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Abstract

The increasing contamination of neonicotinoid pesticides in the environment has become
a growing concern, and biochar is considered a promising strategy for removing these
pollutants. This study converted waste rice husks into biochar (RHB) via pyrolysis at
400-600 °C under anaerobic conditions, using dinotefuran (DIN) as a representative neon-
icotinoid. The physicochemical properties of RHB and its adsorption mechanisms for
DIN were systematically investigated. Results showed that higher pyrolysis temperatures
increased the specific surface area, microporosity, and aromaticity of biochar, while altering
the distribution of surface functional groups. RHB prepared at 600 °C (RHB600) exhibited
the highest adsorption capacity. The adsorption process followed the Sips isotherm and
pseudo-second-order kinetic models, indicating a spontaneous and endothermic process
involving heterogeneous physic—chemical adsorption. The primary mechanisms included
pore filling, m—m interactions, and hydrogen bonding. The sequence of functional group
response during DIN adsorption was C-O > C=C > C=0 > -OH. Environmental factors
such as solution pH and humic acid concentration significantly influenced adsorption,
while phosphate ions caused strong competitive inhibition. An artificial neural network
model accurately predicted adsorption under multiple interacting factors, and RHB600
demonstrated good regeneration after ethanol elution. This study confirms that RHB is
an effective and practical adsorbent, providing a technical reference for agricultural waste
valorization and pesticide-polluted water remediation.

Keywords: rice husk biochar; new nicotine pesticides; adsorption mechanism; environmental
applications

1. Introduction

Neonicotinoid insecticides (NEOs) are widely applied in agricultural activities world-
wide due to their high broad-spectrum insecticidal activity [1]. It is noteworthy that only
a small fraction (typically 2-20%) of applied NEOs is absorbed by crops, while the ma-
jority are released into the environment [2]. However, the environmental persistence and
high water solubility of NEOs enable them to migrate into soils, surface waters, and even
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drinking water sources, posing serious risks to human health and ecosystems [2,3]. Re-
cent studies have further corroborated the pervasive occurrence and associated risks of
NEO:s in diverse aquatic environments. For instance, an investigation of the Huaihe River
Basin, a typical agricultural area, revealed that the total concentration of NEOs reached a
maximum of 191.2 ng/L, with thiamethoxam being the dominant compound [4]. Research
in water bodies connected to the South-to-North Water Diversion Project’s Eastern Route
found that the average total NEO concentration in Lake Hongze exceeded 200 ng/L across
spring, summer, and winter [5]. Furthermore, NEOs have been frequently detected in
the effluents of wastewater treatment plants across multiple Chinese cities [6]. A report
showed an average NEO concentration of 130 ng/L in surface waters, with peak levels
reaching 630 ng/L [7]. In agricultural areas, groundwater NEO concentrations can even
reach 10,000 ng/L [8]. In some rivers in eastern China, NEO concentrations have exceeded
acute (362 ng/L) and chronic (58 ng/L) ecological risk thresholds [9]. As a nitro-substituted
compound, dinotefuran (DIN) exhibits higher toxicity and greater water solubility [2].
Therefore, these latest findings underscore the continued urgency of developing efficient
and cost-effective technologies for removing NEOs from water.

Currently, various methods are employed to treat DIN-contaminated water, primarily
including biodegradation, advanced oxidation processes, electrochemical methods, and
adsorption [10-12]. Biodegradation involves high cultivation costs, and microorganisms
are sensitive to environmental conditions (e.g., pH, temperature, coexisting substrates)
with often incomplete degradation, making large-scale engineering applications challeng-
ing [1]. Advanced oxidation processes tend to generate a series of unknown intermediate
products, which frequently exhibit higher toxicity than the parent compound [13]. Elec-
trochemical methods require expensive electrode materials that are prone to passivation
and deactivation, limiting their economic feasibility for large-scale applications [14]. In
contrast, adsorption stands out due to its low cost, simple operation, high efficiency, and
reusability of adsorbents, making it an ideal approach for pollutant removal [13,15,16].
Common adsorbents include minerals, polymeric materials, metal-organic frameworks,
and biochar [13,17-19]. Among these, biochar has attracted significant research attention in
recent years due to its excellent specific surface area (SSA), abundant functional groups,
and proven effectiveness in removing both organic and inorganic contaminants [20].

Biochar is a solid material produced through the pyrolysis of biomass under oxygen-
limited conditions. Its well-developed porosity, large SSA, and abundant oxygen-containing
functional groups make it a promising material for treating organic pollution [20,21]. Con-
verting rice husks into biochar via high-temperature pyrolysis represents a viable strategy
to address their underutilization [22]. Rice husk—derived biochar shows broad potential
for removing various pollutants from aquatic environments. For instance, Apolloni et al.
reported that rice husk biochar could remove over 93% of atrazine and terbuthylazine
via m— interactions [23]. It has also been demonstrated to adsorb heavy metals and dyes
through mechanisms such as surface complexation, ion exchange, electrostatic attraction,
and hydrogen bonding [24,25]. Therefore, biochar produced from rice husks can serve as
an effective adsorbent for the removal of organic pollutants from the environment.

Despite the growing body of research on biochar for water remediation, a system-
atic investigation into the adsorption of DIN by rice husk biochar (RHB) remains scarce.
Specifically, the evolution of the dominant adsorption mechanism with biochar pyrolysis
temperature, and a quantitative understanding of the energy heterogeneity of adsorption
sites for DIN, are critically underexplored [13]. Furthermore, accurately predicting adsorp-
tion efficiency in realistic environments with multiple fluctuating factors (e.g., pH, organic
matter) requires models that go beyond conventional single-factor analysis [26,27].
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To address these knowledge gaps, this study not only evaluates the performance
of RHB but also employs a suite of advanced diagnostic and modeling techniques to
deliver deeper mechanistic and practical insights. Specifically, site energy distribution
(SED) analysis was applied to quantitatively characterize the energy heterogeneity of RHB
surfaces, moving beyond the assumption of homogeneous sites [28]. Response surface
methodology (RSM) and artificial neural network (ANN) were utilized to decipher the
complex, non-linear interactions of environmental factors and to provide a robust predictive
tool for real-world application scenarios, a significant advancement over traditional one-
variable-at-a-time approaches [29].

In this study, a simple and sustainable approach was adopted, converting waste rice
husk biomass into biochar at different pyrolysis temperatures. This work investigated the
effectiveness of rice husk biochar (RHB) in removing DIN from aqueous environments.
The research specifically focused on: (1) examining the adsorption behavior and binding
processes of DIN onto RHB through kinetic and isotherm studies; (2) determining the energy
distribution during adsorption using site energy distribution analysis; (3) evaluating the
interactive effects of various environmental factors on DIN adsorption by RHB employing
Response Surface Methodology and Artificial Neural Network models; and (4) elucidating
the underlying adsorption mechanisms. Through this integrated approach, this study aims
to provide a comprehensive understanding of the adsorption process and to firmly establish
the valorization of rice husk waste as a sustainable strategy for mitigating nitrogen-based
pesticide pollution, contributing to the circular economy in agriculture.

2. Materials and Methods
2.1. Materials

Rice husks were obtained from a local market in Yangzhou, Jiangsu Province, China.
Dinotefuran (DIN), humic acid (HA), NaCl, CaCl,, KCl, FeCl3 and anhydrous ethanol were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China)
and used without further purification.

2.2. Preparation of RHB

RHB was produced via anaerobic pyrolysis. Briefly, the rice husks were washed with
deionized water to remove impurities, oven-dried at 60 °C, and then crushed using a
mechanical grinder. The crushed rice husks were subsequently sieved to obtain a uniform
particle size fraction between 10 and 20 mesh (0.85-2.00 mm), ensuring consistent pyrolysis
conditions and adsorption characteristics. These sieved particles were placed in a tubular
furnace under a continuous N, atmosphere (flow rate: 100 mL/min). The pyrolysis was
conducted with a heating rate of 5 °C/min. Once the temperature reached 400 °C, it
was maintained for 2 h. The resulting material was allowed to cool naturally to room
temperature. The primary biochar was then rinsed with deionized water to remove water-
soluble organic carbon and dried at 60 °C to obtain the final product, designated as RHB400.
The dried RHB400 was further sieved through a 40-mesh screen (<0.425 mm) to obtain a
uniform fraction for adsorption experiments. Using the same procedure, biochars produced
at 500 °C and 600 °C were labeled RHB500 and RHB600, respectively.

