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GRAPHIC ABSTRACT

» Magnetic multi-template molecularly imprinted
polymer composite was synthesized.

*MIP composite was used as the adsorbent for
removal of tetracyclines from water.

*MIP composite showed excellent adsorption
selectivity toward tetracyclines.

* MIP composite possessed good reusability.
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ABSTRACT

Antibiotic contamination of the water environment has attracted much attention from researchers
because of their potential hazards to humans and ecosystems. In this study, a multi-template
molecularly imprinted polymer (MIP) modified mesoporous silica coated magnetic graphene oxide
(MGO@MS@MIP) was prepared by the surface imprinting method via a sol-gel process and was used
for the selective, efficient and simultaneous removal of tetracyclines (TCs), including doxycycline
(DC), tetracycline (TC), chlorotetracycline (CTC) and oxytetracycline (OTC) from water. The
synthesized MIP composite was characterized by Fourier transform infrared spectroscopy,
transmission electron microscope and thermogravimetric analysis. The adsorption properties of
MGO@MS@MIP for these TCs were characterized through adsorption kinetics, isotherms and
selectivity tests. The MIP composite revealed larger adsorption quantities, excellent selectivity and
rapid kinetics for these four tetracyclines. The adsorption process was spontaneous and endothermic
and followed the Freundlich isotherm model and the pseudo-second-order kinetic model. The
MGO@MS@MIP could specifically recognize DC, TC, CTC and OTC in the presence of some
chemical analogs. In addition, the sorption capacity of the MIP composite did not decrease
significantly after repeated application for at least five cycles. Thus, the prepared magnetic MIP
composite has great potential to contribute to the effective separation and removal of tetracyclines from
water.

© Higher Education Press 2021

1 Introduction

Tetracyclines (TCs) can be used for the prevention and

therapy of animal diseases. In China, TCs are the second
most commonly applied antibiotics (Yang et al., 2013).
Representative TCs including doxycycline (DC), tetracy-
cline (TC), chlorotetracycline (CTC) and oxytetracycline
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(OTC) are widely used as feed additives for animal
husbandry and veterinary drugs for their low cost and good
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properties (Lian et al., 2018). However, the excretion of
animal waste with TCs and the discharge of wastewater
from pharmaceutical factories and animal farms can lead to
water pollution by TCs. The accumulation of TCs in the
environment can create many health human hazards, such
as antibiotic resistance, allergic reactions and gastrointest-
inal disorders (Tsai et al., 2009). Thus, the development of
an efficient method for removing residual TCs in water
from the environment is important.

Some methods for removing TC from water include
adsorption (Ahmed, 2017), electrochemistry (Radjenovic
and Petrovic, 2017), photodegradation (Zyoud et al., 2019)
and biodegradation (Chen et al., 2018). However, limita-
tions of electrochemistry, photodegradation and biodegra-
dation during their use include their high energy
consumption, poor light source conditions and antibiotic
inhibition. Adsorption treatment is a simple and efficient
method for removing TC, which involves the application
of various sorbents, including magnetic carbon composites
(Rattanachueskul et al., 2017), bio-char (Liu et al., 2012),
magnetic resin (Zhou et al., 2012), rice husk ash (Chen
et al., 2016), spent coffee grounds (Dai et al., 2019) and
other substances. However, low adsorption capacity, long
adsorption equilibrium time and poor adsorption selectiv-
ity restrict the practical applications of these adsorbents.

Molecular imprinting technology can selectively iden-
tify target substances in complex systems and can be used
for substances that are difficult to separate and remove by
traditional methods (Guo et al., 2018). Molecularly
imprinted polymer (MIP) forms plenty of artificial
recognition sites designed for target molecules during the
synthesis process. These three-dimensional sites comple-
ment the target molecule in size, shape and functional
groups and thus become highly selective adsorbent
materials for target molecules (Cui et al., 2020). Never-
theless, some disadvantages of MIP synthesized by
conventional methods include limited accessibility to
imprinting sites, slow mass transfer rate, low recombina-
tion ability and incomplete template elimination (Li et al.,
2018). For these reasons, surface molecular imprinting
technology has received much attention during recent
years for its high mass transfer efficiency, ease of removing
template molecules and rapid sorption kinetics (Xu et al.,
2011). However, the specific surface area of support
materials has a great influence on the sorption capacity of
surface MIP. Therefore, solid supports with large specific
surface areas are required to improve the adsorption
properties of MIP.

