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ARTICLE INFO ABSTRACT

Keywords: While significant progress has been made in the synthesis of nitrogen (N)-containing biochar, the fundamental
Bif{Char mechanisms governing its interactions with N-containing pollutants, especially the role of N-related functional
Chitosan groups in adsorption processes, remain insufficiently explored. This study systematically investigates the
Nitrogen-doped biochar d . behavi ¢ imidacloprid . s 1 . hi hicall
Imidacloprid adsorption behavior of imidacloprid (IMI), a representative N-containing pollutant, using a hierarchically

structured N-doped graphitic biochar (NBC900) synthesized through a secondary pyrolysis approach. The
optimized NBC900 exhibited an exceptional adsorption capacity of 140.1 mg-g~! for IMI, achieving a removal
efficiency of 97.2 %. The incorporation of chitosan as a nitrogen source and elevated pyrolysis temperature
facilitated the formation of N-related functional groups and enhanced graphitization, which were critical for
adsorption. NBC900 demonstrated excellent adaptability across a wide pH range (2—11), strong resistance to
ionic strength variations, and remarkable reusability, highlighting its potential for practical applications.
Comprehensive material characterizations revealed that the adsorption mechanism primarily involved chemi-
sorption and 7n-n interactions, driven by the high degree of graphitization. Notably, the Lewis acid-base in-
teractions between pyridine-N and carbonyl (C=0) groups on NBC900, as well as the nitro (-NO3) and pyridine
groups in IMI, provided novel insights into the adsorption mechanisms of N-containing pollutants. These findings
establish a mechanistic framework for understanding of biochar’s interaction with N-containing pollutants and
offer a foundation for designing high-performance adsorbents for environmental remediation applications.

Adsorption mechanisms

1. Introduction recognized as a green remediation method for removing organic pol-

lutants from water, with the adsorption mechanisms often elucidated

Pharmaceutical compounds have been extensively utilized in agri-
cultural production and human disease treatment [1,2]. However, their
widespread use and continuous release into the environment have led to
increased concentrations of these chemicals and their metabolites,
resulting in significant water contamination [3-5]. Adsorption is widely

through the examination of functional groups present in both adsorbents
and pollutants [6,7]. Biochar, as a cost-effective and environmentally
friendly biomass adsorbent, demonstrates significant potential due to its
abundant availability and unique properties [8]. Produced through the
pyrolysis of biomass under anoxic or anaerobic conditions, biochar
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undergoes extensive aromatization and possesses ample surface func-
tional groups, providing numerous sites for pollutant adsorption [9,10].

Recent research has focused on element doping to enhance the
adsorption performance of biochar. Nitrogen (N), a ubiquitous element
in nature, has been proposed for doping into biochar to increase the
presence of N-related groups. The N atom, with its unpaired electrons,
can elevate the electron density of adjacent carbon atoms and enhance
electron mobility through sp2 conjugation, resulting in a greater abun-
dance of functional groups and defect sites [11]. Additionally, N-doping
can heighten the surface polarity of carbon materials, facilitating in-
teractions with polar adsorbates [12]. These N-related groups not only
serve as active sites for adsorbing organic pollutants [13,14] but also
promote graphitization within the biochar structure, thereby enhancing
its adsorption capacity. For example, Cheng et al. [13] synthesized N-
doped biochars from cellulose and melamine through one-step pyrolysis
at 1000 °C, achieving an enhanced atrazine adsorption capacity of
103.59 mg-g~'. This improvement was attributed to the increased spe-
cific surface area, higher degree of graphitization, and the presence of N-
containing functional groups. Specifically, pyridinic-N and graphitic-N
promoted adsorption through hydrophobic effects and =n-n in-
teractions, respectively, while pyrrolic-N and other surface functional
groups (-COOH, -OH) facilitated hydrogen bonding. Similarly, Guy
Laurent Zanli et al. [14] prepared cocoa shell-derived biochar using urea
as a N source and sodium bicarbonate as an activator, achieving a high
saturated adsorption capacity (134 mg-g~!) for norfloxacin. Their
findings indicated that pore filling, hydrogen bonding, electrostatic in-
teractions, and 7-n interactions contributed to the adsorption mecha-
nism, with graphitic-N and oxidized-N enhancing adsorption affinity by
improving biochar conductivity. These studies demonstrate that N-
doping can alter adsorption modes and enhance electron transfer,
thereby improving adsorption capacity. However, detailed descriptions
of the interaction mechanisms between N-groups in biochar and N-
containing organic molecules remain limited.

Imidacloprid (IMI) is extensively applied in urban landscaping, pet
treatments, forestry, and agricultural practices [1,4]. Structurally, IMI is
a typical N-containing organic compound, featuring N-rich functional
groups such as a nitroguanidine moiety and a chloropyridinyl ring,
which confer upon it strong polarity and significant biological activity
[15]. These characteristics, although advantageous for its pesticidal
effectiveness, also result in high-water solubility and environmental
persistence. As a result, a significant proportion of IMI enters natural
water bodies through surface runoff and infiltration, leading to its
widespread presence in global surface waters [16,17]. The increasing
use of IMI in pet deworming and municipal greening programs has
resulted in elevated concentrations in sewage treatment plants [18,19].
Conventional sewage treatment methods are often inefficient at
removing IMI, leading to continuous pollution of surface water upon
effluent discharge [17,18]. The environmental and health impacts of IMI
have garnered significant attention, with epidemiological studies link-
ing maternal exposure during pregnancy to higher incidences of anen-
cephaly [20] and autism spectrum disorders [21]. These findings
highlight IMI not only as a pesticide but also as a contaminant requiring
immediate attention [5,22]. The persistent presence of IMI in aquatic
environments underscore the urgent need for innovative, efficient, and
sustainable approaches to mitigate its impact on ecological and human
health.

