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Abstract: Antibiotics have been detected in tiny environmental matrices all over the world, which
caused a lot of concern. To solve this problem, biological treatment can be a low-cost and high-
efficiency way. The use of biochar adsorbents made from the residual sludge of sewage for wastewater
treatment can achieve pollutant removal while realizing pollutant reduction and reuse, which is of
great significance for green development. In this study, a prepared biochar-based adsorbent (PBA)
was modified and used for norfloxacin (NOR) removal. The composition of the adsorbent was
characterized, and the influence of application factors on adsorption performance was investigated.
After being modified and optimized, an overall removal efficiency of 84% was achieved for NOR in
4 h. The adsorption behavior was spontaneous and consistent with the Lagergren pseudo-second
kinetic model and Langmuir model. The adsorption capacity of PBA reached 8.69 mg·L−1 for NOR.
A total removal efficiency of 62% was obtained for five mixed quinolone antibiotics by PBA. The PBA
could be well regenerated and reused five times. This study explored a new method of the bio-waste
utilization of sewage sludge for antibiotic removal from wastewater.

Keywords: biochar; adsorption; sludge reuse; norfloxacin; organic micro-pollutants

1. Introduction

The disposal of sewage sludge with moisture content over 80% is a problem of grow-
ing importance in municipal wastewater treatment plants (MWTPs) [1]. To reduce the
associated health problem and hindrances, the sludge must be thickened and undergo
further treatment. The current feasible methods for further treatment are agriculture appli-
cations, anaerobic digestion, thermal treatments, etc. [2,3]. Compared with other methods,
hydrothermal treatment represents a promising way to disintegrate the bio flocs in the
sludge, improve the dehydration ability [4], and gain valuable biochar products, which
can be utilized as adsorbents, catalysts, and fuels [5,6]. Recent studies focused on this
biochar-based adsorbent have shown its potential to remove pollutants from wastewater
due to its porous structure with abundant active sites contributed by biological flocs, and
the relatively low cost compared with commercial adsorbents [7–9]. It is worth noting that
the thermal-hydrolyzed sewage sludge biochar (TSSB) without further modification shows
relatively poor adsorption capacities under the high concentration of the pollutants [10].
Therefore, it is necessary to improve the adsorption performance by modifying the TSSB. As
a result, research into the improving methods of this TSSB adsorbent for different specific
applications has become a hotspot in this research field.

Antibiotics, a class of emerging organic micro-pollutants, have become a subject of
scientific and public concern because of their potential bioactive properties and adverse
effects on the aquatic environment [11]. Among them, quinolone antibiotics were one of the
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most recently utilized in clinical practice [12]. MWTPs are among the main sources of antibi-
otics’ release into various compartments of the environment worldwide [13]. Conventional
activated sludge processes are generally ineffective in removing antibiotics [14]; therefore,
an additional treatment process is needed to enhance antibiotic removal from MWTP
effluent. Compared with membrane processes and advanced oxidation processes [15,16]
that suffer the limitation of high cost and unintended by-products, adsorption processes
are considered to be one of the most feasible techniques for antibiotic removal, which
has advantages in performance efficiency and cost effectiveness [17]. A wide source of
raw materials can be adapted to prepare adsorbents for antibiotic contamination control.
Hence, it explores a new way for the utilization of sewage sludge. Combined with the TSSB
adsorbents mentioned above, a method of sludge reuse to remove antibiotics from MWTP
effluent is proposed.

In the present study, a novel method of preparing a biochar-based adsorbent from TSSB
with nitric acid modification was proposed. To evaluate the performance of the prepared
adsorbent, a typical quinolone antibiotic of norfloxacin (NOR) was chosen as the target
pollutant in the synthetic wastewater. Adsorption experiments and model analyses were
performed to evaluate the feasibility of applying TSSB to NOR removal from wastewater,
and the results of the adsorption capacity and reuse ability of the prepared biochar-based
adsorbent (PBA) indicated its practicability in quinolone antibiotic contamination control.
The present study provides a practical method of antibiotic removal for MWTPs that takes
sewage sludge reduction, reuse, and recycling into account simultaneously.