Graphene oxide (GO) is a two-dimensional carbon
material with high specific surface area and rich oxygen-
containing functional groups on its surface (Zhang et al.,
2019). Thus, GO is considered an excellent carrier for
synthesizing MIP and increasing the rebinding capacity,
kinetic rate and water stability (Zhu et al., 2010; Ye et al.,
2019). In general, centrifugation and filtration methods are
used to separate the adsorbent material from aqueous

solution (Duman et al., 2016). These applications are time-
consuming and require extra costs (Duman et al., 2019). To
improve separation efficiency, magnetic materials are
introduced into adsorbents to allow convenient and rapid
magnetic separation. Magnetic separation simplifies the
separation process through the use of an external magnet
(Xie et al., 2015; Wang et al., 2019). The combination of
magnetic materials and GO can make up for the defects of
GO during separation (Buelke et al., 2019; Liu et al.,
2019). Mesoporous silica is known to have a large surface
area and an easily modified surface, thus making it a
suitable carrier for surface imprinting. Magnetic graphene
oxide (MGO) coated with mesoporous silica not only
prevents a loss of magnetism but also increases the surface
area, which enhances the adsorption ability of MIP (Guo
et al., 2019; Zhang et al., 2019).

In general, MIP is synthesized using a single compound
as the template. Consequently, MIP cannot provide co-
existing compounds with high affinity and selectivity
during separation. In other words, a single-template MIP
does not permit the simultaneous and effective removal of
several components. To overcome this drawback, dual-
template and multi-template MIP have recently emerged
and have attracted much attention from researchers. Multi-
template MIP has been shown to have superior specific
recognition performance than single-template MIP (Ma
et al., 2015). Multi-template MIP is thus a promising
material with high practical application value. No studies
to date have conducted molecular imprinting using multi-
ple tetracyclines as templates.

In this study, a multi-template MIP using DC, TC, CTC
and OTC as template molecules and N-[3-(trimethoxysilyl)
propyl]ethylenediamine (KH-792) and anilinomethyl
triethoxysilane (KH-42) as co-functional monomers was
synthesized onto mesoporous silica modified magnetic
graphene oxide (MGO@MS), and orthogonal optimization
experiments were performed to optimize the synthesis
conditions. The obtained MIP composite was characterized
using a variety of techniques, and its adsorption properties,
selectivity and reusability were investigated.

2 Materials and methods
2.1 Reagents and instruments

Doxycycline hyclate (DC), tetracycline hydrochloride
(TC), chlorotetracycline hydrochloride (CTC), oxytetracy-
cline hydrochloride (OTC), ciprofloxacin hydrochloride
(CIP), methacycline (MTC), tetraethyl orthosilicate
(TEOS), cetyltrimethylammonium bromide (CTAB), N-
[3-(trimethoxysilyl)propyl]ethylenedi- amine (KH-792),
anilinomethyl triethoxysilane (KH-42), graphite (325
meshes), methanol, acetonitrile and formic acid were
purchased from Aladdin (Shanghai, China). Except for the
reagents used in HPLC were of chromatographic grade,
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other reagents were of analytical grade.

Fourier transform infrared (FT-IR) spectra were
recorded by a Nicolet 380 spectrometer (Thermo Fisher
Scientific, USA). The surface morphology of the products
was observed by a Sigma HD (Zeiss, Germany) field
emission scanning electron microscope (FE-SEM). Trans-
mission electron microscopy (TEM) was conducted by a
JEM-2100 microscope (JEOL, Japan). Surface area and
pore structure were analyzed by a Brunauer-Emmett Teller
(BET) apparatus (ASAP 2460, Micromeritics, USA).

Sample analysis was performed using an LC system
containing an LC-20A solution system and a photodiode
array detector (PDA) (Shimadzu, Japan). The analytes
were separated on an inert Sustain C;g column (250 X
4.6 mm, 5 um). The mobile phase consisted of methanol/
acetonitrile/1% formic acid aqueous solution (1:2:7, V:V:
V), the column temperature was kept constant at 35°C, and
the flow rate was 1 mL/min. PDA detection was performed
at 355 nm, and the injection volume was 10 pL.