Adsorption has been extensively investigated for IMI removal due to
its selectivity, operational simplicity, low cost, and absence of by-
products [23]. The adsorption mechanism of biochar for IMI involves
various interactions, including hydrophobic interactions, pore filling,
hydrogen bonding, electrostatic interactions, and 7-m interactions
[3,24,25]. Physical adsorption, dominated by pore filling, and hydrogen
bonding and electrostatic interactions facilitated by biochar’s porous
structure and charge attraction, play significant roles [3,26]. However,
desorption can occur with changes in environmental conditions, high-
lighting the importance of electron transfer and group bonding
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processes for stable pollutant adsorption [14,27]. A deeper under-
standing of these bonding processes is crucial for the efficient removal of
organic pollutants from water.

Given the limited research on the adsorption mechanisms of N-con-
taining pollutants, this study aims to: (1) prepare and characterize N-
doped graphitic biochar (NBC); (2) investigate the adsorption perfor-
mance and evaluate influencing factors for the removal of IMI from
aqueous solutions; and (3) elucidate the intricate interactions between
NBC and IMI. This research will provide critical insights into the
adsorption mechanism of IMI, advancing water treatment technologies
and mitigating human exposure risks.

2. Materials and methods
2.1. Chemicals and sorbents

All chemicals used in this study were of analytical grade and were
employed without further purification, as detailed in the Supporting
Information (SI, Text S1). White melon seed shell biochar (WBC) was
selected as the carbon-based material because our previous study (Cui
et al. [27]) demonstrated its favorable adsorption performance and well-
developed pore structure. Chitosan was primarily introduced as a N
source. As a naturally abundant gel-like material, chitosan undergoes
cross-linking under alkaline conditions to form insoluble hydrogels,
which develop into a porous, network-like structure upon drying. This
characteristic facilitates a more uniform modification of the biochar
matrix and enhances the distribution of N functionalities. WBC and
chitosan were mixed in a 1:1 mass ratio to prepare the precursor com-
posite. Specifically, 1 g chitosan was uniformly dispersed in 50 mL of
acetic acid solution (2.5 % v/v) and stirred in a water bath at 40 °C for
30 min to ensure complete dissolution. Subsequently, the pre-weighed
WBC was added to the chitosan-acetic acid solution, and the mixture
was subjected to hydrothermal treatment for an additional 30 min.
Following this, 20 mL of NaOH solution (2 mol-L™!) was slowly added to
the mixture under continuous magnetic stirring for 2 h. The resulting
precipitate was filtered, rinsed thoroughly, and dried at 85 °C. Finally,
the dried composite was pyrolyzed twice at temperatures of 500 °C,
700 °C, and 900 °C to produce N-doped graphitic biochar, designated as
NBC-X, where X represents the pyrolysis temperature. The highest py-
rolysis temperature of 900 °C was selected based on our previous
research (Cui et al. [27]), which demonstrated that WBC prepared at this
temperature possesses a larger specific surface area and total pore vol-
ume, thereby significantly enhancing its adsorption performance.

2.2. Characterization

The physicochemical properties of the synthesized materials were
characterized using the following techniques: elemental analyzer (EA,
Elementar Analyzer, Unicube, Germany), Scanning Electron Microscopy
(SEM, ZEISS GeminiSEM 300, Germany), Energy-dispersive spectros-
copy (EDS, ZEISS GeminiSEM 300, Germany), Brunauer-Emmett-Teller
(BET) surface area analysis (Micromeritics ASAP 2460, USA), X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA),
Fourier transform infrared spectroscopy (FTIR, Thermo Nicolet 370,
USA), X-ray diffraction (XRD, Bruker D8 Advance, Germany), and
Raman spectroscopy (Renishaw inVia Raman Microscope, UK). Detailed
methodologies for these techniques are provided in Text S2.

2.3. Adsorption experiments: Isotherms, kinetics, and water chemistry

Adsorption isotherms and Kinetics were employed to evaluate the
adsorption capacity and mechanisms of NBC for IMI. The detailed
calculation formulas are provided in Text S3. Batch adsorption experi-
ments were conducted by adding 40 mg of adsorbent to 40 mL of IMI
solution at varying concentrations in centrifuge tubes. The mixtures
were shaken at 200 rpm for different durations (5-1440 min) at



F. Zhang et al.

Environmental Chemistry and Ecotoxicology 7 (2025) 1671-1683

(a) (b) ,s
104 ' NBCs0o o —=—NBC500
[ NBC700 o0 NBC700
I NBC900 "‘E 201 —e—NBC900
8- N2
o £ 151
o =
g0 ¢ I &
E 2 101
= 4 =
]
£ 51
2 2
0 : : r r T T
500 700 900 0.0 0.2 0.4 0.6 0.8 1.0
( c) Pyrolysis Temperature (°C) ( d) Relative pressure (P/P )
_0.007
s —4— NBC500 " ¥ : Amorphous C
=0.006 4 t NBC700 M 4 : Graphitic C
o0 B0 M ‘. L4 ¥ : Chitosan
- 0.005 4 -~
g = v NBC500
5 0.004 4 &
E z .
= 0.003 2 v
i 3 NBC700
s 0.002 - = v
g =
a ]
§ o 'J : NBC900
= 0.000 4 ‘q 24422 4 A a
0 10 20 30 40 50 60 10 20 30 40 50 60 70 80
Pore diameter (nm) 20 (degree)

Fig. 1. Characterization of NBC-X: (a) IMI removal efficiency, (b) N, adsorption-desorption isotherms, (c) pore size distribution, and (d) XRD spectra.

controlled temperatures (25 °C, 35 °C, and 45 °C). After adsorption, the
samples were filtered through a 0.45 pm organic membrane, transferred
to 10 mL centrifuge tubes, and stored at 4 °C for subsequent analysis.
The IMI concentrations was determined using ultraviolet spectropho-
tometry (UV-6000, Shanghai Metch Instruments Co., Ltd., China) at a
wavelength of 270 nm.

To assess the influence of water chemistry on IMI adsorption, batch
experiments were conducted under varying pH conditions, ion types,
and humic acid concentrations. Additionally, the adsorption perfor-
mance of the adsorbent was evaluated in two real water samples to
simulate IMI-contaminated environments. The reusability of the adsor-
bent was investigated through pyrolysis regeneration. Further details on
experimental parameters are provided in Text S4.

