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A B S T R A C T

The global proliferation of antimicrobial resistance (AMR) poses a critical challenge to environmental and public 
health, driven by excessive antibiotic release from medical, agricultural, and aquaculture activities. This study 
investigates the synthesis and application of Fe/N-doped biochar derived from Enteromorpha clathrata (EC) for 
the removal of oxytetracycline (OTC) and norfloxacin (NOR) from water. The biochar, synthesized via pyrolysis 
and NaOH activation, was characterized by BET, SEM, and XPS analyses, revealing a porous structure with 
enriched functional groups. The EC-derived biochar demonstrated high adsorption capacities for OTC 
(625.325 mg⋅g⁻1) and NOR (487.379 mg⋅g⁻1) under neutral pH conditions, with adsorption following Langmuir 
and pseudo-second-order models, indicative of monolayer chemisorption. The biochar also exhibited excellent 
reusability, supporting practical applications. The strong interactions between the FeN4 active sites and the 
antibiotics were quantified through DFT calculations, showing binding energies of − 394.91 kcal/mol for NOR 
and − 398.10 kcal/mol for OTC, highlighting the important role of FeN4 in facilitating efficient adsorption. 
Additionally, density of states (DOS) analysis revealed that formation of Fe-N/O chemical bonds was confirmed 
through the hybridization of Fe 3d orbitals with N/O 2p orbitals. Overall, Fe/N-rich biochar contributes to its 
potential for practical applications in antibiotic removal from aqueous systems.

1. Introduction

Antibiotics are essential in preventing and treating diseases across 
medical, agricultural, and aquaculture sectors (Song et al., 2023; Kaur 
Sodhi and Singh, 2022). Although global initiatives aim to reduce 
antibiotic use, market projections suggest that its value could reach USD 
1.57 trillion by 2024 (Verma et al., 2022). However, antimicrobial 
resistance (AMR) has emerged as a severe global health threat, under
scored by the United Nations Environment Programme (UNEP) Frontiers 
2017 report (UNEP, 2017). This report estimates that nearly 700,000 
people die each year from infections caused by antibiotic-resistant 
pathogens that existing antibiotics can no longer effectively treat 
(UNEP, 2017). The environment now plays a major role in the spread of 
antibiotic resistance, with wastewater from households, hospitals, and 
agricultural runoff containing antimicrobial agents, fostering direct 

interactions between natural microbial communities and resistant bac
teria, thereby accelerating the emergence of resistant strains (UNEP, 
2017). Following antibiotic usage, up to 80 % of these drugs remain 
unmetabolized and are excreted into the environment via urine and 
feces, along with resistant bacteria (Quaik et al., 2020). This issue is 
further intensified by the rising antibiotic demand; human antibiotic 
consumption has increased by 36 % in the past decade, while antibiotic 
use in livestock is expected to grow by 67 % by 2030 (Quaik et al., 
2020). Additionally, as much as 75 % of antibiotics used in aquaculture 
may leach into surrounding environments, presenting serious ecological 
risks (Quaik et al., 2020).

Moreover, agricultural irrigation often relies on water drawn from 
surrounding sources, including reclaimed wastewater (RWW) from 
households, hospitals, and agricultural runoff, which frequently con
tains antibiotics (Christou et al., 2017). The use of RWW for crop 
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irrigation (Chen et al., 2016; Kama et al., 2024) has raised concerns 
about prolonged exposure of agricultural environments to antibiotics, 
antibiotic-resistant bacteria (ARB), and antibiotic resistance genes 
(ARG). Evidence suggests that antibiotics and ARGs may spread in 
agricultural soils due to RWW irrigation and the application of fertilizers 
or biosolids. Residual antibiotics in soils can undergo adsorption/de
sorption and transformation processes (both biotic and abiotic), poten
tially affecting soil microbial communities and health. Antibiotics in soil 
pore water—the bioavailable fraction—may be absorbed by crops, 
bioaccumulate in plant tissues, (Wu et al., 2018; Han et al., 2017; Zhou 
et al., 2024; Li et al., 2024a; Yang et al., 2024) and subsequently enter 
the food web, (Zhang et al., 2024; Shoaib et al., 2024; Li et al., 2021; Gan 
et al., 2021) leading to potential public health risks (Zeng et al., 2020; 
Jiang et al., 2018; Marimuthu et al., 2021). These findings underscore 
the necessity of treating wastewater to reduce antibiotic contamination, 
ensuring it meets government standards for agricultural irrigation.

Wastewater treatment plants are unable to completely remove an
tibiotics and resistant bacteria, creating potential hotspots for resis
tance. Studies have documented the widespread presence of multidrug- 
resistant bacteria in seawater and sediments near aquaculture, indus
trial, and municipal discharge sites (Xue et al., 2022). B. S. Choudri 
(Al-Riyami et al., 2018) provides a review on antibiotics in wastewater 
with a focus on Oman. Researchers have also evaluated the occurrence, 
fate and removal of pharmaceuticals in sewage and sludge samples 
collected from the largest sewage sewer plant in southern Brazil 
(Bisognin et al., 2021). Chen et al. (2017) detected 9 antibiotics in pig 
farm wastewater, including sulfamethoxazine, sulfachlorpyridazine, 
sulfamethoxazine, trimethoprim, norfloxacin, ofloxacin, lincomycin, 
Leukomycin and oxytetracycline at concentrations up to 192,000 ng/L. 
Numerous studies have shown that multiple antibiotics coexist in 
wastewater (Christou et al., 2017). Among various antibiotics, oxytet
racycline (OTC) is extensively used in animal husbandry, aquaculture, 
and human medicine, contributing significantly to environmental 
contamination (Feng et al., 2021; Liu et al., 2023). Due to its high sta
bility and resistance, OTC persists in the environment, leading to the 
spread of antibiotic-resistant genes and posing risks to aquatic ecosys
tems and human health (Zhang et al., 2022a, 2022b). Similarly, nor
floxacin (NOR), a commonly used fluoroquinolone (FQ) antibiotic, 
demonstrates strong antibacterial activity against both gram-negative 
and gram-positive bacteria by inhibiting DNA gyrase (Picó and 
Andreu, 2007; Ahmed and Theydan, 2014). Due to its persistence, NOR 
can accumulate in the environment, promoting bacterial resistance and 
posing ecological risks (Hirsch et al., 1999). Key pathways for NOR entry 
into surface waters include manure application as fertilizer and leakage 
from septic systems. Studies have detected NOR in surface water and 
wastewater effluents at concentrations up to 0.036 µg/L and 0.45 µg/L, 
respectively (Batt et al., 2007). Although these concentrations appear 
low, the continuous introduction of NOR into aquatic environments can 
lead to its accumulation, increasing risks to aquatic and terrestrial or
ganisms over time (Ahmed and Theydan, 2014). Consequently, the 
removal of antibiotics from wastewater is a critical environmental 
challenge, necessitating the development of efficient and practical 
methods for their removal.

Adsorption has become one of the most effective strategies for 
wastewater treatment due to its simplicity, cost-effectiveness, and 
avoidance of secondary pollution (Wang et al., 2021; Jiang et al., 2024). 
However, adsorption efficiency is significantly influenced by the 
chemical structures of both the adsorbent and the adsorbate, presenting 
challenges in designing high-efficiency adsorbents. The adsorption 
performance of carbon-based materials for organic contaminants is 
largely determined by their pore structure and surface functional groups 
(Biswal and Balasubramanian, 2022; Zhang et al., 2011). Oxytetracy
cline (OTC), as an amphoteric molecule, contains various functional 
groups—such as phenol, amino, alcohol, and olefin ketone—that can 
exhibit diverse charges or electronic coupling behaviors depending on 
the pH conditions (Ahmed et al., 2016). Similarly, the molecular 

structure of norfloxacin (NOR) enables it to interact with adsorbent 
surfaces through hydrogen bonding and coordination interactions 
(Ahmed and Theydan, 2014). Adsorbents with a well-developed pore 
structure and abundant aromatic groups, especially those with 
electron-donating functionalities, can significantly enhance the 
adsorption of both OTC and NOR. These materials not only offer ample 
adsorption sites through their porous framework but also facilitate 
specific interactions with these antibiotics, thereby improving adsorp
tion efficiency (Zhou et al., 2023).

