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ABSTRACT: This study employed potassium carbonate (K2CO3) activation using ball
milling in conjunction with pyrolysis to produce biochar from one traditional Chinese
herbal medicine Atropa belladonna L. (ABL) residue. The resulting biochar KBC800 was
found to possess a high specific surface area (SBET = 1638 m2/g) and pore volume (1.07
cm3/g), making it effective for removing norfloxacin (NOR) from wastewater. Batch
adsorption tests confirmed its effectiveness in eliminating NOR, along with its excellent
resistance to interference from impurity ions or antibiotics. Notably, the maximum
experimental NOR adsorption capacity on KBC800 was 666.2 mg/g at 328 K, surpassing
those of other biochar materials reported. The spontaneous and endothermic adsorption
of NOR on KBC800 could be better suited to the Sips model. Additionally, KBC800
adsorbs NOR mainly by pore filling, with electrostatic attraction, π−π EDA interactions,
and hydrogen bonds also contributing significantly. The machine learning model revealed
that NOR adsorption on the biochar was significantly affected by the initial concentration,
followed by SBET and average pore size. Based on the random forest model, it is demonstrated that biochar is able to adsorb NOR
effectively. It is noteworthy that the use of low-cost pharmaceutical wastes to produce adsorbents for emerging contaminants such as
antibiotics could have greater potential for future practical applications under the ongoing dual carbon policy.

1. INTRODUCTION
Both humans and animals have relied heavily on antibiotics to
treat a variety of ailments, and their ultimate fate in the
environment has attracted considerable attention for a number
of years.1,2 Approximately 70% of the antibiotics that are not
completely metabolized are excreted into wastewater through
urine and feces and can potentially enter the human drinking
water supply through the water cycle, thereby posing a
significant threat to both aquatic ecosystems and human well-
being.3,4 In China, the annual consumption of antibiotics,
particularly norfloxacin (NOR), a broad-spectrum fluoroquino-
lone antibiotic known for its favorable pharmacokinetic
properties and potent antibacterial activity, reaches hundreds
of tons.5 Despite its widespread use, the escalating levels of NOR
residues in aquatic environments pose a growing concern. The
persistence of NOR in water systems heightens the likelihood of
antibiotic resistance, thereby compromising human immune
function and exacerbating allergic responses.6 Consequently,
cost-effective and environmentally friendly water treatment
technologies to enhance NOR elimination are urgently needed
and has become one of the major challenges.

Presently, the treatment technologies commonly employed
for NOR and other antibiotics include adsorption,7 biological
treatment,8 oxidation processes,9 and membrane filtration.10

Thereinto, the adsorption technique has gained significant
attention because of its efficiency, simplicity, cost-effectiveness,

and nontoxic nature.11 Various materials, such as carbon-based
materials,12 bentonite-chitosan composite,13 hydrogel,14

MOFs,15 and zeolite molecular sieves,9 can be utilized in the
adsorption process. A particularly effective adsorbent in the
antibiotic removal process is biochar (BC) owing to its large
surface area, abundance of surface functional groups, and
developed pores.16 Guy Laurent Zanli et al.11 synthesized a N-
doped biochar from cocoa shell, and they demonstrated a
Langmuir NOR adsorption capacity of 133.5 mg/g with a
contact time of 72 h. Wang et al.17 prepared a loofah activated
carbon-loaded agarose aerogel and presented a Langmuir NOR
adsorption capacity of 434.8 mg/g with an equilibrium time of
140 h. These adsorbents demonstrate deficiencies in terms of
low NOR adsorption capacity, inadequate adsorption efficiency,
and prolonged adsorption equilibrium time. Thus, it is crucial to
create an adsorbent that can efficiently eliminate environmental
contaminants on a vast scale in order to advance adsorption
technology.
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Chinese herbal medicine (CHM) is widely utilized in diverse
applications, leading to substantial residues that have emerged as
a predominant wastes stream in China. Atropa belladonna L.
(ABL), a well-known traditional CHM, is commonly used for
the management of gastrointestinal colic and the alleviation of
symptoms including excessive sweating, salivation, bradycardia,
vertigo, and syncope.18 The Henan Province serves as an ABL
planting base encompassing 3000 acres, from which harvested
ABL is supplied to local pharmaceutical factories for the
production of analgesic plasters. The substantial quantity of ABL
residue remaining contains lignin, cellulose, hemicellulose, as
well as various functional groups such as carboxyl and hydroxyl
groups, rendering it a valuable precursor for biochar synthesis.19