3. Results and discussions
3.1. Adsorption performance comparison among different materials

Fig. 1(a) illustrates the adsorption properties of three NBCs,
demonstrating that their equilibrium adsorption capacity for IMI in-
creases with higher pyrolysis temperatures. Notably, NBC900 exhibits
superior adsorption performance, achieving an adsorption capacity of
9.723 mg-g~! and a remarkable removal rate of 97.2 % for 10 mg-L ™
IMI within 24 h. This performance significantly surpasses that of
NBC500 (adsorption capacity: 1.193 mg-g~*, removal rate: 11.9 %) and
NBC700 (adsorption capacity: 5.875 mg-g ™}, removal rate: 58.8 %). The
enhanced adsorption capacity is hypothesized to result from the effect of
pyrolysis temperature on the morphology of chitosan on the biochar
surface, which may facilitate the development of favorable pore struc-
tures and surface functional groups that enhance IMI adsorption [28].
This hypothesis is further explored in the subsequent characterization
section.

1673

3.2. Characterizations

3.2.1. Surface morphology and pore structure

The SEM images of NBC500, NBC700, and NBC900 are presented in
Fig. 2. As the pyrolysis temperature increases, the framework structure
undergoes more severe damage, resulting in a fragmented particle
morphology on the adsorbent surface. This observation suggests that
secondary pyrolysis enhances the complete decomposition of the orig-
inal fiber components [29]. The presence of a network-like cracked
structure on the adsorbent surface after chitosan loading may be
attributed to residual colloids and pyrolysis products formed through
crosslinking with chitosan [30,31]. EDS analysis reveals that C remains
as the primary element distributed on the adsorbent surface, indicating
that the biochar carbon skeleton provides a robust support for chitosan
loading. The uniform distribution of N further confirms the homoge-
neous loading of chitosan colloids onto the adsorbent. Oxygen (O) is
mainly concentrated within the network-like cracked structures,
demonstrating that addition of chitosan introduces O-containing func-
tional groups, which enhance the adsorption capacity for IMI on the
adsorbent surface [31,32].

The bulk elemental composition and ash content of NBC-X are
summarized in Table 1. Following chitosan modification, the proportion
of C element gradually increases with higher pyrolysis temperatures,
while the proportions of N, H, and O decrease. This trend leads to a
reduction in the atomic molar ratio of H/C (from 0.017 to 0.014) and (O
+ N)/C (from 0.432 to 0.139), indicating that higher pyrolysis tem-
peratures enhance the aromaticity of biochar while reducing its hydro-
philicity and polarity [6,14,33]. These results suggest that
dehydrogenation and deoxidation reactions occur during high-
temperature pyrolysis.

Compared to WBC, the chitosan-modified biochars exhibit higher
contents of N and O elements (Table S1), confirming the introduction of
N-containing and O-containing functional groups by chitosan [30,31].
The modification also alters the atomic molar ratio of H/C and (O + N)/
C. Specifically, NBC900 shows a higher H/C ratio (0.014) compared to
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Fig. 2. Morphological and elemental characterization of NBC-X: (a) NBC500, (b) NBC700, and (c) NBC900 showing SEM images with corresponding EDS

elemental mappings.

Table 1
Element and ash content.

Biochar Bulk elemental composition (%) Ash content  Atomic ratio
(%)
C H N (¢] H/C O+
N)/C
NBC500 62.01 1.056 4.05 22754 10.1 0.017  0.432
NBC700 65.05 1.018 4.93 18432 10.6 0.016  0.359
NBC900 75.01 1.025 3.96 6.485 13.5 0.014 0.139
Table 2

Specific surface area and pore parameters of NBC-X.

Biochar BET Viotal Vmicro Vmicro/ Average pore
m>g ™ (em®g ) (em®g ) Vi size
(%) (nm)
NBC500  3.159 0.0007 0.1645 0.1645 5.3114
NBC700 6.394 0.0072 0.0012 0.1703 4.5898
NBC900  32.918 0.0207 0.0147 0.7125 2.5146

WBC (0.012), while its (O + N)/C ratio (0.139) is lower than that of WBC
(0.223). This indicates an increase in aromaticity, hydrophilicity, and
polarity after modification [14,29,34]. As the pyrolysis temperature
increases from 500 °C to 900 °C, biomass pyrolysis becomes more effi-
cient, with minimal evaporation of inorganic elements. As a result, the
ash content of NBC900 rises to 13.5 %, surpassing that of WBC (10.2 %).
This suggests the successful incorporation of inorganic substances from
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chitosan onto the surface of the adsorbent.

The N; adsorption-desorption isotherms of NBC-X are presented in
Fig. 1(b). The non-overlapping adsorption and desorption isotherms,
along with the presence of Type IV isotherms featuring Hs-type hyster-
esis loops, indicate that the three biochars possess irregular pore sizes
and can be classified as mesoporous materials [35]. Additionally, the
results depicted in Fig. 1(c) demonstrate that the pore diameter of these
biochars ranges from 2 to 5 nm, which aligns with the average pore size
values provided in Table 2 and falls within the range associated with
mesoporous materials. This finding further confirms that mesoporous
constitute the primary structural feature of these three adsorbents [27].
Furthermore, based on data from Table 2, it is evident that chitosan-
modified adsorbent materials exhibit an increasing specific surface
area with rising pyrolysis temperatures. Specifically, NBC900 possesses
a specific surface area of 32.918 m?g~!, which is more than ten times
greater than that of NBC500 (3.159 m2.g~!). This indicates a more
complete pyrolysis process for chitosan at higher temperatures. More-
over, both the micropore volume and the ratio of micropore volume to
total pore volume gradually increase across this series of adsorbent
materials, suggesting enhanced availability of IMI adsorption sites for
NBC900 and, consequently, improved overall adsorption capacity. This
observation is consistent with the superior performance of NBC900
mentioned earlier. In comparison to WBC (Table S2), chitosan-modified
biochar exhibits a significant decrease in specific surface area. This
reduction can be attributed to the obstruction of some pores caused by
chitosan loading, resulting in a decrease in total pore volume from
0.056 cm>.g~! to 0.0207 cm®.g 1. Additionally, the secondary pyrolysis
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Fig. 3. Comparative spectroscopic analysis of NBC-X: (a) Raman spectra and (b) FT-IR spectra before and after IMI adsorption.

and crushing processes during biochar modification contribute to more
extensive pyrolysis of biochar, intensifying the production of frag-
mented particles and disrupting mesoporous structures.

