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Abstract: In this research, chitosan–magnetite composites (CS-MNPs) were successfully synthesized
using a rapid and easy technique. The materials were characterized by FTIR, XRD, EDX, TEM, VSM,
and BET methods. The removal of the antibiotics ciprofloxacin (CFX) and levofloxacin (LFX) from
aqueous solutions by CS-MNPs adsorbent was investigated. The influencing factors in a single
adsorption system were studied, including pH (1–11), initial concentration (2.5–15.0 mg/L), contact
time (0–120 min), and adsorbent dosage (5–50 mg/L). The experiment data were analyzed by pseudo-
first-order and pseudo-second-order kinetic models. The adsorption isotherms were studied by
fitting the experimental data to the Langmuir, Freundlich, and Temkin models. The results indicated
that the adsorption of CFX and LFX antibiotics was consistent with the pseudo-second-order kinetics
model, the Langmuir isotherm model. Binary adsorption systems (CFX: LFX) with concentration
ratios of 1:0, 1:0.5, 1:1.0, 1:1.5, and 1:2.0 were also studied. The antibiotics CFX and LFX were absorbed
by CS-MNPs simultaneously in the aqueous solution. The presence of the second component in the
solution reduced the first component’s ability to adsorb. The adsorption process in the binary system
followed the Langmuir competition model. After four regenerations, CS-MNPS exhibited stability
and was well reusable. Studies on actual samples showed that CS-MNPs could effectively remove
FQs from those samples, with a treatment efficiency of above 98%.

Keywords: chitosan; magnetite; ciprofloxacin; levofloxacin; adsorption; binary

1. Introduction

Fluoroquinolone (FQ) antibiotics, a group of medicines that treat bacterial infections
in people, have received more focus in recent years because of their harmful effects on both
human and aquatic ecosystems [1–3]. Due to their lengthy conversion durations and low
degradation efficiency, FQs such as ciprofloxacin (CFX) and levofloxacin (LFX) are widely
disseminated in surface waters [4–7]. Antibiotics present several potentially significant
hazards for humans and ecosystems by causing the growth and spread of antibiotic resis-
tance in bacteria and leading to the potential of antimicrobial resistance [8,9]. Therefore,
it is necessary to remove antibiotics from the aqueous solution. Many methods applied
to remove antibiotics have been studied. Adsorption [10–12], coagulation [13], biological
treatment [14,15], photocatalytic degradation [16], and advanced oxidation [17,18] are com-
mon FQs treatment methods. Due to its low cost, high treatment efficiency, environmental
friendliness, and simplicity of use, the adsorption method is regarded as one of the best
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and most promising approaches [19–21]. Therefore, the selection of suitable adsorbent
materials has been studied by scientists.

Recently, the scientific community has directed some advanced research in the de-
velopment of alternative adsorbents, especially those based on polymers. Chitosan is a
biopolymer extracted from crustaceans’ shells. Chitosan has several benefits, including
simplicity in synthesis, economy, and environmental friendliness [22]. Chitosan is fre-
quently applied to remove pollutants from aqueous solutions because of the molecule’s
hydroxyl and amine functional groups [22–25]. Chitosan, however, has several restrictions
and drawbacks, including low solubility, low mechanical strength, and difficulty recov-
ering the material after usage [22]. Thus, altering or functionalizing chitosan to improve
its characteristics has emerged as a critical method for conducting practical research on
chitosan [24,26,27]. The focus of the study on adsorption has changed to the synthesis of
materials with magnetic properties by mixing chitosan with magnetic compounds (such
as Fe, Mn, Co, etc.). This improves the mechanical strength and adsorption capacity and
makes reusing the adsorbent easier [28–31]. Chitosan–magnetite (CS-MNPs) is a biological
composite that combines chitosan and Fe3O4. Many advantages of CS-MNPs included their
easy synthesis, substantial surface area, and environmental friendliness. In addition, with
the existence of Fe3O4 in the material, CS-MNPs were effortlessly recovered by the magnetic
field of the magnet. Therefore, CS-MNPs have been used commonly in environmental
treatments such as dyes, heavy metal ions, and antibiotics [28,31–36]. However, previous
publications were only interested in eliminating single common antibiotics from water,
such as ciprofloxacin, amoxicillin, norfloxacin, moxifloxacin, ofloxacin, tetracycline, and
paracetamol [37–39]. The applicability of adsorbent materials in practice has also rarely
been mentioned by researchers [37,40]. Furthermore, research on the adsorption of LFX
antibiotics by CS-MNPs has not yet been reported. There have also been no studies using
binary systems to study the simultaneous removal of CFX and LFX from aqueous solutions,
although, in practice, wastewater frequently consists of a complex mixture of components.
Since there may be some interaction and competition between two or more components
for adsorption sites, it is vital to research the adsorption potential and selectivity of the
adsorbent to remove antibiotic residues in a multi-component system [41,42].

Therefore, in this study, CS-MNP materials were rapidly and straightforwardly syn-
thesized by in situ methods combined with co-precipitation. The material properties were
determined by FTIR, XRD, EDS, TEM, VSM, and BET methods. The synthesized materials
were used to study the adsorption of CFX and LFX antibiotics on single and binary sys-
tems. Factors affecting the adsorption process, such as pH, initial antibiotic concentration,
adsorption time, and adsorbent dosage, were studied. Experimental data were analyzed
for isotherm adsorption models (Langmuir, Freundlich, and Temkin), kinetic adsorption
models (pseudo-first-order and pseudo-second-order), and Langmuir competition mod-
els. The reuse of CS-MNPs and the adsorption mechanism were also presented in this
paper. The ability of CS-MNPs for environmental remediation was investigated in actual
contaminated water samples collected at aquaculture farms.

