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Abstract
Ly @ FeZn layered double hydroxides (LDHs) controllable fabrication based on Box-Behnken Design (BBD) model was fabricated,
and presented stable and e�cient removal performance for Cipro�oxacin (CIP), Nor�oxacin (NOR) and O�oxacin (OFL) removal. It
should be noted that Ly @ FeZn had different adsorption behavior towards CIP, NOR and OFL. Furthermore, the Ly @ FeZn was
characterized by SEM, XRD, FT-IR and XPS. Results revealed the optimized fabrication condition (temperature of 60 °C, Fe / Zn
molar ratio of 0.5 and the lysine dosage of 5.8 mmol) for the removing e�cient. The highest adsorption capacity of CIP, NOR and
OFL were 193.83, 190.20 and 62.12 mg/g, respectively. Adsorption kinetics of both CIP and NOR were well simulated with the
pseudo-�rst-order kinetic model, while that of OFL was well-described by the pseudo-second-order. Moreover, the adsorption
thermodynamics of CIP and NOR on Ly @ FeZn indicated that the adsorption processes were exothermal, feasible and
spontaneous. It was worth noting that the adsorption mechanism of Ly @ FeZn for CIP and NOR were the synergistic reaction of
electrostatic attraction, chemical bonding and �occulation. On the other side, the adsorption behavior of OFL was relatively low,
and the adsorption mechanism was only electrostatic attraction.

1. Introduction
Recently, the increasing use of pharmaceuticals and personal care products has led to widespread discharge of such products into
water environment. Since these products pose a potential threat to the water environment and human health, this issue has
attracted attention. CIP, NOR and OFL are �uoroquinolone antibiotics widely used as veterinary and human drugs. It offers high
antibacterial activity against Gram negative and Gram positive bacteria by inhibiting DNA gyrase [Fang et al. 2020]. CIP, NOR, OFL
antibiotics can be found in animal husbandry, hospital wastewater and sewage treatment plants. Therefore, it is imperative to
develop an effective method to remove antibiotics in wastewater. Commonly used methods for removing antibiotics include
adsorption [Chen et al. 2015, Fang et al. 2020], membrane �ltration [Azhar et al. 2017, Koyuncu et al. 2008], catalysis [Chen et al.
2019] and photocatalytic degradation [Hu et al. 2019]. However, membrane �ltration is high cost and prone to cause membrane
fouling [Azhar et al. 2017]. Photocatalysis and catalytic degradation may decompose antibiotics into small molecules. In addition,
the cost of catalysts is a constraint for large-scale application, and it is di�cult to determine the harmfulness of by-products of
catalysts [Mehrjouei et al. 2014]. Compared with other treatment methods, adsorption has been considered to be a more effective
method to remove contaminants in aqueous systems [Yan et al. 2017]. Referring to the recent studies, various materials are used
as adsorbents to remove �uoroquinolones from wastewater, such as natural mineral materials [Jiang et al. 2013] and carbon-
based materials [Carabineiro et al. 2012, Wang et al. 2011] for CIP removal; barley straw [Yan et al. 2017], porous resin and carbon
nanotubes [Yang et al. 2012] have also been utilized for NOR adsorption; similarly, mesoporous alumina, cork-bio-mass and silica
have been investigated [Crespo-Alonso et al. 2013] for OFL adsorption. However, the removal e�ciency of these traditional
adsorbents for antibiotics remains to be improved. Therefore, the development of renewable adsorbents with high adsorption
capacity has been widely studied.

Amino acid can be used to remove contaminants in water environment because of its good chelation [Koilraj et al. 2019]. In order
to achieve high e�ciency and stability, amino acids are considered to be functionalized on solid surfaces with excellent properties.
There are some reports on the contaminants removal by amino acid functionalized adsorbents in the literature. Glycine
functionalized europium hydroxide [Alemtsehay et al. 2018] and arginine modi�ed hydroxyapatite [Yang et al. 2017] were used to
remove radioactive elements in wastewater. Similarly, FeSO4 grafted lysine modi�ed polymer [Jing et al. 2018] and arginine and
lysine functionalized Fe3O4 [Singh et al. 2016, Zhang et al. 2014] have been developed to remove organic matter, Ni (I) and
arsenate [Jing et al. 2018, Singh et al. 2016, Zhang et al. 2014]. These reports showed that amino acid functionalized materials are
multifunctional adsorbent, and the treatment effect of wastewater containing pollutants is considerable.

Layered double hydroxides ( LDHs ) are synthetic clays, whose molecular formula is [M(II)1−xM(III)(OH)2]x+ (An−)x/m·mH2O, where M

(II), M (III) and An− are divalent and trivalent metal ions and interlayer charge equilibrium anions, respectively. Because of their high
surface area, exchangeable anions, low cost and non-toxic properties, LDHs is condemned as a promising adsorbent to remove
heavy metals and organic compounds (including dyes, pharmaceuticals and personal care products) in water treatment. Therefore,
it is considered to functionalize amino acids on LDHs to achieve better adsorption performance.
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Amino acid functionalized LDHs are used to remove different types of pollutants. A-alanine functionalized MgFe-LDH [Hong et al.
2014], glycine functionalized MgAl-LDH [Asiabi et al. 2017] and histidine functionalized MgAl-LDH [Tran et al. 2018] have been
reported to be used to remove oxygen anions, heavy metal cations and organic compounds. Compared with the LDHs reported in
other literature, the prepared amino acid functionalized LDHs have higher removal capacity. Based on these observations, we
studied the effect of lysine-functionalized LDHs for the antibiotics’ e�cient removal in aqueous systems.

