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Abstract
In this paper, one kind of acid–alkali modified sludge-based biochar (ASBC) was synthesized, characterized, and employed 
as adsorbent for the removal of pefloxacin. The characterization results showed that the specific surface area (SSA) of 
ASBC (53.381  m2/g) was significantly higher than that of SBC (24.411  m2/g). ASBC had a rougher surface, larger particle 
distribution, lower zero point charge, and richer functional groups (e.g., C-O and O–H) than SBC. The adsorption capacity 
of ASBC was 1.82 times than that of SBC. After 8 adsorption cycles in reuse experiment, the adsorption capacity of ASBC 
for pefloxacin still reached 144.08 mg/L, indicating that ASBC has good reusability. Static experiments showed that the 
optimal pH value was 6.0 in the adsorption of pefloxacin on SBC and ASBC. The result of adsorption kinetics indicated that 
the pseudo-second-order model could describe well the adsorption process. The Freundlich model was better than the Lang-
muir model to describe the adsorption of pefloxacin by ASBC, indicating that the adsorption process was mainly multilayer 
adsorption. Thermodynamic result showed that the adsorption of pefloxacin by ASBC was spontaneous and endothermic. 
The removal mechanism of pefloxacin by ASBC is mainly the substitution reaction and π-π EDA interaction. In summary, 
acid–alkali modified biochar is an effective adsorbent for pefloxacin in aqueous solution, and has great application prospects.
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Introduction

In recent decades, various antibiotics are widely used in 
human health care and animal diseases because of their 
broad-spectrum antibacterial, good oral absorption, and 

low price. Low-dose antibiotics are also used extensively 
in intensive cultivation to promote livestock growth and 
inhibit fungal infections (Kong et al. 2017; Thiele-Bruhn 
2010; Tong et al. 2011). Quinolone antibiotics are the most 
widely used antibiotics because of their good medicinal 
properties and fewer side effects. They are one important 
class of “emerging” pollutants and are considered to be the 
fourth largest class of antibiotics in surface water (Ge et al. 
2018; Xiang et al. 2020). Studies showed that quinolones 
have reached 17% of total antibiotic contamination in the 
aquatic environment in China (Zhang et al. 2015a). With 
the development of economy, people are paying more and 
more attention to the effects of quinolones contamination on 
human beings and environment.

In order to control the threat of antibiotics in aqueous 
solution, lots of researches have been done on antibiotic 
removal methods, including physical technology (separa-
tion) (Gong et al. 2009; Migliore et al. 2003; Wan et al. 
2018; Xu et  al. 2012), chemical technology (oxidation, 
photocatalysis) (Min et al. 2016; Wang et al. 2017a, b), and 
biotechnology (degrading microorganisms) (Chen et al. 
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2015; Yang et al. 2017). For example, Zhang et al. (2016) 
employed powdered activated carbon to adsorb 28 antibiot-
ics and found that the optimal removal rate reached 99%. 
Huang et al. (2020) removed ciprofloxacin (CIP) by electro-
Fenton technique, and the CIP removal efficiency reached 
95.62% in 30 min.

Among these methods, the adsorption method has been 
recognized as a promising method for the removal of anti-
biotics from aqueous solution because of the advantages of 
easy operation, high efficiency, no toxic by-products, and 
friendly environment (Wei et al. 2018).

To date, a variety of adsorbents have been reported for the 
adsorption of antibiotics including carbon-based materials 
(Güzel and Sayğılı 2016; Sayğılı and Güzel 2016; Zeng et al. 
2019; Zhu et al. 2014, 2020), nanomaterials (Liu et al. 2017; 
Zhang et al. 2017), polymeric materials (Chen et al. 2016), 
molecularly imprinted materials (Rodríguez-Dorado et al. 
2016), and mineral materials (Septian et al. 2018). Among 
them, biochar, as a new type of adsorbent, exhibits excellent 
adsorption performance due to its high hydrophobicity, good 
porosity, and large specific surface area (Ye et al. 2017; Wan 
et al. 2021). A variety of biomass is used as the raw materi-
als of biochars (e.g., animal manure, crop residues, wood 
biomass, and solid wastes).

