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A B S T R A C T

The widespread presence of antibiotic residues in aquatic environments, resulting from the extensive use of 
antibiotics in livestock and aquaculture, has driven the search for effective remediation methods. Adsorption, 
particularly using biochar, has emerged as a promising approach. In this study, rice straw-derived biochar 
(denoted as B5) modified with phosphoric acid (H3PO4-modified B5, PB5) and potassium hydroxide (KOH- 
modified B5, KB5) at the same concentration was investigated for ciprofloxacin (CIP) adsorption. PB5 exhibited a 
maximum Langmuir adsorption capacity of 25.6 mg/g for CIP, surpassing KOH-modified (8.77 mg/g) and un
modified biochar (3.71 mg/g). The optimized pH for adsorption was 3.0–7.0, where electrostatic interactions and 
hydrogen bonding dominated. Characterization revealed that acid-base modification altered the surface 
morphology, pore structure, and functional groups of biochar. PB5 exhibited a rougher surface, increased 
porosity, and enhanced oxygen-containing functional groups, while KB5 had a more pronounced increase in 
large specific surface area (SSA). Adsorption experiments indicated a multistage process involving chemisorp
tion, external diffusion, and intraparticle diffusion. The pseudo-second-order model and the Freundlich isotherm 
best described the adsorption behavior, indicating chemisorption-dominated non-homogeneous adsorption. 
Density Functional Theory (DFT) calculations and X-ray photoelectron spectroscopy (XPS) analysis identified the 
-COOH group on biochar as the main active site for CIP adsorption, with a strong dual-force interaction. pH and 
anion studies showed that pH affected adsorption via electrostatic interactions, and divalent anions, especially 
SO4

2− , inhibited adsorption, more so for PB5 due to its larger pore size. This study elucidates the distinct 
adsorption mechanisms of acid and alkali-modified biochar for CIP, providing valuable insights for the design 
and optimization of biochar for antibiotic removal in water treatment, Further research should explore diverse 
antibiotic models and advanced research tools to address real-world environmental challenges.

1. Introduction

Antibiotics play an important role in disease prevention and the 
protection of animals against disease. They are commonly used in live
stock and aquaculture [1,2]. It is worth noting that antibiotics ingested 
by organisms are difficult to fully utilize. More than 30–90 % of anti
biotics are incompletely metabolized in organisms, resulting in the 
inevitable discharge of antibiotics and their metabolites into the aquatic 
environment [3,4]. In addition, due to the chemical stability of 

antibiotics and the fact that they are not easily broken down. Antibiotics 
are frequently detected in various natural water sources, such as surface 
water, groundwater, and even drinking water [5,6], where the con
centration of antibiotics ranges from 0.0005 to 56,000 μg/L [7]. Most 
importantly, aquatic environments that contain large quantities of 
antibiotic residues can cause serious environmental problems [8]. They 
can have serious negative impacts on freshwater animals and plants, 
including non-target organisms such as algae, microorganisms, macro
phytes, zooplankton, and fish. They may accumulate in top predators 
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and plants through the food chains, posing a potential threat to human 
health [9]. Moreover, the accumulation of antibiotics in the environ
ment promotes the development of antibiotic-resistant bacteria (ARBs) 
and accelerates the spread of antibiotic-resistant genes (ARGs) among 
various bacterial strains [3,10]. This phenomenon can lead to the 
emergence of highly resilient pathogens and disrupt the balance of the 
microbial ecosystem [11,12]. Therefore, reducing antibiotic residues in 
water bodies will effectively curb the hazards and risks associated with 
the spread of ARGs and reduce the serious threat they pose to human 
health [13].