Biochar, a carbon-rich material derived from biomass pyrolysis, 
(Zhang et al., 2019a; Jing et al., 2019; Qiu et al., 2023) has gained 
significant attention as an adsorbent (Fan et al., 2024; Li and Cheng, 
2023; Tian et al., 2023; Xue et al., 2024; Yang et al., 2023; Zhang et al., 
2023). Its high surface area, porosity, and versatile surface chemistry 
make it effective in removing pollutants, (Fan et al., 2022; Zhang et al., 
2019b; Liu et al., 2020) including antibiotics, from water. Typically, 
biochar is chemically activated using agents such as KOH, NaOH, ZnCl2, 
and H3PO4 to increase its specific surface area (Liu et al., 2016). In 
particular, KOH activation substantially enhances the surface area and 
porosity of biochar, thereby improving its adsorption capacity for 
organic pollutants (Luo et al., 2018). Additionally, nitrogen-modified 
biochar exhibits enhanced adsorption capabilities due to the incorpo
ration of nitrogen, which introduces additional active sites for electro
static interactions (Guy Laurent Zanli et al., 2022). Nitrogen doping not 
only increases biochar’s specific surface area and microporous structure 
but also incorporates nitrogen-containing functional groups that 
significantly improve its ability to adsorb organic pollutants like nor
floxacin. Key nitrogen functionalities introduced during doping—such 
as pyridinic-N, pyrrolic-N, and graphitic-N—not only enhance biochar’s 
hydrophilicity and polarity but also strengthen antibiotic adsorption 
through mechanisms like hydrogen bonding and π-π interactions. 
High-temperature N-doped biochar exhibits a strong micropore-filling 
capacity, resulting in greater adsorption capacity and stability under 
environmental conditions. Recent studies (Jiang et al., 2024; Liu et al., 
2021) also indicate that biochar modified with metals (Qin et al., 2023) 
or metal oxides (Xiansheng et al., 2023) significantly improves adsorp
tion performance. For example, Mg/Fe bimetallic oxide-modified bio
char demonstrated enhanced adsorption capacities for pollutants, 
achieving up to 206.2 mg/g for oxytetracycline under optimal condi
tions. Such modifications not only boost adsorption capacity but also 
facilitate the separation of biochar from water, making it more practical 
for wastewater treatment applications (Jiang et al., 2024).

Traditionally, biochar has been produced from various biomass 
sources, including agricultural residues like rice husk, (Li et al., 2020) 
corn straw, (Deng et al., 2022) and groundnut shells (Shakya et al., 
2022). However, these materials often require additional chemical 
activation, nitrogen doping, and modification with metals or metal ox
ides to enhance their surface area and adsorption capacity (Song et al., 
2023). In contrast, Enteromorpha clathrata (EC), a type of marine 
biomass, offers inherent advantages as a raw material for biochar pro
duction. EC naturally contains high levels of nitrogen and iron, 
providing a basis for developing Fe/N-doped biochar with enhanced 
adsorption efficiency. Combining the intrinsic properties of EC with 
chemical activation using NaOH further increases the biochar’s porosity 
and surface reactivity, resulting in an adsorbent with superior perfor
mance for removing contaminants such as antibiotics (Wei et al., 2022; 
Zhiyu et al., 2023) and dyes (Cheng et al., 2024, 2023; Jiang et al., 2023) 
from water. This unique blend of natural and synthetic modifications 
makes EC-derived biochar a highly effective and sustainable solution for 
environmental remediation.

In this study, Enteromorpha clathrata (EC), naturally rich in nitrogen 
and iron, was used as a raw material to develop Fe/N-enriched biochar 
through a two-step process involving pyrolysis and NaOH chemical 
activation. The characteristics of the resulting biochar were systemati
cally analyzed using BET surface area measurement, scanning electron 
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) to 
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confirm its structural and surface properties. The primary objective of 
this study is to evaluate the simultaneous adsorption of two antibiotics, 
oxytetracycline (OTC) and norfloxacin (NOR), from aqueous solutions. 
Batch experiments were designed to identify the optimal conditions for 
the simultaneous removal of these antibiotics, focusing on parameters 
such as pH, initial concentration, and contact time. In addition to 
evaluating adsorption kinetics and isotherms, this study investigates the 
underlying adsorption mechanisms, focusing on the role of Fe-N-C active 
sites and interactions such as hydrogen bonding, π-π interactions, and 
electrostatic forces. Reusability tests were performed to assess the sta
bility and regeneration potential of the biochar, indicating its suitability 
for practical applications. The insights gained from this study contribute 
to the development of advanced biochar-based materials, offering a 
sustainable solution for environmental remediation and promoting the 
utilization of marine biomass resources in pollution control.

2. Materials and methods

2.1. Experiments

The detailed descriptions of materials (Text S1), preparation 
methods (Text S2), characterization techniques (Text S3), and adsorp
tion experiments (Text S4–5) are provided in the supporting informa
tion. Briefly, the materials used include dried Enteromorpha clathrata 
(EC) powder, oxytetracycline (OTC), and norfloxacin (NOR). The bio
char was prepared using a two-step pyrolysis and activation method. 
The Enteromorpha clathrata semi-char (ECSC) and Enteromorpha clathrata 
activated carbon (ECAC) were synthesized. Characterization of the 
biochar involved techniques such as SEM, BET surface area analysis, and 
XPS. The adsorption experiments assessed the performance of the bio
char under various conditions, including different dosages, pH levels, 
and initial concentrations, and included kinetic, isotherm, and regen
eration studies.

2.2. Calculation methods

Building on the work of Hou et al. (2012), which explored in
teractions between nitrogen (N) dopants and native point defects in 
graphene using density functional theory (DFT), our computational 
study examines the effects of nitrogen doping and iron (Fe) adsorption 
on the electronic and structural properties of graphene. The computa
tional models included pristine graphene (PG), N-doped structures with 
pyrrolic (PN5) and pyridinic (PN6) configurations at edge defects, 
pyrrole-like (DVN) and pyridine-like (MVN) configurations in bulk de
fects, and Fe-doped graphene (FeN4). These models (Fig. 1) were 
designed to elucidate the impact of nitrogen doping and Fe adsorption 
on graphene’s properties. The pristine graphene (PG) model, con
structed using a hexagonal unit cell of pure carbon atoms arranged in a 
honeycomb lattice, served as a reference for evaluating the effects of 
nitrogen doping and Fe adsorption. The pyrrolic nitrogen-doped gra
phene (PN5) model incorporates nitrogen atoms into pentagonal ring 
defects at the graphene edges, forming a pyrrolic structure (Fig. 1b), 
where the nitrogen atom is part of a five-membered ring. The pyridinic 
nitrogen-doped graphene (PN6) model (Fig. 1c) introduces nitrogen 
atoms into hexagonal ring defects at graphene edges, creating a pyr
idinic structure, with nitrogen positioned within a six-membered ring. 
Introducing nitrogen atoms into monovacancy sites within the graphene 
body creates a pyridine-like structure (MVN) (Fig. 1d), characterized by 
a nitrogen atom bonded to two carbon atoms with the remaining car
bons forming a hexagonal ring (Hou et al., 2012). Nitrogen incorpora
tion into divacancy sites results in a pyrrole-like structure (DVN) 
(Fig. 1e), where a nitrogen atom is part of a five-membered ring, 
accompanied by an eight-membered carbon ring in the center (Hou 
et al., 2012). In the FeN4 model (Fig. 1f), an Fe atom is coordinated at 
the center of a four-nitrogen doped divacancy site, forming a tetrahedral 
geometry. All DFT calculations were performed using the Gaussian 16 
(Frisch et al., 2016) software with the M06–2X functional and 6–31 G(d) 
basis set, incorporating dispersion corrections and asymmetry 