2.3. Batch Adsorption Experiments
2.3.1. Adsorption Kinetics

Batch experiments were conducted to study the adsorption of DIN onto RHB. To
investigate the adsorption kinetics, 0.02 g of RHB was added to a sealed vial containing
20 mL of a 40 mg/L DIN solution. The initial pH of the solution was adjusted to 6.5 & 0.3
using 0.1 M HCl or NaOH, and no buffer was used. The vials were shaken at 150 rpm in a
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constant-temperature shaker at 25 °C. Samples were taken at predetermined time intervals
(0,5, 10, 20, 30, 60, 120, 180, 240, 300, 360, 720 and 1440 min), immediately filtered through
0.45 um nylon membranes, and the pH of the filtrate was measured before quantifying
the DIN concentration in the supernatant was quantified using High-Performance Liquid
Chromatography (HPLC). The final pH of the mixture at equilibrium was measured to
be in the range of 9.25-10.23 across all RHB types, consistent with their alkaline nature
(Table 1). All treatments were performed in triplicate.

Table 1. Physical-chemical properties of RHB.

SSA PV : Element Content (%) Atomic Ratio
Adsorbent pH 2 3 Pore Size Ash (%)
(m%/g)  (em®/g) (nm) C H N O HC 0/C (0+NI/C
RHB400 9.81 22.04  0.0663 15.31 35.42 52.38 3.37 0.68 815 0.0643 0.1556 0.1686
RHB500 10.03 28.37  0.1082 7.87 40.61 4467 241 052 11.79 0.0540  0.2639 0.2756
RHB600 10.29 38.41 0.1206 4.08 42.39 41.02 219 044 1396 0.0534  0.3403 0.3510

2.3.2. Adsorption Isotherms

Adsorption isotherms were used to evaluate the adsorption capacity and binding
behavior. The equilibrium contact time for isotherm experiments was determined based
on preliminary kinetic studies and pre-experiments, which confirmed that adsorption
equilibrium between DIN and RHB was achieved within 4 h. However, to ensure complete
equilibrium under all experimental conditions and to account for potential variations
at higher initial DIN concentrations, a conservative contact time of 24 h was selected
for all isotherm experiments. A mass of 0.02 g of RHB was introduced into a series of
20 mL DIN solutions with initial concentrations ranging from 2 to 40 mg/L. The initial
pH of all solutions was adjusted to 6.5 £ 0.3. The vials were then shaken at 150 rpm
at 25 °C for 24 h to reach equilibrium. After filtration through 0.45 pym membranes, the
equilibrium concentration of DIN was measured by HPLC. Each experiment was carried
out in triplicate.

2.3.3. Adsorption Thermodynamics

The thermodynamic parameters of the adsorption process were determined by con-
ducting isotherm experiments at three different temperatures: 288.15 K, 298.15 K, and
308.15 K. The specific calculation formulas for thermodynamic parameters (AH®, AS°, AG®)
are placed in the Supplementary Materials (Part I). The procedure was identical to that
described in Section 2.3.2. All tests were performed in triplicate.

2.3.4. Influence of Environmental Factors

The effects of various environmental factors on DIN adsorption were investigated,
including biochar dosage (0.01-0.05 g), solution pH (3-11), ionic strength (0-20 mM), cation
type (Na*, K, Ca%*, Fe3*), anion type (NO>~, PO,3~, Cl~, SO427), and HA concentration
(0-20 mg/L). The concentration of this experiment was set based on the concentration of
various substances in the natural water environment [30,31]. Briefly, the ionic strength was
adjusted using NaCl as background electrolyte. For cation/anion competition experiments,
chloride salts (NaCl, KCl, CaCl,, FeCl3) were used for cations, while sodium salts (NaNQOs,
NaCl, NaySOy, NazPO,) were used for anions, all at a fixed concentration of 10 mM. HA
stock solution (1000 mg/L) was prepared by dissolving commercial HA in 0.01 M NaOH,
adjusting pH to 7.0 with 0.1 M HC], and filtering through a 0.45 um membrane to remove
undissolved residues, according to the International Humic Substances Society (IHSS)
standard protocol. Working solutions of desired HA concentrations were freshly prepared
by diluting the stock solution with background electrolyte (1 mM NaCl) immediately
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before experiments. A control variable approach was used for single-factor experiments,
where only one parameter was changed while others were kept constant. The initial
DIN concentration was fixed at 20 mg/L, and the solution pH was adjusted to 6.5 £+ 0.3
with 0.1 M HCl or NaOH unless otherwise specified for pH-dependent experiments. All
experiments were conducted in triplicate.

Furthermore, a Central Composite Design (CCD) was employed to study the inter-
active effects of three key factors (pH, ionic strength (IS), and HA concentration, each at
five levels, see Table S1). This design generated 60 experimental runs. Analysis of Variance
(ANOVA) was used to analyze the individual and interactive effects of these variables on
DIN removal. The results were further modeled and analyzed using Response Surface
Methodology (RSM) and an Artificial Neural Network (ANN). The development of the
ANN model followed a standardized procedure to ensure robustness and reproducibil-
ity. A feedforward neural network with a single hidden layer and an output layer was
constructed. The optimal number of neurons in the hidden layer was determined to be 5
through an iterative trial-and-error process aimed at minimizing the mean squared error.
The input layer consisted of three neurons corresponding to the three independent variables
(pH, IS, HA concentration), and the output layer had one neuron representing the predicted
DIN removal efficiency (Figure S1). The hyperbolic tangent sigmoid (tansig) and linear
(purelin) transfer functions were used in the hidden and output layers, respectively. The
Levenberg—Marquardt algorithm was employed for network training. The full dataset from
the CCD data points) was randomly divided into three subsets: 70% for training, 15% for
validation, and 15% for testing. Both RSM (Equation (1)) and ANN demonstrated accurate
simulation and prediction of the response under varying conditions. The RSM analysis
was performed using Design-Expert 13 (Stat-Ease, Inc., Minneapolis, MN, USA), while the
ANN model was developed in MATLAB R2021b (MathWorks, Inc., Natick, MA, USA).

N N N
y= bo + Z bix; + Z biixiz + Z bl-jxixj +e (@)
i=1 i=1 i=1,j=1

where y is the predicted DIN removal efficiency, x; and x; are the independent variables, by
is the constant coefficient, b; is the linear coefficient, b;; is the quadratic coefficient, b;; is the
interaction coefficient, and ¢ is the error term.

2.4. Reusability Performance

The reusability of RHB600 was evaluated through five consecutive adsorption—
desorption cycles. After the adsorption phase, the spent RHB600 was separated and
treated with 0.2 M HCl, 0.2 M NaOH, or ethanol as desorbing agents. The desorption
procedure mirrored the adsorption experiment, employing the same contact time (24 h),
shaking speed (150 rpm), temperature (25 °C), and solid-liquid ratio (1 g/L, i.e, 0.02 g
biochar in 20 mL desorbent), with the only change being the replacement of the background
solution with the respective desorbent. The concentration of DIN in the desorption filtrate
was measured to determine the desorption efficiency.

2.5. Characterization

The SSA and pore size distribution of the biochars were analyzed using a surface
area and porosity analyzer (ASAP 2460, Micromeritics, Norcross, GA, USA). Prior to
analysis, samples were degassed at 150 °C under vacuum for 12 h to remove adsorbed
moisture and contaminants. Nitrogen adsorption—desorption isotherms were measured at
77 K, and SSA was calculated using the Brunauer—-Emmett-Teller. Pore size distribution
was determined using the density functional theory model. The micro-morphology was
examined by Scanning Electron Microscopy (SEM, JEOL JSM-7900F, Hitachi, Tokyo, Japan).
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To enhance conductivity, the biochar samples were sputter-coated with a thin layer of gold
before imaging. Surface functional groups were identified using Fourier Transform Infrared
Spectroscopy (FTIR, Cary 610/670, Agilent, Santa Clara, CA, USA). The FTIR spectra were

recorded in the range of 4000400 cm~! with a resolution of 4 cm ™!

