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lulose nanofiber/montmorillonite
nanocomposite for the removal of levofloxacin
hydrochloride antibiotic from aqueous solutions†

Junfeng Li, *a Junhong Tao, a Chengxiao Ma,a Jie Yang,a Tiantian Gub

and Jianchao Liu c

Herein, we report the facile two-step synthesis of an effective carboxylated cellulose nanofiber/

montmorillonite nanocomposite (CMNFs–MMT) adsorbent for levofloxacin hydrochloride (Levo-HCl).

CMNFs–MMT was characterized using scanning electron microscopy, energy dispersive X-ray

spectrometry, Brunauer–Emmett–Teller measurements, X-ray photoelectron spectroscopy, X-ray

diffraction, and Fourier transform infrared spectroscopy. Based on the central composite design, the

effects of various factors on the removal of Levo-HCl by the CMNFs–MMT were explored, wherein the

effect of pH was the most significant. To gain a clearer perspective on the adsorption process of Levo-

HCl onto CMNFs–MMT, the adsorption kinetics and isotherms were also measured, revealing that the

reaction is pseudo-second-order and the Sips models provide the best fit with experimental data.

Comparing the adsorption in pure water with the removal in river water, the rate of river water removal

(90.37%) was slightly lower than that of pure water (93.97%) when adsorption equilibrium was reached,

confirming that CMNFs–MMT is not easily influenced by environmental conditions. Reusability

experiments indicate that CMNFs–MMT can maintain a certain adsorption capacity for Levo-HCl after six

uses. Overall, this work indicates that CMNFs–MMT is an effective adsorbent for eliminating Levo-HCl

from aqueous media in future engineering applications.
Introduction

Antibiotics are widely used to treat human or animal diseases,
and also as growth-promoting agents in aquaculture and
animal husbandry. Since the discovery of penicillin, the number
of different types of antibiotics has reached tens of thousands,
and the use of antibiotics has become an indispensable part of
the medical and breeding industries.1,2 In recent years, along
with their contribution to longer, healthier lives and advances
in medical technology and farming, the abuse of antibiotics has
brought new challenges, while the pollution caused by the
manufacturing process has become a widespread concern.3

Among them, uoroquinolone antibiotics are produced
synthetically, as opposed to by fermentation or semi-synthetic
methods. Fluoroquinolone drugs were rst developed in 1962
and are now mass-produced and used worldwide due to their
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42053
broad-spectrum, long half-life, strong tissue penetration, low
toxicity, and low price, in addition to their high efficiency and
safety.4 With the gradual improvement in antibiotic research
and development technology, the stability and antibacterial or
bactericidal properties of uoroquinolone products are
continuously improving. A typical example is the third-
generation uoroquinolone antibiotic levooxacin hydrochlo-
ride.5 Fluoroquinolone antibiotics are only partly absorbed by
the humans and livestock during use, so large amounts of
residual antibiotics are discharged into the water environment
during the sewage treatment process. Therefore, uo-
roquinolone antibiotics are oen detected in water environ-
ments or even groundwater, with levooxacin hydrochloride
being particularly abundant.6 As a new type of organic pollutant,
antibiotics are mostly soluble in water and are not volatile.
However, antibiotics remaining in the environment are not
indestructible. In nature, photolysis,7 adsorption,8 hydrolysis,9

and biodegradation methods10 can remove residual antibiotics.
Due to the continuous discharge of human activities, antibi-
otics enter the environment and spread through water bodies
and food chains. Eventually, they are naturally enriched in air,
water, and soil, and become a persistent environmental
pollutants. Therefore, there is an urgent need for reasonable
and feasible antibiotic pollution control strategies. In recent
years, many different methods for removing antibiotics,
This journal is © The Royal Society of Chemistry 2020
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including adsorption, oxidation, photocatalysis, and biodegra-
dation have been explored.11–13 Among them, the adsorption
technique is widely used owing to easy operation, exibility, low
energy consumption, high removal rates, low secondary pollu-
tion, and low adsorbent regeneration cost. Thus, various types
of adsorbents such as activated carbon,14 porous resin,15

zeolites,16 carbon nanotubes,17 biochar,18 bentonite,19 activated
sludge,20 y ash,21 and graphite oxide22 have been widely used.
However, these materials have low adsorption efficiency and
can be difficult to recover. These shortcomings have greatly
hampered their practical applications; therefore, developing an
inexpensive and efficient adsorbent is crucial.23,24 The compar-
ison of the ability of different adsorbents to remove multiple
pollutants is depicted in Table 1.

Cellulose is one of the most abundant compounds in
nature.25 Crystalline and amorphous regions are randomly
distributed in cellulose molecules. The crystalline regions are
tightly arranged, and the crystal form is not easily damaged by
chemicals and various enzymes, while the amorphous regions
are loosely arranged and are more susceptible to attack and
cracking by chemicals and various enzymes. Cellulose has the
advantages of good biocompatibility, degradability, renew-
ability, lack of pollution, and easy derivatization.26 The devel-
opment and application of cellulose-based functional materials
is of great signicance for the development of new materials.
Nanocellulose is a derivative of cellulose that has received
extensive attention owing to its unique properties. First, nano-
cellulose has a nanometer size and excellent mechanical prop-
erties. Second, because of the large number of hydroxyl groups
on the surface of nanocellulose, various chemical groups can be
used to modify nanocellulose to achieve surface modication,
such as oxidation, etherication, silanization, and polymer
gra copolymerization. While successfully modifying nano-
cellulose, the hydroxyl groups also facilitate the dispersion of
Table 1 Adsorption capacity of adsorbents used for the removal of mul

Pollutants Absorbents

Cr(VI) Acid-treated algae activated carbon
Cr(VI) Activated carbon prepared from

Terminalia arjuna nuts
Cd(II) Sardinian clinoptilolite
Pb(II) Natural phillipsite
Ni(II) Brazilian scolecite
Al Cattle manure biochar
As(V) Pine wood biochar
Hg(II) Wheat straw biochar
As(III) Anatase nanoadsorbent
F Fe–Ti bimetallic magnetic oxide
Remazol red 3BS Hexagonal mesoporous silica
Remazol red 3BS Chitosan-MIPs
Malachite green Clinoptilolite
Reactive red 239 CTAB-clinoptilolite
Reactive yellow 176 HTAB-clinoptilolite
Methylene blue dye Eucalyptus biochar
Trichloroethylene Peanut shells biochar
Paraquat Swine manure biochar
K-NYT (humic acid) Natural zeolites

