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Surfactants such as sodium dodecylbenzene sulfonate (SDBS) are extensively used in
industrial and household applications, causing serious environmental concerns due to
their persistence and toxicity in aquatic systems. Conventional treatment methods are
often ineffective for complete SDBS removal. To address this issue, this study introduces
an eco-friendly magnetic nitrogen-doped graphene (MNG) synthesized from orange peel
as an efficient and sustainable adsorbent for SDBS elimination. The aim of this research
is to investigate the adsorption behavior of MNG toward SDBS in batch experiments.
Various characterization techniques, including vibrating sample magnetometry (VSM),
Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM),
atomic force microscopy (AFM), Raman spectroscopy, elemental analysis, and
Brunauer—Emmett-Teller (BET) surface area analysis, were used to confirm the
successful synthesis of the nano adsorbent. The FTIR and Raman spectra verified the
presence of nitrogen- and oxygen-containing functional groups and the graphitic
structure of the material. SEM and AFM images revealed a wrinkled, layered
morphology with a large surface area, while VSM results demonstrated strong magnetic
properties enabling easy separation. The BET analysis indicated a high specific surface
area suitable for efficient adsorption. Several parameters influencing adsorption
performance, including adsorbent dosage, temperature, contact time, pH, and initial
SDBS concentration, were systematically evaluated. The maximum adsorption capacity
reached 556 mg/g at 45 °C and pH 3. The adsorption data fitted well with the Langmuir
isotherm and pseudo-second-order kinetic models. Thermodynamic analysis confirmed
a spontaneous and endothermic adsorption process. Moreover, SDBS could be
effectively desorbed using methanol, achieving 88% desorption efficiency, and the
adsorbent maintained good reusability after five cycles. This work reports, for the first
time, the synthesis of magnetic N-doped graphene from orange peel, offering a
promising, low-cost, and environmentally friendly material for efficient SDBS removal
from contaminated water.

INTRODUCTION

while in industrial effluents, they may exceed 300 mg/L
[15]. The discharge of SDBS into aquatic environments

Sodium dodecylbenzene sulfonate (SDBS) is an anionic
surfactant widely used in detergents, textile, leather, paper,
and agricultural industries due to its strong detergency,
foaming, and emulsifying properties [16]. However, its
extensive use and persistence in the environment have led
to serious ecological problems. In municipal wastewater,
SDBS concentrations typically range from 1-10 mg/L,

can cause eutrophication, foam generation, and a reduction
in dissolved oxygen, posing significant risks to aquatic life
and soil ecosystems [21]. Although conventional treatment
methods — including physical, chemical, and biological
processes, coagulation and filtration, and ion-exchange —
have been widely applied to remove surfactants from
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wastewater, these approaches frequently encounter
fundamental limitations: low selectivity towards anionic
surfactants such as Sodium Dodecylbenzene Sulfonate
(SDBS), prolonged contact times, high energy or chemical
input, formation of secondary waste streams, and
challenging post-treatment separation operations. Recent
studies have emphasized that even advanced adsorption-
or membrane-based systems still struggle with cost,
recovery and sustainability issues [50, 51, 52, 53].
Adsorption has emerged as a promising approach due to
its simple operation, cost-effectiveness, and high
efficiency in pollutant removal [42]. Numerous adsorbents
such as chitosan [22], activated carbon [46], zeolites [33],
and carbon nanotubes [34] have been explored for this
purpose. Recently, graphene and its derivatives have
attracted considerable attention owing to their large
surface area, high electrical conductivity, chemical
stability, and tunable surface functionalities [30]. To
enhance graphene’s adsorption capacity, various
modification strategies have been employed, including
chemical functionalization, hybridization, and heteroatom
doping [37]. Among them, nitrogen doping is particularly
effective, as nitrogen atoms can create chemically active
sites and improve the electrical conductivity and surface
reactivity of graphene [17,44, 45]. N-doped graphene
(NG) has therefore shown superior adsorption properties
compared to pristine graphene. However, separating NG
from aqueous media after adsorption remains a significant
challenge due to its fine particle size. To overcome this
issue, magnetic nanoparticles (e.g., FesO4) have been
integrated with NG to produce magnetic N-doped
graphene (MNG), enabling facile magnetic recovery [44,
45]. Previous studies have demonstrated that the synthesis
method critically influences the nanostructure, surface
properties, and adsorption performance of graphene-based
composites [54, 55]. Many of these methods, however,
suffer from limitations such as high production costs,
complex procedures, insufficient adsorption capacity, or
lack of facile separation and recyclability. For example,
some chemical routes produce high-quality graphene but
fail to incorporate magnetic nanoparticles efficiently,
while others achieve magnetization but compromise
surface area and active site availability. Moreover, the use
of synthetic precursors increases environmental impact
and cost, limiting practical applications in wastewater
treatment. To address these gaps, the present study
introduces a green and cost-effective approach by using
orange peel as a biomass precursor to synthesize nitrogen-
doped graphene (NG), combined with in-situ
incorporation of FesOs nanoparticles to produce a
magnetic nanoadsorbent (MNG). This method results in a
high-surface-area, mesoporous, magnetically separable
adsorbent with enhanced adsorption capacity for sodium
dodecylbenzene sulfonate (SDBS). By integrating eco-
friendly synthesis, structural modification via nitrogen
doping, and facile magnetic recovery, this work aims to
overcome the limitations of previously reported graphene-
based adsorbents and provides a promising alternative for
efficient removal of surfactants from contaminated water.
The prepared material combines the benefits of magnetic

separability, high mesoporosity, and nitrogen-doped active
sites, offering an efficient, sustainable, and cost-effective
adsorbent for SDBS removal. The effects of pH, adsorbent
dosage, contact time, temperature, and initial SDBS
concentration ~ were  systematically  investigated.
Furthermore, adsorption isotherms, kinetics, and
thermodynamic parameters were analyzed to elucidate the
adsorption mechanism. The significance of this work lies
in the development of a sustainable and high-performance
adsorbent synthesized via an environmentally benign
process. Unlike previous studies that used non-renewable
or hazardous carbon sources, this research demonstrates
the first use of orange peel waste to produce magnetic N-
doped graphene with enhanced adsorption capacity. The
nitrogen incorporation increases surface reactivity, while
Fes0a nanoparticles facilitate rapid magnetic separation
and excellent reusability. Therefore, the proposed MNG
effectively addresses the limitations of existing adsorbents
by providing a green, low-cost, magnetically recoverable,
and high-capacity solution for SDBS removal from
contaminated water, contributing to sustainable
wastewater treatment technologies.