Adsorption is a cost-effective, scalable, and energy-efficient method 
for antibiotic removal, avoiding secondary pollution from chemical 
treatments. Unlike advanced oxidation processes, adsorption preserves 
the structural integrity of antibiotics and minimizes toxic byproducts 
[14]. In this regard, researchers have developed various adsorbents for 
antibiotic removal, including carbon-based materials, polymers, and 
other natural/synthetic materials [15]. Among them, the use of biochar 
made from biomass waste has attracted much attention by showing 
various advantages such as low cost, high availability, easy modifica
tion, environmentally friendly, reusable, and efficient pollutant reme
diation potential [16–18]. In particular, the use of biochar in wastewater 
treatment is a promising solution because biochar has a number of 
structural properties, including a large specific surface area (SSA), a high 
pore structure, and a wide variety of surface functional groups, which 
make its adsorption capacity extremely strong and highly modifiable 
[19]. Therefore, biochar has become a widely used material for envi
ronmental remediation. Due to the limited porosity and functional 
groups of biochar and the difficulty of recycling, to break through the 
adsorption bottleneck of the structural properties of biochar, researchers 
investigated the effects of the raw materials, pyrolysis temperature, and 
production process on the adsorption performance of biochar, and ob
tained sufficient reference data on the structure and performance 
[20,21]. However, modifying the physical preparation conditions of 
biochar was insufficient to enhanced adsorption performance, and thus 
researchers have proposed several chemical modification methods.

Several common modification methods have been proposed to 
enhance the adsorption characteristics of biochar, including acid-base 
modification, metal modification, and other techniques [22–24]. 
Compared with metal modification, acid-base modification is simpler, 
less costly, and does not lead to secondary pollution. Acid-base modi
fication primarily alters the SSA and pore structure as well as functional 
groups of biochar [25].

Acid modification removes impurities such as minerals from biochar 
and introduces acidic groups (e.g., carboxyl and amine groups) to the 
surface, which play a crucial role in enhancing in increasing the 
adsorption performance of biochar [26]. Alkaline modification, typi
cally using sodium hydroxide (NaOH) and potassium hydroxide solu
tions (KOH), enhances the oxygen functional groups in biochar while 
dissolving ash and coagulating organic matter [27]. Although the 
enhancement of adsorption of organic pollutants by acid- or base- 
modified biochar has been reported in related studies, the extent to 
which the type and concentration of the acid or base affect the modifi
cation of biochar is unknown. Therefore, it is necessary to investigate the 
changes in the structural properties of biochar under the same concen
tration of acid and alkali, and the structure-activity relationship of acid 
and alkali modification on the adsorption of organic pollutants by 
biochar.

To address this knowledge gap, we chose CIP as a model compound, 
which is a third-generation fluoroquinolone antibiotic widely used in 
veterinary medicine and the human body because of its high clinical 
efficacy and antimicrobial activity [28,29]. This study addresses the 
knowledge gap in understanding how acid-base modifications under 
identical concentrations affect biochar’s structural properties and 
adsorption mechanisms for antibiotics. Unlike previous studies focusing 
on single modification methods or varying concentrations, we system
atically compare phosphoric acid (H3PO4) and potassium hydroxide 

(KOH) modifications at the same molarity (1.0 mM) to elucidate their 
distinct impacts on biochar’s pore structure, functional groups, and 
adsorption performance. Novelty lies in the integration of advanced 
characterization techniques—including scanning electron microscopy 
(SEM), X-ray photoelectron spectroscopy (XPS), Fourier-transform 
infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) ana
lysis—with density functional theory (DFT) calculations. This approach 
identifies the role of carboxyl (-COOH) groups as primary adsorption 
sites. Our approach provides a clear structure-activity relationship, 
demonstrating that acid modification enhances oxygenated functional 
groups, while alkali modification primarily increases surface area. These 
findings offer practical insights for designing biochar tailored to the 
removal of specific antibiotics in water treatment applications.

2. Materials and methods

2.1. Chemicals and reagents

The antibiotic standard (Ciprofloxacin, CIP) was purchased from 
Sigma-Aldrich. All other chemicals including KOH, H3PO4, and H2SO4, 
were obtained from Aladdin, China. All chemicals and reagents were 
analytical grade and used without further purification.