2. Materials and Methods
2.1. Chemicals

Ciprofloxacin (CFX, C17H18FN3O3·HCl, purity > 93%) and levofloxacin (LFX,
C18H20FN3O4, purity > 98.5%) were purchased from the National Institute of Drug qual-
ity control, Viet Nam. Other chemicals used in the study (including FeCl2·4H2O (98%),
FeCl3·6H2O (98.5%), NaOH (>98%), CH3COOH (>99%), HCl (35–36.5%), NaOH (>98%),
and chitosan (85% DD) were obtained from Sigma-Aldrich Chemical Co. (Burlington, MA,
USA), Xinlong (Shouguang, China), and Merck, (KGaA, Darmstadt, Germany)). They were
all guaranteed to be of chemical purity used in the analysis. All of the tests were carried
out using double-distilled water.
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2.2. Synthesis Adsorbate Materials

CS-MNPs nanoparticles were prepared based on the previous report [43]. The material
was synthesized with a CS:MNPs mass ratio of 4:6. The first, 20 mL of a solution containing
Fe3+ (0.5 M) and Fe2+ (0.25 M), were added to 20 mL of a CS solution, which was made
by dissolving 3.48 g of CS in 30 mL of 2% acetic acid, at 70 ◦C under N2 atmosphere. This
prevents the oxidization of Fe2+ by oxygen in the air. The reaction system was continuously
and vigorously stirred at 1500 rpm. A solution of NaOH 2 M was added until the pH
of the reaction system was 13. After that, the system was kept under these conditions
for 50 min. Finally, the synthesized materials were separated from the liquid by using a
magnet, washed with distilled water until the pH of the washed water reached 7, and dried
at 70 ◦C for 24 h.

2.3. Characterization

Fourier transform infrared spectroscopy (FTIR) with KBr pellets using the FTIR 4600
Jasco spectrum (Tokyo, Japan) under dry air conditions at room temperature was applied to
determine the functional groups of CS-MNPs nanoparticles. The crystalline structure of the
materials was analyzed by X-ray diffraction (XRD, D2-Phase, Bruker, Karlsruhe, Germany)
with 2 theta angles in a range of 10–70◦. The composition of the materials was analyzed
on an energy-dispersive X-ray spectrometer (EDX, Jeol 5410, Tokyo, Japan) in the energy
range of 0–16.5 keV. Scanning electron microscope (SEM, FE-SEM Hitachi S-4800, Japan)
and Transmission electron microscopy (TEM, Jeol 200CX, Tokyo, Japan) at 100 keV were
used to determine the shape and size of CS-MNPs. The magnetic properties of CS-MNPs
were measured with a vibrating sample magnetometer (VSM, Lake Forest, CA, USA) at
±10 kOe and 25 ◦C. The surface area, pore size, and volume of CS-MNPs nano adsorbents
and components were determined by nitrogen gas adsorption and absorption analysis
(BET, Tri Star II, Norcross, GA, USA).

To determine the zero surface charge of the synthesized nanoparticles (pHzpc), 0.02 g of
the synthesized nanoparticles was first added to 20 mL of a 0.1 M sodium chloride solution.
Then, we adjusted the pH from 1.0 to 13.0 with HCl (0.1 N) or NaOH (0.1 N) solutions.
These solutions were then stirred at room temperature at a rate of at least 1500 rpm for 24 h.
Finally, the pH of these solutions was determined using a pH meter. The zero charge point
was obtained from the plot of initial pH1 vs. ∆pH (change in pH).

2.4. Adsorption Experiments
2.4.1. Single Adsorption

Solution pH, contact time, initial antibiotic concentration, and adsorbent dose were the
variables to be studied when investigating the adsorption ability of CFX and LFX antibiotics
onto CS-MNPs. The studies were conducted under set parameters: 293 K, 1500 rpm stirring,
and 25 mL solution. Each experiment was repeated three times, and the average value was
taken. Table 1 summarizes additional experimental parameters for each experiment.

Table 1. The experimental parameters.

Experiment/Parameters pH Time
(min)

CS-MNPs Mass
(mg)

Initial Concentration
(mg/L)

Effect of pH 1–11 30 20 10.15
Effect of time/initial concentration 7 5 to 120 20 2.50 to 15.00

Effect of dosage 7 60 5–50 10

Effect of pH: The impact of pH on adsorption was investigated by placing 20 mg of dry
CS-MNPs in a series of flasks containing 25 mL of solution antibiotics (10.15 mg/L) with
different pH values (from 1 to 11), stirring at 1500 rpm and 293 K for 30 min, and separating
CS-MNPs. The residual antibiotic concentration was measured by UV-Vis measured.
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Effect of time and initial antibiotic concentration: A 25 mL solution of antibiotic
concentration (2.5, 5.0, 10.0, and 15.0 mg/L), with pH 7, was placed in a series of flasks
containing 20 mg of dried CS-MNPs and then stirred at 1500 rpm and 293 K. After each
interval (5, 10, 15, 20, 30, 60, 90, 120, and 150 min), determine the antibiotic concentration
after adsorption.

Effect of dosage: Seven different weights (5, 10, 15, 20, 25, 30, and 50 mg) of dried
CS-MNPs were enclosed in a series of flasks, each of which contained 25 mL of antibiotics
(10 mg/L), pH 7, then stirred at 1500 rpm and 293 K. After 60 min, the CS-MNPs were sep-
arated from the solution using the magnetic field of the magnet, and then the concentration
of residual antibiotic in the solution was determined.