Experimental
Chemicals

In this study, orange peel was selected as a suitable
precursor material for the preparation of magnetic N-
doped graphene (MNG) in the SDBS adsorption process.
The orange peel was initially ground and then sieved
through a 60 um mesh to obtain particles of uniform size.
Subsequently, the particles were thoroughly washed with
distilled water to remove any impurities, and then dried in
an oven at 70 °C for 48 hours until a constant weight was
achieved. For the preparation and synthesis of MNG, the
following chemicals were used: Sodium dodecylbenzene
sulfonate (CisH20SOsNa) was obtained from Acros in
America, and Potassium hydroxide (KOH) was sourced
from Scharlo in Spain. Sodium hydroxide, sulfuric acid,
hydrochloric acid (37%), methanol, ethanol, sodium
acetate (NaAc), ferric chloride hexahydrate (FeCls.6H,0),
ethylene glycol (EG), and urea (CH4N-O) were purchased
from Merck in Germany. Additionally, deionized water
with an electrical conductivity of 0.055 uS m™' was used
throughout the experiments.

N-doped graphene synthesis

To synthesize N-doped graphene, waste orange peel was
used as the carbon source, and urea was used as the
nitrogen source. Initially, 5 g of the carbonized sample was
combined with 15 g of urea in a ratio of 3:1. The mixture
was stirred on a magnetic stirrer at room temperature for 1
hour. After blending, it was dried in an oven at 110 °C for
48 hours. Next, the dried mixture was placed in a ceramic
boat inside a quartz tube furnace (Nabertherm RS
80/750/11, Germany) under an argon gas flow. The
temperature was raised at a rate of 5 °C per minute until it
reached 700 °C, and then it was maintained at this
temperature for 1 hour. Once the reaction was completed,
the sample was cooled to room temperature overnight
under an argon gas environment and then removed from
the reactor. In the subsequent step, 5 g of the synthesized
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sample was mixed with 25 g of KOH in a ratio of 1:5. The
mixture was dried in an oven at 110 °C for 48 hours. The
sample was then heated in a ceramic furnace under an
argon gas flow with a heating rate of 10 °C per minute until
it reached 900 °C. It was held at this temperature for 2
hours. Afterward, the samples were cooled under an argon
gas atmosphere and removed from the reactor. The sample
was further treated by stirring with 0.1 M HCI for 3 hours
on a magnetic stirrer to remove the potassium hydroxide
compounds. Finally, the prepared sample was filtered,
washed repeatedly with deionized water until the pH
reached 6-7, and dried in an oven at 110 °C for 12 hours
[20].

Magnetic N-doped graphene synthesis

The preparation of Fe304-G nanoparticles was carried out
using the hydrothermal method. Initially, 0.5 g of N-doped
graphene (NG) powder was subjected to ultrasonication in
70 ml of ethylene glycol (C) for 3 hours. Subsequently, 0.5
g of FeCl3.6H,O and 1 g of sodium acetate (NaAc) were
added to the mixture and stirred for 30 minutes. The
resulting mixture was then transferred to a Teflon-lined
stainless-steel autoclave and heated at 200 °C for 10 hours.
After the hydrothermal treatment, the autoclave was
allowed to cool to ambient temperature. Finally, the
obtained nanocomposite was thoroughly washed multiple
times with distilled water and ethanol, and then vacuum-
dried at -60 °C for 6 hours [1].

Characterization

Before conducting the adsorption experiments, the
synthesized nanoparticles underwent several
characterization techniques, including AFM (atomic force
microscopy), SEM (scanning electron microscopy), BET
(Brunauer-Emmett-Teller), FTIR (Fourier Transform
Infrared), Raman, VSM (vibrating sample magnetometer),
and elemental analysis (CHNS). The Raman spectroscopy
analysis of the samples was performed using a Thermo
Scientific DXR Raman Spectrometer model (USA),
covering a spectral range of 200-4500 cm™!. To determine
the thickness of N-doped graphene sheets, AFM images
were obtained using a Park Scientific CP-Research model
(VEECO). Qualitative measurements to identify
functional groups were conducted using a Shimadzu FT-
IR 8400 spectrometer (Japan) with KBr as a background,
covering a range of 4000-400 cm’'. The size and
morphology of the nanocomposites were observed using
SEM with an LEO 1455VP microscope (Cambridge, U.K).
Specific surface area and pore size distribution were
calculated using BET analysis performed with a
Micromeritics ASAP 2010 system (Japan). The magnetic
properties of the materials at room temperature were
measured using VSM from Meghnatis Daghigh Kavir Co.
(Kashan, Iran). Elemental analysis of carbon, hydrogen,
nitrogen, and sulfur (CHNS) was conducted to determine
the weight percentages of elements. This analysis was
carried out using a Thermo Finnigan Corporation Flash EA
1112 instrument for G and magnetic N-doped graphene
samples.