2. Materials and Methods
2.1. Chemicals and Water Samples

All chemicals were purchased commercially and used without further purification.
Reagent solutions for the experiments were prepared with analytical reagent-grade chemi-
cals and Milli-Q water (18.2 MΩ, Milli-Q Biocel, Merck KGaA, Darmstadt, Germany). pH
was adjusted by 0.1 M HCl and 0.1 M NaOH. Synthetic wastewater 1 (SW1) was prepared
by the Milli-Q water spiked with NOR without pH adjustment. Synthetic wastewater
2 (SW2) was prepared by the actual effluent (AE) spiked with NOR without pH adjustment.
The effluent collected from a local MWTP over three consecutive days was mixed, filtered
through 0.22 µm membrane filters, and then stored at 4 ◦C before use. The water qualities
of the effluent are listed in Table S1.

2.2. PBA Preparation and Its Reusability

The TSSB was collected from the thermal hydrolysis process (Figure S1) in the same
MWTP as the AE. The TSSB was firstly ground and passed through 2 mm sieves to gain the
raw biochar adsorbent (RBA), then soaked (1:50, w/v) in 0.1 M HNO3 and stirred under
30 ◦C for 240 min, and then filtered and rinsed repeatedly with Milli-Q water until the
filtrate to neutral pH. The PBA was finally obtained by the dried filter residue after grinding
and passing through 2 mm sieves. A chemical regeneration procedure was conducted to
evaluate the reusability of PBA. The used PBA was collected by centrifugation and eluted
with 0.1 M NaOH, then separated and washed with Milli-Q water to remove the residual
NaOH until the pH of the eluent was stable. The eluted precipitate was dried at 60 ◦C for
12 h to obtain regenerated PBA (rPBA) for the reuse experiments.

2.3. Batch Adsorption Experiments

Adsorption experiments were investigated by means of batch tests with efficient
mixing (agitated on a mechanical PBAker with 170 r·min−1), and 3 independent tests
were conducted to study NOR removal for each condition, with solution samples taken
in triplicate. For adsorption kinetics tests, 100 mL SW1 with 10 mg·L−1 NOR was placed
into a conical flask and then adjusted pH to neutral. After the addition of 100 mg of
PBA, the conical flask was agitated under a constant temperature (30–50 ◦C), and aliquots
were withdrawn at the predetermined time. For adsorption equilibrium tests, 50 mL SW1
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with a specified concentration (5.0–18 mg·L−1) of NOR was placed into a conical flask,
then added a specified amount (2.5–500 mg) of PBA and adjusted pH to 7, next agitated
under a constant temperature (30–50 ◦C) for 240 min. Control tests that did not add PBA
(i.e., blanks) were also conducted to confirm that changes in the blank NOR concentration
during the long-term mixing were negligible. For the other concern of influential parameter
initial pH and ionic strength, experiments with the same procedure, adding 50 mg PBA into
50 mL SW1 with 10 mg·L−1 NOR and then agitating at 30 ◦C for 240 min, were conducted.
The specific experimental conditions were (1) adjusting the initial pH to 1, 3, 5, 7, 9, 11, and
13, respectively, and (2) adding NaCl and CaCl2 to make the ionic strength 0.05, 0.1, and
0.2 M, respectively.

2.4. Quantification and Adsorbent Characterization

To quantify the NOR concentration in the aqueous phase, 2.0 mL aliquots were with-
drawn and filtered immediately through 0.22 µm membrane filters, then determined
by UV-Vis spectrophotometry (Hach DR-6000, HACH, Loveland, CO, USA) at 272 nm.
Ciprofloxacin-d8 HCl was adopted as an internal standard to qualify data accuracy. The
NOR concentrations in the solid phase were calculated from the mass balance. The ash
content was determined by the Thermal Gravimetric Analyzer (TGA-50, Shimadzu, Kyoto,
Japan). The Brunauer–Emmett–Teller (BET) surface areas of the adsorbents were obtained
by the nitrogen gas adsorption–desorption method (ASAP 2020 HD88, Maclin Micromerit-
ics, Norcross, GA, USA). The SEMs of PBA and rPBA were obtained by field-emission
scanning electron microscope (Carl Zeiss, ZEISS SUPRA® 55, Oberkochen, Germany). The
elementary composition was tested by X-ray photoelectron spectroscopy (Thermo Fisher,
ESCALAB 250Xi, Waltham, MA, USA). The zero-charge point pH (pHpzc) of the sorbent
was determined by the pH drift method (Mettler, IE438, Zurich, Switzerland).