As far as we know, there is no report about amino acid functionalized LDHs adsorption for antibiotics. In this study: (1) the
controllable preparation of Ly @ FeZn was optimized by RSM. It means an e�cient RSM model was established with the least
number of experiments. Then, high adsorption capacity adsorbent was prepared at low cost. By the response surface optimization
analysis, the qe for CIP could reach the highest (202 mg/g) at temperature of 60°C, Fe / Zn molar ratio of 0.5 and the lysine dosage
of 5.8 mmol. (2) the optimized Ly @ FeZn was characterized by SEM, XRD, FT-IR and XPS. Batch technique (including adsorbent
dosage, pH, contact time, antibiotic concentration and temperature) were performed. The results showed that the removal rate of
CIP and NOR by Ly @ FeZn was above 95%. Moreover, different removal mechanism of Ly @ FeZn for CIP, NOR and OFL was
investigated.

2. Materials And Methods

2.1. Chemicals
Ferric nitrate (Fe(NO3)3·9H2O, Analytical reagent, 98.5%), Zinc nitrate (Zn (NO3)2·6H2O, Analytical reagent, 99%), Sodium hydroxide
(NaOH, 1M, Analytical reagent), L-Lysine was purchased from Shanghai Macklin Biochemical Co.Ltd. All the above chemicals used
in this study were analytically pure.

2.2 Synthesis of Ly @ FeZn
Ly @ FeZn was synthesized by hydrothermal method. Speci�cally, 3 mmol of Fe(NO3)3·9H2O, and 6 mmol Zn(NO3)2·6H2O (the
initial molar ratio of Fe(NO3)3·9H2O / Zn(NO3)2·6H2O (Fe / Zn) was 0.5) were dissolved in 100 mL deionized water. Then, pH was
adjusted to 10 with NaOH (1 M) and the above solution was continuously stirred at pH = 10 for 10 min. Subsequently, 5.8 mmol of
lysine was dispersed into the mixture sluggishly and stirred for 5 min. The resulting mixture was sealed in a Te�on-lined autoclave,
and then hydrothermally treated at 90°C for 24 h. Afterwards, the supernatant was poured out and the solid product was separated
by using centrifugation at 4000 rpm for 3 min. The separated solid was washed thrice with deionized water and �nally dried at
60°C for 12 h. The fabricated material was referred to Ly @ FeZn.

2.3. Batch adsorption experiments
Batch experiments were carried out under different adsorbent dosage, pH, contact time, antibiotic concentration and temperature.
In detail, 0.05 g of the Ly @ FeZn was added to a series of 100 mL Erlenmeyer �asks containing 50 mL CIP, NOR and OFL solution
with certain concentrations. The mixed suspension was pre-equilibrated by shaking in an air thermostatic (KYC-111D, Fuma, China)
shaker at 200 rpm. In addition, the pH value of adsorption system was adjusted with using HNO3 or NaOH. At different time points
(5-1440 min for kinetic adsorption experiment), the suspensions were �ltered through 0.22-um milli-pore �lter membrane. The
antibiotics concentrations in aqueous solution were determined by spectrophotometer (U-90001 spectrophotometer) at maximum
absorbance wavelength of 277, 275 and 293 nm for CIP, NOR and OFL, respectively. The adsorption capacity and removal
e�ciency were calculated as followings:

qe =
C0 − Ce V

m

1

Re =
C0 − Ce

C0
× 100%

( )

( )
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2

where qe (mg/g) and Re (%) were the adsorption capacity and removal e�ciency respectively; C0 (mg/L) and Ce (mg/L) represented
the initial and equilibrium concentrations, respectively; V (L) represented the solution volume; m (g) was the mass of adsorbent.

2.4. Characterization
The surface morphology was characterized by Scanning electron microscopy (SEM, Gemini 300, Zeiss, Germany) with energy
dispersive X-ray spectrometer. X-ray diffraction (XRD) pattern was recorded by XRD analysis (XRD, D8 ADVANCEX-ray
diffractometer, Bruker, Germany), the sample was scanned over the region of 10-90° with a 0.02° step size. The composition of all
samples was analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI Thermo Fisher Scienti�c, USA). Fourier transfer
infrared (FT-IR) spectra in the wave number range of 400-4000 cm−1 was acquired with an infrared spectrometer (Nicolet 6700,
Nicolet).

3. Results And Discussion

3.1 Controllable fabrication of Ly @ FeZn by RSM
In order to fabricate an adsorbent with high adsorption capacity under the premise of low cost, the response surface model (RSM)
was used to optimize the adsorbent’s synthesis. The construction of RSM was for the purpose of estimating the main effects
interactions, as well as establishing the e�cient mathematics modeling by performing the least number of experiments [Singh et
al. 2011]. RSM is a quadratic equation and a polynomial equation, which can predict the actual value of the experiment [Sen et al.
2019].