2.2 Preparation of MGO@MS@MIP

Graphene oxide (GO), magnetic graphene oxide (MGO)
and mesoporous silica modified magnetic graphene oxide
(MGO@MS) were synthesized according to the proce-
dures described in previous studies (Pourjavadi et al.,
2015; Xie et al., 2019).

To improve the selectivity and adsorption properties of
MGO@MS@MIP for DC, TC, CTC and OTC, surface
molecular imprinting technology was used to prepare MIP.
First, DC, TC, CTC and OTC (1 mmol, 1:1:1:1, molar
ratio) were sonicated for 15 min so that they were fully
dispersed in a 55-mL water/ethanol (1:10, v/v) mixture.
After sonication, 1.4 mL of KH-792 and 0.6 mL of KH-42
were slowly added to the mixture, followed by churning
for 2 h at 25°C. Next, 0.4 g of MGO@MS was added to the
mixture and stirred vigorously for 24 h at room
temperature. Finally, the solid product was subjected to
cyclic elution using ethanol and glacial acetic acid (95:5,
V:V) until no DC, TC, CTC and OTC were detected in the
eluent by HPLC. Similarly, the non-imprinted polymer
(NIP) composite was synthesized without the addition of
these templates.

2.3 Adsorption experiments

The effects of solution pH, adsorption kinetics and
isotherms of MGO@MS@MIP for TCs were studied. To
test the effect of pH, a series of 20-mL solutions containing
DC, TC, CTC and OTC (50 mg/L) were adjusted to
different pH values (from 4 to 10) and then were mixed
with the MIP composite (20 mg), followed by oscillation
for 90 min at 298K and 150 r/min. The kinetic tests were
conducted at specified intervals (from 1 to 360 min) at
298K and pH 7 with an initial concentration of 50 mg/L for

each TC. Adsorption isotherm experiments were per-
formed using different initial concentrations from 1 to
100 mg/L at pH 7 for 60 min. After achieving the sorption
equilibrium and separating the mixture by an external
magnetic field, the remaining liquid was filtered through a
0.22-pum membrane. HPLC was then used to determine the
concentration of TCs in the filtered solution. The
adsorption capacity was calculated using the following
equation:

Q. = (Co=C,)V/m, ()

where O, (mg/g) stands for sorption quantity; C, and C,
(mg/L) are the initial concentration and equilibrium
concentration, respectively; ¥ (L) is the solution volume,
and m (g) is the adsorbent amount.

2.4  Selectivity tests

To demonstrate the selectivity of MIP for DC, TC, CTC
and OTC, two compounds with similar chemical structures
to the templates, methacycline (MTC) and ciprofloxacin
(CIP), were used as the competitive substances in the
selectivity tests. Twenty mg MIP or NIP composite was
added to 20 mL of mixed solution containing 50 mg/L of
DC, TC, CTC, OTC, MTC and CIP. After being fully
dispersed, the mixture was shaken at 298K and 150 r/min
for 60 min to reach equilibrium. After magnetic separation,
the residual concentrations of these compounds in the
supernatant were measured. To better express the selectiv-
ity of MIP, the distribution coefficient (K,), selectivity
coefficient () and relative selection coefficient (f) were
calculated as follows:

(CO_CE)' V

Kiy=—F71—"7"—, ()
C,-m
K
o0 =—" (3)
K
= M, )
aNIp

where K;; and K, are the distribution coefficients for a
template and a competitive compound, respectively.

2.5 Regeneration experiments

Twenty mg of MIP composite was added to 20 mL of TCs
mixture solution at a concentration of 50 mg/L. When the
adsorption was balanced, the mixture was magnetically
separated, and the remaining solution was detected by
HPLC. A mixture of methanol and glacial acetic acid (9:1,
V:V) was used to repeatedly elute the used MIP composite
to completely remove the template molecules from the
composite. Finally, the regenerated MIP composite was
washed with methanol and dried in vacuum for later use.



4 Front. Environ. Sci. Eng. 2021, 15(5): 107

The MIP composite was subjected to the above procedures
several times to explore its reusability.

