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Abstract: Synthetic dyes in wastewater present a challen-
ging problem that requires special attention due to the high
environmental risks, and magnetic adsorbents appear as
promising alternatives to solve it. Magnetic activated car-
bons (MAC) were prepared by comparing single- and
multi-step methods. Palm kernel shells were used as precur-
sors, activated with ZnCl,, and then magnetized by adding a
solution containing Fe** ions (FeCls). Iron compound inclu-
sion aims to enhance the effectiveness of activated carbon as
an adsorbent for liquid waste. Fourier transform infra-red
characterization showed that the functional groups detected
on the activated carbon and MAC were O-H, C=0, C=C,
C=N, and C-O0. The effect of preparation methods and dye
concentration (10-30mg-L™) on adsorption and kinetics
were investigated. Characterization showed that MAC pre-
pared through multi-step pyrolysis (M-MAC) has larger
pores, achieving an adsorption capacity of up to 6.953
mg-g~! with a 28% dye removal efficiency, making it superior
in adsorption performance. Furthermore, the adsorption
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data fitted well with the Redlich-Peterson isotherm model
with R? = 0.9788 for M-MAC, while the adsorption kinetics
agreed well with both the pseudo-first-order and pseudo-
second-order models. Moreover, NaOH successfully recov-
ered MAC with desorption efficiencies of up to 98.34%.

Keywords: dye adsorption, isotherm adsorption, kinetic
adsorption, magnetic activated carbon, methyl orange

1 Introduction

Industrial growth has driven global economic development
but also caused significant environmental harm. The tex-
tile industry, in particular, contributes heavily to pollution
through its wastewater, which contains 10-200 mg-L™
of dyes and chemical additives. Shockingly, about 90%
of these dyes are discharged into rivers without proper
degradation, even after treatment, underscoring the need
for better wastewater management [1]. Synthetic dyes in
wastewater, such as methyl orange (MO), pose significant
environmental risks due to their stability and resistance to
degradation [2]. MO, widely used in textiles, printing, and
paper industries, contains azo bonds that make it highly
resistant to biological treatments, leading to its persistence
in aquatic systems [3]. MO-laden wastewater is toxic and
highly colored [4], harming aquatic ecosystems and com-
plicating compliance with environmental standards.
Conventional methods like coagulation, flocculation, and
biological processes often fail to fully remove MO, high-
lighting the need for advanced remediation techniques.
Among treatment methods, adsorption stands out for its
simplicity, cost-effectiveness, small space requirement, and
high efficiency [5].

Various adsorbents such as biochar, activated carbon,
carbon nanotubes, zeolites, clay minerals, and others have
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been used for dye waste adsorption [6]. Activated carbon
(AC) is a frequently used adsorbent due to its large surface
area, good chemical resistance, and thermal stability [7].
Furthermore, the application of magnetic technology to AC
producing magnetic activated carbon (MAC) becomes a
next-step development on adsorption capacity, which com-
bines the adsorptive properties of AC with the ease of
separation using a magnetic field [8-12]. Research has
shown that AC can be made from various types of biomass
precursors, including rape straw powder [13], coffee
grounds [14], peanut shells [7], furfural residues [15], and
more. Palm Kkernel shell (PKS) is also a potential biomass
for making AC [16-18]. Indonesia, a leading global palm oil
producer, has an estimated 15 million hectares of palm oil
plantations and produces 49.1 million tons of crude palm
oil annually [19]. The average yield across plantations is
approximately 13.8 tons of fresh fruit bunches (FFB) per
hectare per year [20]. PKS, a byproduct constituting 6-7%
of FFB in the palm oil industry [21], holds significant poten-
tial for sustainable AC production due to its fixed carbon
content of 18.89-19.57 wt% [22,23].

MAC generally has a lower specific surface area than AC
due to the presence of Fe ions in its precursor (997 m*g* vs
1,198 m*g™), corresponding to reduced pore volume (0.79
cm®g™? vs 097 cm®>g?) and adsorption capacity (195
mg-g ' vs 259 mg-g ™) [24]. However, MAC’s magnetic proper-
ties enable easy separation from solutions, enhancing its
reusability and efficiency across multiple adsorption cycles
[10,25]. Its removal efficiency for MO consistently exceeds
90% even after five regeneration cycles, demonstrating
remarkable durability [24]. The slight decline in perfor-
mance is likely due to the accumulation of residual MO
molecules and their intermediates in MAC’s pores [24].
Moreover, MAC can be synthesized from low-cost, sustain-
able materials, making it an eco-friendly option for water
treatment [26]. MAC production involves two main methods:
single-step and multi-step pyrolysis. Both methods involve
activation and magnetization processes. In the multi-step
method, biomass undergoes carbonization and activation
via pyrolysis to remove volatile compounds, followed by
magnetization. This method offers better control over the
final product properties but is more time- and resource-
intensive [16]. On the other hand, the single-step method
combines carbonization and magnetization in a single stage,
which is more efficient in terms of time and cost but some-
times produces products with less optimal porosity and sur-
face area [5].

