50 mL
of malachite green solution at 50 ppm for 30 min with
the removal efficiency of 95.312% (AC) and 95.577%
(AC-NaOH). At those particular masses, the adsorption
capacities are 8.009 mg/g (AC) and 8.016 mg/g (AC-
NaOH).

Typically, adding more adsorbent could increase
the surface area, thus increasing existing adsorption sites
[46]. The malachite green adsorption followed that
notion until the optimum adsorbent dose; then, the
adsorption efficiency dropped afterward. There are
more unsaturated adsorption sites [47-48], which means
that more adsorbents could be used and allow particles to
build up. This is what causes the lower efficiency. The
concentration of the adsorbate did not rise linearly with
the surface area. After absorbing most of the adsorbate,
the remaining particles moved slower [49]. Thus, the
adsorption capacity will decrease, as reflected in the
results of this experiment.
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Fig 7. The influence of (a) adsorbent mass, (b) contact time, and (c) adsorbate dose on the adsorption efficiency

Influence of contact time on adsorption

According to these cyclic voltammetry results, the
optimum contact time to adsorb the same amount and
volume of malachite green is 0.3 g, with a removal
efficiency of 95.312% (AC) and 95.577% (AC-NaOH). At
that particular mass, the adsorption capacities are
8.009 mg/g (AC) and 8.016 mg/g (AC-NaOH).

Based on the results, the adsorption capacity
dropped after reaching the optimal contact time.
Occasionally, the adsorption process can go on longer
than the ideal contact time. This condition can cause the
adsorbate-adsorbent complex to break up into adsorbent
and adsorbate molecules during the desorption process
[50]. Furthermore, the adsorption active sites could be
full, which means they cannot hold any more adsorbate
molecules [51].

Influence of adsorbate dose on adsorption

According to these cyclic voltammetry results, the
optimum adsorbent dose with the optimum adsorbent
dose and contact time for each adsorbent is 200 ppm
with a removal efficiency of 98.081% (AC) and removal
efficiency of 98.165% (AC-NaOH). At that
concentration, the adsorption capacities are 32.905 mg/g
(AC) and 32.933 mg/g (AC-NaOH).

The adsorption capacity for both adsorbents
sharply declined after reaching the optimum adsorbate
dose. This phenomenon is due to insufficient active sites,
as the adsorption sites were fully saturated. If the
adsorbate dose was raised above the optimal amount and
there were not enough adsorption sites, the adsorption
efficiency would decrease because the active sites could
not handle more adsorbate molecules [52].
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It was shown in all three experiments that AC mixed
with 0.5 M NaOH is the best adsorbent because it works
better, takes less time, and requires less effort. There is
evidence that adding NaOH to the activation process
effectively removes unwanted substances from the AC
and makes its pores bigger. NaOH acted as a dehydrating
agent during the activation process, breaking the C-C and
C-O-C bonds in the carbon and promoting more
extensive pore formation [30].

Evaluation of the Adsorption Isotherm and Kinetics

The experiment results to find the best adsorbate
dose are plotted against the adsorption isotherm models
to see which best describes the adsorption process. The
graphs from the isotherm models can be seen in Fig. 8,
and the parameters for both adsorbents were found in
Table 6 and based on the linear graphs.

Out of those seven isotherms listed, no isotherm
models could fulfill the correlation coefficient requirement

Indones. J. Chem., 2025, 25 (4), 1113 - 1131

for the adsorption that happened with AC. Hill de Boer
is the closest isotherm model to linearity for this
adsorption, with R*> =0.8724. Based on the positive K,
parameter, it appears that there are attractive forces
between adsorbate species [53]. The Temkin isotherm is
another isotherm that showed fairly excellent linearity
with the adsorption data, with R*> = 0.7891. This isotherm
provides information about the relationship between the
heat of adsorption and surface coverage; in this case, the
heat of adsorption will decrease linearly [54]. Based on
the parameter BT, the adsorption type was physisorption
since BT < 8 kJ/mol [55]. Although this notion contradicts
the parameter results from the Dubinin-Radushkevich
isotherm, the Temkin isotherm fits the adsorption data
better. The adsorption data fit decently with the Sips
isotherm. The parameter is less than 1, indicating lateral
interactions between adsorbate molecules and the
adsorbent. The result also provides insight into
adsorption occurring at a homogenous surface [56].

