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Flubendiamide is a commonly used pesticide with low water solubility and a high organic carbon
sorption constant, causing it to adhere to soil particles and negatively impact soil ecosystems. First, chili
plant stems, typically discarded after the harvest season, represent an abundant local biomass resource
with significant potential for utilization, and were converted into biochar through pyrolysis. Here, we
describe the synthesis of biochar modified with iron and chitosan to increase the diversity of functions
and surface functional groups of biochar. The resulting chitosan-modified magnetic biochar (CMBC)
presents a full range of functional groups of chitosan and iron oxide as shown by Fourier-transform

ﬁl};zvggzn infrared spectroscopy. The correlation between flubendiamide concentration and the dose of biochar
Biomass on adsorption was explored. The flubendiamide adsorption efficiency of CMBC (1% mass ratio of soil)
Chitosan reached 68.03% in 90 min. The highest adsorption capacity achieved was 0.95 mg-g~ . The flubendia-
Modified biochar mide adsorption mechanism by CMBC can be described with a pseudo-second-order kinetic model. The
Pesticide experiment data closely fit a Freundlich isotherm model (R? = 0.998), and the low residual sum of

Waste treatment squares values demonstrate the high model applicability. In this study, we present a comprehensive

overview of pesticides, alongside kinetic and isotherm model studies of flubendiamide adsorption by
CMBC. We emphasize the potential of modified biochar to enhance environmental remediation
applications.

© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction symmetry, polarity, and the nature of substituents directly influ-

ence how pesticides persist in the environment, accumulate in

Pesticides play a crucial role in modern agriculture, as they help
protect crops from harmful pests, leading to increased productiv-
ity [1,2]. However, pesticides are engineered to have stable mo-
lecular structures to resist the attack of many types of pests on
crops. Pesticides with stable molecular structures often exhibit
high toxicity due to their resistance to degradation and strong
interaction with biological targets. As highlighted in structure-
toxicity relationship studies, features such as molecular
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organisms, and prolong toxic effects [2]. Based on their intended
use and target, pesticides can be classified as insecticides, herbi-
cides, or fungicides [3]. However, because pests may develop
resistance to pesticides after prolonged exposure, there is a de-
mand for a broader range of pesticides with greater toxicity and
strength. One consequence of this situation is the presence of
pesticide residues in the environment [4], which can alter the
structure and properties of soil, increasing exposure to diverse soil
ecosystems [5]. Moreover, pesticides enter the aquatic environ-
ment through runoff from agricultural areas and threaten aquatic
biodiversity. These chemicals present significant risks to human
health through direct and indirect exposure via food consumption
[6—9].
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Flubendiamide (N'-[4-(1,1,1,2,3,3,3-heptafluoropropan-2-yl)-2-
methylphenyl]-3-iodo-N*-[ 1-(methanesulfonyl)-2-methylpropan-
2-yl]benzene-1,2-dicarboxamide) is a synthetic pesticide,
commonly applied to control pests on rice, vegetables, and fruit
trees. It activates calcium channels that release calcium ions stored
in the endoplasmic reticulum of cells in insect bodies, causing
paralysis and death [10,11]. Some physicochemical properties of
flubendiamide are presented in Table 1 [11,12].

Flubendiamide has poor water solubility and low vapor pres-
sure, but it is persistent in the environment and accumulates in
soil. It has a hydrophobic nature and a high partition coefficient
(IgPojw) and tends to be more soluble in nonpolar organic solvents
than in water. A high organic carbon sorption constant (K,c) allows
it to bind easily to soil particles, causing negative impacts on soil
ecosystems. Flubendiamide has been shown to degrade more
rapidly at acidic pH levels than at basic pH levels, and the slowest
degradation in water is reported at neutral pH levels. Specifically,
in one experiment over 120 days, flubendiamide showed the
highest dissipation rate at pH 4.0, with 22.3% loss, followed by
21.0% at pH 9.2 and 18.5% at pH 7.0. Correspondingly, the calcu-
lated half-life values based on single-phase first-order kinetics
were shortest under acidic conditions (250.8 days), slightly longer
under basic conditions (273.6 days), and longest at neutral pH (301
days). The degradation is attributed to the hydrolysis of the two
amide linkages in the molecular structure. The amide bond in
flubendiamide can be hydrolyzed (broken) by water. In an acidic
environment, the carbonyl group of the amide is easily protonated,
promoting faster hydrolysis. Conversely, in an alkaline environ-
ment, the hydroxide ion (OH™) can directly attack the carbon of the
amide bond. Therefore, the higher degradation rate at acidic and
alkaline pH is due to conditions promoting amide bond hydrolysis,
while at neutral pH, this mechanism is less efficient [13,14]. Be-
sides, some studies have shown that flubendiamide can be toxic to
non-target organisms, such as earthworms and beneficial micro-
organisms, at high concentrations [10]. According to the Flu-
bendiamide Market Report 2025, the global flubendiamide market
is projected to grow steadily from a market size of $499.1 million
in 2025 to $714.24 million by 2033. This growth reflects a com-
pound annual growth rate of 4.582%, indicating a consistent rise in
demand across various crop applications such as cereals, fruits,
vegetables, and oilseeds. Thus, it is essential to minimize flu-
bendiamide accumulation in the soil environment by imple-
menting sustainable strategies.