The multi-step pyrolysis method has been shown to
produce high-quality MAC with excellent adsorption prop-
erties. For instance, one study used pineapple leaves as
a biomass precursor and KOH and Fe30, as activating
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agents, achieving a pore volume of 0.1098 [27]. Another
study utilized lignin and FeSO, as impregnation agents,
demonstrating that the resulting MAC had an adsorption
capacity of 69.80 mg-P-g™ and could remove 84.65% and
96.97% of total phosphorus from filtered raw and treated
domestic wastewater, respectively [28]. These findings
highlight the effectiveness of the multi-step method in pro-
ducing MAC with strong adsorption performance for var-
ious applications. The two-step method offers the benefit of
significantly increasing the carbon content. During the
initial pyrolysis stage, a foundational porosity is estab-
lished, which is subsequently refined and expanded
through chemical activation [29], although it requires
more time and resources.

NaOH was preferred over other regeneration chemical
agents due to its unique properties and proven efficacy in
desorption processes. Its strong alkaline nature enables effi-
cient breaking of specific bonds (e.g., hydrogen bonds or elec-
trostatic interactions) between adsorbates and adsorbents,
which is critical for effective regeneration. Additionally,
NaOH is cost-effective, readily available, and generates less
environmental impact compared to other reagents like
organic solvents or strong acids, which may pose handling,
safety, or disposal challenges [30]. Furthermore, its use is
well-supported by previous studies for desorbing pollutants
and organic compounds, e.g., dyes, heavy metals, and phar-
maceutical waste [31-33], which has demonstrated superior
regeneration performance in adsorption—-desorption systems.

This study focuses on the production of MAC from PKS,
utilizing two chemical activation approaches with ZnCl,
and FeCl; as activation agents. The research aims to com-
pare the effectiveness of these methods in generating MAC,
while also examining its performance through detailed
isotherm and kinetic analyses. Furthermore, the investiga-
tion includes a regeneration process using NaOH to assess
the material’s ability to recover and maintain its functional
properties for potential reuse in various applications.

2 Materials and methods

2.1 Materials

The primary source material comprised PKS from PT
Kayan Lestari’s oil palm plantations (East Kalimantan).
The chemical components utilized in the investigation
encompassed ZnCl, (98%, Sigma Aldrich) as an activator
and HCI (37%, Sigma Aldrich) for demineralization of
water. In the creation of magnetic carbon, FeCl;.6H,0
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(97%, Sigma Aldrich) was employed in the synthesis of iron
oxide. Moreover, the adsorption analysis incorporated MO
(85%, Sigma Aldrich) and NaOH (98%, Sigma Aldrich) also
used as regenerating agents.

2.2 Preparation of MAC

The MAC was produced using either a single- or multi-step
process with FeCl; serving as the magnetizing agent and
ZnCl, as the activating agent. Initially, the PKS were ground
to a 20-mesh size and cleaned to remove any impurities.
The cleaned PKS were dried in an oven at 80°C for 12 h.

In the single-step method, the activation process is
carried out once using ZnCl,, FeCl;, and ZnCly/FeCl; as the
activator. Each activator was dissolved in 50 mL of distilled
water and then mixed with 20 g of PKS according to the
weight ratio specified in Table 1. The mixture is stirred at
90°C for 1.5 h, then filtered and dried in an oven at 80°C for
8 h. The activated PKS was then pyrolyzed in a furnace at
600°C for 1 h. The resulting MACs were soaked in a
0.1mol-L.”* HCI solution for 12 h to remove minerals [34].
They were rinsed and dried to produce ZnCl,-AC (Z-AC),
FeCly;-magnetized biochar (F-MC), and ZnCl,/FeCl; one-
step magnetic AC (O-MAC).

