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Abstract

Nowadays, it is very necessary to develop high-efficiency nanoadsorbents to remove drug
contaminants from wastewater. Inspired by biomimetic setaria viridis-like structure, we provided a
simple and general approach for the preparation of hydrophilic magnetic surface molecularly
imprinted core-shell nanorods (HMMINSs), via a two-step surface-initiated atom transfer radical
polymerization in a green alcohol/water mixture solvent at room temperature, with magnetic
halloysite nanotubes (HNTs, a hollow tubular structured natural clay mineral) used as nano-cores.
HMMINs showed a well-defined core-shell structure with ultrathin imprinted film (12 nm) and
hydrophilic polymer brushes (2-4 nm), where magnetic nanoparticles (11 nm) were uniformly
dispersed onto surface of halloysite nanotubes. HMMINs possessed the good magnetic property
and thermal stability. Surface grafting of hydrophilic polymer brushes enhanced adsorption
selectivity and kinetics rate. HMMINs exhibited a large adsorption capacity (37.64+1.36 pumol g'l)
and fast kinetics (within 45 min) toward a typical antibiotic drug sulfamethazine (SMZ) from pure
water. Adsorption isotherm and kinetics data was well described by Freundlich isotherm model
and psedo-second-order kinetic equation, respectively. HMMINs displayed the good selectivity
toward SMZ as compared with other antibiotics, as well as regeneration performance, providing a
potentially practical application in the highly efficient and selective removal of antibiotic

contaminants from wastewater.
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1. Introduction

The widespread occurrence of veterinary antibiotics detected in food and eco-environments,
particularly in the aquatic systems, has remarkably attracted more and more international concerns
112 Sulfonamides (SAs), as a class of bacteriostatic agents, are the most commonly used to treat
humans and animals and/or to promote growth in animals for more than sixty years, due to their
broad-spectrum activity against infections caused by gram-positive and gram-negative bacteria
and relatively low cost. However, a high proportion of unmetabolized SAs are excreted in parent
forms and finally transported from manured field to water environments. The intake of SAs
(particularly sulfamethazine, SMZ) through food chains and drinking water into body is dangerous
for human health, which can cause adverse effects including allergic reactions, disbacteriosis and

B3- 4 Conventional water treatment methods, such as coagulation,

even carcinogenic effects
flocculation, sedimentation and ion exchange, are relatively ineffective in removing antibiotic
pollutions from wastewater. Due to its relatively low cost and high efficiency, adsorption is
usually considered as an effective method to eliminate many organic pollutants 571 Adsorption
performance of the used adsorbents is key to remove targeted substance. Thus, it is very important
to synthesize novel and high-performance adsorbents to remove SAs from water environments.
Molecularly imprinting, as an advanced and powerful technique, can make aritifical receptors
with the strong ability to recognize and rebind predetermined/targeted molecules ™. Due to their
excellent characteristics, such as easy preparation, specific recognition, low cost and high stability,
molecularly imprinted polymers (MIPs) have attracted more and more attention in a wide range of
application fields including solid phase extraction, chromatography, sensor, catalysis and so on
B-12] However, conventional bulk MIPs prepared by traditional techniques, owing to the highly
cross-linked nature, suffer from many limitations, such as time-consuming crush, heterogeneous
particle size, difficult template removal and low adsorption/desorption kinetics, thereby decreasing
the rebinding efficiency. Thus, the development of high-efficient imprinted techniques to solve
these problems is notably important. The establishment of nanoimprinted system is an effective
approach, which controls template molecules to be located in the surface or approximate surface,

[13-15]

namely surface imprinted technique . The preparation of core-shell MIPs has recently

provided a general method for obtaining surface imprinted polymers with various solids as core
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materials.