3.1.1 Modeling set up
BBD model was applied to study optimal conditions for preparing materials. Effects of Fe / Zn molar ratio, lysine dosage and
hydrothermal treatment temperature were studied. 17 response surface model experiments were carried out by regression, and
graphical analysis of the results data were analyzed with the Design-Expert software (8.0). The model consisted of three levels,
coded values were −1, 0 and 1 (low, medium, high respectively) [Yang et al. 2021]. The response value was the adsorption capacity
of Ly @ FeZn for CIP. The experimental design and results were shown in Table 1.

3.1.2 Regression model equation establishment
The quadratic equation was obtained by predicting the optimal BBD model between the input variables and the response values.
Afterwards, according to the experimental results, the empirical relationship between output variables and the response of the
coding unit was given as following [Sun et al. 2019, Yang et al. 2021]:

qe = 92 − 2.25 ∗ A − 1.88 ∗ B − 59.13 ∗ C + 0.25 ∗ AB + 1.25 ∗ AC + 3.50 ∗ + 4.25 ∗ A2 − 4.00 ∗ B2 + 43.50 ∗ C2

3
In the equation, A, B and C were denoted as the coding terms of three independent variables, namely lysine dosage, hydrothermal
treatment temperature and Fe / Zn molar ratio.

3.1.3 Analysis of variance (ANOVA)
Statistical analysis was performed to determine experimental error and statistical signi�cance. In the current work, the acceptability
of the model was determined by using ANOVA. The model adequacy test requires that the analysis of experimental data and the
correctness of the model have to been proved via the F value and p value [Sen et al. 2019]. Referring to ANOVA (analysis of
variance) in Table 1, the F-value (89.14) and P-value (< 0.0001) indicated the regression of qe response was statistical signi�cance.

Moreover, P-value of C and C2 were less than 0.05, indicating the relative model terms were signi�cant in the model. According to
the F-value, the in�uences of each factor were followed the order: Fe / Zn molar ratio (89.14) > Lysine dosage (0.90) >
Hydrothermal reaction temperature (0.62). By the response surface optimization analysis, the qe value could reach the highest (202
mg/g) at temperature of 60°C, Fe / Zn molar ratio of 0.5 and the lysine dosage of 5.8 mmol.
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Table 1
ANOVA for RSM of CIP, NOR and OFL removal on Ly @ FeZn.

  Sum of   Mean F p-value

Source Squares df Square Value Prob > F

Model 36245.87 9 4027.32 89.14 < 0.0001

A 40.50 1 40.50 0.90 0.3753

B 28.13 1 28.13 0.62 0.4560

C 27966.13 1 27966.13 619.01 < 0.0001

AB 0.25 1 0.25 5.534E-003 0.9428

AC 6.25 1 6.25 0.14 0.7209

BC 49.00 1 49.00 1.08 0.3323

A2 76.05 1 76.05 1.68 0.2356

B2 67.37 1 67.37 1.49 0.2616

C2 7967.37 1 7967.37 176.35 < 0.0001

Residual 316.25 7 45.18    

Lack of Fit 316.25 3 105.42    

Pure Error 0.000 4 0.000    

Cor Total 36562.12 16      

Note: P< 0.0001: highly signi�cant; P < 0.01: strongly signi�cant; P< 0.05: signi�cant; P> 0.05: not signi�cant.

3.1.4 Effects of Fe / Zn, lysine dosage and hydrothermal temperature on
adsorption performance
Figure 1a presented that the adsorption capacity of Ly @ FeZn remained at a stable level of 88-98 mg/g (Fe / Zn: 1.25, lysine
dosage: 5-15 mmol, temperature: 60-120°C). This suggested that hydrothermal reaction temperature and lysine dosage had limited
effects on Ly @ FeZn’s adsorption capacity. This may be because lysine had already been successfully loaded on the LDHs at
60°C, and though the temperature continued to increase, the enhancement of adsorption performance was limited. On the other
side, lysine dosage was saturated at 5 mmol, as it continued increased to 15 mmol, the excessive lysine will be washed off when
cleaning the material. In this way, lysine dosage’s effect on the adsorption capacity was limited. Fig. 1b and c indicated the Fe / Zn
molar ratio was critical for the adsorption capacity. The adsorption capacity increased from 80 mg/g to 200 mg/g as the Fe / Zn
molar ratio decreased from 2 to 0.5. This suggested low Fe / Zn molar ratio was bene�cial for adsorption capacity. This may be
owing to the fact M3+ was only partially incorporated in the brucite-like layer because of the electrostatic repulsion between positive
charges when the M3+ / M2+ molar ratio was higher than 0.5. At low M3+ / M2+ ratio, M2+ occupied in the system leading to fewer
anions in the interlayer, and the formation of M2+ hydroxide can be increased. This observation was similar to that of Kang’s study
[Kang et al. 2020].