Fig. 1. The six models were investigated: (a) pristine graphene (PG), (b-c) pyrrole-like (PN5) and pyridine-like (PN6) N-doped in the edge defects of graphene, (d-e) 
pyridine-like (MVN) and pyrrole-like (DVN) N-doped in the bulk defects of graphene, (f) FeN4.
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adjustments for structural optimizations and frequency calculations. 
Visualizations of weak interactions were generated using VMD, 
(Humphrey et al., 1996) and quantum chemical wavefunction analyses 
were conducted with the Multiwfn (Lu, 2024) program. For further 
details on calculation parameters, refer to our previous work (Cheng 
et al., 2024, 2023; Jiang et al., 2023).

3. Results and discussions

3.1. Condition optimization

3.1.1. Adsorbent dosage
Fig. 2 shows the effect of adsorbent dosage on the adsorption ca

pacity and removal rate of OTC and NOR in both single (S) and binary 
(B) systems. In Fig. 2a, the removal percentages of OTC and NOR are 
displayed at varying dosages. As the dosage increases from 0.02 g to 
0.10 g, the removal percentages for both antibiotics increase substan
tially. This trend, observed in both single and binary systems, indicates 
that higher dosages provide more active sites, enhancing removal effi
ciency. Fig. 2b illustrates the adsorption capacity (mg/g) of the adsor
bent for OTC and NOR. At lower dosages, the adsorption capacity is 
initially high but decreases with increasing dosage, likely due to particle 
aggregation at higher dosages, which reduces the available surface area. 
The results suggest an optimal dosage of 0.04 g, where the removal 
percentage is maximized without significantly lowering adsorption ca
pacity. This balance is essential for designing efficient adsorption sys
tems in water treatment applications.

3.1.2. Effect of initial solution pH
Fig. 2c illustrates the effect of pH on the adsorption of OTC and NOR 

in single and binary systems. The removal percentages of both antibi
otics vary with pH, peaking around pH 5–7 for both systems. At extreme 
pH values (1 and 9), removal efficiency decreases. This pH dependency 
can be attributed to the ionization states of the antibiotics and the sur
face charge of the adsorbent. At low pH, the positively charged adsor
bent surface may experience electrostatic repulsion with the positively 
charged antibiotic molecules, reducing adsorption efficiency. In 
contrast, at high pH, the surface becomes negatively charged, poten
tially enhancing adsorption of positively charged antibiotic species 
through electrostatic attraction. However, extremely high pH can also 
lead to deprotonation of functional groups on the adsorbent, reducing 
the number of active sites available. The optimal pH range for maximum 
removal of OTC and NOR is between 5 and 7, which is essential for 
practical applications in effective water treatment.

The pKa values of NOR are 6.34 and 8.75 (Table S1), indicating two 
proton binding sites (carboxyl and piperazine groups). Based on pH, 
NOR exists in different forms: positively charged (NOR⁺) at pH < 6.34, 
zwitterionic (NOR±) at 6.34 < pH < 8.75, and negatively charged 
(NOR⁻) at pH > 8.75. As shown in Fig. 2c, the removal rate of NOR by 
ECAC rises from 87.9 % to 97.6 % with increasing pH, then gradually 
decreases to 74.9 %. The adsorption mechanisms include hydrogen 
bonding, π-π interactions, Lewis acid-base effects, and electrostatic in
teractions. The C––O groups of ECAC can form hydrogen bonds with the 
-OH or -NH2 groups of NOR, and ECAC’s -OH groups can interact with 
the C––O groups of NOR. Additionally, pyrrolic nitrogen in ECAC can act 
as a Lewis base, binding with Lewis acid sites (-OH) on NOR, thus 
enhancing adsorption. The strong electronegativity of F in NOR enables 

Fig. 2. The effect of (a, b) adsorbent dosages and (c) pH on the adsorption capacity in single and binary systems; (d) adsorption-desorption cycles of ECAC. The 
experiments were conducted at natural pH and ambient temperature, with an initial antibiotic concentration of 20 mg/L for each compound and a contact time of 
24 hours, unless otherwise specified for specific experimental purposes.
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π-π interactions with ECAC. At pH < 5, the reduction in NOR⁺ and cor
responding decrease in electrostatic repulsion with the positively 
charged ECAC surface increase adsorption. At pH > 7, the increased 
presence of NOR⁻ and its electrostatic repulsion with the negatively 
charged ECAC surface reduce adsorption. Furthermore, NOR deproto
nation in alkaline conditions weakens hydrogen bonding, further 
reducing adsorption capacity.

The pKa values of OTC are 3.27, 7.32, and 9.11 (Table S1), indicating 
various ionization states: OTC⁺ at pH < 3.27, OTC± at 3.27 < pH < 7.32, 
and OTC⁻/OTC2⁻ at pH > 7.32. The adsorption capacity of OTC increases 
with pH, peaks, and then declines (Fig. 2c). The adsorption mechanisms 
of ECAC include hydrogen bonding, π-π interactions, Lewis acid-base 
effects, and electrostatic interactions. OTC’s conjugated enone struc
ture enhances the electron-withdrawing capacity of the ketone group, 
influencing its π-acceptor properties. The phenol, hydroxyl (-OH), 
amine, and enone (CH2=C––O) groups of OTC can form hydrogen bonds 
with ECAC’s surface hydroxyl groups. At pH < 3.27, the reduced pres
ence of OTC⁺ diminishes electrostatic repulsion with ECAC’s positive 
charges, enhancing adsorption. At pH > 3, increasing levels of OTC⁻ and 
OTC2⁻ heighten electrostatic repulsion with ECAC’s negative charges, 
decreasing adsorption. The ionization of OTC’s -OH groups with 
increasing pH weakens hydrogen bonding, further limiting adsorption.

The adsorption efficiencies of NOR and OTC in single and binary 
systems are strongly pH-dependent, highlighting electrostatic in
teractions as a primary mechanism. At pH < 7, ECAC’s adsorption ca
pacity for OTC increases while that for NOR decreases, with both 
peaking at pH 7. This suggests that, below pH 7, competition between 
NOR and OTC occurs, with OTC demonstrating a competitive advan
tage, implying that additional mechanisms beyond electrostatic in
teractions influence adsorption under these conditions. Optimizing 
adsorbent dosage and initial solution pH is critical for maximizing 
ECAC’s adsorption efficiency for OTC and NOR. Higher dosages increase 
removal percentages but may reduce adsorption capacity due to particle 
aggregation. The optimal pH range for effective adsorption is between 5 
and 7, consistent with the ionization states of the antibiotics and the 
adsorbent’s surface charge properties. These findings provide practical 
guidelines for applying ECAC in water treatment systems to efficiently 
remove antibiotic contaminants.