Halloysite nanotubes (HNTs, Al,Si,05(OH)4-nH,0) are 1:1 layer silicate clay minerals with
an obvious hollow tubular structure, where the outer surface and the inner surface consists of a
tetrahedral (Si-O) and an octahedral (Al-OH) sheet, respectively ' '7. The chemical properties of
HNTs are similar with pure SiO, and Al,Os;. Generally, the size range of the inner and outer
diameters for HNTs is 10-30 nm and 50-100 nm, respectively. Owing to superior characteristics
including high porosity, large surface area and tunable surface chemistry, HNTs have attracted
great interest in chemical, material and environmental science, especially for catalysis, drug
delivery, template and separation [8-21] Compared with the artificial synthetic materials (e.g.
carbon nanotubes, silica-based materials and polymer spheres), HNTs are cheaper and surface
hydrophilic, and thus can be used an ideal core material for loading imprinted polymers. In our
previous research, magnetic nanoparticles were first loaded onto HNTs, and the imprinted polymer
nanoshell with a tunable thickness was coated onto the HNTs’ surface via a simple precipitation
polymerization (2] When magnetic property is introduced into molecularly imprinted polymers,
the obtained imprinted composites can be easily collected in the present of an external magnetic
field and facilitate separation process.

Usually, the preparation and application of MIPs are mostly restricted in various organic
solvents, but natural recognition system and practical applications for MIPs are mainly in the
water environments. Obviously, it is necessary to develop novel hydrophilic MIPs, which can be
applied in water-phase systems. Two strategies have been developed to improve the MIPs’ surface
hydrophilicity. One involves the copolymerization of hydrophilic monomer, functional monomer
and cross-linking agent in the synthesis process [23-25] Although the process is very simple, the
optimization of synthesis parameters is complicated and time-consuming, which can affect MIPs’
properties due to the extra addition of hydrophilic monomers. Another way is post-modification of

the already obtained imprinted materials °>*

, which is relatively simple and low-cost. Also, the
persistent pursuit of general and facile methodologies was highly desirable to develop hydrophilic
MIPs.

Atom transfer radical polymerization (ATRP), as a new class of controllable radical

technique, has been recently used for the generation of MIPs to improve their properties in the
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field of molecular imprinting (29321 ATRP is tolerant of a wide range of polymerable monomers
and can be carried out in the mild reaction conditions, such as low temperature (especially at room
temperature) and water-phase environments °***!. Previously, we reported that narrowly dispersed
imprinted microspheres were first prepared by reverse ATRP and then used as macro-active
initiator for further surface-modification of hydrophilic polymer brushes B3 1t is proved that
ATRP is a powerful technique to synthesize the “living” polymers with well-defined structures,
which can be used as macro-initiator for further surface multi-functionalization.

To the best of our knowledge, the preparation of hydrophilic magnetic organic-inorganic
selective nanoadsorbents and their application in the selective recognition and removal of
sulfamethazine antibiotic in pure water was reported herein for the first time. Biomimetic inspired
by the unique appearance of a common green plant, setaria viridis, which has a rod-like tassel with
abundant bristles structure along the plant stem (as shown in Fig. 1)[36]. The aim of this work is to
prepare the hydrophilic magnetic surface molecularly imprinting core-shell nanorods (HMMINs)
based onto magnetic halloysite nanotubes, via a facile two-step ATRP in a green alcohol/water
mixture solvent at room temperature. The obtained HMMINs were used to adsorption and remove
the SMZ antibiotic from water environments. The physical and chemical properties, adsorption
isotherms, adsorption kinetics, selectivity and regeneration performance of HMMINs towards
SMZ were investigated in detail through batch adsorption technique.

2. Experimental
2.1. Materials

HNTs were purchased from Zhengzhou Jinyangguang Chinaware Co., Ltd, Henan, China and
were purified by repeated sedimentation processes to remove the quartz impurities, followed by
drying at 80 °C for 12 h and grinding. 4-vinylpyridine (4-VP, 96%), hydroxyethyl methylacrylate
(HEMA, 96%), 2-bromoisobutyryl bromide (2-BiBr, 98%), 3-aminopropyltriethoxysilane (APTES,
99%), N,N,N',N" N"-Pentamethyldiethylenetriamine (PMDETA, 98%), SMZ (98%), tetracycline
(TC, 98%), ethylene glycol dimethacrylate (EGDMA, 98%) and ciprofloxacin (CIP, 98%) were
analytical reagents and were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China).
Cuprous bromide (CuBr), anhydrous toluene, acetone, acetic acid, ethanol, methanol, ethylene

glycol (EG, 98%), iron (III) nitrate nonahydrate (Fe(NOs);-9H,0, 98%), dichloromethane and
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triethylamine were analytical reagents and were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Deionized ultrapure water was obtained from a Purelab Ultra system
(Organo, Tokyo, Japan).