3.2 Characterizations
Based on the �ndings in Section 3.1, subsequent materials were fabricated under the optimized conditions (temperature of 60°C, Fe
/ Zn molar ratio of 0.5 and the lysine dosage of 5.8 mmol.). The XRD, FT-IR, SEM and XPS were applied to characterize the
samples. XRD patterns of samples were recorded in Fig. 2a. The peaks at 2θ = 31.8°, 34.5°, 36.3°, 56.6°, 62.8° were assigned to the
characteristic peaks of (110), (006), (113), (300), (119), matching well with Zinc Hydroxide (Zn(OH)2) (PDF#48-1066) references.
Additionally, the peaks at 2θ = 62.7°corresponded to the characteristic peaks of (440), matching well with Iron Hydroxide (Fe(OH)3)
(PDF#22-0346) references. The XRD peak of Ly @ FeZn was sharp, indicating that the prepared adsorbent maintains well-
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crystallinity. FT-IR spectra of Ly @ FeZn (Fig. 2b) demonstrated the presence of amino acids on LDH surface, as evidenced by the —
N—H stretching vibration mode at ~3417 cm−1 and —COO− stretching vibration mode at ~1467 cm−1 [Koilraj et al. 2019, Koilraj and
Sasaki. 2017]. The existence of the band at ~1589 cm−1 corresponded to the —C—O stretching vibration of the —COO− group of
amino acid present on the LDH surface. Moreover, bands appeared at ~2925 cm−1 relevant to the —C—H stretching vibration mode.
The Ly @ FeZn exhibited bands at ~1382, ~982 and ~795 cm−1 related to the N—O stretching vibration mode of NO3

−. It showed

that the interlayer anion of LDH synthesized by hydrothermal method is NO3
−. The common peaks of ~903 cm−1 were

corresponded with the M—O bending or M—OH lattice vibrations (M: Fe or Zn) [Guo et al. 2020].

The morphology of Ly @ FeZn, Ly @ FeZn-CIP, Ly @ FeZn-NOR and Ly @ FeZn-OFL (Fig.3a-d) were visually presented by SEM
images, as depicted in Fig.3a, Ly @ FeZn formed particles in the shape of elongated fragments adhere to rough surfaces and
displayed large gaps with uneven distribution, which can provide plenty of adsorption sites for adsorbent [Zhu et al. 2020]. As
revealed in Fig.3b and Fig.3c, the morphology of Ly @ FeZn after adsorption of CIP and NOR changed signi�cantly. Ly @ FeZn-CIP
and Ly @ FeZn-NOR had similarmorphology and formed an irregular sheet structure with smooth surface. This may be because CIP
and NOR were inserted in the gaps of LDH and combined with amino acids and Ly @ FeZn adsorption sites on the surface,
resulting in the structure of Ly @ FeZn-CIP and Ly @ FeZn-NOR were tightly layered. As shown in Fig.3d, the prismatic particles were
clustered together, and the material were agglomerated. The reason for this may be that OFL directly wrapped Ly @ FeZn owing to
the bulky structure of OFL. EDS elemental mapping images were illustrated in Fig. S1,the appearance of N element indicated that
the Ly @ FeZn was fabricated successfully. Mapping images were showed in Fig. S2.

3.3 Ly @ FeZn’s different adsorption performance towards CIP, NOR and
OFL

3.3.1 Effect of adsorbent dosage
As shown in Fig. 4, the removal rate increased with Ly @ FeZn dosage, while the adsorption capacity gradually decreased. As the
dosage of adsorbent increased, more active sites were available for adsorption due to the increase of vacant sites on the surface of
Ly @ FeZn, resulting in the increase of antibiotics adsorption [Karthikeyan and Meenakshi. 2019]. The decrease of adsorption
capacity may be attributed to the competition of adsorption sites at high dosages. Some available sites cannot be freely combined
with antibiotics, thereby reducing the relative absorption of antibiotics on the Ly @ FeZn [Hu et al. 2020, Yao et al. 2017]. At the
dosage of 0.05g, the removal rates of Ly @ FeZn for CIP and NOR were remarkable, which were as high as 98.48% and 95.05%,
respectively. However, the removal rate of Ly @ FeZn for OFL was relatively low (33.13%) compared with the CIP and NOR. Related
to the SEM images in Fig. 3d, the Ly @ FeZn-OFL was clustered together, CIP and NOR were directly intercalated between Ly @ FeZn
voids or adsorbed on the surface. This might be the reason that the adsorption capacity of Ly @ FeZn for OFL was much smaller
than that of CIP and NOR.