3 Results and discussion

3.1 Preparation of the MIP composite

The synthesis of MIP composite is shown in Fig. 1.
Initially, magnetic Fe;O,4 particles were introduced on the
surface of GO via the chemical coprecipitation method.
Subsequently, the magnetic GO (MGO) was covered by a
silicon layer MGO@MS) through the hydrolysis reaction
of TEOS and the removal of CTAB to obtain a high
specific surface area. In the preparation of MIP, template
molecules (DC, TC, CTC and OTC) and functional
monomers (KH-792 and KH-42) were first subjected to a
prepolymerization process in a mixture of ethanol and
water. MGO@MS was then added as the carrier of the
prepolymerized mixture. The imprinted polymer obtained
after elution had several specific imprinting sites, which
resulted in its selectivity for the recognition of the template

molecules. To optimize the synthesis conditions, the
amounts of MGO@MS and functional monomers were
modulated by conducting orthogonal experiments. The
results (Table S1) indicated that when 0.4 g of MGO@MS
was used as the supporting material and 1.4 mL of KH-792
and 0.6 mL of KH-42 as the co-functional monomers, the
synthesized MIP composite had the highest adsorption
capacity for the TCs. Hence, these quantities were used to
prepare the MIP composite.

3.2 Characterization of MIP composite

The morphology of MGO, MGO @MS and MGO @MS
@MIP was analyzed using TEM. Many solid particles —
Fe;04 crystals—could be observed in Fig. 2(a).
Figure 2(b) shows the pore structure. However, because of
the irregularity of the pore structure and the influence of
triiron tetroxide, the pore structure was not clear in this
figure. In Fig. 2(c), the roughness of MGO@MS@MIP
virtually disappeared, which was caused by the filling of
the holes with imprinted polymer, indicating that the
imprinted polymer had been successfully modified on the
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Fig. 1 Schematic diagram of the synthesis of MGO@MS@MIP.

Fig. 2 TEM images of MGO (a), MGO@MS (b) and MGO@MS@MIP (c).
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matrix material.

The mesoporous structures of MGO@MS and
MGO@MS@MIP were verified by a BET N, adsorption/
desorption test. MGO@MS displayed the type IV isotherm
with a H4-type hysteresis loop in the relative pressure (p/
po) range of 0.45-1.0, which is a typical characteristic of
mesoporous structures (Fig. 3(a)). The specific surface
area, pore size and pore volume of the MGO@MS were
480.642 m*/g, 2.614 nm and 0.314 cm’/g, respectively. In
Fig. 3(b), MGO@MS@MIP also displayed a type IV
isotherm with a H4-type hysteresis loop, indicating that the
imprinted composite still had a mesoporous structure. The
synthesized imprinted materials had a mixed microporous
and mesoporous pore structure from the change in the
adsorption amount of the adsorption branch at low relative
pressure, and a step in the desorption branch at the relative
pressure (p/po) was 0.45 (Van Der Voort et al., 2002). The
specific surface area, pore size and pore volume of the
MGO@MS@MIP were 121.526 m?/g, 2.134 nm and
0.687 cm’/g, respectively. These results showed that a
mesoporous silica layer was loaded onto MGO, and the
imprinting layer was modified onto MGO@MS.

FT-IR was used to analyze the functional groups of
related materials. Figure 4 shows the FT-IR spectra of GO
(a), MGO (b), MGO@MS (c), MGO@MS@MIP (d) and
MGO@MS@NIP (e). The absorption peaks at 3367, 1727,
1631 and 1229 cm™ in curve (a) were attributed to-OH, C
= 0, C= C and C-O, respectively, indicating that GO had
been successfully synthesized (Wang et al., 2010; Wang
and Wei, 2017). However, the absorption peak of the C =0
stretching vibration nearly disappeared, while the absorp-
tion band of Fe-O at 594 cm™ appeared in curve (b), which
was attributed to the loading of Fe;O,4 particles on GO
(Wei et al., 2016). The strong and wide absorption peak at
1089 cm™" in curve (c) was from the stretching vibration of
Si-O-Si, indicating that mesoporous silica was coated on
the surface of MGO (Wang et al., 2014). The absorption
band at approximately 3440 cm™ in curves (d) and (e)
belonged to the N-H bending vibration of the functional
monomers (Zhang et al., 2020). Curves (d) and (e) had
similar vibrational absorption peaks, revealing that MIP
and NIP had similar structures and chemical bonds and that
the template molecules were completely removed during
imprinting material synthesis. The above results indicated
that all of the materials at the corresponding steps were
successfully prepared.