2.2. Preparation of magnetic halloysite nanotubes (MHNTs)

5.0 g of HNTs were added into 150 ml of HNO; aqueous solution (2.0 mol L) in a three
neck flask and uniformly dispersed under ultrasound for 30 min. The mixtures were vigorously
stirred to remove the impurities at 80 °C for 12 h. The resultant product was collected by vacuum
filtration, was repeatedly washed with deionized water and was dried in oven. Subsequently, 1.0 g
of HNTs and 0.6 g of Fe(NO;);-9H,0 were added into 20 ml of ethanol under ultrasound for
complete dispersion and dissolution. After stirring at room temperature overnight, the mixture
were dried at 60 °C until ethanol was completely evaporated. The yellow solid was impregnated
with 2.0 ml of EG and heated at 400 °C for 2.0 h with a heating rate of 5.0 °C min™ under the
protection of nitrogen in a tube furnace. The black product was repeatedly washed with ethanol
and water, and dried to obtain MHNTSs.

2.3. Preparation of -NH, modified MHNTs (MHNTs@NH,)

1.0 g of MHNTs were added into 100 ml of anhydrous toluene in a three neck flask (250 ml)
and uniformly dispersed under ultrasound. 1.5 ml of APTES was added and the mixture was
vigorously stirred and reacted at 90 °C for 24 h. After reaction, the product was collected with the
help of an external magnet, and was alternately washed with ethanol and deionized water for
several times, following by drying to constant weight. The APTES modified was obtained and
denoted as MHNTs@NH,.

2.4. Preparation of “living” -Br modified MHNTs (MHNTs@Br)

0.5 g of MHNTs@NH,; and 50 ml of dichloromethane were added into a round bottom flask,
and were uniformly dispersed under ultrasound. Then 1.0 ml of triethylamine and 1.0 ml of
2-bromoisobutyryl bromide were added to the mixture solution. Under the nitrogen protection, the
reaction was carried out at 0 °C for 2.0 h and at 25 °C for 12 h with vigorous agitration. After
complete reaction, the resultant product was washed with water and ethanol, and was dried to
constant weight. The “living” -Br modified MHNTSs was denoted MHNTs(@Br.

2.5. Preparation of magnetic surface molecularly imprinting core-shell nanorods (MMINs)
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In the synthesis process of imprinted nanoadsorbent, SMZ was used as the template
molecule, 4-VP as the functional monomer, and EGDMA as the cross-linking agent. 16 ml of
methanol and 4.0 ml of water were added into a flask. 27.8 mg of SMZ, 0.26 ml of 4-VP and 2.30
ml of EGDMA were added to the solvent and self-assembled for 12 h at room temperature in dark.
Under nitrogen protection, 14.3 mg of CuBr and 42.3 pl of PMDETA were added. 0.2 g of
MHNTs@Br were finally added to the mixture solution. The reaction was performed 25 °C for 24
h with vigorous stirring. After reaction, the product was washed with ethanol and acetone for six
times, and was dried in 60 °C for 12 h. The template molecules was removed from the obtained
product through soxhlet extraction using the mixture of methanol and acetic acid (9.0:1.0, v:v) as
eluent until SMZ could not be detected. Magnetic surface molecularly imprinting core-shell
nanorods (MMINs) was obtained. For comparsion, by the same method, magnetic surface
non-imprinting core-shell nanorods (MNINs) was also prepared without the addition of template
molecules in the polymerization process.