, accumulating 32 scans
per spectrum. Background correction was performed using a clean KBr pellet, and all
sample spectra were baseline-corrected. The surface chemical composition before and after
DIN adsorption was analyzed by X-ray Photoelectron Spectroscopy (XPS, ESCALAB 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA). The XPS analysis was conducted using a
monochromatic Al Ka X-ray source (1486.6 eV). Survey and high-resolution spectra were
collected with pass energies of 150 eV and 50 eV, respectively. All binding energies were
calibrated by referencing the C 1s peak to 284.8 eV. The data were processed using Thermo
Avantage (Thermo Fisher Scientific, Waltham, MA, USA), including background subtraction
using a Shirley-type background and peak fitting with Gaussian-Lorentzian line shapes.
The content of soluble metal elements in RHB was determined by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES, Agilent 725-ES). The zeta potential
was measured with a Zetasizer Nano ZS (Zetasizer Nano ZS, Malvern Panalytical, Great
Malvern, UK). The elemental composition (C, H, N, O) was analyzed using an elemental
analyzer (FlashSmart, Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Density Functional Theory (DFT) Calculation

In the present investigation, computational models representing the aromatized carbon
structure and key functional groups of high-temperature biochar were constructed using
GaussView 6.0 software. All quantum chemical calculations were performed using the
Gaussian 16 W software package. The geometry of all structures was fully optimized
without any constraints using the B3LYP hybrid functional [32]. To accurately account
for the dispersion interactions that are critical in 7-system interactions, the Grimme’s D3
empirical correction with Becke-Johnson damping (GD3BJ) was incorporated [33]. The
6-31G(d,p) Pople-style basis set was employed for all atoms, providing a balanced level of
accuracy and computational cost for systems of this size.

The optimization calculations were considered converged when the following de-
fault thresholds in Gaussian 16 were met: the maximum force was less than 4.5 x 104
Hartree/Bohr, the root mean square (RMS) force was below 3.0 x 10~* Hartree/Bohr, the
maximum displacement was smaller than 1.8 x 10~3 Bohr, and the RMS displacement was
below 1.2 x 1073 Bohr. The self-consistent field (SCF) calculations were converged to a
tolerance of 1078 a.u. using the ultrafine integration grid (99, 590 points) to ensure high
accuracy in numerical integration.

Following geometry optimization, frequency analyses were conducted at the same
level of theory to confirm that the optimized structures were true local minima on
the potential energy surface (no imaginary frequencies). Subsequently, single-point en-
ergy calculations were performed on the optimized geometries to compute the electro-
static potential (ESP). The EP maps were generated and visualized using the Multiwfn
3.8 package based on the calculated electron densities, allowing for a visual and quantita-
tive analysis of the charge distribution and the identification of potential active sites for
DIN interaction.

2.7. Data Processing

The kinetic data were fitted using the pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models. The equilibrium isotherm data were analyzed with the
Langmuir, Freundlich, and Sips models. Detailed explanations of these models and their
parameters are provided in the Supplementary Materials (Part I).
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3. Results and Discussion
3.1. Characterization of RHB

As the pyrolysis temperature increased from 400 °C to 600 °C, the pH of RHB
rose from 9.81 to 10.29, and the ash content increased from 35.42% to 42.39% (Table 1).
The pore structure of RHB was simultaneously improved. The SSA increased from
22.04 m?/g to 38.41 m?/g, and the PV increased from 0.0663 cm?®/g to 0.1206 cm?®/g,
while the average pore diameter decreased from 15.31 nm to 4.08 nm. Elemental composi-
tion analysis showed a decrease in the H/C ratio from 0.064 to 0.053, while the O/C and
(O + N)/C ratios increased from 0.156 and 0.169 to 0.340 and 0.351, respectively.

These changes reflect the concurrent cracking of volatile components and condensation
of the carbon skeleton during high-temperature pyrolysis. The increased aromaticity (lower
H/C) and the formation of new pores led to more developed micro-/mesopores, resulting
in higher SSA and pore volume (PV) (Figure S2) [34]. Simultaneously, oxides/carbonates
such as SiO;, K, Ca, and Mg, inherent to rice husks, became relatively enriched, increasing
ash content and alkalinity [35]. The characterization results indicate that RHB600 relies
more on pore-filling and hydrophobic effects for DIN adsorption, whereas the polar func-
tional groups on RHB400 favor adsorption via hydrogen bonding and Lewis acid-base
interactions [36].

The FTIR spectra (Figure S3) showed characteristic peaks that were assigned to key
functional groups. The band at 790-820 cm ! is predominantly attributed to the symmetric
stretching vibration of Si-O-5i bonds [24,37], which is a characteristic feature of rice husk
biochar due to its high silica content. While this region can potentially overlap with
aromatic C—H out-of-plane bending, the assignment to Si-O-Si is strongly supported by
the concurrent presence of the intense, broad band at 1000-1160 cm~1, which corresponds
to the asymmetric stretching of Si-O-Si [38]. The band at 12001270 cm ™! was assigned to
C-O stretching in phenolic hydroxyl or ether groups. The spectral features in the 1510 cm ™!
and 1600-1645 cm~! regions are primarily attributed to the aromatic skeleton and C=C
stretching vibrations, consistent with the developing aromaticity of the biochar as indicated
by the decreasing H/C ratio [39]. It is noteworthy that these bands, particularly the one
at ~1600 cm 1, can also encompass overlapping contributions from stretching modes of
conjugated carbonyl (C=0) groups or C=C in polycyclic aromatic structures [40]. Peaks
in the 1720-1800 cm ™! range corresponded to C=O stretching in carbonyl and carboxyl
groups [41]. Peaks at 2970-3000 cm ™! indicated the presence of aliphatic -CH, groups.
RHB400 exhibited the most intense polar bands, suggesting that low-temperature pyrolysis
preserved more carbonyl and ether groups, providing hydrogen bond donors/acceptors
for DIN adsorption [36]. As the pyrolysis temperature increased, these polar sites were
gradually removed or rearranged, while the aromatic skeleton and pore structure became
more developed. Consequently, the aromatic C=C in RHB600 can engage in 7—7 interactions
with the aromatic furan ring present in the DIN molecule [26,42]. The polar moieties of
DIN (e.g., carbonyl and nitro groups) are primarily involved in hydrogen bonding, as
discussed elsewhere.

Two-dimensional correlation spectroscopy (2D-COS) FTIR was used to further an-
alyze the changes in functional groups with pyrolysis temperature (Figure 1). The syn-
chronous spectrum (Figure 1a) showed positive cross-peaks in regions such as C=0—C-O
(1250 x 1720 cm™!), aromatic C=C—C-O (1250 x 1600 cm~!), and O-H—Si-O-Si
(3400 x 1100 cm™'), indicating these groups changed in the same direction [43]. The
asynchronous spectrum (Figure 1b), interpreted with Noda’s rule, revealed the sequence
of functional group changes: aromatic C=C > C=0 > C-O. The O-H response preceded
5i—O-5i, which in turn preceded Si-OH (~950 cm 1) [43]. This sequential transformation
aligns with the established thermal degradation kinetics of lignocellulosic biomass and
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biomineral frameworks. The initial reorganization of aromatic structures and oxygen-
containing functional groups (below 500 °C) corresponds to the devolatilization and car-
bonization stages, where organic components decompose before significant inorganic
transformations occur [44,45]. The subsequent changes in silicate structures (above 500 °C)
reflect the temperature-dependent condensation kinetics of silica networks, where Si-O-5i
bond formation and rearrangement proceed more slowly than organic matrix decompo-
sition [44]. This delayed mineral framework reconstruction is characteristic of silica-rich
biomass like rice husk, where the biogenic silica structure requires higher activation energy

and longer residence time for structural reorganization compared to organic component
degradation [46].
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Figure 1. 2D-FTIR-COS (a) synchronous spectra and (b) asynchronous spectra of RHB.

These 2D-COS results indicate that with increasing pyrolysis temperature, the organic
polar groups and aromatic framework of RHB undergo rapid reorganization and partial
removal below 500 °C, while the mineral framework and surface silanols follow a slower,
diffusion-limited reconstruction process above 500 °C [44,47-49]. This thermal evolution
pattern suggests RHB400 primarily adsorbs DIN via polar sites and hydrogen bonding,
while RHB600 tends to rely more on pore-filling, hydrophobic, and 7— interactions [27].