With the development of urbanization, a huge amount 
of sludge is produced in a municipal sewage plant. Most 
of these sludge are transported freely, simply landfilled, or 
abandoned, not only occupying a large amount of land, but 
also causing serious secondary pollution, bringing potential 
risk to the human beings and ecological environment. If the 
sludge is used as a raw material for the preparation of bio-
char, then it will be transformed from low-value waste into 
high-value biochar, which not only protects the environment 
but also solves the treatment and disposal of sludge (Li et al. 
2011; Wen et al. 2011). However, due to the limitation of 
weaker porosity and fewer functional groups, the adsorption 
capacity of original biochar to organic pollutants is poor, and 
appropriate technical measures should be taken to improve 
it. Previous studies have shown that acid–alkali modified 
biochar can significantly improve its adsorption capacity for 
other pollutants (e.g., tetracycline, hexavalent chromium and 
copper ions) (Deng et al. 2018; Tang et al. 2018; Yang and 
Jiang 2014), but the study on the pefloxacin is few, and its 
adsorption mechanism is not clear enough.

In this study, one kind of high efficiency acid–alkali 
modified biochar (ASBC) was prepared and characterized 
by Brunauer–Emmett–Teller (BET), scanning electron 
microscope (SEM), zeta potential meter, Fourier transform 
infrared spectroscopy (FTIR), and X-ray diffraction (XRD). 
The effect of pH on the adsorption performance of pefloxa-
cin by biochar was studied. Adsorption isotherm analysis, 
kinetic analysis, thermodynamic analysis, FTIR, and X-ray 

photoelectron spectroscopy (XPS) were used to interpret the 
adsorption mechanism of pefloxacin by ASBC.

Materials and methods

Materials

Sewage sludge was collected from Xingsha sewage treat-
ment plant in Changsha city, Hunan Province. Pefloxacin 
was purchased from Aladdin Reagent Company. All chemi-
cals used in this study were analytical grade. The experi-
mental water was ultra-pure water with a resistivity of P18 
MX cm.

Preparation of biochars

The sewage sludge was dried to the unvaried weight at 60 °C 
and passed through a 60 mesh sieve. The powder was burned 
in a muffle furnace at 500 °C for 2 h under anaerobic con-
ditions and formed the original biochar which was named 
SBC. Then SBC was mixed with sodium hydroxide solution 
(2 M) at 90 °C and stirred in a water bath for 2 h, followed 
by magnetic stirring, coexisting with concentrated nitric acid 
at 10–15 °C for 2 h (Tang et al. 2018), drying, and passing 
through a 100 mesh screen to obtain ASBC.

Characterization of biochars

The specific surface areas (SSA), the pore volume (PV), 
and pore diameter (PD) of SBC and ASBC were determined 
by the Micromeritics Instrument (Gemini 2390, USA) (Wei 
et al. 2020). The morphology of biochars was character-
ized by a scanning electron microscope (SEM, Sirion 200, 
USA). The zeta potentials were measured on a Zetasizer 
Nano (ZS 90, Malvern, England). The functional groups of 
adsorbents over a wavenumber range from 400 to 4000  cm−1 
were tested by a Fourier transform infrared spectrometer 
(FTIR, Nikon 5700, USA). X-ray photoelectron spectros-
copy (XPS, Escalab 250Xi, USA) was employed to qualita-
tively analyze the surface elements of the adsorbents. The 
crystal structure of ASBC was detected by an X-ray diffrac-
tometer (X’Pert PRO, PANalytical, Holland) using Cu Kα 
radiation (λ = 1.54056 Å).

Reusability of biochar

The reusability of biochar was studied using multiple cycles 
of adsorption. In 150 mL PVC bottles, 0.01 g ASBC was 
added to 100 mL 50 mg/L pefloxacin solution (pH = 6.2). 
Then, they were shaken in a constant temperature shaker 
under 25 °C for 24 h. After the adsorption, the solution 
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was separated by filtration. The adsorbent was dried and 
used for the next adsorption cycle. The supernatant was fil-
tered through a 45-μm filter to measure the concentration 
of pefloxacin.