The adsorption studies of SDBS on MNG were
conducted using a batch equilibrium procedure. The

experiments were carried out in 150 mL Erlenmeyer
flasks, which were placed on a shaker operating at 200 rpm
and maintained at a temperature of 25 °C. For each batch
process, the following constant conditions were applied: a
solution volume of 100 mL, SDBS concentration of 50
mg/L, adsorbent dosage of 0.1 g/L, pH value of 3, and a
temperature of 45 °C. The duration of the adsorption
process was 60 minutes. After the completion of the
adsorption process, the magnetic nano adsorbent was
separated from the solution using a magnet, and the
supernatant was collected for SDBS concentration
measurement. The concentration of SDBS in the solution
was determined using a UV-Vis spectrophotometer
(PerkinElmer Lambda 25 UV/Vis Spectrometer) at a
wavelength of 223 nm. Blank samples consisting of only
deionized water and prepared adsorbent were included and
analyzed as a control. In the batch experiments, the effects
of wvarious parameters on SDBS removal were
investigated, including adsorbent dosage, contact time,
initial SDBS concentration, solution pH, and temperature.
The solution pH was adjusted using HCI or NaOH. The
experimental conditions were varied within the following
ranges: nano adsorbent dose (0.1-0.25 g/L), temperature
(15-45 °C), contact time (5-90 minutes), pH (2-10), and
SDBS concentration (50-150 mg/L). To ensure accuracy,
the experiments were performed with three replications,
and the mean values were reported.

To assess the reusability of SDBS in batch mode, the
optimal amount of MNG was added to 20 mL of methanol
and ethanol as eluents. The spent nano adsorbent was then
separated using a magnet, washed twice with deionized
water, and dried at 70 °C for 60 minutes. Subsequently, the
recycled nano adsorbent was utilized for adsorption
purposes once again. The reusability of the nano adsorbent
was tested under the optimized conditions. The SDBS
regeneration was calculated by equation 1:

Amount of SDBS desorbed
Amount of SDBS adsorbed

SDBS regeneration = x 100 (1)

The adsorption kinetics tests were conducted by
combining 100 mL of SDBS solution with varying
concentrations ranging from 50 to 150 mg/L, with a nano
adsorbent dosage of 0.15 g/L. The mixture was agitated at
200 rpm and maintained at a temperature of 25 °C. The
purpose of these tests was to study the adsorption kinetics
and understand the mechanism of SDBS adsorption onto
the MNG nano composite. To evaluate the adsorption
kinetics, three models were employed: the Lagergren-first-
order rate, the pseudo-second-order, and the intra-particle
diffusion model (IPD). The correlation coefficient (R2),
which should be close to or equal to 1, was used to assess
the suitability of these models. A higher R2 value indicates
a better fit of the kinetic model to the experimental data.
The kinetic models provided in the following equation [1,
2]:

K
Log (qe — qr) = Log qe — 5~ )
t 1 t
o ioat o @
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where . and q; (mg/g) are the amount of SDBS
adsorbed at equilibrium time and amount of SDBS
adsorbed at the time, respectively. ki (min ') and k> (g/mg.
min) are the rate constants.

The intra-particle diffusion model (IPD), offered by
Weber has been utilized for understanding to the
mechanisms and rate controlling stages influencing the
adsorption kinetics. The kinetic results were examined by
the intra particle diffusion model to reveal the diffusion
mechanism, which can be expressed as:

qe = Kigt?? +C 4)

where C is the intercept (mg/g) which is correlated to
the boundary layer thickness and kiq is the slope which
signifies the intra particle diffusion rate constant (mg/g
h!2),which can be estimated from the slope of the linear
plot of q; versus t"2.

In order to examine the relationship between the
adsorbed SDBS molecules on the nano adsorbent and the
remaining concentration of SDBS in the liquid phase, the
isotherm data was analyzed using the Freundlich,
Langmuir, and Redlich-Peterson (R-P) models. The
Langmuir isotherm model was employed to describe the
equilibrium behavior between the adsorbate and
adsorbent. According to this model, adsorption occurs on
a homogeneous surface and is limited to a monolayer
coverage without any interaction between the absorbed
materials. The Langmuir model can be ascribed by
equation 5 [3]:
ge = e 5)

where C. (mg/L) is the equilibrium concentration of
SDBS solution, q. (mg/g) is the adsorption capacity at
equilibrium adsorption capacity (qm) and b are the
maximum adsorption capacity (mg/g) and the equilibrium
adsorption constant (L/mg). The Freundlich model is an
empirical adsorption model that offers a useful framework
for understanding the relationship between the SDBS
concentration on the surface of the nano adsorbent and the
concentration in the aqueous phase. This isotherm model
was developed to explain equilibrium adsorption in a
multilayer system, assuming an exponential distribution of
adsorption energies for each component. The Freundlich
isotherm can be written in the linear form by equation 6

[4]:
q. = K€" (6)

where q. (mg/g) is the equilibrium adsorption capacity
of adsorbent, C. (mg/L) is the concentration of SDBS in
liquid phase at equilibrium, K¢ ((mg/g)(l/mg)'™) is
Freundlich adsorption equilibrium constant and n is the
empirical constant suggesting the intensity of adsorption
which proves with the heterogeneity of adsorbent.

The Redlich-Peterson (R-P) isotherm model is
commonly used to describe adsorption equilibrium across
a wide concentration range. One of the advantages of this
model is its versatility, as it can be applied to both
homogeneous and heterogeneous systems. [5]. The

Redlich—Peterson (R—P) model can be expressed by the
following linear equation:

C
In (qRPKRP q_e - 1) =1In KRP + Bln Ce (7)

where, Krp and 3 are the R—P constants and qrp show
the adsorption capacity in mg/g.

Thermodynamic investigations were carried out to
assess the standard Gibbs free energy changes (AGO),
standard enthalpy changes (AHO), and standard entropy
changes (AS0) associated with the adsorption process. To
determine these energy changes, adsorption experiments
were conducted at different temperatures (15, 25, 35, and
45 °C). The calculations were performed using the

following equation, providing insights into the
thermodynamics of the adsorption process [6].