This journal is © The Royal Society of Chemistry 2020
nanocellulose into different polymers.27–30 In addition, nano-
cellulose has the advantages of high width ratio, low energy
consumption, low density, reproducibility, biodegradability,
and biocompatibility.31,32

Montmorillonite is an aluminosilicate with a nano-level
planar layered structure that determines the permanent nega-
tive charge in the montmorillonite sheet.33 The layered struc-
ture contains an aluminum octahedral layer sandwiched
between two silica tetrahedral layers, and interlayer cations (Na+

and Ca2+) are intercalated to balance the charges.34 Layered
MMT crystals have weak cation interaction between sandwich
akes, so they have high cation exchange capacity. This
exchange property gives the montmorillonite sheets water
swellability and strong adsorption capacity for cations. At the
same time, since there is no hydrogen bond in the structure of
montmorillonite, it also has the property of being intercalated
or peeled off.35 At the same time, because the crystal layer in the
montmorillonite structure is connected by two oxygen atomic
layers, there is no hydrogen bond, so its lamellar bonding force
is very weak, and it is easy to translate and peel off between the
lamellar layers, which makes montmorillonite also has the
property of being intercalated or stripped.36 In addition,
montmorillonite is widely used in wastewater treatment
because of its dispersion and suspension, thixotropy, cohe-
siveness, plasticity, thermal stability, and high adsorption
capacity for organics.37–39 However, due to the swelling and
dispersing and properties of aqueous montmorillonite
suspensions, its use in applications requiring high adsorption
has been limited. Montmorillonite need to be modied to
improve its water dispersibility and adsorption capacity.35 In
recent years, research on nanocomposites has begun to appear,
and polymer/layered silicate nanocomposites have attracted
wide attention owing to their superior comprehensive proper-
ties.40–47 This type of material has the characteristics of both
tiple pollutants

pH T (�C) qm (mg g�1) References

2.0 25 25.60 53
1.0 25 28.40 54

— — 0.34 55
— — 0.23 56
— — 2.08 57
4.3 25 0.30 58
7.0 22 0.93 59
7.0 25 0.85 60
— — 16.98 61
— — 57.22 62
— — 15.00 63
— — 35.00 64
— — 19.70 65
— — 15.90 66
— — 13.20 67
— 40 2.06 68
— 25 12.12 69
— 25 14.79 70
— 60 6.58 71

RSC Adv., 2020, 10, 42038–42053 | 42039
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Fig. 1 (a) FT-IR spectra of MMT, CMNFs and CMNFs–MMT; (b) X-ray diffraction patterns of MMT, CMNFs, CMNFs–MMT.
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organic and inorganic materials, and many desirable properties
can be achieved through compounding, giving these mate-
rials good prospects for use in many applications.48 There-
fore, a carboxylated cellulose nanober/montmorillonite
nanocomposite combining the advantages of desirable
adsorption capacity and excellent comprehensive perfor-
mance can be used as a cost-effective and promising adsor-
bent to remove a wide range of organic pollutants, including
Levo-HCl. However, to the best of our knowledge, little is
known about the preparation of carboxylated cellulose
nanober/montmorillonite nanocomposites and their
Fig. 2 SEM of CMNFs, MMT and CMNFs–MMT: (a) and (b) SEM of
MMT; (c) and (d) SEM of CMNFs; (e) and (f) SEM of CMNFs–MMT.

42040 | RSC Adv., 2020, 10, 42038–42053
effectiveness in the removal of Levo-HCl from water. In the
existing research on cellulose/silicate materials, the prepa-
ration is mainly a composite process of alkali-modied
cellulose/nanocellulose and silicate/modied silicate.49–52

However, this study proves that a composite material made of
nanocellulose and alkalized montmorillonite has high
adsorption capacity, and there are no published research on
the adsorption performance of a material prepared by this
method.

Therefore, the proposed study aims to use nanocellulose and
alkalized montmorillonite as raw materials to prepare a new
compositematerial (CMNFs–MMT) and to explore the adsorption
performance of the material for antibiotics, using levooxacin
hydrochloride (Levo-HCl) as a typical pollutant. The microscopic
structure and surface chemical composition of the nano-
composite (CMNFs–MMT) were investigated. The intermittent
adsorption method was adopted, and the inuencing factors
such as solution pH, CMNFs–MMT dosage, initial Levo-HCl
concentration, and contact time were investigated. The
Fig. 3 EDS spectra of CMNFs–MMT.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08987g


Fig. 4 N2 adsorption–desorption isotherms and BJH pore volume distributions of CMNFs and CMNFs–MMT: (a) N2 adsorption–desorption
isotherms of CMNFs and CMNFs–MMT, (b) pore volume distribution of CMNFs and CMNFs–MMT.
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optimum adsorption conditions were found through the
response surface method, isothermal adsorption model, and
kinetic modelling. The adsorption mechanisms of Levo-HCl onto
CMNFs–MMT and the adsorption effect and reproducibility in
environmental water samples were discussed.We believe that the
results obtained herein will provide a new strategy for removal of
levooxacin hydrochloride antibiotics from aqueous solutions.
Results and discussion
Characterization of the adsorbent

The FT-IR patterns of CMNFs, MMT, and CMNFs–MMT are
depicted in Fig. 1a. The CMNF spectrum reveals absorption
peaks at 3340, 2913, 1593, 1423, and 1062 cm�1, which corre-
spond to the C–OH stretching vibration of the methylene group,
C–H asymmetric stretching vibration, O–H bending vibration,
C–OH stretching vibration, and C–O stretching vibration in the
carboxyl group, respectively. In the FT-IR spectrum of MMT,
there is an absorption peak at 3626 cm�1, corresponding to the
–OH stretching vibration, and the absorption peaks at 1639 and
1440 cm�1 correspond to the H–O–H stretching and bending
vibrations, respectively.72 This shows that the layered crystal
structure of MMT adsorbs water and water of crystallization is
present in the crystal lattice. The Si–O stretching peak is at
1033 cm�1, and the Al–O stretching peak is at 911 cm�1.73 In the
FT-IR spectrum of CMNFs–MMT, the –OH bending peak of MMT
at 3430 cm�1 in H2O and C–OH stretching peak of CMNFs at
3340 cm�1 both moved to a higher wavenumber (3459 cm�1),
which proves that C–OH in CMNFs has a complex interaction with
Table 2 Specific surface area and pore structure parameters of CMNFs