Figure 5 shows the TGA results of MGO, MGO@MS
and MGO@MS@MIP from 25°C to 900°C under a
nitrogen atmosphere. The curves of the three materials
revealed a decrease in mass at temperatures between 30°C
and 130°C because of the desorption of physically
adsorbed water (Kallenberger and Froba, 2018). The
small mass loss of MGO and MGO@MS at 200°C—
400°C likely stems from the decomposition of oxygen-
containing functional groups on the surface of graphene
oxide. An obvious slope change at 400°C-600°C was
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Fig. 4 FTIR spectra of GO (a), MGO (b), MGO@MS (c),
MGO@MS@MIP (d) and NIP (e).

observed, which was caused by the decomposition of the
GO skeleton. The mass loss of MGO@MS@MIP
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primarily stemmed from the gradual decomposition of the
imprinted layer when the temperature was above 200°C
and stabilized to 53% of the mass after 700°C (Guardia
et al., 2012).

3.3 Adsorption study

3.3.1 Effect of pH

The pH of the solution may affect the functional groups on
the adsorbent surface and the species distribution of
adsorbate in solution. As shown in Fig. 6, the maximum
adsorption capacities of MIP for OTC, TC were achieved

—a— OTC
—e— TC
30k —aA— CTC
—v— DC
25
20 |

0, (mg/g)
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5_
0_
4 5 6 7 8 9 10
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Fig. 6 Effect of sample pH on the adsorption of OTC, TC, CTC
and DC by MGO @MS@MIP. Adsorption conditions: 20 mL of
adsorbate solution (50 mg/L); 20 mg of adsorbent; 90 min of
contact time; and 298 K.
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at pH 8 and for CTC, DC at pH 7.5 (Fig. 6). Because CTC
is easily hydrolyzed under strongly alkaline conditions, the
maximum pH for CTC adsorption was maintained at 8.5
(Kang et al.,, 2012; Xu et al, 2018). Under acidic
conditions, the adsorption of TCs on the MIP composite
was lower because H* combined with the amino group on
the surface of MIP to form-NH5 ", which caused a decrease
in the MIP adsorption for TC. As the pH increased, the
effect of H* decreased, thus enhancing the adsorption
capacity. As the pH continued to increase, the adsorption
amount decreased and was especially low at pH 10. This
observation might be explained by the fact that the pKa of
TCs is between 3.2 and 9.6 (Du et al., 2019); consequently,
hydroxide ion in the solution may affect the speciation of
TCs in water, resulting in a decrease in adsorption capacity.

3.3.2 Adsorption kinetics

Adsorption kinetics can reveal changes in the adsorption
capacity of a sorbent with contact time. The adsorption
kinetics of the four TCs on the MGO@MS@MIP is shown
in Fig. 7. Because of the several empty binding sites on the
surface of the MIP composite, the adsorption amounts of
DC, TC, CTC and OTC increased rapidly within 20 min,
and adsorption equilibrium was reached after 60 min. The
rapid kinetics of the MIP composite for the TCs was
attributed to the surface imprinting effect. Because the
imprinting sites were distributed on the surface of the
composite, the TC molecules in solution were able to
easily access these imprinting sites. Consequently, adsorp-
tion could reach equilibrium more rapidly. To investigate
the dynamic mechanism, the adsorption data were fitted by
the pseudo-first-order kinetic model, pseudo-second-order
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Fig. 7 Adsorption kinetic curves of OTC, TC, CTC and DC on
MGO@MS@MIP and NIP. Adsorption conditions: 20 mL of
adsorbate solution (50 mg/L); 20 mg of adsorbent; pH 7.5; and
298K.



Guolong Zeng et al. Selective and efficient removal of tetracyclines 7

kinetic model and intra-particle diffusion model (Xie et al.,
2019), which were respectively expressed as:

ln(Qeth) = 1nQefk1t7 (5)
t/0; = 1/k0; + /0., (6)
0, =kt +C, (7)

where Q, (mg/g) is the adsorption amount of each TC at
time ¢ (min); O, (mg/g) is the equilibrium adsorption
amount of each TC; k; (min™") and &, (mg/g/min) indicate
the pseudo-first-order rate constant and the pseudo-
secondary rate constant, respectively; C (mg/g) is the
intercept; and k, (mg/(g-min"?)) represents the intra-
particle diffusion rate constant.