As®  AHO
lnkd = T — ? (8)

where the kq is equilibrium constant and its value was
calculated by the ratio of qc and Ce. AH and AS® values
were obtained from the slope and the intercept of the linear
plots of In (k) versus 1/T, respectively. R is the universal
gas constant (8.314 J/mol.K) and T is the temperature (K).
Where K d is the adsorption equilibrium constant and can
be presented from initial and equilibrium concentration (C,
and C.) of SDBS:

_ Co=Ce V.
Ka= 225 x o ©)

where V and W are the solution volume (mL) and the
adsorbent mass (g), respectively. The AG® is the change in
Gibbs free energy (J/mol) and was estimated at different

temperatures, which can be expressed as follows equation:
AG® = AH® — TAS® (10)
RESULTS AND DISCUSSION

Fourier Transform Infrared (FTIR) spectroscopy was
utilized to analyze the functional groups present on the
surface of the materials. The FTIR spectra of orange peel
(a), G (b), MG (c), NG (d), and MNG (e) are displayed in
Figure 1. Based on the figure, it can be observed that the
absorption band at 3420 cm ™! in the FTIR spectra of orange
peel and all synthesized samples corresponds to the O-H
stretching vibration. Additionally, two peaks at 2858 cm™!
and 2925 cm™! can be attributed to the symmetric and
asymmetric stretching vibrations of C-H, -CH,-NH-CH,-
or -CH,-NH-CH3- groups, respectively (9). The presence
of peaks at 1736 cm™' and 1075 cm™' indicates the
presence of C=0O bonds from epoxy groups [43].
Furthermore, the bands located at 1248 cm™ and 1384
cm! correspond to the stretching vibrations of C-N and N-
CHj3, respectively, indicating an increase in nitrogen
content within the graphene structure. The attachment of
nitrogen atoms to the carbon lattice structure is expected
to result in adsorption peaks within the range of 1200 cm™
to 1600 cm™ [7]. The observed peaks at 1248 cm™! and
1384 cm™! in the N-doped graphene spectra (curves d and
e) indicate the substitution of carbon atoms with nitrogen
atoms within the continuous carbon lattice. This suggests
that the N-doping process in graphene sheets involves the
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formation of C-N bonds. Additionally, two prominent
adsorption peaks at approximately 872 cm™' and 588 cm™!
in the N-doped graphene spectra (curves d and e)
correspond to the N-H bending vibration and Fe-O
stretching vibration, respectively. These findings provide
confirmation of the presence of Fe304 magnetic
nanoparticles decorating the graphene nanosheets [8, 9].
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Fig. 1. FTIR spectrum of (a) orange peel, (b) G, (c) MG, (d)
NG, (e) and MNG

Table 1
BET surface area (SBET), total pore volume and average pore
diameters of prepared adsorbents.

E c R - - I - ==
2| B | 32| SEF 2EX 25 &g
g T | SE | 5EE 22§ SE| :¢f
S = S|l 228 &R 2 £
2 & = = S¢| a
G 2525.1 1.4684 | 1.4268 | 0.0416 | 97.2 | 0.9
MG 1534.1 | 0.8014 | 0.7063 | 0.0951 | 88.1 | 0.8
GN 1640.3 | 0.9466 0.88 0.0666 93 0.9
MGN | 1362.5 | 0.8081 0.72.7 0.0874 | 89.2 | 0.9

To analyze the porous structure and surface area of the
synthesized adsorbents, BET analysis was conducted. The
obtained results from the N2 adsorption-desorption
isotherms, including the BET surface area, average pore
diameters, and total pore volumes of the adsorbents (G,
MG, GN, and MGN), are summarized in Table 1. The BET
analysis revealed that the specific surface areas of G, MG,
GN, and MGN were calculated as 2525.1, 1534.1, 1640.3,
and 1362.5 m2/g, respectively. As expected, the BET
surface area of the MNG adsorbent decreased due to the
introduction of surface N-doping and the presence of

magnetite (Fe304) nanoparticles within the graphene
structure. According to the IUPAC adsorption-desorption
isotherms, all synthesized materials exhibit a hybrid
behavior combining characteristics of Type I and IV
isotherms, indicating the development of mesoporosity.
Raman spectroscopy, a non-destructive and powerful
chemical analysis technique, provides valuable
information about the number of layers, order, vibrational
modes of molecules, and distinctive features of graphene-
based materials. The Raman peaks associated with the
synthesized materials are presented in Figure 2. It is well-
established that the Raman spectra of MNG typically
exhibit two prominent peaks at approximately 1561 cm™!
and 1339 cm™!, which are assigned to the D and G peaks,
respectively. The D band in the Raman spectrum is
associated with the vibration of sp3 carbon atoms and
indicates the presence of structural defects. On the other
hand, the G band arises from the vibration of sp2 bonded
carbon atoms within a graphitic domain. Additionally, the
2D band was detected at 2633 cm™!, and its position is
known to be sensitive to the number of graphene layers.
Moreover, the layers of MNG can be determined by
analyzing the intensity ratio of the 2D band to the G band,
denoted as 12D/IG. Specifically, for single-layer, double-
layer, triple-layer, and multi-layer (> 4) graphene, the
12D/IG intensity ratios are higher than 1.6, 0.8, 0.3, and
0.07, respectively (2,24[10, 11]. In the present
investigation, the 12D/IG ratio was determined to be 0.6,
indicating the presence of double or triple-layer structures
in the synthesized graphene sheets. AFM imaging provides
valuable information on the geometry, topology, and
thickness of the prepared MNG sheets. Figure 3 shows the
magnified AFM image of MNG along with a
representative line scan. Height measurements indicate
that the thickness of MNG nanosheets ranges from 0.8 to
1 nm, corresponding to single- to triple-layered graphene
sheets. This observation confirms the high quality and few-
layer structure of the synthesized MNG nanosheets.
Additionally, these measurements allow estimation of the
inter-lamellar distances, which are slightly larger than that
of pristine graphene (~0.34 nm) due to nitrogen doping and
the incorporation of FesOs nanoparticles. The expanded
interlayer spacing enhances the accessibility of SDBS
molecules to internal adsorption sites, thereby improving
the overall adsorption performance of the material. The
magnetic properties of MG and MNG were investigated
using a vibrating sample magnetometer (VSM), and the
results are illustrated in Figure 4. The magnetization values
of MG and MNG were determined to be 14 and 10 emu/g,
respectively. The decrease in magnetization observed in
the MNG sample can be attributed to the presence of
nitrogen functional groups on the surface of MNG and the
proportional reduction in Fe304 nanoparticles per unit
weight. Furthermore, the magnetization curves exhibited
minimal coercivity and hysteresis, indicating that both MG
and MNG can be easily separated from the liquid phase
after the adsorption experiment using a magnet. This
confirms the strong magnetic characteristics of the
prepared nanoadsorbents for the removal of SDBS. The
surface morphologies of G and magnetic MNG were
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examined using SEM, as depicted in Figure 5. In Figure
Sa, the SEM image of the graphene nanosheets revealed
thin, folded, and some crumpled structures with wrinkled
edges. The SEM image of MNG (Figure 5b) exhibited the
successful anchoring of Fe304 nanoparticles onto the
surface of the graphene sheets. The average size of the
Fe304 nanoparticles decorated on the graphene surface
was estimated to be approximately 100 nm, and they
displayed a uniform distribution. Furthermore, the CHNS
elemental analysis of graphene and MNG is presented in
Table 2. The results indicate that the carbon content in
MNG slightly decreased to 86.10%, while the nitrogen
content increased to 1.9% due to the presence of N-doped
graphene nanosheets.
Table 2