Despite the broad applicability of biochar derived from ABL, the
majority of current BC adsorbents necessitate the utilization of
multistep chemical activation using acids, alkali, or inorganic
salts. Among those chemical activation reagents, K2CO3 is a
milder activator due to its nontoxicity, weak corrosivity, and
environment-friendliness.20 In the activation process, K2CO3
plays a dual role by facilitating pore formation through alkaline
erosion and generating new micropores as a result of reactions
with carbon at elevated temperatures.21 Additionally, most
studies only evaluated the impact of a single variable on NOR
adsorption performance of BC, and the introduction of machine
learning (ML) effectively solves the challenge of assessing the
relative importance of each influential factor and their combined
effects on the material properties.22,23

Herein, our research demonstrated that ABL biochar can be
synthesized effectively with a large surface area and oxygen-rich
functional groups. The present research was designed with the
aim of investigating the optimal adsorption performance of the
prepared ABL biochar through batch adsorption experiments
(kinetics, isotherms, and thermodynamics). The surface
physicochemical properties of the obtained ABL biochar were
characterized. Besides, the mechanism of NOR adsorption on
the ABL biochar was scrutinized. Furthermore, random forest
(RF) was applied to build the prediction model for evaluating
the NOR adsorption on the prepared biochar. Additionally, the
model incorporates the material properties and adsorption
conditions, allowing for a comprehensive evaluation of the
relative importance and influence of each variable on NOR
adsorption capacity. Such findings hold considerable impor-
tance in guiding the treatment of real-world wastewater and
polluted groundwater contaminated with NOR.

2. MATERIAL AND METHODS
2.1. Chemicals and Materials. Traditional Chinese

medicine residue (A. belladonna L, ABL) came from a traditional
Chinese medicine factory in Henan. Norfloxacin (NOR)
(C16H18FN3O), oxytetracycline (OTC) (C22H24O9N2), pen-
icillin-G (PEN-G) (C16H17KN2O4S), erythromycin (ERY)
(C37H67NO13), sulfadiazine (SUL) (C10H10N4O2S), HCl,
NaOH, Na2SO4, Na2CO3, NaHCO3, NaCl, KCl, MgCl2, and
CaCl2 were bought from J&K Scientific. These reagents are all
analytical grade and used without further operations.
2.2. Synthesis of Adsorbents. 2 g of ABL and 2 g of K2CO3

were mixed in a ball mill for 20 min to produce the KB. The KB
was then heated in a tube furnace under N2 gas at temperatures
of 600, 700, and 800 °C, respectively, with a heating rate of 5 °C/
min. Heating at each temperature lasted for 1 h before KB was
cooled to room temperature in order to produce a series of
biochar products. Afterward, pyrolysis products were extracted,
washed with deionized water to neutral pH, filtered, and dried.

These samples were named KBC600, KBC700, and KBC800. The
ball-milled ABL sample was carbonized at 800 °C for 1 h, then
washed, dried, and ground; it was designated as BC800. In the
above samples, “K” represents “K2CO3”, “B” represents the ball
milling process, “C” represents the carbonization behavior, and
600, 700, and 800 represent the corresponding carbonization
temperatures. The characterization method of the ABL biochar
is detailed in Text S1.
2.3. Batch Adsorption Studies for NOR. A batch

experiment was conducted to investigate the effects of initial
pH (2−12), adsorbent dosage (0.2−1.0 g/L), adsorption time
(0−1440 min), interfering ions (Ca2+, Mg2+, K+, Na+, SO4

2−,
CO3

2−, and HCO3
−) at concentrations of 1 and 100 mmol/L, as

well as the impact of interfering antibiotics (ERY, OTC, PEN-G,
and SUL) at concentrations of 10 and 100 mg/L on NOR
adsorption. It was found that NOR measurement was not
affected by the presence of other antibiotics. In the
aforementioned experiments, alongside variations in pH levels,
solutions of HCl and NaOH with concentrations ranging from
0.1 to 1.0 mol/L were utilized for pH adjustment to a target of
7.0 ± 0.05. Following the attainment of adsorption equilibrium,
the final solution exhibited a measured pH value of 7.14 ± 0.05.
Furthermore, in investigations pertaining to the impact of initial
NOR concentration (ranging from 25 to 400 mg/L) on
adsorption capacity, as well as adsorption isotherm and the
thermodynamic analysis at temperatures of 298, 308, 318, and
328 K, the pH of the adjusted solution was maintained at 6.3 ±
0.05. After reaching the adsorption equilibrium, the final pH of
the solution was 6.42 ± 0.05.

In experiments with competitive substances, 5 mg of
adsorbent was added to 10 mL of a 100 mg/L NOR solution.
Each adsorption experiment was repeated three times under
identical conditions. The concentration of residual NOR was
determined using a UV−vis spectrophotometer (U-3900H,
Hitachi) at 273 nm. The adsorption capacity and removal rate of
NOR were determined using the following eqs 1 and 2.