3.2.2. Graphitization and defect degrees

The XRD characterization results of NBC500, NBC700, and NBC900
are presented in Fig. 1(d). The observed diffraction peaks at approxi-
mately 26 = 22° and 44° correspond to the amorphous carbon (002) and
slight graphite carbon (111) structures, respectively [36,37]. Addition-
ally, the diffraction peaks near 20 = 22° and 40.5° represent the char-
acteristic crystal planes of chitosan: (101) and (002), respectively, as
reported by Abou El-Reash et al. [38] and He et al. [31]. Notably, the
positions and intensities of these peaks vary with pyrolysis temperature,
indicating an influence on the crystallization degree of chitosan
carbonization products and validating the effectiveness of the modifi-
cation method employed. The Raman spectra of NBC-X are shown in
Fig. 3(a), revealing two prominent characteristic peaks: the D band at
approximately 1350 cm ! [39] and the G band near 1590 cm ™! [40].
The intensity ratio of the ID/IG serves as an indicator for quantifying the
extent of carbon defects in NBC-X [41]. It is evident that as the pyrolysis
temperature increases, the ID/IG value of biochar gradually rises, indi-
cating a proportional relationship between pyrolysis temperature and
carbon defect degree [37]. Compared to the ID/IG value of 0.919 for

WBC (Fig. S1), the modified NBC-X exhibits reduced values ranging
from 0.571 to 0.653. This reduction can be attributed to the comparable
atomic sizes of N and C atoms, enabling their embedding into the C
lattice during pyrolysis, thereby reducing disorder and defect levels
within the adsorbent structure [42]. Chitosan modification enhances the
graphitization degree of biochar, facilitating improved adsorption ca-
pacity for IMI through n-n interactions [42,43].

3.2.3. Surface functional groups

The FT-IR spectra of NBC-X are shown in Fig. 3(b), illustrating
distinct absorption bands at specific wavelengths. The prominent ab-
sorption band observed at 3439 cm ™! corresponds to the -OH stretching
vibration [44]. Additionally, two absorption bands are evident at 2920
cm ™! and 2848 cm ™!, which can be attributed to the stretching vibra-
tions of aliphatic functional groups (-CH; and -CHs, respectively) [45].
Furthermore, the C=C stretching vibration within the aromatic ring is
observed at 1447 cm™! [33]. Notably, an increase in pyrolysis temper-
ature leads to a gradual decrease in the intensity of diffraction peaks for
each functional group. This phenomenon arises due to enhanced
biomass pyrolysis under high-temperature conditions, resulting in
deoxidation and dehydrogenation processes. Simultaneously, the degree
of aromatization of biochar materials increases with pyrolysis temper-
ature, leading to higher C content in the carbonized material [13,14].
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Fig. 4. High-resolution XPS spectra of NBC900: (a) C1 s, (b) O 1 s, and (c) N 1 s regions before and after IMI adsorption.

The FT-IR characterization results of NBC500 and NBC700 reveal the
presence of -COOH functional group stretching at 1633 cm™* [46,47],
indicating that chitosan modification enhances the abundance of O-

containing functional groups on the biochar surface. Conversely, no
corresponding diffraction peaks are observed in NBC900, suggesting a
more pronounced decarboxylation of the adsorbent at higher pyrolysis
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Fig. 5. Adsorption behavior of IMI on NBC-X: (a, b) kinetics profiles, (c) isotherms fitting, and (d) thermodynamic analysis.
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temperatures, resulting in the decomposition of -COOH groups [48]. The
C—O functional group at 1061 em ! [49,50] and the C=N functional
group at 1653 cm™' [32,51], representing characteristic diffraction
peaks of chitosan carbonization products, are attributed to the cross-
linking effect of chitosan. Additionally, N—H stretching vibrations at
879 cm ™! are detected in NBC900 [13,52], which may arise from the
carbonization of chitosan colloids under higher pyrolysis temperatures
[53].

To further analyze the surface functional groups, XPS analysis was
employed. As shown in Fig. 4(a), high-resolution Cls spectrum of
NBC900 exhibits four peaks, corresponding to C-C/C=C (284.8 eV),
C—O0 (286.9 eV), -COOR (290.2 eV), and n-n* (293.3 eV) transition
characteristic peaks, as reported by Ding et al. [54] and Cheng et al.
[13]. The XPS spectra of NBC500 and NBC700 are presented in Fig. S2.
In Fig. 4(b), the Ols spectrum displays three characteristic peaks: C=0
(532.1 eV), C—O (533.7 eV), and C-OH (536.5 eV). With increasing
pyrolysis temperature, the relative proportions of these characteristic
peaks change, showing a decreasing trend for -COOR and C—O peaks in
the Cls spectrum, as well as a gradual decrease in the total proportion of
the C=0 and C—O peaks in the O1s spectrum. This indicates that higher
pyrolysis temperature result in the decomposition of certain surface
groups on biochar, consistent with FT-IR characterization results.
Meanwhile, the proportion of C-C/C=C peaks in the Cls spectrum ex-
hibits a gradual decline, indicating a decrease in graphitization degree,
which aligns with the conclusion that carbon defects are directly pro-
portional to pyrolysis temperature, as observed from the Raman char-
acterization results. Interestingly, despite the reduced graphitic order,
the relative intensity of the n-n* transition peak increases with rising
pyrolysis temperature, with NBC900 exhibiting the most pronounced
feature. This indicates an enhanced n-electron accepting capacity of the
adsorbent, which may result from the generation of defect sites, edge-
localized aromatic domains, or small conjugated structures at elevated
temperatures [55,56].