2.5. Analytical Modeling

Adsorption kinetics were calculated by Lagergren pseudo-first-order [18] and pseudo-
second-order [19] dynamics equations:

dqt
dt

= K1(qm−qt) (1)

Integrating both sides:
qt = qm

(
1 − e−K1t

)
(2)

where qm was the theoretical equilibrium adsorption capacity (mg·g−1), qt was the ad-
sorption capacity at time t (mg·g−1), t was the adsorption time (min), and K1 was the
pseudo-first-level kinetic rate constant (min−1).

t
qt

=
1

q2
mK2

+
t

qm
(3)

where qm was the theoretical equilibrium adsorption capacity (mg·g−1), qt was the ad-
sorption capacity at time t (mg·g−1), t was the adsorption time (min), and K2 was the
pseudo-second-level kinetic rate constant (g·(mg·min)−1).

The intra-particle diffusion of NOR was depicted by Weber–Morris model [20]:

qt = Kdift
1
2 + I (4)

where kdif was the constant of diffusion rate within the adsorbent particles (mg·(g·min1/2)−1)
and I was a constant (mg·g−1).

Langmuir adsorption isotherm model equation:

qe =
qmKLce

1+KLce
(5)
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where qe was the mass of unit adsorbent at adsorption equilibrium (mg·g−1), qm was
the theoretical saturation adsorption capacity of unit adsorbent (mg·g−1), Ce was the
equilibrium concentration (mg·L−1), and KL was Langmuir adsorption constant (L·mg −1).

Thermodynamics-related formulae were calculated by Van’t Hoofman model:

∆Gθ = −RTlnKd (6)

ln Kd =
∆Sθ

R
− ∆Hθ

RT
(7)

where ∆Gθ was the change in Gibbs free energy (kJ·mol−1), ∆Hθ was the enthalpy change
(KJ·mol−1), ∆Sθ was the entropy change (J·(mol·K)−1), T was the temperature (K), R was
a thermodynamic constant (8.314 J·(mol·K)−1), and Kd was the distribution coefficient of
adsorbent in solid-liquid phase (mL·g−1).

Ash content was
Ash content =

m2

m1
× 100% (8)

where m2 was mass of cauterized residue at constant weight (g) and m1 was weight of
sample (g).

The adsorption capacity of sludge hydrochar adsorbents for NOR were calculated as

q =
(c0 − ce)×V

m
(9)

The removal efficiency of NOR was determined as

y =
(c0 − ce)

c0
×100% (10)

Langmuir-model-derived separation factor or equilibrium parameter RL was

RL =
1

1+KLC0
(11)

where RL was the constant separation factor of solid-liquid adsorption system, dimensionless.
Lagergren pseudo-first-order dynamics equation was

dqt
dt

= K1(qm − qt) (12)

Integrating both sides:
qt = qm

(
1 − e−K1t

)
(13)

where qm was the theoretical equilibrium adsorption capacity (mg·g−1), qt was the ad-
sorption capacity at time t (mg·g−1), t was the adsorption time (min), and K1 was the
pseudo–first level kinetic rate constant (min−1).

Freundlich adsorption isothermal model equation:

qe = KFc
1
n
e (14)

where KF was Freundlich adsorption constant (mg1− 1
n ·L 1

n ·g−1), which reflects the adsorp-
tion capacity of the adsorbent; 1⁄n was empirical constant, dimensionless.