3.1.3. Practical Application and Reusability
Reusability is a critical factor in the practical application of adsor

bents. The adsorption-desorption cycles (Fig. 2d) of the biochar show 
that it retains a high adsorption capacity over multiple cycles, demon
strating strong potential for use in water treatment systems. This reus
ability is essential for assessing the economic viability and sustainability 
of the adsorbent in large-scale applications. Additionally, the optimal 
adsorption conditions identified in this study, such as neutral pH and 
suitable adsorbent dosages, align well with practical water treatment 
requirements. The biochar’s effectiveness across various pH levels en
hances its applicability in diverse water treatment environments. The 
use of EC, an abundant and renewable biomass, adds to the environ
mental sustainability of the biochar production process. Utilizing this 
biomass not only provides a cost-effective raw material but also helps 
manage its overgrowth in coastal regions, addressing an environmental 
issue. Compared to commercially available activated carbons, the bio
char synthesized in this study offers a potentially lower-cost alternative 
due to the inexpensive feedstock and relatively simple synthesis process. 
This economic benefit, combined with its high adsorption capacity and 
reusability, makes the biochar a promising candidate for practical water 
treatment applications.

3.2. Batch adsorption experiment

3.2.1. Adsorption kinetics
The adsorption kinetics of ECAC for OTC and NOR in single and bi

nary systems were analyzed using three models: the pseudo-first-order 

(PFO), the pseudo-second-order (PSO), and the intraparticle diffusion 
models. The fitting curves are presented in Fig. 3, and the model pa
rameters are provided in Tables S3-S6. In the case of the single system, 
both the PFO and PSO models provided an adequate fit for the adsorp
tion process. The PSO model demonstrated a slightly superior fit, sug
gesting that the adsorption process may entail chemisorption through 
valence forces, characterized by electron sharing or exchange between 
the adsorbent and the adsorbate. In the binary system, analogous trends 
were observed, with both the PFO and PSO models demonstrating 
excellent fits. The PSO model exhibited higher R (Kaur Sodhi and Singh, 
2022) values, thereby reinforcing the role of chemisorption in the 
adsorption process. Accordingly, the adsorption kinetics of both OTC 
and NOR onto ECAC were optimally represented by the PSO model, 
indicating that chemisorption is the primary mechanism. The model 
demonstrated robust adsorption capabilities for both OTC and NOR, 
with NOR exhibiting slightly superior performance. Furthermore, the 
intraparticle diffusion model posits that the adsorption process com
prises multiple steps, with an initial rapid adsorption phase followed by 
slower intraparticle diffusion. These findings highlight the potential of 
ECAC as an effective adsorbent for the removal of antibiotics from 
aqueous solutions, offering valuable insights into the adsorption mech
anisms and the influence of antibiotic properties on adsorption 
performance.

3.2.2. Adsorption isotherms
The adsorption isotherms of ECAC for OTC and NOR in both single 

and binary systems were analyzed using the Langmuir and Freundlich 
models. The fitting curves are shown in Fig. 4, and model parameters are 
listed in Tables S7–S10. The Langmuir isotherm model, which assumes 
monolayer adsorption on a surface with a finite number of identical 
sites, provided the following parameters: For the single system, the 
Langmuir parameters for OTC and NOR are shown in Tables S7 and S8, 
respectively. The maximum adsorption capacity (qm) for OTC reached 
215.066 mg⋅g− 1 at 30◦C, while for NOR, it was 256.027 mg⋅g− 1 at the 
same temperature. The R2 values ranged from 0.795 to 0.844 for OTC 
and 0.851–0.889 for NOR, indicating a reasonable fit to the Langmuir 
model. In the binary system, the qm values for OTC and NOR increased 
significantly, with OTC reaching up to 625.325 mg⋅g− 1 and NOR 
487.379 mg⋅g− 1 at 30◦C. The R2 values were also higher in the binary 
system, particularly for NOR, where R2 ranged from 0.972 to 0.978, 
indicating a stronger fit to the Langmuir model.

The Freundlich isotherm model, which describes adsorption onto a 
heterogeneous surface with non-uniform adsorption energy distribution, 
provided additional insights. For the single system, the Freundlich pa
rameters for OTC and NOR are shown in Tables S7 and S8. The kF values 
for OTC ranged from 60.772 to 150.830 L⋅mg− 1, and for NOR, from 
140.357 to 199.497 L⋅mg− 1. R2 values for the Freundlich model were 
slightly lower than for the Langmuir model, indicating a less optimal fit. 
In the binary system, the Freundlich parameters for OTC and NOR are 
listed in Tables S9 and S10, with kF values reaching a maximum of 
161.697 L⋅mg− 1 for OTC and 230.150 L⋅mg− 1 for NOR at 30◦C. The R2 

values were generally higher in the binary system, suggesting an 
improved fit compared to the single system.

Overall, the adsorption isotherms of OTC and NOR onto ECAC were 
well described by both Langmuir and Freundlich models. However, the 
Langmuir model generally provided a better fit, particularly in the bi
nary system, as evidenced by higher R2 values. The maximum adsorp
tion capacities (qm) from the Langmuir model were notably higher in the 
binary system for both OTC and NOR, indicating enhanced adsorption 
performance in the presence of both antibiotics. The Freundlich model 
parameters also suggested favorable adsorption, with kF values indi
cating strong adsorption capacity, and 1/n values less than 1, supporting 
favorable adsorption conditions and surface heterogeneity. These find
ings underscore the potential of ECAC as an effective adsorbent for 
removing antibiotics from aqueous solutions, providing valuable in
sights into the adsorption mechanisms and the influence of antibiotic 
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Fig. 3. Adsorption kinetics model. (a-b) is the adsorption kinetics for OTC in a single system. (c-d) is the adsorption kinetics for NOR in a single system. (e-f) is the 
adsorption kinetics for OTC in a binary system. (g-h) is the adsorption kinetics for NOR in a binary system.
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properties on adsorption performance.
To evaluate the effectiveness of the adsorbent synthesized in this 

study for antibiotic removal, it was compared with adsorbents synthe
sized from over 15 different biomass feedstocks in previous studies 
(Tables S11-S12). The comparison reveals that the biochar (ECAC) 
derived from Enteromorpha in this study exhibits excellent adsorption 
performance, particularly in aqueous systems with coexisting antibi
otics, where its co-adsorption capacity is significantly enhanced. For 
NOR, the maximum adsorption capacity of ECAC reached 
256.027 mg⋅g− 1 in a single-component system and an impressive 
487.379 mg⋅g− 1 in a binary system. Similarly, for OTC, ECAC demon
strated a maximum adsorption capacity of 215.066 mg⋅g− 1 in the single 
system, which increased substantially to 625.325 mg⋅g− 1 in the binary 
system. These findings highlight the potential of ECAC as an efficient 
adsorbent for antibiotic removal in water treatment applications. 
Additionally, the table presents pore structure parameters of each 
adsorbent, indicating that these parameters play a critical role in 
adsorption capacity. This key observation provides a foundation for 
further investigation in this study, which will be discussed in detail 
below.

3.3. Characterization of the activated carbons

3.3.1. BET Surface Area and Pore Size Distribution Analysis
The surface area and pore structure analysis of ECSC and ECAC 

reveal substantial differences in their physical properties, which can be 
attributed to variations in their preparation and activation processes. 
Table 1 presents the BET surface area, micropore surface area, total pore 
volume, micropore volume, average pore diameter, and mesopore 
diameter for both samples. Fig. 5 illustrates the nitrogen (N2) 
adsorption-desorption isotherms and pore size distribution of ECSC and 
ECAC, providing visual confirmation of the quantitative data in Table 1.