Sample Unit

BET m2 g�1

BJH adsorption cumulative volume of pores cm3 g�

Single point surface area m2 g�1

Adsorption average pore diameter nm

This journal is © The Royal Society of Chemistry 2020
–OH in MMT.74 The CMNFs attenuated the C–H asymmetric
stretching peak at 2913 cm�1 and moved toward a higher wave-
number (2985 cm�1), whereas the C–O stretching vibration at
1062 cm�1 moved toward a lower wavenumber (994 cm�1). The Si–
O stretching peak at 1033 cm�1 of MMT weakened,75 and the Al–O
stretching peak at 911 cm�1 disappeared. These results indicate
that the nanocomposite comprises both an MMT framework
structure and CMNFs macromolecules. This is consistent with the
XPS analysis (Fig. S1†). CMNFs molecules are dispersed into the
interlayer of MMT through intercalation. Active groups such as C–
H, C]O, C–OH, –OH, O]C–O, C–O–C, and other active groups of
CMNFsmay interact with –CH2, –OH, Al–O, Si–O, and other groups
in MMT and cations between layers. Chemical reactions such as
coordination and complexation have occurred, forming carbox-
ymethyl cellulose/montmorillonite intercalation stripping nano-
composite adsorption materials.

The XRD patterns of MMT, CMNFs, and CMNFs–MMT are
shown in Fig. 1b. It can be seen that MMT has obvious char-
acteristic diffraction peaks at the diffraction angle 2q ¼ 5.75�.76

According to the Bragg equation: 2dsin q¼ kl (k¼ 1, 2, 3.), the
interlayer spacing of MMT is d ¼ 1.54 nm, indicating that MMT
has a relatively complete crystal structure and has the typical
structural characteristics of nanomaterials. Aer MMT is
combined with CMNFs, the characteristic diffraction peak of
MMT at 2q¼ 5.75� disappears, and the characteristic diffraction
peak of CMNFs at 2q ¼ 22.63� also disappears, indicating that
CMNFs molecules are inserted between MMT sheets by
destroying the crystal structure of MMT to form a nano-
composite with an intercalation–exfoliation structure.77
and CMNFs–MMT

CMNFs CMNFs–MMT

13.8885 30.7006
1 0.025913 0.044702

12.0508 29.3846
6.30784 7.52589

RSC Adv., 2020, 10, 42038–42053 | 42041
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Table 3 Variance analysis results of regression modela

Source Sum of squares df Mean square F Value
p-Value
Prob > F

Model 4236.25 14 302.59 46.47 <0.0001
A 19.18 1 19.18 2.95 0.1067
B 0.34 1 0.34 0.052 0.8233
C 550.79 1 550.79 84.58 <0.0001
D 0.76 1 0.76 0.12 0.7366
AB 2.54 1 2.54 0.39 0.5420
AC 84.78 1 84.78 13.02 0.0026
AD 4.94 1 4.94 0.76 0.3975
BC 10.35 1 10.35 1.59 0.2266
BD 80.87 1 80.87 12.42 0.0031
CD 4.85 1 4.85 0.74 0.4017
A2 22.68 1 22.68 3.48 0.0817
B2 4.86 1 4.86 0.75 0.4015
C2 513.20 1 513.20 78.81 <0.0001
D2 81.37 1 81.37 12.49 0.0030
Residual 97.68 15 6.51
Lock of t 86.92 10 8.69 4.04 0.0683
Pure error 10.76 5 2.15
Cor total 4333.93 29

a Comment: R2 ¼ 0.9775, Radj
2 ¼ 0.9564, Rpred

2 ¼ 0.8806, CV ¼ 3.31%,
adequate precision ¼ 19.027.

Fig. 5 Contact angle diagram of (a) MMT, (b) CMNFs, (c) CMNFs–MMT
three materials.
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Fig. 2a and b present SEM images of MMT at 5000� and
30 000� magnications, respectively. Montmorillonite has
a sheet-like structure with agglomeration and close arrange-
ment, and its at surface stretches with crystallographic
features.78 There are many small gaps between closely con-
nected sheet structures. These gaps are the channels through
which CMNFs can enter the MMT sheets.79 Fig. 2c and d show
the 5000� and 30 000� SEM images for CMNFs, respectively.
The size of CMNFs is small, and the original compact structure
is decomposed to formmore dispersed CMNFs, which increases
the specic surface area. At the same time, the dispersed
surface, with its greater specic surface area, exposes a greater
number of the hydroxyl groups present on the surface of
CMNFs, resulting in more opportunities for hydrogen bonds to
form.80,81 The analogous SEM images for the CMNFs–MMT are
presented in Fig. 2e and f. In this case, CMNFs are inserted into
the gaps between the MMT sheets by changing the crystal
structure of the MMT, so that the nanocomposite forms a curled
or clumped, porous surface. This proves that aer CMNFs enter,
the crystalline region of MMT is destroyed, and CMNFs are
effectively dispersed into the MMT sheets, forming intercalated-
peeling nanocomposites.

The EDS spectra of the CMNFs, MMT, and CMNFs–MMT
presented in Fig. 3 show that the CMNFs contain mostly C
and O atoms. There are some unlabelled elements in the
energy spectrum, which may be the elements that were not
cleaned during the preparation and washing process.
Comparing the mass ratio and element ratio data, Mg, Al,
and Si elements not detected in CMNFs appear in the
composite material, which is the main component of MMT.
Thus, the EDS analysis also provides clear support for
successful composite formation.