Elemental analysis of each step of G and MNG nanosheets.

Adsorbent Weight (%)
Carbon | Hydrogen | Nitrogen | Sulfur
G 95.58 0.71 0.66 0.08
MNG 86.10 0.69 1.9 0.27

120

90

intensity, a.u.

Raman shift,Cm-1

Fig. 2. Raman spectroscopy of MNG nanosheet.
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Fig. 3. AFM images of MNG nanosheet.
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Fig. 4. VSM curves of (a) MG and (b) MNG.
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Fig. 5. SEM images of (a) G and (b) MNG.

SAMPLE B

The contact time is a crucial parameter in the
adsorption process as it determines the duration required
for SDBS molecules to reach equilibrium on the MNG
nanocomposite. Therefore, the impact of contact time on
the removal efficiency of SDBS using the synthesized
nano adsorbent was investigated in the time range of 5-90
minutes, across various SDBS concentrations. The results
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of the adsorption experiments are presented in Figure 6.
The findings indicated that the adsorption rate of SDBS on
MNG initially increased rapidly within the first 30 minutes
of contact time and then approached a constant value. The
equilibrium state, where 87% of SDBS was removed, was
achieved at 30 minutes. Additionally, the equilibrium
adsorption capacity (q.) of MNG increased with longer
contact time, reaching 217 mg/g. This increase can be
attributed to the interaction between SDBS molecules and
the surface functional groups of nitrogen. The rapid
attainment of equilibrium can be attributed to the presence
of numerous vacant sites on the surface of the nano
adsorbent. However, the decrease in adsorption rate
beyond 30 minutes may be associated with a low mass
transfer of SDBS from the liquid phase to the surface of
the MNG nanocomposite. These results align with
previous studies in the literature that investigated the
adsorption process of SDBS [12, 13].
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Fig. 6. Effect of contact time on SDBS adsorption onto MNG at
an initial concentration of 50 mg/L and pH value of 6.5.

The pH of the solution is widely recognized as a key
factor influencing the adsorption of pollutants from liquid
solutions. It impacts adsorption studies by influencing the
type of ions present in the solution (H" or OH") and the
ionization degree of the adsorbates [15, 5]. With this in
mind, the effect of different pH values (ranging from 2.0
to 10.0) on the adsorption of SDBS onto MNG
nanoparticles was evaluated (Figure 9). According to
Figure 7, the removal efficiency and adsorption capacity
of SDBS using the synthesized nanoadsorbent increased as
the pH value decreased. The highest adsorption capacity
was observed at pH 2 and 3. Considering economic and
environmental factors, the adsorption studies were
conducted at pH 3, which was determined as the optimum
pH for SDBS adsorption. Subsequent experiments were
carried out at pH 3, where it was observed that the removal
efficiency of SDBS reached a maximum of 94% (qe = 314
mg/g). This trend can be explained by the protonation
reaction, which neutralizes negative charges and enhances
the number of positive charges on the active sites of the
adsorbent surface, thereby facilitating electrostatic
interactions between the MNG surface and SDBS.

Additionally, the presence of nitrogen groups in the
structure of MNG increases the positive charges on the
adsorbent surface, further improving the removal of SDBS
from the aqueous solution. Conversely, at alkaline pH
values, the removal rate of SDBS by MNG decreased due
to stronger electrostatic repulsion. In a study by Inyinbor
et al. (2016) on the removal efficiency of Rhodamine B
dye using Raphiahookerie fruit epicarp as an adsorbent,
higher dye removal efficiency was achieved at pH 3.0, and
the adsorption capacity increased as the solution pH
decreased. The removal of SDBS from the aqueous
solution can be further explained by the point of zero
charge (pHzpc). The pHzpc indicates the pH at which the
charge on a solid surface is zero, balancing the total surface
positive and negative charges on the adsorbent surface (31,
28). In this study, the pHzpc of the adsorbent was
determined by introducing 10 mg of adsorbent into a 1 mM
NaCl aqueous solution. Figure 8 illustrates the change in
surface charges of the MNG nanoadsorbent with the
pHzpc curve. The pHzpc was determined to be 7.4,
indicating that the surface of the adsorbent carries a
positive charge at pH values lower than 7.4 and a negative
charge at pH values greater than 7.4.
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The impact of adsorbent dosage on the removal