3.3.2 Effect of solution pH
The in�uence of pH on antibiotics adsorption were illustrated in Fig.5. Physiochemical properties of relative antibiotics were given
in Table 2. Noticeably, when pH value ranged from 3 to 10, the adsorption capacity of Ly @ FeZn for CIP exhibited minor
variance.The maximum adsorption performance of Ly @ FeZn for CIP were achieved at pH of 7.This indicated the adsorption of Ly
@ FeZn for CIPhad wide pH adaptability. The adsorption performance of Ly @ FeZn for NOR was like CIP at pH of 7. However, it
was notably to notice that the adsorption capacityof Ly @ FeZn for NOR decreased dramatically at pH of 3 and 10, which was
different with CIP. pKa of CIP were 6.1 and 8.7 [Tang et al. 2020, Yu et al. 2016], while those of NORvalued of 6.22 and 8.51,
respectively [Chahm et al. 2019]. CIP andNOR existed as a cationic, zwitterionic and anionic form in three regions divided by the
two pKa. CIP andNOR mainly existed in the form of amphoteric ions at pH of 7 (Table 2). Thus, CIP and NOR can be heavily
adsorbed by Ly @ FeZn due to electrostatic interaction at pH of 7. On the contrary, it was di�cult for adsorption due to electrostatic
repulsion at PH of 3 and 10 [Cao et al. 2017, Tang et al. 2020, Wu et al. 2020, Yu et al. 2016]. Besides, the action of electrostatic
repulsion was similar to LDHs at pH of 3 and 10. Thus, notability, lysine had a certain adsorption effect on CIP (the adsorption
experiment of lysine on CIP was carried out), while the adsorption experiment of lysine on NOR indicated that lysine had noobvious
effect for NOR removal at pH 3 and 10. This led to a slight reduction of the CIP adsorption and dramatical decrease ofNOR
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adsorption. It should be noted that the adsorption capacity of CIP, NORand OFL were all the highest at pH of 7. In this way, the
further experiments were conducted at pH of 7. 

Table 2 Physiochemical properties of CIP, NOR and OFL.

Antibiotics Molecular
formula

molecular
weight

(g/mol)

pKa Chemical

structure

Speciation
distribution

CIP C17H19ClFN3O3 385.82 6.1/8.7 [Tang et al. 2020,
Yu et al. 2016]

   

NOR C16H18FN3O3 319.33 6.22/8.51 [Chahm et al.
2019]

OFL C18H20FN3O4 361.14 6.08/8.25 [Peng et al.
2012]

3.4 Adsorption kinetics, adsorption isotherms and thermodynamics

3.4.1 Adsorption kinetics
The adsorption kinetic models of Ly @ FeZn for three antibiotics were illustrated in Fig. 6. The adsorption capacity of Ly @ FeZn for
CIP and NOR exhibited a rapid increase in the �rst half hour and gradually reached equilibrium in 2 h. The adsorption capacity of Ly
@ FeZn for OFL increased with the contact time until 6 h, then became constant, which indicated that the adsorption process was a
long and complicated process [Fang et al. 2020]. Furthermore, the equilibrium adsorption capacity of Ly @ FeZn for CIP, NOR and
OFL were 196.05, 190.27 and 61.00 mg/g, respectively. The less adsorption capacity of OFL was attributed to the bulky structure of
OFL, which posed steric hindrance for its interaction with the adsorbent. To study the adsorption kinetics, different kinetic models
were applied to explain the kinetics of adsorption, and were illustrated as followings:

Pseudo-�rst-order kinetic model:

qt = qe 1 − e−k1t

4
Pseudo-second-order kinetic model:

qt =
k2q2

et
1 + k2qet

5
The intra-particle diffusion model:

( )
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qt = kid ∗ t0.5 + C

6
where qe (mg/g) and qt (mg/g) were denoted as equilibrium capacity and adsorption amount of antibiotics on Ly @ FeZn at
corresponding time (t); k1 and k2 represented the rate constants of the pseudo-�rst-order and pseudo-second-order models,

respectively. The particle diffusion rate constant was kid (mg·g−1h−1/2), and C represented the in�uence of boundary layer.

The calculated kinetic parameters for the three types of kinetic models were listed in Table 3, respectively. The CIP and NOR
adsorption on Ly @ FeZn were well-described by the pseudo-�rst-order model, indicating that the suggested physisorption as the
controlling mechanism [Zhu et al. 2020]. The pseudo-second-order model simulated well with OFL adsorption. This demonstrated
that the adsorption rate was mainly dominated by the chemical interactions, and the adsorption capacity was proportional to the
number of available active sites [Vibhu Sharma et al. 2017]. Furthermore, the intra-particle diffusion model was also applied to
validate the potential rate control steps. For CIP, NOR and OFL, the �rst stage was the fastest owing to the diffusion of antibiotics to
the outer surface of Ly @ FeZn through bulk solution, respectively. 

Table 3
The parameters of kinetics models for CIP, NOR and OFL adsorption on Ly @ FeZn.

Type Parameters Antibiotics

CIP NOR OFL

Pseudo-�rst-order kinetics qe,cal (mg/g) 196.05 190.27 61.00

k1 (min−1) 4.77×10−2 2.24×10−2 1.22×10−2

R2 0.999 0.996 0.992

Pseudo-second-order kinetics qe,cal (mg/g) 204.048 203.842 67.287

k2 (g·(mg·min) −1) 3.29×10−4 1.47×10−4 2.48×10−4

R2 0.975 0.976 0.993

Intra-particle diffusion model k1 (mg·(g·min1/2) −1) 35.177 18.740 -8.488

R2 0.999 0.974 0.994

k2 (mg·(g·min1/2) −1) 0.367 1.135 1.660

R2 1 1 1

k3 (mg·(g·min1/2) −1) -0.047 0.272 0.112

R2 1 1 1

In addition, the adsorption capacity of CIP, NOR and OFL on Ly @ FeZn at 298 K were higher than those adsorbents reported in the
literature (Table 4). According to the cited literature, the adsorption capacity of the prepared materials for CIP was in the range of
22.46-108.40 mg/g. Thus, the adsorption capacity of Ly @ FeZn for CIP was 1.8-8.7 times higher. Similarity, the adsorption
capacity of the mentioned materials on NOR in the literature was in the range of 9.1-78.9 mg/g, and Ly @ FeZn for NOR was 2.4-
20.8 times higher. In addition, the adsorption capacity of Ly @ FeZn for OFL was higher than the mentioned materials in the
literature. 
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Table 4
Comparison of adsorption capacity of various adsorbents for CIP, NOR and OFL.