The N2 adsorption–desorption isotherms and Barrett–Joy-
ner–Halenda (BJH) pore volume distributions for the CMNFs
42042 | RSC Adv., 2020, 10, 42038–42053
and CMNFs–MMT are shown in Fig. 4. The CMNFs produce type
II isotherms, in contrast to CMNFs–MMT, which produce type
IV isotherms. In the low-pressure range of P/P0 < 0.1, the N2

adsorption–desorption curves of the CMNFs and CMNFs–MMT
increased sharply, and the low-pressure end deviated toward
the Y axis, indicating that the two materials have a strong
interaction with N and both materials have a certain amount of
micropores. The N2 adsorption–desorption curve of the
CMNFs has no obvious hysteresis loop in the 0.4–1.0 relative
pressure range, indicating that this material has no meso-
porous or hollow structures. In the relative pressure range of
0.4–1.0, there is a signicant H4 type hysteresis loop in the N2

adsorption–desorption curve of the CMNFs–MMT, indicating
the existence of a mesoporous structure containing narrow
ssure pores, which is different from particle accumulation.
This type of pore is caused by a layered structure.82 In the
relative pressure range of 0.8–1.0, the curve of the CMNFs-
MMT increases signicantly, indicating the presence of large
cavities in the composite. Fig. 4b presents the pore size
distribution curves for CMNFs and CMNFs–MMT calculated
using the BJH model. Detailed structural parameters for the
two materials are shown in Table 2. The nanocomposites have
a larger specic surface area and pore volume the CMNFs.
These results show that the CMNFs–MMT composite material
with ultra-high surface area and adsorption sites is effective
for the adsorption of antibiotics.

Generally, the hydrophilicity of the adsorbent is an impor-
tant factor affecting its adsorption performance. The hydro-
philic and hydrophobic properties of CMNFs, MMT, and
CMNFs–MMT composites were investigated by contact angle
analysis. The contact angles of montmorillonite, nano-
cellulose, and nanocellulose/montmorillonite composite
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Surface and contour plots for Levo-HCl removal (%) interaction between independent parameters. (a) Levo-HCl concentration–
adsorbent dosage. (b) pH–adsorbent dosage. (c) Time–adsorbent dosage.
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material were measured as 29.37�, 23.63�, and 14.20�, respec-
tively (Fig. 5a–c). All three materials have good hydrophobicity.
With strong hydrophilic nanocellulose and montmorillonite as
materials, a composite material with a small contact angle and
good hydrophilicity is synthesized, which can be easily immersed
in an aqueous solution to ensure that antibiotic molecules can
diffuse into the adsorbent smoothly internally.
Response surface analysis

The statistical soware Design-Expert 10.0 was used to t the
multiple regression equations to the experimental data from the
response surface in Table S1† to obtain the dosage of adsorbent
(A), initial pollutant concentration (B), pH (C), contact time (D),
This journal is © The Royal Society of Chemistry 2020
and the quadratic polynomial equation for the Levo-HCl
removal rate (h), as shown in eqn (1).

h ¼ 91.54 + 1.03A + 0.14B � 5.53C + 0.21D � 0.40AB � 2.30AC

+ 0.56AD � 0.80BC + 2.25BD � 0.55CD � 2.96A2 � 1.37B2 �
14.07C2 � 5.60D2 (1)

Eqn (1) shows that the inuence of the four test factors on
the response value is interactive and not a simple linear rela-
tionship.83 An analysis of variance and signicance test was
performed on the response surface model to test whether the
model could be used to optimize the test conditions. The
statistical signicance of the model's equations was each
regression coefficient were determined by the F and P values,
RSC Adv., 2020, 10, 42038–42053 | 42043
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Fig. 7 Surface and contour plots for Levo-HCl removal (%) interaction between independent parameters. (a) pH–Levo-HCl concentration. (b)
Time–Levo-HCl concentration. (c) Time–pH.
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respectively. Among the P values, if an item is p < 0.05, the effect
of the item on the response value is signicant; if a certain item
is p < 0.01, the effect of the item on the response value is very
signicant. The smaller the lack of t of the model, the better,
and the larger the p-value corresponding to the lack of t, the
better. If p > 0.05, it means that the obtained multiple regres-
sion equation and the actual tting have a small proportion of
abnormal errors. The variance analysis of the model and the
tting results of the quadratic regression equation are shown in
Table 3.

The F value of the model was 46.47, with p < 0.01, indicating
that the correlation between the four factors described by the
regression equation and the removal rate is extremely signi-
cant. In addition, the P value of the mist term of the model is
42044 | RSC Adv., 2020, 10, 42038–42053
0.0683, indicating that the mist of the prediction model is not
signicant, i.e., the model can describe the nonlinear relation-
ship between each inuencing factor and the response value.84

The tting degree of the prediction model R2 ¼ 0.9775 indicate
that the model ts well with the test results, and the test
accuracy is high.85 The correction decision coefficient Radj

2 ¼
0.9564, indicating that approximately 95.64% of the response
value changed, can be explained by the model.86 The difference
between the corrected complex correlation coefficient (Radj

2)
and the predicted complex correlation coefficient (Rpred

2) is
0.0758, which is less than 0.2, the coefficient of variation CV ¼
3.31%, and the precision is 19.027, which is much greater than
4.0, indicating that the model has high precision and reli-
ability.87 Therefore, the model can be used to optimize and
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Adsorption kinetics of Levo-HCl on CMNFs–MMT: (a) pseudo-first-order kinetic model, pseudo-second-order kinetic model; (b) intra-
particle diffusion model.

Table 4 Parameters of kinetic model for levofloxacin hydrochloride
adsorption onto CMNFs–MMT

Kinetic model Parameters Values

Pseudo-rst-order qe (mg g�1) 37.2822
K1 (min�1) 0.0576
R2 0.9702

Pseudo-second-order qe (mg g�1) 40.2959
K2 (g mg�1 min�1) 0.0019
R2 0.9944

Intra-particle diffusion Stage I Kd1 (mg (g min1/2)�1) 6.6747
C1 �3.9498
R1

2 0.9531
Stage II Kd2 (mg (g min1/2)�1) 1.3606

C1 21.2568
R2

2 0.9488
Stage III Kd3 (mg (g min1/2)�1) 0.1216

C1 36.4721
R3

2 0.8118
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predict the experimental conditions for the removal of Levo-HCl
by CMNFs–MMT in water.

From Table 3, the independent variables C, AC, BD, C2, D2,
and C2 respond signicantly (p < 0.05), that is, pH, interaction
between adsorbent dosage and pH, interaction between initial
concentration of pollutants and contact time, the square of the
pH, the square of contact time all have signicant effects, and
other factors have little effect on the response value h. From the
F value, it can be concluded that pH, adsorbent concentration,
and contact time (in that order of signicance) have an inu-
ence on the removal rate. In contrast, the initial concentration
of pollutants had no signicant effect on the removal rate.
Considering the interactions between adsorbent dosage and
contact time with pH, both factors were found to have a signif-
icant effect on the removal rate.