=q
C C V

m
( )

e
0 e

(1)

= ×R
C C

C
( )

100%0 e
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where qe (mg/g) and R (%) are separately the equilibrium
adsorption capacity and removal rate of NOR; C0 (mg/L) and
Ce (mg/L) are separately the initial NOR concentrations and
equilibrium concentration; m (g) is the adsorbent dosage; and V
(L) is the NOR solution volume.

The adsorption kinetics, isotherms, and thermodynamics are
calculated using the equations provided in Table S1.
2.4. Regeneration Performance. The experiment in-

volved maintaining an NOR concentration of 100 mg/L and a
KBC800 dosage of 0.5 g/L. In each cycle, the KBC800 biochar
with adsorbed NOR was soaked with 1 M NaOH and a series of
purification steps such as continuous magnetic stirring and
rinsing with deionized water. After overnight in the oven, the
recovered biochar was used to explore its reusability and stability
in the next cycle. The desorption rate of NOR on KBC800 is
determined by eq 3.

= ×D
C V
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%
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where D (%) is the desorption ratio, Cd (mg/L) is the
concentration of NOR in the desorption solutions, Vd is the
volume of the desorption solution (mL); V, C0, and Ce are the
same as those defined earlier.
2.5. Machine Learning. In order to establish an ML model

suitable for evaluating the performance of biochar and AC
materials in removing NOR, the experimental data of NOR
adsorption on AC and BC materials were collected from a total
of 18 journal publications in the last 7 years. By carefully
reviewing the experimental data provided by these sources, 144
sets of relevant data for 44 adsorbents were obtained6,11,17,24−38

(Table S2). The input data for the ML modeling had 10
descriptors, encompassing 7 descriptors for the adsorbents (SBET
in m2/g, Dp in nm, pHpzc, C %, H/C, O/C and ash %), 2
descriptors for the adsorption conditions (T and pHsol), and the
ratio of initial NOR concentration to BC dose (C0 in mg/g).

During the training of ML model, to prevent possible data
leakage in the data-splitting process, the group selection
approach was selected. The group labels can be found in
Table S3. These data sets were then divided into training and
test sets in a 7:3 ratio for the purpose of constructing ML
models. Furthermore, a 5-fold cross-validation of the RF model
was conducted to avoid the model overfitting. Through repeated
experimental evaluations, the average value was determined as
the final result. A comprehensive analysis was conducted to
determine the NOR adsorption capacity on BC (qe, mg/g)
based on 10 key factors encompassing various physicochemical
properties and adsorption environments. More detailed
information can be found in the Supporting Information
(Text S2).

Figure 1. (a) N2 adsorption−desorption isotherm, (b) nonlocal density functional theory pore size distribution, (c) XRD patterns, and (d) TGA
profiles of ABL biochar.

Table 1. Pore Characteristics of ABL Biochara

samples SBET (m2/g) SMicro (m2/g) SMeso (m2/g) SLangmuir (m2/g) VMicro (cm3/g) VTotal (cm3/g) average pore diameter (nm) (NLDFT)

KBC800 1638 1086 552.0 2327 0.4950 1.072 2.617
KBC700 1007 813.6 193.2 1196 0.3250 0.5588 2.219
KBC600 605.3 460.2 144.8 741.1 0.1789 0.3603 2.381
BC800 257.2 88.37 168.4 335.8 0.06900 0.1688 2.692
KB 16.98 9.325 8.421 28.24 NA 0.02120 4.943

aNA: not available.
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3. RESULTS AND DISCUSSION
3.1. Characterization of Biochar. Figure 1a displays the N2

adsorption−desorption isotherms at 77 K of the obtained ABL
biochar. KB exhibits a low N2 adsorption capacity at very low
relative pressures, with minimal changes as the relative pressure
increases. The surface porosity of KB is extremely low, with an
SBET value of only 16.98 m2/g, representing the mixture nature of
K2CO3 and ABL residue. In contrast, KBC800, KBC700, and

KBC600, display typical type-I isotherms with H4 hysteresis
loops. The pore size distributions of these samples primarily fall
within the range of 0.4−2.5 nm (Figure 1b). The pore size
distributions of HK and BJH as shown in Figure S1 provide
evidence for the presence of abundant microporous and
mesoporous structures. An increase in pyrolysis temperature
results in a shift of the pore size distribution toward larger sizes.
Specially, a higher pyrolysis temperature range of 600−800 °C
leads to an increase in SBET from 605 to 1638 m2/g and VTotal