2.6. Preparation of hydrophilic magnetic surface molecularly imprinting core-shell nanorods
(HMMINs)

In brief, 2.0 ml of deionized water and 2.0 ml of methanol were added into a 25 ml of flask.
10.47 mg of CuBr, 45.8 ul of PMEDTA and 1.5 ml of HEMA were added to form a homogeneous
solution. Then the solution was degassed under ultrasound and exchanged with N, to remove
oxygen. 100 mg of MMINSs were added into the flask and the reaction was carried out at 25 °C for
24 h. The product was washed with acetone, ethanol and water for six times, and then was dried in
oven to obtain HMMINs. The hydrophilic magnetic surface molecularly non-imprinting core-shell
nanorods (HMNINs) were prepared by the same method, just with the addition of MNINs as
macro-initiator.

2.7. Batch adsorption experiments

Adsorption isotherm experiments were performed to study adsorption equilibrium property of
these nanoadsorbents. 5.0 mg of MMINs, HMMINs, MNINs and HMNINs were added to SMZ
aqueous solutions with the different initial concentrations between 5.0 and 120 pmol L. The
adsorption experiments were carried out 25 °C for 12 h to reach equilibrium. The adsorbents were

quickly separated with the help of an external magnet. Free SMZ concentrations in solutions were
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measured by UV-vis spectrophotometer (UV-2450, Shimadzu, Japan) at 249 nm. The equilibrium
adsorption capacities Q. (umol g") of SMZ were calculated according to the following equation:

_ (G =GV
m

0, (M

where C, and C, (umol L’l) are the initial and equilibrium SMZ concentration, respectively. V(L)
and m (g) are volume of solution and mass of nanoadsorbent, respectively.

To investigate adsorption kinetic property of nanoadsorbents, 5.0 mg of MMINs, HMMINS,
MNINs and HMNINs were added into 10 ml of SMZ solution with the initial concentration of 100
pmol L', respectively. The adsorption experiments were conducted at 25 °C for the different
contact time, including 10, 20, 30, 45, 60, 90 and 120 min, respectively. The supernatant was
quickly obtained with the help of an external magnet and was then tested. The adsorption amounts
of SMZ (Q,, pmol g’l) at time ¢ (min) were calculated according to the following equation:

_ V(Ca - Cr)
m

9, 2)

where C, (umol L™) is the free SMZ concentration at any time +.

The selective recognition property of HMMINs was studied by adsorption experiments using
TC and CIP as reference antibiotics. 5.0 mg of HMMINs and HMNINs were added to each
antibiotic solution with the initial concentration of 100 pmol L', respectively. After adsorption
reached equilibrium at 25 °C, nanoadsorbents were separated under an external magnetic field,
and the free antibiotic concentrations of TC and CIP were tested by UV-vis spectrophotometer at
357 nm and 276 nm, respectively.

All the adsorption experiments were carried out by six times, and the experimental data was
stable and reproducible, the error of which was much less than 5.0 %.
2.8. Instruments

Fourier Transform infrared spectroscopy was recorded on a Nicolet NEXUS-470 FTIR
apparatus (U.S.A.) using KBr pellet technique. Scanning electron microscopy (SEM, S-4800,
Hitachi, Japan) and transmission electron microscope (TEM, JEOL IEM-200CX, U.S.A) were
used to describe the morphology of samples. Magnetic measurement was carried out using a VSM
(7300, Lakeshore, U.S.A) under a magnetic field up to 10 kOe. Thermal gravimetric analysis
(TGA) of samples was measured using a Diamond TG/DTA instruments (STA 449C Jupiter,

7
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Netzsch, Germany) under N, up to 800 °C with a heating rate of 10 °C min™. Samples were
dispersed into in ethanol under ultrasound (20 mg mL™), and dropped onto clean glass,
respectively. After the ethanol was allowed to be evaporated at ambient temperature, the static
water contact angle was tested by a contact angle instrument (KSV CM200, Finland).
3. Results and discussion
3.1. Preparation method for HMMINs