3. Results
3.1. The Superiority of PBA over RBA for Adsorptive NOR Removal

The removal efficiency of NOR by RBA was only 21.4%, which was not applicable in
practical application. The NOR adsorption performances of different modified RBA were
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tested (Text S1), and the PBA with the best performance of NOR removal was adopted. The
removal efficiency of NOR by PBA reached 3.95 times as high as that of RBA (Figure S2a),
and the changes in the main inorganic components and crystal structures were negligible
(Figure S2b). The characteristics of the RBA and PBA are listed in Table 1. On the one
hand, the increment in ash content and the decrement in carbon composition indicated
that organic matters in the RBA were partially oxidized or dissolved by nitric acid, which
may result in adverse effects on NOR adsorption. On the other hand, favorable changes in
NOR removal were also induced: (1) the BET surface area of PBA increased significantly
by 21% as compared with that of RBA, with more oxygen-containing functional groups
for NOR bonding simultaneously, and (2) the hydrophilicity and polarity of PBA were
improved inferring from the increment of the O/C and (O + N)/C composition, respectively.
The superiority of PBA over RBA for adsorptive NOR removal was mainly based on the
combination of the mentioned above changes. A PBA with a larger specific area and
well-developed pore structure is expected to adsorb the antibiotic molecules through a
pore-filling mechanism [21].

Table 1. The characteristics of the RBA and PBA.

Adsorbent Ash Content BET Surface Area (m2·g−1)
Elementary Composition

C O N O/C (O + N)/C

RBA 76.6% 34.55 45.93% 35.93% 4.81% 0.78 0.89
PBA 79.3% 41.94 33.69% 45.62% 2.88% 1.35 1.44

3.2. NOR Adsorption Kinetics for PBA

The effects of PBA dosage and initial NOR concentration on NOR removal were
conducted, and the adsorption kinetic experiments were conducted based on their results.
Figure 1a shows the NOR removal efficiency at different PBA dosages. The removal
efficiency increased from 24.5% to 84.1%, with a higher PBA dosage (1 g·L−1), due to more
adsorption sites provided by the adsorbents. The removal efficiency increased to 90.8%
when the PBA concentration was 10 g·L−1. The slowdown in the adsorption rate was due
to the fact that (1) a limited amount of adsorbed mass led to a tendency to decrease the
adsorption capacity per unit mass of PBA and (2) a higher dosage of adsorbent might also
have caused particle aggregation, which reduced the total specific surface area. Therefore,
a high dose of adsorbent dosage would not only increase the cost, but it would also lead
to underutilization of the sites on adsorbent; 1 g·L−1 was suitable for subsequent tests.
Figure 1b demonstrates the effect of the initial concentrations of NOR on the adsorption
capacity of PBA and the removal efficiency of NOR. As the NOR concentration increased,
the adsorption capacity of PBA for NOR increased linearly, and the removal rate showed a
trend of increase and then gradually decreased. More NOR molecules were driven to move
toward the adsorption sites by a higher-pressure gradient, making the adsorption capacity
of the PBA increase with the increase in NOR concentration. Hence, the adsorbent could be
applied to wastewater containing higher concentrations of antibiotics, such as for treating
effluents from pharmaceutical industries and hospitals. Figure 1c shows the time-course
changes in NOR concentrations in the adsorption experiments, and the corresponding
solid phase concentrations (i.e., the amount of NOR adsorbent on the PBA) calculated by
mass balance are shown in Figure 1d. Compared with the pseudo-first-order model, the
Lagergren pseudo-second-order model was better for investigating the adsorption process
(dashed line). The parameters obtained from the fitting are listed in Table 2. The saturated
solid phase concentration calculated by the Lagergren pseudo-second-order model (8.732
mg·g−1) was similar to the experimentally obtained results (8.686 mg·g−1). And the lower
temperature was more favorable for NOR adsorption by PBA, which was likely to be
a result of the lower desorption rate of NOR from PBA. The results suggested that the
adsorption capacity was proportional to the number of active sites, and the NOR was
probably adsorbed via physical interactions [22].
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Figure 1. NOR removal efficiency under different (a) adsorbent dosages and (b) initial NOR concen-
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Table 2. Kinetic parameters of NOR adsorption on PBA at different temperatures.