3.2. Adsorption Kinetics

The dynamic adsorption trends of DIN onto RHB400, RHB500, and RHB600 are
shown in Figure 2a. All three RHBs exhibited a similar pattern: a rapid adsorption phase
within 0-30 min, where over 80% of the total adsorption capacity was achieved, followed
by a gradual slowdown between 30 and 120 min, eventually reaching equilibrium after
120 min. This is primarily because abundant vacant adsorption sites were available on the
RHB surface initially, facilitating fast DIN attachment. As these sites became occupied over
time, the availability decreased, leading to a reduced adsorption rate until equilibrium was
established [26].

Different models provide insights into the dynamic adsorption characteristics. The
pseudo-second-order model fitted the adsorption data better than the pseudo-first-order
model (Table S2), suggesting the process involves both physisorption and chemisorption,
with chemisorption being dominant. RHB600 exhibited a higher initial adsorption rate
(higher vp) compared to RHB400 and RHB500 [26]. The calculated initial adsorption rate
(vo) for RHB600 (2.01 mg g~ ! min~!) was substantially higher than values reported for
dinotefuran adsorption on corn cob biochar (1.36 mg g~! min~1) [50], highlighting the
superior kinetic performance of RHB600. The higher SSA, PV, developed microporosity,
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and exposed mineral-hydroxyl network of RHB600 provide more adsorption sites and
stronger pore-filling capacity, leading to its superior initial rate and equilibrium capac-
ity [26,27]. RHB400, with more polar functional groups but limited pore structure, relies
on external surface sites and hydrogen bonding, which restricts its overall adsorption
rate and capacity [20]. This trade-off between surface functionality and porous structure
in governing adsorption kinetics has also been noted in studies on engineered biochars,
but our results provide a clear quantitative illustration of this effect across a pyrolysis
temperature gradient [26].
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Figure 2. Adsorption kinetics data of DIN on RHB were fitted by (a) pseudo-first-order model and
pseudo-second-order model, (b) intra-particle diffusion model. (c¢) Adsorption isotherm data were
fitted by Langmuir, Freundlich and Sips model. (d) Site energy distribution of RHB.

The intra-particle diffusion model fitting results (Figure 2b, Table S2) showed that
the fitted lines for the diffusion stage did not pass through the origin, indicating that
both surface adsorption and intra-particle diffusion controlled the adsorption rate [26].
The larger intercept for RHB600 compared to RHB400 and RHB500 suggests a greater
contribution from surface adsorption, consistent with its richer surface functional group
structure. The multi-linearity in the intra-particle diffusion plot is frequently observed and
suggests that adsorption occurs through a multi-step process, starting with boundary layer
diffusion and followed by intra-particle diffusion, which is a common pattern in porous
biochar adsorbents [51].

3.3. Analysis of Isothermal Adsorption Results
3.3.1. Adsorption Isotherm

The adsorption isotherms of DIN on RHBs are shown in Figure 2c. The adsorption
capacity increased rapidly at low DIN concentrations and gradually approached saturation
as the equilibrium concentration rose. Within the tested concentration range, RHB600
exhibited a significantly higher adsorption capacity for DIN than RHB400 and RHB500.
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This enhancement is primarily attributable to its superior SSA and more developed pore
structure resulting from higher pyrolysis temperature, a trend well-documented for the
thermal activation of biochars [24]. As surface area significantly influences adsorbent
performance, the adsorption capacity was normalized by the SSA (Figure S4a). The non-
overlapping trends after normalization demonstrated that SSA was not the primary factor
causing the differences in DIN adsorption [51]. Other factors, such as pore structure
and surface functional groups, played more critical roles. This finding is consistent with
studies on other contaminants, which suggest that once a certain SSA threshold is met,
surface chemistry and pore architecture become the dominant factors governing adsorption
capacity [29,51].

The Langmuir, Freundlich, and Sips models were applied to analyze the adsorp-
tion behavior and mechanism. Both the Langmuir (R?: 0.9649-0.9868) and Freundlich
(R?: 0.9827-0.9894) models provided reasonably good fits (Table S3), suggesting that both
monolayer and multilayer adsorption could partially describe the process [39]. However,
due to the idealized assumptions of these models, the Sips model, a hybrid isotherm,
yielded the best fit (R?: 0.9932-0.9977) for this heterogeneous system [32]. The deviation of
the Sips parameter m from 1 indicated the presence of heterogeneous adsorption sites on
the RHB surface [32,39]. The m value for RHB600 was closer to 1 than those for RHB400
and RHB500, suggesting that higher pyrolysis temperature increased the homogeneity
of the active adsorption sites [32,39]. To contextualize the performance of our materials,
the maximum adsorption capacity (Qm) of RHB600 for DIN, as derived from the Sips
model (49.73 mg/g), compares very favorably with other adsorbents reported in recent
literature (Table S4). For instance, RHB600's capacity is substantially higher than that of
biochar-based composites like a magnesium oxide-biochar composite (2.18 mg/g) [27],
and vastly outperforms common minerals such as montmorillonite (2.28 mg/g) and kaoli-
nite (0.39 mg/g) [52]. This superior performance of a relatively unmodified rice husk
biochar underscores the inherent suitability of rice husk as a precursor for creating high-
capacity adsorbents for DIN, likely due to its unique combination of organic carbon and
inorganic silica.

3.3.2. Site Energy Distribution Theory

The Sips model was specifically selected as the basis for the site energy distribution
(SED) analysis due to its superior ability to characterize heterogeneous adsorption systems.
While the Langmuir model assumes a uniform surface with identical adsorption sites, and
the Freundlich model is an empirical equation for heterogeneous surfaces without a theo-
retical saturation limit, the Sips model serves as a hybrid that combines their advantages. It
not only predicts a monolayer saturation capacity (Q;;) but also introduces a heterogeneity
parameter (), which quantitatively describes the deviation from an ideal homogeneous
surface. The mathematical form of the Sips isotherm can be directly derived from and is
fundamentally linked to the concept of a quasi-Gaussian energy distribution, making it a
theoretically sound foundation for subsequent SED analysis [32,39].

Furthermore, the Sips model was linked to the SED theory, relating the macroscopic
adsorption process to adsorption energy [32,39]. Assuming the RHB surface possesses
adsorption sites characterized by a heterogeneous energy distribution, the relationship
between the energy distribution and the residual DIN concentration (Ce) can be expressed
by Equation (2):

—(E—-E E*
= CSEXP{ : RT S)} B CSGXP<_RT) ?
where Cs (mg/L) is the maximum solubility of DIN, R is the ideal gas constant
(0.008314 k] /mol/K), T is the Kelvin temperature (K), E (k] /mol) and Es (k] /mol) represent



Agronomy 2025, 15, 2746

11 of 27

the thermodynamic potential energy at DIN concentrations of C, and C;, respectively.
Therefore, the potential energy difference is E* = E — E.

Therefore, for heterogeneous adsorbent RHB, the relationship between the adsorption capac-
ity Q. of DIN and the adsorption potential energy can be expressed by Equations (3) and (4):

+00
Qu(Ce) = /0 F(E*) dE” 3)
F(er) = ~2Q%(E) @

Therefore, the energy distribution function F (E*) derived from the Sips model can be
expressed as Equations (5) and (6) [32,39]:

(KsCo)l/™. exp(

) = Q- T
e =a mRT[1+(1<Sc Y™ ex (

) :
E)} )

E}, = RTIn(ksCs) (6)

Ks and m are parameters in the Sips model, and the characteristic energy E;,* (k] /mol)
corresponds to the critical point of the energy distribution, where E* < E;,* is the low-energy
adsorption site, and vice versa is the high-energy adsorption site (E* > E,,;*) [41].

The quasi-Gaussian properties of the F (E*) function indicate that its weighted average
(¢, Equations (7) and (8)) can be used to represent the adsorption affinity between RHB and
DIN, while the standard deviation (¢, Equation (9)) can be used to evaluate the uniformity
of RHB surface composition [28]. The higher the yu value, the stronger the adsorption
affinity between the two, and the smaller the o value, the more uniform the surface energy
distribution of RHB.

T E*F(E*)dE*
]’l(E*>: Ex — (7)
- F(E*)dE*
1 E¥2F(E*)dE*
*2\ _ JEx
p(E7) = F(E")dE- ®)
07 = \(E?) — u(E*) ©)

The SED profiles for DIN adsorption on RHBs, derived from the Sips model, are shown
in Figures 2d and S4b. Figure S4b shows that the adsorption energy decreased rapidly with
increasing adsorption capacity for all RHBs. This inverse relationship indicates that DIN
molecules preferentially occupied high-energy sites before adsorbing onto lower-energy
sites [32,39].