Fig. 1 shows the schematic diagram of synthetic route for HMMINSs. Firstly, the iron ions
were introduced into the lumen and surface of HNTs through the wetness impregnation. MHNTSs
were obtained by the reduction of iron ions with EG at high temperature under the protection of
nitrogen. Secondly, amino and bromine groups were successively modified onto the surface of
MHNTSs by silanization reaction and amidation reaction to obtain MHNTs@NH, and MHNTs@Br,
respectively. Thirdly, magnetic surface molecularly imprinting core-shell nanorods (MMINSs) were
prepared by a surface-initiated ATRP at room temperature, using the mixture of methanol and
water as the reaction solvent, SMZ as the template molecule, 4-VP as the functional monomer,
EGDMA as the cross-linking agent, PMDETA and CuBr as catalyst system. Finally, poly(HEMA)
(PHEMA) brushes were grafted from MMINs’ surface via a surface-initiated ATRP method again,
to obtain HMMINs with the selective recognition ability. This imprinted polymerization technique
is non-toxic and low energy consumption, as compared with other previous methods for preparing
hydrophilic MIPs 2%,
3.2. Characterization

Fig. 2 shows FT-IR spectra of MHNTs, MHNTs@NH,, MHNTs@Br, MMINs and HMMINs.
As shown in the spectrum of MHNTSs, the characteristic peaks at 1087 and 1032 cm’ came from
Si-O and Si-O-Si stretching vibrations, respectively. The sharp peaks at 3707 and 3622 cm™ were
attributed to stretching vibration of the inner surface -OH and deformation vibration of the inner
surface -OH occurred at 912 cm™ . Deformation vibration of Al-O-Si bond can be clearly observed
at 534 cm' 7). The peak intensity of Fe-O bond was too weak to be detected. The spectrum of
MHNTs@NH, showed a weak peak at 2954 cm™, which was assigned to -CH, stretching vibration
of APTES. The broad peak at 3452 cm™ belonged to -NH, stretching vibration. After amidation

reaction, the peak of amide carbonyl group was found at 1649 cm™ in the spectrum of
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MHNTs@Br, indicating that the initial group was successfully grafted onto the surface of MHNTs.
In the spectra of MMINs, C=N characteristic peak in pyridine ring occurred at 1601 and 1558 cm™,
and C=0 stretching vibration was seen at 1725 cm™', demonstrating 4-VP and EGDMA were
successfully grafted from MHNTSs’ surface. It could be seen that the intensity of peak at 1158 and
1245 cm™ was enhanced, which came from the C-O-C stretching vibration. Meanwhile, -OH
characteristic peak at 3435 cm™ increased. Thus, PHEMA brushes were well introduced onto the
MMINSs’ surface.

Fig. 3 shows SEM images of HNTs, MHNTs, MMINs and HMMINs. HNTs had a tubular
structure with a length of 1.0-3.0 um and an external diameter of 50-180 nm. As compared with
HNTs, the overall morphology of MHNTSs was not changed. MHNTSs’ surface became a little more
rough, which might be caused by the load of magnetic nanoparticles. After grafting of imprinted
polymers, both the length and diameter of MMINs increased slightly. In Fig. 3d, HMMINs had a
smooth surface and a little cross-linking.

In order to further obtain their morphology and structure information, TEM was used to
characterize HNTs, MHNTs, MMINs and HMMINs, as shown in Fig. 4. HNTs exhibited hollow a
tubular structure with non-uniform length and diameter. From Fig. 4b, it could be clearly seen that
magnetic nanoparticles were uniformly dispersed into the lumen and onto the surface of HNTs,
and has an average size of 11 nm. In Fig. 3¢, MMINs showed an evident core-shell structure, with
imprinted polymer nanoshell thickness of about 12 nm. After surface grafting of PHEMA, the
polymer nanoshell thickness increased to 14-16 nm, so the average thickness of polymer brushes
was in the range of 2-4 nm. From the results of SEM and TEM images, the imprinted nanofilm
and polymer brushes were successfully grafted onto the surface of MHNTS.