As shown in Table 1, the BET surface area (SBET) of ECAC reaches 

898.62 m2⋅g⁻1, which is significantly higher than that of ECSC, measured 
at only 1.85 m2⋅g⁻1. This large discrepancy indicates that ECAC under
went a more extensive activation process, resulting in a porous structure 
with significantly more accessible surface area. The high surface area of 
ECAC is advantageous for adsorption and catalysis, as it offers a greater 
number of active sites. The micropore surface area (t-Plot Smicro) of 
ECAC, calculated at 717.02 m2⋅g⁻1, is also considerably larger than that 
of ECSC (0.24 m2⋅g⁻1), suggesting that ECAC has a well-developed 
microporous structure. This is further supported by the N2 adsorption- 
desorption isotherm in Fig. 5(a), where ECAC exhibits a type I 
isotherm characteristic of microporous materials, with a sharp increase 
in nitrogen uptake at low relative pressure. In contrast, ECSC shows 
almost no adsorption across the pressure range, indicating a lack of 
developed porosity. The total pore volume (Vtotal) of ECAC is 
0.642 m3⋅g⁻1, which is significantly higher than that of ECSC 
(0.007 m3⋅g⁻1). Additionally, the micropore volume (t-Plot Vmicro) for 
ECAC is 0.320 m3⋅g⁻1, accounting for nearly 50 % of the total pore 
volume. These findings confirm that ECAC has a highly microporous 
structure, providing ample pore volume for potential adsorption appli
cations. The pore size distribution curve in Fig. 5(b) reveals that ECAC’s 
pores are primarily within the micropore range, with a distribution 
peaking around 5 nm, further emphasizing its suitability for adsorbing 
small molecules. In terms of average pore diameter (Dave) and mesopore 
diameter (BJH Dmeso), ECAC exhibits values of 2.86 nm and 5.61 nm, 

Fig. 4. Adsorption isotherms model. (a-b) is the adsorption isotherms for OTC and NOR in a single system. (c-d) is the adsorption isotherms for OTC and NOR in a 
binary system.

Table 1 
The surface properties of ECSC and ECAC.

Sample SBET 

(m2⋅g⁻1)
t-Plot 
Smicro 

(m2⋅g⁻1)

Vtotal 

(m3⋅g⁻1)
t-Plot 
Vmicro 

(m3⋅g⁻1)

Dave 

(nm)
BJH 
Dmeso 

(nm)

ECSC 1.85 0.24 0.007 0.000 16.54 16.02
ECAC 898.62 717.02 0.642 0.320 2.86 5.61
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respectively, indicating the presence of both micropores and small 
mesopores. This distribution is beneficial for adsorption processes that 
require molecular sieving effects. Conversely, ECSC has a larger average 
pore diameter (16.54 nm) and mesopore diameter (16.02 nm), sug
gesting a structure dominated by a few larger pores rather than a well- 
developed porous network, as confirmed by the low adsorption observed 
in its isotherm and pore volume data.

In summary, the BET and pore size distribution analyses, supported 
by Table 1 and Fig. 5, illustrate that ECAC possesses a highly porous 
structure with an extensive microporous network, making it highly 
suitable for applications requiring high surface area and efficient 
adsorption. ECSC, with its limited porosity and low surface area, would 
be less effective for such applications. These findings highlight the 
importance of activation in developing porous carbons for specific 
adsorption and catalytic functions.

3.3.2. SEM Analysis of Adsorbent Morphology
The SEM images presented in Fig. 6 provide insights into the surface 

morphology of ECAC before and after the adsorption of the antibiotics 
OTC and NOR, both individually and in combination. These morpho
logical observations highlight the structural changes that occur as a 
result of the adsorption process.

Fig. 6a shows the SEM image of pristine ECAC, where the surface 
exhibits a highly porous and rough texture. The presence of numerous 
pores and irregularities on the surface suggests that ECAC has a sub
stantial surface area, which is advantageous for adsorption applications. 
This rough and porous morphology is indicative of a material with a 
high adsorption capacity, as it provides multiple active sites for 
capturing contaminants. The high surface area observed in the SEM 
images aligns well with the BET analysis, which confirms the well- 
developed porous structure of ECAC. Fig. 6b illustrates the 
morphology of ECAC after adsorption of OTC (denoted as OTC@ECAC). 
The surface of the adsorbent appears more aggregated and compact 
compared to the pristine state. This aggregation is likely due to the 
deposition of OTC molecules onto the ECAC surface and within its pores. 
The filled pores and smoother appearance of the surface indicate that 
OTC has successfully adsorbed onto the ECAC, effectively occupying the 
available adsorption sites. This morphological change suggests that the 
adsorbent structure adapts to accommodate OTC molecules, leading to a 
less porous, more compact morphology. Fig. 6c shows the SEM image of 
ECAC after adsorption of NOR (NOR@ECAC). Similar to the case with 
OTC, the surface of the adsorbent after NOR adsorption appears denser 
and more consolidated. There is a noticeable reduction in visible pores, 
implying that NOR molecules have also effectively occupied the 

Fig. 5. (a) N2 adsorption-desorption isotherm and (b) pore size distribution of ECSC and ECAC.

Fig. 6. SEM of (a)ECAC, (b)OTC@ECAC, (c)NOR@ECAC, (d) OTC/NOR@ECAC.
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adsorption sites on ECAC. This denser structure is indicative of a suc
cessful adsorption process, where NOR molecules integrate into the 
ECAC matrix, reducing its initial porosity and resulting in a more packed 
morphology. In Fig. 6d, the SEM image of ECAC after the simultaneous 
adsorption of both OTC and NOR (OTC/NOR@ECAC) displays signifi
cant aggregation and a highly compact surface. The combined presence 
of OTC and NOR results in a more pronounced filling of the pores and 
surface coverage than observed in the single-component adsorption 
cases. This compact structure suggests that ECAC can effectively adsorb 
multiple antibiotics simultaneously, demonstrating a high affinity for 
both OTC and NOR. The dense morphology highlights the adsorbent’s 
capacity to capture and hold a substantial amount of contaminants 
within its porous framework.

In summary, the SEM analysis demonstrates that ECAC undergoes 
notable morphological changes upon the adsorption of OTC and NOR, 
both individually and together. The adsorption process transforms the 
initially porous and rough surface into a more aggregated and compact 
structure. These changes in surface morphology confirm the successful 
interaction between ECAC and the antibiotics, underscoring the poten
tial of ECAC as an effective adsorbent for removing antibiotic contami
nants from aqueous solutions. The substantial surface coverage and pore 
filling observed in the SEM images suggest that ECAC is a viable 
candidate for water treatment applications targeting the simultaneous 
removal of multiple antibiotic pollutants.

3.3.3. XPS Analysis of Elemental Composition and Functional Groups
X-ray photoelectron spectroscopy (XPS) was utilized to analyze the 

surface chemistry of the ECAC adsorbent before and after adsorption of 
the antibiotics OTC and NOR, both individually and in combination. 
This analysis sheds light on the elemental composition and functional 
groups of ECAC, revealing how surface functionalities interact with 
these antibiotics. The primary elements identified in the XPS spectra 
(Fig. 7) include carbon (C 1 s), nitrogen (N 1 s), oxygen (O 1 s), iron 
(Fe), and fluorine (F). The elemental compositions in Table 2 show that 
pristine ECAC contains 49.70 % carbon, 7.08 % nitrogen, 33.72 % ox
ygen, and 9.51 % iron. The nitrogen and iron present in ECAC confirm 
successful doping, enhancing the adsorption properties of the biochar by 
introducing additional active sites that facilitate interactions with con
taminants. Previous studies (Wang et al., 2008, 2013) suggest that the 
enrichment of N and Fe in biochar results from activation and carbon
ization processes, which favor the formation of Fe-N-C active sites. 