Furthermore, RHB600 showed a larger ¢,* value from the SED function compared
to RHB400 and RHB500 (Figure 2d), indicating stronger energy heterogeneity for the
latter two [26]. This is attributed to their greater abundance of surface functional groups
and lower aromaticity. The mean site energy, i1(E*), was higher for RHB600, indicating a
stronger overall adsorption affinity for DIN. This benefits from RHB600's more developed
microporous structure and oxygen-containing functional groups, enhancing pore-filling
and hydrogen bonding interactions [26,53].

It is noteworthy that the maximum adsorption capacity of RHB600 for DIN compares
favorably with a wide range of other adsorbents reported in the literature, as summarized
in Table S4. The adsorption capacities of common minerals, such as clay or Kaolin, were
lower than that of RHB. Some microplastics and wood-based biochar also have less ideal
adsorption effect on DIN than RHB. This positions RHB600, derived from abundant agri-
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cultural waste, as a highly competitive material for practical applications. Overall, RHB600
is a more suitable candidate for removing DIN from aqueous solutions and was therefore
selected for further investigation into the effects of environmental factors.

3.4. Adsorption Thermodynamics

The adsorption of DIN on RHB600 was investigated at three common environmental
temperatures (288.15 K, 298.15 K, and 308.15 K). The results indicated that the adsorp-
tion capacity of RHB600 for DIN gradually increased with rising temperature (Figure
S5), suggesting that elevated temperature activated more adsorption sites. The thermo-
dynamic parameters are listed in Table S5. The negative value of the Gibbs free energy
change (AG) across all temperatures confirmed the spontaneity of the adsorption pro-
cess, and the decrease in its value with increasing temperature indicated enhanced spon-
taneity at higher temperatures [51]. The positive enthalpy change (AH) revealed the
endothermic nature of the adsorption. The magnitude of AH (less than 20 kJ/mol) is
consistent with a physisorption-dominated process, which may involve forces such as
van der Waals interactions, pore filling, and weak hydrogen bonding [54]. The positive
entropy change (AS) suggests an increase in the overall disorder of the system. This can
be attributed to the release of bound water molecules from the surfaces of both RHB600
and DIN upon adsorption, as well as an increased freedom of the adsorbed species at the
solid-liquid interface.

The SED analysis, derived from the Sips model, provides a complementary, micro-
scopic perspective on the adsorption energy landscape under different temperatures. It is
important to distinguish these SED-derived energy values (E, Ey,) from the macroscopic
thermodynamic parameters; the former describe the energy heterogeneity of specific ad-
sorption sites, while the latter reflect the net energy change of the entire bulk system. The
SED analysis showed a rapid decrease in adsorption energy with increasing adsorption
capacity (Figure 3a), indicating that higher-energy sites are occupied first. The fact that
the overall energy distribution shifted towards higher values with increasing temperature
(Figure 3b, Table S6) suggests that a greater proportion of adsorption sites became accessible
and effective, which may be due to enhanced molecular diffusion and a higher probability
of overcoming energy barriers at elevated temperatures. This is because higher temperature
reduces the viscosity of the solution, decreasing diffusion resistance at the solid-liquid
boundary and facilitating faster binding of DIN to RHB600 [28]. The characteristic energy,
E.*, increased from 18.24 k] /mol at 288.15 K to 22.38 kJ /mol at 308.15 K, reflecting this shift
in the energy profile [32,39]. The increase in the mean site energy, y1(E*), with temperature
further confirms the enhanced affinity between RHB600 and DIN.

304

E* (kJ/mol)
b

204

b -m--288.15K
m 288.15K E,=18.24 kJ/mol
A 298.15K a )=
H(E)=21.31 kJ/mol
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¢ =
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Figure 3. (a) Site adsorption energy (E*) against DIN adsorption capacity of RHB600, and (b) site
energy distribution of RHB600 at different temperatures.
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3.5. Influence of Individual Environmental Factors
3.5.1. Ionic Strength

The effect of ionic strength on DIN adsorption by RHB600 was generally not significant
(Figure S6a). When the ionic strength increased from 0 to 1 mM, the adsorption capacity of
DIN increased by 0.61 mg/g. However, a further increase to 20 mM led to a decrease of
2.53 mg/g. This suggests that low ionic strength can promote DIN adsorption, primarily
because Na* ions neutralize some negative charges on the RHB600 surface and compress
the electrical double layer, thereby reducing electrostatic repulsion between RHB600 and
DIN [26,53]. At higher ionic strengths (>10 mM), Na* ions form weak electrostatic inter-
actions with the RHB600 surface, which weakens hydrogen bonding between DIN and
the polar functional groups on the biochar surface [27]. Additionally, Na* ions and their
associated water clusters can occupy some adsorption sites, leading to a decrease in DIN
adsorption [55].

3.5.2. Adsorbent Dosage

The dosage of RHB600 significantly influenced DIN removal (Figure 4a). At lower
dosages (<0.02 g in this study), the adsorption capacity of DIN increased with the RHB600
dose because DIN was in excess and could fully occupy the available adsorption sites [39].
Since the initial DIN concentration was fixed, adding more than 0.02 g of RHB600 provided
abundant total adsorption sites, sufficient to accommodate all DIN molecules in the system.
This resulted in underutilization of some sites and a consequent decrease in the apparent
adsorption capacity [56]. The DIN removal efficiency increased from 46.30% to 77.19%
as the RHB600 dosage rose from 0.01 g to 0.02 g. Further increases in dosage did not
significantly improve removal efficiency. Therefore, a dosage of 0.02 g was identified as
optimal for this system.
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Figure 4. Effects of (a) dose, (b) initial pH value on DIN adsorption by RHB600. (c) Scatter kernel
density diagram of RHB600. (d) Effects of HA concentration on DIN adsorption by RHB600.
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3.5.3. Solution pH

Solution pH is a key factor affecting adsorption, as it influences both the speciation of
DIN and the surface charge/functionality of RHB600. The adsorption capacity of DIN on
RHB600 increased with rising initial pH (Figure 4b, Q. from 12.60 mg/g to 20.14 mg/g), and
good performance was maintained over a wide pH range. The kernel density distribution
of Q. under different pH conditions showed an overall increasing trend, with the highest
density area concentrated between pH 5.5 and 7.5 (Figure 4c). As shown in Figure S7a,
DIN exists predominantly in its neutral or inner salt form (DIN®) at pH > 3.0. Within
this pH range, the RHB600 surface is negatively charged (Figure S7b, Table S7). Therefore,
electrostatic interaction was not the driving force for adsorption [27,56]. The increase in
pH promotes the deprotonation of functional groups like Si-OH and C-OH on RHB600,
which can form hydrogen bonds with -NH and -CONH- groups in DIN molecules, thereby
enhancing adsorption [26]. The 7t— interactions between the aromatic moieties of RHB600
and DIN are relatively insensitive to pH changes [26]. Furthermore, the solvent layer on
the RHB600 surface becomes thinner under alkaline conditions, potentially enhancing
pore-filling and hydrophobic effects.

3.5.4. HA Concentration

The concentration of HA in the system significantly altered the adsorption capacity
(Figure 4d). A low HA concentration (1 mg/L) increased DIN removal by 9.04%. At this
level, HA molecules initially adsorb onto RHB600, forming a sparse organic coating [26].
The aromatic fragments and polar groups of HA provide additional 7-systems and hydro-
gen bonding sites on the RHB600 surface and pores, potentially enhancing DIN adsorption.
Simultaneously, low-concentration HA does not fully occupy the adsorption sites, resulting
in weak competition with DIN [27]. These combined effects lead to the observed increase.
In contrast, high concentrations of HA significantly inhibited DIN removal (p < 0.05), with
reduction rates ranging from 8.76% to 51.54%. This is because excessive HA molecules
coat the RHB600 surface, blocking most adsorption sites and drastically reducing access
for DIN [27]. Additionally, HA in solution can bind with free DIN molecules, hindering
their diffusion into RHB600 micropores or formation of hydrogen bonds, thus severely
suppressing adsorption.