Biochar is widely recognized as a green adsorbent, as it un-
dergoes carbonization in an oxygen-free environment, trans-
forming organic materials into valuable and sustainable products
[15—17]. Biochar has a porous structure, a large surface area, and is
highly stable. It is often applied to adsorb and reduce environ-
mental pollutants [18—20]. Attempts have been made to create
more efficient types of biochar, enhance its capacity to adsorb
pollutants, improve water retention, and increase its effectiveness
in environmental remediation.

Biochar can be converted into magnetic biochar (MBC) when
modified with inexpensive, common, green magnetic particles
such as zero-valent iron (Fe®) and iron oxides (Fe;03 or Fes04).
MBC not only demonstrates an adsorption capacity due to the
advantageous characteristics of conventional biochar but also

Table 1
Physico-chemical properties of flubendiamide.

facilitates its separation from the environment after treatment,
addressing a limitation in its environmental application [21—24].
Chitosan is an eco-friendly material derived from natural sources,
such as shells of crustaceans [25]. Due to its multiple amine
(—NH3) and hydroxyl (—OH) groups, chitosan can form hydrogen
bonds, ionic bonds, and electrostatic interactions with pollutants
[26] and can be used to create chitosan-modified magnetic biochar
(CMBC) [27,28]. Chitosan introduces an additional diversity of
functional groups that chemically adsorb pollutant molecules onto
the MBC matrix. MBC offers a robust, porous framework that en-
sures effective dispersion of chitosan.

To the best of our knowledge, no studies on the adsorption
capacity of CMBC for pesticides have been conducted. In this study,
we used the stems of a common agricultural crop in Jeonbuk-do,
the chili plant. We then assessed the effectiveness of CMBC to
remove pesticide residues from agricultural soil.

2. Materials and Methods
2.1. Chemicals

A water purification system (EXL-3 Pure, Vivagen, Korea) was
used to produce deionized (DI) water. Iron(II) chloride tetrahy-
drate (FeCly-4H;0, >99.0%), iron(lll) chloride hexahydrate
(FeCl3-6H,0, >98.0%), acetic acid (CH3COOH, >99%), low-
molecular-weight chitosan, and high-purity flubendiamide
(Ca3H22F7IN204S, >98.0%) were purchased from Sigma Aldrich
(Merck, Germany). Sodium hydroxide (NaOH, >99.0%) and aceto-
nitrile (CH3CN, >99.5%) were from Deajung, Republic of Korea. All
chemicals employed in these experiments were of analytical
grade.

2.2. Soil sample

In a study by Suh et al. [29] in 300 soil sites in Korea, 42 types of
pesticides were detected. In agricultural soil monitoring, flu-
bendiamide was among the top five pesticides detected at con-
centrations between 0.023 and 0.499 mg-kg~'. Flubendiamide
ranked among the top six most frequently detected pesticides in
agricultural soils across various orchard cropping systems,
including apple, peach, persimmon, and grape cultivation. Ac-
cording to the environmental risk assessment conducted for or-
chard soils, flubendiamide exhibited acute and chronic toxicity to
soil organisms under typical field conditions. The quantitative
distribution of pesticide residues in Jeonbuk-do was
0.05—0.1 mg-kg~! soil weight, emphasizing the pesticide-residue
status and the risk of long-term soil pollution [29].

Three agricultural soils were selected to be contaminated with
flubendiamide for laboratory-scale experiments. Soil samples
were collected from two sites (0.1—0.25 mg per kg soil) and one
site (0.25—1.0 mg per kg soil) in an agricultural field in Gimje,
Jeollabuk-do, South Korea. The samples were dried in an oven at
60 °C, then crushed and sieved through a 2 mm mesh to remove
larger stones and plant residues, rewashed with DI water, dried
again in an oven at 60 °C [30], and stored for further use.