Temp (◦C)
Pseudo-First-Order Pseudo-Second-Order

qm
(mg·g−1)

K1
(min−1) R2 qm

(mg·g−1)
K2

(g·(mg·min)−1) R2

30 8.306 0.074 0.935 8.732 0.016 0.992
40 8.336 0.069 0.865 8.513 0.019 0.993
50 7.731 0.084 0.895 7.898 0.023 0.998

The intra-particle diffusion depicted by the Weber–Morris model to analyze the rate-
limited step in the adsorption process is shown in Figure 2 and Table 3. The adsorption
process was divided into three stages: membrane diffusion, intra-particle diffusion, and
adsorption equilibrium at 0–60 min, 120–240 min, and 300–1400 min, respectively. In the
first stage, the NOR quickly diffused to the outer surface of the PBA, which was not yet
occupied. In the second stage, most of the active sites on the surface of the PBA had been
occupied, and the adsorbed NOR began to diffuse into the pores of the PBA. The diffusion
resistance resulted in a lower adsorption rate. In the third stage, the adsorption basically
reached the equilibrium state, and the kdif value decreased to less than 1% of the first
stage. The lower concentration of NOR residue and fewer active sites of PBA might lead
to weaker force to drive the mass transfer of NOR from bulk solution to the PBA surface.
In the present study, the extensions of the three linear segments did not cross the origin,
indicating that the intra-particle diffusion was not the predominant rate control step, and
the whole adsorption process was the result of a combination of multiple dynamics. The
same results can also be obtained from previous studies [23].
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Table 3. Parameters of NOR adsorption on PBA calculated using the Weber–Morris (intra-particle
diffusion) model.

Temp (◦C)
First Stage Second Stage Third Stage

I kdif R2 I kdif R2 I kdif R2

30 4.058 0.536 0.973 7.757 0.045 0.976 8.483 0.005 0.989
40 4.259 0.468 0.985 7.703 0.037 0.989 8.315 0.002 0.999
50 4.370 0.376 0.978 7.347 0.024 0.925 7.680 0.006 1.000

3.3. NOR Adsorption Isotherms of PBA

Adsorption isotherms at different temperatures are shown in Figure 3a, and relevant
parameters obtained by fitting are listed in Table 4. Solid phase NOR concentration ob-
tained by the experiments under low temperatures was higher than that obtained under
higher temperatures, which indicated the exothermic nature of the adsorption process.
The experiment data fitted well with the Langmuir and Freundlich models. A single-layer
chemical adsorption process can be described by the Langmuir isotherm, while the Fre-
undlich isotherm indicates a multilayer and heterogeneous adsorption. The correlation
coefficient (R2) for the Langmuir model was greater than 0.99 under all conditions, which
suggested that the adsorption of NOR on PBA was monolayer molecule adsorption. The
value of adsorption capacity (qm) was gradually decreased as the temperature increased.
Additionally, the maximum adsorption capacity of PBA was calculated to be 29.08 mg·g−1,
which provided a broad potential for NOR removal from wastewater. The separation factor
RL variation is shown in Figure 3b. The value of RL being between 0 to 1 also suggested
that the monolayer molecule adsorption was predominant in NOR adsorption by PBA.
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Table 4. Parameters of Langmuir and Freundlich models for adsorptive NOR removal by PBA.

Temp (◦C)
Langmuir Model Freundlich Model

KL
(L·mg−1)

qm
(mg·g−1) R2 KF

(mg1− 1
n ·L 1

n ·g−1)
1/n R2

30 0.270 29.081 0.994 6.305 0.551 0.988
40 0.331 22.064 0.997 5.743 0.533 0.987
50 0.269 20.698 0.996 4.734 0.504 0.987