The Stat-Ease Design-Expert 10.0 soware was used to
generate 3D images, each with two independent variables as
coordinates, to allow us to more intuitively explain the effects of
adsorbent dosage, initial concentration of pollutants, pH, and
contact time on the removal rate, and to characterize the
response surface function. The results are shown in Fig. 6 and 7.

Fig. 6a shows the effects of the adsorbent dosage and initial
pollutant concentration on the removal rate under the center
point conditions of pH (pH 5.0) and contact time (90 min). The
contour plot shows that the interaction between the initial
concentration of pollutants and the dosage of adsorbent is not
signicant. The removal rate increases with increasing adsor-
bent dosage, but does not change signicantly upon increasing
the initial concentration of pollutants. This shows that within
the parameters of the test conditions, the composite adsorption
material is little affected by the change in the concentration of
antibiotics in wastewater and is suitable for wide range of
applications.

Fig. 6b shows the effects of the adsorbent dosage and pH on
the removal rate under the center point conditions of an initial
concentration of pollutants (6.0 mg L�1) and contact time (90
min). The contour plot shows a clear interaction between pH
and the adsorbent dosage. When the pH is between 2.0 and 8.0
and adsorbent dosage is between 0.2 and 0.6 g L�1, the removal
rate increases with the increasing adsorbent dosage, while
This journal is © The Royal Society of Chemistry 2020
increasing pH, causing an initial increase followed by
a decrease in the removal rate. This is because as the number of
adsorption sites increases, the amount of adsorbent added
increases. Similarly, when the pH increases under acidic
conditions, the OH� in the solution neutralizes the positive
charge on the surface of the composite material, which
increases the negative charge on the surface. The Levo-HCl
antibiotic has a positive charge under acidic conditions,
which is conducive its adsorption on the composite material. In
an alkaline environment, Levo-HCl is negatively charged and
a high concentration of OH� in the solution will also make the
surface of the composite material negatively charged, causing
electrostatic repulsion between the Levo-HCl and the composite
and thereby inhibiting adsorption.

Fig. 6c shows the effects of the adsorbent dosage and contact
time on the removal rate under the center point conditions of
initial concentration of pollutants (6.0 mg L�1) and pH (pH 5.0).
The contour plot shows a clear interaction between the dosage
of adsorbent and the contact time. The removal rate increases
with both increasing contact time and adsorbent dosage. The
reason is that as the amount of adsorbent added increase, the
RSC Adv., 2020, 10, 42038–42053 | 42045
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Table 5 Isotherm parameters for Levo-HCl adsorption of Levo-HCl
onto CMNFs–MMT at various temperatures

Isotherm model Temperature

Model Parameter 293.15 K 303.15 K 313.15 K

Langmuir qm (mg g�1) 53.0712 60.3618 65.9009
KL (L mg�1) 0.1167 0.1093 0.1033
R2 0.9736 0.9779 0.9692

Freundlich KF (mg1�1/n L1/n g�1) 7.4238 8.1025 8.4923
1/n 0.5770 0.5801 0.5864
R2 0.9464 0.9533 0.9463

Sips qm (mg g�1) 36.7688 42.5212 45.1044
Ks (L mg�1) 0.2308 0.2099 0.2070
g 0.6316 0.6621 0.6378
R2 0.9924 0.9928 0.9874
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greater number of adsorption sites causes an increase in the
removal rate, as the contact time increases along with the
amount of adsorbent, the adsorption sites have more time to
contact and adsorb antibiotic molecules, resulting in a further
increase in the removal rate.

Fig. 7a shows the effects of the pH and initial concentration
of pollutants on the removal rate under the center point
conditions of an adsorbent dosage (0.4 g L�1) and contact time
(90 min). Contour plots show a clear interaction between the
initial concentration of pollutants and pH. In an acidic envi-
ronment, as the pH and initial concentration of pollutants
Fig. 9 Adsorption isotherms of CMNFs–MMT for Levo-HCl at different

42046 | RSC Adv., 2020, 10, 42038–42053
increase, the removal rate increases. The reason is that with
higher initial concentrations of pollutants, the higher number
of antibiotic molecules increases the likelihood of contact
between the adsorbent and an antibiotic molecule. At the same
time, as the pH in the acidic environment increases, the OH� in
the solution neutralizes the positive charge on the surface of the
composite material to increase the negative charge on the
surface, and since the Levo-HCl antibiotic is positively charged
under acidic conditions, the removal rate increases due to
electrostatic attraction.

Fig. 7b shows the effects of the contact time and initial
concentration of pollutants on the removal rate under the
center point conditions of adsorbent dosage (0.4 g L�1) and pH
(5.0). The contour plot shows a clear interaction between the
initial concentration of pollutants and the contact time. When
the initial pollutant concentration is between 3.0 and
6.5 mg L�1 and the contact time is between 60 and 90 min, the
removal rate increases with both increasing initial pollutant
concentration and contact time. As discussed in relation to
Fig. 6c above, the reason is that the increased contact time and
initial pollutant concentration increases the likelihood that
a pollutant will come into contact with an adsorption site,
resulting in a higher removal rate. As the inuencing factors
increase, the removal rate starts to atten until adsorption
equilibrium is established and the maximum removal rate is
obtained.

Fig. 7c shows the effects of contact time and pH on the
removal rate under the center point conditions of an adsorbent
temperatures and fitting of Langmuir, Freundlich and Sips models.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Comparison of adsorption and removal effect between MMT
and CMNFs–MMT.
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dosage (0.4 g L�1) and initial pollutant concentration
(6.0 mg L�1). The contour plot shows that the interaction
between contact time and pH is not signicant. When the
contact time is between 60 and 120 min, the removal rate
initially increases rst before decreasing with increasing of pH.

The Design-Expert 10.0 program was used to predict the
optimal experimental conditions for the adsorption of Levo-HCl
by the CMNFs–MMT. The optimal conditions were as follows:
adsorbent dosage, 0.45 g L�1; initial pollutant concentration,
6.40 mg L�1; solution pH, 4.33; and contact time, 92 min. Under
these conditions, the Levo-HCl removal rate reached 92.30%. To
verify the accuracy of the response surface model, three parallel
experiments were performed under the predicted optimal
conditions. The average value of the measured removal rate was
92.44%, indicating that the model has excellent predictive
ability.