Figure 2. FTIR spectra of ABL biochar materials (a) and SEM patterns, KBC800 (b), KBC700 (c), KBC600 (d), BC800 (e), and KB (f).
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from 0.36 to 1.07 cm3/g (Table 1). The development of pore
structures is primarily accomplished through etching and the
release of gases from the carbon matrix during the activation
process. Initially, K2CO3 decomposes at elevated temperatures
(typically >700 °C) to generate K2O and CO2. Subsequently,

the carbon matrix interacts with CO2 to form CO, leading to the
creation of micropores.39 Furthermore, K2CO3 and K2O can
also react with the carbon matrix at temperatures exceeding 700
°C, generating gas and enhancing the pore structure.40

Additionally, BC800, obtained via direct pyrolysis of ABL after

Figure 3. Adsorption performance: the influence of adsorbent dosage (a), initial concentration of NOR (b), adsorption time (c), and the initial pH of
the solution (d) on the adsorption capacity and removal efficiency of NOR; ion composition distribution of NOR (e); zeta potential measurement of
KBC800 and KBC800 + NOR (f). [Adsorption conditions: (a) adsorbent dosage 0.2−1.0 g/L, C0,NOR = 250 mg/L, t = 1440 min, T = 25 °C, n = 3; (b)
adsorbent dosage 0.5 g/L, C0,NOR = 25−400 mg/L, t = 1440 min, T = 25 °C, n = 3; (c) adsorbent dosage 0.5 g/L, C0,NOR = 25−150 mg/L, t = 240 min, T
= 25 °C, n = 3; (d) adsorbent dosage 0.5 g/L, C0,NOR = 250 mg/L, pH = 2−12, t = 1440 min, T = 25 °C, n = 3]. Error bars represent standard deviation.
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ball milling, exhibits a type-I isotherm in the absence of K2CO3.
The BET surface area and total pore volume of the samples
containing K2CO3 are significantly higher than those without
K2CO3, suggesting that the presence of K2CO3 facilitates the
formation of a porous structure.41,42

Figure 1c shows that KB and KBC600 exhibit a large envelope
peak (002) within the 20−30° range, along with a broad
frequency peak near 43° (100), indicating the presence of
graphene within the disordered carbon crystallites.43−45 When
the pyrolysis temperature increases, the peak intensity of KBC700
and KBC800 at (002) and (100) weakens and the peak shape
broadens, demonstrating that the process of high-temperature
pyrolysis hinders the formation of amorphous pore walls and
facilitates the development of a graphite structure.41,46

Furthermore, when the pyrolysis temperature reaches a
sufficiently high level, the generation of K6Si3O9 and K2O
occurs.39

The thermal stability of the biochar is depicted in Figure 1d.
Except for KB, all other biochar obtained began to decompose at
temperatures higher than 450 °C, owing to the gradual
breakdown of lignin.47−49 Notably, KBC700, KBC800, and
BC800 exhibited no decomposition even at elevated temper-
atures of 500 °C, indicating excellent thermal stability.

Table S4 shows that high-temperature pyrolysis increases C
content and decreases H and O content through reactions like
dehydration, decarboxylation, and dihydroxylation.50 KBC800
exhibits the lowest H/C ratio, suggesting the strongest
aromaticity. Moreover, the (O + N)/C ratio reveals surface
polarity, with lower values indicating weak surface hydrophilicity
and polarity in KBC800.51 Consequently, the hydrogen bonding
between biochar and NOR is reduced, while π−π interactions
are enhanced. Meanwhile, excessive ash % is not conducive to
the formation of porous structures and the adsorption of
pollutants.52

Figure 2a illustrates the presence of peaks at specific
wavenumbers, namely, 3430 cm−1 (corresponding to the O−
H stretching vibration of phenol),53 2921 cm−1 (indicative of
stretching vibration of aliphatic C−H bonds), 1632, 1650, and
1573 cm−1 (associated with aliphatic or aromatic C�C or C�
O structures),54 near 1417 cm−1 (representing the bending
vibration of aliphatic C−H bonds),48 and 1030 cm−1 (related to
the stretching vibration of C−O bonds).49 These results suggest
that the biochar possess multiple functional groups, which can
potentially enhance the adsorption of NOR through π−π
interactions and hydrogen bonding.55,56

Figure 2b−d presents that the surfaces of KBC600, KBC700,
and KBC800 are relatively rough. Increasing the pyrolysis