Pesticide Type Molecular Solubility Partition coefficient Organic carbon Vapor pressure
weight/g-mol ! (in 20 °C)/g-L7! (in 24.9 = 0.1), 1g(Pojw) sorption constant, Koc (in 25 °C)/mPa
Flubendiamide Insecticide 682.39 299 x 1076 4.20 600—900 1x 107!
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2.3. Characterization of adsorbents

The synthesis process was performed following the steps
described in Ref. [28]. Biomass was derived from chili plant stems
harvested from an agricultural field in Gimje, Jeonbuk-do. Chili
stems are discarded after harvesting. We collected this discarded
material and brought it to the laboratory to serve as biomass. The
biomass was washed with tap water and DI water, chopped into
pieces approximately 2 cm in diameter, and dried overnight at
105 °C in a laboratory oven. The chili plant biomass was pyrolyzed
in a programmable tube furnace pyrolysis reactor (SH-FU-80STG-
WG, SH SCIENTIFIC, USA) at a heating rate of 10 °C-min~! until the
temperature reached 500 °C. Pyrolysis was maintained at this
temperature for 4 h with a continuous flow of nitrogen (N;) gas.
After completion, the reactor was allowed to cool to room tem-
perature. The chili stem-originated biochar was removed and
stored for later use.

Initially, 5 g of biochar was placed in a glass beaker. An iron
ion solution prepared from 0.86 g of FeCl,-4H,0 and 2.36 g of
FeCl3-6H,0 was added and completely dissolved in 50 ml of DI
water under stirring, ensuring the solution fully covered the
biochar. In impregnation, the mixture was stirred for 12 h (room
temperature) to achieve a uniform distribution of iron ions on
the biochar surface. Then, the mixture was heated to approxi-
mately 80 °C, after which 50 ml of 1 mol -L~! NaOH solution was
added gradually to the iron ion-biochar mixture under constant
stirring at 80 °C for 1-2 h to facilitate the complete precipitation
of iron ions. The resulting precipitate was filtered and washed
multiple times with DI water to eliminate residual ions and
impurities. The final product was dried at 105 °C to obtain the
MBC.

The synthesis of CMBC began with dissolving chitosan powder
in a 1% (volume ratio) aqueous acetic acid solution at a concen-
tration of 1% (mass to volume ratio) to form a chitosan solution.
Next, 1 g of MBC was added to 20 ml of this solution and mixed
rapidly for 1 h at room temperature. To induce precipitation, 20 ml
of 1 mol- L~! NaOH solution was gradually introduced dropwise
while maintaining continuous stirring for another hour. When
NaOH was added to the solution, the pH of the solution increased,
and the chitosan changed from a soluble to an insoluble form,
precipitating onto the MBC surface [31]. Finally, the mixture was
filtered, washed repeatedly with DI water to remove NaOH, and
oven-dried at 60 °C.

The characteristics of the adsorbents were explored using
various techniques. Surface morphology was examined using a
scanning electron microscope (SEM, Hitachi S-4700, Japan),
providing detailed insights into the structural features of the
CMBC surfaces. Fourier-transform infrared spectroscopy (FT-IR)
using an FT/IR-8X apparatus (JASCO, Japan) was used to identify
the functional groups and overall molecular structure, revealing
the chemical composition and potential interactions of the
CMBC. Additionally, nitrogen adsorption and desorption mea-
surements conducted at —196 °C (using a Belsorp mini II, BEL,
Japan) determined the specific surface area (Sggr) using the
Brunauer—Emmett—Teller (BET) method. The total pore volume
(VBj) and pore area (apore) were calculated using the Bar-
rett—Joyner—Halenda (BJH) method, providing a comprehensive
understanding of the pore characteristics essential for adsorp-
tion. The elemental composition and chemical states of CMBC
were analyzed with X-ray photoelectron spectroscopy (XPS),
using Axis Supra+ (Kratos Analytical Ltd., Japan). Zeta potential
measurements of CMBC particles were carried out using
dynamic light scattering with a ZEN3600 analyzer (Malvern
Instruments, UK).

2.4. Adsorption experiments

We conducted a series of experiments to investigate the
adsorption behavior of CMBC on flubendiamide and evaluate its
adsorption efficiency.

First, flubendiamide was prepared in DI water. Flubendiamide
is a hydrophobic compound and has low solubility in water,
necessitating prior dissolution in acetonitrile, which is a moder-
ately polar organic solvent widely used in chromatographic ana-
lyses [12,32]. In our experiments, flubendiamide was dissolved in
acetonitrile at a volumetric ratio of 10% of the final solution. To
make 100 ml of flubendiamide solution, 1, 3, and 5 mg of pure
flubendiamide powder were dissolved in 10 ml of acetonitrile for
each solution, respectively. Dissolution was carried out in a volu-
metric flask, ensuring precise control of the solution volume.