After each adsorption test, place a magnet adjacent to the flask containing the research
solution. Because CS-MNPs are magnetic materials, they were rapidly attracted to the
magnet. As a result, the adsorbent solution conveniently took out of the mixture. Therefore,
filter papers were not required to separate the particles from the solution. This is one of the
benefits of employing magnetic materials in this adsorption research.

The antibiotic removal efficiency and adsorption capacity at t time and equilibrium
time were determined according to Equations (1)–(3), respectively.

RE =
(C0 − Ct) · 100

C0
(1)

qe =
(C0 − Ct) ·V

m
(2)

qt =
(C0 − Ct) ·V

m
(3)

where: C0, Ce, and Ct are the initial, equilibrium, and at t time concentration (mg/L) of
antibiotic in solution, respectively; RE is the adsorption efficiency; qe and qt (mg/g) are the
equilibrium and at t time adsorption capacity; m (g) is the weight of the adsorbent; and V
(L) is the volume of the solution.

The concentrations of CFX and LFX before and after adsorption were determined on a
UV-Visible spectrometer (UV-Vis, Jasco V-770, Tokyo, Japan) at a wavelength of 275 nm
and 294 nm, respectively.

2.4.2. Binary Adsorption

Two research systems have been established: (CFX: LFX) and (LFX: CFX). It maintains
the original concentration of the first antibiotic in each system while varying the amount of
the remaining antibiotic in the system based on the concentration ratios of 1:0, 1:0.5, 1:1,
1:1.5, and 1:2. C0 = 2.51 and 5.13 mg/L were the initial antibiotic concentrations used in
the investigation. Experiments were conducted at a fixed condition of 25 mL of research
solution, pH 7, 60 min, 20 mg CS-MNPs, and 293 K. According to Equations (1) and (2),
estimate the effectiveness of antibiotic removal and adsorption capacity. The experiments
were carried out three times, and the average result was calculated. The average error for
each experiment was around 5%.

2.5. Regeneration Study

The reusability of the CS-MNPs adsorbent was investigated by adsorption–regeneration
studies. The used adsorbent was regenerated by shaking with 25 mL of NH3 solution
(0.5 N) for 60 min, then magnetically separated, washed three times with deionized water,
and dried for 24 h at 70 ◦C. The regenerated adsorbent was used for CFX and LFX adsorp-
tion under similar conditions to the initial one. This regeneration–adsorption experiment
was repeated four times (cycles 1, 2, 3, and 4). After each adsorption–desorption cycle,
the final concentrations of antibiotic solutions were determined using the same procedure
described in Section 2.4.1
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3. Results
3.1. Characterization of Material

The XRD spectrum results of CS-MNPs (Figure 1) show that the characteristic peaks of
MNPs appear on the diagram at positions 2 theta = 30.1◦, 35.5◦, 43.1◦, 53.1◦, 57.3◦, and 62.7◦,
which are corresponded to the planes (220), (311), (400), (422), (511), and (422), respectively.
This is the cubic spinel structure of MNPs [35]. On the diagram of CS-MNPs, chitosan
characteristics also appear at position 2θ = 20.4◦ [36]. This proves that CS-MNPs materials
have been successfully synthesized and that the synthesis process does not change the
phase of MNPs [28,29,32]. The synthesized CS-MNPs have a cubic spinel structure.
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Figure 1. The XRD patterns of CS, MNPs, and CS-MNPs.

The FTIR spectra of CS, MNPs, and CS-MNPs are shown in Figure 2. The broad
band at 3435 cm−1 in the CS spectrum corresponds to the O-H stretching overlapping the
N-H stretching, while the band at 3019 cm−1 was attributed to the C-H stretching. They
were shifted to positions 3279 and 2882 cm−1 on the spectrum of CS-MNPs. Furthermore,
in the spectra of CS-MNPs, compared with that of MNPs, the peaks at about 628 cm−1

and 580 cm−1 corresponding to the Fe-O bond [35] shifted to 624 cm−1 and 547 cm−1. In
addition, on the spectrum of CS-MNPs, spectral peaks also appear at positions 1645 cm−1,
1545 cm−1, and 1407 cm−1, assigned to C=O stretching vibration of amide, bending vi-
bration of N-H, and C-H in the chitosan molecule, respectively. The peak of 1070 cm−1 is
associated with the stretching vibration in the C-OH of chitosan [36,44–46]. The position
of absorption peaks had a slight shift between chitosan and CS-MNPs, mainly due to the
complexation of Fe3+ with the amino and hydroxyl groups of chitosan [28].

Analysis of energy-dispersive X-ray (EDX) spectroscopic of CS-MNPs reveals the
presence of iron, oxygen, and carbon components in CS-MNPs nanocomposites (Figure 3).
The elemental percentage composition of iron, oxygen, and carbon is 17.66, 61.83, and
20.51%, respectively. That corresponds with the mass composition of CS and MNPs being
38.71 and 61.29%, respectively, and the mass ratio of CS: MNPs in the material being
approximately 4:6. This result is consistent with the CS-MNPs synthesis method used
(Section 2.2). No other peak related to any impurity has been detected in the EDS, which
confirmed that the grown CS-MNPs nanoparticles in the nanocomposite strip are composed
only of iron, oxygen, and carbon.
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The morphology of the CS-MNPs is shown by the SEM and TEM image results
(Figure 4). It can be seen that the synthesized CS-MNPs had a porous surface and existed
in a spherical shape with a diameter of about 20 nm. CS-MNPs had a saturation magnetism
of 46.2 emu/g, smaller than the individual MNPs (75.1 emu/g) (Figure 5). This result
can be clarified that CS was a non-magnetic material, and when combined with MNPs, it
reduced the magnetism of the material. The value from the saturation of these CS-MNPs
was quite large, more significant than that reported by A. Kadam et al. and G. Li et al.
(21 emu/g) [28,47]. Thus, the CS-MNPs material can be straightforwardly recovered after
adsorption by using the magnetic field of the magnet.
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Figure 5. The magnetic hysteresis curves of MNPs and CS-MNPs.