Figure 4. Adsorption kinetics fitting: pseudo-second-order kinetic model (a); adsorption isotherm fitting: sips model (b); influence of interfering ions;
(c) and interfering antibiotics (d) in the solution on the removal efficiency of NOR. [Adsorption conditions: (a) adsorbent dosage 0.5 g/L, C0,NOR =
25−150 mg/L, t = 1440 min, T = 25 °C, n = 3; (b) adsorbent dosage 0.5 g/L, C0,NOR = 25−400 mg/L, t = 1440 min, T = 25−55 °C, n = 3; (c,d)
adsorbent dosage 0.5 g/L, C0,NOR = 100 mg/L, t = 1440 min, T = 25 °C, n = 3]. Error bars represent standard deviation.
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temperature leads to more abundant pore structures on the
surface of the materials owing to K2CO3 activation.36,38 Among
these samples, KBC800 exhibits a more porous structure (Figure
S1c,d). Figure 2e,f demonstrates that the surface of KB and
BC800 exhibits a relatively smooth lamellar structure without any
obvious pore structure.
3.2. Effects of Adsorbent Dosage, Initial Concen-

tration of NOR, Adsorption Time, and pH. The
effectiveness of the adsorption process is contingent upon
factors such as the quantity of adsorbent employed, the initial
concentration of NOR, and the adsorption time. Increasing the
amount of adsorbent initially improves the removal rate, but
eventually stabilizes as the adsorption capacity decreases (Figure
3a). This is because more adsorbent provides more adsorption
sites, allowing for faster removal of NOR. Once the adsorbent
dosage reaches a sufficient level, complete adsorption of NOR in
the solution occurs, leading to a gradual increase in the removal
rates.57 Specifically, a dosage increase from 0.2 to 1.0 g/L results
in an increase in the removal rate from 38.43 to 99.95%. Further
experiments were conducted with 0.5 g/L dosage to determine
the adsorption capacity.

Higher initial concentration of the adsorbate typically
enhances the adsorption capacity due to increased mass transfer
driving forces.58 Figure 3b shows that NOR adsorption capacity
increases by KBC800 (from 47.29 to 567.9 mg/g) as its initial
concentration increases from 25 to 400 mg/L. In spite of this,
KBC800 has a limited number of active sites, resulting in a
decreased removal efficiency.

As depicted in Figure 3c, the NOR removal rate is affected by
the contact time. The NOR removal rate increases rapidly in the
first hour, but further increasing the contact time does not
significantly improve the removal efficiency. This may occur due
to a reduced number of active sites on the KBC800 surface,
leading to a decline in the concentration gradient of NOR

between the solid and liquid phases. Consequently, the mass
transfer driving force diminishes.59

As depicted in Figure 3d−f, within the pH range of 2−12,
NOR adsorption capacity and removal efficiency initially
increase and then decrease, caused by the zeta potential of
KBC800 and the pKa value of NOR. After adsorption, the pHpzc of
KBC800 + NOR increases, suggesting successful adsorption of
NOR, particularly in the form of NOR+ under acidic
conditions.6 As pH increases, electrostatic repulsion decreases,
and the adsorption capacity of NOR increases. The highest
removal efficiency of 90% is observed at pH 6, where there is
electrostatic attraction between KBC800 and NOR within the pH
range of 4−8.75. These findings suggest that the electrostatic
interaction between NOR and KBC800 is a key factor in
controlling the adsorption process.
3.3. Adsorption Kinetics.Various kinetic models were used

to investigate the adsorption kinetics of NOR on KBC800,
including pseudo-first-order kinetics (PFO), pseudo-second-
order kinetics (PSO), Elovich, and intraparticle diffusion (IPD)
models (Figures 4a and S2). Table 2 presents the fitting
parameters of these models for different initial NOR
concentrations.

Initially, KBC800 adsorbs a lot of NOR molecules, thus
increasing its adsorption capacity. As the reaction progresses,
adsorption sites on KBC800 become fully occupied, leading to a
decrease in adsorption rate. The PSO kinetic model shows
higher R2 values (0.9559−0.9638) than the PFO and Elovich
models for NOR concentrations of 25−100 mg/L, indicating
that it better describes the adsorption process at lower NOR
concentrations. At a NOR concentration of 150 mg/L, the
Elovich kinetic model has the highest R2 value (0.9216),
suggesting it aligns closely with the adsorption process, which is
suitable for nonhomogeneous diffusion dominated by chemical
adsorption.38

Table 2. Parameters for Adsorption Kinetics Fitting

NOR solution (mg/L)

parameters 25.00 50.00 100.0 150.0

Pseudo-First-Order
qe (mg/g) 49.68 94.66 183.3 255.5
k1 (min−1) 0.1785 0.1974 0.1824 0.1933
R2 0.8719 0.8178 0.8174 0.7303

Pseudo-Second-Order
qe (mg/g) 51.21 98.05 190.5 266.3
k2 (min−1) 7.200 × 10−3 4.210 × 10−3 2.120 × 10−3 1.080 × 10−3

t0.5 (min) 2.796 2.543 2.622 3.801
t0.95 (min) 57.24 43.73 67.50 96.57
R2 0.9638 0.9594 0.9559 0.9092