In the multi-step method, activation was conducted
twice on ZnCl, and FeCls. The Z-AC product from the first
activation is mixed with 50 mL of FeCl; solution (PKS:FeCls
=1.0:1.0). The second activation was performed for 1.5 h at
90°C, followed by a second round of pyrolysis in the fur-
nace under the same conditions as the initial pyrolysis. The
MAC was then soaked in an HCl solution for 12 h for demi-
neralization. The sample then rinsed to neutrality and
dried to yield ZnCly/FeCl; multi MAC (M-MAC).

2.3 Characterization
The 0-MAC, M-MAC, Z-AC, and F-MC were evaluated using
scanning electron microscope (SEM) analysis to determine

their morphological structure at magnifications of 2,000x.
Fourier transfer infra-red (FTIR) analysis was also

Table 1: Activator composition

Sample Weight ratio

0-MAC PKS:ZnCl,:FeCl; = 1.0:1.5:1.0
M-MAC PKS:ZnCl, = 1.0:1.5

Z-AC PKS:ZnCl, = 1.0:1.0

F-MC PKS:FeCl;3 = 1.0:1.0
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conducted to identify the functional groups in the MAC.
Additionally, X-ray diffraction (XRD) analysis was used to
identify the presence of Fe** compounds successfully
synthesized in the MAC. Surface physical analysis using
the Brunauer-Emmett-Teller (BET) method was employed
to determine the typical isotherm adsorption.

2.4 Application in MO absorption

The adsorption capacity of the four AC samples was tested
using MO solution. Adsorption happens due to the surface
area of the adsorbent; a larger available surface area allows
more molecules to be absorbed [35]. This process was carried
out using 1g-L™ of AC in MO solutions with concentrations of
10-30 mg-L™". The absorbance of the MO solution before and
after adsorption was measured using a UV-Vis spectrophoto-
meter at a maximum wavelength of 464 nm [14]. The adsorp-
tion capacity and the percentage of compound removal by
the adsorbent can be calculated using Egs. 1 and 2.

g, = V(Co - Ce)/m ()]
% removal = (Co — Ce)/Co x 100% 2

Furthermore, the adsorption testing was divided into
two parts: isotherm and kinetics. These tests aim to deter-
mine the appropriate kinetic and isotherm models. The
isotherm adsorption test began by preparing MO solutions
with varying concentrations of 10-30 mg-L™. Then, 50 mg
of each sample was added to each MO prepared solution.
The mixtures were left to stand for 24 h at ambient condi-
tions, after which the AC was separated from the solution.
A UV-Vis spectrophotometer was used to measure the
absorbance (concentration) of the MO solution before
and after the adsorption process.

Several models used to model adsorption, including the
Langmuir, Freundlich, Temkin, and Redlich-Peterson
models. The Langmuir model describes adsorption as the
formation of a monolayer on a homogeneous adsorbent sur-
face. In contrast, the Freundlich model indicates adsorption
on a heterogeneous adsorbent surface with multilayer for-
mation and varying adsorption energies. The Temkin model
considers interactions between adsorbent and adsorbate
and a uniform distribution of adsorption energy on the
adsorbent surface, suitable for intermediate concentrations.
The Redlich-Peterson model combines aspects of both the
Freundlich and Langmuir isotherms, incorporating linear
and exponential components of the adsorption process
with three parameters. This model can be applied to both
homogeneous and heterogeneous adsorbent surfaces. Each
isotherm model can be determined using Eq. 3 (Langmuir),
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Eq. 4 (Freundlich), Eq. 5 (Temkin), and Eq. 6 (Redlich-
Peterson) [36].

qo = G % ki x Ce/(1 + ki, x Ce)

q. = K x Cel" 4@
q, = (RT/bT) In(K; x Ce) ©)
q. = Kz x Ce/(1 + ag x Ce?) (6)

The Kkinetics of adsorption were tested by varying the
contact time (0-180 min). The solution samples were taken at
predetermined time intervals and their absorbance was mea-
sured using a UV-Vis spectrophotometer. The kinetic models,
which have been extensively studied, can be determined using
Eq. 7 (pseudo first order) and Eq. 8 (pseudo second order) [37].