Following complete dissolution in acetonitrile, DI water was
gradually introduced dropwise from a burette into the volumetric
flask under mild heating (approximately 70 °C) and magnetic
stirring to maintain homogeneity. However, when DI water was
added, the solubility of flubendiamide was changed, and it
partially precipitated. Once the desired solution volume was ach-
ieved, the mixture was poured through filter paper to remove
insoluble impurities or precipitates and ensure solution homoge-
neity. This process is illustrated in Fig. 1.

After filtering off some of the precipitated flubendiamide, the
final flubendiamide concentration in solution (pH 5.6) was deter-
mined using high-performance liquid chromatography (HPLC), a
sensitive and precise analytical technique used extensively to
analyze pesticide residue and environmental chemistry. The
analytical conditions for determining the flubendiamide concen-
tration involved the use of an LC-40 HPLC system (Shimadzu,
Japan) equipped with a photodiode array detector. Separation was
achieved using a Phenomenex Bondclone C18 column (10 um,
250 mm x 3.9 mm) with a mobile phase of water and acetonitrile

Acetonitrile

(ACN)

Pesticide
(flubendiamide)

ey

C
g E o
( - )

Fig. 1. Preparation of flubendiamide solution.
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in a 40:60 vol ratio, delivered at a flow rate of 1.0 ml min~. The
column oven temperature was maintained at 30 °C to ensure
stable separation conditions. The injection volume was 10 pl. Be-
sides, in this study, we conducted preliminary experiments to test
the pH-dependent behavior of CMBC under different pH condi-
tions (pH 2 and pH 10). However, in these experiments, the flu-
bendiamide concentration in the supernatants after interaction
was beyond the detection limit of HPLC, possibly due to the pH
environment changing the surface charge of the biochar or due to
background interference.

Specific amounts of CMBC (0.02, 0.05, and 0.1 g, equivalent to
1%, 2.5%, and 5% by mass of soil, respectively) were added to 50 ml
conical tubes containing 2.00 g of soil. Next, we added 20 ml of
flubendiamide solution with a known concentration to each tube.
The centrifuge tubes were then shaken in a shaker at 150 r-min "
at room temperature to ensure contact among the components.
After specific shaking times (10, 20, 30, 60, 90, or 120 min), the
sample tubes were centrifuged for 5 min and filtered through a
0.45 um membrane filter to remove insoluble particles from the
supernatants. The concentration of the pesticide in the superna-
tant solution was analyzed by HPLC, and the flubendiamide
adsorption kinetics of CMBC were studied. The adsorption effi-
ciency of biochar and MBC was evaluated using the following
equation:

Adsorption efficiency = % x 100%
0

where Cp (mg-L*l) is the initial pesticide concentration, and C;
(mg-L~1) is the concentration of pesticides at time t (min). Flu-
bendiamide at various concentrations (0.883, 1.129, 1.257, and
1.323 mg-L!) interacted with 0.02 g of CMBC in a similar exper-
imental method. Each experimental condition was repeated twice
to ensure reliability. Here, the experimental data were studied
using isotherm adsorption.

2.5. Analytical methods

The adsorption results were analyzed using adsorption kinetics
and isotherm studies as shown in Table 2. Adsorption kinetic
studies analyze the speed of adsorbate removal from a solution
and interaction with adsorbent surfaces. A pseudo-first-order
(PFO) kinetic model typically assumes that the adsorption rate
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decreases proportionally as the adsorption capacity increases,
establishing a linear relationship between adsorption capacity and
time-dependent change. In contrast, a pseudo-second-order (PSO)
kinetic model assumes the rate-limiting step to be an interaction
between the adsorbent and adsorbate. Such a model is commonly
used for adsorption driven by chemical interactions, such as co-
valent bonding, ion exchange, or surface complexation, where the
adsorption rate depends on the square of the available adsorption
sites [33—35]. PFO and PSO kinetic equations are shown in Table 2.

Adsorption isotherm studies typically focus on adsorbate dis-
tribution between the solid phase (adsorbent) and the liquid phase
at equilibrium. The Langmuir isotherm model is best suited for
monolayer adsorption on a homogeneous surface with a finite
number of identical adsorption sites, assuming no interactions
between adsorbed molecules. This model assumes that adsorption
is uniform until a complete monolayer forms, after which no
further adsorption occurs. The Freundlich isotherm model is more
appropriate for multilayer adsorption on heterogeneous surfaces
with varying adsorption energies. It accounts for surface irregu-
larities and different binding affinities and is particularly useful for
describing non-ideal adsorption. Here, the model's applicability
was evaluated by calculating the residual sum of squares (RSS)
content (Table 2) [28,35].