The response surface analysis of the second-order poly-
nomial regression equation for the removal rate of Levo-HCl
indicates that the optimal adsorption conditions can be ob-
tained. At the same time, single-factor experiments were per-
formed to verify the results (Fig. S2†). The optimal conditions
obtained by the two methods are the same, which proves that
the model can accurately predict the actual values and can be
used to assess the materials utility in practical applications.
Table 6 Comparison of the adsorption performance of various adsorbe

Antibiotic Absorbents T (h

Sulfadiazine Molecularly imprinted polymers 2.0
Tetracycline Alkali biochar 60.0
Tetracycline Diatomite 2.0
Metronidazole Multiwall carbon nanotube 24.0
Noroxacin Iron-doped activated alumina 16.0
Tetracycline Crystalline nanocellulose 2.0
Levooxacin hydrochloride CMNFs–MMT 1.5

This journal is © The Royal Society of Chemistry 2020
Adsorption kinetics

Adsorption kinetics were used to study the adsorption and
desorption rates of adsorbents and the inuences of the
aforementioned factors. The results of such studies are impor-
tant indicators of the adsorption performance of the material.
Kinetic data can clarify the adsorption mechanism and conrm
which of the three processes of chemical reaction, diffusion,
and mass transfer is the rate-determining step. The character-
istics of the adsorption kinetics are shown in Fig. 8. The
adsorption capacity gradually increased over time, exhibiting
rapid adsorption in the initial stage (0–60min), reaching 89% of
the equilibrium adsorption amount aer only 60 min. The
adsorption amount changes linearly with time, during which
the active sites on the CMNFs–MMT surface become occupied
and the adsorption rate gradually decreases, eventually reach-
ing saturation. The reason for this may be that CMNFs–MMT
can easily be dispersed in the solution, so that levooxacin
hydrochloride in the solution can quickly bind to the adsorp-
tion sites of CMNFs–MMT. As the reaction progresses, the
adsorption rate is slowed as the levooxacin hydrochloride pore
migration, diffusion, and mass transfer resistance on CMNFs–
MMT increase. At the same time, the inuence of pH, temper-
ature, and other factors causes the adsorption rate to decrease
gradually, and the reaction reaches equilibrium.

The adsorption kinetics and linear tting results are shown
in Table 4 and Fig. 8. The linear correlation coefficient of the
pseudo-second-order kinetic model (R2 ¼ 0.9944) is signi-
cantly greater than the R2 value of the pseudo-rst-order kinetic
model (R2 ¼ 0.9702), indicating that the adsorption of Levo-HCl
by CMNFs–MMT is a pseudo-second-order process. This may be
due to the boundary layer control in the initial stage of
adsorption. The adsorption rate is proportional to the square of
pollutant concentration, which also indicates that chemical
adsorption may be the limiting factor of Levo-HCl adsorption.
This process is affected by the electron exchange and interac-
tion between the adsorbent and the adsorbate.88,89 Previous FT-
IR characterization found that there are a large number of
oxygen-containing functional groups on the surface of CMNFs–
MMT, and the hydrogen bonds formed by them with antibiotic
molecules play an important role in adsorption. In addition,
–OH, C]C, and C]O on the surfaces of the adsorbent and
antibiotics interact through p–p interactions to enhance the
adsorption capacity. This also conrms that the adsorption
process is chemical adsorption.
nts on antibiotics

) Dose (g L�1) pH T (�C) qm (mg g�1) References

0 1.42 7.0 25 7.098 94
0 5.00 7.0 30 58.82 95
0 5.00 7.0 45 34.00 96
0 — 7.0 25 49.80 97
0 3.00 6.5 21 32.55 98
0 — 5.0 45 7.73 99
3 0.05 4.0 40 65.90 This study

RSC Adv., 2020, 10, 42038–42053 | 42047
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Fig. 11 (a) Comparison of actual water body and pure water removal effect. (b) The regeneration experiment of CMNFs–MMT.
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Generally, the intra-particle diffusion model is used to eval-
uate the rate-determining steps of the adsorption process to
determine whether intra-particle diffusion is the main factor
controlling the adsorption rate. The adsorption kinetics and
linear tting results are shown in Table 4 and Fig. 8b. The
adsorption of levooxacin hydrochloride by CMNFs–MMT has
a multilevel linear relationship. In the initial stage, the
adsorption amount increases rapidly with time, aer which the
adsorption rate gradually decreases and tends to equilibrium in
the subsequent two stages. Based on the experimental data,
three-stage tting was used. In the rst stage, the easily acces-
sible adsorption sites on the outer surface of the adsorbent were
in contact with more antibiotic molecules in the solution,
resulting in a rapid increase in the adsorption rate. In the
second stage, the number of adsorption sites decreases, and the
adsorbed antibiotics gradually enter the interior of the adsor-
bent via the intra-particle diffusion process, resulting in
a gradual attening of the curve. In the third stage, the intra-
particle diffusion decreases, the solid–liquid phase distribu-
tion gradually balances, and the amount of antibiotic adsorbed
gradually reaches the adsorption–desorption equilibrium.90 If
the linear part of the intra-particle diffusion model passes
through the origin of the coordinates, the rate-determining step
is intra-particle diffusion; if it does not pass through the origin,
it means that intra-particle diffusion is not the only control step,
and there are other processes that control the reaction rate,
which together constitute the control step.91,92 Therefore, the
adsorption of antibiotics may be controlled by various factors
such as surface adsorption and intra-particle diffusion. The
results in Table 4 show that the R2 value of the rst and second
stages are greater than 0.900, indicating that the adsorption
process is determined by two or more steps. Meanwhile, other
mechanisms such as complexation, p–p reaction, electrostatic
reaction, and other specic interactions may be involved in the
adsorption process of Levo-HCl.
Fig. 12 (a) XPS, (b) and (c) SEM-EDS spectra of CMNFs–MMT after
Levo-HCl adsorption.
Adsorption isotherms

The adsorption isotherm characterizes the relationship
between the adsorption amount and equilibrium concentration
at a given temperature, which can infer the interaction
42048 | RSC Adv., 2020, 10, 42038–42053
mechanism between the adsorbent and the adsorbate and serve
as the basis for the selection of the adsorbent. In this study,
Langmuir, Freundlich, and Sips adsorption isotherm models
were used to t the experimental data and calculate relevant
parameters.