1/Q, = (ka/Qy) x (1/) +1/Q, )
1/Q, = (VkeQy) * (t/Q,) ®

2.5 Regeneration and reuse study

The regeneration process began with drying the used AC in
an oven at 105°C for 8 h to achieve a consistent moisture
content. Subsequently, the dried AC was immersed in a
regenerating agent solution and stirred at 150 rpm for 2h
at room temperature (30°C) to facilitate the desorption of
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adsorbed contaminants. The treated AC was then sepa-
rated from the solution, thoroughly washed with distilled
water to remove residual regenerating agents, and sub-
jected to a second drying cycle at 105°C for 8 h. Once dried,
the regenerated AC was prepared for reuse in subsequent
adsorption cycles. In this trial, NaOH was used as the
regenerating agent with varying concentrations of 0.5
and 1mol'L™ to evaluate its effectiveness in regenerating
the AC. The regeneration capability is measured based on
the % desorption calculated using Eq. 9.

% desorption = CeDesoI‘ption/ CeAdsorption % 100% 9

3 Results and discussion

3.1 Characterization of 0-MAC, M-MAC, Z-AC,
and F-MC

3.1.1 SEM

The SEM magnification revealed the morphology of each
sample at 2,000% (Figure 1). The M-MAC exhibits more sur-
face cavities compared to the other samples. Furthermore,
the pore distribution in M-MAC is more uniform, leading to
better porosity. Conversely, 0O-MAC, Z-AC, and F-MC display

Figure 1: Analysis SEM: (a) O-MAG; (b) M-MAG; (c) Z-AC; and (d) F-MC at 2,000x magnification.
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a looser surface morphology (with void spaces). This
finding indicates that the morphology of PKS activated
using the multi-step method with ZnCl, and FeCl; activa-
tors has larger and more uniformly distributed pores com-
pared to the single-step method.

3.1.2 FTIR and XRD

Figure 2 displays the FTIR spectra of AC that has undergone
different treatments, including activation and a combina-
tion of activation with magnetization. Each FTIR spectrum
curve showed absorbance peaks at specific wavelengths,
indicating the presence of particular chemical bonds
within the AC structure. All four samples exhibit significant
peaks at several wavelength regions, suggesting similari-
ties in their basic chemical composition, although varia-
tions due to the applied treatments are evident.

The analysis reveals that all four samples share a common
peak at 1,624 em”%, which indicates the presence of C=C bonds.
Additionally, O-H bonds were found in the wavelength range
of 3,600-3,200 cm ™, typically present in hydroxyl groups. The
presence of these hydrogen bonds suggests that all samples
have good adsorption potential. C=N bonds were also detected
in the range of 2,210-2,280 cm ™, further indicating the presence
of various functional groups in the AC samples. The analysis
results also show the presence of C-O bonds in the F-MC
sample and C=H bonds in the O-MAC sample. These bonds
reflect that the activation and magnetization treatments have
successfully modified the surface chemical structure of the AC,
which can influence its adsorption properties.

The XRD diffraction patterns of O-MAC, M-MAC, Z-AC,
and F-MC are shown in Figure 3. The presence of broad
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diffraction peaks indicates that the MAC has undergone a
structural transformation from an organic crystal to a
more refined graphite-like crystalline structure. In these
XRD results, one of the diffraction peaks appears around
30.93° for O-MAC, 35.45° for M-MAC, 36.70° for Z-AC, and
36.50° for F-MC. This suggests the potential presence of
iron-based compounds, particularly FesO, (magnetite).
These peaks align with the standard diffraction pattern
for magnetite, as listed in the Joint Committee on Powder
Diffraction Standards card No. 19-0629, with characteristic
Fe;04 peaks appearing at 26 = 30.1°, 35.4°, 43.1°, 57.0°, and
62.5° corresponding to the reflections from the (211), (311),
(400), (511), and (440) [38].

The identification of XRD peaks on M-MAC and 0-MAC
indicated that the MAC was successfully synthesized. The
magnetic properties of Fe;04 allow the MAC to be easily
separated from the mixture after the adsorption process.
However, the use of FeCl; as the magnetizing agent in this
study may have limited the magnetic properties of the AC,
the result plotted in this study is relatively similar to pre-
vious findings [39]. Other studies exhibited better quality;
they have a much stronger peak on their sample charac-
teristic which is prepared utilizing F3;0, for their magne-
tizing agent [40-42]. Higher peaks indicate stronger XRD
intensity, meaning more crystals in the sample have the
same interatomic spacing, giving the sample a uniform
orientation and a more ordered structure.