In this section, we investigated the influence of the
initial pollutant concentration on the adsorption capacity,
considering the respective optimal pH. As depicted in
Figure 10, increasing the concentration of SDBS from 50
to 150 mg/L resulted in a significant rise in the adsorption
capacity, from 305 to 538 mg/g. This can be attributed to
the increased driving force caused by the higher
concentration of SDBS in the aqueous phase, leading to a
greater contact between SDBS molecules and the available
adsorption sites on the surface of MNG. However, it was
observed that the removal percentage of SDBS by MNG
decreased from 98% to 54% as the initial pollutant
concentration increased. This can be explained by
considering that at lower concentrations, the ratio of the
initial number of molecules adsorbed to the available
surface area of the nano adsorbent is substantial. In
contrast, at higher concentrations, the available sites for
adsorption become limited, resulting in a decrease in the
removal rate of SDBS, which is dependent on the initial
concentration.

efficiency of SDBS using MNG was investigated, and the
findings are presented in Figure 9. The results indicate that
the equilibrium adsorption capacity is significantly
influenced by the increase in adsorbent dosage. Under the
given operating conditions, the highest removal efficiency
of SDBS was achieved at an adsorbent dosage of 0.15 g/L.
It was observed that as the adsorbent dosage increased
from 0.1 to 0.25 g/L, the percentage of SDBS removal
increased from 86% to 100%, while the equilibrium
adsorption capacity (qe) decreased from 360 to 199 mg/g.
This can be attributed to the greater number of available
active sites on the surface of MNG at higher adsorbent
dosages, resulting in more SDBS being trapped on the
adsorbent surface. The results demonstrate that although
the removal rate increases with an increase in adsorbent
dosage, the amount of SDBS adsorbed per gram of nano
adsorbent decreases. This can be explained by the
insufficient saturation of available active sites for the
adsorption of the pollutant. These findings are consistent
with previous studies conducted by other researchers [14-
16].
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To understand the mechanism of the SDBS adsorption
process onto the MNG adsorbent, two linear equations,
namely the pseudo-first-order and pseudo-second-order
kinetic models, were employed to analyze the empirical
data. The results obtained from these models are presented
in Table 3. A comparison of the regression correlation
coefficients (R? = 0.9999) indicated that the adsorption of
SDBS molecules onto the prepared nano adsorbent
followed the pseudo-second-order kinetic model more
accurately than the pseudo-first-order model. It was
observed that the calculated adsorption capacity (qc2) from
the pseudo-second-order kinetic model exhibited good
agreement with the experimental values (qe exp) compared
to the pseudo-first-order model. This indicates that the
empirical data align well with the pseudo-second-order
kinetic model. The data presented in Table 3 also indicated
a similar trend of decreasing pseudo-second-order constant
(ko) with increasing initial SDBS concentrations,
suggesting the fast saturation of available active sites on
the MNG surface by SDBS. This results in reaching
equilibrium at lower initial concentrations in the
adsorption system. Literature studies have also suggested
that chemical adsorption processes control the reaction
rate in batch systems, which involves the sharing or
electron exchange between SDBS and adsorbent sites.
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Consequently, covalent chemical bonds facilitate the
attachment of SDBS molecules to the adsorbent surface in
the solution. Similar findings were reported by Bhandari
and Gogate when investigating the use of activated
coconut shell as an adsorbent for SDBS removal from
aqueous solutions. They observed that the adsorption of
SDBS onto activated coconut shell followed the pseudo-
second-order mechanism and that the adsorption process
was chemisorption [3]. Robati also concluded that the

pseudo-second-order model satisfactorily explained the
adsorption kinetics of lead onto MWCNTs and MWCNT-
COOH surfaces [25]. Additionally, based on the
intraparticle diffusion diagram presented in Figure 11, the
SDBS adsorption onto MNG exhibited a multilinearity,
suggesting the involvement of two stages. The first stage
was primarily attributed to boundary layer diffusion or
macro-pore diffusion, while the second stage was related
to intraparticle diffusion or micro-pore diffusion.

Table 3
Kinetic adsorption parameters obtained using pseudo-first-order and pseudo-second-order models.

pseudo-first-order pseudo-second-order
ki Qel ko qe2
Adsorbent Conc(mg/L) e, exp (ME/g) (min) (g R? (me.g min™) (mg.g) R?

50 305.06 0.1131 130.62 0.7623 0.0034 312.5 0.9999
75 410.85 0.0995 249.63 0.9031 0.0012 416.67 0.9999
100 485.42 0.1029 310.74 0.9242 0.0009 500 1

MNG 125 509.39 0.0967 255.33 0.8205 0.0013 526.32 0.9998
150 538.09 0.0933 254.16 0.7714 0.0012 555.56 0.9998

The adsorption isotherm models are commonly used to
explain the amount of adsorbate on a surface as a function
of concentration at a constant temperature. In order to
understand the mechanism of SDBS adsorption onto the
MNG adsorbent, three linear isotherm models, namely
Langmuir, Freundlich, and Redlich-Peterson (R-P), were
employed to fit the equilibrium empirical data. The fitting
curves for these isotherm models are presented in Figure
12 (a, b, and c¢).These equilibrium isotherm models provide
valuable information about the surface characteristics and
adsorption capacity of the nano adsorbent. Table 4 presents
the constant values and regression coefficients (R"2)
obtained by fitting the empirical data to the respective
isotherm models. Among the three models, the Langmuir
isotherm provided the best fit for SDBS adsorption, as
indicated by the high correlation coefficient value (R? =
0.9983). According to the literature, it can be concluded
that the SDBS adsorption onto the MNG nano adsorbent
occurs through monolayer coverage (uniform) and is
homogeneous in nature, without any interaction between
the adsorbed SDBS and the equivalent energy of all sites
on the nano adsorbent surface. The Redlich-Peterson (R-
P) isotherm model combines the assumptions of both the
Langmuir and Freundlich models, suggesting that the
adsorption mechanism is consistent with both single-layer
and multi-layer adsorption. Based on the Redlich-Peterson
(R-P) isotherm model, the adsorption can be classified
using the Freundlich equation (f > 1) or the Langmuir
equation (B = 1). In this case, the B value was estimated to
be 1, indicating that the SDBS adsorption process is more
in line with the Langmuir model. Consequently, the
maximum adsorption capacity (qm) for SDBS obtained
from the Langmuir isotherm model was calculated to be
555.55 mg/g. Similar findings were reported by Silvio et
al., who studied the adsorption of SDBS from a liquid
solution using modified natural zeolite with cetyl
trimethylammonium bromide (CTAB) and found that the
isotherm data fit well with the Langmuir isotherm model
[32]. Additionally, Vale et al. found that the adsorption of