In Fig. 4(c), the N1s spectra of NBC900 display three distinct peaks
corresponding to pyridine-N (398.1 eV), pyrrole-N (400.1 eV), and
graphite-N (401.2 eV), respectively. Compared to NBC500 and NBC700
(Fig. S2), the relative content of pyridine-N decreases from 51.7 % to
23.3 %, while the relative content of pyrrole-N and graphite-N increases
from 26.4 % and 21.9 % to 43.3 % and 33.3 %, respectively. This can be
attributed to the thermal conversion process, where pyrrole-N and
pyridine-N transform into graphite-N with increasing pyrolysis tem-
perature [57].

The physical and chemical properties of WBC were significantly
altered by chitosan carbonization modification, as demonstrated by the
NBC series. This modification led to changes in elemental composition,
graphitization degree, and the distribution of surface functional groups.
The introduction of N atoms enhanced the hydrophilicity and polarity of
biochar materials, resulting in a rearrangement of carbon atoms and an
improvement in the degree of graphitization [14,42]. Consequently,
more effective adsorption sites for IMI were provided.

3.3. Adsorption kinetics

The linear kinetic data fitting curves of NBC500, NBC700, and
NBC900 for IMI adsorption are presented in Fig. 5(a) and (b), while the
corresponding fitting parameters provided in Table S3. The pseudo-
second-order kinetics model provided a better fit to the adsorption
data at each time point, with linear correlation coefficients R?) of
0.9961 (NBC500), 0.9982 (NBC700), and 0.9999 (NBC900). Notably,
the calculated adsorption capacity (g.) closely matched the experi-
mental value (g.’), indicating that the primary mechanism for IMI
adsorption by NBC500, NBC700, and NBC900 involves chemical pro-
cesses, such as electron exchange leading to covalent bond formation or
the generation of new compounds [13]. Furthermore, the initial
adsorption rate (h, mg-g~*-min~!) was determined using the formula h
= K3q? (K, represents the rate constant of the pseudo-second-order
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Table 3
The adsorption isotherm model parameters of NBC-X.
Isotherms Parameters NBC500 NBC700 NBC900
models
gm (mg-g™h) 160.9573 104.9287 130.2023
Langmuir K, (L-g™h) 0.0017 0.0065 0.3491
R? 0.9224 0.8872 0.9921
1/n 0.8254 0.6199 0.3247
Freundlich Kp (mg™ L.g™) 0.5156 2.1914 32.4611
R? 0.9406 0.9551 0.8389
K, (L-mg™ ") 0.0539 0.3834 5.8849
Temkin br 153.7707 233.6489 108.5991
R? 0.8458 0.7499 0.9978

kinetic model, as detailed in Text S3) [58]. Comparing NBC500 and
NBC700, which exhibited h values of 0.0601 and 0.3771, respectively,
NBC900 demonstrated a significantly higher h value of 2.9264. This
observation suggests that the enhanced properties resulting from
increased pyrolysis temperature facilitate IMI overcoming mass transfer
resistance on the adsorbent surface, thereby improving its overall
adsorption performance [3,51].

To further investigate the adsorption process and identify the main
rate-limiting steps, the intraparticle diffusion model was employed.
Fig. S3 illustrates the fitting results of the intraparticle diffusion model
for NBC500, NBC700, and NBC900, while Table S4 presents the corre-
sponding fitting parameters. The adsorption process can be divided into
three stages: Stage I: this stage corresponds to liquid film diffusion.
Characterized by a steep slope, indicating higher adsorption efficiency
due to the abundance of available adsorption sites on the adsorbent
surface. During this stage, IMI diffuses directly from solution to the
adsorbent surface. Stage II: this stage represents intraparticle diffusion.
The Ky values for NBC900 and NBC700 are significantly lower than Kj,
suggesting that intraparticle diffusion is the primary rate-limiting step
for IMI adsorption by these two adsorbents [51,59]. In contrast,
although NBC500 exhibits a greater Kj; value compared to Kj, both its K
and Kj; values are small, indicating a low intrinsic IMI adsorption rate.
Therefore, for NBC500, liquid film diffusion is considered the main rate-
limiting step throughout the entire adsorption process. The liquid film
diffusion process is closely associated with the pore structure of the
adsorbent, and the low specific surface area of NBC500 plays a crucial
role in limiting the adsorption rate of IMI. Stage III: this stage represents
the distribution effect, where IMI is adsorbed through physical and
chemical processes. This stage involves a dynamic equilibrium between
IMI in solution and on the adsorbent surface, which is typically not
considered a rate-limiting step.

The thickness of the boundary layer can be quantified by the C value
(Table S4). The Cy; values for all three adsorbents during IMI adsorption
are higher than Cj, indicating that intraparticle diffusion serves as the
primary rate-limiting step [51,60]. In simpler terms, IMI undergoes
transfer from the liquid solution to the adsorbent surface, traverses in-
ternal pores within the adsorbent, and reaches equilibrium when the
rates of adsorption and desorption are equal. The process is controlled
by two key mechanisms: liquid film diffusion and intraparticle diffusion.
Notably, intraparticle diffusion is particularly significant due to
NBC500’s inherently low affinity for IMI. Thus, both liquid film diffu-
sion and intraparticle diffusion act as main rate-limiting steps during
NBC500-mediated IMI adsorption.