3.1.3 Surface physical characteristics

Nitrogen adsorption—desorption isotherms (Figure 4a-d)
reveal that all carbon-based samples show similar
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adsorption characteristics. These isotherms suggest a com- gradual rise at higher pressures. The shape of the isotherm
bination of microporous and mesoporous structures within is typically classified as Type IV with a hysteresis loop.

the materials, as evidenced by the initial rapid increase in This type describes the adsorption behavior of specific
adsorbed nitrogen at low relative pressures, followed by a mesoporous  materials, characterized by  pore
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condensation and hysteresis between the desorption and
adsorption branches [36], which is common in carbon
materials with interconnected pores. This study has a
finding similar to that in previous research based on
adsorption and desorption of tectonically deformed
coal [43].

The adsorption branch (dashed line) and desorption
branch (solid line) show a noticeable hysteresis loop in
each sample. This hysteresis loop, common in mesoporous
materials, indicates capillary condensation within the
pores. The wider the hysteresis loop, the larger the pore
size distribution and volume, pointing to a material with a
substantial mesoporous network [44]. Variations in the
hysteresis loops across samples may reflect slight differ-
ences in pore connectivity or surface chemistry, which
affects adsorption and desorption behavior.

3.2 Adsorption study on MO

3.2.1 Effect of MO initial concentration on adsorption
capacity and MO removal

Adsorption of MO onto MAC occurs through various
mechanisms, including mesopore filling, electrostatic
forces, hydrogen bonding, n—n interactions, and n—m inter-
actions. Hydrogen bonding involves interactions between
hydroxyl groups present on the carbon surface and the
oxygen or nitrogen atoms in MO. The n-m interaction
arises from bonds such as O-H or oxygen-containing
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groups on the carbon surface interacting with the aromatic
rings of MO. Similarly, n—m interactions occur between the
1 electrons in the aromatic structure of the carbon and
those in MO’s aromatic ring. An illustration of the adsorp-
tion process is provided in Figure 5.

This study was conducted using MAC at a concentra-
tion of 1g-L™" in MO solutions at concentrations of 10-30
mg-L~" Figure 6 illustrates the adsorption capacity and
removal efficiency for MO. Among the tested materials,
M-MAC demonstrated superior performance. M-MAC and
0-MAC exhibited the highest adsorption capacities of 6.953
and 3.312 mg-g", respectively, at 25 mg-L™* MO. (Figure 6a
and b). In contrast, Z-AC and F-MC exhibited significantly
lower capacities of 1.191 and 1.027 mg-g ™", respectively (15
mg-L™? MO) (Figure 6c and d). Furthermore, it was
observed that increasing the initial dye concentration
enhances the adsorption capacity but reduces dye removal
because it provides more dye molecules available to
interact with the adsorbent’s active sites [46]. However,
at a certain moment, along with the increasing initial dye
concentration, the number of available active sites
becomes limited, as most sites have been occupied by
dye molecules, thus reducing the adsorption capacity [6].
However, this can also reduce overall dye removal effi-
ciency, as higher concentrations may lead to quicker
saturation of available sites [47], increased competition
among dye molecules for those sites [48,49], and potential
kinetic limitations where the rate of diffusion to the adsor-
bent surface cannot keep up with the influx of dye [50,51].
According to Eq. 1, the adsorption capacity (q.) is directly
proportional to the difference in initial (Co) and
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Figure 5: Mechanism of MO adsorption on MAC. Reprinted with permission from Elsevier [45].
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equilibrium (Ce) concentrations of the adsorbate. Using a
higher Co can provide a greater concentration gradient,
which typically enhances the adsorption process. Prior
research has demonstrated that an increase in initial dye
concentration leads to a higher adsorption capacity uti-
lizing Osmanthus fragrans biomass charcoal. In an experi-
mental study, various dyes were tested at different initial
concentrations: malachite green (800mgL™), Congo red
(1,000 mg-L™), rhodamine B (500 mg-L ™), MO (1,000 mg-L™),
methylene blue (700 mg-L™), and crystal violet (500 mg-L™).
The adsorption capacities recorded for these dyes were
6,501.09, 2,870.30, 554.93, 6,277.72, 626.50, and 3,539.34 mg-g ™",
respectively [52]. Additionally, concentration polarization can
occur, creating a layer of concentrated dye near the adsor-
bent that reduces the effective concentration gradient driving
further adsorption.