2.2. Biochar preparation

Rice straw was collected from the agricultural fields in Yiliang 
County, Kunming, China. The collected straw (elemental composition: C 
38.6 %, O 43.2 %, N 0.6 %, S 0.4 %, H 5.2 %) was washed, dried, 
chopped, and pulverized to particles <2 mm in size for use as raw ma
terial. Pyrolysis was conducted in a tube furnace under N₂ atmosphere at 
500 ◦C for 4 h to produce biochar (denoted as B5). The resulting biochar 
was ground, sieved (100 mesh), and stored in airtight containers. The 
acid/alkali-modified biochar was prepared as follows. 3.0 g of B5 was 
dispersed in phosphoric acid solution (95.0 %, 1.0 mM, 100.0 mL) and 
potassium hydroxide (KOH) solution (>99.0 %, 1.0 mM, 100.0 mL) with 
continuous stirring for 12 h. The reacted biochar suspension was filtered 
to obtain solid biochar pellets, and then the biochar pellet samples were 
washed repeatedly with ultrapure water and dried at 60 ◦C to remove 
moisture. The phosphoric acid-modified biochar was labeled as PB5, and 
the KOH-modified biochar was named KB5.

2.3. Characterization of biochar

The types and relative content of surface functional groups were 
characterized using FTIR (Varian 640-IR, USA) and XPS (ESCALAB 250 
Xi, Thermo Fisher Scientific, USA). The morphology of biochar was 
evaluated using SEM (ZEISS SUPRA 40, Germany). The SSA and pore 
structure of biochar were characterized using N2 adsorption and 
desorption (ASAP 2020, USA). The zeta potential of biochar was 
determined by Malvern (Nano ZS90, ZEN350, UK). The detailed 
experiment parameters are provided in the Supporting Information Text 
S1.

2.4. Adsorption experiments

Batch adsorption experiments were conducted in 40.0 mL brown 
vials containing 15.0 mg of biochar and 10.0 mL of CIP stock solution at 
different concentrations. For kinetic studies, aliquots were collected at 
0.5, 1, 2, 4, 8, 12, and 18 h for adsorption kinetics experiments. For 
adsorption equilibrium, all samples were stirred in a thermostatic 
shaking incubator at 150 rpm for 18 h. To establish adsorption iso
therms, CIP solutions were prepared at different concentrations (2, 4, 6, 
10, and 15 mg•L− 1). The effect of pH on CIP adsorption was investigated 
by adding a certain amount of adsorbent to the initial CIP solutions at 
pH 3.0, 7.0, and 9.0. The pH was varied using KOH (5.0 × 10− 2 M) or 
H2SO4 (5 × 10− 2 M). The effect of different anions on the CIP adsorption 
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performance of biochar was investigated at the same molar concentra
tion. After adsorption, 1.0 mL of supernatant was withdrawn using a 
syringe and filtered through a 0.45 μm PVDF disk filter, and the filtrate 
was collected and used to determine the residual CIP concentration. The 
CIP concentration was detected using UV–vis spectrophotometry at 
270.0 nm. All experiments performed in triplicate.

2.5. Data processing and DFT calculations

The amount of antibiotic adsorbed by biochar (Qe, mg/g) was 
calculated from the concentration difference between the initial solution 
(C0, mg/L) and the equilibrium solution (Ce, mg/L). The adsorption 
kinetics are simulated with pseudo-first-order, pseudo-second-order 
[30], Elovich [31], and intra-particle diffusion Eqs. [32], respectively. 
The adsorption kinetics are simulated with the Langmuir isotherm 
model [33], the Freundlich isotherm model [34], Temkin model [35], 
respectively. The details of data processing are described in Supporting 
Information Text S2.

The adsorption energy (Ead) of CIP on biochar was calculated based 
on DFT calculations by using the Gaussian 09 software package [36,37]. 
The details of the calculation are described in Supporting Information 
Text S3.