3.4. Adsorption isotherms

The relationship between adsorption equilibrium and adsorption
capacity of NBC-X is illustrated in Fig. 5(c). The theoretical maximum
adsorption capacities for IMI by NBC500, NBC700, and NBC900 were
determined to 52.9 mg-g~}, 68.2 mg-g~!, and 140.1 mg-g~?, respec-
tively. The Langmuir and Freundlich isotherm models are widely
employed to characterize the adsorption behavior of adsorbents. Table 3
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Fig. 6. Adsorption performance of NBC900 under different conditions: (a) co-existing ions, (b) HA concentration, (c) real water matrices, and (d) regeneration cycles.

summarizes the parameters of the isotherm models used for fitting,
revealing distinct variations in model performance among the three
adsorbents. Notably, the analysis of IMI adsorption by NBC900 revealed
that the Langmuir isotherm model (R2 = 0.9921) exhibited a higher
correlation coefficient compared to the Freundlich isotherm model (R?
= 0.8389), indicating the adsorption behavior observed in this study is
more accurately described by the Langmuir isotherm model. Further-
more, with a predicted value (130.2 mg-g 1) closer to the experimental
measured value (140.1 mg-g~1), it can be inferred that NBC900 pos-
sesses a uniform distribution of adsorption sites, suggesting monolayer
adsorption behavior where the adsorbate uniformly covers the adsor-
bent surface [61]. In contrast, the adsorption process of IMI by NBC700
and NBC500 were more consistent with the Freundlich isotherm model,
as evidenced by correlation coefficients of R? = 0.9551 and 0.9406,
respectively. This implies heterogeneous adsorption for these two ad-
sorbents, where the adsorbent surface comprises various adsorption
sites, and the adsorption process is conceptualized as a multi-layer
phenomenon involving interactions between adsorbate molecules
[26]. For the Lamgmuir isotherm model fitting parameters of NBC900,
the constant K; = 0.3491, which falls within the range of 0 and 1,
indicating favorable conditions for IMI adsorption [6,61]. In the
Freundlich isotherm model, the value of 1/n serves as an indicator of the
adsorption difficulty between the adsorbate and adsorbent. Specifically,
when 1/n < 1, the adsorption process occurs easily; otherwise, it is more
challenging. For NBC700 and NBC500, the values for 1/n were deter-
mined to be 0.6199 and 0.8254, respectively, signifying that both ad-
sorbents exhibit an affinity for IMI. Additionally, with increasing surface
coverage, the bond energy distribution becomes more uniform, accom-
panied by a linear decrease [24]. The Temkin model demonstrates a
linear reduction in adsorption energy with increasing surface coverage,
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elucidating the chemical interplay between the adsorbate and adsorbent
[62]. The adsorption of IMI by NBC900 exhibits a higher linear corre-
lation coefficient (R?> = 0.9978), indicating the predominant role of
chemical adsorption in the process. Conversely, for NBC500 and
NBC700, the smaller nonlinear correlation coefficients suggest that
chemical interactions are not the sole driving force for IMI adsorption.
The variation in fitting results among the three adsorbents can be
attributed to the different degrees of chitosan colloid pyrolysis at vary-
ing temperatures. At 500 °C and 700 °C, incomplete pyrolysis leads to
residual colloidal particles, aligning more closely with the Freundlich
isotherm model. In contrast, at 900 °C, complete pyrolysis eliminates
these particles and forms a network-like cracked film structure with
evenly distributed adsorption sites, facilitating uniform monolayer
adsorption of IMLI. In this case, the Lamgmuir isotherm model provides a
better description of the overall adsorption process.

In Table S5, a comparison was made between the maximum satu-
rated adsorption capacities of the three adsorbents in this study and
those of existing chitosan-biochar hydrogel beads and some N-doped
biochar adsorbents for organic pollutant adsorption in water. The results
revealed that NBC900 exhibited superior adsorption performance
compared to most other materials, highlighting the potential application
of chitosan-modified white melon seed shell biochar in IMI pollution
remediation in the environment.

3.5. Thermodynamic analysis

Thermodynamic parameters serve as crucial indicators for eluci-
dating the adsorption mechanism of adsorbents. As depicted in Fig. 5(d),
the equilibrium adsorption capacity of NBC-X gradually increases with
rising ambient temperature when the initial concentration of IMI is set at
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30 mg-L™!. The corresponding thermodynamic parameters are pre-
sented in Table S6. Throughout the adsorption process of IMI on all
three adsorbents, AH consistently remains positive, indicating endo-
thermic behavior and suggesting that higher temperatures enhance the
adsorption capacity of the adsorbent for IMI [63,64]. A AH value below
40 kJ-mol~! is considered indicative of physical adsorption as the pri-
mary mechanism [64]. Specifically, as pyrolysis temperature increases,
the AH values for NBC500, NBC700, and NBC900 rise to 28.135
kJ-mol ™!, 51.492 kJ-mol ™!, and 60.414 kJ-mol !, respectively, indi-
cating a progressive contribution from chemical adsorption [10]. The
thermodynamic parameters reveal that AG < 0 denotes a spontaneous
process for IMI adsorption by NBC500, NBC700, and NBC900. More-
over, the absolute value of AG increases with temperature, substantiat-
ing enhanced spontaneity of adsorption at elevated ambient
temperatures [65]. Notably, among the materials studied, NBC900 ex-
hibits the highest absolute value of AG, which directly correlates with its
superior adsorption capacity. Furthermore, a positive AS > 0 signifies
strong affinity between IMI and the adsorbent, suggesting an entropy-
driven process accompanied by increased ion disorder at the solid/
liquid interface [66]. Therefore, the adsorption of IMI by NBC-X can be
characterized as an endothermic, spontaneous, and disordered process,
exhibiting significant interaction with IMI.

3.6. Effect of pH, ionic types, and humic acid

Given the high-efficiency adsorption performance of NBC900, we
investigated the influence of various water chemistry factors on its
adsorption capacity for IMI. The solution pH plays a crucial role in
controlling the adsorption behavior of NBC900 by affecting both the
molecular morphology of pollutants and the surface charge of the
adsorbent [7]. Since IMI is an amphoteric molecule, it exhibits pKa
values of 1.56 and 11.12, respectively. This implies that at pH > 11.12,
the surface of IMI molecules predominantly carries negative charges,
while at 1.56 < pH < 11.12, they exist mainly in an ionized form (IMI+)
[24]. As depicted in Fig. S3(a), there is no significant change in the
adsorption capacity of NBC900 for IMI within a pH range of 2 to 11.
Considering its pHpzc value of 11.3, as shown in Fig. S3(b), it can be
inferred that NBC900 predominantly carries positive charges within the
pH range of 2 to 11. Consequently, under these conditions, IMI mole-
cules exist in a neutral ionized state. Therefore, electrostatic adsorption
resulting from surface charge is not considered the primary mechanism
for adsorption [3].