3. Results and Discussion
3.1. Characterization of CMBC

3.1.1. Surface morphology

The morphological properties of CMBC are depicted in Fig. 2. An
SEM image reveals a clear porous structure. The pores diverse
variations in sizes and shapes, resemble tunnels on the CMBC
surface. In addition, the rough inner surfaces of the pores con-
tributes to the high overall surface area of CMBC. Small particles,
which may be iron oxide crystals and debris, adhere to the surface
of the material during the synthesis of CMBC, but they are not
concentrated into clusters and so do not block the pores and affect
the adsorption performance of CMBC.

3.1.2. Adsorption—desorption isotherm analysis results

Nitrogen adsorption—desorption isotherms for CMBC are
depicted in Fig. 3. Analysis showed that the model exhibited a type
IV isotherm with hysteresis loops. According to the International

Table 2
Adsorption kinetics and isotherm equations.
Types Equation Linear form Parameter
Adsorption PFO dge e\ ge/mg-g ! Equilibrium adsorption capacity
kinetics dr ki (de — av) ln(a =Inge— kit qi/mg-g~! Adsorption capacity at time t
ky/min~! Rate constant of PFO
PSO % — ko(qe — qo)? t_ 1;2 n t ky/g-mg~'-min~! Rate constant of PSO
t r KaQe® Qe o1
Adsorption Langmuir ~ qmaxKiCe & B ( 1 Gt ( 1 Ge/mg-g Amount of flubendiamide adsorbed
isotherms isotherms Ge = 1+ K.Ce Ge  \qmax/ ¢ qmaxKi per unit weight of adsorbent
Co/mg-L7! Equilibrium concentration of the
solute bulk solution
(max/mg-g " Maximum adsorption capacity
Ki/L-mg~! Langmuir isotherm constant
—1y.(L-me— D1/ L
Freundlich e = KgCel/m 1 Kr/(mg-g™")-(L-mg™") Freundlich isotherm constant
! e Fle Igge =—=InCe +InKg n
isotherms n . X
1/n Heterogeneity factor of the Freundlich model
RSS RSS = 3 (qe®*P — gePred)? q&P/mg-g~! Adsorption capacity from experiment

g2*Ymg-g ! Predicted adsorption capacity
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Fig. 2. SEM images of CMBC.

Union of Pure and Applied Chemistry (IUPAC) classification, a type
IV isotherm is characteristic of mesoporous materials, which play a
crucial role in adsorption applications by balancing surface area
and diffusion pathways for adsorbates. The adsorption isotherm
increases slightly in the relative pressure range of 0—0.4 P/Py,
indicating monolayer adsorption on the material surface. This is
followed by a gradual increase in the adsorption curve due to the
saturation of monolayer adsorption, followed by polymolecular
adsorption. When the relative pressure is in the range of 0.4—0.9 P/
Py, the desorption branch is significantly higher than the adsorp-
tion branch due to the occurrence of capillary condensation. This
phenomenon results in a hysteresis loop, indicating condensation
within mesopores, with gas molecules progressively filling me-
dium and large pores. When the relative pressure reached 0.9 to
1.0 P/Py, both the adsorption and desorption branches showed a
sudden increase. Finally, these branches intersected, indicating
that the desorption process was complete and the large pores were
full [36,37].

The pore-size distribution of CMBC is shown in Fig. 3, with pore
sizes of CMBC ranging from 2 to 50 nm, making it a mesoporous
material according to IUPAC standards. This mesoporous nature
offers a high surface-to-volume ratio, increasing the number of

500
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Fig. 3. Nitrogen adsorption—desorption isotherms and pore-size distribution of
CMBC.

interaction sites between the adsorbent and the target species.
Moreover, mesoporous structures can enhance molecular trans-
port efficiency by mitigating diffusion limitations commonly
associated with microporous materials. This makes them partic-
ularly effective for the removal of organic pollutants [28,38].

The specific surface area, as calculated by the BET method,
produces an Sggr of 16.00 mz-g’l. A modified surface with iron and
chitosan can enhance the functional groups, contributing to its
chemical reactivity [39]. Calculation using the BJH method gives a
Vg of 0.0567 cm®-g~! and apore Of 24.213 m?-g~, reflecting a
relatively high pore density and facilitating the diffusion and
immobilization of adsorbent.