The surface area of CS-MNPs (Table 2) with a value of 79.60 m2/g was determined
using N2 adsorption isotherms. This value is several times larger than the surface area
of chitosan alone (3.75 m2/g) and smaller than that of MNPs (90.33 m2/g). This can be
explained because chitosan is a polymeric material with high viscosity, so it has masked
the surface of MNPs during the synthesis of CS-MNPs [48].

Table 2. Analysis of BET.

Parameters CS MNPs CS-MNPs

Surface (m2/g) 3.75 90.33 79.60
Average pore size (nm) 18.39 17.75 8.43
Pore volume (cm3/g) 0.02 0.42 0.17
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3.2. Single Adsorption of CFX and LFX Antibiotic
3.2.1. Determination of Adsorption Ability

The removal effectiveness of CFX and LFX from each material (CS, MNPs, and CS-
MNPs) was investigated to compare the ability adsorption of the adsorbents. Experiments
were conducted at room temperature, pH = 7, an initial concentration of 5.0 mg/L, and an
adsorption duration of 120 min. Experiments were performed three times and averaged.
Figure 6’s outcome demonstrates that the synthetic composite material had a greater effi-
ciency for removing antibiotics than either CS or MNPs individually. The increased active
sites, the stability of the CS-MNPs composites, and the synergistic interaction between CS
and MNPs might all have contributed to this outcome. These experimental results led to
the selection of CS-MNPs materials for application study in removing antibiotics from the
aqueous solution.

Processes 2023, 11, x FOR PEER REVIEW 8 of 23 
 

 

Table 2. Analysis of BET. 

Parameters CS MNPs CS-MNPs 
Surface (m2/g) 3.75 90.33 79.60 

Average pore size (nm) 18.39 17.75 8.43 
Pore volume (cm3/g) 0.02 0.42 0.17 

3.2. Single Adsorption of CFX and LFX Antibiotic 
3.2.1. Determination of Adsorption Ability 

The removal effectiveness of CFX and LFX from each material (CS, MNPs, and CS-
MNPs) was investigated to compare the ability adsorption of the adsorbents. Experiments 
were conducted at room temperature, pH = 7, an initial concentration of 5.0 mg/L, and an 
adsorption duration of 120 min. Experiments were performed three times and averaged. 
Figure 6’s outcome demonstrates that the synthetic composite material had a greater effi-
ciency for removing antibiotics than either CS or MNPs individually. The increased active 
sites, the stability of the CS-MNPs composites, and the synergistic interaction between CS 
and MNPs might all have contributed to this outcome. These experimental results led to 
the selection of CS-MNPs materials for application study in removing antibiotics from the 
aqueous solution. 

 
Figure 6. The remove efficiency CFX and FLX antibiotics of three adsorbents (experimental condi-
tions: m = 20 mg, V = 20 mL, time = 120 min, and T = 293 °C, n = 3). 

3.2.2. Effect of pH 
The ionization of the adsorbent and the surface of the adsorbent are influenced by 

the pH of the solution. The dissociation constants of CFX and LFX determine whether or 
not they are present in the solution (CFX: pKa1 = 5.9, pKa2 = 8.89 [49], LFX: pKa1 = 6.02, pKa2 
= 8.15 [19]). Antibiotics exist in cationic form (CFX+, LFX+) at pH < pKa1. Antibiotics exist in 
anionic form when pH > pKa2 (CFX−, LFX−). The antibiotics exist in the zwitterionic form 
(CFX±, LFX±) between pKa1 and pKa2 of pH. Chitosan had a zero change point (pHpzc) of 4.6 
[50], while MNPs had a pHpzc of 6.55 [51], and CS-MNPs had a pHpzc of around 6.5 (Figure 
7). This indicates that the presence of MNPs in the material significantly impacted the 
pHpzc of CS-MNPs. In other words, the material’s surface had a positive charge when the 

Figure 6. The remove efficiency CFX and FLX antibiotics of three adsorbents (experimental conditions:
m = 20 mg, V = 20 mL, time = 120 min, and T = 293 ◦C, n = 3).

3.2.2. Effect of pH

The ionization of the adsorbent and the surface of the adsorbent are influenced by
the pH of the solution. The dissociation constants of CFX and LFX determine whether or
not they are present in the solution (CFX: pKa1 = 5.9, pKa2 = 8.89 [49], LFX: pKa1 = 6.02,
pKa2 = 8.15 [19]). Antibiotics exist in cationic form (CFX+, LFX+) at pH < pKa1. Antibiotics
exist in anionic form when pH > pKa2 (CFX−, LFX−). The antibiotics exist in the zwitterionic
form (CFX±, LFX±) between pKa1 and pKa2 of pH. Chitosan had a zero change point (pHpzc)
of 4.6 [50], while MNPs had a pHpzc of 6.55 [51], and CS-MNPs had a pHpzc of around 6.5
(Figure 7). This indicates that the presence of MNPs in the material significantly impacted
the pHpzc of CS-MNPs. In other words, the material’s surface had a positive charge when the
solution pH < pHpzc and a negative charge when the pH > pHpzc. The antibiotic adsorption
ability of CS-MNPs can be significantly impacted by this value.