3.4. NOR Adsorption Thermodynamics of PBA

The performance of NOR adsorption by PBA was determined by the thermodynamic
parameters. Free energy (∆Gθ), enthalpy (∆Hθ), and entropy (∆Sθ) tabulated in Table 5
were obtained from Van’t Hoofman plots. The negative value of ∆Gθ at lower temperatures
indicated that the adsorption of NOR onto PBA was spontaneous. But the values of ∆Gθ

became less negative with increasing temperature, especially at a higher temperature of
50 ◦C, indicating that a lower temperature was suitable for the NOR adsorption process. The
magnitude of ∆Hθ can give an idea about the type of adsorption process. The negative value
of calculated ∆Hθ indicated the exothermic nature of the adsorption process. Therefore,
the NOR adsorption decreased, and the process was inhibited at higher temperatures,
which was consistent with the results discussed in Results 3.2 and 3.3. The absolute value
of ∆Hθ was lower than 40, suggesting that the adsorption processes of NOR onto PBA
could be attributed to a combined physiochemical reaction rather than a purely physical
or chemical adsorption process. The negative value of ∆Sθ suggested that the random
movement of NOR at the solid/liquid interface decreased, and the adsorption might
decrease steric hindrance.

Table 5. Thermodynamic parameters of NOR adsorption by PBA.

Temp (◦C) ∆Gθ

(kJ·(mol)−1)
∆Hθ

(kJ·mol−1)
∆Sθ

(J·(mol·K)−1)

30 −0.711
−28.155 −90.07440 −0.284

50 1.111

3.5. Effect of pH and Ion Strength on NOR Removal

NOR adsorption is significantly influenced by pH conditions due to the differences in
NOR species and the charge properties of a PBA surface under different pH values. The
pHpzc which indicated the degree of functionalization of PBA was obtained by Figure 4a,
and the electrical neutrality at the PBA surface was at pH = 4.14. The NOR removal
efficiency under the pH value between 1.0 and 13.0 are shown in Figure 4b. The higher
removal efficiencies were achieved at a pH value between 6.09 to 8.74, under which the
main species of NOR were amphiphilic and neutral molecules [24]. Under the other pH
conditions, the H+ (or OH−) adsorbed on PBA reduced the NOR-adsorbed concentration by
hindering NOR+ (or NOR−) from contacting the PBA surface through electrostatic repulsion
and/or competing for adsorption sites, which resulted in lower NOR removal efficiency.

The real wastewater contains a certain level of salt ions, which would affect the PBA
adsorption capacity. The effects of ionic strength on adsorptive NOR removal by PBA are
shown in Figure 4c. The presence of Na+/Ca2+ inhibited the NOR removal, and the effect
of Ca2+ was more significant than Na+ was. This may be attributed to site competition,
chelation, reduction of hydrophobic forces, and electrostatic attraction, which had already
been reported in previous studies [25,26].
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3.6. Potential of PBA for Practical Applications

A large amount of organic and inorganic pollutants is frequently detected in real
wastewater, which has an adverse impact on NOR adsorption. To evaluate the potential of
PBA for practical applications, adsorption experiments of adding 50 mg PBA into 50 mL
SW1 or SW2 with 10 mg·L−1 NOR and then agitating at 30 ◦C for 240 min were conducted.
The NOR removal efficiency in SW1 achieved 84 ± 1.5%, while, in contrast, it was reduced
to 77 ± 0.6% in SW2. The decrement indicated that the substances in actual effluent
inhibited the adsorption process. The TOC removal in SW1 was 5.06 ± 0.07 mg·L−1, while,
in contrast, it was 20.18 ± 0.12 mg·L−1 in SW2. The increment in TOC removal was greater
than the TOC induced by spiking NOR (around 6.02 mg·L−1), which indicated that the
decrease in NOR removal was probably attributed to the dissolved organic matter in actual
effluent. This result is consistent with previous research [27]. To further test its performance
in complex situations, experiments on the adsorptive removal of mixed antibiotics by PBA
were conducted. Five antibiotics, including NOR, ciprofloxacin (CIP), lomefloxacin (LOM),
enrofloxacin (ENR), and ofloxacin (OFL), were mixed and added into SW1 or SW2 as the
target contaminants in practical application. The total concentration of mixed antibiotics
was 10 mg·L−1, where each antibiotic was 2 mg·L−1. The removal efficiency is shown in
Figure 5a. The overall removal efficiency of mixed antibiotics reached 78% and 62% in SW1
and SW2, respectively, which showed the good performance of PBA for NOR adsorption in
complex circumstances.

