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KEYWORDS Abstract The urgent need for efficient decontamination of organic dyes from polluted waters
Lemon peel; necessitates the search for a low-cost and suitable adsorbent. The large amount of lemon peel
Magnetic biochar; residue in actual production can be an ideal raw material for the preparation of adsorbents.
Methylene blue; Herein, a novel magnetic nanocomposite derived from lemon (Citrus limon L.) peel residue
Adsorption characteristics; (Fe;04/Lp-biochar) was successfully synthesized by one-step hydrothermal method and used
Waste management for the adsorptive capture of methylene blue (MB) in aqueous solution. The prepared Fe;Oy4/

Lp-biochar are spherical with a particle size of 8.3 nm and have a saturation magnetization
intensity of 52.9 emu/g and a specific surface area of 64.30 m?/g. It was found that the maxi-
mum MB adsorption capacity of 26.36 mg/g by the Fe;O4/Lp-biochar can be achieved when the
amount of nanocomposite was 0.10 mg/mL, the system’s pH value was 10, the reaction temper-
ature was 25 °C, and the adsorption time was 60 min. Adsorption kinetics of MB on the Fe;0y4/
Lp-biochar followed the pseudo-second-order kinetic model whilst the Freundlich isotherm
model could well simulate the adsorption behavior of MB on magnetic biochar. The adsorption
mechanism of MB by the Fe;O,4/Lp-biochar predominantly include electrostatic attraction and
mesoporous interaction. Furthermore, the Fe;O4/Lp-biochar exhibited a remarkable retention
of 94.7% of the initial adsorption efficiency even after the 10th cycle of repeated use. It was
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concluded that the lemon peel-derived magnetic biochar can be a promising alternative to
conventional adsorbents for wastewater treatment.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of chemical industries increased the contamination
of water bodies with diverse organic pollutants, causing a serious envi-
ronmental problem (Behin and Farhadian 2017, Ghabaee et al., 2020,
Pourzad et al., 2020). Over 100, 000 commercially available dyes with
over 7 x 10° tons of dyestuff are produced annually worldwide
(Benjelloun et al., 2021). However, 10-15% of dyestuff is estimated
to be discharged into the aquatic environment (Zhou et al., 2019).
Among dyestuffs, methylene blue (MB)-IUPAC name: [7-
(dimethylamino) phenothiazin-3-ylidene]-dimethylazanium chloride,
is a representative organic compound of water-soluble dyes and is
extensively used in industries (Albishri and Katouah 2023). Wastewa-
ter containing MB can often damage the natural environment and
human health (Nabilah et al., 2023). Therefore, the pretreatment of
dye-containing wastewater before its discharge to the surrounding is
a very important issue and has attracted worldwide attention.

Adsorption using low-cost adsorbents in this context has been one
of the most promising methods for dye removal from wastewaters due
to the efficiency, easiness, and sustainability (Ebrahimzadeh and
Behbahani 2017, Sobhi et al., 2022, Davoodbeygi et al., 2023). Never-
theless, most of the adsorbents used in wastewater treatment so far
have been petroleum-derived carbon materials. In comparison with
traditional activated carbon, biochar is a promising renewable car-
bonaceous material produced by biological waste pyrolysis with abun-
dant pore structure, and it is recently used in sensing detection, energy,
and environmental areas (Harindintwali et al., 2023, Yin et al., 2023).
For example, researchers developed an electrochemical sensor modi-
fied with walnut shell-derived biochar for simultaneous detection of
heavy metal ions in water and soil samples (EI Hamdouni et al.,
2022). The use of biochar to produce renewable energy is considered
a sustainable approach to creating an energy secure world, and
research work on this topic has been extensively reviewed in recent
years (Kant Bhatia et al., 2021, Awasthi 2022). In addition, biochar
has become emerging adsorbent for achieving environmental-friendly
remediation due to its various sources, abundant surface functional
groups, high porosity and low cost. Researchers have studied the
potential of diverse biomass-derived biochar, such as oil palm frond
(Sutarut et al., 2023) or Eichhornia crassipes based biochar products
(Wu et al., 2023) for mixed pollutants adsorption potential from real
industrial wastewater. The separation of biochar powder from envi-
ronmental media often necessitates additional steps such as centrifuga-
tion and filtration. However, these steps can limit the applications of
biochar and potentially contribute to secondary pollution. Thus, Rel-
evant studies have been conducted to investigate the use of magnetism
in sorbents as an efficient recovery strategy.