Figure 8 shows that the ability to remove CFX and LFX increased as pH rose from 1
to 7, peaking at pH = 7 (RECFX = 79.7%; RELFX = 69.85%), after which the effectiveness of
antibiotic removal significantly reduced as solution pH rose from 8 to 11. The change in
the adsorbent’s molecular charge in the solution can account for this. At pH 7, CFX and
LFX exist in their zwitterionic forms (CFX±, LFX±), while on the surface of CS-MNPs exist
negatively charged functional groups, such as O2− of MNPs and hydroxyl –OH of chitosan
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and MNPs. As a result, electrostatic attraction between CFX±/LFX± and the negatively
charged surface of CS-MNPs occurs, and the effectiveness of antibiotics increases. Thus,
this study selected a pH of 7 as the optimal adsorption condition for the CFX and LFX.
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3.2.3. Effect of Initial Concentration and Contact Time

When comparing the effectiveness of this adsorbent to other adsorbents, it is necessary
to consider the amount of time needed to reach equilibrium in the solution to be treated
and the initial concentration of the adsorbent. At initial concentrations of 2.51–15.07 mg/L
and 2.53–15.11 mg/L of CFX and LFX, respectively, the effects of CS-MNP exposure time
were examined. The outcomes are displayed in Figure 9. The trend of the curves for CFX
and LFX adsorption on CS-MNPs may be found to be similar. The removal percentages
for both antibiotics increased significantly over the first 40 min. The trend of increasing
percentage removal of CFX and LFX was maintained after 60 min, albeit with a less steep
slope. The resulting curves in this period were almost parallel to the horizontal axis.
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n = 3).

Their ability to be removed from the solution decreased as the initial concentrations of
CFX and LFX increased. The removal efficiencies of CFX after 120 min were 96.81, 92.01,
88.37, and 85.40%, respectively, corresponding to starting concentrations C0 = 2.51, 5.13,
10.15, and 15.07 mg/L. And, the LFX removal efficiencies were 93.63, 91.62, 86.80, and
79.03%, corresponding to starting concentrations of C0 of 2.53, 5.21, 10.09, and 15.11 mg/L,
respectively. At all of the starting concentrations examined, these values were not sig-
nificantly higher than the antibiotic removal efficiency at a previous time (t = 60, 80, or
100 min). Between the effective removal values at 60 and 120 min, there was a 4–5% error.
Thus, the equilibration period for CFX and LFX was selected to be 60 min in order to
guarantee adsorption efficiency and economy.

3.2.4. Effect of Adsorbent Dose

To accurately estimate the adsorption ability of the adsorbent, the adsorbent dosage is
an important factor [40,52]. Figure 10 depicts the impact of CS-MNPs adsorbent dosage on
CFX and LFX adsorption efficiency. It can be observed that the removal efficiency of the
antibiotics CFX and LFX increases as the adsorbent dose rises from 0.5 to 2.0 g/L. This can
be because when the CS-MNPs dose rose, the surface area and adsorption site of CS-MNP
increased. The result of CFX and LFX were more absorbed. The removal efficiency still
rose when the adsorbent dosage was between 0.75 and 2.0 g/L; however, there was not
much difference in the adsorption efficiencies. The amount of adsorbent equal to 0.75 g/L
(corresponding to the adsorbent mass of 20 mg) was selected for further studies to avoid
the waste of adsorbent.
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3.2.5. Adsorption Kinetic Models

The kinetics of CFX and LFX adsorption onto CS-MNPs were analyzed by pseudo-
first-order and pseudo-second-order kinetic models [53]. Equations (4) and (5), respectively,
describe the nonlinear version of the model.

qt = qe(1− e−K1t) (4)

qt =
q2

e K2t
1 + qeK2t

(5)

where K1 (1/min) is the first-order adsorption rate constant, K2 (g/mg·min) is the second-
order adsorption rate constant, qe (mg/g) is the adsorption capacity at equilibrium time.

The adsorption kinetic models in Figure 11 described how adsorption capacity varied
over time. Table 3 includes the necessary parameters for the pseudo-first- and second-
order kinetic models and statistical analysis variables. The correlation coefficient (R2) was
used with other statistical tools such as MAE (mean absolute error), MSE (mean square
error), and RMSE (root mean square error) to determine the goodness of fit of the model
(Equations (6)–(8)).

MAE =

n
∑
i

∣∣qe,exp − qe
∣∣
i

N
(6)

MSE =

n
∑
i
(qe,exp − qe)

2
i

N
(7)

RMSE =

√√√√√ n
∑
i
(qe,exp − qe)

2
i

N
(8)
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where: qe,exp is the adsorption capacity at equilibrium time (t = 120 min), qe is the adsorption
capacity according to the model, and N is the number of data points.
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Table 3 shows that the correlation coefficient R2 of the pseudo-first-order model was
lower than the correlation coefficient of the pseudo-second-order model for all initial
concentration values of CFX and LFX considered. The difference between the pseudo-first-
order model’s calculated adsorption capacity (qe) and the experimental value (qe,exp) was
greater than it was for the pseudo-second-order model. The pseudo-second-order kinetic
model’s statistical analysis values were lower than those of the pseudo-first-order model.
In other words, the pseudo-second-order model was better suited for the adsorption of
CFX and LFX onto CS-MNPs. According to this model, the second-order kinetic reaction
was addressed by the adsorption of CFX and LFX on CS-MNPs. The outcomes also
confirmed that the rate constant decreased (K2 = 0.03–0.54 × 10−3 g/mg·min for CFX and
K2 = 0.03–0.14 × 10−3 g/mg·min for LFX) as the initial concentrations of CFX and LFX
rose (C0, CFX = 2.51–15.07 mg/L and C0,LFX = 2.53–15.11 mg/L). The results of other studies
about the kinetics of antibiotic adsorption on adsorbents, such as kaolinite [54], tea leaf
biochar [55], and magnetic nanoparticles, were likewise consistent with this one [19].