Batch adsorption experiment

To study the effect of pH on the adsorption, 0.01 g SBC 
and ASBC were added to 100 mL 50 mg/L pefloxacin solu-
tion with different pH from 2 to 10 which were adjusted 
by NaOH or HCl in different 150-mL PVC bottles. Then, 
they were shaken in a constant temperature shaker for 24 h 
under 25 °C. The supernatant was taken and filtered through 
a 45-μm filter to measure the concentration of pefloxacin.

To study adsorption kinetics, 0.02 g SBC and ASBC were 
added to 100 mL 50 mg/L pefloxacin solution in different 
150-mL PVC bottles, followed by shaking at 25 °C constant 
temperature shaker for 2880 min. Samples were taken at the 
scheduled time and filtered through a 45-μm filter to meas-
ure the concentration of pefloxacin.

To study adsorption isotherm and thermodynamics, 
0.02 g ASBC was added in 100 mL antibiotic solution with 
different initial concentrations (25, 50, 100, 150, 200, 250, 
300, and 350 mg/L) in different 150-mL PVC bottles. After 
shaking at different temperatures (15, 25, 35, and 45 °C) for 
24 h, the supernatant was taken and filtered through a 45-μm 
filter to measure the concentration of pefloxacin.

Statistical analyses

All experiments were set up in triplicate, and the mean of the 
experimental results was taken as valid data. The concentra-
tion of pefloxacin was measured by high performance liquid 
chromatography (HPLC).

Results and discussion

Characterization of biochars

Table 1 shows the BET characteristics of biochars. The SSA 
of SBC and ASBC were 25.07 and 53.38  m2/g, respectively, 
which indicated that the SSA of ASBC was considerably 
enhanced after acid–alkali modification. Meanwhile, the 
PV and PD of ASBC decreased simultaneously which dem-
onstrated that the modification of acid–alkali altered the 
structure of biochar, in which the material changed from 
mesopores to micropores.

The morphological crystal structure on the surface of 
SBC and ASBC was obtained by SEM (Fig. 1). Compared 
with SBC, ASBC has a rougher surface and larger particle 
distribution, forming a large loose porous surface, which is 
beneficial for removing contaminants.

The zeta potentials of SBC and ASBC with pH are shown 
in Fig. 2. The zeta potentials decreased with the increas-
ing of pH. In addition, the zero point charges of SBC and 
ASBC are around 7.12 and 4.61, respectively. That is to say, 
the zero point charge of SBC decreased significantly after 
modification by acid–alkali.

Functional groups of SBC and ASBC surface were 
measured by FTIR and shown in Fig. 3. The sharp peaks 
at 470 and 781  cm−1 are consistent with the vibration of 
Si–O-Si and C-H on carbon ring. The strong absorption 

Table 1  BET characteristics of SBC and ASBC

Biochars SSA  (m2/g) PV  (cm3/g) PD (nm)

SBC 25.07 0.065 3.940
ASBC 53.38 0.022 1.957

Fig. 1  SEM images of SBC and 
ASBC

SBC 2000X SBC 5000X SBC 10000X

ASBC 2000X ASBC 5000X ASBC 10000X
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peaks at 1037 and 1633  cm−1 are assigned to C-O (C-N) 
and C = C vibration. The absorbance peaks at 2933, 3428, 
and 3720  cm−1 are the characteristic peak of C-H on satu-
rated carbon, N–H, and O–H, respectively. The intensity at 
1633  cm−1 decreased and the peak at 2933  cm−1 appeared, 
which may be due to the addition reactions of  H+ and C = C 
during acid treatment, which resulted in the appearance of 
C-H at 2933  cm−1.

The phase purity and crystal structure of ASBC sample 
were characterized by XRD (Fig. 4). Obviously, many peaks 
can be found in the diagram, and there are obvious peaks 
in ASBC material at about 26°. The corresponding crystal 
plane index of the film is (154), which indicated that the 
content of  SiO2 in ASBC is rich.

Adsorption capacity and reusability of ASBC

The adsorption capacities of SBC and ASBC with adsorp-
tion time are shown in Fig. 5. The adsorption capacity of 
ASBC on pefloxacin was significantly higher than that of 
SBC, which the maximum adsorption capacity of ASBC was 
1.82 times than that of SBC. The adsorption rates of SBC 
and ASBC were the fastest in the first 6 h, and then the speed 
decreased. After 8 h, the adsorption was basically stable, and 
reached a state of equilibrium at 24 h.