Magnetic biochar can be obtained through the combination of
magnetic materials and biochar using processes as pyrolytic activation
and chemical co-precipitation (Qu et al., 2020, Peng et al., 2022). Com-
pared with conventional biochar, magnetic biochar not only retains the
excellent characteristics but also possesses the additional feature of
magnetic separation. As an important magnetic material, magnetite
nanoparticles (Fe;04 NPs) have become a desirable option for rapid
magnetic separation. Jung et al. (2016) have synthesized a magnetic
biochar/Fe;04 nanocomposite from marine macroalgae and demon-
strated that the magnetic biochar has superior removal efficiency for
acid orange than nonmagnetic biochar due to its simultaneous
improvement in porosity and functionality. Although the separation
of magnetic biochar from aqueous solutions is favorable, the adsorp-

tion performance of magnetic biochar for pollutants is limited, and
the research on magnetic biochar is still in the development stage
(Qu et al., 2022).

Lemon (Citrus limon L.), an internationally important fruit crop, is
widely grown in Chongqing, China. In Tongnan District, for example,
the cultivation area of lemons has almost doubled from 2015 to 2020,
leading to an increase in lemon production from 180,000 tons to
280,000 tons. As one of the important by-products of lemon process-
ing, lemon peel accounts for about 20% of the whole fruit and can
be used for the preparation of biochar materials, thus avoiding envi-
ronmental pollution and resource waste (Jiang et al., 2022).

On account of the aforementioned analyses, this study attempts to
i) investigate the possibility and feasibility of producing magnetic bio-
char nanocomposites by hydrothermal carbonization of lemon peel as
a raw material at low temperatures; ii) assess the adsorption capacity
of the magnetic lemon peel-derived biochar nanocomposite (denoted
as Fe;O4/Lp-biochar) for methylene blue (MB) under different opera-
tional conditions; iii) provide insights into the adsorption isotherm and
kinetic models, as well as the adsorption mechanism. This study pro-
vides a new way for the high value scientific utilization of lemon peel
residue, and also has important reference value for the related research
in the environmental field.

2. Materials and methods

2.1. Materials

Lemon (Citrus limon L.) peel wastes were obtained from a
lemon processing plant in Tong-nan District, Chongqing,
China. The collected lemon peels were subsequently dried, pul-
verized and sifted through a 20-mesh sieve. Ferric chloride hex-
ahydrate (FeCl;-6H,0), wurea and anhydrous ethanol
(>99.7%) were purchased from Aladdin Co., Ltd (Shanghai,
China) and were of analytical reagent pure. The MB dye pow-
der was bought from Sigma-Aldrich. Ultra-pure water was
obtained using a Milli-Q system (Millipore, Bedford, MA)
and used throughout all experiments.

2.2. Preparation and characterization of magnetic biochar
adsorbent

In an optimal condition, 2.0 g of the as-prepared lemon peel
powder, 200 mg of FeCl;-6H,O and 600 mg of urea were
added into 30 mL of deionized water with stirring. The
formed homogeneous solution was then transferred to a
50 mL Teflon-lined stainless-steel autoclave, placed at
180 °C for 15 h, removed and cooled to room temperature.
The resulting black product was collected by magnetic sepa-
ration, washed with deionized water, and vacuum-dried at
40 °C for 12 h.

The structure morphology of as-synthesized magnetic bio-
char adsorbent (denoted as Fe;O4/Lp-biochar) was identified
by Quanta FEG 650 scanning electron microscopy (SEM)
and FEI Tecnai G2 F20 transmission electron microscopy
(TEM), respectively. X-Ray diffraction (XRD) and Fourier
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transform infrared (FT-IR) spectra of Fe;O,4/Lp-biochar
were recorded using Rigaku D/Max-2400 X-ray diffractome-
ter (Rigaku, Japan) and IFS120HR Fourier transform infra-
red  spectroscopy  (Bruker, = German),  respectively.
Thermogravimetric analysis (TGA) was conducted to ana-
lyze the thermal properties of biochar samples using an
STA 449C thermogravimetric analyzer (Netzsch, German).
The Brunauer-Emmett-Teller (BET) specific surface area of
the nanocomposite was detected using an ASAP2020 auto-
matic gas-adsorption analyzer (Micromeritics, USA). For
magnetic measurements, the magnetic hysteresis loop of
Fe;04/Lp-biochar was recorded on a PPMS model vibrating
sample magnetometer (VSM) at 25 °C in a magnetic field
range from — 10,000 to 10,000 Oe. The ultraviolet—visible
(UV—vis) absorption spectra were tested with a UHS5300
UV-vis spectrophotometer (Hitachi, Japan) with a standard
quartz cell (1.0 cm path length).