3.2.6. Adsorption Isotherm Models

In equilibrium studies, the Langmuir, Freundlich, and Temkin isotherm models were
applied to fit the equilibrium data (Figure 12). The nonlinear mathematical expression of the
Langmuir, Freundlich, and Temkin models are provided by Equations (9)–(11), respectively.
The results of the parameters are presented in Table 4.

qe =
qmKLCe

(1 + KLCe)
(9)

qe = KFC1/NF
e (10)

qe =
RT
BT

ln(KTCe) (11)

where: qm (mg/g) is the maximum adsorption capacity; KL (L/mg) is Langmuir’s constant;
NF is the Freundlich constant; KF (mg1−(1/n) L1/n/g) is the adsorption parameter. If the NF
is in the range of 1 ÷ 10, the Freundlich model is suitable for the adsorption process [56];
KT (L/mg) is Temkin’s constant; BT (J/mol) is the adsorption energy; R = 8.314 (J/mol·K) is
the gas constant; and T (K) is the absolute temperature.
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Table 4. The parameters of the adsorption model.

Pollutant
Langmuir Isotherm

qm (mg/g) KL (L/g) RL R2

CFX 36.31 0.34 0.54–0.09 0.991
LFX 32.22 0.23 0.63–0.13 0.989

Freundlich isotherm

NF
KF

(mg1−(1/n) L1/n/g) R2

CFX 1.54 8.02 0.981
LFX 1.89 6.84 0.984

Temkin isotherm
bT (J/mol) KT (L/mg) R2

CFX 450.47 7.60 0.902
LFX 411.60 3.58 0.954

The coefficient R2 of the CFX and LFX adsorption processes was calculated using
the Langmuir model (R2 = 0.991, 0.989), and this result was more significant than the
Freundlich model (R2 = 0.981, 0.984) and Temkin model (R2 = 0.902, 0.954). Moreover,
the RL values for CFX and LFX ranged from 0.54 to 0.09 and 0.63 to 0.13 according to
the formula: RL = 1/(1 + C0. ×KL). They all decreased below 1, demonstrating that the
Langmuir model was appropriate for describing the adsorption of the antibiotics CFX and
LFX on CS-MNPs [57]. Freundlich constants NF = 1.54, 1.89 for CFX and LFX, respectively,
were greater than 1, indicating a connection between the adsorbent and the CFX and LFX
adsorbed [57]. As a result, these antibiotics’ adsorption on CS-MNPs was more in line
with the Langmuir model than the Freundlich and Temkin models. In the investigated
concentration range, the maximum adsorption capacity of CFX was 36.31 mg/g, which
was higher than LFX’s maximum adsorption capacity (32.22 mg/g). This result shows that
the CFX antibiotic was better absorbed by CS-MNPs compared to LFX.

Table 5 presents the other adsorbent materials’ CFX and LFX adsorption capacities
from previous research. The findings demonstrated that CFX and LFX had a better ad-
sorption capacity on CS-MNPs than some of the other examined adsorbents. Compared to
CS-MNPs, materials such as CNCs-GO, biochar/ferrite composites, GO, and date stone
AC had a higher capacity to absorb CFX and LFX, but the adsorption period was too
long (240 min [53,58], 12–24 h [11,57]). The CS-MNPs required 60 min to reach their ad-
sorption equilibrium. When looking into practical applications, this influences economic
worth. As a result, CS-MNPs were an appropriate material to study antibiotic treatment in
aqueous solutions.

Table 5. Comparison of adsorption capacities of various adsorbents for CFX and LFX in aqueous
solutions.

No. Pollutant Adsorbent pH Temp Time Adsorption Capacity (mg/g) Ref.

1 CFX MWCNT Not given 25 ◦C 200 min 4.95 [10]
2 CFX Kaonilite 3–4.5 25 ◦C 20 min 6.29 [54]
3 CFX GO 5.0 NG 12 h 379 [11]
4 CFX Dopa-CoF NPs-CIP 7.0 25 ◦C 30 min 16.53 [59]
5 CFX Mela-CoF NPs 7.0 25 ◦C 30 min 14.04 [59]
6 LFX Fe3O4 6.5 33 ◦C 240 min 6.85 [19]
7 LFX CNCs-GO 4.0 25 ◦C 240 min 49.72 [58]
8 LFX Biochar/ferrite composites 5.0 25 ◦C 240 min 55.50 [53]
9 LFX Date stone AC 9.0 30 ◦C 24 h 100.38 [60]
10 LFX Rice husk biochar 8.0 30 ◦C 24 h 4.99 [61]
11 LFX Wood chip biochar 6.5 30 ◦C 24 h 7.22 [61]
12 CFX

CS-MNPS
6.0 20 ◦C 60 min 36.31 In this

study13 LFX 6.0 20 ◦C 60 min 32.22
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3.3. Binary Adsorption
3.3.1. Effect of Mutual Interference in Binary Solutions