ASBC was subjected to 8 adsorption cycles to evaluate 
its reusability. As shown in Fig. 6, the adsorption capacity 
of pefloxacin decreases slightly. After 8 adsorption cycles, 
the adsorption capacity of ASBC for pefloxacin reached 
144.08 mg/L, indicating that ASBC had good reusability. 

Fig. 2  Zeta potentials of SBC and ASBC

Fig. 3  FTIR images of SBC and ASBC before adsorption and ASBC 
after adsorption

Fig. 4  Wide-angle XRD patterns of ASBC

Fig. 5  The adsorption capacity of SBC and ASBC with adsorption 
time
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But all 8 adsorption cycles have high efficiency. Compared 
with many other adsorbents, ASBC has the advantages of 
high adsorption capacity, high recycling rate, and low cost, 
which is of great significance for the practical application 
of water treatment.

Effect of pH on pefloxacin adsorption

The effects of initial pH value of the solution on the adsorp-
tion of pefloxacin by SBC and ASBC are shown in Fig. 7. It 
is clear that the adsorption capacity of pefloxacin by ASBC 
was higher than by SBC and both of them have the highest 
adsorption capacity of pefloxacin at pH 6.0. The adsorption 
capacity of pefloxacin by SBC increased rapidly when pH 
range from 2.0 to 4.0; then it varied weakly from 4.0 to 8.0 
with a maximum adsorption capacity when pH was 6.0; and 
finally, it decreased slightly from 8.0 to 10.0. The adsorption 
capacity of pefloxacin by ASBC increased sharply along with 
the increasing pH from 2.0 to 6.0. When the pH was 6.0–10.0, 
the removal efficiencies of pefloxacin decreased slightly.

The change of pH can affect the surface functional 
groups of biochars. According to the zeta potential of SBC 
and ASBC (Fig. 2), in the acidic environment, the surface 
functional groups of biochars mainly exist in the form of a 
positive charge. As the pH increases, the functional group 
undergoes deprotonation and the surface of the biochars 
is negatively charged (Tan et al. 2015). The pefloxacin 
has two  pKa  (pKa1 = 6.3,  pKa2 = 7.5) (Rusu et al. 2012), 
which indicates the pH can directly affect the existing 
forms of pefloxacin. At low pH, the electrostatic repul-
sive force between the positively charged adsorbents and 
the cationic pefloxacin is strong and inhibits the adsorp-
tion efficiency. When the solution pH was about 6.0 and 
7.0, pefloxacin changed from ions to molecules. There-
fore, the electrostatic repulsive force between the surface 

of adsorbents and the molecular state of pefloxacin was 
small, and the adsorption capacity of pefloxacin by SBC 
and ASBC increased. While in the state of cations or ani-
ons, the adsorption capacity may be smaller than molecu-
lar morphology due to the stronger electrostatic repulsive 
force. Nevertheless, when the pH was greater than 7.5, 
the pefloxacin was deprotonated into an anion. The elec-
trostatic repulsive force between the negatively charged 
adsorbents and the anionic pefloxacin increased and then 
showed a descending adsorption capacity.

Adsorption mechanism of the pefloxacin by ASBC

Adsorption kinetics

To study the adsorption mechanism of adsorbent and iden-
tify the potential rate control process including the material 
transport and chemical reaction in the adsorption process, 
the adsorption kinetic models are often used to verify the 
experimental data. The adsorption kinetics analysis can 
deduce the adsorption rate of the adsorbent on the adsorbate 
and the rate-controlled adsorption equilibrium time.

The most popular adsorption kinetic models are the 
pseudo-first-order model and pseudo-second-order model.

The linear equations of pseudo-first-order model and 
pseudo-second-order model are expressed as:

(1)ln
(

qe − qt
)

= lnqe −
k
1

2.303
t

(2)
t

qt
=

1

k
2
q2
e

+
1

qe
t

Fig. 6  Removal efficiency of pefloxacin by reclaimed ASBC
Fig. 7  Effect of different pH on the adsorption of pefloxacin by 
ASBC
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where qt (mg/g) and qe (mg/g) are the adsorption amount 
of pefloxacin on ASBC at t (min) and reaction equilibrium, 
respectively; k1  (min−1) and k2 (g/(mg·min)) are the rate 
constant.