The zeta potential of the CMBC particles was measured to be
approximately —11 mV at the reaction pH 5.6, indicating a
moderately negative surface charge. This surface characteristic is
favorable for the adsorption of a neutral and hydrophobic flu-
bendiamide, as it promotes hydrophobic interactions and possible
electrostatic bonds between the biochar surface and the aromatic
structure of flubendiamide. The negative zeta potential also sug-
gests good colloidal stability, the ensuring effective dispersion of
CMBC during the adsorption process.

3.1.3. FT-IR analysis results

The FT-IR spectra of CMBC were significantly different from
those of biochar and chitosan, as shown in Fig. 4. The peak at
3500 cm ™! corresponds to O—H stretching, and the peaks at 3286
and 3350 cm~! of N—H stretching were broadened and enhanced
compared with those of biochar, reflecting the presence of chito-
san on the biochar surface [27]. The increase in peaks at 1585 cm ™!
(C=0 stretching) and 1530 cm~' (N—H bending and C—N
stretching) confirmed the presence of amine groups (—NH>) in
chitosan, as well as the change in the aromatic structure of biochar
[40]. The influence of chitosan on the functional groups on the
biochar surface was also demonstrated by the enhancement of the
peak at 1370 cm~! (C—N stretching). The changes in peak intensity
at 1066 and 1020 cm™! of C—O—C stretching represent the com-
bination of biochar and chitosan on CMBC. At the same time, the
decrease in intensity of peaks at 876 and 823 cm~! (aromatic C—H
bending structure of biochar) after modification may indicate
chitosan coating of the biochar surface. In particular, a clear peak
at 550 cm~! appeared, indicating Fe—O vibration and confirming
the presence of iron in the material [41,42]. These changes in the
FT-IR spectra of biochar, chitosan, and CMBC indicate the

CMBC

Chitosan

i
°

Transmittance

1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm ™!

Fig. 4. FT-IR spectra of CMBC and comparison.
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successful deposition of chitosan and iron onto the biochar sur-
face, creating materials with diversified functional groups.

3.14. XPS analysis results

The XPS surface analysis results of the CMBC adsorbent are
presented in Fig. 5, alongside the spectra of pristine biochar and
MBC before chitosan modification. The C 1s and N 1s signals
exhibited a decreasing trend in intensity from biochar to MBC,
with a more pronounced reduction observed in the CMBC sample.
This reflects the alterations in carbon and nitrogen content
resulting from the surface modification, consistent with the trend
observed in the FT-IR analysis. Notably, the surface Fe content was
significantly higher in the MBC sample compared to the original
biochar, confirming the effectiveness of the iron impregnation
process. However, following chitosan modification, the Fe signal
intensity on the CMBC surface decreased, likely due to partial
surface coverage by the chitosan polymer, which may have
attenuated the Fe signal during XPS detection.

3.2. Adsorption capacity and adsorption kinetics

The adsorption efficiency of different doses of CMBC over
90 min of interaction at the same flubendiamide concentration
was investigated (Fig. 6). The adsorption kinetics were analyzed
using PFO and PSO models, and the calculated parameter values
are presented in Table 3.

Intensity

——CMBC

i ——MBC
E Biochar
1 ‘ 1 1 1
0 200 400 600 800 1000 1200 1400

Binding energy/eV

Fi

g. 5. XPS spectra of CMBC and comparison.

70

323 mg-L!
257 mg-L!
129 mg-L!
257 mg-L™
129 mgL™
323 mg-L!
. 29rng-L'I
257 mg-L™!
23 mg: Lt

Adsorption efficiency/%

80 90

Time/min

Fig. 6. Flubendiamide adsorption efficiency of CMBC.

3.2.1. Effect of CMBC dose at a fixed flubendiamide concentration

Among the parameters affecting adsorption, the dose of the
adsorbent plays a crucial role as it directly influences the equilib-
rium between the adsorbent and adsorbate within the system [43].

At a flubendiamide concentration of 1129 mg-L~!, when the
CMBC dose was increased from 0.02 g to 0.05 g and 0.1 g, the
adsorption efficiency decreased by 12.04%. The coefficient of
determination (R?>) was higher for the PSO model
(R? = 0.989—0.994) than the PFO model (R? = 0.834—0.975) across
all doses of CMBC. This indicates that the PSO model provided
superior predictive accuracy in describing the chemical adsorption
interactions compared to the PFO model, which primarily repre-
sents physical adsorption. In the PSO model, k; increased signifi-
cantly by 1%, 2.5%, and 5% CMBC (mass ratio of soil). This shows an
increasing trend in adsorption due to the increasing number of
adsorption sites, resulting in a more rapid equilibrium. In contrast,
the ge value decreased dramatically as the dose of CMBC was
increased. This increase in the number of adsorbent molecules
resulted in wider dispersion to various locations, leading to
competition for available binding sites, decreasing the adsorption
capacity per unit mass of the adsorbent [33,44].