2.3. Batch adsorption experiments

The adsorption of MB was performed in a shaker at
300 rpm and room temperature. Several operational factors
were evaluated to determine their effects on MB adsorption
efficiency. For the optimal mass of sorbent, 10 mL of MB
solution with 10 mg/L was spiked with various concentra-
tions of Fe;O4/Lp-biochar (0.01-0.20 mg/mL). The influence
of the solution pH on the adsorption capacity was studied
by varying the initial pH between 2 and 10. To evaluate
the effect of initial dye concentration on the adsorption effi-
ciency, 10 mL of MB solution with initial concentrations of
5-50 mg/L were shaken with 10 mg of Fe;O4/Lp-biochar.
The adsorption efficiencies of Fe;O,4/Lp-biochar for different
MB concentrations within 6 h were also investigated, and
the influence of temperature was further analyzed at 20-45
°C. For all batch experiments, the suspension (0.2 mL) was
separated from the reaction system using a magnet, and
the equilibrium concentrations of MB were determined by
UV-vis spectroscopy at the maximum absorption wave-
length. The removal efficiency and adsorption capacity of
MB on Fe;O4/Lp-biochar were quantified using Egs. (1)
and (2), as follows:

(€O — Ceq)

R="= 0= % 100 (1)
_ (CO — Ceq)V

qe - m (2)

where R (%) and q. (mg/g) represent the removal percentage
and the equilibrium capacity of MB absorbed on Fe;O4/Lp-
biochar, respectively. Cy and Cq are the initial and equilibrium
concentrations of the MB solution, respectively. V (L) is the
total volume of MB solution, and m (g) is the mass (g) of bio-
char powder used in the absorption experiment.

2.4. Adsorption kinetic studies

In order to deeply understand the kinetic process of MB
absorption on Fe;O4/Lp-biochar, pseudo-first-order kinetic,
pseudo-second-order kinetic, Freundlich isotherm and particle
diffusion kinetic models were used to fit the obtained experi-
mental data linearly.

2.5. Reusability evaluation

Briefly, when adsorption equilibrium was reached, 10 mL of
anhydrous ethanol was added to the magnetically separated
Fe;O4/Lp-biochar and the pH of the reaction system was
adjusted to 2 with 0.1 M HCI, followed by incubation at
300 rpm for 1 h. After magnetic separation, the obtained
Fe;04/Lp-biochar was washed several times with deionized
water and absolute ethanol. The collected adsorbents were
dried at 60 °C for 2 h in a vacuum drying oven and used for
further adsorption—desorption experiments. To evaluate the
stability and reusability of Fe;O,4/Lp-biochar, regeneration
cycles were conducted ten times at optimum adsorption
conditions.

3. Results and discussion

3.1. Characterization of Fe;0 ,/Lp-biochar

The SEM (Fig. 1 A) and TEM (Fig. 1B) images showed that
the as-obtained Fe;O4/Lp-biochar nanocomposite had a glob-
ular shape with homogeneous size distribution. Notably, the
core—shell structure can further prevent the aggregation of
Fe;04 nanoparticles. The energy dispersive X-ray spec-
troscopy (EDS) coupled with SEM showed that C and
Fe;O, were present at 48.31% and 51.57%, respectively.
Meanwhile, XRD was used to detect the crystalline structure
of Fe304/Lp-biochar (Fig. 1 C). The X-ray diffraction peaks
at 20 = 30.1°, 35.4°, 43.1°, 53.4°, 57.1°, 62.5° corresponding
to the (220), (311), (400), (422), (511) and (440) reflection
planes coincided with the cubic phase of Fe;0,4
(Bhattacharya et al., 2015). The biochar adsorbent displayed
a broad diffraction peak at around 22°, which is related to
the (002) crystal plane of the carbon materials (Liu et al.,
2019). The FTIR spectrum analysis (Fig. 1 D) showed charac-
teristic peaks at 3340, 2930, 1700 and 1320 cm'lconﬁrming the
presence of O-H, C-H, C = O and C = C groups, respec-
tively, related to the carbonization of sugar substances such
as pectin contained in the lemon peel. The characteristic
absorption peak at 573 cm'confirmed the Fe-O stretching
vibrations of Fe;O4 (Chae et al., 2015).