SDS and SDBS using polyvinyl chloride (PVC) had the
best agreement with the Langmuir kinetic model [17].
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Table 4
Langmuir, Freundlich and Redlich—Peterson isotherm parameters for adsorption of SDBS onto MNG nanosheets.
Adsorbent Langmuir Freundlich R-P
qm 2 2 2
MNG (me/g) b (I/g) R Kr n R krp arp B R
555.55 0.0000063 0.9983 313.2808 7.68 0.9858 687 1.3394 1 0.9982

In order to understand the influence of temperature on
the efficiency of SDBS removal, the thermodynamic
parameters were evaluated at the studied temperatures, as
presented in Table 5. The relationship between In Kd and
1/T for the adsorption of SDBS onto MNG is shown in
Figure 13. The obtained AHO values, with a mean value of
+59.08 J/mol, indicate that the adsorption process on the
MNG nano adsorbent is endothermic, as AHO is positive
(AHO > 0) and the Van't Hoff plot exhibits a negative
slope. This finding suggests that the adsorption of SDBS
onto MNG increases with rising temperature. Similar
observations were reported by Zhang et al. in their studies
on SDBS adsorption using modified activated carbon with
ferrous sulfate [46]. The AHO value was also examined to
determine whether the SDBS adsorption onto the prepared
nano adsorbent is physical or chemical in nature. For
physical adsorption, the AHO value typically falls within
the range of 20-80 kJ/mol, while chemical adsorption
occurs in the range of 80-400 kJ/mol [26]. Based on the
estimated AHO value in this study, it can be concluded that
the interaction between SDBS and MNG nano adsorbent
is primarily driven by physical mechanisms. Additionally,
the negative value of AGO (AGO < 0) indicates that the
adsorption of SDBS onto the magnetic nano adsorbent is
spontaneous at various temperatures. In this study, the
AGO value ranged from -67.40 to -74.43 kJ/mol as the
temperature increased from 288 to 318 K. The increasingly

negative values of AGO with higher temperatures suggest
that the adsorption of SDBS becomes more efficient and
favorable at elevated temperatures, likely due to the
reduced viscosity and solubility of SDBS in the solution
and the activation energy involved. Furthermore, the
positive values of ASO (+234.12 J/mol) can be attributed
to the increased degrees of freedom of the adsorbed species
in solution and the enhanced randomness at the solid-
liquid interface during SDBS adsorption onto MNG. These
positive ASO values are also associated with structural
changes in both the adsorbate and the nano adsorbent.
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Fig. 13. The Van’t Hoff equation of SDBS adsorption on MNG
nanosheets.

Table 5
Thermodynamic parameters of SDBS adsorption on MNG at different temperatures
Temperature (K) Ka (L/g) AH® (J/mol) AS°(J/mol) AG (kJ/mol) R?
288 3.68 -67.40
298 4.13 -69.74
59.08 234.12 0.9495
308 4.89 -72.09
318 6.034 -74.43

From a practical standpoint, the stability and
regenerability of a nano adsorbent are crucial factors that
contribute to reduced costs, environmental impact, and
time savings. In this study, we assessed the recyclability
and reusability of MNG as an adsorbent by conducting
desorption experiments under batch conditions. The
desorption of SDBS was carried out using 20 ml of
methanol and ethanol solvents. The results showed that the
desorption efficiency using methanol was 88.30%, while
with ethanol it was 60.16% (Fig. 14). This indicates that
SDBS can be effectively regenerated using methanol
compared to ethanol. To evaluate the reusability of MNG,
we performed the adsorption-desorption process for five
consecutive cycles and calculated the adsorption
performance for each cycle (Fig. 15). As evident from Fig.
14, the change in SDBS adsorption performance was

minimal over the five cycles, with a desorption percentage
of 87% after the last cycle. It is worth noting that the lower
removal efficiency of MNG in subsequent adsorption-
desorption cycles may be attributed to a large number of
active sites on the MNG adsorbent surface remaining
unoccupied by pollutants during the initial regeneration
step. In subsequent steps, only a few adsorption sites are
available, leading to a decrease in the efficiency of MNG.
Furthermore, the magnetic properties of the MNG nano
adsorbent remained intact throughout the process,
allowing for easy separation and reuse of the nano
adsorbent using a magnet before and after the adsorption-
desorption process. Overall, our regeneration studies
suggest that this nano material can be repeatedly used as
an efficient adsorbent for practical applications in
wastewater treatment processes.
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The adsorption performance of SDBS onto the
synthesized magnetic nitrogen-doped graphene (MNG) is
strongly governed by multiple factors related to both the
adsorbent properties and the solution conditions. Nitrogen
doping introduces additional active sites and enhances the
positive surface charge on the graphene sheets, promoting
stronger electrostatic interactions with the anionic SDBS
molecules. FTIR analysis confirmed the presence of C-N
and N-CHs groups, indicating successful N incorporation,
while SEM images and VSM measurements demonstrated
uniform decoration of FesOs nanoparticles with strong
magnetic properties. These nanoparticles facilitate
magnetic separation, enhancing recyclability, without
significantly compromising adsorption sites. Elemental
mapping further confirms the uniform distribution of
nitrogen and iron, verifying the homogeneity and purity of
the adsorbent. The adsorption process exhibits rapid initial
uptake within the first 30 minutes, achieving
approximately 87% removal, due to abundant vacant
adsorption sites on the MNG surface. Beyond this period,
the adsorption rate decreases as the active sites become
partially saturated, and mass transfer limitations slow
further uptake. This kinetic behavior aligns well with the
pseudo-second-order model, suggesting that
chemisorption mechanisms, including electron sharing
between SDBS and nitrogen functional groups, play a
significant role in adsorption. The pH of the solution
substantially influences adsorption efficiency. Maximum
removal occurs at acidic pH (2-3) due to protonation of the