3. Results and discussion

3.1. Characterization of biochar

The surface morphology and pore structure characteristics of B5, 
PB5, and KB5 were investigated using SEM. The surface of unmodified 
B5 particles was smooth, with a relatively regular pore structure that 
was in shape (Fig. S1). In contrast, PB5 and KB5 showed rough surfaces, 
higher porosity, and particle inhomogeneity, suggesting that acid-base 
modification altered the biochar’s structural morphology. The irreg
ular porous structure likely resulted from chemical reactions between 
the biochar surface and H3PO4/KOH, producing water vapor and carbon 
dioxide [38]. BET analysis measured the SSA, porosity, and pore size 
distribution of B5, PB5, and KB5. The N2 adsorption-desorption iso
therms and pore size distribution curves of the biochar are shown in 
Fig. 1a and Fig. 1b. By observing the N2 adsorption behavior in this 
specific P/P0 range, we could infer the changes in mesopore volume, 
pore size distribution, and surface area. The N2 adsorption of PB5 and 
KB5 was mainly distributed in the range of 0.25 to 0.80 in the P/P0 
value, suggesting that the removal of tarry residues in the pristine bio
char using H3PO4 and KOH improved the mesopore structure and 
maintain the porosity. The pore size distribution curves showed a mes
oporous structure (2.0–50.0 nm) after acid-base modification, and the 
peaks of the pore size distributions of both PB5 and KB5 were located at 
39 Å. KB5 showed a more pronounced enhancement of the pore volume 

Fig. 1. (a) Adsorption and desorption curves of B5, PB5, and KB5 via BET analysis; (b)The pore size distribution curves of B5, PB5, and KB5; (c) The relative content 
of C, O, and Si by XPS spectra; (d) The functional groups of B5, PB5, and KB5 by FTIR spectra.
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than PB5, indicating that KOH modification was more effective in 
modulating the pore structure of the biochar. The SSA of B5, PB5, and 
KB5 were 0.77, 1.86, and 5.92 m2/g, respectively. H3PO4 and KOH 
modification increased the SSA by 2.4 and 7.7 times, and the total pore 
volume by 6.0 and 13.0 times, respectively. The average pore size of PB5 
increased from 78.4 Å (B5) to 131.0 Å, and KB5 from 78.4 Å to 90.8 Å. 
Thus, the biochar activated by H3PO4 and KOH showed significant 
improvement in SSA, pore volume, and pore size, which may enhance 
the adsorption efficiency of biochar.

Given the high Si content in rice straw [39], XPS analysis revealed 
contents of C, XPS analysis revealed decreased C but increased Si content 
on the biochar surface after H3PO4/KOH treatment (Fig. 1c). This sug
gests ash removal exposed oxygenated functional groups. FTIR spectra 
further identified these groups (Fig. 1d): the characteristic peak (3432.0 
cm− 1) of -OH/-COOH groups [40] was observed and its significant 

enhancement after modification may favor the absorption of pollutants. 
In addition, the stretching vibration peaks of C––C and C–O [41,42] in 
the aryl ring were around 1600.0 cm− 1, which were slightly elevated 
after modification by H3PO4 and KOH. In addition, the presence of a 
C–C aromatic ring at 1400.0 cm− 1 further confirmed the structure of 
the aromatic ring, the peaks at 1100.0 cm− 1 attachment were designated 
as C-O-C and C–O vibrational peaks [43], and the peaks located near 
466.0 cm− 1 were induced by Si–O vibration of inorganic SiO2 [44]. 
Therefore, the larger change in functional groups on the surface of the 
biochar after H3PO4 and KOH treatments was the -OH/-COOH groups. 
Additionally, PB5’s peak at 1170.0 cm− 1 was attributed to C-O-P for
mation through H3PO4 dehydration on PB5 [45].

Fig. 2. (a, b, and c) The adsorption kinetics and models fitting of CIP by B5, PB5 and KB5 systems; (d) The Elovich kinetic model of CIP by B5, PB5 and KB5 systems; 
(e) The intraparticle diffusion model of CIP by B5, PB5 and KB5 systems; (f) Langmuir and Freundlich model fitting of isothermal experiments by B5, PB5 and 
KB5 systems.
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3.2. Adsorption kinetics and isotherms

3.2.1. Kinetics
The adsorption kinetics of CIP on B5, PB5, and KB5 were investigated 

at an initial concentration of 10 mg/L (pH 7.0) over 18 h. The adsorbed 
CIP concentration (Qt) at different time intervals is shown in Fig. 2a-c. 
During the initial stage, Qt increased rapidly with time and reached 
equilibrium within 8 h. The Qt values for PB5 and KB5 were significantly 
higher than those for B5, demonstrating that H3PO4 and KOH treatments 
enhanced adsorption efficiency. Notably, H3PO4 modification showed 
more pronounced improvement, suggesting acid modification as the 
preferred approach for biochar optimization.