Table 5 and Fig. 9 show the three isotherm models and
parameters. The linear correlation coefficients of the Langmuir,
Freundlich, and Sips isothermal models are all greater than 0.9,
and the R2 of the Langmuir isothermal model is greater than
that of the Freundlich isothermal model, which indicates that
the adsorption mechanism of CMNFs–MMT composites mainly
involves single-layer adsorption.93 The Langmuir model
assumes that the adsorption sites are evenly distributed on the
surface of the adsorbent and the adsorption energy is the same
This journal is © The Royal Society of Chemistry 2020
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Fig. 13 The schematic diagram about adsorption mechanisms of Levo-HCl on CMNFs–MMT.
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at each adsorption site, which is not consistent with the actual
conditions on the CMNFs–MMT surface. Therefore, the Sips
isothermal model was used to t the data. The results showed
that the R2 of the Sips isothermal model was greater than 0.99,
higher than both of the other isothermal models. The average
non-uniform coefficient g ¼ 0.6438, which shows that the
adsorption of antibiotics on CMNFs–MMT occurs heteroge-
neous monolayer chemisorption.
Table 7 Experimental independent variables and their levels

Factor Coding

Values for each
level of coding

�1 0 +1

Dosage of adsorbent, g L�1 A 0.2 0.4 0.6
Initial pollutant concentration, mg L�1 B 3 6 9
pH C 2 5 8
Time, min D 60 90 120
Study on environmental water sample treatment effect and
adsorbent regeneration and comparison of CMNFs–MMT
with other adsorbents

The results of antibiotic adsorption on single MMT and
CMNFs–MNT are shown in Fig. 10. It can be seen that MMT
has an adsorption effect on Levo-HCl, but the effect is not
good, and the optimal removal rate is approximately 53%. The
removal effect of CMNFs–MMT on Levo-HCl is signicantly better
than that on MMT, with a maximum removal rate of 93%. In
addition, the adsorption performances of CMNFs–MMT and
existing antibiotic adsorbents were compared. The results are
shown in Table 6.

The removal effect of Levo-HCl in actual water samples is
shown in Fig. 11a. It can be seen that compared with the Levo-
HCl solution prepared with ultrapure water, the CMNFs–
MMT has a smaller loss of adsorption capacity in the Levo-
HCl solution prepared with actual water samples. This
shows that CMNFs–MMT still has good utility in actual water
bodies.

For commercial applications, the reusability of adsorbents is
an extremely important factor to consider. Therefore, reus-
ability experiments were designed to evaluate the regeneration
ability of CMNFs–MMT. Fig. 11b shows the adsorption capac-
ities of Levo-HCl onto CMNFs–MMT during six regeneration
cycles. As shown in Fig. 11b, CMNFs–MMT maintained �92%
removal efficiency aer three cycles. Aer six cycles, CMNFs–
MMT still maintained �85% removal efficiency. This demon-
strates that CMNFs–MMT possesses the clear advantages of
high adsorption performance and low cost, making them ideal
for practical applications on a large scale.
This journal is © The Royal Society of Chemistry 2020
The mechanism study of Levo-HCl removal on CMNFs–MMT

To further investigate the possible potential adsorption sites
and bonding modes, XPS and SEM-EDS were used to detect the
synthesized CMNFs–MMT aer Levo-HCl adsorption. Fig. 12a
shows the XPS wide-scan spectra of the CMNFs–MMT
composite aer Levo-HCl adsorption. A distinct peak appeared
aer adsorption at a binding energy of approximately 686.4 eV
and was assigned to Levo-HCl, suggesting that the Levo-HCl was
entirely removed. In addition, the composition of the compos-
ites aer Levo-HCl adsorption was veried by SEM-EDS (Fig. 12b
and c). The ratio of Levo-HCl was estimated to be approximately
1.62% and it was evenly dispersed on the surface of the
material.

The surface area of CMNFs–MMT nanocomposites is larger
than the surface area of each component, which is consistent
with the removal rate results. The larger surface area, which can
provide more adsorption sites, is due to the large pore area of
the nanocomposite and the large core–shell space.100 At the
same time, the MMT component has a high ion exchange
capacity,101,102 so that the nanocomposite can signicantly
improve the adsorption capacity through the cation exchange
reaction. A large number of oxygen-containing functional
groups exist on the surface of CMNFs–MMT, and the hydrogen
bonds formed with antibiotic molecules also play an important
role in adsorption. In addition, the –OH, C]C, and C]O bonds
on the surface of the adsorbents can act as p-electron-donors.
The O and N-hetero-aromatic rings of Levo-HCl might serve as
p-electron-acceptors, which may enhance the adsorption
RSC Adv., 2020, 10, 42038–42053 | 42049
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capacity through p–p interactions. Therefore, CMNFs–MMT
rely on the abundant adsorption sites provided by the larger
surface area, hydrogen bonding, p–p interactions, and elec-
trostatic attraction to effectively adsorb Levo-HCl in water
(Fig. 13).
Conclusions

In this study, CMNFs–MMT was synthesized and its application
in removing Levo-HCl from aqueous solution was demon-
strated. According to the optimization results obtained from
response surface graphs and practical operation, the optimal
conditions for adsorption were determined as an initial
pollutant concentration of 6.40 mg L�1, initial pH of 4.33,
adsorbent dosage of 0.45 g L�1, and contact time of 92 min. The
adsorption kinetics and isotherms revealed that the adsorption
of Levo-HCl by CMNFs–MMT conforms to the monolayer
chemisorption of heterogeneous surfaces. Studies on the
adsorption effect in different water bodies show that the
removal rate of river water (90.37%) was slightly lower than that
of pure water (93.97%) when it reached adsorption equilibrium,
which proved that the performance of CMNFs–MMT was not
signicantly inuenced by realistic environmental conditions.
In addition, regeneration experiments showed that CMNFs–
MMT had the excellent potential as an adsorbent for Levo-HCl
in large-scale practical applications. In conclusion, CMNFs–
MMT has obvious potential for application in the environment
to remove Levo-HCl as an outstanding, reliable, and recyclable
adsorbent.
Experimental
Materials and methods

Levooxacin hydrochloride (98%) and montmorillonite were
purchased from Shanghai Macklin Biochemical Co., Ltd.
Deionized water was used for all experiments. All the other
chemicals were of analytical grade and used as received. The
pulp board was purchased from X.J.H. Zbiotechnology Co., Ltd.
For water matrix experiments, deionized water and environ-
mental water samples were obtained from laboratories and
Manas River, respectively.
Preparation of carboxymethyl nanocellulose (CMNFs)