The Fe;04/Lp-biochar did not exhibit magnetic hysteresis
at room temperature (Fig. 2A). The curve displayed a satura-
tion magnetization of 52.9 emu/g with characteristic super-
paramagnetic behavior, indicating that the magnetic
adsorbent was successfully prepared. The inset in Fig. 2A
showed that Fe;O4/Lp-biochar maintained its good dispersity
in aqueous solutions, and the external magnetic field can then
be used to realize the adsorbent in duplicates. The profile of
TGA curves (Fig. 2B) demonstrated weight loss in three stages
for Fe;04/Lp-biochar between 25 and 650 °C. The first stage of
TGA usually involves mass loss due to water evaporation, cor-
responding to the initial weight loss below 200 ‘C. During the
second stage, a sharp mass loss occurred due to the the oxida-
tion of the amorphous carbon shell between 200 and 400 °C.
No significant mass change was observed in the range of
500 ~ 650 ‘C as previously reported (Xuan et al., 2007).
Besides, the nitrogen adsorption—desorption curve (Fig. 2C)
revealed that Fe;O4/Lp-biochar followed a typical type-1V iso-
therm with a hysteresis-loop above P/Py = 0.8, indicating the
existence of mesopores in the samples. The pore size distribu-



Z. Liet al

]

Regulus8100,5:0kV Ai.9mmx20.0k SE(UL)

C 311)

Intensity (a.u.)

Fe;O,@Lp-Biochar

PFD #88-0315

l|l|l|| L

10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 1

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm'l)

(A) SEM and (B) TEM images of magnetic biochar nanocomposite namely with Fe;04/Lp-biochar derived from lemon (Citrus

limon L.) peel waste. (C) XRD and (D) FTIR patterns of the Fe;O4/Lp-biochar.

tion of mesopores ranged from 15 to 50 nm (Fig. 2D). Further-
more, nitrogen adsorption/desorption measurement revealed a
specific surface area of 64.30 m?/g for Fe;O,/Lp-biochar,
which was higher than other reported values (Lan et al.,
2014, Mao et al., 2014, Pu et al., 2014).

3.2. Mechanism of Fe;0,/Lp-biochar formation

The formation mechanism of lemon peel derived biochar
adsorbent is discussed below. Lemon peel is rich in polysaccha-
rides, such as pectin and flavonoids, which are generally
hydrolyzed to monosaccharides (e.g., galactose, arabinose
and glucose) under alkaline conditions (Ivanova et al., 2012).
Moreover, urea can provide an alkaline environment for
Fe;04 NPs formation under hydrothermal conditions (Xuan
etal., 2007, Zhang et al., 2016). First, Fe* " ions in the reaction
system can be partly reduced to Fe*" by some monosaccha-
rides, and then the concentrated nucleation sites for Fe;Oy4
NPs are formed via the dehydration of these ions. The rich car-
boxyl groups in the lemon peel will form cross-linking with
Fe?* and Fe** ions on the surface of Fe;O4 NPs, preventing
the agglomeration of magnetic nanoparticles (Kyomugasho
et al., 2015). Next, a reactive surface would exist in the

Fe;O4 NPs. These carbon species generated from the car-
bonization of pectin and other derivatives in the lemon peel
can adhere to the exposed surface, resulting in the biochar-
coated Fe;O4 NPs (Fe;04/Lp-biochar).

3.3. Adsorption capacity of Fe;0,/Lp-biochar

Herein, methylene blue (MB) dye was used to explore the
adsorption properties of the as-synthesized Fe;O4/Lp-
biochar. The adsorption efficiency of Fe;O,/Lp-biochar to
MB increased with the increasing pH values in the range of
2 ~ 10 primarily due to the electrostatic interaction between
biochar adsorbent and MB dye in different pH conditions.
The reason was that the isoelectric point (pl) of the Fe;O,/
Lp-biochar was 3.6. When the solution pH was higher than
pl, the surface of the Fe;04/Lp-biochar is negatively charged,
which promoted the adsorption of cationic MB dyes. The rea-
son was that MB adsorption was primarily controlled by elec-
trostatic interaction between dye molecules and the surface of
Fe;O4/Lp-biochar.