experimentally investigated with an initial antibiotic concentration 
of 10 mg/L (pH 7.0) and a reaction period of 18 h. The solid phase 
concentration (Qt) of CIP adsorbed on biochar at different times is shown 
in Fig. 2a-c. In the initial stage, Qt increased rapidly with the adsorption 
reaction time and reached equilibrium at 8 h around which equilibrium 
was reached. The adsorption Qt values of CIP on PB5 and KB5 were 
higher compared to B5, which indicated that the H3PO4 and KOH 
treatments increased the adsorption efficiency of biochar. And the 
adsorption promotion was more significant after H3PO4 modification. 
Therefore, we believe that acid modification can be preferred when 
modulating biochar adsorption.

The adsorption mechanism was determined by fitting the experi
mental data using the pseudo-first-order kinetic (PFO) model, the 
pseudo-second-order kinetic (PSO) model, the Elovich kinetic model, 
and the intraparticle diffusion kinetic model [46,47]. The kinetic fitting 
curves for the CIP were shown in Fig. 2(a-d), and the derived parameters 
were summarized in Table S1. The PSO model has higher accuracy 
compared to the PFO model. The Elovich kinetic model exhibited rela
tively low R2 values. These results suggested that the PSO model better 
described the adsorption mechanism of CIP on B5, PB5, and KB5. The 
chemisorption process, which was the limiting step for CIP removal, 
which involved chemical bonding between functional groups on the 
surface of biochar and CIP.

In addition, to further understand the adsorption kinetics, the 
experimental data were fitted using an intraparticle diffusion model. A 
linear plot of Qt versus t0.5 was presented in Fig. 2e, and the fitting re
sults showed three linear components, which suggested that the 
adsorption process was multistage, and the adsorption reaction system 
could contain three processes: diffusion, adsorption, and equilibrium. 
The values of the intra-particle diffusion rate constants ki1 were signif
icantly larger than ki2 and ki3 for the three reaction systems, indicating 
that diffusion of CIP molecules to the biochar surface dominated in the 
initial stage. Subsequently, adsorption and equilibrium processes 
occurred. Importantly, in this study, ki1, ki2, and ki3 of CIP in PB5 were 
greater than those of B5 and KB5, suggesting that PB5 possessed a 
stronger mass driving force and more adsorption sites for CIP. In addi
tion, C-value served as an index denoting the thickness of the boundary 
layer and could be employed to assess the diffusion resistance [48]. The 
C-values of all three biochar samples were C1 < C2 < C3 (all >0). The 
lower C values indicated that the initial liquid-phase diffusion resistance 
was lower, while the later diffusion resistance increased as the active 
sites were blocked by the adsorbent.

The above results indicate that the adsorption mechanism of CIP on 
B5, PB5 and KB5 was controlled by multiple mechanisms, including 
chemisorption, external diffusion and intraparticle diffusion.

3.2.2. Isotherm
The isothermal experiments on the adsorption properties of B5, PB5, 

and KB5 on CIP are depicted in Fig. 2 f. The Langmuir model describes 
monomolecular layer adsorption on surfaces with a finite number of 
similar sites [49]. The Freundlich model mainly simulated non-uniform 
amorphous rows adsorption on adsorbent surfaces [50]. Langmuir and 
Freundlich were made to fit the experimental data, and the parameters 
of these models are shown in Table S2. The Langmuir model showed that 

the maximum adsorption capacity (Qm) followed: PB5 (25.6 mg/g) >
KB5 (8.77 mg/g) > B5 (3.71 mg/g). Temkin isotherm analysis (Table S2) 
further validated the role of chemical bonding, with binding energies (B 
= 18.2–24.5 J/mol) indicating strong adsorbate-adsorbent interaction 
[50]. The Freundlich adsorption isotherm was in very good conformity 
with the experiments, indicating that the CIP adsorption process on the 
three biochar samples was non-homogeneous [51].