The corresponding kinetic parameters for the fitted
graphs of the three dynamic models at 298K are shown in
Supporting Information Fig. S1 and Table 1. The pseudo-
second-order kinetic model most accurately described the
MIP adsorption process of the selected TCs with the
highest regression value (R?) up to 0.9998, suggesting that
chemical interactions may be related to the adsorption
process. Similar results were obtained for the adsorption
kinetics of other pollutants onto different adsorbents
(Duman and Ayranci, 2010; Duman et al., 2015).

3.3.3 Adsorption isotherms

The study of isotherms can reveal the mechanism under-
lying the interaction between adsorbent and adsorbate. The
adsorption isotherms of MGO@MS@MIP for the TCs
were studied at 298K, 308K and 318K. As the initial
concentrations of DC, TC, CTC and OTC increased, the
adsorption capacities first increased rapidly and then
gradually became saturated (Fig. 8). The obtained adsorp-
tion data were fitted to the Langmuir model and the
Freundlich and Tempkin models (Xie et al., 2019), which
can be respectively expressed as:

Ce/Qe = Ce/Qm + 1/KLQm= 3

InQ, = InKp + InC,/n, O]

0, =a+ bInC,, (10)

where Q,, (mg/g) is the maximum adsorption quantity; Q,
(mg/g) is the equilibrium adsorption quantity; C, (mg/L)
represents the equilibrium concentration of TCs; K; (L/
mg) and K are the binding coefficients for the Langmuir
model and Freundlich model, respectively; and @, b and n
are constants.

Supporting Information Figs. S2-S5 and Table 2
presented the model fitting graphs and their corresponding
parameters. Table 2 reveals that the MIP composite had a
larger adsorption quantity, which stemmed from the large
surface area of GO, and the imprinted polymer was
synthesized on the surface of GO. Comparison of the
correlation coefficients of the various models revealed that
the Freundlich model best fit the adsorption process. The
adsorption on the imprinted material was non-uniform and
multi-layered, and the interaction between the adsorbates
affected the isothermal adsorption behavior.

Figure S6 showed the chromatograms of a mixed
solution containing 20 mg/L of DC, TC, CTC and OTC,
before and after treatment by 20 mg of MIP for 60 min.

3.3.4 Adsorption thermodynamics

The relationship between the adsorption performance of
the MIP composite and temperature was studied. A larger
adsorption quantity was achieved at a higher temperature
(Fig. 8). The adsorption thermodynamic behavior was
assessed using the following equations:

AG® = —RTInQ,/C,, (11)

AG® = AH° -~ TAS°, (12)

where T (K) is the temperature in Kelvin; R (8.314 J/
(mol-K)) is the general gas constant; and AG° (kJ/mol),
AH® (J/mol) and AS° (J/(mol-K)) are the Gibbs free energy
change, standard enthalpy change and entropy change,

Table 1 Kinetic parameters of OTC, TC, CTC and DC adsorption onto the MGO@MS@MIP and NIP at 298K

Pseudo-first order model

Pseudo-second order model

Intra-particle diffusion model

Adsorbate  Adsorbent (ngjg‘; Ky 0., cal 2 K Oecal 2 Ka C e
(/min) (mg/g) (mg/(g-min))  (mg/g) (mg/(g-min"7))  (mg/g)
MIP 5.92 0.069 4.07 0.9426 0.043 6.42 0.9991 0.178 3.67 0.7232
oTe NIP 2.84 0.055 1.56 0.9280 0.078 2.85 0.9998 0.087 1.69 0.4568
MIP 5.66 0.074 3.94 0.9556 0.091 5.84 0.9999 0.161 3.62 0.5128
Te NIP 2.61 0.066 1.76 0.9322 0.047 2.64 0.9996 0.093 1.39 0.4620
MIP 19.76 0.068 13.30 0.9390 0.021 19.83 0.9999 0.452 13.60 0.5231
cre NIP 8.10 0.068 5.55 0.9407 0.062 8.15 0.9999 0.207 5.32 0.5287
MIP 11.89 0.069 8.18 0.9416 0.028 12.42 0.9998 0.372 7.25 0.5850
be NIP 5.76 0.072 4.66 0.9795 0.032 5.85 0.9996 0.202 3.10 0.5377
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respectively.