In general, the pseudo-first-order model is not suitable for 
describing the entire process of adsorption and it can only 
be used to simulate the adsorption process at the beginning 
of 30–50 min. The pseudo-second-order model is different 
from the pseudo-first-order model, which can describe the 
entire adsorption process because it is based on the solid-
phase adsorption capacity.

Adsorption kinetics reveals the transfer process of sol-
ute at the solid–liquid interface, highlighting the hetero-
geneous reaction and chemisorption mechanism, which 
is very important for understanding the removal mecha-
nism of contaminants (Abdul et al. 2017; Ji et al. 2009; 
Naghdi et al. 2017). The adsorption data of pefloxacin 
by ASBC is fitted with common kinetic models, includ-
ing pseudo-first-/second-order models. Table 2 lists the 
kinetics adsorption parameters of pefloxacin by ASBC.

The correlation coefficient (R2 = 0.9994) obtained by 
the pseudo-second-order model was significantly higher 
than that obtained by the pseudo-first-order model. That 
is to say, the adsorption behavior is greatly affected by 
the chemical mechanism (Fan et  al. 2017; Sun et  al. 
2014). The adsorption capacity of ASBC for pefloxa-
cin was 179.86 mg/g, calculated by the pseudo-second-
order model, which was consistent with the laboratory 
data (178.00  mg/g), and it was more consistent than 
the pseudo-first-order model. In addition, the adsorp-
tion capacity of ASBC for pefloxacin was much higher 
than many other adsorbents. For example, the adsorp-
tion capacities of magnetic iron nanoparticles (Weng 
et  al. 2021), Fe-based metal–organic framework (Ma 
et al. 2021), and Fe–Mn modified biochar (Xiang et al. 
2020) for pefloxacin were 25.40 mg/g, 41.37 mg/g, and 
146.00 mg/g.

Adsorption isotherm

To study the adsorption mechanism of the adsorbent, the 
adsorption isotherm models are often used to verify the 
experimental data. The commonly used adsorption isotherm 
models are the Langmuir adsorption isotherm model and the 
Freundlich adsorption isotherm model.

The Langmuir adsorption isotherm model is suitable for 
the fitting of homogeneous or single-layer adsorption phe-
nomena. The linear equation is:

The Freundlich adsorption isotherm model is suitable for 
the fitting of heterogeneous or multilayer adsorption phe-
nomena. The linear equation is:

where Ce (mg/L) is the contaminant concentration at the 
equilibrium; qm (mg/g) and qe (mg/g) are the maximum 
adsorption capacity for contaminant and the adsorption 
capacity at the equilibrium, respectively; KL (L/mg) and KF 
(L/mg) are the Langmuir and Freundlich constant, respec-
tively; and n is the characteristic constant characterizing the 
adsorption force property.

Table 3 shows the fitting results by Langmuir and Freun-
dlich adsorption isotherm models. The related coefficients 
indicated that Freundlich model (R2 > 0.9) described the 
adsorption process of pefloxacin by ASBC better than Lang-
muir model, which indicated that the adsorption of peflox-
acin solution by ASBC was mainly multilayer chemical 
adsorption. The high adsorption capacity of pefloxacin was 
due to the easy binding of the proteoglycans to the surface of 
ASBC with O-containing functional groups (Ma et al. 2016).

For the Langmuir adsorption isotherm model, the 
dimensionless constant separation factor (RL) can predict 

(3)
Ce

qe
=

1

qmkL
+

Ce

qm

(4)lnqe =
1

n
lnCe + lnKf

Table 2  Fitting parameters of 
adsorption kinetics

Biochars Experimental Pseudo-first-order model Pseudo-second-order model

qm (mg/g) k1 qe (mg/g) R2 k2 qe (mg/g) R2

ASBC 178.00 0.0056 49.87 0.9393 0.00018 179.86 0.9994

Table 3  Linear correlation 
parameter values of adsorption 
isotherm models

Biochars T (K) Langmuir Freundlich

KL qm (mg/g) R2 KF 1/n R2

ASBC 288 0.0102 1400.1680 0.8632 25.6086 0.7208 0.9483
298 0.0131 1407.2615 0.8245 36.3882 0.6729 0.9325
308 0.0120 1796.6223 0.8857 35.0804 0.7369 0.9603
318 0.0163 2012.0724 0.8676 47.7948 0.7462 0.9485
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the efficiency of the adsorption process, which is defined 
as follows:

0 < RL < 1 indicates that the adsorption is favorable; and 
when RL is greater than 1, it means that the adsorption is 
unfavorable (Ajenifuja et al. 2017). As shown in Fig. 8, 
0 < RL < 1 indicates that the adsorption process is favora-
ble. In addition, RL decreased with increasing temperature 
of adsorption, which indicated that high temperature was 
favorable for the adsorption of pefloxacin by ASBC, which 
means that this was an endothermic reaction.

1/n in Freundlich model indicates the adsorption inten-
sity. The value of 1/n less than 1 indicates that the adsorbent 
is easy to adsorb the pollutant; and when 1/n is greater than 
1, it shows that the adsorbent is difficult to adsorb the pol-
lutant (Shi et al. 2014). In this study, 1/n was between 0.65 
and 0.75, which indicated that ASBC was easy to adsorb 
pefloxacin.

Adsorption thermodynamics

Thermodynamic parameters are important for discussing 
whether the adsorption process can occur spontaneously 
at a determined temperature (Hercigonja and Rakic 2015). 
By the thermodynamic equation, the energy changed in 
the adsorption process can be calculated to determine 
whether the adsorption behavior is a spontaneous process. 
The thermodynamic parameters can be calculated by using 
Van der Hough’s thermodynamic equation. The expres-
sions are as follows.

(5)=
1

1+

(6)ΔG = −RTlnK

Bringing Eq. (6) into Eq. (7):

where △G (J/mol) is the change of Gibbs free energy; T (K) 
is the temperature; K is the Freundlich constant; R (8.314 J/
(mol·K)) is the general gas constant; △S (J/(mol·K)) is the 
change of standard entropy; and △H (J/mol) is the change 
of standard enthalpy.

The thermodynamic parameters of pefloxacin adsorp-
tion by ASBC are shown in Table 4. △G is determined 
by energy and entropy, which indicates the spontaneity 
of the adsorption process and the feasibility of the reac-
tion. The △G values of ASBC are − 7.76, − 8.91, − 9.11, 
and − 10.22 kJ/mol at 288 K, 298 K, 308 K, and 318 K, 
respectively. All the △G values are negative, indicating 
that the adsorption of pefloxacin by ASBC was sponta-
neous at experimental temperature. In addition, the △G 
value increased with the increasing of temperature, which 
indicated that ASBC had better adsorption performance 
and stronger driving force at a higher temperature. This 
may be due to the pefloxacin molecule which can move 
quickly to the adsorption site on the surface of ASBC and 
bind with it (Memon et al. 2009). The enthalpy change 
(△H) represents the energy change caused by the inter-
action between adsorbent and adsorbate (Hercigonja and 
Rakic 2015). The △H values of ASBC were positive at 
all temperature, indicating that this was an endothermic 
adsorption reaction. Entropy change (△S) is a method 
used to measure the repulsing or binding force in a system, 
which is related to the spatial arrangement of the adsor-
bent interface (Hercigonja and Rakic 2015). The positive 
△S value reflects the strong affinity between ASBC and 
pefloxacin in the reaction process (Sba et al. 2014).