Antibiotics Adsorbents T
(K)

Dosage
(g·L−1)

pH qe

(mg·g−1)
Ref.

CIP diamine-functionalized MCM-41 298 1 7 108.40 [Lu et al. 2020]

ZnO-SBA-15 (10%) 298 0.4 5 35 [Sousa et al. 2018]

Fe3O4 nanoparticles 298 2.5 7 22.46 [Lin and Lee. 2020]

Ly @ FeZn 298 1 7 196.05 In this study

NOR montmorillonite-biochar (MT-BC)
composite

298 1.2 6.5 25.53 [Zhang et al. 2018]

chemically activated termite 298 1.25 8 78.9 [Chahm et al. 2019]

modi�ed Ni-Al LDH 298 1 7 9.1 [Vibhu Sharma et al.
2017]

Ly @ FeZn 298 1 7 190.27 In this study

OFL modi�ed Ni-Al LDH 298 1 7 8.5 [Vibhu Sharma et al.
2017]

Chitosan/Biochar Composite 298 0.2 6.5 3.2 [Zhu et al. 2018]

Ly @ FeZn 298 1 7 61.00 In this study

3.4.2 Adsorption isotherm
The isotherm experiments were performed at temperature of 298 K, and the results were displayed in Fig. 7. The adsorption
capacity of CIP, NOR and OFL increased rapidly with initial concentration increasing until reached the maximum capacities. This
phenomenon demonstrated that the concentration difference can promote the adsorption of CIP, NOR and OFL from the solution
onto the Ly @ FeZn until the binding site of the adsorbent reached the adsorption saturation [Lin et al. 2019]. The adsorption
isotherm was well simulated by Langmuir, Freundlich and Temkin models for comparison. The Langmuir model assumes an
adsorption homogeneity, which is suitable for the monolayer adsorbate on the outer-sphere surface of the composites and without
further adsorption. The Freundlich model assumes a heterogeneous adsorption that can be used to several types of binding sites
on the surface of adsorbent [Wang et al. 2019]. The Temkin isotherm model is a chemical adsorption model between positive and
negative charges based on strong electrostatic interaction [Zhu et al. 2020]. Mathematically, they were de�ned as:

q =
qmKLCe
1 + KLCe

7

qe = KFCe
1/ n

8

qe = KTln fCe

9
where qe (mg/g) and qm (mg/g) were the equilibrium and maximum adsorption capacity, respectively; Ce (mg/L) was the
equilibrium concentration; KL (L/mg) stood for the binding constant of adsorption heat; n and KF were the Freundlich empirical
constants relative to the adsorption intensity and the adsorption capacity, respectively; KT (J/mol) and f (L/mg) were Temkin
constant and Temkin binding constant, which re�ected the heat of adsorption and maximum binding energy, respectively.

( )
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The calculated isotherm parameters for three types of isotherm models were listed inTable 5. According to calculated correlation
coe�cients, the adsorption capacity of CIP and NOR on Ly @ FeZn well-described by the Langmuir model and the maximum
adsorption capacities were 1218.96 and 71.12 mg/g for CIP and NOR, respectively. This indicated that CIP and NOR removal on Ly
@ FeZn were governed by monolayer adsorption. Besides, the adsorption capacity of OFL on Ly @ FeZn well simulated with the
Freundlich model and the maximum adsorption capacities was 120.39 mg/g. Experimental phenomena indicated that Ly @ FeZn
had a �occulating effect for high-concentration NOR, but had no �occulation effect for low-concentration NOR, resulting in Ly @
FeZn had a better removal effect for high-concentration NOR, thereby the maximum removal capacity was different from the
previous experimental results. 

Table 5
The parameters of isotherm models for CIP, NOR and OFL adsorption on

FeZn LDHs.
Type Parameters Antibiotics

CIP NOR OFL

Langmuir qm (mg·g−1) 1218.956 71.115 120.386

KL (L·mg−1) 0.0350 0.0383 0.0059

R2 0.956 0.989 0.986

Freundlich KF (mg·g−1) (L·mg−1)1/n 50.035 4.587 1.566

1/n 0.784 0.638 0.723

R2 0.945 0.976 0.987

Temkin KT (J·mol−1) 200.445 13.166 16.849

f (L·mg−1) 0.536 0.490 0.135

R2 0.976 0.988 0.945

3.4.3 Adsorption thermodynamics
The thermodynamic isotherms of Ly @ FeZn for antibiotics under different temperatures (298 K, 308 K and 318 K) were performed
to further explore the adsorption mechanism. The parameters of Gibbs energy change (ΔG0), enthalpy change (ΔH0), and entropy
change (ΔS0) were calculated to illustrate the thermodynamic behavior under different temperatures. The positive or negative ΔG0