Table 6. Isotherm parameters for the adsorption of malachite green

Isotherm Parameter AC AC-NaOH
Langmuir qm (mg/g) 78.125000 95.238100
K. (L/mg) 0.0979342 0.07703595
R 0.0194850 0.0194850
R? 0.5515000 0.3845000
Freundlich Kr (mg/g) 8.4469510 7.7535390
n 1.4507470 1.2963440
- 0.6893000 0.7714000
R? 0.6191000 0.6668000
Temkin Ar (L/mg) 1.0939930 0.9764460
Br (J/mol) 141.80890 127.17110
R? 0.7891000 0.8337000
Dubinin-Radushkevich Kbor (mol?/kJ?) 0.000000005 0.00000001
qm (mol/g) 0.0040410 0.0030720
E (J/mol) 10000.000 6930.0000
R? 0.6414000 0.9996000
Redlich-Peterson aR 8.446904138 7.788902779
B 0.3107000 0.2332000
R? 0.2481000 0.1533000
Hill-de Boer K 1227.948292 3588.896
K, 31051.36082 37509.96535
R? 0.8724000 0.8144000
Sips qm (mg/g) 35.96839005 59.54648249
Bs 1.07342207 0.927127758
K, 0.133694224 0.075215346
R? 0.7766000 0.7357000
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Fig 8. Linear graphs of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Dubinin-Radushkevich, (e) Redlich-Peterson,

(f) Hill-de Boer, and (g) Sips models

The isotherm model that best fits the adsorption
with AC-NaOH is the Dubinin-Radushkevich isotherm.
According to the E parameter in the Dubinin-
Radushkevich, which was < 8 kJ, the type of adsorption

that happened was physisorption [57]. This notion is
also supported by the results of the Temkin isotherm,
which showed fairly decent linearity. The
Freundlich isotherm values, which are more linear than

also
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the Langmuir isotherm values, show that adsorption with
AC-NaOH is more likely to form a multilayer than a
monolayer.

On other similar studies [10,58], the qm is deduced
from the Langmuir isotherm. Multilayers and surface
heterogeneity are present in the adsorption; hence, the
Langmuir isotherm has poor linearity. As a consequence,
there is a notable difference in qy, values between the batch
method and the Langmuir isotherm. This discrepancy is
caused by the linear analysis of the data, which can
introduce errors [59]. Although linear regression of the
adsorption models is easier and more convenient, this
linearization changes the dependent and independent
variables of the adsorption [60]. Table 7 displays a
comparison of the adsorbents used for malachite green
adsorption. AC-NaOH significantly outperforms the
other adsorbents in terms of malachite green adsorption
capability. The AC generated in this study is a highly
efficient and effective adsorbent that utilizes apple trash,
hence rendering it cost-effective.

Indones. J. Chem., 2025, 25 (4), 1113 - 1131

Fig. 9 displays the BET isotherm for two adsorbents
obtained from the SAA, which produced excellent results.
The correlation coefficients of the two adsorptions are
R*=10.997291 (AC) and R* = 0.994673 (AC-NaOH). The
BET isotherm is typically used to describe physisorptions
[64]. The BET isotherms show that physisorption is
present in the adsorption on a homogenous surface, and
there is a tendency to build multilayers. On the other
hand, the Dubinin-Radushkevich isotherm for AC-
NaOH is very linear, suggesting that micropores drive
the adsorption [65], which opposes the BET isotherm.
This is because the isotherm was designed for solids with
micropores. Since both isotherms showed excellent
linearity, even if the micropore-filling mechanism is
dominant, mesopores are still responsible for the
adsorption process. Hence, multilayers are formed on
top of the mesopores and external surfaces.

Adsorption with AC, however, suggests that
mesopores and macropores are more inclined to
influence the adsorption process, which would allow

Table 7. g, Comparison of the adsorbents in malachite green adsorption

Material Activation conditions Isothermal model qm (mg/g) Reference
Apple waste 0.5MNaOH (24h)  Dubinin-Radushkevich 95.24 This work
Mangosteen peel 1% NaHCO; (24 h) Temkin 19.35 [61]
Charcoal 200 °C (15 h) Dubinin-Radushkevich 62.19 [58]
Sugarcane bagasse 0.5gSn0, (1 h) Langmuir 73.86 [10]
Kaolin clay 0.1 M HCI (48 h) Freundlich 18.52 [62]
Lightweight expanded clay aggregate (LECA) 3.5 MKOH (2 h) Langmuir 43.10 [63]
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Fig 9. BET isotherm linear graphs of (a) AC and (b) AC-NaOH
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multilayers to form. The micropore adsorption is not as
prevalent as AC-NaOH, due to the poor Dubinin-
Radushkevich isotherm fit. Judging from the adsorption
energy, it appears that there are some chemisorption
interactions since E > 8 kJ/mol [55]. The information
obtained from the BET supported the
conclusion from the Sips isotherm that a homogenous

isotherm
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surface is present on AC.