Figure S7 and Table 3 show the thermodynamic graphs
and their corresponding parameters, respectively. These
fitting results indicate that the adsorption process was
spontaneous, endothermic and dominated by physical
adsorption.

3.3.5 Adsorption selectivity

Some compounds that are structurally similar to DC, TC,
CTC and OTC may coexist in actual samples and thus can
also be adsorbed by the MIP composite. For this reason,
two structural analogs, methacycline (MTC) and cipro-
floxacin hydrochloride (CIP), were used as competitive
substances to examine adsorption selectivity. The alloca-
tion coefficients of DC, TC, CTC and OTC on the MIP
composite were much larger than those of MTC and CIP
(Table 4). Meanwhile, the selectivity coefficients of NIP
were much lower than those of MIP. The above results
indicated that the MIP composite possessed high sorption

selectivity toward the TC templates, and a significant
imprinting effect was achieved.

3.3.6 Regeneration and stability

To test the stability and reusability of the MIP composite,
adsorption-desorption procedures were repeatedly con-
ducted. The results of the re-use of the MIP composite
indicated that the adsorption capacities of TCs decreased
gradually (Fig. 9). However, even after five adsorption-
elution cycles, the adsorption capacity of MGO@MS@-
MIP for DC, TC, CTC and OTC only decreased by 6.5%,
5.2%, 10.0% and 4.5% respectively. Thus, the MIP
composite had high stability and reusability.

3.3.7 Comparison with other adsorbents

To demonstrate the advantages of the prepared MIP
composite, the adsorption capacity and equilibrium time
were compared with those of other reported adsorbents.
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Table 2 Isotherm parameters of OTC, TC, CTC and DC adsorption onto MGO@MS@MIP at different temperatures

Adsorbate Adsorbent T ®) Langmuir i Freundlich i Tempkin i
O (mg/g) K, (L/mg) R Kp n (g/L) R a(mg/g) b (L/g) R
OTC MIP 298 8.19 0.082 0.9613 0.18 2.14 0.9896 0.78 1.24 0.8976
308 38.02 0.004 0.9305 0.84 1.09 0.9993 -1.93 2.02 0.7242
318 18.80 0.031 0.9897 0.68 1.42 0.9737 —0.64 2.62 0.8822
NIP 298 23.04 0.009 0.8110 0.17 1.05 0.9578 -1.83 2.14 0.7613
308 4.62 0.16 0.8917 0.45 1.68 0.8169 0.28 1.01 0.6053
318 35.72 0.010 0.5293 0.44 1.20 0.9461 -3.21 3.21 0.7566
TC MIP 298 31.45 0.017 0.9696 0.64 1.30 0.9930 -1.56 3.40 0.8072
308 95.20 0.004 0.9021 0.36 1.08 0.9994 -2.93 3.99 0.7472
318 57.80 0.008 0.9895 0.50 1.15 0.9960 -2.81 421 0.7608
NIP 298 35.58 0.011 0.8030 0.16 0.87 0.8650 -2.94 3.57 0.8022
308 17.69 0.038 0.8199 0.65 1.36 0.9190 -0.98 2.86 0.8036
318 62.50 0.014 0.7729 0.95 1.20 0.9430 -1.91 5.55 0.8244
CTC MIP 298 39.84 0.039 0.8560 2.92 2.16 0.9702 4.36 3.22 0.6406
308 54.05 0.033 0.9564 1.92 1.47 0.9912 1.20 5.44 0.8186
318 98.04 0.12 0.9790 5.43 1.67 0.9828 9.95 7.36 0.8361
NIP 298 15.38 0.13 0.9460 1.44 2.74 0.9250 0.54 2.62 0.8651
308 31.35 2.85 0.9380 1.50 2.46 0.9100 2.92 4.87 0.8858
318 192.31 26.0 0.6560 1.53 2.34 0.9122 17.4 9.61 0.6495
DC MIP 298 22.34 0.040 0.9750 0.34 1.57 0.9676 0.07 3.00 0.8352
308 13.69 0.039 0.9531 1.09 1.34 0.9845 -0.99 3.12 0.7706
318 9.22 0.032 0.9790 0.65 1.21 0.9955 —-0.65 1.64 0.4783
NIP 298 44.82 0.011 0.5600 0.76 1.38 0.9799 -1.59 3.68 0.6969
308 24.80 0.024 0.7768 0.76 1.41 0.9545 -1.24 3.42 0.8227
318 21.85 0.10 0.9846 1.51 1.33 0.9720 1.80 3.38 0.8186