The KF values obtained from the Freundlich model have been re
ported to better reflect the affinity of biochar for the target pollutants 
[52]. KF was also the adsorption coefficient, which represented the 
number of antibiotic molecules adsorbed by biochar per unit of equi
librium concentration [53]. Our fitting results showed that the KF value: 
PB5 (26.11) > KB5 (5.38) > B5 (2.92), demonstrating H3PO4-modified 
biochar’s superior CIP affinity which indicated that PB5 had the stron
gest affinity for CIP. These isotherm results corroborated kinetic data, 
confirming H3PO4 modification significantly enhances CIP adsorption.

3.3. Analysis of adsorption active site

To elucidate the underlying mechanisms, the surface functional 
groups contents of PB5, KB5, and B5 were further quantified using XPS. 
The C 1 s spectra of the biochar (Fig. S3) showed three peaks at 
approximately 284.8 eV (C–C), 285.3 eV (C–O), and 288.6 eV (C- 
COOH) [54,55]. Notably, H3PO4 modification did not significantly alter 
the C–C content on the biochar surface, but substantially increased the 
oxygen-containing functional groups: C–O increased from 25.4 % to 
31.0 %, while C-COOH rose from 11.4 % to 17.7 %. In contrast, KOH 
treatment significantly enhanced the C–C content from 50.2 % to 61.7 
%, without causing notable changes in C–O or C-COOH groups. These 
findings demonstrate that H3PO4 primarily modulates oxygenated 
functional groups, whereas KOH predominantly modifies the carbon 
structure.

Furthermore, we established a correlation between the relative 
contents of C–C, C–O, and C-COOH with Qm/SSA (Fig. 3b). The posi
tive correlation of both C–O and C-COOH with Qm/SSA suggests that 
these surface functional groups serve as primary adsorption sites for CIP. 
To gain deeper mechanistic insights, we performed density functional 
theory (DFT) calculations to examine interactions between CIP and 
various functional groups. The adsorption energies were calculated for 
four representative structural units: C–H, C-OH, C––O, and C-COOH. As 
shown in Fig. 3c, carbon structures containing C-COOH groups exhibited 
the highest adsorption energy for CIP, while those with C–H, C-OH, or 
C––O groups showed relatively lower and similar adsorption energies. 
This result confirms that C-COOH groups are the predominant adsorp
tion sites, with biochar containing more C-COOH groups demonstrating 
enhanced CIP adsorption capacity.

Additional analysis of interaction forces (Fig. 3d) revealed strong van 
der Waals interactions between CIP and the biochar matrix. Signifi
cantly, we observed hydrogen bond formation between the carboxyl 
groups (-COOH) and nitrogen atoms in CIP, generating additional 
electrostatic attraction. This dual interaction mechanism (van der Waals 
forces plus hydrogen bonding) accounts for the strong adsorption 
binding energy between C-COOH and CIP.

3.4. pH and anions effects on adsorption

Studies of adsorption-influencing factors help to explain experi
mental phenomena and understand the mechanism of adsorption. The 
adsorption behavior of ionizable organic compounds exhibits pH 
dependence correlating strongly with the compounds pKa value [56]. 
The pKa value demarcates pH ranges where different molecular species 
(cationic, neutral, or anionic form) predominatte.

As illustrated in Fig. 4a-c, we investigated the amount of CIP 
adsorbed on the solid phases of B5, PB5, and KB5 after 1 h and 18 h of 
reaction at different pH conditions. When increasing pH from 3, 
enhanced CIP adsorption occurred with B5 and KB5, attributable to the 
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positively charged biochar surfaces at this pH (confirmed by zeta po
tential measurements in Fig. S4) that strengthened electrostatic attrac
tion. Under alkaline conditions (pH 9) CIP adsorption by PB5 and KB5 
was inhibited. The positive potential of H3PO4 and KOH-treated biochar 
was decreased, while the negative potential was significantly increased. 
The pKa of CIP was 8.7 [57]. When pH < 8.7, CIP was positively pro
tonated, and when pH > 8.7, the presence of CIP species was negatively 
charged, and electrostatic interaction would suppress the CIP migration 
to the biochar surface. Notably, pristine biochar B5 showed no adsorp
tion inhibition at initial pH 9, likely because KOH addition during pH 
adjustment increased its SSA, pore volume, and pore size. Furthermore, 
we observed suppressed CIP adsorption by PB5 at pH 3. Considering 
H2SO4 was used to regulate pH = 3, we hypothesized that the SO4