The initial MB concentration was also an important fac-
tor influencing the sorption efficiency. The adsorption capac-
ity of the Fe;O4/Lp-biochar at equilibrium significantly
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increased from 4.41 to 26.36 mg/g with the increasing MB
concentrations (from 5 to 50 mg/L) (Fig. 3B), mainly due
to increased collisions between adsorbent and adsorbed.
Besides, the variation in the efficiency of MB removal by
the Fe304/Lp-biochar adsorbent according to adsorption
time is shown in Fig. 3C. The adsorption capacity changed
over time in three stages. In the initial stages of adsorption
(0 ~ 30 min), the Fe;O4/Lp-biochar presented a sharp
increase in the adsorption capacity, attributed to a consider-
able amount of adsorption sites. With contact time exten-
sion, the adsorption sites decreased gradually and the
adsorption amount of MB increased slowly in the second
stage. The third adsorption stage occurred after 60 min
and the reaction system had reached adsorption equilibrium.
Although the equilibrium time varied for different initial
MB concentrations, adsorption equilibrium experiments were
conducted for 90 min.

To examine the effect of temperature on adsorption effi-
ciency, the adsorption capacity of Fe;O4/Lp-biochar for MB
at different temperatures was further compared. The equilib-
rium capacity of MB increased first then decreased with
increasing temperatures (Fig. 3D), possibly because the elec-
trostatic interactions change with the temperature. The opti-
mum temperature for MB adsorption by Fe3;O4/Lp-biochar

was 25 °C. Moreover, the optimal adsorbent addition amount
was chosen to be 0.10 mg/mL in this study.

3.4. Adsorption kinetics

To study the adsorption process, the kinetic data were ana-
lyzed using the pseudo-first-order and pseudo-second-order
models, respectively. The adsorption kinetics and fitting
parameters for the obtained data of Fe;O4/Lp-biochar for
MB removal are presented in Fig. 4A and B. The R? of the
pseudo-second-order kinetic was higher than the pseudo-
first-order kinetic (Table 1), and its calculated equilibrium
adsorption capacity (qeca;) Was also very close to the experi-
mental equilibrium adsorption capacity (qe.exp). These results
indicated that the adsorption behavior of the Fe;O4/Lp-
biochar for MB removal fitted better the pseudo-second-
order kinetic model and suggested that the adsorption was
due to chemisorption or chemical adsorption (Shen et al.,
2019). Moreover, the k, values of the pseudo-second-order
model decreased from 0.04633 to 0.01811 (g mg~' min~') with
the increase of MB concentrations from 5 to 20 mg/L, indicat-
ing that the driving force between dye molecules and adsorbent
can be markedly improved by increasing the initial MB
concentration.
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of the Fe;Oy4/Lp-biochar.

Besides, the Weber-Morris model was also used to analyze
whether the adsorption rate was controlled by outer diffusion
or inner diffusion or both. Plots of q, against t;, and the linear
regression of q, versus t;, are shown in Fig. 4C, and the corre-
sponding kinetic parameters are listed in Table 2. The adsorp-
tion process of the Fe;O4/Lp-biochar could be divided into
two stages. In the initial stage, the sharper slope can be explained
by the boundary layer effect (Ma et al., 2015), which mainly
involves the transportation of dye molecules from the aqueous
solution to the surface of the Fe;O4/Lp-biochar adsorbent.
The second stage indicated intraparticle diffusion of dye mole-
cules through abundant active sites of the biochar adsorbent.
The calculated k; was significantly higher than k,, suggesting
that the mass transfer was quicker than the intraparticle diffu-
sion. The results indicated that the overall adsorption process
of the Fe;04/Lp-biochar might be jointly controlled by external
mass transfer and intraparticle diffusion. Additionally, intra-
particle diffusion was not the rate-limiting step since the c, val-
ues were not equal to zero (Chen et al., 2014).