adsorbent surface, which increases positive surface
charges and enhances electrostatic attraction with
negatively charged SDBS molecules. Conversely, at
alkaline pH values, electrostatic repulsion reduces
adsorption efficiency. The pH point of zero charge (pHzpc
= 7.4) further confirms that the MNG surface is positively
charged at pH values below 7.4, facilitating SDBS uptake.
To address the research gap and highlight the parameters
affecting reaction yield, several factors were critically
analyzed: (i) The precursor type and preparation method:
Using orange peel as a renewable biomass precursor
provides a highly mesoporous structure with abundant
active sites, enhancing adsorption efficiency and overall
yield. (ii) Reaction temperature and time: Elevated
temperatures during carbonization and nitrogen doping
(700-900 °C) improve the formation of high-quality
graphene layers, effective nitrogen incorporation, and
uniform FesOs nanoparticle anchoring, all of which
collectively increase the reaction yield. (iii) Adsorbent
dosage: Higher dosages increase the total number of active
sites, improving SDBS removal percentage, although
adsorption capacity per gram decreases due to partial site
saturation. This demonstrates the balance between total
yield and per-unit efficiency. (iv) pH conditions: Acidic
environments (pH 2-3) maximize protonation of nitrogen-
functionalized sites, enhancing electrostatic attraction and
adsorption efficiency. (v) Incorporation of FesOq
nanoparticles: These improve magnetic separability and
recyclability, while slightly reducing BET surface area but
compensating by increasing accessibility to active sites,
ultimately enhancing effective yield. Increasing the initial
SDBS concentration also increases the driving force for
adsorption, resulting in higher equilibrium adsorption
capacities, although the percentage removal decreases due
to limited active sites relative to pollutant load. Adsorption
of SDBS onto MNG is endothermic (AH > 0), spontaneous
(AG < 0), and accompanied by increased randomness at
the solid-liquid interface (AS > 0). The positive AH
indicates that higher temperatures facilitate SDBS uptake,
likely by enhancing molecular mobility and reducing
solution viscosity. The negative AG values suggest the
feasibility of the adsorption process under the studied
conditions, while positive AS reflects increased degrees of
freedom of adsorbed molecules and structural
rearrangements on the MNG surface. BET and AFM
analyses reveal that MNG possesses a high surface area
and mesoporous structure, which are critical for providing
numerous adsorption sites. Although the introduction of
N-doping and FesOs nanoparticles slightly reduces the
BET surface area, the creation of additional functional
sites compensates for this loss, resulting in overall
improved adsorption efficiency. Height measurements
indicate that the thickness of MNG nanosheets ranges from
0.8 to 1 nm, corresponding to single- to triple-layered
graphene sheets, with slightly expanded interlayer spacing
due to nitrogen doping and FesOs incorporation. This
expanded spacing enhances the accessibility of SDBS
molecules to internal adsorption sites. Combining the
characterization results, the adsorption of SDBS on MNG
can be described as a multi-stage process: (i) rapid
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electrostatic attraction between SDBS molecules and
positively charged nitrogen-functionalized sites, (ii)
intraparticle diffusion into mesopores, and (iii) eventual
equilibrium as sites become saturated. The high adsorption
capacity (555-556 mg/g) observed is attributed to this
synergy between structural properties, functionalization,
and magnetic nanoparticle incorporation. Desorption
studies demonstrate that MNG can be efficiently
regenerated using methanol, with minimal loss in
adsorption performance over five cycles. The magnetic
properties remain intact, facilitating easy separation and
reuse. Overall, the combined effects of precursor type,
nitrogen doping, mesoporosity, surface functional groups,
magnetic nanoparticles, pH, temperature, and adsorbent
dosage dictate the adsorption performance of MNG. These
parameters collectively enhance the yield and efficiency of
the adsorption process, addressing the research gap,
validating the importance of this study, and providing a
clear rationale for the high SDBS removal observed. This
comprehensive understanding also offers insights for
designing future biomass-derived magnetic adsorbents
with optimized performance.

CONCLUSION

In our study, we introduced a chemical method to create a
highly efficient nano adsorbent derived from orange peel
for the purification of SDBS from aqueous environments.
The synthesized MNG was thoroughly characterized using
various analyses, which confirmed the uniform decoration
of iron oxide on the surface of the nitrogen-doped
graphene sheet. In batch adsorption experiments, we found
that the maximum SDBS removal efficiency reached 98%
under the following conditions: an adsorbent dosage of 0.1
g/L, a contact time of 30 minutes, a temperature of 45°C,
pH value of 3, and an initial concentration of 50 mg/L. The
pH value was observed to have a significant impact on the
adsorption of SDBS onto the MNG adsorbent. The
experimental data further demonstrated that the adsorption
kinetics followed the pseudo-second-order model,
indicating favorable adsorption kinetics. The negative
value of AGO (AGO < 0) and positive values of AHO (AHO
> 0) confirmed the endothermic nature and spontaneous
characteristics of SDBS adsorption onto the magnetic nano
adsorbent. According to the Langmuir model, the
maximum adsorption capacity was calculated as 556 mg/g,
suggesting monolayer coverage of SDBS molecules on the
surface of the nano adsorbent. Reusability studies revealed
that SDBS could be efficiently and rapidly recovered from
the MNG surface using a methanol solution, with a high
yield of 87% after five cycles. Overall, this research offers
a valuable approach for water and wastewater treatment
applications due to its simplicity, reproducibility, high
performance, low cost, and selectivity.
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