Fe-AC can exhibit a dual behavior depending on the
manner in which iron is incorporated into the carbon
matrix; on one hand, the addition of iron particles may
lead to a reduction in adsorption capacity compared to
regular AC due to physical blockage or partial coverage
of pore sites, which diminishes the overall accessible sur-
face area. This effect is exacerbated when the iron is poorly
distributed or the particles are excessively large, leading to
uneven pore obstruction. While on the other hand, the
presence of iron can introduce additional adsorption sites
through favorable chemical interactions with specific
adsorbates, such as heavy metal ions, thereby potentially
enhancing the adsorption capacity for certain pollutants.

3.2.2 Isotherm models

The adsorption isotherm analysis (Figures 7-10 and Table 2)
revealed distinct interactions between MO and the synthe-
sized adsorbents. Four models — Langmuir, Freundlich,
Temkin, and Redlich-Peterson — were evaluated to elucidate
the adsorption mechanisms. The Redlich-Peterson model
demonstrated superior fitting for all samples, particularly
M-MAC (R* = 0.9788), aligning with its hybrid nature that
integrates monolayer (Langmuir) and heterogeneous multi-
layer (Freundlich) adsorption behaviors [53]. This model’s
three-parameter (Eq. 6) allows flexibility in describing com-
plex surface interactions.

For M-MAC, the exponent g (0.597) deviated from
unity, indicating heterogeneous adsorption, likely due to
its mesoporous structure (Figure 1) and functional groups
(Figure 2) that promote multilayer binding. Conversely,
0-MAC’s g (0.786) approached homogeneity, suggesting a
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more uniform surface, consistent with its lower pore uni-
formity observed in SEM. Notably in Table 2, Z-AC and
F-MC exhibited anomalous g values (>1), implying limita-
tions in the model’s applicability or competitive adsorption
effects, possibly due to their reduced surface areas and
pore volumes.

The Langmuir model also performed well for M-MAC
(R* = 0.9724), supporting monolayer adsorption dominance
on its high-surface-area structure. However, Freundlich’s
poor fit (R* = 0.9547 for M-MAC) ruled out purely multilayer
adsorption. Temkin’s moderate R* values (<0.9495) sug-
gested weaker adsorbent-adsorbate interactions, corrobo-
rated by the limited functional group diversity in Z-AC and
F-MAC (Figure 2).

These findings align with the BET analysis (Figure 4),
where M-MAC’s mesoporous structure facilitated higher
dye uptake. The Redlich-Peterson model’s robustness high-
lights the coexistence of physical (pore filling) and che-
mical (m-n/n-7 interactions) mechanisms, as depicted in
Figure 5. While M-MAC’s adsorption aligns with hybrid
mechanisms, the single-step samples (0-MAC, Z-AC, F-MC)
exhibited less predictable behavior, underscoring the
structural advantages of the multi-step synthesis.

Table 2: Isotherm model parameters

Magnetic activated carbon synthesis through single- and multi-step pyrolysis
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3.2.3 Kinetic models

Kinetic models were used to understand the adsorption
rate, absorption mechanism, and adsorption efficiency of
adsorbents. They also help in analyzing the capacity and
mass transfer mechanism of AC. In this study, MAC (1 g-L.™")
was introduced into a 10 mg-L™" MO solution, with expo-
sure times ranging from 15 to 180 min. Absorbance was
measured using a UV-Vis Spectrophotometer. The study
employed pseudo-first-order and pseudo-second-order
kinetic models. Figures 11 and 12 illustrated the capacity
curves as a function of time and they are compiled in
Table 3.

Based on Table 3, the R? values for both kinetic models
are analyzed. In the pseudo-first-order model, the values
for k; (adsorption rate) and Q; (adsorption capacity) vary
greatly among different types of AC. F-MC exhibited the
highest adsorption capacity (Q; = 19.14 mg-g™) and an
excellent model fit with an R? of 0.9486, indicating its suit-
ability for describing F-MC’s adsorption process. O-MAC, M-
MAC, and Z-AC have lower Q, values but still show good
model fits based on their determination coefficient (R?), i.e.,
0.6346, 0.9608, and 0.8290, respectively.