At 1.257 mg L' of flubendiamide, the adsorption efficiency by
CMBC decreased by 15.71% as the CMBC dose increased from 0.02 g
to 0.1 g. This adsorption was well described by the PSO model;
however, when the CMBC dose reached 0.1 g, the adsorption process
was better represented by the PFO model (R? = 0.985 of PFO model
is higher than R*> = 0.974 of PSO). This implies a shift in the
adsorption mechanism from chemical interactions to physical sur-
face adsorption. The value of k; in the PFO model decreased grad-
ually, while that in the PSO model increased due to the increase of
adsorption sites and then decreased slightly when the adsorbent
had filled many of the pores, leading to competition for adsorption
sites. As not all adsorbent particles were accessible for cross-linking
or ion exchange, the overall adsorption rate was limited, similar to
the downward trend in ge values observed in the PFO model. The ge
values in both kinetic models decreased, though the change was
gradual with the PFO model but sharp with the PSO model [44—46].

Similarly, at a flubendiamide concentration of 1.323 mg L, the
adsorption efficiency significantly decreased (22.53%) as the CMBC
dose increased. When the CMBC dose reached 0.1 g, the adsorption
trend shifted gradually from being predominantly driven by
chemical interactions to physical diffusion, demonstrated by the
better fit of the PFO model than the PSO model (R* = 0.970 of
PFO > R? = 0.949 of PSO). The k; and k; values increased at 0.05 g of
CMBC but decreased at a higher CMBC dose of 0.1 g. The ¢, values
followed similar trends to those observed for 1.257 mg-L~! flu-
bendiamide, which can be attributed to the increase and compe-
tition between adsorption sites.

3.2.2. Effect of flubendiamide concentration at a fixed dose of
biochar

The initial concentration of the adsorbate provides a significant
driving force to overcome mass transfer resistance and reach the
adsorbent [47,48].

As the flubendiamide influent concentration increased from
1.129 to 1.323 mg-L~!, the natural adsorption of the flubendiamide
to the soil (in the absence of CMBC) was observed and confirmed
under constant experimental conditions. After the interaction, the
amount of flubendiamide retained in the soil increased slightly,
with the removal efficiency by approximately 3.6% to 4.6% at
higher concentrations. This suggests that flubendiamide has a
certain affinity for soil particles, possibly due to its hydrophobic
properties and its ability to interact with organic or mineral
components in the soil matrix [12,13].
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Table 3
Experimental conditions and kinetic model parameters.

Flubendiamide concentration/mg-L~" CMBC dosage/g  Adsorption efficiency/%  PFO PSO
ki/min~'  ge/mg-g! R ko/g- mg'- min'  qe/mg-g ! R
1.129 0 3.6 — — — — — —
0.02 62.44 0.048 0316 0901 0.164 0.772 0.994
0.05 56.24 0.033 0.107 0.834 0.389 0.276 0.991
0.1 50.40 0.040 0.078 0975 0.515 0.132 0.989
1.257 0 4.2 - — — - — -
0.02 64.12 0.054 0.368 0918 0.163 0.876 0.995
0.05 58.47 0.052 0.192 0978 0.319 0.327 0.995
0.1 48.41 0.042 0.104 0.985 0.301 0.152 0.974
1.323 0 4.6 — — — - — -
0.02 68.03 0.050 0317 0936 0.221 0.950 0.998
0.05 52.23 0.072 0310 0989  0.267 0317 0.994
0.1 45.50 0.056 0.156 0970 0.196 0.166 0.949
Table 4
Adsorption isotherm parameters for flubendiamide adsorption on CMBC.
Adsorbent Langmuir model Freundlich model RSS
Gmax/mg-g~" Ki/L-mg™! S Ke/mg-g~'-(L-mg~")"/" 1/n S
CMBC -0.439 —1.437 0.981 5.897 0.401 0.998 2x 1074

At 0.02 g of CMBC, as the flubendiamide concentration
increased from 1.129 to 1.323 mg-L~!, the adsorption efficiency
increased gradually. The PFO model produced a lower R? value
(0.901—-0.936) than the PSO model (0.994—0.998), indicating that
the adsorption of flubendiamide by 0.02 g of CMBC was driven
primarily by chemical interactions. As the flubendiamide con-
centration was increased, k, remained stable and was almost the
same at 1.129 and 1.257 mg~L’1. However, k, increased with
further addition up to 1.323 mg-L~! flubendiamide. As the con-
centration of flubendiamide increased, the number of molecules
exposed to the adsorption sites also increased, accelerating the
mass transfer kinetics and increasing the adsorption rate [43,49].
In addition, the g. values exhibited growth [50]. The highest
recorded flubendiamide adsorption capacity of CMBC was
0.95mg-g~ L.