FTIR

By comparison with the infrared spectra of the ASBC 
before and after the adsorption of pefloxacin (Fig. 3), it was 
clear that the intensity at 781  cm−1 (C-H on carbon ring), 
1037  cm−1 (C-O, C-N), and 1633  cm−1 (C = C) increased 
significantly. Meanwhile, the absorption peak at 2933  cm−1 

(7)ΔG = ΔH − TΔS

(8)lnK = −
ΔH

RT
+

ΔS

R

Fig. 8  Effects of initial concentration for the value of RL of the 
adsorption

Table 4  Adsorption thermodynamic parameters

Biochars T (K) △G (kJ·mol−1) △H (kJ·mol−1) △S (J·mol−1·K−1)

ASBC 288  − 7.76 13.99 75.88
298  − 8.91
308  − 9.11
318  − 10.22
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(C-H on saturated carbon) disappeared. The changes of 
absorption peaks indicated that pefloxacin was adsorbed 
onto ASBC and reacts with functional groups on the sur-
face of ASBC. The peak at 781  cm−1 corresponds to C-H 
on the carbon ring, which is enhanced by the combination 
of p-disubstituted C-H of pefloxacin benzene ring with 
ASBC, resulting in the decrease at 2933  cm−1 corresponds 
to C-H on the saturated carbon. The increased intensity at 
1633  cm−1 is due to the extra C = C during the adsorption 
of pefloxacin on ASBC.

XPS

The XPS analysis of ASBC before and after adsorption of 
pefloxacin can further explore its adsorption mechanism. 
As shown in Fig. 9, a typical peak corresponding to C1s 
was found to have a difference. The common peaks around 
284.50 eV and 286.09 eV represented C–C and C-N/C-O, 
respectively (Li et al. 2019; Liu et al. 2019). Compared with 
ASBC before, the stronger peak around 286.09 eV might be 
ascribed to the breaking of C = O (287.70 eV). And the new 

Fig. 9  The XPS spectrum of 
C1s: A ASBC before adsorp-
tion; B ASBC after adsorption

Fig. 10  Possible adsorption 
mechanism of pefloxacin onto 
ASBC
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peak at 287.20 eV emerged on ASBC, which might be due to 
the adsorption of pefloxacin on ASBC. These indicates that 
a substitution reaction occurs during the adsorption process, 
and there also exists π-π electron donor–acceptor (EDA) 
interaction in the electron distribution (Zhang et al. 2015b).

Possible mechanism

Based on the above analysis, the possible adsorption mecha-
nism of pefloxacin onto ASBC could be concluded as Fig. 10. 
As a whole, the adsorption of pefloxacin would include 
two momentous processes: physisorption and chemisorp-
tion. As physical adsorption, the pore filling effect was the 
dominant method for the contaminant removal (Tang et al. 
2018). ASBC had a large loose porous surface and a high 
SSA, which is beneficial for it to remove pefloxacin by the 
pore filling effect. As chemical adsorption, the π-π stacking 
interaction between pefloxacin and ASBC due to the large 
structure of ASBC would be the crucial chemical power to 
the pefloxacin adsorption onto ASBC (Wang et al. 2017a, b). 
Furthermore, pefloxacin was an electron acceptor due to the 
existence of F group in the molecular structure of pefloxacin 
and ASBC was an electron donor due to its plentiful aromatic 
rings (Zhou et al. 2019). The π-π EDA interaction would be 
happened between the electron acceptor and donor to acceler-
ate the adsorption of pefloxacin on ASBC. Finally, hydrogen 
bonding was recognized as an outstanding chemical effect in 
the adsorption of pefloxacin on ASBC (Ge et al. 2021). This 
is the result of the hydrogen bonding acceptors and donors 
on the ASBC (-NH or -OH) and pefloxacin (-F or -OH), and 
then the hydrogen bonding would be occurred easily between 
them to promote the adsorption.

Conclusions

In this study, acid–alkali modified sludge-based biochar 
(ASBC) was successfully prepared as a low-cost and effi-
cient adsorbent for pefloxacin removal from wastewater. 
The characterization, adsorption capacity, and reusability 
experiments of ASBC showed that acid–alkali modification 
was successful and ASBC had good reusability. Static equi-
librium experiments showed that the adsorption reached a 
maximum capacity when the pH was 8.0. Experimental data 
were consistent with the pseudo-second-order model and 
the Freundlich adsorption isotherm model, which indicated 
that the adsorption was multilayer chemical adsorption. The 
results of thermodynamic analysis showed that the adsorp-
tion of pefloxacin by ASBC was a spontaneous endother-
mic process. The results of FTIR and XPS analysis showed 
that the mechanism of removal of pefloxacin by ASBC was 
mainly the substitution reaction and π-π EDA interaction.
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