values represented the non-spontaneous or spontaneous reactions. The ΔH0 and ΔS0 illustrated the endothermic or exothermal
properties and chaotic change of the adsorption process, respectively. They were calculated from the equations [Yao et al. 2017,
Yin et al. 2019]:

lnK0 = −
ΔH0

R ×
1
T +

ΔS0

R

10

K0 =
qe
Ce

11

ΔG0 = − RTlnK0

12
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where T (K) and R (kJ/mol·K−1) were the Kelvin temperature and the ideal gas constant (8.314 J/mol·K−1), respectively; K0

represented the standard equilibrium constant.

The thermodynamic parameters from the temperature-dependent isotherms were tabulated in Table 6. The values of ΔH0 and ΔS0

were determined according to the slope and intercept of the linear plot of In K0 versus 1/T, respectively (Fig. S3). The negative ΔH0

values indicated that the adsorption of CIP, NOR and OFL on Ly @ FeZn were exothermal process, which was consistent with the
fact that the adsorption capacity increased at low temperature [Peng et al. 2015, Wang et al. 2015, Yao et al. 2017]. One possible
explanation to the negative ΔH0 values was that the adsorption enthalpy was higher than the energy absorbed in the desolation
process [Yao et al. 2017]. Values of ΔG0 were negative, con�rming that the adsorption of CIP and NOR on Ly @ FeZn were a
spontaneous and favorable thermodynamically and more negative ΔG0 value at lower temperature indicated that the adsorption
was more easier and the low temperature was more favorable for the binding of CIP and NOR to Ly @ FeZn [Arshadi et al. 2013,
Zhao et al. 2014]. This consequence may be owing to the change of surface complexation constant at different temperatures [Yao
et al. 2017]. The negative ΔS0 values may indicate the changes of solid structures, suggesting that the randomness of the whole
adsorption systems at the solid-solution interface became lower after the adsorption processes [Wang et al. 2015]. 

Table 6
Thermodynamic parameters for CIP, NOR and OFL adsorption on FeZn LDHs.

Antibiotics ΔH0 (kJ·mol−1) ΔS0 (J·(mol·K)−1) ΔG0 (kJ·mol−1)

298.15 K 308.15 K 318.15 K

CIP -65.762 -186.631 -10.066 -8.372 -6.326

NOR -34.556 -90.669 -7.564 -6.529 -5.756

OFL -50.458 -176.518 1.945 3.714 5.475

3.5. Ly @ FeZn’s different removal mechanism on CIP, NOR and OFL

3.5.1 Flocculation/adsorption’s synergistic removal mechanism on CIP
and NOR
To further investigate the interaction mechanism between three antibiotics and Ly @ FeZn composite, the high resolution XPS
scans were measured. The chemical composition and oxidation state of elements of Ly @ FeZn, Ly @ FeZn-CIP and Ly @ FeZn-
NOR were examined by using XPS analyses and were shown in Fig. 8. The full XPS spectra of the samples shown in Fig. 8a
demonstrated the existence of F species, which showed CIP, NOR and Ly @ FeZn interacted electrostatically.

Meanwhile, the high-resolution C 1s, O 1s, N 1s and Fe 2p spectra were also investigated (Fig. 8b-e). An apparent shift could be
observed after CIP adsorption, which indicated the alteration of the bonding environments [Wen et al. 2014]. The C 1s signals of Ly
@ FeZn and Ly @ FeZn-CIP can be divided into 3 peaks. The peaks at 284.8 eV, 285.95 eV and 288.75 eV of Ly @ FeZn attributed to
C—C, C—O and C=O, respectively [Zhang et al. 2019]. After CIP adsorption, C—O shifted to a higher binding energy (286.15 eV) and
C O shifted to a lower binding energy (287.90 eV). In addition, the intensity of C 1s in Ly @ FeZn-CIP was much higher than that of
C 1s in pure Ly @ FeZn (Fig. 8b), indicating that CIP was incorporated with Ly @ FeZn [Wen et al. 2014]. The O 1s spectra of Ly @
FeZn displayed three major peaks with binding energies at 529.65 eV, 531.07 eV and 532.21 eV, corresponding to lattice oxygen, M
—O and hydroxy, respectively [Wang et al. 2019]. The M—O peak positions of Ly @ FeZn after CIP adsorption were shifted,
suggesting that the metal ions (i.e., Fe3+ and Zn2+) were complexed with —OH groups of CIP on the surfaces of Ly @ FeZn [Sheng
et al. 2016, Sheng et al. 2016, Wang et al. 2015, Wen et al. 2014]. The single peak of Ly @ FeZn at 399.67 eV, corresponding to C—
N. While signal of Ly @ FeZn-CIP was asymmetric, which can be divided into two peaks at 400.25 eV and 398.82 eV, corresponding
to C—N and —N O [Huang et al. 2019] The deconvoluted Fe 2p spectrum was �tted into six peaks. In the case of Fe 2p3/2 spectra,

two peaks around 710.16 eV, 711.48 eV can be assigned to Fe2+ in octahedral sites and Fe3+ in octahedral sites. After the
adsorption reaction, the relative intensity of the two peaks changed, which proved the conversion between Fe2+ and Fe3+ on the Ly
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@ FeZn surface [Hong et al. 2020, Huang et al. 2017]. Furthermore, it was likely that the chemical interaction between CIP and the
surface hydroxyl caused the binding energy of Fe 2p to shift slightly to a more negative level [Lu et al. 2018].