These sites play a pivotal role in improving adsorption through 
enhanced interaction with pollutants (Cheng et al., 2024, 2023; Jiang 
et al., 2023). Upon adsorption of OTC, the carbon content decreases 
slightly to 49.32 %, while iron content increases to 10.45 %, indicating 
that OTC primarily interacts with iron sites on the ECAC surface. This 
interaction is likely facilitated by coordination with Fe-N-C sites, 
enhancing adsorption capacity. NOR adsorption, on the other hand, 
increases the carbon content to 52.66 % and nitrogen to 8.42 %, with 
the appearance of 1.67 % fluorine, confirming successful NOR adsorp
tion. The increased nitrogen content suggests strong interactions with 
nitrogen functionalities, while fluorine acts as a unique marker for NOR. 
For dual adsorption of OTC and NOR, carbon and nitrogen contents 
remain high (52.58 % and 7.18 %, respectively), with a trace amount of 
fluorine (0.13 %), indicating ECAC’s capacity for simultaneous anti
biotic adsorption.

Detailed functional group analysis (Fig. 8 and Table 3) highlights 
changes in binding energies and atomic percentages for C 1 s, N 1 s, and 
O 1 s before and after adsorption. The C 1 s spectrum of ECAC reveals 
multiple carbon-containing functional groups, with a prominent peak 
for C––C bonds (21.26 %), indicative of aromatic and graphene-like 
structures that facilitate π-π interactions with aromatic contaminants 
(Cheng et al., 2024, 2023; Jiang et al., 2023). The high proportion of 
hydroxyl groups in the O 1 s spectrum is crucial for hydrogen bonding 
and electrostatic interactions, enhancing the adsorbent’s affinity for 
antibiotics. Other oxygen functionalities, such as carbonyl and carboxyl 
groups, though less abundant, further contribute to adsorption capacity 
by providing additional active sites. In the N 1 s spectrum, pyridinic-N 
(60.44 %) is the predominant nitrogen species, with contributions 
from pyrrolic-N, graphitic-N, and nitrogen-oxygen functionalities. 
Pyridinic-N and graphitic-N provide basicity and electron-donating 
properties, which favor interactions with acidic antibiotic molecules. 
The Fe-N bonds, observed at lower binding energies, suggest iron 
incorporation into the ECAC matrix, likely enhancing the material’s 
magnetic properties and facilitating easy separation after adsorption. 
Upon adsorption of OTC and NOR, significant shifts occur in binding 
energies and intensities for functional groups in the C 1 s, N 1 s, and O 
1 s spectra. The increased C––O content after antibiotic adsorption 
points to coordination interactions between antibiotics and carbonyl 
groups on ECAC. In the N 1 s spectrum, changes in nitrogen content and 
binding energy after NOR adsorption suggest strong interactions with 
nitrogen functionalities, potentially involving hydrogen bonding or 
electrostatic attraction. Additionally, the O 1 s spectrum shows 
increased C––O after OTC adsorption, indicating possible coordination 
with carbonyl groups, while the C-OH increase after NOR adsorption 
suggests hydrogen bonding. These XPS findings highlight the complex 
interactions between ECAC and the antibiotics OTC and NOR, involving 
both physical adsorption and chemical interactions through hydrogen 
bonding and coordination with surface functionalities. The presence of 
Fe-N-C sites and the observed fluorine in NOR further confirm that 
modified activated carbons, especially those with iron, possess enhanced 
adsorption capacity for antibiotics. The combined effects of increased 
surface area, diverse functional groups, and metal-nitrogen bonds un
derscore the potential of ECAC in water treatment applications for 
effective antibiotic removal.

Fig. 7. XPS spectra of ECAC before and after adsorption.

Table 2 
Various Element content (%) in the samples based XPS survey spectrum.

Samples C 1 s N 1 s O 1 s F 1 s Fe

ECAC 49.70 7.08 33.72 - 9.51
OTC@ECAC 49.32 7.02 33.21 - 10.45
NOR@ECAC 52.66 8.42 27.74 1.67 9.52
OTC/NOR@ECAC 52.58 7.18 31.19 0.13 8.91
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Fig. 8. XPS fine spectra of C 1 s, N 1 s and O 1 s of (a-c) ECAC, (d-f) OTC@ECAC, (g-i) NOR@ECAC, (j-l) OTC/NOR@ECAC.

X. Cheng et al.                                                                                                                                                                                                                                   Industrial Crops & Products 226 (2025) 120646 

10 



3.4. Adsorption mechanisms

3.4.1. Medicine Molecular Properties
Density Functional Theory (DFT) calculations were employed to 

analyze the molecular properties of the antibiotics OTC and NOR, 
providing insights into their structural and electronic characteristics 
that influence their adsorption behavior on ECAC. The DFT-calculated 
molecular properties, including dimensions, molar volume, dipole 
moment, polarizability, and molecular orbital energies, are summarized 
in Table 4.

The molecular dimensions of OTC and NOR reveal differences in 
length, width, and height, which impact their ability to fit into various 
pore sizes on the adsorbent surface. OTC has a length of 13.75 Å, a width 
of 10.18 Å, and a height of 8.47 Å, whereas NOR is slightly longer at 
15.53 Å, but with a narrower width (9.83 Å) and a shorter height 
(5.89 Å). The compact shape of NOR suggests that it may more easily 
access smaller pores within the ECAC structure compared to the bulkier 
OTC molecule. This size difference influences their adsorption effi
ciency, as NOR may fit more effectively into micropores or smaller 
mesopores, while OTC might require larger pore spaces for effective 
adsorption. The molar volumes of OTC (297.77 cm3⋅mol⁻1) and NOR 
(223.94 cm3⋅mol⁻1) further highlight their structural disparity, with 
OTC having a larger molar volume, consistent with its bulkier structure. 
This larger volume may hinder OTC’s diffusion into narrow pores, 
leading to differences in adsorption dynamics when compared to NOR. 
The dipole moments of the two molecules also vary significantly, with 
NOR exhibiting a higher dipole moment of 7.52 Debye compared to 5.16 

Debye for OTC. The higher dipole moment of NOR indicates a stronger 
polarity, which could enhance its interaction with polar functional 
groups (such as hydroxyl and carbonyl) on the ECAC surface, favoring 
adsorption through dipole-dipole interactions or hydrogen bonding. The 
polarizability values, calculated as 264.92 a.u. for OTC and 202.22 a.u. 
for NOR, provide further insights into their interaction potential with 
the adsorbent. The higher polarizability of OTC suggests that it can 
undergo greater induced polarization upon interaction with ECAC, 
potentially enhancing van der Waals interactions. However, the lower 
polarizability of NOR might be compensated by its higher dipole 
moment, which strengthens its electrostatic interactions with polar 
surface sites on ECAC. In terms of electronic properties, the HOMO 
(highest occupied molecular orbital) and LUMO (lowest unoccupied 
molecular orbital) energies reflect the electron-donating and accepting 
abilities of OTC and NOR. The HOMO energy of OTC is − 0.28 Hartree, 
slightly lower than NOR’s HOMO energy of − 0.26 Hartree, indicating 
that OTC may be a better electron donor. However, both antibiotics 
exhibit similar LUMO energies, with OTC at − 0.05 Hartree and NOR at 
− 0.01 Hartree. The energy gap (ΔE) between the HOMO and LUMO is a 
critical factor in determining the chemical reactivity of a molecule. OTC 
and NOR have small energy gaps (0.23 Hartree for OTC and 0.25 Hartree 
for NOR), suggesting they are both relatively reactive and likely to 
engage in electron transfer or charge transfer interactions with the 
active sites on ECAC.

These DFT-calculated molecular properties align well with the single 
system adsorption experimental results, where NOR exhibits a higher 
maximum adsorption capacity (qmax= 256.027 mg⋅g⁻1) compared to 

Table 3 
Various functional groups and proportions based XPS fine spectrum.