Elovich
α [mg/(g·min)] 3649 4457 4462 4788
β 0.2421 0.1233 0.06250 0.04230
R2 0.7192 0.8085 0.8544 0.9216

Intraparticle Diffusion
kd,1 (mg/(g·min0.5) 8.850 17.37 33.16 43.49
C1 (mg/g) 9.929 19.29 34.94 58.59
R2 0.9695 0.9382 0.9723 0.9657
kd,2 (mg/(g·min0.5) 2.869 4.332 7.154 10.63
C2 (mg/g) 31.09 61.08 123.7 163.7
R2 0.9932 0.9854 0.9929 0.9913
kd,3 (mg/(g·min0.5) 0.01210 0.07210 0.5735 1.092
C3 (mg/g) 50.34 96.70 180.4 247.0
R2 0.7235 0.7855 0.7981 0.8336
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In order to determine the time required for the system to
attain, the terms t0.5 and t0.95 are employed to denote the time
necessary for the adsorption to reach 50 and 95% saturation,
respectively.59,60 According to the PSO model, the calculated

values of t0.5 and t0.95 indicate that the adsorption capacity has
reached 50% of the saturated adsorption capacity within 4 min
and 95% of the equilibrium adsorption capacity within the range
of 57−97 min, completing the efficient removal of NOR.

Table 3. Fitting Parameters for Adsorption Isotherms

Langmuir model Freundlich model Sips model

T (K) qe,exp (mg/g) qm (mg/g) KL (L/mg) R2 KF [(mg1−n Ln)/g] n R2 qm (mg/g) Ks (L/mg)n n R2

298 567.9 589.6 0.1897 0.9594 231.9 5.260 0.9038 589.4 0.1924 0.9024 0.9595
308 602.5 617.7 0.2557 0.9287 177.4 3.479 0.8620 617.7 0.2660 0.9162 0.9354
318 633.4 635.6 0.5028 0.9013 239.7 4.124 0.7738 634.1 0.5012 1.012 0.9037
328 666.2 659.7 0.6128 0.9292 265.2 4.045 0.7716 659.7 0.6182 1.097 0.9350

Table 4. Comparison of Maximum Adsorption Capacity of NOR by KBC800 with Selected Sorbents

adsorbent
carbonaceous

precursor
surface area

(m2·g−1)
adsorption capacity

(mg·g−1) adsorption conditions references

KBC800 Atropa belladonna L 1638 666.2 C0 = 25−400 mg L−1, 308 K, 0.5 g L−1 of KBC800 this study
NH3-MBC corn stalk feedstock 209.0 12.00 C0 = 5−50 mg L−1, 298 K, 1 g L−1 of NH3-MBC 31
BC luffa sponge 822.0 286.0 C0 = 50−200 mg L−1, 288 K, 0.5 g L−1 of BC 32
N-A-CSB700 cocoa shells 328.0 133.0 C0 = 10−300 mg L−1, 298 K, 1 g L−1 of N-A-CSB700 11
AIS-KLB biochar 44.00 42.00 C0 = 1−20 mg L−1, 298 K, 0.5 g L−1 of AIS-KLB 27
APB potato stems 90.00 5.000 C0 = 5−50 mg L−1, 308 K, 10 g L−1 of APB 29
SCGB spent coffee grounds 46.00 70.00 C0 = 10−50 mg L−1, 298 K, 1 g L−1 of SCGB 25
HLB corn straw 1537 519.0 C0 = 0−400 mg L−1, 318 K, 0.4 g L−1 of HLB 38

Figure 5. Raman spectra (a) and FTIR (b) of KBC800 and KBC800 + NOR; XPS spectra of C 1s for KBC800 (c) and KBC800 + NOR (d).
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The slopes of the three lines in the IPD model decrease as
adsorption continues, with kd,1 having the highest value and kd,3
the lowest (Figure S2c and Table 2). Initially, NOR diffuses
quickly to the KBC800 surface. As the reaction proceeds, the
NOR concentration decreases, resulting in a decrease in mass
transfer driving force. Diffusion resistance increases during the
second stage as NOR molecules enter the pores, causing a
decrease in adsorption rates. The third stage shows the smallest
slope, signifying equilibrium in the reaction. The absence of
fitting lines passing through the origin suggests that IPD is not
the sole rate-controlling step of adsorption, both IPD and
surface adsorption play a role in regulating the adsorption
rate.38,61