The presence of metal ions in natural water can influence the
adsorption performance of the adsorbent by competing with IMI for
available adsorption sites [42]. To investigate its practical application in
terms of adsorption capacity, background solutions containing Na™, K™,
Ca?*, and Mg?* at a concentration of 0.5 mol-L™! were prepared and
diluted with IMI mother liquor. Fig. 6(a) illustrates that the equilibrium
adsorption capacity of NBC900 for IMI varies when exposes to different
metal ions. In the case of K, there is a slight improvement in NBC900’s
adsorption capacity for IMI, possibly attributed to an increase in ionic
strength, leading to enhanced activity coefficients and reduced solubil-
ity, thereby promoting adsorption [67]. Conversely, the presence of Na™
has minimal impact on the overall adsorption performance, suggesting
weak salting-out enhancement effects induced by ionic compounds or
potential offsetting between these effects and agglomeration inhibition
caused by the adsorbents [49,65,68]. However, the participation of ca®t
and Mg?* in adsorption significantly decreases the adsorption capacity
of the adsorbent. This decrease may be attributed to the formation of
IMI-Ca/Mg complexes between Ca’" and Mg?*, as reported by Feng
et al. [50], which reduces the affinity of IMI toward the adsorbent.
Additionally, Ca®" and Mg®" react with the O-containing functional
groups on the surface of the adsorbent, as indicated by Ke et al. [35] and
Ma et al. [43], leading to the occupation of more active sites and inhi-
bition of IMI adsorption by NBC900. Moreover, in an ionic environment
constructed by divalent ions (Caz+ and Mg2+), the concentration of CI™
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is twofold that of monovalent ions (Na* and K*). Consequently, CI~ may
exhibit enhanced affinity toward the adsorbent surface, thereby occu-
pying active sites and subsequently diminishing the adsorption capacity.
In summary, when various metal ions are present, NBC900 exhibits a
3.9 % reduction in its adsorption capacity, demonstrating significant
tolerance toward interference from ionic strength—an indication of its
excellent anti-interference ability.

Humic acid (HA), composed of aromatic rings and fatty acids with
abundant hydroxyl and & electrons, was selected to investigate its impact
on the adsorption of NBC900 for IMI [69]. As shown in Fig. 6(b), the
adsorption capacity of NBC900 for IMI exhibited a significant decrease
with increasing HA concentration, declining from 9.723 mg-g~! to
3.028 mg-g~'. The competitive adsorption between IMI and HA on
NBC900 is attributed to hydrogen bonding, electrostatic interactions,
n-n interactions, as well as complexation or the formation of HA-IMI
compounds, which diminish the affinity toward IMI [70]. Further-
more, the larger molecules of HA occupy certain adsorption sites on
NBC900, resulting in pore blockage [71].

3.7. The adsorption performance of NBC for IMI in various real waters

To further validate the adsorption performance of NBC for IMI,
various real water samples, including deionized water, tap water, and
river water, were utilized. The basic physicochemical properties of these
water samples are detailed in Table S7. Tap water was sourced from
Northeast Agricultural University, while the river water was collected
from the Harbin section of the Songhua River (45°46' N, 126°36' E). As
illustrated in Fig. 6(c), NBC900 exhibited significant IMI adsorption
capacities in deionized water (9.723 mg~g’1), tap water (2.999 mg~g’1),
and river water (2.132 mg-g~!). The observed decline in adsorption
capacity across these water types aligns with the influence of HA on
adsorption behavior. Consequently, it can be inferred that the compet-
itive adsorption of HA with IMI significantly reduces the adsorption
performance of NBC900 for IMI. This reduction is likely due to HA
occupying specific adsorption sites or causing pore blockage [26,43].

3.8. Reusability of NBC900

Regeneration capacity is a critical parameter for evaluating the long-
term applicability of adsorbents in organic pollutant remediation. While
conventional regeneration methods typically employ organic solvent
extraction and washing techniques [72], these approaches often intro-
duce secondary pollution challenges due to the residual pollutants in the
solvents. In this study, the adsorbents were synthesized via pyrolysis,
thereby inherently exhibiting a high degree of thermal stability.
Leveraging this property, we proposed an innovative regeneration
strategy based on thermal pyrolysis, enabling the high-temperature
decomposition of adsorbed pollutants. As demonstrated in Fig. 6(d),
NBC900 maintained excellent adsorption performance after three
regeneration cycles, with IMI (10 mg-L 1) removal efficiency decreasing
only marginally from 97.2 % to 94.4 %. This minimal performance
reduction underscores the exceptional thermal stability of NBC900 and
suggests that the re-pyrolysis process mainly eliminates surface-
adsorbed IMI. Consequently, it is reasonable to infer that no signifi-
cant structural alterations occurred during the regeneration process.
These results validate the practical applicability of NBC900 and support
its potential for sustainable environmental remediation.

3.9. Adsorption mechanisms

Comprehensive experimental and characterization data demonstrate
that IMI adsorption by NBC900 involves synergistic physisorption and
chemisorption. Physisorption, primarily governed by diffusion processes
and pore-filling effects, contributes significantly to the rate-limiting
steps. The substantial SSA and optimal pore size distribution of
NBC900 facilitate effective IMI adsorption by providing abundant
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mechanisms

of NBC900 for

Fig. 7. Proposed adsorption mechanism of IMI on NBC900 in aqueous systems: pore filling, electrostatic interaction, hydrogen bonding, n-r interactions, and Lewis

acid-base interactions.

accessible sites. While electrostatic interactions may contribute to
adsorption, as suggested by pH-dependent experiments, the minimal
ionic strength effect indicates their secondary role. These observations
collectively suggest that chemisorption dominates the adsorption pro-
cess, a characteristic enhanced by NBC900’s N-doped structure.