3.5.5. Co-Existing Anions

Wastewater or environmental waters often contain various anions (e.g., NO3~, PO43—,
Cl—, SO427), which may interfere with DIN adsorption. As shown in Figure S6b, NO3;~,
Cl~, and SO42~ had no significant effect (p > 0.05), whereas PO4>~ significantly inhibited ad-
sorption (p < 0.05). This is because PO,3~ competes with DIN for the same adsorption sites.
This is because PO4%~, a common oxyanion in aquatic environments, competes with DIN
for the specific adsorption sites on the biochar surface, a phenomenon well-documented for
phosphate on engineered and waste-derived adsorbents [57]. Chen et al. reported a strong
affinity of biochar for phosphate [58]. The adsorption of PO4%~ onto RHB600 blocks a por-
tion of the sites, reducing the capacity for DIN. Thus, PO4>~ can significantly inhibit DIN
adsorption via competitive adsorption. Typical phosphate concentrations in freshwater
systems range from 0.01 to 2 mg/L, while wastewater can contain 2-10 mg/L PO,3~ [59].
At environmentally relevant concentrations (<1 mg/L), the inhibitory effect would be
moderate, but in phosphate-rich wastewater (>5 mg/L), significant inhibition (up to 40%)
may occur, requiring dosage adjustment in practical applications. In contrast, NO3;~, CI~,
and SO,2~ primarily form weak electrostatic interactions or occupy weak adsorption sites
on the RHB600 surface, resulting in negligible inhibition [27]. Their typical environmental
concentrations (NO3~: 0.1-50 mg/L; C17: 1-200 mg/L; SO42~: 2-200 mg/L) [60] do not
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substantially compromise DIN removal by RHB600, highlighting the material’s selectivity
in complex water matrices.

3.5.6. Co-Existing Cations

The presence of cations with different valences (Na*, K*, Ca?*, Fe?*) in the solution
can also affect DIN adsorption (Figure S6¢c). Monovalent cations showed no significant
influence (p > 0.05), due to their low charge density and stronger interaction with water
molecules than with the RHB600 surface. Both Ca?" and Fe’* significantly enhanced DIN
adsorption (p < 0.05), increasing the adsorption capacity by 12.27% and 19.76%, respectively.
This suggests that di- and trivalent cations enhance the interaction between RHB600 and
DIN via cation-bridging, where the cation forms complexes with both the negatively
charged biochar surface and the polar groups of DIN [61]. Compared to Ca®*, Fe** exhibits
stronger bridging ability due to its higher charge density and Lewis acidity, enabling more
effective coordination with both adsorbent and adsorbate [27]. Furthermore, Fe3* can
hydrolyze in solution to form Fe(OH)y polymers, providing new metal oxide surfaces for
adsorption, thereby significantly increasing the adsorption capacity [62]. These hydrolysis
products can adsorb onto the RHB600 surface, creating new iron (hydr)oxide interfaces
with high affinity for DIN molecules through ligand exchange and surface complexation
mechanisms [63]. Thus, according to the results of this experiment, at environmentally
relevant Fe3* levels (<1 mg/L), DIN adsorption would increase by approximately 5-8%,
while in iron-rich groundwater or acid mine drainage, enhancement could exceed 15%.

3.6. Interactive Effects of Combined Environmental Factors
3.6.1. RSM Analysis

Table S8 presents the matrix of variables from the Central Composite Design (CCD),
the experimental values of DIN removal efficiency, and the corresponding predicted values
from the RSM model. Based on the experimental results from this design matrix, an empiri-
cal model function for the response surface was obtained (Equation (10)). This equation
describes the nonlinear relationship between the three variables and DIN removal effi-
ciency [29]. Additionally, the associated Analysis of Variance (ANOVA) information is listed
in Table S9. The RSM model achieved an R? value of 0.9790, indicating its high accuracy
in predicting DIN removal by RHB600. The model’s high F-value (118.74) and significant
p-value (<0.0001) confirm its statistical significance for simulating the adsorption process.

y =59.2 — 9.64x1 + 3.55x5 — 1.24x3 — 0.6024x12 + 0.1826x5% — 0.0755x3%+

10
0.4506x1x2 — 0.4975x1x3 — 0.1519x5x3 — 0.0475x1x2x3 (19

The RSM analysis revealed that the adsorption of DIN onto RHB600 was significantly
influenced by the synergistic effects of solution pH and HA concentration, while the interac-
tion with ionic strength was relatively weaker (Figure 5 and Figure S8). These results reflect
the varying roles of electrostatic interactions and surface complexation under different
pH conditions. At lower pH, the RHB600 surface bears protonated functional groups
(e.g.,, -COOH, -OH)), facilitating electrostatic attraction and hydrogen bonding with amino
or carbonyl groups in DIN [35]. As pH increases, surface deprotonation leads to nega-
tively charged sites. HA molecules, containing abundant carboxylic and phenolic hydroxyl
groups, compete with DIN for adsorption sites or form soluble complexes, reducing the
effective DIN concentration in solution [18]. Thus, higher HA concentrations generally
inhibit adsorption. The influence of ionic strength primarily involves charge shielding [61].
A moderate increase can promote ion redistribution and reduce surface potential barriers,
enhancing adsorption within a certain range [64]. However, excessively high ionic strength
compresses the electrical double layer and weaken the driving force of adsorption [55].
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Overall, the RSM model effectively elucidated the multi-factor interactions governing DIN
adsorption on RHB600.

0 4 8 12 16 20
A: HA

Figure 5. Effect of solution pH-HA-IS concentration on adsorption capacity of RHB600: (a,c) the
response surface diagram of RHB600, (b,d) the contour map of RHB600.

3.6.2. ANN Analysis

The experimental dataset was divided into 70% for training, 15% for testing, and 15%
for validation to enhance the reliability and generalizability of the ANN model. A suitable
ANN topology was established after 5 iterative training (Figure S9). Figure 6 shows that the
correlation coefficients (R) for the training, testing, and validation phases of the ANN model
all exceeded 0.99, indicating a highly satisfactory response of this topology for predicting
RHB600 adsorption [29]. The predicted DIN removal efficiencies under the trained ANN
topology showed excellent agreement with the experimental values, demonstrating the
model’s capability for predicting removal efficiency under specific conditions of pH, ionic
strength, and HA concentration.
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Figure 6. Regression plot for training data, validation data, testing data, and overall data.

3.6.3. Comparison and Validation of RSM and ANN

Both RSM and ANN are excellent models for handling linear and nonlinear multivari-
ate relationships [65]. Both models produced predicted values for DIN removal by RHB600
that closely matched the experimental data (Table S8). The RSM model offers a regression
equation (Equation (10)), which is useful for prediction and determining optimal conditions.
However, a key limitation of RSM is its restriction to second-order nonlinearities [66]. In
contrast, the ANN model can handle nonlinearities of any form [65]. The performance of
both models was evaluated using the sum of squared errors (SSE), mean squared error
(MSE), average relative error (ARE), and coefficient of determination (R?), calculated via
Equations (11)—(14) [65,66]. Table 2 lists the R?, MSE, SSE, and ARE values for both the
training and checking sets of RSM and ANN. The results show that the ANN model outper-
formed the RSM model across these metrics. Therefore, the ANN demonstrated superior
accuracy and predictability compared to RSM for forecasting DIN removal by RHB600.

N

Z (yi,exp - }/i,pred)z
sz =\ = ()
1Y 2
MSE = NZ(yi,pred - ]/i,exp) (12)
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ARE _ 100 i Yipred ~ Yiexp |, (13)
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where N is the number of experimental data, y; ;res and y; .y, are the predicted and experi-
mental values, respectively. Yaug exp is the average of experimental values.

Table 2. Error rates of the RSM and ANN prediction models.

RSM ANN
Index Training Checking Training Checking
R? 0.9751 0.9908 0.9916 0.9942
MSE 2.3492 0.6842 0.7867 0.4341
SSE 1.5327 0.8272 0.8870 0.6589
ARE 1.9539 1.2760 1.1096 0.7652

3.7. Reusability of RHB600

The reusability and stability of an adsorbent are crucial metrics for assessing its
commercial potential. After five adsorption-desorption cycles, ethanol recovered 55%
of the initial adsorption capacity of RHB600, while HCl and NaOH recovered 38% and
40%, respectively (Figure S10). Ethanol was significantly more effective as a desorbing
agent than HCl or NaOH. This is because DIN adsorption on RHB600 relies primarily on
reversible weak interactions such as hydrophobic effects, m— interactions, and hydrogen
bonding [26,27]. Ethanol alters the solvation structure and reduces the dielectric constant
of the polar solvent, facilitating DIN desorption from the pores and surface of RHB600
without causing severe corrosion or altering its surface structure significantly [67]. HC]
protonates the oxygen-containing groups on RHB600 and may leach soluble metals from
the ash, reducing hydrogen bonding or Lewis basic sites [13]. NaOH may etch the silicon
skeleton of RHB600 or enhance surface deprotonation, introducing a thicker hydration
layer [35]. This can lead to reduced pore size in subsequent adsorption cycles and lower
affinity between DIN and the RHB600 interface. Furthermore, HCl and NaOH treatments
may strip weakly bound aromatic fragments from RHB600, diminishing its capacity for
77t interactions with DIN.