3.4. Adsorption Isotherms and Thermodynamic. The
Langmuir, Freundlich, and Sips models were employed to fit the
adsorption isotherm (Figures 4b and S3 and Table 3). The R2

value of the Sips model is the highest for the sample KBC800,
indicating a complex adsorption mechanism for NOR involving
both monolayer and multilayer adsorption processes, rather
than ideal monolayer adsorption. Additionally, it can be
observed that the maximum experimental adsorption capacity
of NOR on KBC800 is about 666.2 mg/g, which is higher than
most of the reported carbon-based adsorbents (Table 4). Based
on the Van’t Hoof equation, a series of thermodynamic
parameters were calculated.62−66 The thermodynamic analysis
in Figure S4 and Table S5 shows that as temperature rises from
298 to 328 K, ΔG decreases and becomes negative, suggesting
that NOR adsorption by KBC800 is spontaneous and favored at
higher temperatures. The ΔH of KBC800 is 32.49 kJ/mol,
suggesting an endothermic process with physical interactions.
The positive ΔS presents an increase in randomness at the
solid−liquid interface during adsorption, promoting the
adsorption progress.41

3.5. Effects of Competitive Ions/Antibiotics. Compet-
itive ions like CO3

2−, HCO3
−, SO4

2−, Na+, K+, Ca2+, and Mg2+

were studied in wastewater for their impact on NOR removal. At
1 mmol/L, the NOR removal rate was 99.8%, but decreased at
100 mmol/L, indicating competition for adsorption sites
(Figure 4c).67 Overall, the presence of competitive ions has
minimal influence on NOR adsorption, signifying that the
KBC800 biochar is a highly promising adsorbent for NOR and is
resistant to interference from impurity ions.

Furthermore, alongside common ions, diverse antibiotics,
including ERY, PEN-G, OTC, and SUL, are also present in
wastewater. At 10 mg/L, KBC800 removes over 98.6% of NOR,
but at higher concentrations of ERY, OTC, and SUL, the
removal rates decrease to 94.5, 91.57, and 81.09%, respectively,
indicating competition between NOR and other antibiotics
(Figure 4d). In particular, we used ultraviolet dual-wavelength
spectrophotometry for the measurement of NOR in OTC and
SUL systems (Figure S5). This competitive adsorption is owing
to the abundance of π electrons, aromatic structures, and
oxygen-containing functional groups in these three antibiotics,
which can form π−π interactions and hydrogen bonds with
KBC800. SUL, which has a structure most similar to norfloxacin,
shows the strongest competitive adsorption.68

3.6. Adsorption Mechanism. It was found that SBET
decreased from 1638 to 271 m2/g, and the Vtotal decreased
from 1.07 to 0.232 cm3/g after NOR adsorption (Figure S6 and
Table S6), indicating pore occupation. NOR molecules (1.36
nm × 1.0 nm × 0.64 nm)38 with a size smaller than the average
pore size of KBC800 entered the pores. KBC800 showed an
increase in pore size after adsorption, confirming that pores were
occupied, and the pore filling was critical to NOR adsorption.

In Figure 5a of the Raman spectra, two peaks, the D peak and
G peak, were observed at approximately 1335 and 1590 cm−1,
respectively. The ID/IG ratio decreased significantly from 1.04 to
0.85 after NOR adsorption on KBC800, indicating strong π−π
interactions.38 The shift in the −OH absorption peak from 3442
to 3430 cm−1 in the infrared spectra in Figure 5b suggests the

Figure 6. Boxplot of BC physicochemical properties (a−d); comparison between the fitting of data by the RF model and the experimental data (e);
relative importance of input variables on adsorption efficiency (f).
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presence of hydrogen bonds between NOR and oxygen-
containing functional groups on the surface of KBC800 after
NOR adsorption.38 Furthermore, new peaks at 1622 and 1464
cm−1 in KBC800 + NOR suggest successful adsorption of NOR
onto KBC800. The benzene ring in NOR acts as an electron
acceptor, interacting with the hydroxyl group and benzene ring
on the adsorbent through π−π interactions, leading to a decrease
in ID/IG.

Figure S7 shows N and F absorption peaks in the XPS spectra
after adsorption, suggesting successful adsorption of NOR by
KBC800. The C 1s spectrum (Figure 5c,d) presents a shift in peak
from 285.9 to 286.25 eV, suggesting electron-donating proper-
ties of the C−O bond on the adsorbent. The shift in the peak
from 289.1 to 288.75 eV indicates electron-accepting properties
of O−C−O moiety.69 The O 1s spectrum (Figure S7) shows a
shift in peak from 533.78 to 533.34 eV, suggesting that the C�
O functional group can act as an electron acceptor.48,54 These
oxygen-containing functional groups can engage in a π-electron
donor−acceptor interaction with NOR molecules, thereby
facilitating the adsorption of NOR.
3.7. Regeneration Ability. According to Figure S8, the

investigation of the stability and regeneration capability of
KBC800 was conducted through a six-cycle adsorption experi-
ment. Even after six adsorption cycles, the removal rate of NOR
remains at 82%, and the desorption rate was also as high as 77%.
This indicates that KBC800 has good regeneration capability,
making it a promising adsorbent for the treatment of antibiotic-
containing wastewater.
3.8. Prediction of NOR Adsorption Based on the ML