3.5. Adsorption isotherms

To clarify the equilibrium adsorption characteristics of MB
onto Fe;Oy4/Lp-biochar, the classic Langmuir and Freundlich

isotherm models were applied to fit the obtained equilibrium
adsorption data. The Langmuir and Freundlich isothermal
models are presented in Fig. 4D, and the corresponding
parameters calculated from the nonlinear fit by both models
are listed in Table 3. Both isothermal models fit well with
adsorption data (R?> 0.95). Nevertheless, the R value of the
Langmuir model (R? = 0.9669) was lower than the Freundlich
model (R = 0.9905), suggesting the highly heterogeneous dis-
tribution of adsorption energy and the existence of intermolec-
ular interactions between MB and Fe;O4/Lp-biochar.
Therefore, the Freundlich adsorption isotherm model can
more accurately describe the adsorption of MB by Fe;O,/
Lp-biochar adsorption than the Langmuir isotherm model.
The Freundlich constant n was higher than 1.0, confirming
that the adsorbent had a favorable adsorption performance
for dye molecules (Fan et al., 2012). These results also indi-
cated that the adsorption of MB by Fe;O4/Lp-biochar was
mainly based on multi-molecular layer adsorption (Zhang
et al., 2020). These obtained results indicated that the adsorp-
tion of Fe304/Lp-biochar toward MB is a complex physico-
chemical process involving possible charge-transfer-mediated
chemical reactions. The remarkable adsorption capacity of
as-prepared biochar adsorbent might be ascribed to the syner-
getic effects of its unique surface structure and micropore con-
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Table 1 Kinetic model parameters of MB adsorption on the Fe;O,4/Lp-biochar.
Cy (mg/L) (e, exp (Mg/8) Pseudo-first-order-kinetics Pseudo-second-order-kinetics
Qe, cat (g/g) ki (min ) R’ Ge, e mg/g)  k; (gmin 'min) R’

5 4.01 0.75 0.0111 0.8266 4.05 0.0463 0.9998
10 8.20 0.97 0.0111 0.5536 8.18 0.0330 0.9997
20 15.80 2.45 0.0055 0.5867 15.42 0.0181 0.9999
Table 2 Intraparticle diffusion model parameters of MB adsorption on the Fe;O4/Lp-biochar.
Cy (mg/L) First stage Second stage

k (mg g'h ") ¢1 (mg/g) R? k; (mg g'h %) ¢, (mg/g) R?
5 0.3411 1.2147 0.9787 0.0174 3.6841 0.7285
10 1.0360 0.7373 0.9959 0.0134 7.8385 0.9194
20 0.8694 8.4682 0.9889 0.0537 14.3237 0.8512
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Table 3 Isotherm parameters of MB adsorption on the Fe;O4/Lp-biochar.
Langmuir Freundlich
b Qi R? k n R?
(L/mg) (mg/g)
0.2198 29.6156 0.9669 7.1018 2.3932 0.9905
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adsorption and with MB adsorption after 10 adsorption—desorption cycles.

tent, the electrostatic interaction between chemicals and the
adsorbent, as well as the functional groups on the surface of
the carbon material.

3.6. Reusability of the Fe;04/Lp-biochar

The reusability of adsorbent materials is vital to cost savings in
practical applications. Thus, we evaluated whether the Fe;0,/
Lp-biochar retains its high MB adsorption capacity after 10
adsorption—desorption cycles. The MB adsorption efficiency
only decreased by only 5.28% even after 10 cycles under the
same experimental conditions (Fig. 5A), demonstrating that
the as-synthesized biochar adsorbent has excellent cyclic per-
formance. Furthermore, no evident changes occurred in the
surface morphology and crystal structure (Fig. 5B) of the
Fe;04/Lp-biochar after 10 adsorption—desorption cycles.
Therefore, the prepared Fe;O,/Lp-biochar nanocomposites
have excellent reusability and adsorptive properties.

4. Conclusions

In summary, a new magnetic biochar derived from lemon peel residue,
denoted as Fe;O4/Lp-biochar, was easily prepared at low temperature
by a one-step hydrothermal method. The as-obtained magnetic
nanocomposites exhibited excellent magnetic recovery characteristics
and showed good adsorption properties for methylene blue (MB).
The maximum MB adsorption capacity of 26.36 mg/g by the Fe;0,/
Lp-biochar can be achieved under the optimal experimental condi-
tions, and the MB removal efficiency was maintained at 94.7% after
10 cycles of use. Kinetic studies have shown that the adsorption of
MB on the Fe;O4/Lp-biochar can be well fitted Pseudo-second-order
kinetic and Freundlich isotherm models. The adsorption mechanism

involves mainly physical and chemisorption processes. The results
demonstrate that biochar adsorbents derived from lemon peels show
great promise in addressing chemical pollutants and also offer new
opportunities for recycling these biological wastes.
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