The reusability of adsorbent is crucially important to minimize the cost. Figure 5b
shows the results of NOR removal efficiency and solid phase NOR concentration of the
adsorption experiments using the repeatedly regenerated PBA (rPBA). When compared
with the first cycle, the NOR removal efficiency and solid phase NOR concentration only
reduced by 6.8% in the fifth cycle. No obvious difference in the rough surface and the
pore structure was observed in the adsorbent morphology between PBA and rPBA after
reusing for five cycles (Figure 6). The results indicated the used PBA could be efficiently
regenerated by a simple and economical procedure using a low concentration of alkali
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solution, thus providing a cost-effective and environmentally friendly way of reducing,
reusing, and recycling biological products in activated sludge WWTPs.
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4 h. (b) Removal efficiency of NOR by rPBA.
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4. Discussion

Generally, raw biochar adsorbents initially prepared by sewage sludge are not suitable
for the removal of high-concentration pollutants due to their limited adsorption capacities.
Therefore, modification is an essential step to improve adsorption performance. The
modification with HNO3 made the adsorbents have more oxygen-containing functional
groups and porous structure, which accelerated the diffusion of antibiotic molecules to the
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outer surface and combined with active sites of PBA [28]. Considering the electrostatic
attraction between NOR and PBA, pH was an important factor that affected the removal
efficiency. At pH 3, quinolone antibiotics presented as predominantly cationic due to their
−NH or −N groups being bound to H+. As the pH increased, the −COOH of the antibiotics
became −COO− by losing H+, and the portion of quinolone antibiotics came to amphoteric
or anionic [29]. According to pHpzc values, PBA can be used for NOR removal within the
PH range from 6 to 10, with a NOR removal efficiency of around 60%.

The adsorption kinetics of PBA can be better described by the Lagergren pseudo-
second-order model. Simulation results indicated the adsorption process was controlled
by external boundary layer diffusion and intra-particle diffusion, which was similar to the
results of a previous study [30]. However, the adsorption process cannot be recognized as a
strict chemical adsorption process because the physical adsorption of large molecules also
could be described by the Lagergren pseudo-second-order model. Further, according to
thermodynamics data, the absolute value of ∆Hθ was less than 40, which indicated that
the adsorption process was more likely to be a physical process.

The RL of PBA was lower at 30 ◦C than at 50 ◦C, suggesting that it was more suitable
to be used under room temperatures. Combined with its good performance of mixed
antibiotic removal and recyclability, PBA could be considered as a potential candidate for
treating antibiotics in aquaculture, medical and pharmaceutical wastewater, etc. To deeply
understand the adsorption mechanism such as hydrogen bond, electrostatic attraction, and
π–π interaction formed by the interaction between functional groups and antibiotics, DFT
calculations can be expected in future studies. And the opex and capex costs are to be
analyzed for practical application.

5. Conclusions

In conclusion, a novel sludge hydrolyzed adsorbent modified with HNO3 was used
for quinolone antibiotic removal from synthetic wastewater. This easily synthesized PBA
exhibited high NOR-removal efficiency due to its oxygen-containing functional groups
and porous structure. The adsorption behavior of NOR onto PBA could be well described
by the pseudo-second-order model, and the tested adsorption capacity was close to the
calculated value. The adsorption process was physiochemically related to the number of
adsorption sites, and one molecule occupied only one adsorption site during the process,
which was spontaneous and more favorable at room temperatures. Additionally, the overall
removal efficiency reached higher than 60% for mixed antibiotics by PBA from complex
wastewater, and the recycled rPBA remained over 90% of its initial adsorption capacity for
NOR after 5 cycles. Cost analyses are to be carried out to evaluate the values of rPBA for
antibiotic removal from real wastewater in future studies. Considering the efficiency of
antibiotic adsorption by PBA and the reusability of rPBA prepared from waste and into
an eco-friendly adsorbent, this study proposed a potentially sustainable way of antibiotic
removal from wastewater by the biochar-based adsorbent in wide application.
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