Model. This study analyzed 44 carbon materials using box plots
(Figure 6). The chosen BC materials contain 52.3−95.4% C and
have an average ash content of 11.8%. The average O/C ratio is
0.25, and the average H/C ratio is 0.19. The SBET ranges from
8.72 to 818 m2/g. NOR adsorption is greatly affected by the
average pore size of BC (1.53 to 6.65 nm). Meanwhile, a wide
range of pHpzc values (0.13−9.8) can be observed in Figure 6c,
indicating that most BC surfaces in neutral or alkaline solutions
carry a negative charge.

Figure S9 shows the Pearson correlation matrix for BC
properties. Strong relationships are indicated by high correlation
coefficients. Negative correlation between C % and O/C
(−0.957) and positive correlations with SBET are observed.
Additionally, strong positive correlations (0.945 and 0.808) are
also seen with qe, C0, and SBET. By controlling BC properties and
application conditions, adsorption capacity can be increased.

An RF algorithm was employed to develop a model for NOR
adsorption on BC. The model’s performance was evaluated
using 30% of the test data and compared to experimental results
(Figure 6e and Table S7). The R2 value of the model is 0.9238,
indicating a strong fit between BC and NOR adsorption. This
suggests that the model is reliable in predicting adsorption
across different conditions and properties of BC. The cross-
validation results reveal minimal disparity in the distribution
range and average values of R2 and RMSE between the training
and testing sets, indicating consistent performance of the model.
Furthermore, the model displays comparable efficacy on both
sets and shows strong generalization capabilities (Figure S10).

Studying how BC’s properties affect its adsorption perform-
ance is crucial for designing effective BC. This study used the
RMSE loss function to assess variable importance. Results in
Figure 6f indicate that NOR adsorption capacity is primarily
influenced by C0. Increasing the concentration gradient between
the aqueous phase and the adsorbent surface promotes NOR

adsorption on BC. A higher SBET offers more active sites for
NOR adsorption, and the average pore size of BC also affects
NOR adsorption capacity. There is also a significant effect of
pHpzc on the adsorption capacity, followed by ash (7.7%), O/C
(6.0%), C content (5.0%), and H/C (4.7%). These factors are
ranked in order of their influence on NOR adsorption capacity
in aqueous solutions.
3.9. Dependence of BC Properties and Adsorption

Conditions on NOR Adsorption Performance. RF analysis
identified C0, SBET, DP, and pHpzc as key factors for NOR
adsorption on BC. Figure S10 illustrates the correlation between
these factors and NOR adsorption efficiency, with high NOR to
adsorbent ratio leading to increased adsorption. SBET has a
significant impact on NOR adsorption, particularly between 0
and 1800 m2/g, while pore size also plays a crucial role (Figure
S11b,c). Excessively large pore sizes do not help with NOR
adsorption. Additionally, the pHpzc value of BC also affects NOR
adsorption, with a nonlinear impact on adsorption capacity
(Figure S11d). The pHpzc value determines the surface charge of
BC at different pHsol. NOR species include NOR+, NOR0, and
NOR−, depending on pH levels. NOR adsorption dependence
on pHpzc increases from 0 to 4 and stays the same from 4.5 to 6,
likely due to electrostatic interaction.

4. CONCLUSIONS
In this study, the utilization of biomass waste derived from CHM
residues as a raw material for the production of biochar was
investigated. The produced biochar, characterized by a
substantial BET surface area of 1638 m2 g−1 and an abundance
of functional surface groups, was employed for the removal of
NOR from wastewater. The adsorption process of NOR on
KBC800 was found to be well-described by the Sips isotherm
model. Through experimentation, it was determined that the
maximum adsorption capacity of NOR on KBC800 was 666.2
mg/g at 328 K. The thermodynamic analysis revealed that the
interaction between NOR and KBC800 in the adsorption system
was both spontaneous and exothermic. Moreover, KBC800
removes NOR primarily by the pore filling, with electrostatic
attraction, π−π interactions, and hydrogen bonding also
contributing to its effectiveness. Even after undergoing six
cycles of adsorption−desorption, KBC800 still exhibited an
impressive 82% removal rate of NOR. ML analysis revealed that
the initial concentration had the greatest influence on NOR
adsorption by the BC, followed by SBET and average pore size.
The assessment of relative importance and partial dependence
plots can provide effective guidance for rational utilization of
carbon materials in the treatment of NOR-containing waste-
water.
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