Table 3 Thermodynamic parameters of OTC, TC, CTC and DC adsorption onto the MGO @MS @MIP at various initial concentrations and

temperatures

G° (kJ/mol)

Adsorbate Co (mg/L) H° (J/mol) S° (J/(mol-K))
298K 308K 318K
oTC 10 50.12 222 ~0.61 ~0.63 ~0.65
50 43.70 1.81 ~0.49 ~0.51 ~0.53
100 2639 0.97 -0.26 ~027 ~0.28
TC 10 11.53 0.42 -0.114 —-0.119 —-0.123
50 5.66 0.12 ~0.029 ~0.030 ~0.031
100 10.10 0.30 ~0.079 ~0.082 ~0.085
CTC 10 49.36 241 ~0.67 ~0.69 ~0.72
50 33.78 1.55 ~0.43 —0.44 —0.46
100 38.63 1.73 ~0.48 —0.49 ~0.51
DC 10 41.92 187 ~0.52 ~0.53 ~0.55
50 28.82 1.17 -0.32 -0.33 ~0.34

100 37.80 1.51 -0.41 —-0.43 -0.44
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Table 4 Special selectivity of MIP composite toward TCs compared with MTC and CIP

Adsorbent Imprinting parameter OTC TC CTC DC CIP MTC

MIPs Ky 0.068 0.05 0.356 0.039 0.005 0.003
aMTC 12.53 9.22 65.64 7.13 - -
acrp 21.16 15.58 110.8 12.04 - -

NIPs Ky 0.009 0.007 0.026 0.006 0.004 0.004
aMTC 2.26 1.17 6.55 1.48 - -
acrp 2.26 1.17 6.55 1.48 - -

Notes: Relative selection coefficient, Byrc of OTC, TC, CTC, and DC are 5.54, 7.88, 13.32, and 4.81, respectively; Bcp of OTC, TC, CTC, and DC are 9.36, 13.32,

16.92, and 8.14, respectively.

Table 5 Comparison with other sorbents for the removal of tetracyclines

Adsorbent 0. (mg/g) Equilibrium time (h) Reference
Magnetic carbon 28.14 5 Rattanachueskul et al., 2017
 Fe;0,/PAN NFs 37.17 72 Liu et al., 2015

® Magnetic PI@LDO 50.82 3 Wu et al., 2019

9 Fe-N, N-SBA15 40.24 6 Zhang et al., 2015
MGO@MS@MIP 40.09 1 This work

Notes: a) Fe;Oq4/polyacrylonitrile (PAN) composite nanofibers (NFs). b) Core-shell structured magnetic polyimide@layered double oxides (LDO) composites. c)
Sorbent made by grafting both amino groups and Fe (III) on mesoporous silica SBA15.
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Fig. 9 The reusability analysis of MGO@MS@MIP for four TCs.

Magnetic PI@LDO composite had a higher sorption
capacity than the MIP composite synthesized in this
study, but its equilibrium time was much longer (3 h) than
that of the latter (1 h) (Table 5). In addition, the MIP
composite had much higher selectivity for TCs, which is
beneficial for practical applications. Generally, the pre-
pared MGO@MS@MIP adsorbent possessed high binding
capacity, fast adsorption kinetics and good adsorption
selectivity; thus, MGO@MS@MIP adsorbent has great
potential to be used in the removal of TC contaminants
from water.

4 Conclusions

A novel sorbent, multi-template molecularly imprinted
polymer composite (MGO@MS@MIP), was synthesized
and characterized in this study. Experimental results
revealed that the MIP composite had good adsorption
behavior for DC, TC, CTC and OTC in terms of capacity,
selectivity, rapidity and reusability. The MIP composite
had a special ability to reorganize itself toward TCs in
complex systems because of the imprinting effect and
could be rapidly and easily separated from aqueous
solution using a magnet. Thus, MGO@MS@MIP might
have excellent potential to be applied in the adsorption
treatment of TCs in aqueous solution.
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