Figure 13 illustrates the effectiveness of removing CFX from an aqueous solution
when LFX was present at various CFX: LFX concentration ratios (1:0, 1:0.5, 1:1, and 1:2),
and vice versa. The results showed that when increasing the concentration of LFX in
the binary system (CFX: LFX) following the above concentration ratio (C0,CFX = 2.51 and
5.13 mg/L), the ability to remove CFX reduced from 90.44 to 66.14% and from 86.94 to
45.42%, respectively. As the initial concentration of CFX increased, the removal efficiency
of CFX in solution decreased at the same concentration ratio of CFX: LFX. The CFX removal
efficiency was 80.08% and 66.86%, respectively, when the initial CFX concentrations were
2.51 mg/L and 5.13 mg/L and the CFX: LFX concentration ratio was 1:1.
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A similar result was seen when researching the impact of LFX in the presence of CFX
in a binary system (LFX: CFX). When the amount of CFX in the system was increased,
the ability to remove LFX fell from 87.65 to 52.19% and from 80.31 to 49.32%, respectively,
corresponding to the initial concentrations of LFX of 2.51 mg/L and 5.13 mg/L. The
LFX-removing efficiency was 72.11% and 62.96%, respectively, for the similar LFX: CFX
concentration ratio of 1:1 and the initial LFX concentrations of 2.51 mg/L and 5.13 mg/L.

Consequently, it can be concluded that in a binary system, the first component’s
removal efficiency decreases when the second component is present, and the efficiency
of component removal reduces as the initial concentration of these components increases.
The same result was also obtained when studies were conducted to remove pollution
components in binary systems such as diclofenac–paracetamol, ofloxacin–ciprofloxacin onto
ZnO [62], levofloxacin–gemifloxacin onto granular silica pillared clay [63], ciprofloxacin–
ofloxacin onto lignin-based adsorbents [42], and Cd-Pb onto chitosan/polymethacrylic
acid/halloysite nanotube composite [64].

3.3.2. The Langmuir Competitive Model

The simultaneous adsorption of two antibiotics, CFX and LFX, was analyzed using
the Langmuir competitive adsorption model (Figure 14). The competitive Langmuir model
is an improved Langmuir model based on binary adsorption. The model mainly still
considers the adsorption as monolayer adsorption. According to this hypothesis, only one
adsorbent can hold an adsorption site [42,62,65,66] Equation (12) describes the competitive
Langmuir model.

qi =
qm · bi · Ci

1 + bA · CA + bB · CB
(12)
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The linear form of Equation (12) has the form:

CA
CB · qA

=
CA

qmA · CB
+

bB
bA · qmA

(13)

CB
CA · qB

=
CB

qmB · CA
+

bA
bB · qmB

(14)

where: CA, CB are the equilibrium concentrations of A, B (mg/L); qA, qB are the adsorption
capacity of A, B at the equilibrium time (mg/g); qmi is the maximum adsorption capacity
of substance (i) in solution (mg/g); and KLBA = bB/bA and KLAB = bA/bB are parameters
indicating heat of adsorption process [62,65,66].
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Table 6 shows the findings of calculating the parameters in the binary system model.
The results indicated that the model’s correlation coefficient is relatively high (R2 > 0.93) for
all initial concentrations of CFX and LFX. This demonstrated that the Langmuir competition
model was suitable for describing the binary system (CFX: LFX) adsorption process onto
CS-MNPs. The qm values of CFX and LFX calculated from the model were lower than
those calculated from the single system. The removal of each drug was thus decreased by
the presence of the other when pharmaceuticals were present simultaneously in a binary
solution, primarily due to competition between the adsorption sites on the adsorbent
surface. Also, the findings of this study were in agreement with other previous studies on
adsorption in binary systems [62,63,65–67].

Table 6. Langmuir competitive model parameters.

System C0, CFX (mg/L) qm, CFX (mg/g) KL,1 = bLFX/bCFX R2

CFX:LFX
2.51 5.71 0.71 0.999
5.13 9.52 0.94 0.939

LFX:CFX

C0,LFX (mg/L) qm, LFX (mg/g) KL,2 = bCFX/bLFX R2

2.51 4.44 0.64 0.987
5.13 5.24 0.22 0.998

3.4. Possible Mechanism of Adsorption

In actuality, chemisorption is related to the surface functional groups of adsorbents,
whereas physisorption is connected with the structural characteristics of adsorbents. As a
result, the structure and surface functional groups of adsorbents had a significant impact on
the adsorption performance of adsorbents. Several adsorbent substrates can be suggested
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(Figure 15) based on the structural properties of CS-MNPs and the experimental data of the
adsorption process.
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Table 2 and Figure 4 show that CS-MNPs have porous surfaces, large surface areas,
and large pore volumes. Therefore, the pore-filling effect could play an essential role in the
physical adsorption of CFX and LFX on materials. In addition, when studying the impact
of pH on the adsorption capacity, it can be seen that, at pH less than 6, when the surface of
the material and the antibiotic were both positively charged, the removal efficiency of CFX
and LFX reached 55–70%. This finding shows that, in addition to electrostatic interaction,
physical adsorption with the pore-filling effect also contributed to removing antibiotics in
water [21].