Herein, 5 g of dry pulp board, 0.5 mol L�1 sodium hydroxide,
and 85% ethanol aqueous solution were added to a 250 mL
three-necked ask, and the mixture was stirred and alkalized at
25 �C for 8 h. Then, 0.5 mol L�1 monochloroacetic acid/ethanol
solution was continuously added, and the reaction was stirred
at 70 �C for 3 h in the mixture. Aer the reaction, the cellulose
ether mixed solution was neutralized with 1 mol L�1 hydro-
chloric acid solution to obtain carboxymethyl-modied cellu-
lose, the carboxymethylated cellulose was dispersed into a 2.0%
concentration suspension with deionized water, and then sub-
jected to a homogenization treatment with a nano-microjet
homogenizer, adjusting the pressure to 138.0 MPa.
42050 | RSC Adv., 2020, 10, 42038–42053
Preparation of carboxymethyl nanocellulose/montmorillonite
nanocomposite (CMNFs–MMT)

Herein, 1 g of carboxymethyl nanocellulose suspension was
added to 30 mL of deionized water and stirred at room
temperature for 30 min. Then, 1 g montmorillonite was dis-
solved in 30 mL of NaOH solution with 12.5% mass fraction
stirring ultrasonically at 25 �C for 30 min to form a suspension.
The carboxymethyl nanocellulose suspension was mixed with
the montmorillonite suspension, ultrasonically stirred at 60 �C
for 2 h, and the product was centrifuged and washed with
deionized water to neutrality. Aer 48 h of freeze drying
(CHRIST ALPHA 1-2 LD plus, Germany), CMNFs–MMT nano-
composites were obtained.

Characterization

For the characterization of the CMNFs, MMT, and CMNFs–
MMT samples, the FT-IR spectra were recorded using a Nicolet
6700 FT-IR instrument (USA). The surface morphology was
analyzed using a Quanta 650FEG emission scanning electron
microscope (USA). The specic surface area and the pore
volume were measured using an ASAP 2020 surface and porosity
analyzer (USA). Powder X-ray diffraction (XRD) patterns were
obtained using a Bruker D8 X-ray powder diffractometer (Ger-
many) accompanied by Cu-Ka radiation, and X-ray photoelec-
tron spectroscopy (XPS) was performed using a Thermo Fisher
Scientic Escalab 250Xi (USA) accompanied by Al-Ka mono. All
parameters were set following our previous study.103

Adsorption experiments

The initial concentration of the Levo-HCl solution, CMNFs–
MMT composite adsorption material, initial pH value, and
congured suspension for the batch adsorption experiments
followed our previous study.103 The supernatant was removed
and the concentration of Levo-HCl in the liquid phase was
measured by HPLC (Agilent-1200, USA). The adsorption kinetic
data were measured with 6 mg L Levo-HCl solution at 293.15 K.
At time intervals of 2, 5, 10, 20, 40, 90, 120, 150, 180, 240, 360,
and 540 min, the solution was centrifuged (10 000 rpm, 5 min),
ltered, and its composition was determined. Adsorption
isotherms were investigated by carrying out adsorption studies
at 293.15, 303.15, and 313.15 K, respectively, with varying initial
concentrations of Levo-HCl (5, 15, 25, 35, 45, 60, and 70mg L�1),
and the pH of the solution was adjusted to 4. The residual Levo-
HCl concentration was obtained from a standard curve derived
from a series of Levo-HCl solutions with known antibiotic
content. The adsorption ability of Levo-HCl was calculated
using eqn (2),

qt ¼ ðC0 � CtÞ � V

m
(2)

where qt is the amount adsorbed aer time t (mg g�1), C0 and Ct

are initial concentration and concentration of the adsorbate
aer time t, respectively (mg L�1); V is the volume of the solu-
tion (L); and m is the weight of the CMNFs–MMT used (g).

The percentage removal (R%) of the Levo-HCl was calculated
using eqn (3),
This journal is © The Royal Society of Chemistry 2020
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R% ¼ ðC0 � CtÞ
C0

� 100% (3)

Recyclable experiment

The recyclability of the CMNFs–MMT nanocomposites was
determined as follows. We rst used CMNFs–MMT to adsorb
antibiotics in an aqueous solution, and then the CMNFs–MMT
containing the adsorbed antibiotic was immersed in 5 wt%
NaOH solution for 5 h to ensure complete desorption. Subse-
quently, the nanocomposite material was separated, recovered,
andwashedwith distilled water. Finally, the cleaned CMNFs–MMT
nanocomposite was freeze-dried under vacuum to obtain a regen-
erated adsorbent. To test the performance of the adsorbent aer
regeneration, 0.45 g L�1 regenerated adsorbent was added to
6 mg L�1 Levo-HCl, and the adsorption effect was tested. The
adsorption–desorption cycles were performed six times.

Statistical analysis and response surface design

Data analysis was performed using the IBM SPSS statistics 19.0
(USA) and Stat-Ease Design-Expert 10.0 (USA) soware.
According to RSM design principles, the central composite
model was used to study the four factors impacting Levo-HCl
removal from water by the CMNFs–MMT, which are initial
pollutant concentration, initial pH of the solution, contact time,
and amount of adsorbent. We predicted the optimal conditions in
the experimental range and the center point experiment using 3
parallel experiments. The experimental values are listed in Table 7.

Author contributions statement

Junhong Tao, Chengxiao Ma and Jie Yang: conceptualization,
methodology, soware, writing-original dra preparation,
Tiantian Gu and Jianchao Liu: visualization, investigation;
Junfeng Li: supervision, soware, validation, writing-reviewing
and editing, project administration and funding acquisition.

Conflicts of interest

The authors declare that they have no conict of interest.

Acknowledgements

Financial support from the National Natural Science Founda-
tion of China (U1803244), the National Key R&D Program of
China (2017YFC0404304) are gratefully acknowledged.

References

1 B. Halling-Sørensen, S. N. Nielsen, P. F. Lanzky, F. Ingerslev,
H. C. H. Lützhø and S. E. Jørgensen, Chemosphere, 1998,
36, 357–393.

2 J. L. Martinez, Environ. Pollut., 2009, 157, 2893–2902.
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