Model Activated carbon

0-MAC M-MAC Z-AC F-MC
Langmuir
Slope (a) 1.7322 0.8080 -27.3720 -9.1065
Intercept (b) 0.2986 0.1078 3.6704 2.7882
Gm 3.3490 9.2764 0.2724 0.3587
K. 0.1724 0.1334 -0.1341 -0.3062
R 0.3228 0.9724 0.2038 0.0625
Freundlich
Slope (a) 0.2137 0.4030 -0.8353 -0.2911
Intercept (b) 0.1327 -0.6840 0.8547 0.0562
n 4.6795 2.4814 -1.1972 -3.4352
K 1.3574 2.0413 7.1565 1.1382
R 0.1718 0.9547 0.2970 0.0701
Temkin
Slope (a) 0.3157 0.4326 -0.7573 -0.4480
Intercept (b) 1.9804 0.0353 3.4496 3.1351
B 26,335.1283 19,218.6778 -10,978.4762 -18,558.0357
In K¢ 6.2730 0.0816 —4.5551 -6.9980
R 0.1597 0.9495 0.3599 0.0824
Redlich-Peterson
Slope (a) 0.7863 0.5970 1.8353 1.291
Intercept (b) -0.3056 -0.7163 -1.9679 -0.1293
g 0.7863 0.5970 1.8353 1.2911
Ky 1.3574 2.0468 7.1556 1.1380
R 0.7374 0.9788 0.6710 0.5973
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Table 3: Kinetics model parameters

DE GRUYTER

Table 4: Effect of NaOH concentration on the M-MAC regeneration

Model Activated carbon

0-MAC M-MAC Z-AC F-MC
Pseudo first order
Slope (a) 17.6011 41119 97.1360 102.0286
Intercept (b) 0.8721 0.3695 1.2508 1.6595
ki (1/min) 20.1826 11.1283 77.6567 1952.4021
Q: (mg-g™) 1.1467 2.7064 0.7995 19.1358
R? 0.6346 0.9608 0.8290 0.9486
Pseudo second order
Slope (a) 0.6126 0.3469 0.4328 1.2800
Intercept (b) 37.5740 5.8972 158.8900 131.5400
k; (g'mg " min™") 0.0100 0.0204 0.0012 0.00002
Q, (mg-g™ 1.6324 2.8827 2.3105 211417
R 0.8439 0.9971 0.2669 0.8309

In the pseudo-second-order model, the k, (adsorption
rate) and Q, (adsorption capacity) parameters describe
the adsorption kinetics. Table 3 shows that M-MAC has
the highest k, value of 0.0204 g-(mg min™). Moreover,
M-MAC has an adsorption capacity Q, of 2.8827 mg-g™*
and a very high R* value (0.9971), suggesting that the
pseudo-second-order model is very suitable for describing
M-MAC’s adsorption kinetics. 0-MAC and F-MC have lower
Q. values but still show good model fits with R* values of
0.8439 for 0O-MAC and 0.8309 for F-MC. However, Z-AC has a
low k, value of 0.0012 g-(mg "min™") and a low R? value
(0.2669), indicating that this model is less suitable for Z-AC.

The differing fits between the pseudo-first-order and
pseudo-second-order models suggest distinct adsorption
mechanisms for each adsorbent. M-MAC showed a good
fit with high R? values in both models, but the pseudo-
second-order model fits better, indicating more complex
physical and chemical interactions. In contrast, the low
fit for Z-AC suggests that its adsorption mechanism is
more complex and not fully explained by these models.
The differences in kinetic model fit are due to the proper-
ties of the adsorbate and adsorbent. If the interaction
between adsorbate molecules and active sites on the AC
is weak or if external diffusion (movement toward the
adsorbent surface) dominates over internal diffusion
(movement within the adsorbent pores), the pseudo-first-
order model may be more appropriate.

3.2.4 Regeneration and reuse study
The regeneration process is essential in determining the

durability of MAC. M-MAC, the top-performing AC, was
selected to assess its regeneration ability. The regeneration

NaOH Conc. 0.5 mol-L™" (%) 1 mol-L™" (%)
% Desorption 93.58 86.53
98.34 84.59

50%
45%
40%

_35%

£ 30%
g 25%

; 20%
15%
10%

5%
0%

1 2
Cycles

Figure 13: M-MAC regeneration study.

process started with the desorption of used-M-MAC using
NaOH as the regenerating agent. The desorption of MO
molecules from the solution involved two steps. Initially,
the MO molecules adsorbed on the M-MAC surface are
replaced by NaOH molecules and then dissolved in the sol-
vent. Subsequently, the adsorbed solvent molecules hinder
the interaction between the adsorbent and dye molecules to
some extent. According to Table 4, desorption efficiency is
higher at rich concentrations of NaOH, achieving 98.34%
efficiency for 0.5 mol-L ™" and 86.53% for 1 mol-L ™.