Despite ethanol being the most effective desorbent, the gradual decline in adsorption
capacity to 55% after five cycles indicates some irreversible processes occurring during
repeated use. The performance loss could be attributed to several factors. First, irreversible
pore blockage might occur, where a fraction of the DIN molecules or their transformation
products, as well as potential humic acid residues from the environmental factor experi-
ments, become strongly trapped within the micropores of RHB600, thereby reducing the
accessible surface area and pore volume for subsequent adsorption cycles [26]. Second, al-
though ethanol is relatively mild, cumulative surface chemical alteration cannot be entirely
ruled out. This may include the irreversible binding of DIN to high-energy sites or slight
changes in the surface functional groups that are critical for hydrogen bonding and 7—mt
electron donor-acceptor interactions [26,27]. To mitigate this performance loss in future
applications, strategies such as employing a sequential wash with ethanol followed by a
milder solvent to flush out trapped residues, or implementing a low-temperature thermal
regeneration process in an inert atmosphere to decompose stubborn contaminants without
damaging the biochar structure, could be explored.

3.8. Adsorption Mechanism

The FTIR spectra of RHB600 after adsorption of DIN at different initial concen-
trations (040 mg L~!) are shown in Figure S11. The intensities of the O-H stretching
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broad band (3000-3700 cm ™), the C=0/C=N region (1680-1800 cm™1), the aromatic C=C
(1580-1660 cm™1), C-O (phenolic hydroxyl/ether, 1200-1270 em™1), Si—O-Si (1000-1160 cm™1),
and Si-OH (930-965 cm™!) all increased with rising DIN concentration. Bands directly
associated with DIN functional groups also showed synchronous enhancement. For in-
stance, the peak intensities for NO, asymmetric stretching (15351560 cm ') and symmetric
stretching (1330-1370 cm ') increased by 20.7% and 21.8%, respectively, and the C-N peak
(1215-1245 cm™ 1) intensity increased by 21.4%. These results confirm the enrichment of
DIN molecules on the surface and within the pores of RHB600 [53]. The 2D-COS syn-
chronous spectrum (Figure 7a) showed predominantly positive cross-peaks between the
aforementioned bands, indicating their synchronous and concerted changes with increasing
DIN concentration [49]. The asynchronous spectrum (Figure 7b) revealed the sequential
response of key bands of RHB600. The C-O (1250 cm~!) and Si—O-Si (1100 cm™!) re-
sponded first (C-O slightly preceding Si-O-Si), followed by the aromatic C=C (1600 cm~1).
The response of C=0/C=N (1720 cm~!) was slower, while the -OH response was the last.
Comparison with DIN fingerprint bands showed that the response of the NO, group at
1350 cm ™! lagged behind those at 1720 cm ! and 1600 cm !, suggesting its spectral changes
correspond to later-stage conformational adjustments [43,49].

This sequence of functional group response provides direct, time-resolved evidence for
the adsorption mechanism. The earliest response of C—O and Si-O-Si groups signifies that
they serve as the primary active sites for the initial anchoring of DIN molecules through
hydrogen bonding and Lewis acid-base interactions [49]. Specifically, the C-O groups
(e.g., phenolic -OH, ether) act as hydrogen bond donors/acceptors, while the siloxane
network (Si—-O-5i/5i-OH) provides Lewis acid-base interaction sites, facilitating the “initial
anchoring” of DIN. The subsequent response of aromatic C=C confirms the synergistic role
of m—m interactions in stabilizing the adsorbed DIN, particularly within the hydrophobic
microporous structure of RHB600 [26,27]. The delayed enhancements of C=O/C=N and
O-H bands suggest a later-stage strengthening of hydrogen bonds and a rearrangement of
the hydrogen-bonding network after the initial adsorption.

At low DIN concentrations, the oxygen-containing groups (C-O) and the mineral silox-
ane network (5i-O-5i/Si—-OH) on the RHB600 surface changed first. This indicates that DIN
initially anchors to polar sites and the amorphous silica-ash interface via hydrogen bond-
ing, Lewis acid-base, and charge-assisted interactions [24,49]. The preferential response of
C-O suggests that phenolic hydroxyl/ether bonds are crucial for initial DIN adsorption
and reducing diffusion barriers [43,49]. The earlier response of aromatic C=C compared
to C=0/C=N indicates that m—m/7m-m* interactions contribute synergistically to the hy-
drophobic partitioning and pore stabilization of DIN [26]. The subsequent enhancement of
C=0/C=N reflects stronger hydrogen bonding and charge transfer between the adsorbed
DIN molecules and the -OH/C-O sites on the RHB600 [26,27]. The delayed response
of O-H is consistent with the sequence of related cross-peaks (1720 cm~1—3400 cm™!,
1100 cm~'—3400 cm™1!), implying a lagged rearrangement of the hydrogen-bonding
network after DIN occupies the adsorption sites [27,49]. This arises from both the re-
coordination of -OH groups on RHB600 and an increase in bound water molecules around
the adsorbed DIN.

The XPS results of RHB600 before and after DIN adsorption are shown in Figure 7c—f.
In the C1s spectrum (Figure 7c,e), characteristic peaks for C-C/C=C, C-O, and O-C=0 ap-
peared at 284.7 eV, 285.5 eV, and 288.6 eV, respectively. After DIN adsorption, the O-C=0 peak
shifted to 288.2 eV. Furthermore, new peaks appeared at 286.7 eV and 290.8 eV, corresponding
to C=N and C-N, confirming the adsorption of DIN molecules on the RHB600 surface [49].
In the O1s spectrum (Figure 7d,f), the peaks for C=0O and O-H shifted from 531.7 eV and
534.9 eV to 531.8 eV and 535.2 eV, respectively. After DIN adsorption, the formation of
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hydrogen bonds and Lewis acid-base interactions between the C-O groups of RHB600 and
the C=0/C-N groups of DIN led to an increased contribution of C-O/C-N, C=0, and
O-C=0 in the C1s spectrum, accompanied by a slight shift in binding energy [43,49]. The
synchronous enhancement of C=0O and C-O in the Ols spectrum indicates the participation
of inorganic ash components and oxygenated sites in coordination and hydrogen bond-
ing. The core peak for C-O at 533.5 eV showed no significant shift, suggesting that DIN
adsorption primarily involves multisite non-covalent binding and pore-filling [43,49].
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Figure 7. Adsorption behavior and changes in RHB600 after DIN adsorption. (a) Synchronous
spectrum and (b) asynchronous spectrum generated from FTIR analysis of RHB600 with DIN
(040 mg/L) binding in the region of 400-4000 cm~!. XPS spectra of C and O elements in RHB600
(c,e) before and (d,f) after DIN adsorption.

To further understand the adsorption mode, electrostatic potential (ESP) analysis was
conducted for RHB600 and DIN (Figure 8). The positively charged hydrogen atoms of
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-OH/-COOH groups at the edges of RHB600 form strong directional hydrogen bonds
with the negatively charged regions of the NO,-O and carbonyl oxygen of DIN [26,68].
Conversely, the negatively charged regions of C=0/C-O-C on RHB600 act as hydrogen
bond acceptors, complementarily coordinating with the -NH and positively charged C=N
groups of DIN [26]. This explains the preferential response of C-O and Si-O-5i in 2D-COS
and the slight positive shifts of C-O/C=0 in XPS. The continuous, weakly polar, negatively
charged aromatic basal planes of RHB600 readily engage in 7—m interactions with the
furan/aromatic heterocycles of DIN [26,43]. This provides a stable internal structure and
facilitates pore allocation for DIN adsorption.
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Figure 8. (a-f) Mapping of the electrostatic potential on electron isopycnic surface. The gray atom is
carbon, the white atom is hydrogen and the red atom is oxygen. The blue area reflects the positive
polarity, whereas the red reflects the negative polarity.