At 0.05 g of CMBC, the adsorption efficiency increased slightly
and then decreased gradually as the flubendiamide concentration
increased. The adsorption process was described well by the PSO
model (R?> = 0.991-0.995). As flubendiamide concentration
increased, ky values decreased gradually while ge increased and
then decreased slightly. The number of flubendiamide molecules
surrounding the biochar increased, leading to competition be-
tween the molecules for binding to the adsorption sites. In addi-
tion, at low concentrations, more numerous flubendiamide
molecules are available for adsorption, increasing ge; however,
when the concentration is too high, competition increases be-
tween the adsorption sites, decreasing q.. This change from
increasing to decreasing g, indicates adsorption saturation [51].

At 0.1 g of CMBC, the adsorption efficiency decreased steadily
with increasing flubendiamide concentration. The adsorption
trend shifted gradually from being driven predominantly by
chemical interactions to physical diffusion, as observed when
comparing the R? values of the PFO and PSO models. The k; values
increased slightly, while the k; values decreased greatly. The ge
values in both kinetic models gradually increased.

3.3. Adsorption isotherms

Table 4 presents the adsorption parameters of flubendiamide
by CMBC according to the Langmuir and the Freundlich isotherm

models. Although the Langmuir model has a suitable R?, it does not
fit the experimental data closely, as the negative parameters (qmax
< 0and K < 0) do not accurately reflect the physical nature of the
adsorption process. On the contrary, the Freundlich model shows
strong agreement with the experimental data, with a high coeffi-
cient of determination of R?. This indicates that the Freundlich
model can explain the adsorption process of flubendiamide by
CMBC, and that the adsorption process is not homogeneous.

In the Freundlich model, the constant K indicates that CMBC is
effective for flubendiamide adsorption. The value 1/n = 0.401
suggests that the adsorption is favorable and strong when the
concentration of flubendiamide increases [12,52,53]. The 95%
confidence intervals calculated for the Freundlich parameters
indicate the degree of uncertainty associated with the model fit.
For the evaluated adsorption data, the Freundlich constant Kg was
found with a 95% confidence interval of [2.19, 15.89], while the
exponent corresponds to an n value in the range [2.06, 3.19]. These
results indicate that the Freundlich model provides a reasonable fit
to the experimental data, while the calculated confidence intervals
offer further insight into the reliability of the parameter estimates.
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Fig. 7. Freundlich model for flubendiamide adsorption onto CMBC.
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As shown in Fig. 7, results from the Freundlich model exhibit
close agreement with experimental data. The predictive Freund-
lich model was also calculated from experimental data. The low
RSS indicates a minimal discrepancy between experimental data
and model prediction, demonstrating the model's high accuracy in
describing the adsorption of flubendiamide by CMBC. In other
words, the Freundlich model reflects the heterogeneity of the
adsorption surface, suggesting that flubendiamide adsorption oc-
curs with different adsorption sites on the CMBC surface.

4. Conclusions

We investigated the effectiveness of CMBC in reducing the load
of flubendiamide in soil. First, we successfully synthesized CMBC
in the presence of diverse functional groups. Experimental results
showed that CMBC can adsorb flubendiamide at different con-
centrations across various doses. The highest adsorption efficiency
was achieved when CMBC accounted for 1% (mass) of the
contaminated soil, but further increases in the dose resulted in a
decline in flubendiamide adsorption efficiency. The adsorption
kinetics mainly followed the PSO model, with the adsorption
mechanism primarily being a function of chemical interactions
between flubendiamide and the functional groups on the CMBC
surface. At 0.1 g of CMBC, as the flubendiamide concentration
increased, the physical adsorption mechanism gradually became
dominant. In addition, the experimental results of flubendiamide
and CMBC correspond closely to the adsorption Freundlich
isotherm. This suggests that adsorption occurs at different sites on
the heterogeneous surface of CMBC. In this regard, the low RSS also
confirms the accuracy of the Freundlich model. In summary, our
study provides an overview of pesticides, flubendiamide in
particular, and the kinetic and isotherm analyses of flubendiamide
adsorption by CMBC, highlighting the potential application of
modified biochar in environmental remediation.
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