The parameters of the adsorption kinetics were
derived from the data obtained during the optimal
contact time experiment, utilizing the linear equations
shown in Table 2. Fig. 10 illustrates the adsorption
kinetics linear graphs, while Table 8 presents the
corresponding parameters.

(b)

O T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)

t112

= AC
® AC-NaOH

Fig 10. Linear graphs of (a) pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion

Table 8. Kinetics parameters for the adsorption of malachite green

Kinetics Parameter AC AC-NaOH
Pseudo-first-order q. (mg/g) 1.005214 0.018086
K, 0.00003 0.0152
R? 0.3458 0.0879
Pseudo-second-order q. (mg/g) 7.968127 7.949126
K 3.6628 0.914777
R? 1.0000 1.0000
Intraparticle diffusion K 0.0037 0.0065
C 7.9551 8.0244
R? 0.0827 0.1862
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All adsorption processes involving AC and AC-
NaOH exhibited
characterized by a perfect

identical adsorption kinetics,
correlation coefficient
consistent with pseudo-second-order kinetics. Pseudo-
second-order kinetics describes adsorption processes that
require additional time to occupy the active sites on the
adsorbent [66]. The correlation between the results and
the adsorption kinetics suggests that the rate-limiting
stage of adsorption is the ion exchange between the
adsorbent and the adsorbate. This conclusion implies that
both ACs exhibit chemisorption in their adsorption
processes.

There is a strong link between the adsorption with
AC-NaOH and the Dubinin-Radushkevich and BET
isotherms. However, the kinetic model strongly suggests
strong interactions between the adsorbent and the
adsorbate, which means that the adsorption is site-specitic
rather than just pore-filling [67]. The adsorption type was
a hybrid of physisorption and chemisorption, with
chemisorption dominating the process. The similar
assumption could also be made about the adsorption
process with AC, in which the presence of interaction
between adsorbate and adsorbent is validated with the
compatibility with the Hill de-Boer isotherm.

The information obtained from both the isotherm
and kinetic models helps explain the slight difference
between the removal efficiency of AC and AC-NaOH
despite a substantial difference in their surface area. Since
the adsorption is dominated by chemisorption, the
surface chemistry matters more than the surface area.
There are also tendencies to build multilayers for both
adsorbents, supported by the Hill de Boer (AC) and the
Dubinin-Radushkevich isotherm (AC-NaOH). Hence,

the need for a high surface area is not prevalent.
Proposed Adsorption Mechanism

The proposed mechanism for the adsorption of
malachite green using AC-NaOH is depicted in Fig. 11,
based on data from the adsorption isotherms, kinetics, and
characterization studies, particularly FTIR. The process
involves both chemisorption and physisorption. The
chemisorption process entailed m-n interactions between

Indones. J. Chem., 2025, 25 (4), 1113 - 1131
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Fig 11. Proposed mechanism for malachite green
adsorption with AC-NaOH

the C=C bond of AC-NaOH and the dye, hydrogen

bonding between the hydroxyl group and the
dimethylamino group in the malachite green structure,
and electrostatic interactions between the negatively
charged AC and the cationic dye malachite green [68].
Conversely, the physisorption process entails a pore
diffusion validated by the Dubinin-Radushkevich
isotherm. Additional weak electrostatic interactions,
including dipole-dipole interactions, van der Waals
forces, and London dispersion forces, are also present [69].

Other studies concerning the adsorption of
malachite green using AC indicated an identical
mechanism [68-70].

pore filling mechanisms

Certain research concurred that
and weak electrostatic
interactions are present in the adsorption process,
suggesting that ACs are effective for wastewater
treatment [68-69]. The AC-NaOH generated from apple
waste exhibits significant potential in wastewater
management, particularly for the removal of malachite
green dye, by demonstrating processes akin to those in

known studies based on the overall experimental results.
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m CONCLUSION

This
production of AC from

demonstrated the efficient
apple wastes through
chemical activation. AC-NaOH

showed the best results with the optimum conditions of

experiment
carbonization and

0.3 g, 40 min, and 200 ppm. The best isotherm to describe
the adsorption with AC-NaOH is the Dubinin-
Radushkevich and BET isotherm. The adsorption
followed the pseudo-second-order kinetics, which means
that the adsorption that took place was a hybrid of
physisorption and chemisorption. Chemical activation
with NaOH was proven to help create deeper pores and a
larger surface area. The types of pores in the AC were
mostly mesopores, and adsorption followed the type IV
IUPAC isotherm.
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