After comparison, the XPS spectra of Ly @ FeZn-CIP and Ly @ FeZn-NOR were almost identical. Thereby, the analysis of Ly @ FeZn
for NOR was similar to the of CIP. In addition, according to experimental phenomenon, Ly @ FeZn had a �occulating effect on both
CIP and NOR. In summary, the adsorption mechanism of CIP and NOR on Ly @ FeZn were predominately electrostatic attraction,
chemical bonding and �occulation. The adsorption mechanism was graphically illustrated in Fig. 9.

3.5.2 Adsorption mechanism of Ly @ FeZn for OFL
The chemical composition and oxidation state of elements of Ly @ FeZn-OFL was examined by using XPS analyses and was
shown in Fig. 8. The full XPS spectra (Fig. 8a) demonstrated the existence of F species, which indicated OFL and Ly @ FeZn
interacted electrostatically. Whereas compared with the XPS spectra of Ly @ FeZn, the XPS spectra of Ly @ FeZn-OFL had almost
unchanged, suggesting OFL removal mainly was controlled by only electrostatic attraction. This quite different from that of CIP
and NOR adsorption, which were dominated by electrostatic attraction and chemical bonding. This explained why the adsorption
capacity of Ly @ FeZn for OFL was relatively low compared with CIP and NOR. Moreover, the adsorption mechanism of OFL was
illustrated in Fig. 9.

3.6. Recycle and reuse performance
Furthermore, the recyclability and reusability of Ly @ FeZn was investigated for evaluating the adsorbent’s economics. After
achieved the adsorption equilibrium, the adsorbents were washed by deionized water for several times and dried overnight for
further adsorption. As illustrated in Fig. S4, the adsorption of Ly @ FeZn for antibiotics could still e�cient in �fth time adsorption
(adsorption capacity: CIP was 127.86 mg/g, NOR was 115.48 mg/g and OFL was 13.71 mg/g). The signi�cant regeneration for
antibiotics indicated that Ly @ FeZn was an effective recyclable adsorbent for removing antibiotics from polluted water.

Conclusions
Ly @ FeZn with elongated fragments structure was synthesized by hydrothermal method. BBD model was conducted for the
controllable fabrication of e�cient Ly @ FeZn: temperature of 60 °C, Fe / Zn molar ratio of 0.5 and the lysine dosage of 5.8 mmol.
The Ly @ FeZn may capture CIP and NOR molecule more e�ciently than OFL owing to the smaller molecule length and less steric
hindrance than OFL. The adsorption capacities of optimized Ly @ FeZn for CIP, NOR and OFL reached 193.83, 190.20 and 62.12
mg/g, respectively. Moreover, the adsorption process of Ly @ FeZn for CIP and NOR exhibited similar adsorption mechanism:
predominately driven by the combined mechanism of electrostatic attraction, chemical bonding and �occulation. On the other
hand, the adsorption behavior of OFL was controlled by electrostatic attraction. In addition, the regeneration performance of Ly @
FeZn was also considerable.
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Figure 1

3D surface plots of adsorption capacity of Ly @ FeZn for CIP.
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Figure 2

XRD pattern (a) and FT-IR spectra (b) of Ly @ FeZn.
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Figure 3

SEM images of Ly @ FeZn (a), Ly @ FeZn-CIP (b), Ly @ FeZn-NOR (c) and Ly @ FeZn-OFL (d).
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Figure 4

Effect of adsorbent dosage: adsorption capacity (a); removal rate (b).

Figure 5

Effect of pH: adsorption capacity (a); removal rate (b).
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Figure 6

Effect of time for CIP, NOR and OFL adsorption on Ly @ FeZn: the pseudo-�rst-order �tting plots and pseudo-second-order �tting
plots for CIP, NOR and OFL adsorption kinetic model ((a), (c), (e)); the intra-particle diffusion model �tting plots for CIP, NOR and
OFL adsorption kinetic model ((b), (d), (f)).
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Figure 7

Effect of initial CIP, NOR and OFL concentration on CIP (a), NOR (b) and OFL (c) adsorption on Ly @ FeZn: the �tting plots of
Langmuir, Freundlich and Temkin isotherm models.
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Figure 8

XPS spectra of Ly @ FeZn, Ly @ FeZn-CIP, Ly @ FeZn-NOR and Ly @ FeZn-OFL, full spectra (a); C 1s (b); O 1s (c); N 1s (d); Fe 2p (e).
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Figure 9

Adsorption mechanism diagram. The molecular structure of NOR (a). The molecular structure of CIP (b). The molecular structure of
OFL (c).
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