Figure 13 shows the removal process of MO molecules
over two cycles. In the first cycle, M-MAC achieves a
removal efficiency of 43.93%, which is over 40%. In the
second cycle, the efficiency decreases significantly to
8.45%. The test results reveal that the adsorption capacity
diminishes with each cycle. This reduction was attributed
to some MO molecules not being desorbed from the adsor-
bent surface during regeneration, rendering some active
sites unavailable for adsorption in the following cycles. The
effectiveness of NaOH in regenerating MAC has been sup-
ported by various studies. For instance, a study has demon-
strated that the choice of regenerating agent, mixing time,
and concentration play a pivotal role in the desorption
process, influencing both the efficiency and longevity of
AC adsorbents [54,55].

3.2.5 Comparative analysis to prior studies

A comparative analysis of contaminant uptake efficiency
across various adsorbent materials, as documented in
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Table 5: Adsorption capacities (g,) of different adsorbents for MO dye adsorption

Adsorbents Co (mg-L™") qm (mg-g™) R? Ref.
Polyamide 6 5-40 11.16 0.988 [56]
Polyamide 66 5-40 8.85 0.994 [56]
PE+ polyethylene glycol 10 0.78 0.999 [57]
Halloysite nanotubes 10-400 13.56 0.005 [58]
Chrysotile nanotubes 10-600 31.46 0.994 [58]
Activated carbon 20-200 12.76 0.783 [59]
Mesoporous titania nanocomposite 10 2.49 0.999 [60]
Waste tire activated carbon 40-50 9.57 0.990 [61]
Co-Fe layered double hydroxides 20-45 9.19 0.931 [62]
M-MAC 10-30 9.28 0.972 This study

prior research (Table 5), highlights the superior monolayer
adsorption capacity (¢, mg-g™) of the MAC for MO dye
removal relative to alternatives. This disparity in perfor-
mance arises from variations in physicochemical proper-
ties, such as porosity, surface reactivity, and functional
group composition, which govern adsorption dynamics.
While cost-effective options derived from agricultural by-
products, industrial residues, or naturally abundant sub-
strates are widely accessible, their efficacy is often limited
without structural or chemical enhancement. Engineered
materials, including AC, demonstrate improved contami-
nant affinity, though their performance hinges on pre-
cursor composition, synthesis methodology, and post-treat-
ment modifications.

4 Conclusion

In this study, the PKS has been successfully synthesized
into O-MAC, M-MAC, Z-AC, and F-MC using ZnCl, as the
activator and magnetized with FeCl; using single- and
multi-step methods. The multi-step method resulted in
larger pore sizes for the MAC compared to the single-step
method. Based on FTIR analysis, hydroxyl and carboxyl
groups were present in all ACs, indicating that all samples
have good adsorption potential. The identification of XRD
peaks indicate that MAC was successfully synthesized and
adhered to the Fe;0,4’s peak. The BET analysis showed that
the magnetic properties of the samples do not affect the
adsorption mechanism, significantly.

MAC was also applied for MO adsorption, based on the
experiment, 0-MAC, M-MAC, Z-AC, and F-MC possessed dif-
ferent maximum adsorption capacities, i.e., 3.3, 6.9, 1.2, and
1.0 mg-g ", respectively, and up to 41% of MO removal. The
absorbance test results for MO dye showed a maximum
wavelength of 464 nm. Using varying concentrations of

MO, the Redlich-Peterson model was found suitable to
model the adsorption process for the different types of
AC tested. The same process revealed different adsorption
kinetics: pseudo-first-order for Z-AC and F-MC and pseudo-
second-order for O-MAC and M-MAC. Additionally, M-MAC
demonstrated good conformity with high R* values in both
models. In the regeneration test of M-MAC using NaOH as
the regenerating agent, 0.5 mol-'L.”" NaOH showed higher
efficiency than 1 mol-L ™! NaOH, with percentages reaching
98.34% for 0.5 mol-'L™* and 86.53% for 1 mol-L™". The MO
removal was conducted in two cycles with removal percen-
tages of 43.93% and 8.45%. These findings indicate that
further development to optimize adsorption applications,
regeneration, and reuse studies are still necessary. The
study concluded that the multi-step method provides better
performance than the single-step method, although it
requires more time and resources. Future studies are
encouraged to optimize the study through a statistical
approach and evaluate the economic feasibility and scal-
ability of these materials, which will be crucial for their
practical application in upscale settings.
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