In comparison with previous studies on N-doped biochar adsorbents,
our results offer more detailed insights into the specific roles of N
functionalities. Cheng et al. [13] synthesized N-doped biochar from
cellulose and melamine for atrazine removal, and our study identifies
similar adsorption enhancements mediated by N functionalities-
particularly pyridinic-N and graphitic-N. However, while their study
primarily attributed the improved adsorption to increased specific sur-
face area and n-m interactions, our findings further reveal specific elec-
tron transfer mechanisms (e.g., pyridinic-N acting as a Lewis base
interacting with the -NOy group of IMI), thereby offering a more
comprehensive understanding of N-related chemisorption. Similarly,
Guy Laurent Zanli et al. [14] investigated norfloxacin adsorption onto
urea-modified cocoa shell biochar, highlighting pore filling, hydrogen
bonding, and n-r interactions facilitated by graphitic-N and oxidized-N.
Our findings support these mechanisms and further clarify the distinct
role of pyrrolic-N in enhancing hydrogen bonding through modulation
of surface electronegativity, with graphitic-N contributing to n-electron
donation.

XRD analysis (Fig. 1(d)) further confirms the presence of well-
developed graphite carbon (111) structures in NBC900, indicating
advanced carbonization. This graphitic framework enables n-electron
donation, while IMI's chlorine (—Cl) and nitro (-NO3) groups serve as
effective n-electron acceptors. Raman spectroscopy (Fig. 3(a)) reveals
increased ID/IG ratios post-adsorption, further evidencing the
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participation of graphitic carbon in IMI adsorption [39,40,73,74]. These
findings collectively demonstrate that n-m interactions between
NBC900’s graphitic structure and IMI’s aromatic ring drive chemisorp-
tion [75,76].

FT-IR spectral changes (Fig. 3(b)) indicate significant modifications
in surface functional groups post-adsorption. The attenuation of C=N
and -COOH peaks, along with the disappearance of C=C and N—H vi-
brations, suggests their involvement in adsorption. Hydrogen bonding
likely occurs between IMI's hydrogen atoms and NBC900’s -OH, -CHa,
-CHs, -COOH, and N—H groups [76,77]. Additionally, O-containing
moieties and graphitic structures (C=N and C—=C) may participate in 7-1
interactions with IMI’s —Cl and-NO; groups [33,71].

Fig. 4(a) and (b) present the high-resolution XPS spectra of C1s and
O1s for NBC900 after IMI adsorption. The disappearance of character-
istic peaks (e.g., -COOR, n-n*, and C-OH) post-adsorption confirms n-1
interactions between NBC900 and IMI. Specifically, the attenuated C=0
peak intensity in the O1s spectrum confirms its role as a Lewis acid that
participates electron transfer with the pyridine ring (Lewis base) of IMI
[771]. Notably, the N 1 s spectral evolution reveals significant changes in
pyridine-N, pyrrole-N, and graphite-N contents upon adsorption,
directly implicating these functional groups in IMI uptake: (1) Pyridine-
N (Lewis base) exhibits reduced content, suggesting electron transfer to
IMI's -NO; group (Lewis acid), facilitating chemical adsorption via
Lewis acid-base reactions [43,71]; (2) Pyrrole-N enhances hydrogen
bonding with IMI's H atoms by lowering surface electronegativity [78];
and (3) Graphite-N promotes graphitization, reinforcing n-electron in-
teractions, as corroborated by Raman data [13]. Adsorption kinetics and
isotherms align with the pseudo-second-order kinetic model and Lang-
muir/Temkin models, indicating homogeneous monolayer adsorption
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dominated by chemisorption [62]. Thermodynamic parameters (AG <
0. AS > 0 and AH > 0) further confirm a spontaneous, endothermic
process with increased disorder [66].

The adsorption of IMI onto NBC900 arises from synergistic physical
and chemical mechanisms: (1) Physical processes: IMI migrates into
NBC900’s pores via liquid-film diffusion and intraparticle diffusion,
with pore filling further enhancing uptake; and (2) Chemical in-
teractions: Dominant forces include n-n stacking, hydrogen bonding,
electrostatic attraction, and Lewis acid-base reactions (e.g., pyridine-N/
—NO;, electron transfer). Fig. 7 schematically summarizes these multi-
scale interactions, highlighting NBC900’s efficiency in IMI removal. The
combined mechanisms explain the high adsorption capacity and equi-
librium kinetics observed experimentally.

4. Conclusions

This study successfully synthesized NBC through a secondary py-
rolysis approach using white melon seed shell and chitosan as pre-
cursors. The optimized NBC900 exhibited exceptional adsorption
capacity for IMI (140.1 mg-g~! at 298 K), attributed to its hierarchical
porous structure, high specific surface area, and unique chemical
properties, including graphitic carbon domains and N-active sites.
Multimodal characterization (XRD, Raman spectroscopy, XPS, and FT-
IR) revealed adsorption mechanisms, dominated by n-n interactions
and Lewis acid-base reaction, with additional contributions from pore
filling, hydrogen bonding, and electrostatic interactions. Notably, the
Lewis acid-base interactions between pyridinic-N and carbonyl groups
on NBC900 and the nitro group and pyridine ring in IMI were identified
as a key mechanistic driver, providing molecular-level insights into the
selective adsorption of N-containing pollutants. The practical applica-
bility of NBC900 was further validated through its robust performance
in complex environmental matrices, including high efficiency across a
wide pH range (2-11), strong resistance to ionic strength variations, and
excellent recyclability. The significant impact of humic acid (HA) on
adsorption performance in real water systems underscores the pre-
dominant role of chemical group interactions compared to adsorption
mechanisms.

Beyond its immediate application for IMI removal, this study
significantly advances the fundamental understanding of biochar-
pollutant interactions, particularly for NNIs and other N-containing
contaminants with pyridine ring structures. The innovative synthesis
strategy, which streamlines the conventional chitosan-modified biochar
preparation by eliminating the need for hydrogel microsphere forma-
tion, represents a notable simplification in fabrication processes. These
findings not only highlight the potential of NBC900 as a sustainable and
efficient adsorbent but also establish a mechanistic framework for
designing targeted remediation strategies, contributing to both resource
utilization and ecological protection.
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