Fig. 5A represents magnetization curves of MHNTs, MMINs and HMMIN:S. It is obvious that
three samples were all no hysteresis, and remanence and coercivity were near zero in hysteresis
loop, suggesting the samples were superparamagnetic. Magnetization saturation (Ms) value of
MHNTSs was 2.81+0.071 emu g at 298 K. After surface grafting of imprinted polymer, Ms value
of MMINs reduced to 2.51+0.056 emu g'. Meanwhile, Ms value of HMMINs was 2.29+0.042
emu g". With the increase of polymer shell thickness, the Ms value decreased gradually, which

was well matched with the result of TEM images. Although the Ms value of HMMINs was not
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very large, it was enough to achieve magnetic separation. As shown in Fig. 5B, HMMINs was
uniformly dispersed in pure water in a glass bottle. When a magnet was close to the bottle,
HMMINs moved quickly to the wall of bottle, and the solution became clear soon. HMMINs
showed a good separation performance in aqueous environment.

Fig. 6 shows TGA curves of MHNTs, MHNTs@NH,, MHNTs@Br, MMINs and HMMINSs.
At temperature below 200 °C, only a low proportion of mass loss was observed for MHNTSs, due
to the evaporation of physically absorbed water. In the temperature range of 400-800 °C, because
of dehydration of Al-OH group in the lattice, the mass loss ratio of MHNTSs at 800 °C was 11.83%.
After silanization reaction, the mass loss ratio of MHNTs@NH, was 14.52%. The mass loss of
MHNTs@Br increased to 15.52%, indicating the initiator was grafted onto the surface by
amidation reaction. For MMINs and HMMINSs, the mass loss mainly occurred at a temperature
range of 300-600 °C, due to the thermal decomposition of polymers. The mass loss ratios of
MMINs and HMMINs were about 29.78 and 43.62%, respectively. As obviously described in the
TGA curves, weight loss of the samples gradually increased step-by-step, which demonstrated that
each reaction step was completed successfully.

Fig. 7 shows the photographs of static water contact angles for MMINs and HMMINS. It can
be clearly seen that HMMINSs showed much lower static water contact angle than MMINs. The
static water contact angles of MMINs and HMMINs were 122.3440.4 and 45.1440.2°, respectively,
which indicated the PHEMA brushes were grafted successfully onto the surface of MMINs and
improved the surface hydrophilicity.

3.3. Adsorption Isotherms

Fig. 8A shows adsorption isotherm curves of MMINs, MNINs, HMMINs and HMNINs
towards SMZ at 298 K. In the whole concentration range, the adsorption amount increased with
the increase of initial concentrations, and gradually reached the adsorption equilibrium. The
adsorption capacities of MMINs and HMMINs were much higher than that of MNINs and
HMNINS, indicating that the imprinted sites were existed in the polymer network. The adsorption
capacities of SMZ onto MMINs, MNINs, HMMINs and HMNINs in aqueous solutions were
43.82+1.85, 20.18+0.625, 37.64+1.36 and 14.42+0.649 umol g, respectively. Here our obtained

HMMINs nanoadsorbent showed a higher adsorption affinity to template SMZ than other reported

10
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SMZ-imprinted adsorbents P**"). It is clearly observed that the adsorption amount decreased after
surface grafting of hydrophilic polymer brushes in Fig. 8A, which could inhibit the hydrophobic
interaction, and on the contrary the imprinted factors enhanced in the whole concentration range,
as shown in Fig. 8B. Previous SMZ-imprinted adsorbents could only get relatively good
recognition ability in organic solvent, but poor in pure water system. Through surface grafting of
hydrophilic polymer without blocking effective imprinted sites, this novel imprinted
nanoadsorbent exhibited good selective recognition for template SMZ in water medium.

Langmuir and Freundlich isotherm models 42 are used to analyze adsorption experimental

data, the non-linear forms of which are listed as following equations (3) and (4), respectively:

_ KLQmCe
Qe = 1+K,C, ®)
0,=K,C" @)

where O, (umol g represents the maximum monolayer adsorption capacity. K; (L umol™) and
K ((umol g™)(L pmol '1)1/ ") represent Langmuir and Freundlich constant, respectively.