Name ECAC OTC@ECAC NOR@ECAC OTC/NOR@ECAC

B.E. 
(eV)

Atomic 
(%)

B.E. 
(eV)

Atomic 
(%)

B.E. 
(eV)

Atomic 
(%)

B.E. 
(eV)

Atomic 
(%)

C 1 s C––C 284.32 21.26 ​ 284.32 23.50 ​ 284.36 22.07 ​ 284.36 23.51
C-C 284.80 39.06 ​ 284.80 44.10 ​ 284.80 41.48 ​ 284.80 35.87
C-O 286.00 34.02 ​ 286.32 20.42 ​ 286.21 25.38 ​ 286.23 34.06
C––O 288.34 5.66 ​ 288.41 11.98 ​ 288.65 11.07 ​ 288.87 6.56

N 1 s M-N 396.28 3.77 ​ 396.41 3.15 ​ 396.09 1.33 ​ 395.67 0.97
P-N6 397.80 60.44 ​ 397.66 48.35 ​ 397.68 51.27 ​ 397.75 60.05
P-N5 399.40 18.37 ​ 398.62 10.44 ​ 398.79 13.58 ​ 399.13 10.85
G-N 401.52 10.07 ​ 399.82 22.5 ​ 400.25 21.13 ​ 400.16 16.04
N-O 402.68 7.35 ​ 402.40 15.55 ​ 402.52 12.70 ​ 402.41 12.09

O 1 s C––O 531.44 10.32 ​ 531.55 13.91 ​ 531.57 17.41 ​ 531.89 20.55
C-OH 533.12 76.58 ​ 533.01 70.73 ​ 533.04 66.84 ​ 533.09 53.02
O-C––O 534.54 13.10 ​ 534.43 15.36 ​ 534.31 15.75 ​ 534.15 26.42

Table 4 
DFT Calculated Medicine Molecular Properties of OTC and NOR.

Property OTC NOR

3D model

Length of the sides (Å) Length 13.75 15.53
width 10.18 9.83
height 8.47 5.89

Molar volume (cm3/mol) 297.77 223.94
Dipole Moment (Debye) 5.16 7.52
Polarizability (α) (a.u.) 264.92 202.22
Energy (Hartree) − 1638.16 − 1109.52
HOMO (Hartree) − 0.28 − 0.26
LUMO (Hartree) − 0.05 − 0.01
Gap (Hartree) = LUMO-HOMO 0.23 0.25
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OTC (qmax = 215.066 mg⋅g⁻1). The higher qmax for NOR can be attrib
uted to its smaller dimensions, stronger polarity, and higher dipole 
moment, which enhance its interactions with the ECAC surface, espe
cially with polar functional groups. In contrast, OTC’s slightly bulkier 
structure and higher polarizability may favor interactions with hydro
phobic or π-π active sites but can limit its accessibility to smaller pores, 
leading to a somewhat lower adsorption capacity.

In summary, the DFT-calculated molecular properties of OTC and 
NOR indicate that NOR’s smaller dimensions, higher dipole moment, 
and stronger polarity might favor its interaction with polar functional 
groups on ECAC, potentially making it more efficient in adsorbing onto 
polar sites. Conversely, OTC, with its larger polarizability and slightly 
better electron-donating ability, could interact strongly with hydro
phobic or π-π active sites on the adsorbent. These insights suggest that 
the adsorption behavior of OTC and NOR on ECAC involves a complex 
interplay of size compatibility, polarity, and electronic properties, which 
collectively contribute to the observed higher adsorption capacity of 
NOR over OTC. This finding underscores the efficacy of ECAC in selec
tively adsorbing antibiotics, highlighting its potential for effective water 
treatment applications.

3.4.2. Electron wavefunction analysis and Adsorption energy
The electrostatic potential surfaces (ESP) and weak interaction vi

sualizations provide a comprehensive understanding of the interactions 
between various nitrogen- and iron-doped adsorbents and the antibi
otics OTC and NOR. By combining ESP mapping with adsorption energy 
calculations, we can elucidate how specific dopants influence the 
binding strength and interaction modes with these antibiotics, as shown 
in Fig. 9 and Fig. 10.

The ESP maps reveal significant charge distribution differences 
among the doped adsorbents. Pristine graphene (PG) shows a relatively 
neutral potential, indicating limited affinity for polar molecules, which 
suggests it may exhibit weak adsorption for OTC and NOR. In contrast, 
nitrogen-doped models, such as PN5 (pyrrolic nitrogen) and PN6 (pyr
idinic nitrogen), display distinct charge characteristics. PN6, with a 
highly negative potential region around the nitrogen site, provides a 
strong electron-rich area, enhancing electrostatic attraction to the 
positively polarized regions of NOR, especially its nitrogen atoms. 
Conversely, PN5 shows a positive potential around the nitrogen, 
creating an electron-deficient area suitable for interacting with electron- 
rich sites on OTC. Since both PN5 and PN6 are positioned at the edge of 
the graphene matrix, they face minimal steric hindrance, allowing 

antibiotics to interact freely with these reactive sites, thereby facilitating 
adsorption. The mono- and di-vacancy nitrogen-doped models, MVN 
and DVN, exhibit nitrogen atoms embedded within the bulk of the 
structure, leading to significant steric hindrance. This spatial restriction 
limits the accessibility of antibiotics to these reactive sites, resulting in 
reduced interaction strength, as reflected in the adsorption energies. 
Although MVN and DVN introduce electron-rich regions that can 
potentially attract antibiotics, the spatial constraints weaken these in
teractions, making MVN and DVN less effective compared to edge- 
located nitrogen species like PN5 and PN6. The FeN4 model, featuring 
an Fe center embedded in a nitrogen-deficient defect site, also resides 
within the bulk region, similar to MVN and DVN. However, the presence 
of iron enables strong metal-ligand covalent bonding with highly elec
tronegative atoms (N and O) in the antibiotic molecules, particularly 
OTC. This metal-covalent bonding significantly diminishes the impact of 
steric hindrance around the FeN4 site, allowing Fe to interact effectively 
with the antibiotics. The high adsorption energies observed for 
FeN4—approximately − 398.10 kcal⋅mol⁻1 for OTC and 
− 394.91 kcal⋅mol⁻1 for NOR—indicate that the metal center plays a 
crucial role in enhancing binding stability and adsorption strength.

The weak interaction visualizations using Independent Gradient 
Model Hirshfeld (IGMH) analysis (Fig. 10) further confirm the nature of 
these interactions. For PG, the green regions around OTC and NOR 
indicate primarily van der Waals interactions, leading to moderate 
adsorption energies (-370.19 kcal⋅mol⁻1 for OTC and 
− 370.60 kcal⋅mol⁻1 for NOR). However, the FeN4 model exhibits strong 
blue regions in the visualizations, reflecting metal-ligand covalent in
teractions, especially between Fe and the electronegative atoms of OTC 
and NOR. These interactions significantly enhance binding affinity and 
adsorption capacity, positioning FeN4 as an ideal dopant for maximizing 
adsorption performance. For PN5 and PN6, the IGMH visualizations 
reveal slightly different interaction profiles for each antibiotic. PN5 
shows moderate interaction strength with OTC, where the positive po
tential around pyrrolic nitrogen interacts with the electron-rich sites of 
OTC, as reflected in an adsorption energy of − 355.19 kcal⋅mol⁻1. PN6, 
on the other hand, shows stronger electrostatic attraction with NOR, due 
to the alignment of its electron-rich pyridinic nitrogen site with NOR’s 
positively polarized regions, resulting in an adsorption energy of 
− 353.03 kcal/mol. Both PN5 and PN6 benefit from their edge posi
tioning, which reduces steric hindrance and allows antibiotics to 
interact freely with the reactive sites.