The synergistic adsorption mechanisms of DIN on RHB600, as elucidated by the
combined evidence from FTIR, 2D-COS, XPS, and DFT analysis, are summarized in Table 3.
This table provides a concise correlation between each proposed mechanism—namely,
pore filling, — interactions, hydrogen bonding, and Lewis acid-base interactions—and
the specific experimental observations that support them. Collectively, the data supports
a multi-step adsorption process: DIN is initially anchored to polar C-O and Si-O-Si
sites via hydrogen bonding, as indicated by their prior response in the 2D-COS analysis;
subsequently, the molecule is stabilized through 7t—m interactions with the aromatic biochar
matrix and further entrenched within the micropores via pore-filling.

Table 3. Summary of proposed adsorption mechanisms and corresponding experimental evidence.

Proposed Mechanism

Experimental Evidence Key Observations and Interpretation

Pore Filling

Increase in SSA and microporosity with pyrolysis
SSA Analysis temperature (RHB400 to RHB600) correlates with
enhanced adsorption capacity.

The intra-particle diffusion model indicates that pore

Adsorption Kinetics diffusion is a rate-controlling step.
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Table 3. Cont.

Proposed Mechanism

Experimental Evidence Key Observations and Interpretation

-7t Interaction

Enhancement of aromatic C=C (1600 cm™~!) band; Its
FTIR & 2D-COS response after C-O in 2D-COS suggests a synergistic
role following initial anchoring.

Appearance of new C=N and C-N peaks in the Cls
XPS spectrum after adsorption, confirming the proximity of
DIN’s aromatic rings to the biochar surface.

Complementary negative ESP regions on RHB600's
DFT (ESP Analysis) aromatic basal planes and DIN’s furan ring facilitate
electron donor-acceptor interactions.

Hydrogen Bonding

Synchronous increase in O-H, C=0, C-O bands with
DIN concentration; The earliest response of C-O and
5i-0-5i in 2D-COS identifies them as key initial
hydrogen-binding sites.

Shifts in the binding energy of O-C=0 (C1s) and O-H

XPS (O1s) peaks after adsorption, indicating strong polar
interactions.

FTIR & 2D-COS

Strong directional complementarity between positive
ESP hydrogen atoms of RHB600's -OH/-COOH and
negative ESP oxygen atoms of DIN’s NO, and C=0
groups.

DFT (ESP Analysis)

Lewis Acid-Base Interaction

Shifts in binding energy and band intensity related to
XPS & FTIR oxygen and nitrogen-containing groups suggest
electron transfer.

The early response of Si-O-Si and Si-OH groups
2D-COS suggest the involvement of mineral components in
coordination.

4. Conclusions

This study systematically investigated the adsorption characteristics and mechanisms
of dinotefuran (DIN) onto rice husk biochar (RHB) prepared at different pyrolysis tem-
peratures (400-600 °C). The results demonstrate that pyrolysis temperature significantly
modulates the physicochemical properties of biochar. RHB600, with its developed mi-
croporous structure, high aromaticity, and suitable oxygen-containing functional groups,
exhibited the optimal DIN adsorption capacity (49.73 mg/g). The adsorption process
followed the pseudo-second-order kinetic and Sips isotherm models, indicating a multi-
layer, heterogeneous adsorption process dominated by chemical interactions. The primary
adsorption mechanisms involved the synergistic effects of pore-filling, —m interactions,
and hydrogen bonding. Among environmental factors, solution pH and humic acid con-
centration significantly influenced adsorption, while phosphate ions strongly inhibited
removal via competitive adsorption. The artificial neural network (ANN) model out-
performed response surface methodology (RSM) in predicting the interactive effects of
multiple factors. Furthermore, RHB600 demonstrated good regenerability using ethanol
as a desorbent, retaining 55% of its initial adsorption capacity after five consecutive
adsorption—desorption cycles.

Beyond its effective adsorption performance, RHB600 presents a compelling practical
advantage from a cost-benefit perspective. As evidenced in Table 54, the adsorption capac-
ity of RHB600 (34.50 mg/g by Langmuir model; 49.73 mg/g by Sips model) is comparable
to, and in many cases superior to, other reported adsorbents such as engineered biochar
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composites (e.g., 2.18 mg/g), magnetic nanosponges (0.92 mg/g), and aged microplastics
(approx. 8-9 mg/g). More importantly, the primary feedstock—rice husks—is an abundant,
low-cost, and globally available agricultural waste, the utilization of which also addresses
solid waste management issues. This stands in stark contrast to adsorbents that rely on
synthetic polymers, expensive chemicals, or complex manufacturing processes. Coupled
with its good regenerability using a common solvent like ethanol, RHB600 emerges not
only as a technically effective but also as an economically and environmentally sustain-
able option for decentralized or large-scale water treatment applications. In conclusion,
rice husk biochar is an efficient and renewable adsorbent with potential application for
remediating pesticide-contaminated water bodies.

5. Environmental Implications and Limitations

While this study demonstrates the high efficacy of RHB for DIN removal in controlled
laboratory settings, its translation to real-world applications necessitates a discussion of
environmental implications and inherent limitations.

Firstly, the end-of-life management of spent, pesticide-laden biochar is a critical con-
sideration. After saturation, RHB600 constitutes a concentrated waste product requiring
safe disposal or treatment. Landfilling poses a potential risk of pesticide leaching over
time. Alternatively, regeneration (as shown in Section 3.7) offers a waste-minimization
strategy, but the resulting concentrated desorbate still requires degradation, potentially via
advanced oxidation processes. A promising, yet to be explored, route is the deliberate aging
of the spent biochar in soil, where the strong adsorption capacity may gradually immobi-
lize the pesticide, reducing its bioavailability while utilizing the carbon-rich material as a
soil amendment.

Secondly, the potential leaching of soluble ash components from RHB, particularly
under acidic conditions, warrants attention. Rice husk biochar contains inherent metal
oxides (e.g., K, Ca, Mg). While our analysis confirmed the presence of these elements,
their long-term stability in different environmental matrices (e.g., acid rain-affected soils or
low-pH industrial wastewater) should be investigated in future studies to preclude any
secondary contamination.

Finally, the performance in complex, real-world wastewater remains a key limitation of
this work. Our experiments were conducted in idealized systems. Real agricultural runoff
or industrial wastewater contains diverse dissolved organic matter, suspended solids, and
a cocktail of other pesticides and pollutants, which could compete for adsorption sites or
foul the biochar surface, potentially reducing efficiency. Therefore, future research must
validate the performance of RHB in such complex matrices and develop pre-treatment steps
or biochar modifications to enhance its selectivity and robustness in practical scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy15122746/s1, Figure S1. Artificial neural network
architecture; Figure S2. Micromorphology of (a) RHB400, (b) RHB500, and (c) RHB600; Figure
S3. The FTIR spectra of RHB; Figure S4. (a) Adsorption isotherm of DIN on RHB normalized
by surface area, and (b) site adsorption energy (E*) against DIN adsorption capacity of RHB;
Figure S5. Adsorption isothermal data of DIN on RHB600 at different temperature, and the data was
fitted by Sips model; Figure S6. Effects of (a) ionic strength, (b) co-existing anions, and (c) co-existing
cations on DIN* adsorption by RHB600; Figure S7. (a) The speciation distributions of DIN versus pH
in the aqueous solution and (b) the zeta potential of RHB600; Figure S8. Effect of solution pH and IS
on adsorption capacity of RHB600: (a) were the response surface diagram of RHB600; (b) were the
contour map of RHB600; Figure S9. Best validation performance plot of combined trained model;
Figure S10. Effects of different desorbents on the cyclic adsorption—desorption of DIN by RHB600;
Figure S11. Differential FTIR absorbance spectra of RHB600 with different DIN concentrations
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Abbreviations

The following abbreviations are used in this manuscript:

RHB Rice husk biochar

RHB400 Rice husk biochar pyrolyzed at 400 °C
RHB500  Rice husk biochar pyrolyzed at 500 °C
RHB600  Rice husk biochar pyrolyzed at 600 °C
NEOs Neonicotinoid insecticides

DIN Dinotefuran

SSA Specific surface area

PV Pore volume

2D-COS  Two-dimensional correlation spectroscopy
SED Site energy distribution
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