Fig. 9 shows the non-linear fitting curves of adsorption isotherm for MMINs, MNINs,
HMNINs and HMNINs towards SMZ, and the isotherm constants are listed in table 1. From Fig. 9,
Langmuir fitting curves were deviated from the experimental data for all the four nanoadsorbents.
However, the fitting correlation coefficients (R®) of Freundlich model for the four nanoadsorbents
were all higher than 0.997, exhibiting the good correlations, Meanwhile, the fitting curves of
Freundlich isotherm agreed well with the experimental data. The n values were all higher than 1.0,
suggesting the procedure was in favor of SMZ adsorption. Thus, the Freundlich model could
better describe the adsorption data, and multi-molecular layer adsorption was dominant in the
adsorption process.

3.4. Adsorption Kinetics

Batch adsorption experiments were performed to investigate kinetic property of MMINSs,
MNINs, HMMINs and HMNINSs. The kinetic curves of four nanoadsorbents are shown in Fig. 10.
In the initial stage, owing to the existence of large empty binding sites, adsorption amount quickly
increased. With the increase of contact time, effective binding sites were gradually captured, and

adsorption amount slowly achieved equilibrium. Due to the ultrathin polymer film, the adsorption

11
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equilibrium time was very short, which of MMINs, MNINs, HMMINs and HMNINs was only 60
45, 45, and 30 min, respectively. Obviously, after grafting of PHEMA brushes, the adsorption
equilibrium time was shorter, might be caused by the improvement of surface hydrophilicity and
the increase of the contact probability in water. Also, the adsorption amounts of MMINs and
HMMINs were higher than that of the correspondent MNINs and HMNINSs in the whole time
range.

In order to study adsorption kinetics, the pseudo-first-order and pseudo-second-order kinetic

[43]

equations " are commonly used to analyze the kinetics data, the linear forms of which are shown

as following equations (5) and (6), respectively:

In(Q, -Q) =InQ, - kt (5)
t 1 t

— =t — (6)
Qt kZQe2 Qe

where &, (min™) and &, (g pmol™ min™) represent the pseudo-first-order and pseudo-second-order
kinetic constants, respectively.

The linear fitting curves of adsorption kinetics for MMINs, MNINs, HMNINs and HMNINs
toward SMZ are shown in Fig. 11 and the kinetic constants are listed in Table 2. For all the four
nanoadsorbents, the R’ values of pseudo-second-order kinetic equation were higher than that of
pseudo-first-order kinetic equation, which were all higher than 0.996, exhibiting good linear
correlations. As shown in Table 2. the Q.. values from the pseudo-second-order kinetic equation
are more closer to the experimental values. All the results suggested the adsorption processes were
better described by the pseudo-second-order kinetic model. Also, it is obviously seen that &, values
increased after surface-grafting of the hydrophilic polymer brushes, might be caused by the
reduction of binding time between the SMZ molecule and nanoadsorbents.

3.5. Selective adsorption ability

In this section, CIP and TC were selected as reference antibiotics to investigate the specific
adsorption performance of selective nanoadsorbents. The initial concentration of each antibiotic
was 100 pmol L, and the process was carried out at 25 °C for 12 h to reach adsorption
equilibrium. The adsorption capacities of HMMINs and HMNINs toward three antibiotics are

shown in Fig. 12. Adsorption amounts of HMNINs toward SMZ, TC and CIP were 12.6+ 0.567,

12
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17.24+0.64 and 11.42+0.52umol g™, respectively, showing no specific recognition. Meanwhile,
the HMMINs had a larger adsorption amount of SMZ (33.44+1.22 pumol g') than that of TC
(19.77+0.78 pmol g") and CIP (15.63+0.63 pmol g), respectively. Adsorption amounts of TC
and CIP onto HMMINs and HMNINs had a little difference. However, adsorption amount of
HMMINs was very larger than that of HMNINs toward SMZ. The phenomenon could be
explained that HMMINs had the imprinted recognition sites in the polymer network, which
matched with molecule size, space structure and functional groups of SMZ template. There were
no imprinted sites in the HMNINs, thus showing no selective ability. The above results
demonstrated that the imprinted nanoadsorbents were successfully synthesized and the specific
recognition ability was satisfying.
3.6. Regeneration performance of HMMINs