With the characteristics of functional groups in the material analyzed on the FTIR
spectrum, it can be seen that chemical bonds may occur between CS-MNPs and CFX, LFC
antibiotics. Numerous functional groups exist, including oxygen and hydrogen, in the
antibiotic molecules and CS-MNPs adsorbents, so building hydrogen bonds and relying
on hydrogen bonds to create adsorption is possible. Dipole–dipole hydrogen bonds and
Yoshida hydrogen bonds are two types of hydrogen bonds that can occur. In addition
to the Yoshida hydrogen bonding that can take place between the H of the -OH or -NH2
group on the CS-MNPs surface and the aromatic rings of the antibiotics, the hydrogen on
the CS-MNPs surface can also bond with the atoms of O, N, and F in the CFX and LFX
structures via dipole–dipole hydrogen bonding [57,58,68]. Electron donor–acceptor (EDA)
interaction is another possible action. When an organic molecule with an aromatic ring acts
as the adsorbed species, EDA interaction may be one of the critical processes. Electron-rich
and electron-poor entities interact in this way. The benzene ring in CFX and LFX can act
as an electron acceptor, primarily because of the high electronegativity of the available
fluorine group. Moreover, the hydroxyl group or the aromatic ring’s C=C bond on the
surface of CS-MNPs can function as an electron donor [57].

In summary, the adsorption mechanism of CFX and LFX antibiotics on CS-MNPs can
include electrostatic interaction, pore-filling effect, π-π EDA, and hydrogen bonding, which
can be vividly illustrated in Figure 15.
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3.5. Reusability of CS-MNPs

Research on the reuse of adsorbents is an essential factor in environmental remediation
applications because this helps with saving adsorbents and reducing secondary pollution.
The CS-MNPs materials were separated from the solution by an external magnet and
washed with 0.5 N NH3 solution after the adsorption process. In this study, the reusability
of CS-MNPs was investigated in four adsorption–desorption cycles. The results of CS-
MNPs reuse in CFX and LFX antibiotic adsorption are shown in Figure 16. The results
showed that the antibiotic removal efficiency after reusing CS-MNPs was slightly reduced
compared to the starting material. After four recycling cycles, the CFX and LFX removal
efficiency remained at 64.98 and 59.56%, respectively, indicating the high reuse potential of
CS-MNPs. From these results, it can be shown that CS-MNPs have high stability, suitable
adsorption capacity, and suitable regeneration performance to remove CFX or LFX from
the aqueous.
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n = 3).

3.6. Application to Actual Samples

CFX- and LFX-contaminated wastewater samples of aquacultural farming from Thai
Nguyen Province (in Northern Vietnam) were examined to determine the suitability of
CS-MNPs as adsorbent. The sample was collected at 10–20 cm depth in March 2023. The
water samples were stored in amber glass bottles at 4 ◦C in the dark and analyzed within
24 h. Table 7 summarizes the physicochemical properties of water, such as pH, dissolved
oxygen (DO), and conductivity. Calcium, magnesium, and iron concentrations are also
shown in the table. The concentrations of CFX and LFX in the samples were approximately
0.5–2.5 mg/L (Table 7). Under stirring for 60 min with 20 mg of CS-MNPs, CFX, and LFX
were quantitatively removed from 25 mL of the sample (removal efficiency > 98%). These
findings suggest that CS-MNPs are excellent candidates for removing CFX and LFX from
aqueous solutions.



Processes 2023, 11, 2396 19 of 22

Table 7. Physicochemical properties and removal efficiency of CFX and LFX from actual samples.

Samples Physicochemical Properties CCFX
(mg/L)

RE
(%)

CLFX
(mg/L)

RE
(%)

S1 pH 7.4, conductivity: 135 µS/cm, DO: 5 mg/L,
Ca 40 mg/L, Mg 8 mg/L, Fe 15 mg/L 2.05 ± 0.04 98.53 ± 2.20 1.37 ± 0.02 98.21 ± 2.30

S2 pH 7.7, conductivity: 226 µS/cm, DO: 3 mg/L,
Ca 42 mg/L, Mg 10 mg/L, Fe 17 mg/L 0.51 ± 0.02 99.26 ± 2.56 0.98 ± 0.03 99.45 ± 3.20

S3 pH 7.6, conductivity: 319 µS/cm, DO: 4 mg/L,
Ca 55 mg/L, Mg 12 mg/L, Fe 15 mg/L 0.94 ± 0.02 98.92 ± 2.42 2.12 ± 0.01 99.19 ± 1.50

4. Conclusions

The nanocomposite CS-MNPs were successfully synthesized by in situ combined
co-precipitation. The synthesized CS-MNPs had a spinel-cubic crystal structure. The
material existed in the sphere form with a diameter of about 20 nm and a surface area
of 79.60 m2/g. The material was highly magnetic, with a magnetic saturation value of
46.2 emu/g. CS-MNPs materials had suitable adsorption capacities for CFX and LFX
antibiotics in an aqueous solution at pH 7, with a contact time of 60 min and an adsorbent
dose of 20 mg. The adsorption processes were well described according to the Langmuir
isotherm adsorption model. Maximum monolayer adsorption capacities for CFX and LFX
were 36.31 mg/g and 32.22 mg/g, respectively. The kinetic data were best described by the
pseudo-second-order model. CFX and LFX antibiotics can be adsorbed simultaneously in
an aqueous solution using CS-MNPs. The efficiency of removing the first component from
CS-MNPs materials depends on whether the second component was present in the binary
system. In this binary system, the adsorption process followed the Langmuir competition
model. Adsorption of CFX and LFX antibiotics on CS-MNPs was suggested by mechanisms
including electrostatic interaction, pore-filling effect, π-π EDA, and hydrogen bonding.
The synthesized CS-MNPs nanocomposite showed high stability and reusability over four
adsorption–desorption cycles. The adsorption process was also applied to remove CFX
and LFX from the actual wastewater samples. The results of this study demonstrated that
CS-MNPs nanocomposite could be utilized in wastewater treatment processes.
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