In summary, the combined ESP and IGMH analyses demonstrate that 

Fig. 9. Molecular surface electrostatic potential of adsorbents and antibiotics. White represents H atoms, light blue represents F atoms, gray represents C atoms, blue 
represents N atoms, and red represents O atoms.
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Fig. 10. IGMH visualizations and adsorption energy (ΔE) between antibiotics and adsorbents.
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nitrogen and iron dopants significantly enhance the adsorption capa
bilities of biochar surfaces. Edge-positioned nitrogen species, such as 
PN5 and PN6, offer high accessibility and favorable charge distribution 

for antibiotic adsorption, while FeN4, despite its bulk location, over
comes steric hindrance through strong metal-ligand interactions. MVN 
and DVN, by contrast, exhibit limited adsorption efficiency due to steric 

Fig. 10. (continued).
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constraints around bulk nitrogen sites. These results underscore the 
critical role of selective doping strategies in optimizing biochar surfaces 
for water treatment applications, with Fe and pyridinic nitrogen iden
tified as highly effective dopants for enhancing interaction strength and 
adsorption stability.

3.4.3. DOS Analysis for FeN4 Model Adsorbing NOR and OTC
The adsorption mechanism of antibiotic molecules on the surface of 

adsorbents is one of the central topics of this study. To explore this, we 
calculated the density of states (DOS) for the most stable adsorption 
configuration, FeN4. Specifically, we analyzed the following: (i) the 
changes in the DOS of the antibiotic molecules before and after the 
adsorption reaction (Fig. 11a-b); (ii) the DOS of the Fe atoms, N atoms 
from OTC, and O atoms from NOR, which directly interact with the FeN4 
surface before and after adsorption (Fig. 11c-d); and (iii) the contribu
tions of the atomic orbitals (Fe 3d, N 2p, O 2p) involved in these in
teractions (Fig. 11e-f).

As shown in Fig. 11a-b, after the adsorption reaction, the DOS of OTC 
and NOR molecules exhibit significant changes, primarily observed as a 
shift of the peak positions towards lower energy regions by approxi
mately 2 eV for OTC and 1 eV for NOR. This suggests that, during the 
adsorption process, the energy of the antibiotic molecules is lowered, 
and their molecular structures become more stable. Moreover, OTC 
appears to be more stable than NOR. Fig. 11c-d shows the DOS of the Fe 
atoms, N atoms of OTC, and O atoms of NOR, which directly interact 
with the FeN4 surface before and after adsorption. A distinct peak in the 
DOS of Fe atoms appears at − 3 eV, indicating strong localization of the 
Fe atoms’ valence electrons. By comparing Fig. 11c-d, it is evident that 
the DOS near the Fermi level (− 4 eV to − 2 eV) undergoes minimal 
change, with only a slight shift towards lower energies. However, in the 
energy range between − 6 eV and − 4 eV, the peaks in the DOS of the 
antibiotic molecules show a significant change, with the peak density 
decreasing. This can be attributed to the formation of Fe-N/O bonds 
between the surface Fe atoms and the N or O atoms in the antibiotics. 

Fig. 11. Density of states (DOS) of FeN4 model, FeN4-OTC and FeN4-NOR. The species after adsorption are marked with an asterisk (*). 0 eV is the Fermi level.
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Specifically, the Fe atom in the FeN4 configuration primarily partici
pates in a four-coordinate structure with four N atoms; however, upon 
adsorption of the antibiotic molecules, the original coordination 
network is disrupted.

To further investigate the role of the N or O atoms in the antibiotics 
and the Fe atoms on the FeN4 surface during the adsorption reaction, it is 
necessary to analyze the partial DOS (PDOS) of the adsorbed atoms. As 
observed in Fig. 11e, after the adsorption of OTC molecules, there is 
significant overlap between the 2p orbitals of the O atoms and the 3d 
orbitals of the Fe atoms on the surface. This indicates that the adsorption 
reaction induces strong hybridization (Wang et al., 2024; Wu et al., 
2025) between the 2p orbital of O and the 3d orbital of Fe, leading to the 
formation of a Fe-O chemical bond, which demonstrates a chemical 
interaction between the O atom and the surface Fe atom. Additionally, 
in the OTC molecule, two main resonance peaks are observed between 
the 2p orbital of the O atom and the 3d orbital of Fe on the FeN4 surface, 
with peak positions at − 4.5 eV and − 2.5 eV. These resonance peaks 
indicate the formation of Fe-O bonds between the O atoms in the OTC 
molecule and the Fe atoms on the FeN4 surface (Fig. 12), which is 
consistent with the previous analysis. Finally, from Fig. 11f, it can be 
observed that when NOR molecules are adsorbed, a Fe-N chemical bond 
is also formed. However, the overlap between the 2p orbitals of the N 
atom and the 3d orbitals of the Fe atoms on the surface is less pro
nounced, indicating a lower degree of hybridization. This is consistent 
with the binding energy and IGMH results. In summary, the adsorption 
mechanism between the antibiotic molecules and the FeN4 surface is 
attributed to strong hybridization between the 2p orbitals of the N/O 
atoms and the 3d orbitals of the Fe atoms, leading to the formation of 
Fe-N/O chemical bonds (Li et al., 2024b).

Fig. 12 shows the fragment electron density difference in Multiwfn. 
The yellow and green isosurfaces (+0.004 and − 0.004 a.u., respectively) 
represent the region in which electron density is increased and 
decreased after NOR or OTC coordinated to FeN4, respectively. In all 
models, the Fe-N/O bond length is less than or equal to the sum of the 
atomic radii of the two atoms (Cordero et al., 2008) (with a Fe atom 
radius of 1.25 Å, an O atom radius of 0.73 Å, and a N atom radius of 
0.75 Å). This leads to the conclusion that the FeN4 collector exhibit 
strong adsorption and accompanied by the formation of new chemical 
bonds. On the other hand, investigating electron transfer (as depicted in 
Fig. 12), yellow indicates charge accumulation, green indicates charge 
depletion, and the yellow is located just above the Fe-N/O bond, again 
indicating the formation of a new chemical bond.

4. Conclusions

This study presents the synthesis and evaluation of a Fe/N-rich 
biochar derived from EC for the efficient removal of antibiotics from 
water. The biochar demonstrated high adsorption capacities for OTC 
and NOR in both single and binary systems, with maximum adsorption 
capacities reaching 487.379 mg⋅g⁻1 for NOR and 625.325 mg⋅g⁻1 for 
OTC in binary systems. Characterization analyses revealed that the high 
surface area, abundant functional groups, and FeN4 active sites 
contributed significantly to the biochar’s superior adsorption perfor
mance. The biochar exhibited good reusability across multiple 
adsorption-desorption cycles. Adsorption kinetics followed a pseudo- 
second-order model, suggesting chemisorption as the primary mecha
nism, while the Langmuir isotherm model provided the best fit for the 
equilibrium data. The strong interactions between the FeN4 active sites 
and the antibiotics were quantified through DFT calculations, showing 
binding energies of − 394.91 kcal/mol for NOR and − 398.10 kcal/mol 
for OTC, highlighting the important role of FeN4 in facilitating efficient 
adsorption. Additionally, density of states (DOS) analysis revealed that 
the FeN4 sites played a crucial role in the adsorption process. The 
adsorption of OTC and NOR molecules led to significant changes in the 
DOS, with a shift in the peak positions towards lower energy regions, 
indicating that the antibiotic molecules became more stable upon 

adsorption. The formation of Fe-N/O chemical bonds was confirmed 
through the hybridization of Fe 3d orbitals with N/O 2p orbitals, 
particularly in OTC (Fe-O) and NOR (Fe-N). Overall, the Fe/N-rich 
biochar, particularly through the interaction with FeN4 sites, demon
strated exceptional adsorption performance, contributing to its potential 
for practical applications in the removal of antibiotics from aqueous 
systems.
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