The regeneration ability is one of key factors for application performance of adsorbents.
Batch adsorption experiment for HMMINs was first conducted to reach saturation adsorption. The
SMZ adsorbed onto HMMINs was completely eluted by the mixture solvent of methanol and
acetic acid (v:v=9:1). The adsorption-desorption cycles were carried out to test the reuse ability of
HMMINSs, and the experimental results are shown in Fig. 13. After seven cycles, the adsorption
amount of HMMINSs toward SMZ in aqueous solution had only a reduction of 7.62 %, exhibiting a
good stability and regeneration performance.
4. Conclusion

In conclusion, the HMMINSs was successfully prepared via a two-step surface-initiated ATRP
from the surface of MHNTSs. Characterization results showed the thickness of imprinted film and
hydrophilic polymer brushes was about 12 and 2-4 nm, respectively. HMMINs had a good thermal
and chemical stability, and ideal magnetic property. After the surface grafting of hydrophilic
polymer brushes, the static water contact angle obviously reduced to 45.14+0.2° with hydrophobic
interaction being inhibited. Although adsorption amount decreased, the imprinted factor increased
in the whole concentration range. The adsorption isotherm data was well described by Freundlich
model. Due to the ultrathin polymer nanofilm, the adsorption process for HMMINs could reach
the equilibrium within 45 min, and the kinetics data was better fitted to the pseudo-second-order

rate equation. Besides, HMMINSs exhibited a good specific recognition to template molecule SMZ
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and regeneration performance. This approach not only developed a simple and general synthesis
technique for molecularly imprinting in the aqueous system, but also for obtaining the
multifunctional (e.g. hydrophilic, thermosensitive and photosensitive) imprinted nanoadsorbents
without affecting recognition sites, to achieve highly efficient and selective removal of various
pollutions from water.
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Fig. 3 SEM images of HNTs (a), MHNTSs (b), MMINSs (c) and HMMINSs (d).
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Fig. 4 TEM images of HNTs (a), MHNTs (b), MMINs (¢) and HMMINS (d).
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Fig. 7 Photographs of static water contact angle for MMINSs (a) and HMMINS (b).
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Table 1

Isotherm constants of MMINs, MNINs, HMMINs and HMNINs toward SMZ at 298 K.
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Isotherm models Langmuir Freundlich
02 On Ky K
Nanoadsorbents R 1/n R
(umolg")  (umolg")  (Lmg") (umol g (L umol™)"")
MMINs 43.82+1.85 50.76 0.04039 0.9461 4.633 0.4829 0.9988
MNINs 20.18+0.625 26.60 0.02664 0.9626 1.535 0.5591 0.9975
HMMINs 37.64+1.36 42.19 0.047239 0.9627 4.561 0.4521 0.9994
HMNINs 14.4240.649 17.92 0.026399 0.9598 1.721 0.5429 0.9979
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Table 2
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Adsorption kinetic parameters of pseudo-first-order and pseudo-second-order rate equations of

SMZ onto MMINs, MNINs, HMMINs and HMNINSs at 298 K.

Kinetic models

Pseudo-first-order

Pseudo-second-order

Qe,exp Qe,c kl 2 Qe,c k2 >
Nanoadsorbents R R
(umol g™ (umol g™ (min™) (umol g (g umol ' min™)
MMINs 39.09+1.36 32.44 0.0386 0.9866 45.25 0.001255 0.9961
MNINs 19.81+0.564 10.55 0.0513 0.9682 21.23 0.006563 0.9981
HMMINs 33.44+1.22 17.73 0.0432 0.9446 37.74 0.003153 0.9977
HMNINs 12.40+0.567 4.791 0.0449 0.8877 12.80 0.019049 0.9996
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