2−

anions might have a negative effect on the adsorption.
To test this hypothesis, we evaluated five anions (Cl− , NO3

− , HCO3
− , 

CO3
2− , and SO4

2− ) for their adsorption impacts (Fig. 4d-f). The results 
showed that monovalent anions had little effect on CIP adsorption, while 
divalent anions inhibited CIP adsorption to a greater extent. In the B5 
and KB5 systems, the presence of HCO3

− on the contrary led to an in
crease in the absorption of CIP, indicating that HCO3

− had a certain 
promotion effect on CIP adsorption; the presence of CO3

2− and SO4
2− had 

a greater inhibition effect on the absorption of antibiotics, of which the 
inhibition effect of SO4

2− reached 2.9 mg/g in the PB5 system. This 
phenomenon can be rationalized by: (i) pore structure densification, (ii) 
pore blocking, and (iii) particle aggregation induced by divalent anions 
[58,59], collectively reducing available binding sites. The pronounced 
inhibition in PB5 systems reflects its greater vulnerability due to larger 
pore size.

3.5. Mechanism of adsorption

CIP adsorption by biochar involves multiple mechanisms (Fig. 5). 
Firstly, physical adsorption plays a significant role. Biochar’s extensive 
SSA and pore structure offer sites for CIP molecules. Unmodified biochar 
and those modified with acid or alkali possess enhanced surface areas 
and mesoporous structures. CIP molecules can attach to the surface via 
van der Waals forces and fill the pores. Secondly, chemical adsorption is 
crucial. H3PO4-modified PB5 contains enriched acidic functional groups 
(e.g., C-COOH). XPS analysis shows significant rises in C–O and C- 
COOH contents after H3PO4 modification. DFT calculations verified that 
carbon structures with C-COOH have the highest adsorption energy for 
CIP. The C-COOH forms hydrogen bonds and electrostatic forces with 
CIP, along with van der Waals forces, leading to strong adsorption. 
Alkaline-modified KB5 changes the carbon structure, also affecting 
adsorption. Chemical bonding between biochar’s functional groups and 
CIP is the rate-limiting step, as described by the PSO model.

Electrostatic interaction further modulate adsorption. Solution PH 
influences biochar’s surface charge. At acidic pH, biochar is positively 
charged, enhancing electrostatic attraction with CIP. At alkaline pH, the 
opposite occurs, inhibiting adsorption. Different ions also matter. 
Monovalent anions have a minor effect, while divalent anions, especially 
SO4

2− , can inhibit CIP adsorption. In the PB5 system with a larger pore 
size, SO4

2− has a more pronounced inhibitory effect due to pore structure 
changes and reduced adsorption sites. Overall, CIP adsorption on bio
char is a combined result of surface area, pore structure, functional 
groups, and electrostatic interactions.

Fig. 3. (a) The functional groups contents of B5, PB5, and KB5 using XPS; (b) The relationship of functional groups contents and Qm/SSA; (c) The adsorption energy 
between four functional groups and CIP; (d) The forces between CIP and C–H, C-OH, C-C=O, and C-COOH.
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4. Conclusions

In this study, PB5 and KB5 were prepared to investigate the effect of 
modification on antibiotic adsorption by biochar. Using CIP as a model 
contaminant, it was demonstrated that Acid-modified biochar (PB5) 
enhanced -COOH content (17.7 %) and pore size (131 Å), achieving 
25.6 mg/g CIP adsorption. Alkali modification (KB5) prioritized specific 
surface area (5.92 m2/g) but showed lower capacity (8.77 mg/g). 
Additionally, DFT confirmed -COOH as the primary active site, driving 
dual-force adsorption. Divalent anions (SO42− ) inhibited adsorption 
more in PB5 due to pore blockage. In this regard, it is necessary to select 
more antibiotic model compounds, prepare and design different modi
fied biochar, and systematically investigate the specific adsorption 
mechanism between the carbon structure of biochar and antibiotics in 
the future. Meanwhile, the establishment of a clear adsorption structure- 
activity relationship between biochar and antibiotics by combining 
efficient research tools such as machine learning can provide effective 

help to face the complex applications in the real environment.
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